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The development of civil engineering in the course of centuries meant a constant struggle with available materials,
spans, or height, active loads, and the forces of nature: water,
fire, wind, and earthquakes.
While construction activities improve the quality of
human lives, they also have significant impact on the environment. The production of construction materials requires
energy and generates greenhouse gases. Low cost or affordable construction technologies and building materials are
often pushed as a magic potion in meeting the ever-growing
demand for rapid housing delivery in developing economies.
New advanced materials offer opportunities to change the
way in which we construct and retrofit buildings. They
give added value in terms of increased performance and
functionality. The reduction of carbon footprint for construction materials can start at the production phase, where
energy efficient processes can be developed and waste or
recycled materials can be employed. New materials can also
help address the new challenges of durability in a changing
climate.
This special issue had a great acceptation by the scientific
community with 175 papers submitted.
A considerable number of experimental and numerical
papers address new research advances and applications in
concrete material. D. Saje studies the reduction of the early
autogenous shrinkage of high strength concrete; Z. Zhu et al.
analyse the influences of iron ore tailings as fine aggregate
on the strength of ultra-high performance concrete; D.-S.
Seo et al. present a vision-inspection system for residue

monitoring of ready-mixed concrete; G. Xing et al. evaluate
the performance of existing concrete structures reinforced
with plain bars with bond behaviour.
The chemical attack of concrete structures and other
building materials is analysed in detail by some authors.
H. Yang et al. present the effects of sulphate attack and
freeze-thaw alternation on the concrete microstructure; W.J. Fan and X.-Y. Wang describe a numerical procedure
to analyse simultaneously cement hydration reaction and
chloride ion penetration process; Z. Liu et al. study the effects
of seawater corrosion and freeze-thaw cycles on the structural
behaviour of fatigue damaged reinforced concrete (FDRC)
beams; C. Mi et al. analyse of the durability of sealable circular
concrete structures under chloride environment; J. W. Park
et al. analyse the resistance of alkali-activated slag concrete
to chloride-induced corrosion; E. Gil et al. determine the
factors that influence the crystallization of soluble salts in
the stone material used in the construction of buildings in
Valencia, Spain; and X. Liu et al. address research on dynamic
dissolving model and experiment for rock salt under different
flow conditions.
S.-M. Chang et al. study the effect of humiditytemperature changing in the below-grade concrete structure
with waterproofing materials on the exterior wall; Z. H. Xie
et al. describe a numerical study of mesoscopic random
aggregate structure containing various rubber contents and
aggregate sizes; M. Choi et al. review the technical challenges
associated with concrete pumping and the development in
concrete pumping; H. Yang et al. study experimentally the
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bond behaviour of corroded reinforced concrete containing
recycled aggregates; S.-B. Zhou et al. develop a reformative
technique of image segmentation for computer thermography concrete images with the strength grade of C30 and
C40; Y. Wang et al. present an experimental study of brittle
creep failure, critical behaviour, and the dependence of timeto-failure on the secondary creep rate of concrete under
sustained uniaxial compression; X. Wang et al. address
numerical simulation to obtain the viscoelastic constitutive
relation of high modulus asphalt concrete; Y.-S. Jeong et al.
analyse the thermal performance of reinforced concrete floor
structure with radiant floor heating system; Y. Guo et al.
study the influence of aggregate wettability with different
lithology aggregates on concrete drying shrinkage; L. F.
Jiménez and E. I. Moreno analyse the durability indicators
in high absorption recycled aggregate concrete; G. G. Prabhu
et al. study the mechanical and durability properties of
concrete made with used foundry sand as fine aggregate; J.
Yue presents a micro-macro simulation technique combined
with multilevel damage assessment methodology, in order to
assess the inherent damage mechanism of reinforced concrete
structures; and M. Aswin et al. study the shear failure of
reinforced concrete dapped-end beams.
Besides those, there are several interesting topics in the
issue. D.-H. Chung et al. improved the structure of highspeed roller door with water film; J.-Y. Lee et al. study
the control of geometric pattern using digital algorithm; J.
Zhang et al. develop an improved technique for geosyntheticreinforced and pile-supported embankment; H. He et al.
simulate aggregate structure and fresh cement paste by a
discrete element modelling system; Y. Zhang et al. present
an experimental study of stress relaxation behaviours under
different temperatures of PTFE coated fabrics; R. Huo et al.
develop a simple and innovative sandwich bridge deck with
GFRP face sheets and a foam-web core, manufactured by
vacuum assisted resin infusion process; Y. Qiang and Y. Chen
present another experimental research on the mechanical
behaviour of lime-treated soil under different loading rates;
X.-F. Jin et al. study the stability of three-dimensional slurry
trenches with inclined ground surface; K. Hong et al. investigate experimentally the effectiveness of hybrid FRP-FRCM
for shear strengthening; Y. Wang et al. study the performance
of calcium silicate board partition fireproof drywall assembly
with junction box under fire; J. Zhang et al. validate the
applicability of 5 micromechanical models based on the shear
modulus of the multiscale asphalt materials; K. Ahn and H.
Kang analyse the behaviour of a reinforced retaining wall
while changing the reinforcement spacing using LS-DYNA, a
general finite-element program; D. Koňáková et al. deal with
utilization of raw and treated coir pith as potential component
of cementitious composites; J. Huh et al. study the locally
corroded stiffener effect on shear buckling behaviours of web
panel in the plate girder; Q. Liu and W. Feng study the efficiency and economic impact of energy-saving transformation
of residential building in different climatic regions of China;
X. Shang et al. investigate the micromechanism underlying
nonlinear stress-dependent K0 of clays at a wide range of
pressures; P. Reiterman et al. present an experimental study
of the composition of refractory fiber-reinforced aluminous
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cement based composites and its response to gradual thermal
loading; H. Ma et al. study the calibration on MEPDG low
temperature cracking model and recommendation on asphalt
pavement structures in seasonal frozen region of China; and
D. Lee and S. Shin present new engineering practice and idea
that material topology optimization results may be utilized to
optimally decide the positions of web-openings of structural
members in a building structure.
Works related with tensile strength are presented by
Y.-J. You et al. who study the tensile strength of GFRP
reinforcing bars with hollow section; X. Liu et al. propose the
cable tension preslack method construction simulation and
engineering application for a prestressed suspended dome; J.
Guo et al. analyse the impact vibration experimental research
on the prestretched rectangular membrane structure; J. Hou
and L. Song investigate numerically stress concentration of
tension steel bars with one or two corrosion pits; F. Guo et
al. present a lateral buckling analysis of the steel-concrete
composite beams in negative moment region; J. Y. Oh et
al. study the flexural behaviour of prestressed steel-concrete
composite members with discontinuous webs; D. Wu et al.
propose a new flexural capacity calculation approach considering joint interface displacements influences and properties
improvement by confinement steels; H. He et al. study seismic
performances of replaceable steel connection with low yield
point metal; H. Ziari et al. describe the effectiveness of using
steel slag aggregate in improving the engineering properties,
especially fatigue life of asphalt concrete produced with steel
slag; and X. Liu et al. present a design and model test of
a modular prefabricated steel frame structure with inclined
braces.
Studies with nanotubes are presented by Q. Li et al.
who review current research activities and key advances
on multiwalled carbon nanotubes reinforced cementitious
composites; and L. Wang et al. present the preparation
and mechanical properties of continuous carbon nanotube
networks modified C𝑓 /SiC composite.
Related to studies in tunnels, J. Lai et al. present a new
technology and experimental study on snow-melting heated
pavement system in tunnel portal; B. Jin et al. study a construction technique considering the optimal sequence of pilot
tunnel excavation in order to ensure the safety of constructing
process of long-span shallow-buried tunnel; H. Hou et al.
present an experimental and numerical investigation of the
structural behaviour of thin-walled concrete-filled steel tube
used in cable tunnel; and J. Liu et al. describe a case study
to evaluate the influence caused by tunnel construction on
groundwater environment.
Another important issue is the ecology of building materials; for example, Y.-W. Choi et al. describe an application
of high-fluidity concrete containing high volume fly ash; M.
Keppert et al. present a wet-treated municipal solid waste
incineration fly ash used as supplementary cementitious
material; C. Peng and X. Wu present a method for calculating
the carbon emissions generated over a building’s life cycle; B.
J. Lee et al. address a performance evaluation of semiplastic
recycled cold asphalt using noncement binders; M. del Rı́o
Merino et al. analyse the potential of a new composite
(gypsum and fiber waste) including several mineral wools
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waste into a plaster matrix; and C.-L. Hwang and T.-P. Huynh
present the engineering performance and the microstructural
characterization of 10 ecofriendly construction bricks that
were produced using a binder material made from a mixture
of class-F fly ash and residual rice husk ash.
Finally, the application of nanomaterials and nanotechnology for building and construction [1, 2] is presented by
S. Zhuang et al., who describe an experimental study on the
thermal response of PCM energy storage block with hole
ventilation.
We hope that readers of this special issue will find not
only accurate data and updated reviews on the building
technologies and construction materials field area, but also
important questions to be resolved. This special issue includes
both theoretical and experimental developments, providing a
self-contained major reference that is appealing to both the
scientists and the engineers. At the same time, these topics
will be going to the encounter of a variety of scientific and
engineering disciplines, such as chemical, civil, agricultural,
and mechanical engineering.
J. M. P. Q. Delgado
Robert Cerný
A. G. Barbosa de Lima
A. S. Guimarães
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Asphalt mixture is more complicated than other composite materials in terms of the higher volume fraction of aggregate particles
and the viscoelastic property of asphalt matrix, which obviously affect the applicabilities of the micromechanical models. The
applicabilities of five micromechanical models were validated based on the shear modulus of the multiscale asphalt materials in
this paper, including the asphalt mastic, mortar, and mixture scales. It is found that all of the five models are applicable for the
mastic scale, but the prediction accuracies for mortar and mixture scales are poorer. For the mixture scale, all models tend to
overestimate at the intermediate frequencies but show good agreement at low and high frequencies except for the Self-Consistent
(SC) model. The Three-Phase Sphere (TPS) model is relatively better than others for the mortar scale. The applicability of all the
existing micromechanical models is challenged due to the high particle volume fraction in the multiscale asphalt materials as
well as the modulus mismatch between particles and matrix, especially at the lower frequencies (or higher temperatures). The
particle interaction contributes more to the stiffening effect within higher fraction than 30%, and the prediction accuracy is then
deteriorated. The higher the frequency (or the lower the temperature) is, the better the model applicability will be.

1. Introduction
Asphalt mixture is a kind of heterogeneous composite material, consisting of asphalt binder and mineral aggregates with
different sizes. The traditional researches on the mechanical
properties of asphalt mixture and its failure mechanism are
mostly based on the continuum mechanics theory and the
experimental method. However, the mechanical properties of
asphalt mixture are closely related to the complicate internal
structure, which is dependent on the various raw materials’
properties, shapes, sizes, and proportions. The traditional
analyzing methods fail to reveal the microstructure related
failure mechanism of asphalt mixture, such as the formation
and propagation of microcracks, the micro damage caused
due to the heterogeneous material, and the local failures
caused due to the stress concentration. Recently, researchers
have realized the importance of the internal microstructure
to the macromechanics properties, and the micromechanics
theory of composites has been introduced to research the

macromechanical properties from the meso- and microscale
[1–4].
At the microscale, the asphalt mixture could be considered as a kind of heterogeneous multiphase composite
which is composed of asphalt binder, aggregates, asphaltaggregate interphase, microcrack, and void. The homogenization approach of the heterogeneous material is a fundamental
problem in the area of composite, which mainly involves
the prediction of the effective modulus of the composite.
Micromechanical modeling techniques have long been successfully used to predict the effective modulus from mechanical properties and volume fractions of individual constituents
for composite materials such as metal and polymer matrix
composites [5–9]. For asphalt mixture, the homogenization
method could be applied to acquire the effective properties,
like the effective modulus. However, compared with other
composites, asphalt mixture exhibits some special characteristics both due to the complicated microstructure and
mechanical properties of raw materials. Firstly, the aggregates
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play the role of reinforcement phase in this composite, and
its volume fraction is usually up to 80%, which is far higher
than the reinforcement phase in other composite materials.
Secondly, the aggregates in common asphalt mixtures are
with various sizes from 0.075 mm up to 37.5 mm while the
reinforcement phase is with a relatively uniform size in
other composite materials. Well-graded aggregates obviously
exhibit the size effect, which means aggregate with different
size plays different role in this composite [10, 11]. Moreover,
asphalt binder is a viscoelastic matrix of this composite
material, which also affects the asphalt-aggregate interphase,
and causes more difficulties to the applications of these
micromechanical models [12, 13].
Though considerable achievements have been made by
previous researchers, few have involved the applicability of
the existing micromechanical models on asphalt mixture. So,
in this paper, the micromechanical models for composite
materials were firstly introduced and evaluated. Then, these
models were applied to predict the mechanical properties
of asphalt materials from the multiscales and compared
with the experiment results to validate the applicability of
micromechanical models. In addition, the effects of particle
volume fraction and modulus mismatch between reinforcement phase and matrix phase were also analyzed from the
mastic scale.

2. Literature Review on the
Micromechanical Models
Since Eshelby’s pioneering work [14] on elastic solutions for
an infinite medium including a single inclusion, a lot of
micromechanical models have been developed in the past
decades, including the Self-Consistent (SC) model, the MoriTanaka (M-T) model, the Generalized Self-Consistent (GSC)
model, the Differential Scheme Effective Medium (DSEM)
model, and the Three-Phase Sphere (TPS) model.
In the SC model, any material point on the particles is
isolated as an infinitesimal volume element. Then the rest of
the material is homogenized as the uniform material, whose
mechanical property is identical to the composite itself [5, 6,
12]. The effective bulk modulus 𝐾 and shear modulus 𝐺 of the
SC model can be written as
𝐾 = 𝐾0 +

𝑐 (𝐾1 − 𝐾0 ) (3𝐾 + 4𝐺)
,
3𝐾 + 4𝐺

(1)

𝐺 = 𝐺0 +

5𝑐 (𝐺1 − 𝐺0 ) 𝐺 (3𝐾 + 4𝐺)
,
6𝐺1 (𝐾 + 2𝐺) + 𝐺 (9𝐾 + 8𝐺)

(2)

where 𝑐 denotes the volume fraction of particles and 𝐾,
𝐺; 𝐾0 , 𝐺0 ; and 𝐾1 , 𝐺1 represent the bulk modulus and
shear modulus of effective medium, matrix, and particle,
respectively.
The M-T model involves complicated manipulation of
the field variables in Mori and Tanaka [7]. In this method,
a particle is embedded into the matrix with a uniform
strain same as the matrix’s averaged strain, and the particle’s
averaged strain is derived from the solution for single particle

Iteration

Figure 1: Schematic diagram of the differential scheme method.

embedded in the infinite matrix [12]. The effective bulk
modulus 𝐾 and shear modulus 𝐺 can be expressed as
𝐾 = 𝐾0 +

𝑐𝐾0
,
𝐾0 / (𝐾1 − 𝐾0 ) + 3 (1 − 𝑐) 𝐾0 / (3𝐾1 + 4𝐺0 )

𝐺 = 𝐺0
+

(3)

𝑐𝐺0
.
𝐺0 / (𝐺1 − 𝐺0 ) + 6 (1 − 𝑐) (𝐾0 + 2𝐺0 ) /5 (3𝐾1 + 4𝐺0 )

In the GSC model, the spherical particle is embedded
in a concentric spherical shell of the matrix material. Shell
and particle dimensions are chosen to correspond to the
prescribed volume fraction, and the particle-shell assembly
in turn is embedded in an infinite medium with unknown
effective properties [15]. The solution for effective shear
modulus 𝐺 is the solution of a quadratic equation
𝐴(

𝐺
𝐺 2
) + 2𝐵 ( ) + 𝐶 = 0.
𝐺0
𝐺0

(4)

The expressions for 𝐴, 𝐵, and 𝐶 can be found in Christensen
and Lo [8]. Shashidhar and Shenoy [16] provided a simplification form of the GSC model that is suitable for mastic. The
effective bulk modulus 𝐾 is the same as the M-T model.
By introducing the Differential Scheme Effective Medium
theory into the micromechanics field, Mclaughlin [9] and
Norris [17] successfully developed the differential method. In
this method, the composite material is viewed as a sequence
of dilute composites to which an increment of inclusions
is added, as shown in Figure 1. This method shows great
potential in predicting the effective properties of composites
with high particle volume fraction. Shu and Huang [18] and
Kim and Buttlar [19] further derived new models suit for
asphalt mixture, respectively, and only the latter is given
in this research. The effective bulk modulus 𝐾 and shear
modulus 𝐺 can be written as
𝐾 = 𝐾1 − (1 − 𝑐) (𝐾1 − 𝐾0 ) [

3𝐾 + 4𝐺
],
3𝐾0 + 4𝐺0

𝐺 2/5 3𝐾 + 4𝐺 1/5
𝐺 = 𝐺1 − (1 − 𝑐) (𝐺1 − 𝐺0 ) [ ] [
] .
𝐺0
3𝐾0 + 4𝐺0

(5)

To take the effect of particle size and aggregate gradation
on the asphalt mixture modulus into consideration, Li et al.
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Table 1: The aggregate gradations for asphalt mastic, mortar, and
mixture.
a

Sieve size (mm)

Mixture
100
100
100
96
66
48
37
30
21
11
5.8
3.3
2.9
2.1
1.5
1.2
0.9
0.7
0.6
0.6
0.6
0.4

Particle

b
Matrix
c

Effective medium

Figure 2: Three-Phase Sphere model.

[20] proposed a two-layer built-in micromechanical model
and derived an equation predicting the effective modulus
of asphalt mixture at 2D situation. Shu and Huang [21, 22]
extended this model to the 3D situation and investigated
the dynamic modulus of asphalt mixture. The research here
named this series of models the Three-Phase Sphere model
and the schematic diagram is shown in Figure 2. The estimate
formula of the effective elastic modulus can be written as
𝐸 (𝑎)
=

𝐸0 (1 − 𝑛) (1 − 2])
2

𝑥1 − 9𝐸1 𝑛 (1 − ]0 ) / (4𝐸0 (1 − 𝑛) (1 − 2]1 ) + 4𝐸1 𝑥2 )

,

(6)

where 𝑛 = 𝑎 /𝑏 , 𝑥1 = 1/2𝑛(1 + ]0 ) + (1 − 2]0 ), 𝑥2 =
1/2(1 + ]0 ) + 𝑛(1 − 2]0 ), 𝑎 = radius of the particle, 𝑏 − 𝑎 =
thickness of the matrix, 𝑐 − 𝑏 = thickness of the surrounding
equivalent medium, 𝑐 = radius of equivalent medium, and
], ]0 , and ]1 represent Poisson’s ratio of effective medium,
matrix, and particle, respectively; more details can be seen in
Shu and Huang [21, 22].
Those models were derived from elastic theory, but not
limited to elastic materials, which could be extended to
viscoelastic solutions based on the elastic-viscoelastic correspondence principle [23]. According to the correspondence
principle, the effective complex modulus of the composite
can be obtained by replacing the elastic modulus with its
Carson transformation in the Laplace domain [23, 24]. For
asphalt mixtures, the particle reinforcement phase (aggregate
and void) can be considered elastic while the matrix phase
(binder, mastic, mortar, and mixture) can be considered
viscoelastic. By replacing the elastic, bulk, and shear modulus
with their corresponding transformed form in (1) through
(6), the predictive equations were finally established.
3

3

3. Multiscale Validations of the
Micromechanical Models
3.1. Experiments of the Multiscale Asphalt Materials. According to the research reported by Underwood and Kim [25],
the asphalt mixture is a multiscale composite material, and it

25.4
19
12.5
9.5
4.75
2.36
1.18
0.6
0.3
0.15
0.075
0.030
0.023
0.017
0.011
0.0077
0.0038
0.0036
0.0029
0.0025
0.0023
0.0013

% passing
Mortar

Mastic

100
77
63
44
23
12.1
6.9
6.0
4.3
3.2
2.5
1.8
1.5
1.2
1.2
1.2
0.8

100
57
50
36
27
21
15
12
10
10
10
7

Table 2: Multiscale materials properties and proportions.
Multiscale
materials
Asphalt
binder
Asphalt
mastic

Matrix

Particles

Volume fraction

Poisson
ratio

—

—

—

0.495

Binder

Fillers

0.26

0.495

Asphalt
mortar

Mastic

0.65 and 0.065

0.35

Asphalt
mixture

Mortar

0.43

0.35

Fine
aggregates
and voids
Coarse
aggregates

could be divided into four scales, which are binder scale, mastic scale, mortar scale, and mixture scale. The asphalt mastic
is the composite materials consisting of asphalt binder and
fillers (aggregates smaller than 0.075 mm), asphalt mortar
is the composite materials consisting of asphalt mastic, fine
aggregates (aggregates larger than 0.075 mm but smaller than
2.36 mm), and voids, and asphalt mixture is the composite
materials consisting of asphalt mortar and coarse aggregates
(aggregates larger than 2.36 mm). The aggregate gradations
for asphalt mastic, mortar, and mixture are shown in Table 1.
The aggregates are elastic materials, and their shear modulus
and Poisson’s ratio could be assumed as 19,000 MPa and 0.25,
respectively [26, 27]. The multiscale compositions and the
material properties are shown in Table 2.
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Table 3: Test methods of the multiscale asphalt materials.
Temperatures (∘ C)

Frequencies (Hz)

10, 16, 19, 22, 25, 30, 40, 54

14, 6.5, 3.0, 1.4, 0.65, 0.30, 0.14, 0.10

Mortar

14, 23, 38, 58

14, 6.5, 3.0, 1.4, 0.65, 0.30, 0.14, 0.10

Mixture

210, 5, 20, 40, 54

25, 10, 5.0, 1.0, 0.50, 0.10

Material scale
Binder and mastic

Table 4: Fitting parameters of the master curves.

Asphalt
binder
Asphalt
mastic
Asphalt
mortar
Asphalt
mixture

Fitting parameters
p
𝑓0

10

𝑅2

𝛼

𝛽

−1.57

9.14

−3.17

0.143

0.99

−0.68

9.29

−3.38

0.151

0.99

6.35

9.85

−2.33

0.230

0.99

6.76

10.08

−2.12

0.187

0.99

8
log(|G∗ |) (Pa)

Multiscale
materials

6

4

2

The asphalt binder is a viscoelastic material, which makes
the asphalt mastic, asphalt mortar, and asphalt mixture be the
viscoelastic materials. So, to represent the effective properties
for the multiscale materials, Dynamic Shear Rheometer
(DSR) is used to measure the dynamic shear moduli of asphalt
binder, mastic, and mortar, and Simple Performance Tester
(SPT) is used to measure the axial dynamic modulus of
asphalt mixture. Temperature and frequency sweep tests were
applied to measure the dynamic modulus of the multiscale
asphalt materials and the temperatures, frequencies, and
loading mode for different tests are summarized in Table 3
[25].
It should be noted that the primary test results of the
mixture are the axial dynamic modulus |𝐸∗ | and Poisson’s
ratio, which were further used to predict the mixture dynamic
shear modulus |𝐺∗ |. More details about this process can be
found in the literature [25]. The master curves were obtained
at the reference temperature of 15∘ C according to
 
log (𝐺∗ ) = 𝛼 +

𝛽−𝛼
,
1 + 10(𝑓0 −log(𝑓))𝑝

Mode of loading
Fully reversed oscillatory shear test
(parallel plate)
Fully reversed oscillatory shear test
(torsional cylinder)
Tension-compression sinusoidal
loading test

(7)

where |𝐺∗ | = dynamic shear modulus (Pa); 𝑓 = reduced
frequency (rad/s); 𝛼, 𝛽, 𝑓0 , and 𝑝 = fitting parameters.
The test results and master curves for multiscale asphalt
materials were shown in Figure 3, and the fitting parameters
of master curves were listed in Table 4.
3.2. Multiscale Validation of the Model’s Applicability. According to finalized material parameters, the five micromechanical models were applied to predict the effective shear modulus
of the multiscales asphalt materials, respectively. For the
mastic scale, the binder is the matrix phase and the fillers
are the particle phase. But for the mortar scale, the mastic
is the matrix phase and there are two particle phases, which

−6

−4

−2

Mixture measured
Mortar measured
Mastic measured
Binder measured

0
2
log(f) (rad/s)

4

6

Mixture fitted
Mortar fitted
Mastic fitted
Binder fitted

Figure 3: Experiment data and converted master curve of four
materials.

are fine aggregates and voids, so a two-step approach was
applied. The fine aggregates were firstly added to the mastic
matrix for prediction, and then voids were added to the fine
aggregate-mastic composite. The voids were considered as
special kinds of particles whose modulus was assumed as
zero. The effective modulus prediction for asphalt mixture is
similar to the mastic while the mortar is considered as the
matrix phase and the coarse aggregate as the particle phase.
All of the effective moduli were predicted at 10 frequencies
(1.0×10−5 to 1.0×105 rad/s) and compared with the measured
values, as shown in Figures 4–6.
From Figures 4–6, it is found that the micromechanical
models are with different applicability for the three-scale
asphalt materials. For the mastic scale, all of the five models
can well predict the effective modulus across the whole
frequency range, but the prediction accuracies for mortar
and mixture scales were poorer and the prediction accuracies
of the five models exhibit difference. For the mixture scale,
all five models tend to overestimate at the intermediate
frequencies but show good agreement at low and high
frequencies except for the SC model. For the mortar scale, the
TPS model was relatively better than others, and the effective
modulus was a little overestimated at the higher frequencies
(or lower temperatures) while it was underestimated at the
lower frequencies (or higher temperatures).
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1E + 10

1E + 11

1E + 08
|G∗ | (Pa)

|G∗ | (Pa)

1E + 09
1E + 06

1E + 07
1E + 04

1E + 02
1E − 06
SC
GSC
M-T

1E − 03
1E + 00
1E + 03
Reduced frequency (rad/s)

1E + 06

DSEM
TSP
Measured

SC
GSC
M-T

Figure 4: Predicted and measured dynamic shear modulus of
mastic.

1E − 03
1E + 00
1E + 03
Reduced frequency (rad/s)

1E + 06

DSEM
TSP
Measured

Figure 6: Predicted and measured dynamic shear modulus of
mixture.

mismatch between the asphalt matrix and aggregate particles
becomes bigger, which is the other important factor causing
the deviation.

1E + 10
1E + 08
|G∗ | (Pa)

1E + 05
1E − 06

4. Effects of Particle Volume Fraction and
Modulus Mismatch

1E + 06
1E + 04
1E + 02
1E − 06
SC
GSC
M-T

1E − 03
1E + 00
1E + 03
Reduced frequency (rad/s)

1E + 06

DSEM
TSP
Measured

Figure 5: Predicted and measured dynamic shear modulus of
mortar.

The good agreements of different models observed at
the mastic scale owe to the low particle volume fraction of
fillers in mastic. The reason for this is that, at low particle
concentrations, the microstructure of composite can better
match the assumptions of different models [3]. Compared
with the mortar scale, the prediction accuracy of mixture
scale is better. This is because the effective modulus prediction
of mixture scale is based on the measured value of asphalt
mortar and the lower particle volume fraction of coarse
aggregates while there are two particle phases (fine aggregates
and voids) with higher volume fraction in asphalt mortar.
Due to those reasons, the deviation between the predicted and measured values increases sharply for the mortar
scale, especially at lower frequency and higher temperature.
Moreover, at lower frequency and higher temperature, the
modulus of asphalt matrix becomes smaller and the modulus

4.1. Experiments of the Mastic-Scale Asphalt Materials. As
discussed above, the complicated compositions of multiscale
asphalt mixture challenge the applicability of micromechanical models, which have been also demonstrated by Buttlar
and Roque [10], Li and Metcalf [11], Li et al. [20], and others.
It is found that the higher particle volume fraction and the
bigger modulus mismatch between particle and matrix were
the two principle factors that deteriorate the applicability of
the micromechanical models.
For further validation and evaluation of the effects of
these two factors on the applicability of the micromechanical
models, the dynamic shear moduli of mastic with different
filler volume fraction were collected from the report by
Underwood and Kim [27], and the master curves at the
reference temperature of 15∘ C were obtained according to (1).
The test results and converted master curves of asphalt mastic
were shown in Figure 7, and the fitting parameters of master
curves were listed in Table 3. In Figure 7 and Table 5, the MS
denotes mastic, and the numbers following MS denote the
filler volume fractions in percentage.
4.2. Stiffening Effects of Aggregate Particles. Asphalt matrix is
a kind of viscoelastic material, whose stiffness is much smaller
than aggregate particle. When the aggregate particles are
added to the asphalt matrix, the asphalt-aggregate composite
system becomes stiffer due to the stiffening effect of the
aggregate particle. The higher the aggregate particles volume
fraction is, the stronger the effect will be. This stiffening effect
could be represented by the modulus ratio of the composite to
the asphalt matrix. Figure 8 illustrates the relations between

6
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100

80
|G∗ |mastic /|G∗ |binder

log(|G∗ |) (Pa)

8

6

4

60

40

20
2

−6

−4

0
−2
log(f) (rad/s)

MS00
MS20
MS40
MS55

2

4

0.0

MS10
MS30
MS50
MS60

Table 5: Fitting parameters of the master curve of mastic.

MS00
MS10
MS20
MS30
MS40
MS50
MS55
MS60

Fitting parameters
𝑓0

𝛼

𝛽

−0.948
−0.136
−1.693
−0.106
2.638
5.245
6.426
6.291

9.049
8.827
9.241
9.348
9.167
9.519
9.624
10.374

−2.871
−2.637
−3.759
−3.276
−2.008
−0.791
−0.791
−1.374

0.1

0.2

0.3
0.4
0.5
Filler volume fraction

0.6

0.7

0.01 Hz
10 Hz
50 Hz

Figure 7: Experiment data and converted master curve of mastic.

Asphalt
mastic

0

𝑝

𝑅2

0.152
0.1662
0.14
0.156
0.202
0.242
0.213
0.123

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

the modulus ratio and the filler volume fraction of asphalt
mastic under three test frequencies (0.01, 10, and 50 Hz).
It is found that the modulus ratio firstly linearly and then
exponentially increases with the increasing filler volume
fraction, and the modulus ratio at lower frequency is stronger
for asphalt mastic with the same filler volume fraction.
According to the researches by Faheem and Bahia [28,
29], the stiffening effect of filler particles could be divided
into two zones, which are the diluted and concentrated
zones. Within the diluted zone, the filler volume fraction
is small. The filler particles are uniformly suspended in the
asphalt matrix and do not contact each other. In this case,
the microstructure of asphalt mastic is well in accordance
with the hypotheses of micromechanical models and the
predictions of effective modulus should be good. However,
the filler volume fraction increases to a high level within
the concentrated zone, and the predictions accuracy will be
deteriorated. The deviation maybe resulted from the ignored
particle interaction. At a low filler volume fraction, the
interactions between fillers are very limited and contribute
little to the stiffening effect. As the filler volume fraction

Figure 8: Relation between modulus ratio and filler volume fraction.

increases, the particle interaction contributes more to the
stiffening effect.
It should be noted that the viscoelastic property of
asphalt matrix also affects the prediction accuracy due to the
modulus mismatch between the matrix and reinforcement
particles. For the asphalt mastic with a fixed filler volume
fraction, the smaller the modulus mismatch is at higher
frequency or lower temperature, the better the prediction
accuracy will be.
4.3. Effects of Particle Volume Fraction on the Prediction Accuracy. The effects of filler volume fraction on the accuracy of
different models were shown in Figure 9 and all comparisons
were conducted at a fixed frequency, 10 rad/s. It is found that
all models give a good prediction at low volume fraction of
about 30%, and the SC model tends to overestimate while
others tend to underestimate with the increasing volume
fraction. The higher the fraction is, the greater the deviation
will be. Relatively, the SC model and GSC model are more
suitable at high particle fraction.
To give a quantitative comparison, the double logarithmic
linear regression method was adopted for each model in
Figure 9 with the double logarithmic equation expressed as
 ∗

) = 𝑎 + 𝑏 log (𝐺∗
log (𝐺predicted
(8)

 measured ) ,
∗
∗
where |𝐺predicted
| = predicted modulus, |𝐺measured
| = measured modulus, 𝑎 = intercept, and 𝑏 = slope.
The fitting parameters are listed in Table 6. The slope
𝑏 could be used as an index to evaluate the applicability
of the models at high volume fraction, and the value of
more approaching 1 means the better applicability. The same
conclusion can be deduced as above based on the fitting
results of the parameter 𝑏. Obviously, the SC and GSC models
are again proved to be more applicable.

4.4. Effects of Modulus Mismatch on the Prediction Accuracy.
Furthermore, the GSC model was selected to analyze the
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1E + 10

1E + 10

1E + 09
Predicted (Pa)

Predicted (Pa)

1E + 09

1E + 08

1E + 08
1E + 07
1E + 06

1E + 07

1E + 05
1E + 07

1E + 08
1E + 09
Measured (Pa)

SC
GSC
M-T

1E + 10

Table 6: Fitting parameters at 10 Hz.
SC
1.443
−3.189
0.96

M-T
0.29
5.091
0.98

GSC
0.555
3.349
0.99

DSEM
0.365
4.531
0.99

TPS
0.36
4.76
0.93

Table 7: Fitting parameters of the GSC model at different frequencies.
Parameters
𝑏
𝑎
𝑅2

0.01
0.327
3.531
0.98

0.1
0.398
3.644
0.98

1
0.476
3.587
0.99

10
0.555
3.349
0.99

1E + 06

50 Hz
10 Hz
1 Hz

DSEM
TPS

Figure 9: Effect of filler volume fraction on the prediction accuracy.

Parameters
𝑏
𝑎
𝑅2

1E + 05

50
0.605
3.148
0.99

effect of modulus mismatch on the accuracies at different
frequencies, as shown in Figure 10. The relationship between
measured values and GSC predicted values was analyzed
in the double logarithmic linear regression, and regressions
results are listed in Table 7. Also, the parameter 𝑏 was used
to evaluate the applicability of the GSC model at different
frequencies. It is found that frequency (or temperature)
significantly affects the accuracy of GSC model, especially
within high particle volume fraction. The higher the frequency (or the lower the temperature) is, the better the
model applicability will be. Though the other models are not
analyzed, we think that the conclusions arrived at for GSC
model are also suitable for other models.

1E + 07 1E + 08
Measured (Pa)

1E + 09

1E + 10

0.1 Hz
0.01 Hz

Figure 10: Effect of modulus mismatch on the prediction accuracy.

asphalt materials, including the SC, GSC, M-T, DSEM, and
TPS models. Conclusions could be obtained as follows.
(1) All of the five models are applicable for the mastic
scale, but the prediction accuracies for mortar and mixture
scales are poorer. For the mixture scale, all models tend to
overestimate at the intermediate frequencies but show good
agreement at low and high frequencies except for the SC
model. The TPS model is relatively better than others for the
mortar scale.
(2) The applicability of micromechanical models is challenged due to the high particle volume fraction in the
multiscale asphalt materials. With the filler volume fraction
lower than 30%, the filler particles could be uniformly
suspended in the asphalt matrix and do not contact each
other. However, the particle interaction contributes more to
the stiffening effect within higher fraction, and the prediction
is then deteriorated.
(3) Because asphalt matrix is viscoelastic materials and
its modulus is smaller than aggregate particles, the modulus
mismatch between matrix and particles also deteriorates the
prediction accuracy, especially at the lower frequencies (or
higher temperature). The higher the frequency (or the lower
the temperature) is, the better the model applicability will be.
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This paper presents a study to analyze and modify the Islamic star pattern using digital algorithm, introducing a method to efficiently
modify and control classical geometric patterns through experiments and applications of computer algorithms. This will help to
overcome the gap between the closeness of classical geometric patterns and the influx of design by digital technology and to lay out
a foundation for efficiency and flexibility in developing future designs and material fabrication by promoting better understanding
of the various methods for controlling geometric patterns.

1. Introduction
With the advance of digital technology, the development
of surfaces in modern structures enjoys an unprecedented
freedom of expression. The various ability of computer
programs, in tune with the will of designers to discover a new
design, accelerates the speed of “limitless” design through
proliferation, modification, and trajectory tracking. The rapid
development of computer technology results in a tendency
to perform unpredictable calculations with the computer
using an algorithm beyond the control of the artist. The
development of manufacturing technology has also enabled
the construction of various experimental shapes, which
provides a good justification as meaningful construction
work. These phenomena try to differentiate themselves from
the rules of classical geometry by using terminologies such
as “Digital Geometry” and “Digital Materiality.” To counter
this rapid trend, some architects severely limit the role of
the computer, refuse designs made by digital programs, and
instead produce designs based on the tradition and history of
the sense of geometry. This study will focus on the disparity
of such an extreme position regarding the use of computer
algorithms in design. The purpose of this study is to identify a

connection point of classic geometry and algorithmic design.
In other words, to overcome the closeness of classic patterns
through studies on the patterns produced by designers and
also overcome the influx of design by digital technology, the
objective of this study is to introduce a method to efficiently
modify and control classical geometric patterns through
experiments and applications of computer algorithms.

2. Methods
As the analysis object of this study, we used the Islamic
star pattern. Specifically, this study selected the 4.8.8 pattern
among the modified star pattern examples used in Hankin’s
method. For analysis and experiment control of this pattern,
we utilized “Grasshopper” and “Rhinoscript,” which are plugins for the Rhinoceros program by Robert McNeel and
Associates, and “Processing” developed by Ben Fry and Casey
Reas. The purpose of the study is presented in Section 1.
The study method is explained in Section 2. Tessellation,
Islamic art patterns, and algorithm designs are presented
in Section 3. The control methods using the analysis and
algorithm of Islamic star patterns are introduced in Section 4:
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Equilateral
triangles (6)

Equilateral
rectangles (4)

Equilateral
hexagons (3)

Figure 1: Basic formation and combination formula of a tessellation.

(a) the side-splitting method and (b) the single module
expansion method. Various experiments to identify the
points of intersection are also discussed. Based on these, we
will evaluate the potential for modification and convenience
of control. This will be summarized in Section 5.

3. Tessellation and Algorithm Design
3.1. Geometric Concept of Tessellation. “Tessellation” can be
defined as a pattern of more than one shape which completely
covers a certain plane. The regular splitting method of a plane
is a method which leaves no gaps by using a certain shape,
completely fills out the space without overlapping, and does
not allow for overlapping of shapes or gaps [1]. Tessellation
is typically composed of closed shapes or closed curves, and
the simplest kind of closed curve is a polygon. It is possible
to develop a polygon into a tessellation composed of complex
shapes. First of all, all kinds of triangles and rectangles can
form a tessellation. This is because the sums of their internal
angles are 180∘ and 360∘ , respectively [2]. With a combination
of 6 equilateral triangles, 4 equilateral rectangles. and 3
equilateral hexagons, we can create a polygon with the
total internal angle of 360∘ . This is the basic formation and
combination formula of a tessellation, which has the internal
angle of the focal point of 360∘ (Figure 1) [3].
If the range of an equilateral polygon is narrowed as in
Figure 1, a tessellation can be formed with only three types
of polygons: equilateral triangles, equilateral rectangles, and
equilateral hexagons. Mathematicians discovered 21 kinds of

equilateral polygon combinations which fill up space based
on one point at the center (Figure 2) [2].
The patterns which appear on the Islamic buildings and
tiles of the Middle Ages started from simple designs and
developed into complex designs with mathematical symmetry over centuries. These complex patterns were modified
by the strapwalk method (Figure 3) [4] using circles and
rectangles in overlapping lattice patterns and were further
improved to produce more complicated forms of symmetric
patterns. The typical example of tessellation is the complex
geometric patterns that Moors and Arabs used to decorate
their architecture.
Such Islamic patterns have had great influence on modern
artists (Figures 4 and 5). Among them, there are Op artists
such as Victor Vasarely and Bridget Riley and print artist M.C.
Escher [2].
3.2. Understanding of Algorithm Design. An algorithm is a
group of well-defined rules and a finite number of steps
used to solve a mathematical problem. It is a set of welldefined rules and commands in a finite number, and it can
solve a problem by applying its limited rules [5]. Since an
algorithm creates a unit through calculation and forms a
pattern, it is opposed to a design which is dependent on
heuristic knowledge and inspiration. Nevertheless, the reason
why complex calculations and mathematical algorithms are
used in designing or creating a pattern is that a design which
is created through a calculation process is more effective than
one arbitrarily created by an architect in pursuit of freedom
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3.6.3.6

3.3.4.3.4

3.3.3.3.6

4.8.8

3.4.6.4

3.12.12

4.6.12

Figure 2: Equilateral polygon combinations.

Figure 3: Islamic strapwork.
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Figure 4: Owen Jones, 1856.

Figure 5: Arabic pattern development (Lewis F. Day).
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Figure 6: Algorithm.
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𝜃

𝛿
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Figure 7: Hankin’s pattern developing process.

Advances in Materials Science and Engineering

5

Figure 8: Variations of patterns using Hankin’s method (Craig S. Kaplan).

Figure 10: 4.8.8 combination.

Figure 9: Unit module.

of expression and is detached from the real structure [6]. The
design process using an algorithm does not appear only in
modern society. For centuries from the past to the present,
architects have made attempts at design by taking advantage
of mathematics as part of an effort to converge mathematics
with construction. With the digital tools of modern society, modern mathematical algorithms are used not only in

the design of cars and ships but also in various fields such
as computing design and media arts. Also, mathematical
algorithms produce results with variables depending on the
situation and develop shapes in accordance with the rules
of a mathematical formula [7]. Therefore, it is necessary
to understand the function of mathematical formulas in
order to embody and express shapes based on rules in
the process. Consequently, the application of mathematical
formulas in construction design can be effectively used to
control design by utilizing computing technology in tune
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Figure 11: Transformation of 4.8.8 combination.
Controlling method
Side splitting

Single module expansion

Figure 12: Types of controlling method.
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Figure 13: Point on segment control diagram (Type A).

Figure 15: Point on segment control diagram (Type C).
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d
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p

Figure 14: Radius control diagram (Type B).

Figure 16: Side on segment control diagram (Type D).

with modern society, and we can implement modification
processes through algorithm steps (Figure 6) [8].

application significantly grew in the Middle East and Central
Asia [9]. The Islamic star pattern expresses the conversion, symmetry, balance, and uniqueness of harmonious
mathematics. Islamic art favored the proportional geometry
as a sacred art form [10]. The experiment of geometric
pattern designs using digital algorithms was conducted to
find an effective control method to modify geometric patterns through Grasshopper, a mathematical algorithm-based
program that uses parameters, with the goal of learning

4. Analysis of Islamic Pattern Using
Digital Algorithm
4.1. Outline of Islamic Pattern Design. The Islamic star pattern
using geometric figures is one of the world’s greatest ornament design traditions. Its expansion including architectural
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about the formation methods of Islamic star patterns through
various shape modifications. In the tiling-based approach of
Islamic star patterns, the polygons-in-contact method of E.
H. Hankin set a milestone. In his paper, he offered a great
starting point for an approach to creating Islamic star patterns
and provided various examples of pattern formation through
Hankin’s method (Figures 7 and 8) [11].
4.2. Analysis. As mentioned in Section 3, we will focus
on tessellations, which are composed of combinations of
multiple unilateral polygons based on basic polygons. Among
them, we try to analyze the modification process of geometric
figures using the 4.8.8 combination, a basic combination used
in Hankin’s method, and explore different types of design
modification processes using the digital algorithm program
Grasshopper. The 4.8.8 combination is a pattern made up
of rectangles and octagons (Figure 9). The unit modules of
these octagons and rectangles are made of triangles of certain
shapes (Figure 10).
According to Hankin’s method, the shape of stars can
transform with a change in the angle of the sides of each
basic geometric figure (Figure 11). Through a mathematical

algorithm that will be analyzed in this study, control methods
to create various shapes of geometric figures through mathematical algorithms can be divided into two types: the sidesplitting method and the single module expansion method
(Figure 12). If we delve into the side-splitting method, it can
be further divided into two types: the point on segment
control method (Figure 13) and the radius control method
(Figure 14). The single module expansion method can be
divided into the point on segment control method (Figure 15)
and the line on segment control method (Figure 16).
4.3. Formation of Basic Geometric Figures. To create a simple
4.8.8 geometric figure on a plane, we have to split sides first.
For the formation of geometric 4.8.8 figures, we have to start
with a plane with a rectangular grid system (Figure 17).
An algorithm formula can be used to create the surface of
a rectangle (Figure 10). Entire surface is split into rectangles
with a single basic module. Each side of a unit module
rectangle is divided into three divisions. If the first point
of a side divided into three is connected with the second
point of the opposing side, a geometric 4.8.8 figure is created
(Figure 18).
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Side-splitting control method
Radius control (Type B)
Point on segment control (Type A)

(b)

(d)

(c)
(a)

(e)
r

Figure 19: Side-splitting control method diagram.

Type A-1
p1 = p2 = · · · = p8 = 0.3

Type A-2
p1 = p2 = · · · = p8 = 0.5

Type A-3
p1 = p2 = · · · = p8 = 0.7

Figure 20: Examples of basic variations: Type A.

Type A-5
p1 = 0.5, p2 = 0.3, p3 = 0.7, p4 = 0.5
p5 = 0.8, p6 = 0.7, p7 = 0.2, p8 = 0.3

Type A-4
p1 = p5 = 0.3/p2 = p6 = 0.5
p3 = p7 = 0.7/p4 = p8 = 0.2

Figure 21: Examples of additional variations: Type A.

Type B-1
r = 0.3

Type B-2
r = 0.5

Figure 22: Examples of basic variations: Type B.

Type B-3
r = 0.7

Advances in Materials Science and Engineering

Type A-1

Type A-1

9

Type A-1

Type A-4

Figure 23: Type A patterning.

Type B-1

Type B-2

Type B-3

Figure 24: Type B patterning.

Single module expansion method
Point on segment control (Type C)
Side on segment control (Type D)

(c)

(g)

(d)

(h)

(b)
(i)

(f)
(e)

(a)

Figure 25: Single module expansion method diagram.

Type C-1
p1 = p2 = 0.3

Type C-2
p1 = p2 = 0.5

Figure 26: Examples of basic variations: Type C.

Type C-3
p1 = p2 = 0.7

Type A-5
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Type C-4
p1 = 0.5
p2 = 0.3

Type C-5
p1 = 0.2
p2 = 0.5

Figure 27: Examples of additional variations: Type C.

Type C-1

Type C-1

Type C-1

Type C-4

Type C-5

Figure 28: Type C patterning.

4.3.1. Side-Splitting Control Method. The side-splitting
method can be divided into the point on side control and
the radius control methods. In the point on side control
method, a point on a segment (Figure 19(a)) connecting each
angular point of an octagon with the middle point is set up
as a variable. Therefore, if the point on the segment moves,
the length of a line connecting point (a) on the segment with
the middle point (Figure 19(b)) of each side of the octagon
changes. In the radius control method, the radius (𝑟) of a
circle, whose middle point is the middle of the octagon,
and the segment, which connects each angular point of
the octagon and the middle point, are set up as variables.
Therefore, if the position of the cross-point (Figure 19(e)) of
the circle and the segment (d) shifts, the length of the line
that connects them changes as well.
(a) Point on Segment Control Method (Type A). The point on
segment control is a method that controls the position of a
point (Figure 13: 𝑝) on each vector segment (Figure 13: 𝑑) as
a manipulative variable. Because the method can control the
respective positions of points on vector segments (0 < 𝑑 <
1), it can change the vector into various shapes. However, it
requires a complex mathematical formula, because it has to
analyze the position of each point on each segment. Because
this method appoints the respective position of each point,
it can set up each line with a different length. As a result, it
can create modules of various shapes in an infinite number. If
the critical point is not appointed, the position of a point can

deviate from the segment; therefore, the critical point of the
segment must be appointed.
If each point in Type A is controlled (Figure 13: 𝑝1 –𝑝8 ),
additional modification is possible as a complement to basic
modifications. If we control each of the eight points with
the same value, we can create a star pattern with a regular
shape (Figure 20: Types A-1∼3). Conversely, if we control each
point with a different value, we can create a random pattern
(Figure 21: Types A-4∼5).
(b) Radius Control (Type B). Radius control is a method
that controls the radius value of a circle beginning from
the middle point of an octagon as a manipulative variable
(Figure 14: 𝑟). Once the value of the radius of a circle is
set up, it is automatically connected to the cross-point with
each vector segment. It is relatively easy to control and
has a simple mathematical formula (Figure 22). However,
in contrast to the points in the segment control method,
additional modification is relatively difficult because the
points are integrated by a circle. As with the radius control
method, if the radius value (𝑟) is not appointed, the size of the
circle can increase toward infinity, and the cross-point with a
segment does not occur. Therefore, a critical point must be
set up for the radius value (𝑟).
If two types of the side-splitting control method, Type
A and Type B, are combined, the patterns will be as follows
(Figures 23 and 24). Types A-1∼3 and Types B-1∼3 have different control methods, but they create combinations of the
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Type D-2
p1 = 0.5

Type D-1
p1 = 0.3

Type D-3
p1 = 0.7

Figure 29: Examples of basic variations: Type D.
Type D-1

Type D-2

Type D-3

Figure 30: Type D patterning.

same shape. Also, Type A allows for additional modifications
and can create different shapes in an infinite number, while
additional modifications are difficult with Type B.
4.3.2. Single Module Expansion Method. The expansion of a
single module can be divided into two methods: the point
on segment control and the side on segment control. This
method is based on the idea that an octagon can be divided
into eight triangles of the same shape (Figure 25(a)). It is
based on a concept that once one module of a triangle is
controlled, it rotationally deforms the other modules by 45∘ .
In the point on segment control method, a point on the
segment (Figure 25(b)) which connects each angular point of
the octagon with the middle point is set up as a variable. If the
point on the segment shifts, the length of a line connecting the
middle point of each side of the octagon (Figure 25(c)) with
the point on the segment changes. However, in the side on
segment control method, the segment (Figure 25(e)) where
the bottom side (Figure 25(i)) of a triangle converges along
both sides (Figure 25(h)) to the middle point is set up as a
variable. If this segment (e) shifts, the length of the segment
that connects the cross-point (f) of both sides (h) with the
middle point (g) of the segment (i) changes.
(a) Point on Segment Control (Type C). The point on segment
control is a method that constructs the expansion of a single
module by controlling one of the triangles which forms an
octagon. As this control method uses the position of a point
(Figure 15: 𝑝) on each vector segment (Figure 15: 𝑑) as a
manipulative variable, it has to analyze the position of a point
on each vector segment and requires a complex mathematical
formula. Compared to Type A, this method controls relatively

fewer points, because it needs to control only two points.
Thanks to this, it can designate each segment with a different
length and create various module shapes. In this method,
once one module is controlled, the others are automatically
controlled due to the fixed angle. As single modules are
combined to form an octagon, it is highly likely to construct
an equilateral octagon.
Because Type C can control two points (Figure 15: 𝑝1 ,
𝑝2 ) simultaneously, it can create additional variations to
complement basic modifications. If the two points are controlled with the same value, this can create a star pattern
with a regular shape (Figure 26: Types C-1∼3). If each point
is controlled with a different value, it can create a random
pattern (Figure 27: Types C-4∼5). This becomes a module,
creating rotational modification (Figure 28).
(b) Side on Segment Control (Type D). Similar to the point
on segment control method, the side on segment control
method constructs an octagon by controlling a single module,
which is one of the triangles in an octagon, and by expanding
a unit module (Figures 16, 29, and 30). However, unlike
the segment control method, additional modifications are
relatively difficult because the control is integrated to one side
that moves above the vector segments on both sides.
4.4. Type-Specific Evaluation Analysis. This study will look
into the Islamic star pattern formation of a geometric figure
combination of 4.8.8, which appears in Hankin’s method,
depending on the four types of parameter control, and then
will analyze the modification possibility and the convenience
of algorithm designs of each of the four types of parameter
control.
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Figure 31: Pattern variations using Attractor Algorithm.

4.4.1. Modification Possibility. Modification possibility means
how diversely a basic geometric figure can be modified.
Basically, by appropriately controlling the parameter of each
of the four types of parameter control, we can modify patterns
into diverse shapes [Types A∼D-1∼3]. However, whether
additional modifications are possible or not will depend
on whether the parameters are individually controlled or
integrated. If the parameters are individually controlled [Type
A, Type C], it is possible to modify them into other patterns.
In contrast, if the parameters are integrated [Type B, Type D],
it is relatively difficult to produce additional modifications.
4.4.2. Design Algorithm Convenience (Program Implementation Supremacy). In this paper, the convenience of design
is analyzed from an algorithm perspective. In terms of the
implementation of mathematical formula algorithms, if a
program has a relatively simple mathematical formula and is
convenient to control, implementation of the program is easy

and its mathematical formula algorithm has an outstanding
design convenience (Figure 31). The level of convenience of a
mathematical formula algorithm is determined by whether
the mathematical formula that controls the parameters is
simple or complex. If the parameters are controlled individually, the mathematical formula becomes complex. If
the parameters are integrated, the mathematical formula is
relatively simple. Therefore, the design convenience for even
the same shape of patterns can vary depending on whether
parameters are controlled individually or are integrated.
Among the four types of parameter control, the integrated
method which controls only the radius value [Type B] has
the simplest mathematical algorithm and therefore a high
design convenience. The method which has to control each
individual parameter [Type A] has the highest modification
possibility, but a low design convenience because of the
relatively complex mathematical algorithm (Table 1).
4.4.3. Subconclusion. See Table 1.

Design convenience
(program implementation supremacy)

Additional modification types

Evaluation items
Modification possibility
Expandability
Construction convenience
Module diversity

Characteristics

Conceptual diagram

Surface type

Type

Possible

I

I
I

Controls each line
individually: creates different
module shapes in a finite
number

Point on segment control
(Type A)

I
△
I
I

(i) Easy modulation for
construction: allows for an
economical production system
(ii) Can create different types of
modules

Difficult

△
△
I
△

(i) Easy modulation for
construction: allows for an
economical production system
(ii) Additional modification is
difficult

Side on segment control
(Type D)

Single module expansion
Point on segment control
(Type C)

Possible
Low < high
Type A < Type C < Type D < Type B

Difficult

△
I
△
△

(i) Controls only the radius: creates a
greater number of regular modules
than the point on segment control
(ii) Requires a complex mathematical
formula to create an octagon

(Type B)
Radius control (Type B)

Side splitting

Table 1: Type-specific evaluation analysis.
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5. Conclusion
This study aims to analyze and modify the Islamic star pattern
using digital algorithm, introducing a method to efficiently
modify and control classical geometric patterns through
experiments and applications of computer algorithm. This
study reveals that with the help of algorithmic design strategy
we can analyze and undermine the rigidity of the classical
geometry of Islamic star pattern and expand its design
potentials. Clear understandings of the classical geometry
and proper experiments with digital algorithm can contribute
to overcoming the gap between the classical geometry and
the digital technology and to laying out a solid foundation
for efficiency and flexibility in developing future designs and
material fabrication.
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This study presents a new engineering practice and idea that material topology optimization results may be utilized to optimally
decide the positions of web-openings of structural members in a building structure. Material topology optimization utilizes element
densities as design parameters, that is, nominal constructional material, and then optimal material distributions of densities between
voids (0) and solids (1) in a given design domain represent the determination of topology and shape. That means that regions with
element density values become occupied by solids in a design domain, while there are only void phases in regions where no density
values exist. Therefore, the void regions of topology optimization results may provide design information that decides appropriate
depositions of web-opening in structure. Numerical examples demonstrate the efficiency of the present methodological design
information using optimization techniques to automatically resolve the building design of proper deposition of web-openings.

1. Introduction
Currently, a web-opening system which is used in modern
architectural buildings and civil structures has been developed in order to obtain functional aspects of structural
design such as planned layouts and special efficiency of
deposition of facilities. This system can reduce buried spaces
which result from sparing expenses of construction per
floor in facilities, especially high-rise buildings, by cutting
down the amount of material. The structural system of webopenings was fundamentally introduced by Bower [1] in
1968 who investigated ultimate strength of beam structures.
Since then, Ward [2] has introduced structural behavioral
comparisons between composite and noncomposite beams
with web-openings. Improvement problems of bending and
shear stiffness of composite beams with web-openings have
been treated by Redwood and Demirdjian [3]. In Korea,
the determination of proper depositions and numbers and
shapes of web-openings were investigated, and immediately
bending and shear response analyses were carried out. Then
their experiments have been carried out in steel and concrete

structures by Eon et al. [4] in 1985, Koo [5] in 1998, and Lee
et al. [6] in 2003.
According to abovementioned researches, it was verified
that web-openings in structures can become substantially
problematic in structural safety such as a decline of member
stiffness. Since the openings are mainly located in web parts,
the decline of shear stiffness especially becomes more obvious
than that of bending stiffness. For example, a Vierendeel effect
is that an occurrence of a bending moment around webopenings results in a reduction of shear resistance of crosssections; furthermore, a local torsion buckling may occur in
web parts of members due to neighboring web-openings.
In general, when web-openings with varied shapes and
sizes are placed in members of a given structure, structural
stability of the members can be investigated through strain
energy, that is, stiffness of structure. Since the web-openings
which have an influence on stiffness of structure have varied
shapes, numbers, sizes, and so on, optimization techniques
that yield maximal stiffness of structure under defined design
conditions can be employed for appropriate web-opening’s
deposition in structure. Although shapes, numbers, and sizes
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of web-openings have to be also considered in the structural
design, optimal deposition of web-openings into members
is a main interest in this study because shapes, numbers,
and sizes must be treated secondly after the determination of
depositions of web-openings.
In this study, a topology optimization technique introduced by Bendsøe and Kikuchi [7] in 1988 is utilized in order
to decide optimal depositions of web-openings. Topology
optimization of structures yields optimal topology as well as
optimal shape for global structural systems. In discretization
of continuous design domain, a density is defined as a
material property of each element, that is, an optimization
design parameter. Therefore optimal shape and topology are
represented by optimal density distribution contours which
have maximal stiffness of structure.
Until now, there have been no determinant and official
criteria for structural design with web-openings domestically,
and the deposition of web-openings has been designed
according to engineers’ experiences and usual practices.
Thus the objective of the present work is to verify whether
applications of the topology optimization approach provide
a new structural design method for proper web-opening’s
depositions. In this method, minimal strain energy or maximal stiffness is defined as objective function, which is satisfied
with volume or mass constraints. Under the optimization
conditions, an appropriate case with the greatest stiffness of
feasible cases of deposition of web-openings may be designed
according to optimal results. In advance, feasible parts of
web-opening’s depositions into void phases have to be sought
through results of optimal density distributions of structure
without web-openings.
In this study, proper web-opening’s depositions of linear
elastostatic structures are investigated using density distribution method or Solid Isotropic Microstructure with
Penalization for Intermediate Density, that is, SIMP [8–16]
of topology optimization methods, and efficiency of the
proposed method is demonstrated.

2. Strain Energy Minimization Based Topology
Optimization Problem
2.1. Optimization Problem. In design domain Ω𝑥 ⊆ R𝑛 (𝑛 =
2) which dominates linear elastostatic structures, topology
optimization problems are defined as follows:
1
Minimize: 𝑓 = [− ∫ 𝜀𝑇 (u) C (𝐸) 𝜀 (u) 𝑑Ω𝑥 ]
2 Ω𝑥
Subject to:

(1)

(2)

= ∫ b𝑇 𝛿u 𝑑Ω𝑥 + ∫ t𝑇 𝛿u 𝑑Γ𝑡
Ω𝑥

∫ 𝑑Ω ≤ 𝑉0 ,
Ω𝑥

2.2. Density Distribution Method. In topology optimization,
material characteristics of each element which are employed
through discretization of continuous design domain are
defined as element densities. The densities are utilized as
design parameters of topology optimization. It is represented
as a simple penalty form related to Young’s modulus. This
is regarded as a density distribution method or SIMP using
design domain concepts. Since optimal solutions of SIMP
obtain superiority in terms of engineering’s aspect and manufacture’s ability, it has been practically used for topological
optimal design.
The penalty relation between Young’s modulus and density is written as
E𝑖 = 𝐸0 (

Φ𝑖 𝑘
) ,
Φ0

𝑘 ≥ 1, 0 ≤ Φ𝑖 , Φ0 ≤ 1,

Γ𝑡

(3)

where (1) denotes an objective function 𝑓, that is, minimal
strain energy or maximal stiffness. 𝜀, C, and u are, respectively, strains, material tensors, and displacements. Equations

(4)

where E𝑖 and Φ𝑖 denote Young’s modulus and density of
element 𝑖, respectively. The penalty parameter 𝑘 is used for
SIMP. 𝐸0 and Φ0 are, respectively, nominal values of Young’s
modulus and density.
Suppose that the defined structural system follows plane
stress state with isotropic materials; material tensor C𝑖 of
element 𝑖 can be written including (4) as
0 }
1 ]0
{
}
{
}
}
{] 1
𝐸𝑖 (Φ𝑖 ) {
0
0
C𝑖 =
,
(5)
}
{
2
}
(1 − ] ) {
{
}
{ 0 0 1 − ]0 }
{
2 }
where ]0 is a nominal Poisson’s ratio.
According to topology optimization problems defined as
(1) and (2), optimal solutions are material density distribution
contours with maximal stiffness. The material density values
consist of void phases (0, white), solid phases (1, black), and
intermediate phases (0 < value < 1, gray) in domain Ω as
shown in Figure 1.
2.3. Sensitivity Analysis. Since displacement fields depend
on optimization design parameter s, a total sensitivity of
objective function fin terms of s is written as a partial
derivative introduced by Haug et al. [17] in 1986 as follows:
∇𝑠 f = ∇𝑠ex f + ∇𝑢 f 𝑇 ∇𝑠 u,

∫ 𝜀𝑇 (u) C (𝐸) 𝜀 (𝛿u) 𝑑Ω𝑥
Ω𝑥

(2) and (3) are optimization constraints. Equation (2) is
equilibrium. 𝛿u, b, and t are virtual displacements, body
forces, and traction forces, respectively. Equation (3) is a
volume constraint, and 𝑉0 is the limit of feasible volumes in
the design domain.

(6)

where ∇𝑠ex f and ∇𝑢 f 𝑇 ∇𝑠 u denote an explicit and implicit
partial derivative terms, respectively.
Suppose that, in discrete processes, body forces b, traction
forces t, differential tensor L, and Jacobi matrix are independent of design parameter s, and finally the total sensitivity
formulation of objective function f is simply rewritten as
follows:
1
∇𝑠 f = − u𝑖 ∫ B𝑇𝑖 ∇𝑠 C𝑖 (Φ) B𝑖 𝑑Ω𝑖 u𝑖 ,
(7)
2
Ω𝑖
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Ω

Topology optimization
of structure with webopenings

Topology optimization
of structure without
web-openings
Structural
analysis

Sensitivity
Optimization
analysis
method
Optimization processor

Search feasible deposition
models of web-openings

Save optimal solutions by
each model of web-openings

End of algorithm:
design information for
optimal deposition of
web-openings

Decide web-opening
model with maximal
stiffness

Figure 2: Algorithm for optimal deposition of web-openings.
Solid = 1
0 < intermediate state < 1
Void = 0

P

H

Figure 1: Boundary representations as material density distributions in topology optimization.
L

where u𝑖 , B𝑖 , and C𝑖 are nodal displacement vector, operator
matrix, and material tensor of element 𝑖.

3. Numerical Algorithm for Determination of
Optimal Depositions of Web-Openings
The numerical algorithm for optimal depositions of webopenings using topology optimization results is shown in
Figure 2, which is extended in [18] and the procedures of
deposition design of web-openings are as follows:
A It is assumed that web-opening’s shapes, numbers,
and sizes are not considered as variables of structural
design. They might be treated in future works. Here,
one square of 8 × 8 finite elements is only fixed as webopening’s geometry and number.
At first, topology optimization of nominal structure without web-openings is carried out. Through
yielded material density distributions, void phases are
searched and web-opening’s deposition models are
decided into the parts.
B Topology optimization is executed according to each
model of web-opening’s depositions which is decided
in A.
C Seek a web-opening’s model with the smallest strain
energy of all optimal solutions obtained in B. It
means that the structure with this model includes
maximal stiffness and gets the greatest structural
safety.
D The optimal deposition result of web-openings is used
as profitable information for web-opening’s design.

Figure 3: Analytical model: a MBB-beam.

4. Numerical Applications and Discussion
4.1. Determination of Optimal Depositions of Web-Openings in
MBB-Beam
4.1.1. Stage 1: Initialization of Design Conditions and
Topology Optimization Problems. As a 2-dimensional linear elastostatic problem, topology optimization of MBB(Messerschmitt-Bölkow-Blohm-) beam [19] is carried out. In
MBB-beam, the size ratio of 𝐿 (length) : 𝐻 (height) is 6 : 1 and
a concentrated load is applied at the center side of the upper
part. MBB-beam is simply supported by a roller and hinge at
left and right sides, respectively. It is shown in Figure 3.
In continuous design domain (120 cm × 20 cm), square
finite elements of 120 × 20 are discretized. As topology
optimization problems, an objective function is minimal
strain energy (N⋅m) and a volume constraint is restricted by
30% of total volumes. Nominal values of Young’s modulus of
steel, Poisson’s ratio of steel, and an external force are 𝐸0 =
2.1 × 106 kg/cm2 , ]0 = 0.3, and 𝑃0 = 360 N, respectively.
The penalty parameter [20] for SIMP is 𝑘 = 5.0. In MBBbeam, one square of 8 cm × 8 cm (finite elements of 8 × 8) is
considered as conditions of web-opening.
4.1.2. Stage 2: Execution of Topology Optimization of MBBBeam without Web-Openings and Selection of Feasible Models
of Web-Opening’s Depositions. Topology optimization results
of MBB-beam without web-openings are represented by
material density distribution contours and shown in Figure 4.
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Figure 4: Optimal solutions of SIMP of MBB-beam without web-openings.
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Figure 5: Models (types) of a∼d of depositions of web-opening.
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Figure 6: Convergence histories of objective function in case of
models a∼d of web-opening.

Table 1: Models (types) of depositions of web-opening.
Model (type)
a
b
c
d

el𝑥
113∼120
102∼109
85∼92
57∼64

el𝑦
1∼8
10∼17
5∼12
7∼14

It can be found from Figure 4 that feasible regions of webopenings are presented by models of 4 kinds due to symmetry
of MBB-beam. The models of web-openings are illustrated
in Figure 5 and Table 1. Here, el𝑥 and el𝑦 denote 𝑥 and 𝑦
coordinates of elements, respectively.
4.1.3. Stage 3: Execution of Topology Optimization of Each
Model and Determination of a Web-Opening’s Model with
Maximal Stiffness. Figure 6 shows convergence histories

of objective function of strain energy at 50 iterations
in topology optimization of MBB-beam with models of
web-opening.
It can be seen from Figure 6 that the convergence history
of SIMP without web-opening is similar to that of SIMP with
web-openings of models b and c. The fact emphasizes the
necessity of web-openings in structure with respect to the
economical use of materials under structural safety.
Figures 7(a) and 7(b) illustrate strain energy values of
structure in an initial stage and a final stage of topology
optimization, respectively. Note that results of the initial stage
of the optimization, that is, model a: very good, models b and
d: not good, and model c: bad, are different from those of the
final stage, that is, models b and c: very good, model d: not
good, and model a: bad.
The results of the initial stage are not reliable since the
optimization cannot be achieved from the beginning and
requires proper iterations or times in order to be satisfied with
optimization conditions and obtain optimal solutions.
Note that engineers must be concerned with the final
results of optimization. Therefore it can be found that model
b or c is the best choice but model a is the worst one as final
measurement of each model.
Figure 8 illustrates continuous intermediate density distributions by models of web-opening’s depositions. It can be
found that the increase of strain energy at the edges of webopening is different according to each model.
4.2. Determination of Optimal Depositions of Web-Openings in
Beam-to-Column Connection
4.2.1. Stage 1: Initialization of Design Conditions and Topology
Optimization Problems. As the second test, a linear elastostatic structure with beam-to-column connection [21] is
considered. The geometry, boundary, and loading conditions
of the analytical model are shown in Figure 9.
The design domain (160 cm × 80 cm) of dash lines
is discretized as finite elements of 80 × 40. As topology
optimization problems, an objective function is minimal
strain energy (N⋅m) and a volume constraint is restricted by
27% of total volumes. Nominal values of Young’s modulus of
steel, Poisson’s ratio of steel, and an external force are 𝐸0 =
2.1 × 106 kg/cm2 , ]0 = 0.3, and 𝑃0 = 360 N, respectively. The
penalty parameter for SIMP is 𝑘 = 5.0.
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Figure 9: Analytical model: a structure with beam-to-column
connection.

In the structure with beam-to-column connection, one
square of 16 cm × 16 cm (finite elements of 8 × 8) is considered
as conditions of web-opening.
4.2.2. Stage 2: Execution of Topology Optimization of Beamto-Column without Web-Openings and Selection of Feasible
Models of Web-Opening’s Depositions. Figure 10 shows results
of topology optimization without considering web-opening
such as truss shapes [22]. Feasible models of web-opening’s
deposition can be investigated and they are models a, b, c, d,
e, and g as shown in Figure 11. Model f is infeasible but here it
is considered for comparison with feasible models.

Table 2: Models (types) of depositions of web-opening.
Model (type)
a
b
c
d
e
f
g

el𝑥
73∼80
58∼65
41∼48
20∼27
6∼13
6∼13
6∼13

el𝑦
22∼29
14∼21
19∼26
16∼23
1∼8
17∼24
33∼40

Table 2 shows deposition coordinates of models of webopening in design domain. Here, el𝑥 and el𝑦 denote 𝑥 and 𝑦
coordinates of elements.
4.2.3. Stage 3: Execution of Topology Optimization of Each
Model and Determination of a Web-Opening’s Model with
Maximal Stiffness. The convergence histories of objective
function in topology optimization of the structure with
beam-to-column connection with each model of Figure 11
and Table 2 are shown in Figure 12. Figures 12(a) and 12(b)
illustrate global and local convergence histories of objective
function, respectively.
Figures 13(a) and 13(b) show histograms of strain energy
of an initial stage and a final stage of Figure 12(b), respectively.
It is obviously verified from Figure 12(a) that the selection
of a model f is inappropriate for deposition of web-opening
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5. Conclusions
Structural optimization is a sequential and mathematical
technique to achieve the maximum or minimum of objective
function that is satisfied with defined constraints in structural
problems. This method can optimize the design variables
such as topologies, shapes, and sizes for optimal solutions.
In particular topology optimization method that yields optimal topologies for the solution utilizes design variables of
constant densities into finite elements and its solution is
represented as optimal distributions of material densities
between 0 and 1. It means that the positions with densities
in design domain have to be occupied by materials for
structural stiffness and there is no requirement of materials
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since model f gets the greatest converged strain energy values
compared with other models.
From comparisons of minimal strain energy in Figures
12(b) and 13(b), it can be seen that a model e is the best
deposition of web-opening but a model d is the worst one.
The order of superior models is e > g > c > a > b > d > f.
Figure 14 shows continuous intermediate density distributions by models a∼e and g. In the structure with beam-tocolumn connection, it can be found that larger strain energy
occurs in edges of beam-column connection than in parts of
web-opening.
Figure 15 illustrates comparisons of intermediate density
distribution between a model f and a case without webopening. It is seen that the existence of web-opening results
in the increase of strain energy and the more material density
in that part is required.
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Figure 12: Convergence histories of objective function in case of
models a∼g of web-opening.

in regions where no densities exist. Therefore the void
regions of topology optimization results can become design
information for appropriate deposition of web-opening into
which it has no material.
Until now the topology optimization technique has been
used for optimal design of structures; however in this study
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it is proposed that the present method is an engineering
practice and idea to be utilized for decision of proper webopening’s position. Numerical examples of beam-to-column
and simple beam with linear elastostatic problem demonstrate efficiency of the technique for proper web-opening’s
deposition.
In the web-opening of MBB-beam, the best structure
with maximum stiffness is type b according to converged
objective function values. In the web-opening of beamto-column connection, the best structure with maximum
stiffness is type e according to converged objective function
values. As can be seen in the two results, structures with
web-openings avoiding regions of many optimal material
density distributions have a good performance with respect
to structural stiffness.
In the future, the determination of varied variables such
as shape, number, and size of web-opening as well as decision
of appropriate disposition of web-opening would be also
investigated in order to establish official criteria of structural
design of web-opening.
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Fiber reinforced polymer (FRP) has been proposed to replace steel as a reinforcing bar (rebar) due to its high tensile strength
and noncorrosive material properties. One obstacle in using FRP rebars is high price. Generally FRP is more expensive than
conventional steel rebar. There are mainly two ways to reduce the cost. For example, one is making the price of each composition
cost of FRP rebar (e.g., fibers, resin, etc.) lower than steel rebar. Another is making an optimized design for cross section and
reducing the material cost. The former approach is not easy because the steel price is very low in comparison with component
materials of FRP. For the latter approach, the cost could be cut down by reducing the material cost. Therefore, an idea of making
hollow section over the cross section of FRP rebar was proposed in this study by optimizing the cross section design with acceptable
tensile performance in comparison with steel rebar. In this study, glass reinforced polymer (GFRP) rebars with hollow section and
19 mm of outer diameter were manufactured and tested to evaluate the tensile performance in accordance with the hollowness ratio.
From the test results, it was observed that the tensile strength decreased almost linearly with increase of hollowness ratio and the
elastic modulus decreased nonlinearly.

1. Introduction
Galvanized reinforcement has been started to be used in the
concrete bridge design after the 1960s due to corrosion problems. However, the electrolysis between the zinc-based coating and steel raised various problems, including damage of
the corrosion protective film of the galvanized steel reinforcing bar (rebar), and resulted in its abandonment. In the
early 1970s, the Federal Highway Administration in the USA
undertook a research on 50 types of reinforcing steel coating,
which introduced the epoxy-coated steel rebar that is still
being used today [1]. However, severe corrosion problems
were reported for the epoxy-coated steel embedded concrete
[2] without proposal of any solution enabling solving this
corrosion problem at the root.
Since the corrosion of steel rebar is not a structural problem but is basically a material problem, a feasible solution
would be to use reinforcement made of noncorrosive material
even if several noncorrosive reinforcements, such as stainless
rebars, were fabricated. Researches to develop a rebar using
fiber reinforced polymer (FRP) were initiated in the 1960s and
resulted in its exploitation as structural member [1]. FRP is

composed of resin and epoxy by fiber and resin and is featured by outstanding properties including noncorrosiveness,
high specific strength, fatigue resistance, low specific weight,
nonmagnetism, and nonconductivity. Owing to these features, FRP can be utilized in marine structures, such as piers
and floating structures, or concrete structures exposed to
calcium chloride, or when nonmagnetic or nonconductive
properties are necessary [3].
USA, Canada, and Europe engaged the active research
on FRP, of which several achievements were actually applied
in construction sites (Figure 1). In Korea, the Korea Institute
of Civil Engineering and Building Technology (KICT) developed a reinforcing bar made of glass fiber reinforced polymer
(GFRP) exhibiting a shape similar to the reinforcing steel in
Figure 2. However, FRP rebar remains still poorly adopted in
the construction of structures with very few applications as a
main member. Despite its numerous advantages, the reasons
for the timid use of the FRP rebar as structural member are its
high cost compared to the traditional reinforcing steel, its low
modulus of elasticity, and the occurrence of brittle failure
unlike steel which exhibits plastic behavior.
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Figure 1: Pultrall V-rod, Aslan 100, and Schőck ComBAR (left to
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In the case of a circular reinforcement made of FRP, the
tensile strength generally tends to reduce with increasing
diameter. This phenomenon can be explained by the fact that
the stress developed at the fiber located near the surface of the
reinforcement is not fully transferred to the fibers located at
the center.
Accordingly, this study evaluates the stability of the GFRP
rebar with hollow section developed in a will to reduce its fabrication cost and having an acceptable tensile performance.
Tensile test is conducted on 5 sets of specimens with diameter
of 19 mm and fabricated for 5 different hollowness ratios.
Based upon the test results, the change in the tensile properties of the GFRP rebar is examined with respect to the hollowness ratio and the tensile performance so as to propose an
efficient sectional hollowness ratio. Bonding performance is
also an importance factor for FRP rebar because the surface of
FRP rebar has not been standardized and has various shapes
(e.g., Figure 1) [4, 5]. This project is an ongoing research
and preliminary results are reported in this paper. Bonding
performance is currently under investigation by the authors.

2. Research Backgrounds
Unlike steel, FRP experiences brittle failure and its elastic
modulus reaches about a quarter to steel in the case of glass
fiber. Such drawbacks can be overcome by using fibers which
have higher tensile performance. Jones and DiBenedetto [6]
conducted experiments on composites made of carbon/
carbon, glass/glass, aramid/carbon, and glass/carbon fibers

Figure 4: Change of tensile strength with diameter [11].

and concluded that pseudoductile behavior could be secured
by an even distribution of small quantities of fibers with small
elongation. However, securing such behavior is accompanied
with a higher production cost since fiber exhibiting higher
performance has a higher price [7, 8].
The tensile properties of the FRP rebar depend on the
content, size of fiber, and the gripping system. Unlike steel
reinforcement, the tensile strength of the FRP rebar is a
function of diameter. In particular, when the tensile force is
applied through a steel grip (later shown in Figure 8), the tensile strength of FRP bar undergoes change with a larger diameter caused by the development of higher stress in the outer
fibers than in the inner ones due to the shear lag occurring
in the section of the rebar as shown in Figure 3. With this
reason, the increment of the diameter of the rebar to deal
with this shear lag results in the nonefficiency of the section
and loss of strength [9, 10]. Figure 4 verifies the loss of the
tensile strength according to the increment of diameter of a
commercialized GFRP rebar [11].
Since the shear lag impedes the central fibers from fully
developing their proper performance, a cost-efficient section
can be designed by removing these central fibers from the
cross section. In the case of FRP bar, shown in Figure 2 with a
19 mm diameter, the sum of the material and labor costs can
be estimated as approximately $2.84/m. For example, the total
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Table 1: Material properties of GFRP rebar.
Material

Model

Tensile strength
(MPa)

Elastic modulus
(MPa)

Resin 1
Resin 2
Fiber 1
Fiber 2

HETRON-922
DION-9100
SE1200
Nylon

86
79
2,600
70

3,170
3,216
81,000
75,000

manufacturing cost and the material cost could be reduced by
12% and 20%, respectively, with having a 20% hollow section.

3. Performance Evaluation for
Hollow GFRP Rebar
3.1. Materials. The GFRP rebar was fabricated by mixing Eglass fiber (Fiber 1 in Table 1) and unsaturated polyester resins
that are DION-9100 and HETRON-922. Polyamide-based
nylon fiber (Fiber 2 in Table 1) was used for the formation of
the protuberance at the surface of the deformed rebar in order
to secure mechanical bonding with concrete. The properties
of the adopted materials are explained in Table 1.
3.2. Fabrication Method of GFRP Rebar. The typical methods
applied to the manufacture of FRP are the pultrusion, the
braiding, and the filament winding. Pultrusion is a continuous manufacturing process producing unidirectional members with constant cross section and is known as the most
economic and rapid method for the production of prestress
tendons and reinforcing bars, which makes it the most
adopted method for the manufacture of FRP rebar [12, 13].
The bond performance with concrete constitutes the
utmost performance required for the FRP member to fulfill its
role inside concrete. Even if the pultrusion offers the advantage of continuously producing members with constant cross
section, an additional process is necessary to achieve the bond
performance with concrete since the so-produced member
exhibits a smooth surface [14]. In a will to solve this problem,
Ko et al. [15] proposed a process combining both pultrusion
and braiding. This process called braidtrusion additionally
executes braiding during the pultrusion process so as to form

a netlike skin at the surface of the reinforced fiber bundle.
The braidtrusion bears thus the continuous manufacturing
and the preservation of a constant cross section featured by
the pultrusion together with the rough surface or skin
featured by the braiding. However, the braidtruded FRP rebar
experiences loss of its tensile performance due to the voids
generated in the section by the air entrained during the resin
impregnation of the relatively loose fiber bundles constituting
the core of the rebar [16].
In order to reduce the voids inside the section, KICT
[17] proposed an improved braidtrusion process as shown
in Figure 5. While preserving the advantages of the previous
braidtrusion, this modified process improves the tensile
performance through the reduction of the voids and the
enhancement of the fiber arrangement by introducing a definite prestress into the reinforced fiber bundles and the string
for protuberance to secure bond performance with concrete.
The GFRP rebar specimens of this study were manufactured
using this process.
3.3. Manufacture of Hollow GFRP Rebar. Five types of specimens were planned to observe the change in the tensile
properties of the GFRP rebar according to the hollowness
ratio over the cross section. A reference specimen was
fabricated first to compare the change in the tensile characteristics according to the hollowness ratio in the section by
manufacturing a GFRP rebar without an inserted tube. All
other specimens were inserted with a polyurethane tube with
4 different diameters (e.g., 6, 8, 10, and 12 mm). The dimensions and characteristics of the specimens are listed in Table 2
and Figure 6. In Table 2, the section hollowness ratio was
calculated with the outer diameter of inserted polyurethane
tube because it is expected that its material property will contribute insignificantly to the tensile strength of the specimen.
In the designation of the specimens in Table 2, D19
indicates the diameter of the GFRP rebar and HD stands for
diameter of the hollow tube. For example, D19HD8 indicates
the GFRP rebar with overall sectional diameter of 19 mm
and outer diameter of 8 mm for the inserted hollow tube. In
Table 2, the inner diameter of the rebar corresponds to the
value measured in the portion without protuberance and the
outer diameter includes the protuberance.
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Table 2: Dimensions and characteristics of test specimens.

Specimen
Designation
Quantity
D19HD0
3
D19HD6
6
D19HD8
6
D19HD10
6
D19HD12
6
D19HD0

Diameter (mm)
Inner
Outer
18.58
20.87
18.63
20.97
18.68
20.83
18.75
20.78
19.03
21.12
D19HD6
D19HD8
Polyurethane
tube

GFRP

(mm)
19

6
19

Hollow
section

8
19

D19HD10

Section hollowness ratio

Number of rovings

0%
10.4%
18.3%
28.4%
39.7%

217
196
180
159
133

D19HD12
73∘

10
19

12
19

Figure 6: Specification of test specimens.

Figure 7: Cross section of test specimens.

A polyurethane tube was used to form the hollow section
of the GFRP rebar. Figure 7 depicts the cross section of the
completed GFRP bars with hollow section.
3.4. Test Method. After being completed the GFRP bars were
cut to a definite length, and the grips for tensile test were fabricated using cylindrical steel tubes with thickness of 7.1 mm
and length of 1000 mm. Two stoppers with a hole perforated
at their center were disposed at both ends of each steel tube
so as to insert and position the rebar at the center of the
steel tube. As shown in Figure 8, one side grip was formed
beforehand at another side of the rebar. The space between the
rebar and the steel tube was then filled with nonshrinkage
mortar and curing was conducted during 7 maintaining the
verticality of the rebar. Thereafter, the grip was formed at the
opposite end of the rebar following the same method.
A screw was disposed at one end of the cylindrical steel
tube constituting the grip so as to fix the specimen with a nut.
A specimen has two nuts at both end sides of the steel tube
and testing machine pulls these nuts.

Figure 8: Gripping system.

The specimen was installed on a universal testing
machine (UTM) with capacity of 1,000 kN prior to attaching
an electrical resistance strain gage at the center of the specimen. Loading was applied through displacement control at
speed of 2 mm/min. The load and corresponding strains were
collected using a data logger.

4. Test Results
4.1. Mechanical Characteristics of Tensile Performance.
Table 3 and Figure 9 show a sample of test results and show
the relationship between the tensile stress calculated from
an applied force divided by cross section area and strain
measured at the center of the rebar. All specimens showed
a typical failure mechanism of FRP material that the curve
between stress and strain increases linearly up to peak load
and fails suddenly. The maximum tensile load and elastic
modulus are seen to vary according to the hollowness ratio
with an overall tendency to decrease with larger hollowness
ratio. Table 3 arranges the peak tensile load and elastic
modulus measured in each type of specimens. In Table 3,
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Table 3: Tensile test results.

Specimen

D19HD0

D19HD6

D19HD8

D19HD10

D19HD12

Measured
1,218
1,229
1,131
1,016
1,147
1,106
1,131
1,029
1,117
—
863
898
873
908
843
746
741
—
722
736
738
684
731
640
730
666
667

Tensile strength (MPa)
Mean (S.D.)

Ratio

1,193 (54)

100%

1,091 (55)

91.4%

877 (26)

73.5%

736 (9)

61.7%

686 (37)

57.5%

Measured
53,520
55,180
56,519
59,276
55,623
56,681
57,229
55,190
57,505
—
52,641
49,577
50,036
50,267
54,674
49,664
45,073
—
46,453
44,988
45,080
38,819
35,442
34,792
33,410
37,175
32,999

Elastic modulus (MPa)
Mean (S.D.)

Ratio

55,073 (1,502)

100%

56,917 (1,464)

103.3%

51,439 (2,163)

93.4%

46,252 (2,003)

84.0%

35,439 (2,233)

64.3%

S.D.: standard deviation.
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Figure 9: Stress-strain curve sample of GFRP rebar specimens.

ratio means the changed value over that of the rebar without
having a hollow section.

4.2. Change of Tensile Characteristics. The change in the
tensile characteristics of the hollow GFRP rebar according to
ratio of hollow area is examined using the results of Table 3.
Since the average tensile strength in Table 3, as the value
obtained by dividing the maximum load by the whole area
of the rebar, tends to decrease with a larger ratio of hollow
area, regression analysis was performed to examine this
relationship and the results are plotted in Figure 10. For the
conditions of the regression analysis, the hollow area ratio of
0 indicates satisfaction of the performance of the GFRP rebar
without hollowness and the hollow area ratio of 100% corresponds to the zero tensile strength. As shown in Figure 10,
it may safely be said that the tensile strength of the GFRP
rebar tends to reduce almost linearly with the increase of the
ratio of hollow area. Even though the coefficient of determination of the fitting curve with second order is closer to
100% than that of the first degree and the coefficient of determination becomes 100% when the fitting curve of the fourth
degree is applied, considering the difference of those two
is not so big in this test with just six specimens and referring to
Figure 4 for commercialized products, it would be reasonable
to consider that the tensile strength decreases with increasing
the hollowness ratio.
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Figure 11: Elastic modulus for hollow section ratio.

Figure 10: Tensile strength for hollow section ratio.

In general, the average axial tensile strength of the
fiber composite can be obtained by the rule of mixtures as
expressed in [18]
𝜎FRP = 𝜎𝑓 𝑉𝑓 + 𝜎𝑚 𝑉𝑚 ,

(1a)

𝐸FRP = 𝐸𝑓 𝑉𝑓 + 𝐸𝑚 𝑉𝑚 ,

(1b)

where 𝜎FRP , 𝜎𝑓 , and 𝜎𝑚 are the average tensile strengths of
the composite, fiber, and resin, respectively, 𝑉𝑓 and 𝑉𝑚 are the
respective volumetric ratios of the fiber and resin, and 𝐸FRP ,
𝐸𝑓 , and 𝐸𝑚 are the elastic moduli of the composite, fiber, and
resin, respectively.
If we assume that there is no void in the composite
section, 𝑉𝑓 + 𝑉𝑚 = 1. When the tensile strength of the GFRP
rebar is calculated using the rule of mixtures, the tensile
strength of the resin is often neglected since it is significantly
smaller than that of the glass fiber. Accordingly, the tensile
strength of the FRP rebar becomes proportional to the
quantity of fiber.
The exact volume fraction of fiber cannot be provided
since burn-out test was not executed on the specimens in this
study. However, the relative volume fraction of fiber can be
deduced by comparing the used number of rovings listed in
Table 2. The number of rovings used in the manufacture of the
4 types of hollow GFRP rebar reaches, respectively, 90%, 83%,
73%, and 61% over the number of rovings for manufacturing
the plain GFRP rebar and is practically similar to the tensile
strength change ratio. Consequently, the tensile strength of
the rebar is proportional to the quantity of fiber.
Figure 11 presents the change in the elastic modulus
according to the hollow area ratio. The elastic modulus
decreases, in the main, as hollowness increases. Even though
D19HD6 shows higher elastic modulus than that of D19HD0,
this may be considered as experimental deviation. Unlike
the reduction of the tensile strength, it can be seen that this

change is nonlinear. The results of the regression analysis
show a second-order reduction of the elastic modulus. Even
though the fitting curve with third order agrees more accurately with test results, this curve shows the elastic modulus
of rebar with hollow section increases until 12% of hollowness
and this might be unreasonable. Equations (1a) and (1b)
express also the proportionality of the elastic modulus with
the volume of fiber in FRP. However, the rule of mixtures
was derived assuming linear elastic behavior and uniform and
isotropic material characteristics of the resin and fiber in the
absence of void inside FRP without theoretical formula
expressed in function of the material characteristics [19].
Therefore, the application of the rule of mixtures on the test
results in this study appears also unreasonable.
4.3. Optimal Design of Hollow GFRP Rebar. Optimization
seems necessary since the tensile strength and elastic modulus show different variation according to the increase of the
hollow section ratio. With regard to the manufacture of the
GFRP rebar, various objective functions can be considered,
such as the tensile strength or the production cost of the rebar.
This objective function should thus be adequately selected
with respect to the circumstances. In this study, the quantity
of fiber is chosen as an objective function and the optimization intends to find the hollow area ratio for which the
performance is optimized according to the production cost.
Figure 12 concurrently plots the reduction ratios of the
tensile strength, fiber quantity, and elastic modulus obtained
by regression analysis. Since the tensile strength exhibits a
reduction ratio identical to that of the fiber quantity, the
optimal hollow area ratio can be found by comparing the
reduction ratios of the fiber quantity and elastic modulus. As
shown in Figure 12, the reduction ratio of the elastic modulus
is not large when the hollow area ratio is small but experiences
sudden decrease when the hollow area ratio reaches a certain
level (after approximately 30%). The condition at which the
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reduction ratio of the elastic modulus becomes equal to the
difference between the reduction ratios of the elastic modulus
and tensile strength, expressed as 𝑅𝐸 and 𝑅𝐸𝑇 , respectively, in
Figure 12, occurs for a hollow area ratio of 36%. This indicates
that even if the tensile strength reduces with larger hollow
area ratio, the best reduction of fiber quantity (i.e., optimized
unit price) and tensile performance are achieved when the
ratio of hollow area is equal to 36%.

5. Conclusions
This study intended to improve the efficiency of the performance of GFRP rebar with respect to its production cost
by exploiting the characteristic in which the tensile performance of the rebar reduces with larger diameter. The tensile
performance was examined considering hollow GFRP rebar
with diameter of 19 mm and the test results were discussed
and led to the following conclusions.
(1) The stress-strain behavior of the hollow GFRP rebar
was typical of that of FRP material that the curve
between stress and strain increases linearly up to
maximum load and fails suddenly.
(2) The tensile strength of the hollow GFRP rebar
reduced almost linearly with the increase of the ratio
of hollow area. However, the elastic modulus reduces
nonlinearly.
(3) The optimal (i.e., economical) tensile performance is
achieved for a hollow area ratio of 36% when using the
quantity of fiber, that is, the material ratio, as objective
function.
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In order to assess the inherent damage mechanism of reinforced concrete (RC) structures, a micro-macro simulation technique
combined with multilevel damage assessment methodology is presented. An element-coupling model is developed by combining
mixed dimensional finite elements with the aid of multipoint constraint equations, which could be achieved from the energy
conservation principle. Thus, the micro-scale damage details could be obtained in a macro-scale setting of the global structure.
Furthermore, using different damage indicators, a generalized damage model is combined with the multilevel damage performance
to assess the damage evolution. Finally, an in situ lateral loading test of a real RC frame structure was analyzed to verify this
proposed damage assessment methodology. The finite element method utilizing the proposed damage model products results in
good agreement with those of the tests. It shows that the proposed methodology is a very helpful tool to assess and reveal the
inherent damage mechanism of RC structures.

1. Introduction
Many earthquake disasters indicate that seismic damage
of buildings normally begins at material level, develops or
cumulates at section level, member level, and storey level, and
finally ends at the failure state of structure level. However,
it is difficult to monitor or measure the damage behavior
of structures subjected to real ground motions as well as
during shaking table testing. Since the size and weight of the
specimen is restricted by the capacity of the shaking table,
the pseudo-dynamic testing to existing structures in site or
full-scale structures in the laboratory to acquire realistic data
about performance, evolution of damage, and strength deterioration has been widely and successfully employed. A fullscale pseudo-dynamic test of a three-storey, two-by-two bays,
irregular reinforced concrete (RC) frame was performed at
the European Laboratory for Structural Assessment of the
Joint Research Centre of the European Commission [1]. It
aimed to study the coupled translational-torsional dynamic
response of an irregular multistorey building under bidirectional earthquake loading. Some in situ tests on five existing
structures show that ambient vibration measurements constitute a very efficient method to obtain information on the

seismic behavior of most existing buildings [2]. On the other
hand, an advanced numerical simulation technique is an
efficient, inexpensive, widely used way to evaluate the damage
behavior of structures. The most usually used method is the
finite element method (FEM). The one-dimensional (1D), at
macro-scale, FEM based on the fiber-beam-element model
[3] is already widely accepted as a suitable method for
proper simulation of RC structures. However, it has some
difficulties to acquire the damage details at micro-scale. The
three-dimensional (3D), at micro-scale, FEM can predict the
micro-scale damage details but requires more computational
efforts, especially for a global or complex structure. Therefore,
the mixed-elements numerical model [4–9] or transitionelement model [10] in FEM is presented to capture the microscale damage at reasonable calculation cost.
The damage data like stiffness, strength, deformation,
and energy dissipation from material level to structure
level could be represented in damage assessment models.
Damage models are defined on the basis of four types of
measurements, that is, measurements based on remaining
life or residual strength, micro-structural measurements,
measurements of physical parameters, and measurements
of changes in mechanical behavior. Many proposed damage
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models are defined by mechanical behavior indicators, like
deformation, bearing capacity or dynamic characteristics,
dissipation hysteretic energy indicators, and the combination
of deformation and energy indicators [11, 12]. For example,
the plastic dissipation energy of members [13] and the deformation characterized by drift ratio or plastic rotation were
used to define damage models [14, 15]. The widely known
Park-Ang damage model [16] is presented by combining
both maximum plastic displacement and plastic dissipated
energy. However, it cannot evaluate damage at material
level and section level. An energy and low-cycle fatiguebased hysteresis damage model has also been developed for
deteriorating systems [17]. Taking into account axial forcebending moment, a section-level-based damage model was
proposed to assess the damage behavior of steel structures
[18]. By integrating multilayered finite elements at a section, a
global damage model was constructed from local damage of
concrete and reinforcement [19], which depends on the probable collapse mechanism of the structure. In a local/global
damage model for RC structures [20], the damage internal
variable of the constitutive model was taken as the local
damage indicator. This model was further modified by
introducing a two-parameter concrete damage constitutive
model and taking into account the concrete plastic strain and
reinforcement buckling effect [21]. It could be seen that most
of the abovementioned damage models are only available for
one or a few structural levels which cannot completely assess
the multilevel damage evolution.
Another important hand of performance-based design
(PBD) relies on the performance-based limit. A seismic
performance level is normally determined on the basis of
structural member damage states [22, 23]. Provisions and
codes for performance assessment of RC structures, such
as FEMA356 [24], Eurocode 8 [25], and ASCE/SEI 41 [26],
include deformation limits to estimate the performance of
members or structures. Basically all deformation-based provisions employ similar damage state definitions for reinforced
concrete members. Section chord rotation and material strain
limits have also been used to evaluate the performance of
structural members. Furthermore, strain limits are defined
for concrete and steel at damage limit states as a vital
component of PBD. Thus it can be found that there are no
performance criteria that could cover all structural levels, that
is, material level, section level, member level, storey level, and
structure level.
In this work, an element-coupling model, which consisted of mixed dimensional elements coupled by multipoint
constraint equation, is presented to capture the microscale damage details and global structure behavior together.
A generalized damage model is combined with multilevel
performance to assess the damage evolution from material
level to structure level. The proposed methodology is verified
by the analysis of an in situ lateral loading test of a real RC
frame structure.

2. Micro-Macro-Coupling FEM
All structures in the real world are three-dimensional, but in
ordinary strength of materials, approximations are made to
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facilitate simple analysis of a problem. In FEM, reduced element types are defined in terms of a reduced geometric representation, with properties that account for the dimensions not
included. These element types produce more computationally
efficient models, thus reducing analysis costs.
Many structural applications of the finite element method
contain long slender regions, thin zones, and complex
chunky portions. Long slender regions can be represented
appropriately using beam elements, thin zones can usually
be modeled using shell elements, and chunky portions are
best represented as three-dimensional elements. However,
practical models usually contain a mixture of more than one
of the above region categories. In order that each region
is represented by an appropriate element type, some sort
of coupling scheme is required to form a link between the
meshes of different types.
Multipoint constraint equations define a relationship
between sets of displacements within a finite element model.
With the aid of ABAQUS software [27], mixed dimensional
elements could be coupled together by the multipoint constraint equations. The normal form is given in the following:
𝑛

𝑢 = ∑𝑋𝑖 𝑢 ,

(1)

𝑖=1

where 𝑢 is the nodal freedom of the lower dimension element,
𝑢 is the higher dimension element, 𝑛 is the number of higher
dimension elements on the interface, and 𝑋𝑖 is the constraint
coefficients of node 𝑖.
This solution was arrived at by equating the work of the
interface stresses in terms of the lower dimension interface
rotations and transverse displacements to the work of the
boundary stresses on the higher dimension side of the
interface, namely, the energy conservation principle here.
Coupling is achieved by introducing the assumed variation
of the stresses, given by the appropriate beam, plate, or shell
theory, over the cross-section of the interface. The coupling
can be achieved for arbitrary transitions so long as the stress
distribution due to any given load can be determined at each
interface.
2.1. 1D and 3D Elements Coupling. According to the energy
conservation principle, the work done of the nodal stress of
3D solid elements on the interface should be equal to the
work done of the nodal force of the 1D beam element which is
coupled on the interface (see Figure 1). Thus, the relationship
of nodal forces of beam element and nodal stresses of solid
elements can be obtained as
𝐹𝑖 𝑢𝑖,beam

{
𝑑𝐴,
∫ 𝜎3𝑖 𝑢𝑖,solid
(𝑖 = 1, 2, 3)
{
{
{
𝐴
{
{
{
(2)
{

𝑑𝐴,
(𝑖 = 4, 5)
= {∫ 𝜎33 𝑢3,solid
{
𝐴
{
{
{
{
{

{∫ (𝜎 𝑢
31 1,solid + 𝜎32 𝑢2,solid ) 𝑑𝐴, (𝑖 = 6) ,
{ 𝐴
where 𝐴 is the interface area; 𝐹𝑖 is the nodal force of beam
element along axis 𝑖; 𝜎3𝑖 is the nodal stress component of
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For thin-walled circular section, the stress on interface
can be obtained from the theory of materials mechanics,

𝜎32
dA
2

A

𝜎31
F5
𝜎33

1
3

F2
5
2

3D solid elements



(u1,solid
, u2,solid
, u3,solid
)

1
3

4

6

F1

6𝐹6
𝐹𝑖
, (𝑖 = 1, 2)
+ 2
{
{
{
𝐴
𝑏
− 𝑏)
(3ℎ
{
𝜎3𝑖 = {
{
{
{ 𝐹𝑖 + 𝐹4 𝑦 + 𝐹5 𝑥 , (𝑖 = 3) ,
𝐼1
𝐼2
{𝐴

F4

F3

F6

1D beam elements
(u1,beam , u2,beam , u3,beam , u4,beam , u5,beam , u6,beam )

Figure 1: Coupling of 1D element with 3D elements.

solid elements on interface along axis 𝑖; 𝑢𝑖 is the nodal
displacement component of beam element connected with
interface along axis 𝑖; 𝑢𝑖 is the nodal displacement component
of solid elements on interface along axis 𝑖.

where 𝑥 or 𝑦 is the nodal coordinates of the solid elements on
interface; axis 1 is the 𝑥 direction and axis 2 is the 𝑦 direction;
the origin point of this coordinate system is located at the
beam node on interface; 𝐼1 and 𝐼2 are the principal moment
of inertia of the interface with respect to axis 1 and axis 2,
respectively; 𝐴 0 is the area which is bounded by the middle
line of the section wall; 𝑡 is the thickness of cross-section wall;
𝑅0 is the average radius of cross section.
By substituting (3) into (2), the multipoint constraint
equations can be achieved as

𝑛

𝑢𝑖,beam

1

{
} 𝑑𝐴 = [𝑋𝑖 ] [𝑢𝑖 ] ,
∑ ∫ [𝑁solid ] {𝑢𝑖,solid
{
{
{
𝐴
𝐴
{
𝑗
𝑗=1
{
{
{
{
𝑛
{
{ 1


{
{
} 𝑑𝐴 = [𝑋𝑖 ] [𝑢𝑖,solid
],
∑ ∫ 𝑦 [𝑁solid ] {𝑢3,solid
{
{
𝐼
{
{ 𝑖−3 𝑗=1 𝐴 𝑗
={
{
1 𝑛
{


{
{
{ 𝐼 ∑ ∫ 𝑥 [𝑁solid ] {𝑢3,solid } 𝑑𝐴 = [𝑋𝑖 ] [𝑢𝑖,solid ] ,
{
𝐴
{
𝑖−3
𝑗
𝑗=1
{
{
{
{
𝑛
{
{
6
{


{
] + [𝑋2,𝑖 ] [𝑢2,solid
],
∑ ∫ [𝑁solid ] ({𝑢1 } + {𝑢2 }) 𝑑𝐴 = [𝑋1,𝑖 ] [𝑢1,solid
{ 2
𝑏
−
𝑏)
(3ℎ
𝐴
𝑗
𝑗=1
{

where 𝐴 𝑖 is the element area on the interface; [𝑁] is shape
function matrix of solid elements on the interface; [𝑋] is
coefficient matrix of multipoint constraint equations; {𝑢 }𝑖 is
nodal freedom matrix of elements 𝑖 on the interface; [𝑢 ] is
the nodal freedom matrix on the interface.
2.2. 1D and 2D Elements Coupling. Figure 2 shows the
coupling interface of one-dimensional (1D) beam elements

𝐹𝑖 𝑢𝑖,beam

(𝑖 = 1, 2, 3)
(𝑖 = 4)
(4)
(𝑖 = 5)
(𝑖 = 6) ,

and two-dimensional (2D) shell elements. In this figure,
𝑢𝑖,beam and 𝑢𝑖,shell are the nodal displacement components of
beam element and shell elements, respectively, on the interface along the axis 𝑖. According to the energy conservation
principle, the work done of the nodal stress of shell elements
should be equal to the work done of the nodal force of beam
element on interface. Then, the relationship of nodal forces
of beam element and nodal stresses of shell elements can be
achieved as

{
∫ 𝜎3𝑖,shell 𝑢𝑖,shell 𝑑𝐴,
{
{
𝐴
{
{
{
{
{
{
= {∫ 𝜎33,shell 𝑢3,shell 𝑑𝐴 + ∫ 𝑀𝑠𝑥 𝑢4,shell 𝑑𝑠 + ∫ 𝑀𝑠𝑦 𝑢5,shell 𝑑𝑠,
{
𝐴
𝑆
𝑆
{
{
{
{
{
{
{∫ (𝜎
𝑢
+ 𝜎32,shell 𝑢2,shell ) 𝑑𝐴,
{ 𝐴 31,shell 1,shell

where 𝐴 is the interface area; 𝐹𝑖 is the nodal force of beam
element along the axis 𝑖; 𝜎3𝑖,shell is the nodal stress component

(3)

(𝑖 = 1, 2, 3)
(𝑖 = 4, 5)

(5)

(𝑖 = 6) ,

of shell element on interface along axis 𝑖; 𝑢𝑖,shell is the nodal
displacement component of shell elements on interface along
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Figure 2: Coupling of 1D element with 2D elements.

𝜎33

axis 𝑖; 𝑀𝑠𝑥 and 𝑀𝑠𝑦 are additional bending moment on the
interface along axes 𝑥 and 𝑦, respectively, induced by the
nonuniform stress of shell elements.
In (5), the solution method of the multipoint constraint
equations about 𝑢1,beam , 𝑢2,beam , and 𝑢6,beam is the same as
the method for (4). Thus, the multipoint constraint equations
corresponding to 𝑢3,beam , 𝑢4,beam , and 𝑢5,beam are summarized
as follows. By substituting the simplified form of stress
𝜎33,shell = 𝐹3 /𝐴 into (5), the multipoint constraint equation
for 𝑢3,beam can be given as
1 𝑛
∑ ∫ [𝑁 ] 𝑑𝐴 {𝑢3,shell }
𝐴 𝑖 𝐴 𝑖 shell

𝑢3,beam =

(6)

= [𝑋3 ] [𝑢3,shell ] .
According to the energy conservation principle, the work
done of the nodal stress of shell elements should be equal to
the work done of the nodal force 𝐹4 of the beam element.
Taking into account the work done of the additional bending
moment 𝑀𝑠 , the relationship of nodal forces of beam element
and nodal stresses of shell elements can be expressed as

+ ∫ 𝑀𝑠𝑦 𝑢5,shell 𝑑𝑠,
𝐼12
𝐼2
𝑥+
𝑦) ,
2 −𝐼 𝐼
2
𝐼12
𝐼
𝐼
1 2
1 2 − 𝐼12

𝑑𝑥
)
𝑑𝑠
−𝑡/2
𝑡/2
𝐼2
𝑑𝑥
𝑦) 𝑦 ( )
= 2 ∫ 𝐹4 (
2
𝑑𝑠
𝐼1 𝐼2 − 𝐼12
0

𝑀𝑠𝑥 = ∫

𝑡/2

𝑑𝑦
𝑀𝑠𝑦 = ∫ 𝜎33 𝑥 𝑑𝑥 ( )
𝑑𝑠
−𝑡/2
𝑡/2
𝑑𝑦
𝐼
= 2 ∫ 𝐹4 ( 2 12 𝑥) 𝑥 ( )
𝑑𝑠
𝐼
−
𝐼
𝐼
0
1 2
12
=

𝑑𝑦
𝐼
𝑡3
𝐹4 ( 2 12 ) ( ) ,
12
𝑑𝑠
𝐼12 − 𝐼1 𝐼2

𝐼12
𝐼2
𝑥+
𝑦) [𝑁shell ]
2
− 𝐼1 𝐼2
𝐼1 𝐼2 − 𝐼12

⋅ {𝑢3,shell } 𝑑𝐴 + ∑ ∫

𝑖=1 𝑙𝑖

𝐼2
𝑡3
𝑑𝑥
)( )
(
2
12 𝐼1 𝐼2 − 𝐼12
𝑑𝑠
𝑛

⋅ [𝑁shell ] {𝑢4,shell } 𝑑𝑙 + ∑ ∫

𝑛

𝑢5,beam = ∑ ∫ (
𝑖=1 𝐴 𝑖

𝜎33 𝑦 𝑑𝑦 (

𝐼2
𝑑𝑥
𝑡3
)( ),
= 𝐹4 (
2
12
𝑑𝑠
𝐼1 𝐼2 − 𝐼12

𝑖=1 𝐴 𝑖

2
𝐼12
𝑛

(8)

3

𝐼
𝑡
𝑑𝑥
( 2 12 ) ( )
12 𝐼12
𝑑𝑠
− 𝐼1 𝐼2

By the same way, the multipoint constraint equation for
𝑢5,beam can be expressed as

𝑆

𝑡/2

𝑛

𝑢4,beam = ∑ ∫ (

⋅ [𝑁shell ] {𝑢5,shell } 𝑑𝑙.

𝑆

𝜎33 = 𝐹4 (

where 𝑀𝑠 is the bending moment in unit length induced by
the normal stresses along the thickness 𝑡 (see Figure 3) of
shell elements; 𝑀𝑠𝑥 and 𝑀𝑠𝑦 are the component of 𝑀𝑠 on the
interface along axes 𝑥 and 𝑦, respectively; 𝐼12 is the product
of inertia for axis 1 and axis 2.
From (7), the multipoint constraint equation for 𝑢4,beam
can be expressed as

𝑖=1 𝑙𝑖

𝐹4 𝑢4,beam = ∫ 𝜎33 𝑢3,shell 𝑑𝐴 + ∫ 𝑀𝑠𝑥 𝑢4,shell 𝑑𝑠
𝐴

Figure 3: Bending moment of shell elements.

2
𝐼12
𝑛

𝐼1
𝐼12
𝑥+
𝑦) [𝑁shell ]
2
− 𝐼1 𝐼2
𝐼1 𝐼2 − 𝐼12

⋅ {𝑢3,shell } 𝑑𝐴 + ∑ ∫

(7)

𝑖=1 𝑙𝑖

𝐼12
𝑡3
𝑑𝑥
)( )
(
2
12 𝐼1 𝐼2 − 𝐼12
𝑑𝑠
𝑛

⋅ [𝑁shell ] {𝑢4,shell } 𝑑𝑙 + ∑ ∫

𝑖=1 𝑙𝑖

(9)

3

𝐼
𝑡
𝑑𝑥
)( )
( 2 1
12 𝐼12
𝑑𝑠
− 𝐼1 𝐼2

⋅ [𝑁shell ] {𝑢5,shell } 𝑑𝑙.

2.3. 2D and 3D Elements Coupling. Figure 4 shows the coupling interface of 2D shell elements and 3D solid elements. In
this figure, 𝑢𝑖 and 𝑢𝑖,shell are the nodal displacement components of solid elements and shell elements, respectively, on the
interface along axis 𝑖. According to the energy conservation
principle, the work done of the force of shell elements should
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be equal to the work done of the nodal stresses of solid
elements. Thus, the relationship of force of shell elements and
nodal stresses of solid elements is given by
{
∫ 𝜎3𝑖 𝑢𝑖 𝑑𝐴,
{
{
𝐴
{
{
{
{

∫ 𝐹𝑖 𝑢𝑖,shell 𝑑𝑥 = {∫ 𝜎33 𝑢3 𝑑𝐴,
{
𝐴
𝐿
{
{
{
{
{
∫ 𝜎 𝑢 𝑑𝐴,
{ 𝐴 31 1

𝜎31 = 𝑎 + 𝑏𝑦,

(𝑖 = 1, 2, 3)
(𝑖 = 4, 5)

(10)

(𝑖 = 6) ,

where is force component of shell elements in unit length
along axis 𝑖; 𝜎3𝑖 is nodal stress component of solid elements
along axis 𝑖; 𝐴 is coupling interface area and 𝐿 is the
coupling interface length (see Figure 4); 𝑢𝑖,shell and 𝑢𝑖 are the
displacement component of shell element and solid element
on interface along axis 𝑖, respectively.
The force component 𝐹𝑖 can be formulated by the nodal
stress on interface as
𝑡/2

𝜎32 = 𝑓 (1 −

(12)
4𝑦2
),
𝑡2

𝜎33 = 𝑐 + 𝑑𝑦 + 𝑒𝑥,

𝐹𝑖

{
∫ 𝜎3𝑖 𝑑𝑦,
{
{
{
−𝑡/2
{
{
{ 𝑡/2
{
{
{
{∫ 𝜎33 𝑦 𝑑𝑦,
{
{ −𝑡/2

𝐹𝑖 = { 𝐿/2
{
{
{
∫ 𝜎33 𝑥 𝑑𝑥,
{
{
{
−𝐿/2
{
{
{
𝑡/2
{
{
{∫ 𝜎 𝑦 𝑑𝑦,
31
{ −𝑡/2

On the coupling interface, the nodal stresses of shell
elements can be expressed as one-degree linear term and
parabolic-quadratic term, respectively, as follows:

(13)
(14)

where 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 are parameters.
The nodal stress 𝜎3𝑖 of shell element can be obtained by
substituting (15), (13), and (14) into (11) as
𝜎31 =

𝐹1 12𝐹6
+ 3 𝑦,
𝑡
𝑡

(15)

(𝑖 = 1, 2, 3)

𝜎32 =

4𝑦2
3𝐹2
(1 − 2 ) ,
2𝑡
𝑡

(16)

(𝑖 = 4)

𝜎33 =

𝐹3 12𝐹4
12𝐹
+ 3 𝑦 + 3 5 𝑥.
𝑡
𝑡
𝐿

(17)

(11)
(𝑖 = 5)

By substituting (15), (16), and (17) with 𝐹1∼6 =
[𝑁shell ]{𝐹1∼6 } = {𝐹1∼6 }𝑇 [𝑁shell ]𝑇 , 𝑢1∼6 = [𝑁shell ]{𝑢1∼6 }, and


= [𝑁solid ]{𝑢1∼3
} into (10), the multipoint constraint
𝑢1∼3
equations for shell elements and solid elements can be written
as

(𝑖 = 6) ,

where 𝑡 is the thickness of shell element.
𝑇

∫𝐴 [𝑁shell ] [𝑁solid ] 𝑑𝐴 
{
{
{𝑢1 } = [𝑋1 ] [𝑢1 ] ,
{
{
𝑇
{
{
𝑡
∫
[𝑁
]
[𝑁
]
𝑑𝑥
shell
{ 𝐿 shell
{
{
{
{
{
𝑇
{
{
3 ∫𝐴 (1 − 4𝑦2 /𝑡2 ) [𝑁shell ] [𝑁solid ] 𝑑𝐴 
{
{
{
{𝑢2 } = [𝑋2 ] [𝑢2 ] ,
{
𝑇
{
{
2𝑡
∫
[𝑁
]
[𝑁
]
𝑑𝑥
{
shell
shell
𝐿
{
{
{
{
𝑇
{
{
∫𝐴 [𝑁shell ] [𝑁solid ] 𝑑𝐴 
{
{
{
{𝑢2 } = [𝑋3 ] [𝑢2 ] ,
{
𝑇
{
{
{ 𝑡 ∫𝐿 [𝑁shell ] [𝑁shell ] 𝑑𝑥
{𝑢𝑖 } = {
{
𝑇
{
12 ∫𝐴 𝑦 [𝑁shell ] [𝑁solid ] 𝑑𝐴 
{
{
{
{𝑢3 } = [𝑋4 ] [𝑢3 ] ,
{
{
𝑇
{
3
{
𝑡 ∫𝐿 [𝑁shell ] [𝑁shell ] 𝑑𝑥
{
{
{
{
{
𝑇
{
{
12 ∫𝐴 𝑥 [𝑁shell ] [𝑁solid ] 𝑑𝐴 
{
{
{
{𝑢3 } = [𝑋5 ] [𝑢3 ] ,
{ 3
𝑇
{
{
𝐿
∫
[𝑁
]
[𝑁
]
𝑑𝑦
{
shell
shell
{
𝑡
{
{
{
𝑇
{
{
12 ∫𝐴 𝑦 [𝑁shell ] [𝑁solid ] 𝑑𝐴 
{
{
{
{𝑢1 } = [𝑋6 ] [𝑢1 ] ,
{
𝑇
3 ∫ [𝑁
𝑡
]
[𝑁
]
𝑑𝑥
{
shell
shell
𝐿

where {𝑢1∼6 } and {𝑢1∼3
} are nodal displacement matrixes
for shell elements and solid elements, respectively; [𝑁shell ]
and [𝑁solid ] are shape functions for shell elements and

(𝑖 = 1)

(𝑖 = 2)

(𝑖 = 3)
(18)
(𝑖 = 4)

(𝑖 = 5)

(𝑖 = 6) ,

solid elements, respectively; {𝐹1∼6 } is nodal force matrix for

] is nodal displacement matrix for solid
shell elements; [𝑢1∼3
elements on the coupling interface.
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Figure 4: Coupling of 2D elements with 3D elements.
Table 1: Suggested values of 𝛼𝑖 for each level.
Material level
Structural
Section level Member level Storey level Structure level
levels
Concrete in compression Concrete in tension Steel reinforcement
𝛼𝑖

0.189

0.205

1.000

3. Generalized Damage Model Combined with
Performance Levels
The generalized damage model and multilevel performance
are shown in Figure 5. In this figure, 𝛿 is the generalized
deformation for every level, while 𝛿𝑖 , 𝛿𝑖,𝑒 , and 𝛿𝑖,𝑢 represent
the deformation, elastic limit deformation, and ultimate
deformation for level 𝑖, respectively; 𝐹 is the generalized
force which corresponds to the generalized deformation 𝛿;
𝐹𝑖 and 𝐹𝑖 represent the force for undamaged and damaged

configuration, respectively, while 𝐹𝑖,𝑢
and 𝐹𝑖,𝑢 are the ultimate
bearing capacity for undamaged and damaged configuration,
respectively; 𝐾 is the generalized stiffness which is the ratio
of the generalized force 𝐹 to the generalized deformation 𝛿
and 𝐾𝑖,0 , 𝐾𝑖 , and 𝐾𝑖,eq are the initial stiffness, secant stiffness,
and equivalent stiffness, respectively. The equivalent stiffness
𝐾𝑖,eq represents the effect of the damage on the stiffness of
the undamaged configuration and can be expressed as 𝐾𝑖,eq =
(𝛿𝑖 ⋅ 𝐾𝑖 − 𝛿𝑖,𝑒 ⋅ 𝐾𝑖,0 )/(𝛿𝑖 − 𝛿𝑖,𝑒 ). As shown in Figure 5, the loss of
bearing capacity of the damage configuration is used to define
the generalized multilevel damage model as
𝛼

𝐷𝑖 = (𝛿𝑖,𝑑 ⋅ 𝑑𝑖 ) 𝑖 ,
𝑑𝑖 = 1 −
𝛿𝑖,𝑑 =

𝐾𝑖,eq

(19)

,

(20)

𝛿𝑖 − 𝛿𝑖,𝑒
,
𝛿𝑖,𝑢 − 𝛿𝑖,𝑒

(21)

𝐾𝑖,0

where 𝐷𝑖 is the generalized multilevel damage model; 𝑑𝑖
is the generalized stiffness damage; 𝛿𝑖,𝑑 is the generalized
deformation damage; 𝛼𝑖 is the corresponding parameter,

0.507

0.548

0.209

0.251

which are obtained by plenty statistical analysis based on (19)
and (21), as shown in Table 1.
Figure 5 also shows the generalized performance with
five levels as follows: slight damage level (SD or I), minor
damage level (MD or II), moderate damage level (SE or III),
severe damage level (SE or IV), and collapse damage level
(CO or V). The limit damage values of I, II, III, IV, and V
are 0.2, 0.4, 0.6, 0.8, and 1.0, respectively, for every structural
level (e.g., material, member, and structure level). For each
structural level, the deformation variables are taken as the
damage indicators as shown in Figure 5.
At structure level, Δ 𝑒 , Δ 𝑦 , Δ sp , Δ 𝑐 , Δ bu , Δ 𝑢 are the structure top displacement and correspond to elastic limit, onset of
first yield, concrete spalling in weaker elements, onset of concrete crushing, onset of disclosing of buckled reinforcement,
and structure collapse, respectively.
At storey level, 𝜃𝑒 , 𝜃𝑦 , 𝜃sp , 𝜃𝑐 , 𝜃bu , 𝜃𝑢 are the interstorey
drift ratio and correspond to elastic behavior limit, onset of
first yield, concrete spalling in weaker elements, onset of concrete crushing, onset of disclosing of buckled reinforcement,
and storey failure, respectively.
At member level, 𝑢𝑒 , 𝑢𝑦 , 𝑢sp , 𝑢𝑐 , 𝑢bu , 𝑢𝑢 are the element
(beam or column) drift and correspond to elastic behavior
limit, first yield of steel reinforcement, spalling of exterior
concrete, crushing of core concrete, buckling of steel reinforcement, and element failure, respectively.
At section level, 𝜙𝑒 , 𝜙𝑦 , 𝜙sp , 𝜙𝑐 , 𝜙bu , 𝜙𝑢 are the section
curvature and correspond to elastic behavior limit, first yield
of steel reinforcement, spalling of exterior concrete, crushing
of core concrete, buckling of steel reinforcement, and element
failure, respectively.
At material level, the values of the corresponding stresses
of strain damage indicators for concrete and reinforcement
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Figure 5: Generalized damage model combined with multiperformance levels.

are listed in Table 2. As shown in Figure 5, 𝜀cu , 𝜀tu are the
concrete ultimate compressive, tensile strain; 𝜀1.5𝑠 denotes the
steel reinforcement strain corresponding to stress of 1.5𝑓𝑦 ,
in which 𝑓𝑦 is the reinforcement yield strength. In Table 2,
𝜀𝑐 , 𝜀𝑡 denote the concrete compressive, tensile strain damage
indicator, respectively; 𝜎𝑐 , 𝜎𝑡 denote the concrete compressive,
tensile stress corresponding to 𝜀𝑐 , 𝜀𝑡 , respectively; 𝜀𝑠 is the
reinforcement strain damage indicator corresponding to
stress 𝜎𝑠 .

Table 2: The values of corresponding stresses of strain damage
indicators at material level.
𝜀𝑐
𝜎𝑐
𝜀𝑡
𝜎𝑡
𝜀𝑠
𝜎𝑠

𝜀𝑐𝑒
0.3𝑓𝑐
𝜀𝑡𝑒
0.6𝑓𝑡
𝜀𝑠𝑦
𝑓𝑦

𝜀0.5𝑐
0.5𝑓𝑐
𝜀0.75𝑡
0.75𝑓𝑡
𝜀1.1𝑠
1.1𝑓𝑦

𝜀0.75𝑐
0.75𝑓𝑐
𝜀1.0𝑡
𝑓𝑡
𝜀1.2𝑠
1.2𝑓𝑦

𝜀1.0𝑐
𝑓𝑐
𝜀−0.25𝑡
0.75𝑓𝑡
𝜀1.3𝑠
1.3𝑓𝑦

𝜀−0.25𝑐
0.75𝑓𝑐
𝜀−0.4𝑡
0.6𝑓𝑡
𝜀1.4𝑠
1.4𝑓𝑦
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Figure 6: The test structure and loading method (unit: ×10−3 m).

It is clear that the generalized multilevel damage model
(Equation (19)) covers all the performance and structural
levels using different damage indicators. Thus, the proposed
generalized damage model combined with multilevel performance can be used here to study damage evolution at various
structural levels.

4. Multiscale Analysis for a Real RC Structure
4.1. Test and Micro-Macro-Coupling FEM. The test structure
and loading system are shown in Figure 6. The original RC
frame structure was built at the beginning of the 1980s
in Shanghai, China, with three floors, five-by-five bays,
exterior walls, and grillage foundation. The test structure
was separated from the original building with one-by-one
bay and the remainder structure was used as the loading
reaction. Figure 6 gives the geometry of the test structure.
The floor structure was made of precast concrete slabs
of 120 × 830 mm2 and 120 × 430 mm2 cross sections.

The Young modulus of concrete is measured as 2.68 ×
104 N/mm2 . The test strength of concrete is measured as
22.69 N/mm2 . The yielding strength and limit strength of the
longitudinal reinforcement are measured as 325.93 N/mm2
and 482.79 N/mm2 , respectively. The yielding strength and
limit strength of the stirrups reinforcement are measured as
251.27 N/mm2 and 349.91 N/mm2 , respectively.
The earthquake action is assumed to be lateral forces that
acted on each storey as an inverted triangle distribution. In
the test, the lateral loading was applied on six beam-column
joints by six hydraulic jacks as shown in Figure 6. A scaffold
was fixed on the ground and six displacement gauges were
installed on it to measure the absolute displacements of the six
joints separately during the test. The vector of lateral loading
{𝐹1 , 𝐹2 , 𝐹3 , 𝐹4 , 𝐹5 , 𝐹6 }, as shown in Figure 6, was achieved
as {0.535, 0.414, 0.898, 0.699, 1.000, 0.732}𝑉𝑦 according to the
distribution of the concentrated mass of each joint. 𝑉𝑦 is
the lateral force of 𝐹5 , which was taken as the referential
loading. At the beginning, the loading was force-controlled
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Figure 7: Numerical computational model: (a) macro-scale FEM; (b) micro-scale FEM; (c) element-coupling model.

1200
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Base shear (kN)

mode with force increment 15 kN of 𝐹6 . At last, the loading
was displacement-controlled mode with the displacement
increment 20 mm of 𝐹5 .
Three numerical models are used to simulate test as
shown in Figure 7. In those finite element models, the
concrete behavior was described by concrete plastic-damage
model [28]. The masonry walls were also described by
concrete plastic-damage model by equating the ratio of the
biaxial compressive strength to the uniaxial compressive
strength to 2.0. Although each numerical model could reflect
the global structure response, not all models could capture
the damage details at micro-scale. In the macro-scale finite
element model (see Figure 7(a)), the beams and columns
were modeled by B31 element, which is a Timoshenko 2node linear beam element in space. The walls and floors were
modeled by S3 element, which is a three-node triangular
general-purpose shell element. There are total 12885 nodes
in this model, so it has a low computational cost. However,
obviously, this model could not capture the damage details at
micro-scale.
In order to capture the damage details at micro-scale,
the micro-scale finite element model (see Figure 7(b)) was
established using ANSYS package [29, 30]. The columns and
beams were modeled by 3D element SOLID65. The floors
were assumed to be in elasticity and modeled by SHELL143
element. Longitudinal rebars and transverse stirrups were
modeled by 1D truss element LINK8. Because the shell element could not simulate the fracture behavior under tension
action, an equivalent concrete model was used for brick
masonry with 3D element SOLID65. The total number of
nodes in this model is 102331, which indicate that it has higher
computational cost than macro-scale finite element model.
Aiming to obtain the damage details at micro-scale with
good computational cost, a mixed-micro-macro-scale finite
element model, that is, the element-coupling model shown in
Figure 7(c), was proposed with the aid of (1) to (18). It includes
the advantages of the macro-scale and micro-scale finite
element model. In major damage regions, the concrete and
masonry were modeled by C3D8R elements, which is the 8node linear brick, reduced integration with hourglass control
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Figure 8: The primarily calculated bearing capacity results compared with the test results.

continuum element. The steel reinforcement was modeled by
the T3D2 elements, which is the 3D stress/displacement 2node linear displacement truss element. Steel reinforcement
elements were embedded in the concrete elements. In minor
damage regions, the beams and columns were modeled by
B31 elements, and the floors and walls were modeled by S3
elements. The plastic-damage model was used for concrete
material. Using the same mesh refinements of micro-scale
FEM, the total number of nodes in the model is 80544, which
indicate that its computational cost is between the macroscale and micro-scale FEM.
Figure 8 shows the comparisons between test and numerical results of total base shear versus top drift angle of 𝐾1
and 𝐾2 single frame. At the beginning, no visible cracks were
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Figure 9: The calculation failure damage states of 𝐾1 /𝐾2 frames and test damage results.

observed on the structural members. Until the displacements
of 𝐹5 and 𝐹6 reached 17.3 mm and 43.9 mm, respectively,
some minor cracks appeared mainly at the ends of bottom
columns. After that, the structure had plastic deformation.
Thus, this state was taken as the elastic limit state. When the
displacement of 𝐹5 and 𝐹6 reached 52.9 mm and 146.6 mm,
the structure got the peak base shear of 859 kN. At this state,
some inclined cracks occurred at the ends of the bottom
columns. While the displacement of 𝐹6 and 𝐹6 reached
166.5 mm, the cracks on top of column 𝑍41 expanded and
fractured suddenly. Finally, column 𝑍31 also fractured at top
end when the displacement of 𝐹5 reached 111.1 mm. It is the
collapse level state. The displacement differences of 𝐹5 and 𝐹6
at failure state indicates that torsional deformation effected
heavily the structure behavior due to the asymmetry walls.
The failure damages are shown in Figure 9. It can be seen that
the element-coupling model could capture the damage details
in micro-scale with a relatively good computational cost.

4.2. Multiscale Damage Assessment. Using (19), the generalized damage at different structural level could be obtained.
Figure 10 shows the calculated generalized damage evolution
at different levels. The results of damage indicators, that
is, structural drift, interstorey drift ratio, member drift,
curvature and strain or stress, and generalized damage at
different levels of states S1, S2, and S3, are listed separately
in Table 3. In this table, Δ 𝐹5 means the drift of loading
point 𝐹5 (see Figure 6) and 𝐷 means the damage of the
structure; 𝜃storey-1 means the interstorey drift ration of storey1 and 𝐷storey-1 means the damage of storey-1; 𝑢𝑍31 means the
drift of column 𝑍31 (see Figure 7); 𝐷𝑍31 means the damage
of column 𝑍31; 𝜙A means the curvature of section A (see
Figure 9), and 𝐷A means the damage of section A; 𝜀A1 means
the strain of concrete point A1, and 𝐷A1 means the damage
of concrete point A1; 𝜎AS2 means the stress of reinforcement
point AS2 (see Figure 9), and 𝐷AS2 means the damage of
reinforcement point AS2.
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Table 3: The values of damage indicators and generalized damage at different level.
Damage state

Member level
𝑢𝑍31 (×10−3 m) 𝐷𝑍31
10.7
0
50.5
0.54
88.7
0.69

1.00

0.80

0.80
Generalized damage

1.00

0.60

0.40

0.20

Section level
𝜙A (×10−6 ) 𝐷A
0.9
0
2.6
0
5.9
0.3

Material level
𝜀A1 (×10−3 ) 𝐷A1 𝜎AS2 (MPa) 𝐷AS2
0.29
0.12
114.7
0
0.48
0.31
329.4
0.02
0.83
0.44
337.9
0.08
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At damage state S1, Figure 9 shows that the damage
performances of 𝐾2 frame, storey-1, storey-2, and structure
reached to moderate damage level, while 𝐾1 frame and
storey-3 almost had no damage. The damage value of global
structure and storey-1 is 0.56 and 0.69, respectively, as shown
in Table 3. The damage performances of column 𝑍21 and 𝑍41
reached minor damage level, while sections C and D almost
had no damage. At material level, the damage performances
of concrete points C1 (in tension) and C2 (in compression)
reached ultimate damage level and minor damage level,
respectively, while the damage of reinforcement points CS1
and CS2 was very minor.
At state S2, Figure 9 shows that the damage performances
of 𝐾2 frame, storey-1, storey-2, and structure reached ultimate
damage level, while 𝐾1 frame and storey-3 reached moderate
damage level. The damage value of structure and storey-2 is
0.80 and 0.88, respectively, as shown in Table 3. The damage
performances of columns 𝑍21 and 𝑍41 reached moderate
damage level. At material level, the damage performances
of concrete points C1 (in tension) and C2 (in compression)
reached ultimate damage level and moderate damage level,
respectively, while the damage of reinforcement points CS1
and CS2 was very minor.
At state S3, Figure 9 shows that the damage performance
of 𝐾1 frame reached ultimate damage level. The damage
performances of columns 𝑍11 and column 𝑍31 reached
moderate damage level. The damage value of column 𝑍31
is 0.69 as shown in Table 3. At material level, the damage
performances of concrete points A1 (in tension) and A2 (in
compression) reached ultimate damage level and moderate
damage level, respectively, while the damage of reinforcement
points AS1 and AS2 was very small.
It can be seen that the multilevel damage evolution
analysis gives a complete explanation of damage mechanism
from material level to structure level for this RC structure.
This method also helps to find the damage process and
damage state for every level (i.e., structure, storey, member,
section, or material). Therefore, this method could provide
more damage performance details (not only at macro-scale
but also at micro-scale) for the performance-based design.

5. Conclusions
Based on the energy conservation principle, the coupling of
mixed dimensional elements could be established in finite
element model. This mixed-micro-macro-scale finite element
model could capture the damage details at micro-scale and
global structural nonlinear behavior together. When using
the same mesh refinements of macro-scale finite element
models, it qualitatively has a relative good computational
cost. It is available for the damage numerical analysis for RC
structures even for some high-rise or complex RC structures.
Aiming to assess the damage evolution from microscale to macro-scale, a generalized damage model combined
with multilevel performance is proposed. By using elementcoupling model, it has been used to evaluate the damage of a
real RC frame structure subjected by lateral loading in situ.
The very good agreement between the calculation and test

Advances in Materials Science and Engineering
results shows that the proposed generalized damage model
can correctly evaluate the damage states or evolutions for
different structural and performance levels. It is a very useful
tool for analyzing damage mechanisms from material level to
structure level of RC structures.
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[8] A. D. Hanganu, E. Oñate, and A. H. Barbat, “A finite element
methodology for local/global damage evaluation in civil engineering structures,” Computers & Structures, vol. 80, no. 20-21,
pp. 1667–1687, 2002.
[9] J.-G. Yue, A. Fafitis, J. Qian, and T. Lei, “Application of 1D/3D
finite elements coupling for structural nonlinear analysis,”
Journal of Central South University of Technology, vol. 18, no. 3,
pp. 889–897, 2011.
[10] H.-S. Kim and S.-M. Hong, “Formulation of transition elements
for the analysis of coupled wall structures,” Computers and
Structures, vol. 57, no. 2, pp. 333–344, 1995.
[11] E. Cosenza and G. Manfredi, “Damage indices and damage
measures,” Earthquake Engineering and Structural Dynamics,
vol. 2, no. 1, pp. 50–59, 2000.

Advances in Materials Science and Engineering
[12] G. H. Powell and R. Allahabadi, “Seismic damage prediction by
deterministic methods: concepts and procedures,” Earthquake
Engineering & Structural Dynamics, vol. 16, no. 5, pp. 719–734,
1988.
[13] W. B. Kraetzig, I. F. Meyer, and K. Meskouris, “Damage evolution in reinforced concrete members under cyclic loading,”
in Proceedings of the 5th International Conference on Structural
Safety and Reliability, vol. 2, pp. 795–802, San Francisco, Calif,
USA, August 1989.
[14] H. Banon and D. Veneziano, “Seismic safety of reinforced
concrete members and structures,” Earthquake Engineering &
Structural Dynamics, vol. 10, no. 2, pp. 179–193, 1982.
[15] J.-F. Wang, C.-C. Lin, G.-L. Lin, and C.-H. Yang, “Story damage identification of irregular buildings based on earthquake
records,” Earthquake Spectra, vol. 29, no. 3, pp. 963–985, 2013.
[16] Y.-J. Park and A. H.-S. Ang, “Mechanistic seismic damage
model for reinforced concrete,” Journal of Structural Engineering, vol. 111, no. 4, pp. 722–739, 1985.
[17] H. Sucuoglu and A. Erberik, “Energy-based hysteresis and damage models for deteriorating systems,” Earthquake Engineering
and Structural Dynamics, vol. 33, no. 1, pp. 69–88, 2004.
[18] G. S. Kamaris, G. D. Hatzigeorgiou, and D. E. Beskos, “A
new damage index for plane steel frames exhibiting strength
and stiffness degradation under seismic motion,” Engineering
Structures, vol. 46, pp. 727–736, 2013.
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In recent years, with the rapid growth of economy and sharp rise of motor vehicles in China, the pavement skid resistance in
tunnel portals has become increasingly important in cold region. However, the deicing salt, snow removal with machine, and other
antiskid measures adopted by highway maintenance division have many limitations. To improve the treatment effect, we proposed
a new snow-melting approach employing electric heat tracing, in which heating cables are installed in the structural layer of road.
Through the field experiment, laboratory experiment, and numerical investigation, structure type, heating power, and preheating
time of the flexible pavement heating system in tunnel portal were systematically analyzed, and advantages of electric heat tracing
technology in improving the pavement skid resistance in tunnel portal were also presented. Therefore, such new technology, which
offers new snow-melting methods for tunnel portal, bridge, mountainous area, and large longitudinal slope in cold region, has
promising prospect for extensive application.

1. Introduction
With the rapid development of highway construction in
China, more and more highways have been built in the
cold region with high latitude and high altitude. Heavy
snows in the cold region cause the soil freezing and snow
cover on the pavement in tunnel portals and greatly reduce
the friction coefficient of pavement, which often result
in motor vehicle accidents and endanger the drivers and
passengers. In north China, the winter usually lasts for 56 months and even for 8 months in Heilongjiang Province,
Xinjiang Uygur Autonomous Region, and Inner Mongolia
Autonomous Region. Every year, heavy snows will occur
in such regions for several times. Moreover, heavy snows
will cause severe adverse impact on people’s production,
transportation, and traffic safety [1], as shown in Figure 1.
According to the statistics, the occurrence of traffic accident
in the snow and ice road in winter is 4-5 times of that in
other seasons, which may result in the annual economic
loss of tens of millions of dollars. Therefore, more and
more research has focus on the pavement skid resistance in

tunnel portal [2–5]. In order to ensure the smooth traffic in
tunnel portal and guarantee the normal operation of highway,
it is necessary to take effective measures to eliminate the
snow and ice on the pavement in tunnel portal. Considering
the traffic safety, energy consumption, economic benefit,
environmental protection, and other related factors, it is
of great practical significance to change the conventional
concept and method for snow-melting and skid resistance of
the pavement [6–8].
Losses and damage caused by heavy snow are steadily
increasing worldwide. Severe heavy snow paralyses national
logistics systems, limiting snow removal efforts. To overcome this, many snow-melting systems have been developed;
however, in practice, their application is restricted, due to
economic reasons, environmental contamination, and problems and cost associated with construction technology. With
respect to the treatment of the snow and ice on the pavement,
researchers have conducted many studies and proposed
several methods for snow-melting and skid resistance of the
pavement [9–13], as shown in Figure 2. Currently, there are
two major methods for melting ice and snow: snow removal
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(a)

(b)

Figure 1: Influence of the snow and ice road on traffic safety.

Methods for Snow-melting and
skid resistance on the pavement

Snow removal
with machine

Artificial method

Mechanical method

Snow-melting

Chemical method

Heating method

Figure 2: Methods for snow-melting and skid resistance of the pavement.

with machine and snow-melting. With high efficiency, snowremoving machines are applicable for removing large area
of snow and ice on pavement. However, considering the
larger cohesive force between ice and pavement induced by
the lower temperature, the snow-removing machine alone
cannot achieve satisfactory snow removal effect and cannot
thoroughly remove the ice cover on pavement. Generally,
the snow-melting method can be divided into two kinds,
namely, chemical method and heating method. The heating
method employing the heat pump, infrared lamp, heating
wire, or hydrothermal fluid has a promising prospect of
application [14]. The chemical method, employing deicing
chemicals (NaCl or CaCl2 ) to melt the snow and ice, has been
extensively applied with the advantages of extensive source
of materials, low price, and excellent snow and ice melting
effect [15–18]. The deicing chemicals used for melting ice

and snow on pavement, however, have caused many negative
effects, which may include the corrosion of steel reinforcing
bars, pavement abrasion, and environmental pollution [19–
22]. In many countries where the chemical reagents are
widely used to remove snow and ice, many roads and bridges
have to be repaired at huge cost, which result in enormous
economic loss [23–27]. Therefore, in order to improve the
skid resistance of pavement in cold-region tunnel portal
and guarantee the safe operation of highway, it is of great
significance to develop the new snow-melting and antiskid
technology.
In previous decades, America, England, Canada,
and some other countries have conducted experimental
researches on the snow-melting heated pavement system
[28–30]. In America, Yehia and Tuan [14, 28] summarized
the snow-melting measures (i.e., chemical method, heat
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Figure 3: Heating cable composition.

pump method, infrared lamp irradiation method, heating
wire method, and hydrothermal method) of pavement. The
conductive concrete was proposed to melt ice and snow
on road surface, and the experimental research on the
snow-melting measures for bridge and concrete pavement
was performed. In 2001, Sun [31], from Guangzhou Electrical
Power Design Institute, China, studied the application of
conductive concrete in the grounding grid of substation, and
excellent research results were obtained. In 2002, Tang et al.
[32], from Wuhan University of Technology, China, analyzed
the influence of the heating layer of conductive concrete on
the pavement skid resistance, and the research results show
that the heating layer covered by conductive concrete can
realize better snow-melting and deicing effect.
The electric heat tracing system commences as a new
method for the pavement snow-melting in tunnel portal,
bridge, mountainous area, and large longitudinal slope in
cold region, which can also serve as references for effective
design and construction of similar projects in urban roads.
Moreover, with the advantages of excellent performance in
environmental protection, renewable energy source, simple
structure, convenient usage, and low manufacturing cost,
the electric heating tracing technology enjoys promising
prospect for extensive application.

2. Electric Heat Tracing System
2.1. Working Principle of the System. Electric heat tracing
system, using wire as heating medium, transforms electric
energy into thermal energy by electrifying the heating cable
and then transfers the thermal energy to pavement, which
is the radiant heating. With additional protection of the
outer wall of heat insulation material, the significant effect of
heat insulation and snow-melting can be received [33]. The
heating cable, as shown in Figure 3, is mainly composed of
several elements, which are heating thread, insulation layer,
metal shielding layer, waterproof and anticorrosion layer, and
so forth. The self-limiting temperature heating belt, which
is generally used in the current, has the electrical resistivity
with high positive temperature coefficient (PTC). The PTC
material will transform electric energy into thermal energy;
that is, the temperature of the heating unit is rising, when in
an energized state. Besides, the electrical resistivity increases
gradually with the effect of PTC.

With the advantages of high thermal efficiency, little
impact on structure, excellent effect, excellent performance
in energy conservation, simple design, convenient installation, zero pollution, long service life, and remote-automatic
control, the electric heat tracing system has been successfully applied in architectural engineering, oil engineering,
chemical engineering, mechanical engineering, and so on.
In the early 1990s, the electric heat tracing technology was
first introduced into China. Later, along with the advance of
material technology and electronic technology, this technology was experiencing a very rapid growth in various fields of
engineering construction [34].
2.2. Application of the System in Pavement Engineering. Heating cables are usually laid in zigzag pattern as the following
process: firstly, the coarse gravel asphalt concrete or other
similar materials are laid in the structural layer of pavement;
then, the heating cables with required power are laid according to related technical requirements; finally, the fine gravel
asphalt concrete is laid as the surface layer of pavement, as
shown in Figure 4. The electric heat tracing system, which
is employed for snow-melting and deicing, is designed with
the intermittent operation model. Ramsey and Kilkis [35, 36]
had recommended that the input power of electric heating
cable system be 250–400 W/m2 for the asphalt pavement. The
heating cables generate thermal energy gradually, then the
thermal energy is transferred to the snow cover through the
asphalt concrete, and finally the snow will be melted after
absorbing sufficient heat.
The snow-melting heated pavement system comprises the
heating system and control system, as shown in Figure 5.
The composite pavement (4 cm fine gravel asphalt concrete +
5 cm medium gravel asphalt concrete + 22 cm cement concrete), before installing the electric heat tracing system, is
often required to be designed according to the internal
structure of pavement and working features of heating cable.
Firstly, 2 cm (width) × 2 cm (depth) grooves are carved on the
cement concrete surface of the composite pavement. Then,
heating cables are installed inside the grooves and fixed with
clamps and cement nails, as shown in Figure 6. Note that the
redundant length shall be reserved for the heating cable, so as
to avoid the higher stress on heating cable when the pavement
deformation is large. Finally, temperature-controlled cables
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Figure 4: Working principle of the electric heat tracing system.

Liner thermal insulation employing
electric heat tracing system

1:

1

Snow-melting heated pavement
system inside tunnel

Tunnel

Snow-melting heated pavement
system outside tunnel

Tunnel portal
Driving direction

Figure 5: The snow-melting heated pavement system.

are installed as the same procedure. Once the cable laying
is completed, it is required to start the laying of asphalt
concrete layer. Moreover, the heating cable and temperaturecontrolled cable are led out from the brim of pavement slab,
which are placed in the cable duct and connected with the
control circuit after crossing the gutter. Generally, the remoteautomatic control of heating cables can be realized through
the control system.

3. Experimental Study on Snow-Melting
Heated Pavement System in Tunnel Portal
In this paper, comprehensive comparison and analysis were
conducted through field experiment, laboratory experiment,
and numerical investigation, and systematic analysis was also
performed on the practicality of pavement snow-melting
effect for the electric heat tracing system in tunnel portal,
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Figure 6: Schematic diagram of the pavement with electric heat tracing system.

which can provide necessary technical support for the design,
construction, and operation of electric heat tracing system.
3.1. Field Experiment. The field experiment was conducted
in Dongnanli Tunnel in Tumen City, Jilin Province, China.
Dongnanli Tunnel, as shown in Figure 7, is 1252 m in length,
with the maximum depth of 101 m. The tunnel is located
at seasonal cold region, belonging to the denudation of
mountain topography. In this area, the first snow comes in
the mid October, and the last snow comes in April of next
year. The winters are bitterly cold and long while the summers
are cool. By reference to the meteorological history data for
many years, the extremely high temperature is 37.6∘ C, the
extremely low temperature is −27.2∘ C, the maximum freeze
depth is about 1.81 m, and the maximum snow depth is 48 cm.
The longitudinal length of the pavement with electric
heat tracing system was determined by the air temperature,
vehicle emergency braking distance, and “snow scarp” effect.
In the field experiment, the length of the pavement with
electric heat tracing system inside the tunnel was 50 m,
and that outside the tunnel was also 50 m. Heating cables
were installed according to the related design. The on-site
construction is shown in Figure 8. After completing the
laying of heating cables, the testing personnel, according to
the forecast of snowfall, conducted the field experiment in
late February 2011. The testing personnel changed the control
mode of single-circuit switch and double-circuit switch to
monitor the heating effect. And the main working indexes of
electric heat tracing system were collected accordingly. The
air temperature at the test site is shown in Figure 9. The results
of field experiment show that the electric heat tracing system
can realize excellent snow-melting and antiskid effect, which
conserves a lot of manpower and material resource.
The surface temperature of heating cable reached 40–
60∘ C during the field experiment; however, the maximum
surface temperature should not be above 60∘ C for avoiding
the softening of asphalt. After the snow, the heating test
was conducted at 8:00 a.m. and lasted for 10 h. The air
temperature reached −11.3∘ C and the pavement temperature
reached −8.3∘ C. Table 1 gives the pavement temperature after
the electric heat tracing system working for 3 h, 5 h, 8 h, and
10 h with the 300 W single-circuit heating cable and 600 W

Figure 7: Dongnanli Tunnel.

Table 1: Temperature monitored in field experiment.
0

Heating time
∘

−11.3
Air temperature ( C)
Pavement temperature with
−8.3
single-circuit heating cable (∘ C)
Pavement temperature with
—
double-circuit heating cable (∘ C)

3h

5h

8h

10 h

−8.9

−7

−7.9

−9.5

−2.4

0.8

1.96

3.4

0.6

2.3

3.2

3.8

double-circuit heating cable. The temperature testing at the
site is shown in Figure 10.
Before the snow, the pavement temperature can reach 23∘ C by the electric heat tracing system. Once the snow started,
the pavement temperature is sufficient to melt the snow and
ice, which can ensure the expected snow-melting effect. More
specifically, in order to achieve the satisfactory antiskid effect
for pavement, it is better to preheat the pavement to 2-3∘ C
within 4–6 h.
Additionally, in order to study the effect of increased
temperature on the mechanical properties of the pavement,
the verification tests on the high temperature stability and
fatigue performance of the asphalt pavement were conducted
by Xu [37]. Through the fatigue test and rutting test, it can be
seen that the installation of electric heat tracing system has
relatively little influence on the mechanical properties of the
pavement. In addition, the asphalt concrete with electric heat
tracing system has longer fatigue life and better parallelism.
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(a)

(b)

Figure 8: On-site construction of electric heat tracing system.
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Table 2: Asphalt concrete pavement structure.
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Figure 9: Air temperature curve at the test site.

3.2. Laboratory Experiment. It is difficult to conduct the
field experiment systematically because the temperature at
the site changes irregularly and has large discreteness, but,
comparatively speaking, the laboratory experiment can be
conducted under optimal temperature condition [38]. And
the relationship among the pavement temperature field, air
temperature, and environmental factors can be analyzed
under the specified temperature condition. Additionally, the
installation technology and installation mode of electric heat
tracing system can also be optimized.
In the laboratory experiment, the cement concrete layer
was laid according to the structural requirements detailed in
Table 2. The heating cable used in laboratory experiment had
the linear heating power of 17 W/m, input power of 252 W,
and the maximum surface temperature of 60∘ C. When the
laying of heating cable was finished as related requirements,
a layer of steel wire mesh with the diameter of Φ1 mm,
length and width of 3 × 3 cm, was laid upon the heating
cable, so as to transfer the thermal energy. Then, the asphalt
concrete surface layer was laid according to the structural
requirements (see Figure 11). In order to obtain real-time data
about the temperature change on road surface, temperature
elements were installed on the specimen surface. Typically,
three temperature measuring points, which were measuring
point A, measuring point B, and measuring point C, were
placed, as shown in Figure 12. Then, considering the symmetry and periodicity of the system, it was enough to analyze the

temperature of the specimen surface in an all-round way with
the three measuring points. In the laboratory experiment, the
intelligent multiloop measuring and control instrument was
employed to monitor the temperature for every 0.5 h. In the
first test, without snow, the temperature of specimen surface
reached 2.43∘ C, and the surface temperature of heating cable
reached 17.22∘ C after the system worked 5 hours. In the
second test, the snow on specimen surface began to melt
after the system worked 4 hours, and all the snow was melted
after the system worked 5.5 hours. In the third test, taking
into account the air temperature of −10∘ C, the heating time
was increased. The temperature of specimen surface reached
3.11∘ C, and the surface temperature of heating cable reached
22.69∘ C after the system worked 10 hours. In the fourth test,
the snow on specimen surface began to melt after the system
worked 9 hours, and all the snow was melted after the system
worked 11 hours.
Through the regression analysis of test results, the temperature change of measuring point A on the specimen
surface with the air temperature of −5∘ C and −10∘ C (Figures
13 and 14) was as follows: in the initial period of experiment,
the temperature of specimen surface rose quickly, which was
similar to parabola. With the increase of the heating time, the
temperature of the structural layer began to rise, the electrical
resistivity of heating cable increased, and the calorific value
of heating cable was reduced accordingly. In this period,
the rate of temperature increase became slower gradually,
the temperature field became stable, and the temperature
curve became smooth and slow. Moreover, from the test
results, it could be seen that the heating time for the stable
status of temperature field with the air temperature of −10∘ C
was approximately two times that with the air temperature
of −5∘ C. In summary, the electric heat tracing system had
excellent snow and ice melting effect; however, its heating
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(a)

(b)

Figure 10: Temperature testing of the pavement outside the tunnel.

(a)

(b)

Figure 11: Laying of heating cable in the laboratory experiment.

3.0

Heating cable

2.0

C

Gravel asphalt concrete

Cement concrete

1.0
Temperature (∘ C)

A B

0.0
−1.0

0

1

2

3

4

5

Time (h)

−2.0
−3.0
−4.0

Figure 12: Distribution of temperature measuring points on the
pavement.

−5.0
−6.0

power and heating time were necessary to be controlled and
computed.
3.3. Numerical Investigation. Based on the finite element
method, the basic laws among several key parameters that
affect the snow-melting heated pavement system can be
systematically studied, and characteristics of temperature
distribution can also be summarized. In the numerical
investigation, the snow-melting heated pavement system
was regarded as the heat conduction on two-dimensional
plane. Through the finite element software ANSYS, working
stages of the system can be simulated, in which the PLANE
55 element was applied for computation [39]. Specifically,

Figure 13: Temperature curve of the specimen surface with air
temperature of −5∘ C.

the internal structure, heating power, external temperature,
thermophysical properties of materials, and other physical
parameters were obtained from field experiment and laboratory experiment, as shown in Table 3.
Considering the different properties materials in pavement structure, the pavement structure was divided into
three different parts during establishing the finite element
model, and such three different parts were bonded together
by Boolean operation. Nonuniform mesh generation was performed in the model, and refined mesh was applied around
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Table 4: Optimal preheating time without thermal insulation layer.
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Figure 14: Temperature curve of the specimen surface with air
temperature of −10∘ C.

Table 3: Physical parameters of the pavement material.

Gravel asphalt
concrete
Cement concrete
Thermal insulation
layer

Heating time
(h)

250
350
450
600

4.33
4.83
5.25
4.83

Table 5: Optimal preheating time with thermal insulation layer.

−12.0

Material property

2
2
2
2

Heating power
(W/m2 )

Thermal
conductivity
(J/(M ∘ C))

Heat capacity
(J/(kg ∘ C))

Density
(kg/m3 )

1.3

920

2600

2.56

1390

2480

0.022

2600

37.5

the cable, so as to improve the computational accuracy. The
model is shown in Figure 15.
A series of temperature computations were conducted,
respectively, with and without the heat-insulating layer. For
instance, with the external temperature of −5∘ C and −10∘ C,
the model was heated for 5 hours and 10 hours, respectively,
and the temperature distributions are shown in Figures 16 and
17.
From the temperature distribution, it can be seen that the
temperature field formed among neighboring heating cables
has “saddle shape” characteristic after a period of time. For
the structural layer, the highest temperature appeared on the
outer surface of heating cable. In the layer where the heating
cable was installed, the temperature gradient was large. In
the layer close to the road surface, the temperature gradient
was small. And the temperature field on road surface was
distributed uniformly. The simulation results were in good
agreement with the research conducted by Yehia and Tuan
[14].
Furthermore, considering that the external temperature
of −5∘ C and −10∘ C and the heating time of 5 h and 10 h
were adopted both for laboratory experiment and numerical
investigation, we performed the related comparison and
analysis, as shown in Figure 18. The pavement temperature
changes in numerical investigation were basically closed to
that in laboratory experiment. Additionally, the errors, which
were reduced by the slight fluctuation of air temperature,
heat exchange, thermal resistance between heating cable and
pavement structure, and heterogeneity of materials, were

Air temperature
(∘ C)

Target
temperature
(∘ C)

Heating power
(W/m2 )

Heating
time (h)

2
2
2
2

200
250
300
400

4
5.5
5.5
5.5

−5
−10
−15
−20

controlled within the relatively smaller range and would not
affect the rationality of model.
Afterwards, further numerical simulation was conducted,
and simulation results are shown in Tables 4 and 5. With the
help of systematic numerical simulation, it was feasible to
conduct the qualitative analysis of heating effects. Moreover,
quantitative computation of the heating power and preheating time was also performed, which could provide technical
support for similar projects in the future.
Based on the research results of field experiment, laboratory experiment, and numerical investigation, it is possible
to conclude that the snow and ice on pavement can be melted
very well with perfect economical performance by preheating
the pavement to 2-3∘ C within 4–6 h with different air temperature and corresponding heating power. With air temperature
dropping, the preheating time increases accordingly under
the condition of the same heating power. In order to melt the
snow and ice within reasonable preheating time, it is required
to increase the heating power when the air temperature drops.
Besides, considering the high utilization efficiency of heat,
thermal insulation materials can be laid below the heating
cables, so as to prevent the downward diffusion of heat and
ensure that the heat can be transferred towards the surface
layer of road. For the structural layer, the highest temperature
appears on the outer surface of heating cable, and the lowest
temperature appears on the upper surface of the layer. The
pavement temperature changes in numerical investigation
are in good agreement with that in laboratory experiment,
and the related errors are controlled within the relatively
smaller range. Therefore, it can be ascertained that the model
established is rational and reliable, and simulation results
have high reference values.

4. Conclusions
Considering the limitations of present antiskid measures
adopted by highway maintenance division and the extensive
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(a) Calculation model of the pavement without thermal insulation layer

(b) Calculation model of the pavement with thermal insulation
layer

25.291

21.925

18.559

15.194

11.828

8.463

5.097

1.731

−1.634

−5

16.529

14.811

13.093

11.374

9.656

7.938

6.22

4.502

2.784

1.066

Figure 15: Calculation model of the pavement.

(b) Heating effect with thermal insulation layer

(a) Heating effect without thermal insulation layer

(a) Heating effect without thermal insulation layer

33.906

29.028

25.159

19.271

15.392

9.514

5.635

−0.293012

−5.122

−10

21.211

18.915

16.619

14.323

12.027

9.731

7.435

5.139

2.843

0.547037

Figure 16: Temperature field distributions with heating time of 5 hours and air temperature of −5∘ C.

(b) Heating effect with thermal insulation layer

Figure 17: Temperature field distributions with heating time of 10 hours and air temperature of −10∘ C.

engineering applications of electric heat tracing system, the
snow-melting heated pavement system in tunnel portal was
proposed. Based on field experiment, laboratory experiment,
and numerical investigation, conclusions may be summarized as follows:
(1) In cold region, the electric heat tracing system can
be employed for the snow-melting of the pavement
in tunnel portal. In order to realize instant and automatic melting, it is required to preheat the pavement
according to the actual weather conditions.
(2) Considering the air temperature, vehicle emergency
braking distance, and “snow scarp” effect, the optimum longitudinal length of the pavement with electric heat tracing system should be 50 m inside the
tunnel and 50 m outside the tunnel.

(3) In order to effectively improve the heating efficiency,
thermal insulation materials can be laid below the
heating cables. Combined with thermal insulation
materials, the electric heat tracing system with heating power of 200–400 W/m2 can sufficiently meet the
requirements of pavement snow-melting when the air
temperature is −20–0∘ C.
(4) Based on field experiment and laboratory experiment,
the numerical investigation can systematically analyze the temperature field distribution of the snowmelting heated pavement system, which truthfully
reflects the temperature distribution of the pavement
structure.
(5) The pavement heating power, heating time, and
corresponding temperature distribution, which are
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20
18
16
14
12
10
8
6
4
2
0

(b) Test data and simulation results with heating time of 10 hours

Figure 18: Comparison of the simulation results and test data.

obtained by the comprehensive comparison and analysis, not only offer technical support for the current research, but also lay foundation for the future
research.
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Using building information modeling (BIM) and Ecotect, this paper estimated carbon emissions during an office building’s life cycle.
This building’s life cycle CO2 emissions were divided into three parts: the construction, operation, and demolition stages. Among
these, the statistics on the schedule of quantities were generated using BIM, and the energy consumption during the building’s
operational stage was obtained using ECOTECT simulation. Sensitivity analysis was performed by changing several alternative
parameters, to identify which parameter has more impacts on building performance. The paper demonstrated that (1) BIM and
Ecotect are very helpful in estimating carbon emissions from a building’s life cycle, (2) the primary and effective measures to reduce
the building’s CO2 emissions in hot and humid climate should be arranged as follows: (a) within the limits of comfort, reducing
the fresh air volume; (b) extending the indoor temperature range; (c) improving the thermal insulation performance of exterior
windows, walls, and roofs; (d) exploiting natural ventilation during transition seasons, and (3) currently there are some limitations
in performing LCA based on BIM and Ecotect.

1. Introduction
The global warming caused by greenhouse gas (GHG) emissions has become a focus of concern to international society.
The Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) has shown that global
GHG emissions due to human activities have grown since
preindustrial times, with an increase of 70% between 1970
and 2004. In the 100 years between 1906 and 2005, the average
global temperature has increased by 0.74∘ C, while in the most
recent 50 years the average temperature increase has been
approximately 0.13∘ C every 10 years, double the temperature
increase of the past 100 years. Model experiments show that
the average global temperature will continue to increase at a
speed of 0.2∘ C every 10 years in the next 20 years [1].
During China’s industrialization and urbanization process, the construction industry has been charged with the
building of a national infrastructure, consuming a large
amount of resources and power and generating a large

amount of waste, resulting in major impacts to the environment. The consumption of resources and energy and
the solid waste treatment that occur during the process of
building construction, operation, and demolition have been
generating high GHG emissions [2].
Life-cycle analysis (LCA) is able to quantify energy consumption and environmental pollutant emission, by defining
a scope of analysis for each type of building or fabrication
method, for types of manufacturing or building material, and
for each stage of its life cycle [3–5].
LCA has been applied to building systems on a variety
of levels, such as building materials, building products, or
the entire building [6]. Most building-related LCA studies
have focused on a specific part of the building life cycle, and
few have addressed the whole building throughout its life
cycle [7] due to the difficulties of acquiring accurate building
material quantities and building performance indicators
such as energy use and indoor climate, especially in the
design stage. Building information modeling (BIM) provides
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an effective platform for overcoming the difficulties of acquiring the necessary building data in LCA, so they provide
great potential for conducting LCAs of entire buildings in
the design stage. As a result, LCA could be used to enable
better early-stage decision-making by providing feedback
on the environmental impacts of BIM design choices [8].
Basbagill et al. [8] have presented a method for applying
LCA to early-stage decision-making to inform designers of
the relative environmental impact importance of building
component materials and dimension choices. An impact
allocation scheme was developed which showed the distribution of embodied impacts among building elements, and
an impact reduction scheme illustrated which material and
thickness choices achieved the greatest embodied impact
reductions [7].
Life-cycle energy consumption and the CO2 emissions
of a university building in the Midwest have been calculated using Ecotect and BIM models [8, 9]. The study
has compared life-cycle performance, such as CO2 emissions and energy consumptions, among different design
configurations, and their distributions over the stages of
the building’s lifetime. Sensitivity analysis was performed
by varying several alternative parameters to identify which
parameter had the most impact on building performance.
Preliminary results indicated that the whole-building lifecycle performance was affected by several design parameters
with different degrees of sensitivity. Adalberth has presented
case studies of the total carbon emissions of three singleunit dwellings in Sweden, reporting that 85% of the total
energy use was required during the operation phase, whereas
the energy used in manufacturing the materials employed in
construction, including erection and renovation, represented
approximately 15% of the total energy use. The transportation
and process energy used during the erection and demolition
of the dwellings comprised approximately 1% of the total
energy requirement [10]. However, for a low-energy family
house (LEFH), the dramatic contribution of material-related
impacts emerged. Structure and finishes materials represented the highest relative contribution. The contributions
of equipment, construction stage, and transportation were
minor. The important role of the recycling potential also
emerged. Unlike standard buildings, where heating-related
impacts overshadowed the rest of the life cycle, there was no
single dominating item or aspect in LEFH. Rather, several of
them played equally important roles [11].
Although embodied carbon constitutes only 10–20% of a
building’s life-cycle carbon, the opportunity for its reduction
should not be ignored [12–14]. There is potential to reduce
embodied carbon requirements through the use of building
materials that require less carbon during manufacturing
[15]. Oka et al. have quantified the energy consumption
and carbon emissions produced by construction in Japan
[16], while Buchanan has performed a detailed study on the
embodied carbon of buildings and resulting CO2 emissions
from wood, concrete, and steel structures created for office
and residential purposes in New Zealand and concluded
that wood structures have less embodied carbon than concrete and steel structures [17]. Reddy and Jagadish have
estimated the embodied carbon of residential buildings using

Advances in Materials Science and Engineering
different construction techniques and low carbon materials and obtained 30–45% reductions in embodied carbon
[18]. Another opportunity for reducing embodied carbon is
through the use of recycled materials in construction [19].
The purpose of this study was to present a method for
calculating the carbon emissions generated over a building’s
life cycle, to perform quantitative analysis on these carbon
emissions and gain a clear, precise understanding of the
accounting process of building carbon emissions.
There have been similar studies conducted in other
places, especially in developed regions. However, carbon
emissions from a building’s life cycle have distinct regional
characteristics because of the different types of climates,
management policies, and technological levels in different
places. For example, carbon emissions from the building
material construction in developed regions may be more than
those in developing regions. However, carbon emissions from
raw material procurement and building material production
may be less than those in developing regions. Therefore, the
simulation of carbon emissions from a building’s life cycle
becomes more complicated and the results of calculation
appear more different. That is why the calculation methods
used in developed regions cannot be applied mechanically in
developing areas. Currently, the study of carbon emissions
from a building’s life cycle based on BIM and Ecotect in
developing area of Nanjing has not yet been conducted.
Therefore, this paper has some novelty in terms of results and
recommendations.

2. Methods
This case study combined three types of methods to perform
the case study. Firstly, life- cycle modeling of the building was
executed based on its physical process from cradle to grave.
BIM and Ecotect were then used to provide required information and tools for simulating the building performance.
2.1. Definition of a Building’s Life-Cycle CO2 (LCCO2 ) Emissions. Based on life-cycle theory [20, 21], this study divided
a building’s LCCO2 emissions into three stages: the construction stage (including processes such as procurement of
raw materials, building material production, transportation,
and construction), the operational stage, and the demolition
stage (including processes such as building demolition and
waste material recycling and processing). In this study,
maintenance stage was excluded due to its lower weight
in importance [22]. The carbon emissions of the operational stage primarily include those generated by heating,
ventilation, and air conditioning (HVAC), lighting, office
equipment, elevators, and water pumps. The sequestration
from the surrounding greenery might also be considered.
Figure 1 shows a flowchart of these phases.
2.2. BIM-Based Quantity Surveying. Quantity surveying is
an essential part of life-cycle analysis of building carbon
emissions. It is a profession that necessitates both a high
degree of knowledge and finely honed deployment skills.
It entails accurate interpretation of designs and numerical
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Figure 1: Building LCCO2 emissions.

representation of component quantities. Because computeraided design (CAD) software cannot store the necessary
information to facilitate the automatic calculation of engineering project components, traditionally quantity surveying
is a manual process and, as such, is prone to errors as well
as being very time consuming. However, time issues can be
addressed and errors eradicated by automating the process.
BIM is a database containing rich engineering information
that can provide realistic material quantity information [23–
25]. With this information, BIM can automatically produce
an accurate bill of quantities, thereby reducing the tedious
manual operations required for the process and the associated
potential errors.
The Run Run Shaw Architectural Building (RRSAB) used
as an example in this study is constructed in 2000 and located
at Southeast University in Nanjing and is an office building
of reinforced concrete with a 16,873 m2 gross floor area
(GFA). Of this area, 15,419 m2 is aboveground and 1,454 m2
is underground. The elevation of basement floor is −3.4 m.
There are 15 floors above the ground floor in the main
building, three floors in the neighboring podium, and one
floor underground. A BIM of the RRSAB was constructed
using the Autodesk Revit Architecture and is shown in
Figure 2.
After entering the densities of various materials into the
program, Revit can then perform automatic statistical analysis on the quantities, and the quantities of the main building
materials used for the entire building can be obtained after

some organization, as shown in Table 1. Note that, firstly, we
have to add those components, elements, or materials that we
used into Revit database in advance if Revit does not cover
them.
2.3. Detailed LCCO2 Emission Calculation
2.3.1. Basic Measurement Method for Carbon Emissions. The
“2006 IPCC national greenhouse gas inventory categories”
[26] states that the GHG emissions generated by energy
activities can be calculated using the formula below:
𝐶 = ∑ 𝐴𝐷𝑖,𝑗,𝑘 ⋅ EF𝑖,𝑗,𝑘 ,
𝑖,𝑗,𝑘

(1)
44
EF𝑖,𝑗,𝑘 = 𝑐𝑘 ⋅ 𝜂𝑖,𝑗,𝑘 ⋅ ,
12
where 𝐶 is the amount of carbon emissions, 𝐴𝐷 is the level
of activity, and EF is the emission factor. 𝑖 is the industry and
region, 𝑗 is the equipment and technology used, 𝑘 is the type
of fuel used, 𝑐𝑘 is the carbon content, and 𝜂𝑖,𝑗,𝑘 is the oxidation
rate.
𝐴𝐷 is based on the amount of fuel burned and is usually
taken from national energy statistics. EF is the average emission factor (default value). For CO2 , the emission factor is
determined mainly by the fuel’s carbon content. The burning
conditions (burning efficiency and carbon residual in the
objects such as slag and ashes) are relatively unimportant.
Therefore, the amount of carbon emissions can be accurately
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the construction, operational, and demolition stages. The
formula is
𝐶 = 𝐶b + 𝐶u + 𝐶d − 𝐶t ,

(2)

where 𝐶 is total amount of carbon emissions over the life
cycle of the building, t; 𝐶b is the total amount of carbon
emissions during the construction stage, t; 𝐶u is the total
amount of carbon emissions during the operational stage,
t; 𝐶d is the total amount of carbon emissions during the
demolition stage, t; and 𝐶t is the total carbon sequestration
by vegetation around the building, t.
(1) Total Carbon Emissions during the Construction Stage, 𝐶b .
The total amount of carbon emissions during the construction stage included processes such as material production,
transportation, and construction; the formula is
𝐶b = 𝐶be + 𝐶bt + 𝐶bp ,

(3)

where 𝐶be is the total carbon emissions generated by the
building material production, t; 𝐶bt is the total carbon
emissions generated by the building material transportation,
t; and 𝐶bp is the total carbon emissions of building materials
used during building construction, t.
Figure 2: Three-dimensional rendering of the RRSAB created in
Revit.

Table 1: Quantities of main building materials used in the RRSAB.
Material
Concrete
Brick
Cement
Lime
Mortar
Gravel
Stone
Steel
Ceramic tile
Paint
Glass
Wood
Organic material
Aluminum
Copper
Total

Amount used in the entire building (t)
11960.996
11424
762.9503
121.7998
1895.9496
384.44
440.265
527.122
169.0875
64.3755
48.525
29.38
17.5553
1.16855
0.204
27847.819

estimated based on the total amount of fuel burned and the
average carbon content in the fuel [27].
2.3.2. Total Carbon Emission Computation for the Life Cycle
of a Building. Based on Figure 1, the total amount of carbon
emissions produced over the life cycle of a building was
taken as the sum of the carbon emissions generated during

(1.1) Total Carbon Emissions Generated by the Building Material Production, 𝐶be . The amount of materials is multiplied
by the corresponding emission factor using the following
formula [26]:
𝐶be = ∑ 𝑄be,𝑖 ⋅ EFbe,𝑖 ,
𝑖

(4)

where 𝑄be,𝑖 is the quantity of the 𝑖th building material used in
the project, t, and EFbe,𝑖 is the carbon emission factor for the
𝑖th building material, t/t.
The building material statistics were collected using
Autodesk Revit Architecture and the data of energy consumption and CO2 emission generated by the main building
material production were looked up in the literature [28] and
listed in Table 2.
(1.2) Total Carbon Emissions Generated by Building Material
Transportation, 𝐶bt . Transportation methods include trains,
trucks, and ships. However, the main transportation means
for building materials are generally trucks in China. Commonly used fuels for trucks include gasoline and diesel. The
CO2 emission factors for different transportation means are
listed in Table 3 [29], and the use and transportation of
building materials generally follow the principle of proximity.
The factories manufacturing building materials in Nanjing
are generally located in suburbs such as Jiangning, Pukou, or
Liuhe. To simplify calculations, the transportation distances
in this study were set as 𝐷 = 50 km [28, 30, 31].
The calculation formula is [29]
𝐶bt = ∑ 𝑄bt,𝑖 ⋅ EFbt,𝑖 ⋅ 𝐷𝑖 ,
𝑖

(5)

where 𝑄bt,𝑖 is the weight of the 𝑖th building material, t;
EFbt,𝑖 is the emission factor for the 𝑖th building material
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Table 2: The data of unit energy consumption and unit CO2
emissions generated by the main building material production.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Main
building
materials
Concrete
Brick
Cement
Lime
Mortar
Gravel
Stone
Steel
Ceramic tile
Paint
Glass
Wood
Organic
material
Aluminum
Copper

Unit

Unit energy
consumption
(kJ/unit)

Unit CO2
emissions
(kg/unit)

Kg
Kg
Kg
Kg
Kg
Kg
Kg
Kg
Kg
Kg
Kg
Kg

1247.74
2000
4464
4644
3972
23.8
12943
33906
15400
5837
16000
1800

0.2420
0.2
0.894
1.2
0.792
0.002
2.33
2.208
1.4
0.89
1.4
0.2

Kg

90353

17.07

Kg
Kg

12964
23579

1.407
1.01

Northern Chinese regional grid
Northeast regional grid
Eastern Chinese regional grid
Mid-Chinese regional grid
Northwest regional grid
Southern regional grid

EFOM
1.0021
1.0935
0.8244
0.9944
0.9913
0.9344

EFBM
0.5940
0.6104
0.6889
0.4733
0.5398
0.3791

Note: OM is the operating margin emission factor and BM is the build
margin emission factor.

Note: (a) the metal has already been considered for recycling. (b) From
a life-cycle perspective, the renewability of the building material must be
considered when calculating building material consumption and CO2 emissions. The building materials associated with renewability include reinforced
steel, steel, architectural glass, aluminum extrusion, and wood. Although
architectural glass and wood can be totally or partially recycled, recycled
glass generally cannot be used again for construction. Wood also cannot be
used directly in construction without further processing. Therefore, there is
no need to consider the recycling and reuse of glass and wood.

Table 3: CO2 emission factors for different transportation methods.
Transportation
Railroad
method
Emission
factor
2.04𝐸 − 5
(t/(t⋅km))

Table 4: 2012 baseline emission factors for regional power grids in
China (tCO2 /MWh).

Road
freight

Coastal
vessel

Deep-sea
transport

1.68𝐸 − 4

3.46𝐸 − 5

1.60𝐸 − 5

transportation method, t/(t ⋅ km); and 𝐷𝑖 is the distance from
the production site to the construction site, kilometers.
(1.3) Total Carbon Emissions of Building Materials Used
during Building Construction, 𝐶bp . The total carbon emissions produced by building materials used during building
construction, 𝐶bp , equal the sum of the carbon emissions
produced by the construction site electricity use by construction equipment and office devices, and so forth, 𝐶bp1 , the
carbon emissions produced by various construction crafts,
𝐶bp2 , and the carbon emissions produced by the horizontal
transportation occurring during the construction stage, 𝐶bp3 .
The calculation formula is [28, 29]

consumption; the former includes cranes, pile drivers,
welding machines, and hoists, and the latter includes
workers’ living and office space. The statistics on
the actual consumed quantities can usually be determined using the construction statements. Before
construction, the electricity at the construction site
was estimated based on project quotas. The margin
emission factors [32] for various Chinese grids are
shown in Table 4. In this study, the construction
electricity consumption was taken as 10.069 kWh/m2
[28, 30]. Nanjing belongs to the Eastern Chinese grid,
so the operating margin (OM) emission factor of
the electricity system was 0.8244 tCO2 /MWh. The
computation equation is
𝐶bp1 = ∑ 𝑄bp1,𝑖 ⋅ EFbp1,𝑖 ,
𝑖

(7)

where 𝑄bp1,𝑖 is the construction project quantities.
The RRSAB’s building area was 16873 m2 . EFbp1,𝑖 is the
OM CO2 emission factor for the construction site’s
electricity system, tCO2 /m2 .
(2) There are many pieces of fuel-consuming machinery
at a construction site, and the main fuel-consuming
processes include excavation, earth removal, earth
work, and horizontal transportation. Current direct
statistics data exist on the amount of fuel consumption during the construction stage. Nevertheless, the
fuel consumption at this stage could be approximately
estimated using “normal consumption quantities for
construction projects” and “the construction machinery one-shift cost quota.” This study adopted the data
estimated from the literature of Zhang et al. [29] and
Wang [33], which are shown in Table 5:
𝐶bp2 = ∑ 𝑄bp2,𝑖 ⋅ EFbp2,𝑖 ,
𝑖

(8)

(6)

where 𝑄bp2,𝑖 is the project quantity for the 𝑖th construction process, m3 , and EFbp2,𝑖 is the carbon emission factor for the 𝑖th construction process, tCO2 /m3 .

(1) The electricity use at the construction site includes
construction zone and living quarters electricity

(3) It can be very easy to confuse the amount of CO2
emissions caused by horizontal transportation during

𝐶bp = 𝐶bp1 + 𝐶bp2 + 𝐶bp3 .

6

Advances in Materials Science and Engineering

Table 5: CO2 emission factors for different construction processes.
Construction
process
Excavation and
earth removal
In situ
earthwork
Earth filling,
rolling, and
smoothing
Horizontal
transportation

Unit

Diesel
consumption
(kg)

Gasoline
consumption
(kg)

Emissions
factor
(kg/unit)

m3

0.270

0.018

1.05

m3

0.030

0

0.11

m3

0.250

0.022

0.99

t⋅km

0.052

0

0.19

the demolition process were obtained by multiplying the
demolition energy consumption by the corresponding regional grid alignment emission factors. Based on [28, 30,
31], the demolition energy consumption for the reinforced
concrete structure was 107.7 kWh/m2 , which is a combination
value of the gross floor area and gross height of the buildings
of reinforced concrete. Therefore, the carbon emissions produced by the demolition process are
𝐶d1 = 𝐴 gfa × EFdc × EFOM ,

where 𝐴 gfa is gross floor area of the buildings, m2 ; EFdc is
emission factor of the demolition energy consumption for the
reinforced concrete structure, kWh/m2 ; EFOM is operating
margin emission factor, tCO2 /MWh.

the construction stage with the amount of transportation emissions produced during the building
material preparation stage, which can result in double
counting. Therefore, the carbon emissions caused by
the transportation of various component materials
should be counted in those generated by building
material transportation, 𝐶bt . Other transportation
emissions generated by various machinery and materials are not part of the building but should be
counted as construction emissions, such as concrete
moldboard, earthwork from the site excavation or
backfilling, and the off-site transportation of large
machinery and equipment. The data for horizontal
transportation are difficult to compute accurately.
Based on the actual case conditions, this study performed estimation using the method of assumption,
by assuming material weights for the horizontal
transportation stage as 20000 tons and an average
transportation distance of 20 km [29, 31]:
𝐶bp3 = ∑ 𝑄bp3,𝑖 ⋅ 𝐷𝑖 ⋅ EFbp3,𝑖 ,
𝑖

(9)

where 𝑄bp3,𝑖 is the horizontal transportation project
quantity of the 𝑖th building material or equipment, t,
EFbp3,𝑖 is the carbon emission factor of the 𝑖th building
material or piece of equipment, kgCO2 /(t ⋅ km), and
𝐷𝑖 is the distance from the production site to the
construction site, kilometers.
(2) Total Carbon Emissions during the Building Demolition
Stage, 𝐶d . The computation of the carbon emissions generated
during the demolition stage includes the carbon emissions
generated during the demolition process and the construction waste material treatment process:
𝐶d = 𝐶d1 + 𝐶d2 ,

(11)

(10)

where 𝐶d1 is the carbon emissions generated during the
demolition process and 𝐶d2 is the carbon emissions produced
during the waste material treatment process.
(2.1) The Carbon Emissions Generated during the Demolition Process, 𝐶d1 . The carbon emissions generated during

(2.2) The Carbon Emissions Produced during the Waste Material Treatment Process, 𝐶d2 . Building materials that cannot
be recycled are transported to waste disposal sites for open
dumping or landfilling after demolition. Therefore, the CO2
emissions at this stage are mainly generated by the transportation process, when the waste materials are shipped to a waste
disposal site. Assuming that the transportation distance was
30 km and the transportation method was a truck, based on
Tables 1 and 3, the carbon emissions produced during the
waste material treatment process are
𝐶d2 = 𝑄r × 𝐷r × EFdr ,

(12)

where 𝑄r denotes the quantity of waste transported to landfill,
t; 𝐷r denotes the distance between construction site and
landfill, kilometers; EFdr denotes the emission factor of
emission due to waste transportation t/(t ⋅ km).
(3) Total Carbon Sequestration by Vegetation around the
Building, 𝐶t . The carbon sequestration by vegetation around
the building was calculated based on a minimum value.
Because the green area around the building in the study
case was not very large, the following could be assumed:
total amount of carbon sequestration by vegetation = annual
sequestration per unit green area × green area × annual limit
[26]:
𝐶t = 𝐺1 × 𝐺2 × 𝐴 × 𝑛 ×

44
,
12

(13)

where 𝐺1 is the carbon ratio of ground tree biomass, set as
0.47 t carbon/t dry matter; 𝐺2 is the annual increase in the
above ground biomass, set as 8 t dry matter/(acres ⋅ year);
𝐴 is the green area, acres, for this study only 100 m2 (0.025
acres); and 𝑛 is useful lifetime of building, set as 50 years.
(4) Total Carbon Emissions during the Building Operational
Stage, 𝐶u . The case example for this study was located in
Nanjing, China, which is hot in the summer and cold in the
winter. The energy source during the building operational
stage is electricity only (the building under study was an
ordinary office building with very low water use, so this factor
was ignored). Therefore, only the carbon emissions generated
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by electricity consumption need to be calculated, using the
following formula:
𝐶u = (𝐶u1 + 𝐶u2 + 𝐶u3 ) × 𝑛
= (𝑃u1 + 𝑃u2 + 𝑃u3 ) × EFelectricity × 𝑛,

(14)

where 𝐶u1 is the carbon emissions generated by air conditioning, t; 𝐶u2 is the carbon emissions generated by lighting,
t; 𝐶u3 is the carbon emissions generated by elevator, office,
and electric equipment, t; 𝑃u1 is the total electricity used by
air conditioning, MWh; 𝑃u2 is the total electricity used by
lighting, MWh; 𝑃u3 is the total electricity used by elevator,
office, and electric equipment, MWh; and 𝑛 is the regulated
building lifetime limit, which for land used for welfare
purposes such as education, science, culture, and medicine
is 50 years. Therefore, 50 years was used for this study.
Based on the annual average electricity consumption per
unit area for Nanjing office buildings and the investigation of
this case’s actual conditions, the percentages of various energy
consumption methods are listed in Table 6 [34].
In this study, the air conditioning energy consumption
was simulated using Ecotect, and the electricity consumption
for lighting, elevator, office, and electric equipment was
calculated based on Table 6. The details of these calculations
are given in Section 2.3.3.
2.3.3. Ecotect-Based Operational Carbon
Emission Computation
(1) Ecotect. Autodesk Ecotect Analysis is an energy simulation tool, compatible with BIM software, such as Autodesk
Revit Architecture, to perform comprehensive preliminary
building energy performance analysis [9]. It combines an
intuitive 3D design interface with a comprehensive set of
performance analysis functions and interactive information
displays. Ecotect provides thermal, lighting, and acoustic
analysis which includes hourly thermal comfort, monthly
space loads, natural and artificial lighting levels, acoustic
reflections, reverberation time, and project cost and environmental impact as well [35, 36]. There are studies which
show that Ecotect simulations are highly accurate [37–40].
Since the operation stage is usually significant in energy
consumption and CO2 emission [41, 42] in order to ensure
the accuracy of the result, Ecotect was used to simulate the
heating and cooling load in the operational stage of the
building under its defined geometry, material properties, and
local weather conditions.
This study used Ecotect to simulate air conditioning
electricity consumption. The energy consumption percentage based on the RRSAB’s air conditioning, lighting, and
electric equipment was used to derive its total electricity
consumption. Furthermore, the amount of carbon emissions
was derived based on an electricity emission factor, and
when multiplied by the annual limit, the carbon emissions
produced during the building operational stage could be
derived.
In fact, all of the results obtained by energy simulation
software are just reference values. And the actual situations

Table 6: Percentages of energy consumption by various processes
in the RRSAB.
Main energy
consumption
component
Percentage of
total energy
consumption

Air conditioning

Lighting

Elevator, office,
and electric
equipment

55

20

25

Comfort: thermal neutrality
Temperature
Rel. humidity
Wind speed

Direct solar
Diffuse solar
Cloud cover

Figure 3: TMY data for Nanjing.

may be very different from the simulation conditions. As
for the case of RRSAB, its energy consumption had been
monitored by an energy monitoring system from 2010 to
2015. The actual energy consumption was 83.16 MWh. The
energy consumption simulated by Ecotect and EnergyPlus
was 97.30 MWh and 223.79 MWh, respectively. The reason
for these situations may be that the RRSAB’s air conditioning
equipment was used intermittently and especially was not
used in spring and autumn; moreover, the climate data used
by Ecotect and EnergyPlus were typical meteorological year
data that were not the same data of actual monitoring year.
Therefore, Ecotect is more appropriate for modeling the
thermal analysis of the RRSAB than EnergyPlus.
(2) Energy Consumption Computation for Building Air Conditioning. Nanjing is located at 32 degrees of latitude and
118.8 degrees of longitude and belongs to a weather zone
associated with hot summers and cold winters. The city’s
typical meteorological year (TMY) data are shown in Figure 3
[43].
(i) Modeling. The model shown in Figure 4 was built
by inputting the RRSAB’s construction, structure, thermal
engineering parameters, equipment parameters such as air
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3. Results and Discussion
3.1. Total Carbon Emissions during the Construction Stage,
𝐶b . From (4), the carbon emissions generated from building
material production, 𝐶be , can be calculated as
𝐶be = 𝐶 (Concrete) + 𝐶 (Brick) + 𝐶 (Cement)
+ 𝐶 (Lime) + 𝐶 (Mortar) + 𝐶 (Gravel)
+ 𝐶 (Stone) + 𝐶 (Steel) + 𝐶 (Ceramic tile)
+ 𝐶 (Paint) + 𝐶 (Glass) + 𝐶 (Wood)

Figure 4: The RRSAB model built in Ecotect.

+ 𝐶 (Organic Material) + 𝐶 (Aluminum)
Table 7: Air conditioning energy consumption derived from the
Ecotect simulation.
Month
1
2
3
4
5
6
7
8
9
10
11
12
Total

+ 𝐶 (Copper)
= 11960.996 × 0.2420 + 11424 × 0.2 + 762.9503

Heating
(Wh)

Cooling
(Wh)

Total (Wh)

× 0.894 + 121.7998 × 1.2 + 1895.9496 × 0.792

80041624
49173116
18099332
349045
25493
73738
191428
155983
57001
240023
11018536
41405076
200830384

344520
300237
1305673
22355044
60105540
118199608
217340112
217877424
91019448
40017400
6645343
317324
775827648

80386144
49473352
19405004
22704090
60131032
118273344
217531536
218033408
91076448
40257424
17663880
41722400
976658048

+ 384.44 × 0.002 + 440.265 × 2.33 + 527.122

conditioning and lighting, assumed conditions, and use plan
into Ecotect.
(ii) Thermal Environment Analysis. The hourly temperature,
hourly heat gain/loss, and hourly energy for the RRSAB were
obtained using Ecotect. After organization, the annual energy
consumption was summarized in Table 7.
2.3.4. Comparison of CO2 Emissions in the Life Cycle. Because
a building is constructed for working or living, we can use the
following formulas to compare the CO2 emissions in the life
cycle:
𝐶At⋅𝑖 =

𝐶𝑖

𝐴 gfa ⋅ 𝑡𝑖

,

(15)

where 𝐶At⋅𝑖 is the average CO2 emissions per working area per
year of each building stage, kgCO2 /(m2 ⋅y). 𝐶𝑖 is the total CO2
emissions of each building stage, tCO2 . 𝐴 gfa is the gross floor
area of buildings, m2 . 𝑡𝑖 is the duration time of each building
stage, year.

(16)

× 2.208 + 169.0875 × 1.4 + 64.3755 × 0.89
+ 48.525 × 1.4 + 29.38 × 0.2 + 17.5553
× 17.07 + 1.16855 × 1.407 + 0.204 × 1.01
= 10369.01 (t) .
From (5), the carbon emissions generated by building material transportation, 𝐶bt , are
𝐶bt = 27847.819 × 1.68 × 10−4 × 50 = 233.92 (t) .

(17)

3.1.1. Total Carbon Emissions of Building Materials Used
during Building Construction, 𝐶bp . From (7), the carbon
emissions produced by the construction site electricity use by
construction equipment and office devices, and so forth, 𝐶bp1 ,
are
𝐶bp1 = 16873 m2 × 10.069 kW ⋅ h/m2
× 0.8244 t/MWh = 140.06 (t) .

(18)

From (8), the carbon emissions produced by various construction crafts, 𝐶bp2 , are
𝐶bp2 = 1454 m2 × 3.4 m × (1.05 + 0.11 + 0.99) kg/m3
= 10.63 (t) .

(19)

From (9), the carbon emissions produced by the horizontal transportation occurring during the construction stage,
𝐶bp3 , are
𝐶bp3 = 20000 t × 20 km × 0.19 kg/ (t ⋅ km) = 76 (t) . (20)
From (6), the CO2 emissions during the construction
stage are
𝐶bp = 140.06 + 10.63 + 76 = 226.69 (t) .

(21)
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Construction stage 12.6%
Demolition stage 2%

Therefore, from (3), the total amount of CO2 produced during
the construction stage is
𝐶b = 10369.01 + 233.92 + 226.69 = 10829.62 (t) .

(22)

3.2. Total Carbon Emissions during the Building Demolition
Stage, 𝐶d . From (11), the carbon emissions produced by the
demolition process are
𝐶d1 = 16873 m2 × 107.7 kWh/m2
× 0.8244 tCO2 /MWh = 1498.12 (t) .

Operational and
maintenance stage 85.4%

(23)

From (12), the carbon emissions produced during the
waste material treatment process are
𝐶d2 = 27847.819 t × 30 km × 1.92 t/ (t ⋅ km) × 10−4
= 160.4 (t) .

(24)

𝐶d = 𝐶d1 + 𝐶d2 = 1498.12 + 160.4 = 1658.52 (t) .

(25)

3.3. Total Carbon Sequestration by Vegetation around the
Building, 𝐶t . From (13), the amount of carbon sequestration
by vegetation was
44
= 17 (t) .
12

(26)

It can be seen that if the green area around a building is
relatively small, the carbon sequestration by vegetation is very
limited. Compared to the total carbon emissions of the entire
building life cycle, this impact is low compared to overall
emissions.
3.4. Total Carbon Emissions during the Building Operational
Stage, 𝐶u . Table 6 shows that the air conditioning energy
consumption in the office building accounted for 55% of the
total energy consumption, the lighting energy consumption
accounted for 20%, and the elevator, office, and electric
equipment consumption accounted for 25%. Therefore, the
total energy consumption during the building use stage was
as follows:
=

Air condition energy consumption: 𝑃u1
976.66 MWh.
Lighting energy consumption: 𝑃u2 = 355.15 MWh.

Elevator, office, and electric equipment consumption:
𝑃u3 = 443.94 MWh.
From (14), the total carbon emissions produced during
the building operational stage were
𝐶u = (976.66 + 355.15 + 443.94) × 0.8244 × 50
= 73196 (t) .

3.5. Total LCCO2 Emission Computation, 𝐶. From (2), the
total CO2 emissions produced during the building’s life cycle
were
𝐶 = 𝐶b + 𝐶u + 𝐶d − 𝐶t

From (10), the total carbon emissions produced during
the building demolition stage were

𝐶t = 0.47 × 8 × 0.025 × 50 ×

Figure 5: Percentage of CO2 emissions produced in building life
cycle.

(27)

= 10829.62 + 73196 + 1658.52 − 17

(28)

= 85667.14 (t) .
3.6. Comparison of CO2 Emissions in the Life Cycle. Based
on the above computation results, the carbon emissions
produced during the building’s operational stage made up the
major portion of the building’s emissions load, accounting
for 85.4% of the total emissions. Next were the emissions
produced during the construction stage, which accounted for
12.6% of the total emissions. Finally, the emissions produced
during the demolition stage were the smallest, accounting
for 2% of the total, as shown in Figure 5. It is obvious that
the greatest proportion of carbon emissions was emitted
during a building’s operational phase to meet various needs
such as heating, ventilation, and air conditioning (HVAC),
water heating, and lighting. A smaller percentage of energy
was consumed in materials manufacturing and transport,
construction, and demolition. Governments can therefore
achieve the greatest reductions in CO2 emissions by targeting
the operational phase of buildings.
However, the opportunity for nonoperational phase
should not be ignored because the duration of nonoperational
phase is much less than that of operational phase, but a
disproportionately large amount of CO2 is generated during
the nonoperational stage.
The duration times of construction stage, operational
stage, and demolition stage of office buildings in China are
typically 2, 50, and 0.5 years, respectively [28–31].
The average CO2 emissions per working area per year of
construction stage of RRSAB were
𝐶At⋅b =

10829.62
= 321 kg/ (m2 ⋅ y) .
16873 × 2

(29)

The average CO2 emissions per working area per year of
operational stage of RRSAB were
𝐶At⋅u =

73196
= 86.8 kg/ (m2 ⋅ y) .
16873 × 50

(30)
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Table 8: The sensitivity analysis of annual CO2 emissions by altering design configurations.

Design ID Changed to original design
D0
Existing design

Annual CO2 emission (t)

Compared with D0

Decreased

1463.92

—

—

D1

Changing thermal transmittance coefficient, W/(m2 ⋅K)
(1) Exterior walls changed from 1.081 to 0.713
(2) Roof changed from 0.812 to 0.5
(3) Exterior windows changed from 5.700 to 2.100

—
1361.45
1452.21
1346.81

—
0.93
0.992
0.92

—
0.07
0.008
0.08

D2

Reducing the fresh air volume from 30 to 20 (unit, m3 /(h⋅p))

1258.97

0.86

0.14

Using nighttime ventilation
(1) Duration: June 1–September 30
Frequency of ventilation and air exchange: 2 times/h from
21:00 to 09:00 (the next morning); 0.5 times/h at all other
times
(2) Duration: June 1–September 30
Frequency of ventilation and air exchange: 4 times/h from
21:00 to 09:00 (the next morning); 0.5 times/h at all other
times
Extending the indoor temperature range from 18∘ C–26∘ C to
17∘ C–27∘ C

—

—

—

1456.6

0.995

0.005

1452.21

0.992

0.008

1317.53

0.90

0.10

D3

D4

The average CO2 emissions per working area per year of
demolition stage of RRSAB were
𝐶At⋅d =

1658.52
= 196.6 kg/ (m2 ⋅ y) .
16873 × 0.5

(31)

Therefore,
𝐶At⋅b
𝐶At⋅u
𝐶At⋅d
𝐶At⋅u
𝐶At⋅b
𝐶At⋅d

= 3.70,
= 2.27,

(32)

= 1.63.

Thus, the chance to mitigate environmental impact for
nonoperational stage, especially construction stage, should
also be taken seriously. There are currently many new buildings being built in China every year, so the related environment pollution problems cannot be ignored. Policies should
encourage property developers and construction companies
to incorporate greenhouse gas emission considerations into
the feasibility and design stages of buildings.
3.7. Sensitivity Analysis. In order to investigate the sensitivity
of life-cycle CO2 emissions from this building, design configurations were changed through an imaginary way.
As shown in the above analysis, operational stage is
dominant in life-cycle CO2 emission (= 85.4%). Annual
CO2 emissions in operation stage were chosen as the sole
parameter to test the efficiency of different factors.
Several factors that affect the annual CO2 emissions
were chosen for sensitivity analysis, including (1) changing
thermal transmittance coefficient for exterior walls, roofs,

and windows; (2) reducing the fresh air volume; (3) using
nighttime ventilation; and (4) extending the indoor temperature range. Table 8 displays the sensitivity analysis of
annual CO2 emissions on the factors by altering design
configurations.
Table 8 reveals that the most sensitive factor for yearly
CO2 emissions of the building was “reducing the fresh air
volume.” The air conditioning cooling load of the RRSAB
consisted of the cooling load from the building envelope,
that from the fresh air, the load from the occupants, and the
illumination load. The simulation results indicated that the
cooling load from the fresh air accounted for the majority
of the air conditioning cooling load. The loads from the
occupants and illumination together were second. The cooling load from the building envelope due to heat transfer
was relatively small. Therefore, the air conditioning cooling
load decreased significantly with changes in the thermal
disturbance from the fresh air volume. The fresh air latent
heating load (i.e., the load used for fresh air dehumidification)
constituted a majority of the fresh air load because Nanjing is
located in a region with hot and humid climate [44].
As shown in Table 8, the second sensitive factor for yearly
CO2 emissions of the building was “extending the indoor
temperature range.” The enlarged temperature range reduces
CO2 emissions by lessening the cooling and heating loads in
two ways: first, as a result of fewer heating and cooling hours
and, second, as a result of a decrease in the magnitude of the
difference between the set point and the outdoor temperature.
The saving is about 10% for each degree Celsius increase or
decrease in the set point [45].
The third sensitive factor for annual CO2 emissions of
the building was “changing thermal transmittance coefficient
of exterior windows and walls.” The thermal performance of
the building envelope in the existing RRSAB does not meet
the mandatory requirements of the aforementioned design
standard [34]. This increased the CO2 emissions during
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the building operational stage. After altering the thermal
transmittance coefficient of exterior windows and walls to
meet the requirements of standard GB50189-2005, the CO2
emissions during the building use stage decreased significantly. However, the effect of changing roof thermal transmittance coefficient was not obvious because the RRSAB’s roof
area was just the 6% of its gross floor area.
The fourth sensitive factor for annual CO2 emissions
of the building was “using nighttime ventilation.” Although
the effect of “using nighttime ventilation” was fewer than
other measures mentioned above, its role to decrease CO2
emissions should not be overlooked. A field investigation of
the RRSAB during summer when the air conditioning was
operating revealed that the lights were left on overnight, and
many students worked in the offices during the nighttime,
causing the air conditioning to run throughout the night.
However, the doors and the windows of the rooms that were
not used during the nighttime were often tightly closed. The
outdoor temperature typically dropped at night. According to
the meteorological data for Nanjing, the outdoor temperature
could drop to 27∘ C (the temperature achieved with air
conditioning) on most nights, even in July, the month with
highest daily mean temperature. By increasing the frequency
of ventilation and air exchange, the daytime base room
temperature could be reduced, which in turn could help to
reduce CO2 emissions by decreasing the air conditioning
energy consumption.
Thus, the primary and effective measures to reduce the
building’s CO2 emissions in hot and humid climate such as
Nanjing, China, should be arranged as follows: (1) within
the limits of comfort, reducing the fresh air volume as much
as possible or the time used to process fresh air and using
new air dehumidification methods such as liquid desiccant
dehumidifiers; (2) extending the indoor temperature range;
(3) improving the thermal insulation performance of exterior
windows, walls, and roofs; (4) exploiting natural ventilation,
especially nighttime ventilation, during transition seasons.
3.8. Methods Limitations
3.8.1. LCA
(1) Limitations due to the Method, Assumptions, and Impact
Coverage. There are many limitations for whole-building
LCAs, but they can be consistently categorized across all
building projects, and their relative importance evaluated for
each case. Some projects will have less or lower quality data
available, but for the purpose of creating a Goal Type library,
it should be possible to quantitatively determine benchmarks
in each category for Use-Cases and Deliverables according to
the Cost Modeling phases discussed earlier [46].
The limitations of a whole-building LCA study can be
summarized by the following categories:
(i) Data availability is limited in the early-design phases
when building material specifications and detailed
energy-use models have not been created. There is
also limited LCA data available for building materials generally [46]. Therefore, the architects or LCA

11
practitioners have to use multiple data sources and an
increased number of assumptions. This limitation is
being ameliorated as the databases enlarge their store
of information and as more tools and more easily used
tools become available [47].
(ii) Data quality is varied across many different sources
and trades and therefore can be hard to determine
for the overall model. As an aggregation of a number
of smaller products and processes, the level of data
quality is recommended to be measured at the product level, where environmental product declarations
(EPDs) can be used as they are developed [46].
(iii) A functional lifespan is difficult to determine for a
building because it must model both service life of
building elements and the adaptability of the structure
to market demand. There could be a situation where
a building meets physical requirements, but the local
market demands repurposing, a risk that is challenging to predict [46]. For example, though buildings
have long lifetimes, even some more than 50 years,
in China actually many buildings are deconstructed
even no more than 30 years, which caused serious
environmental impacts. Hence, the evaluated results
in the studied building may be lower than that in fact
[31].
(iv) Operational energy use represents the majority of
impacts from a building over its lifespan—it must
be modeled using standard occupancy assumptions—
but will be largely determined by occupant behavior
that is unpredictable [46]. For example, during the
lifespan, the building may undergo many changes
in its form and function, and the technology of
producing materials, constructing, operating, and
demolishing the building is also quickly developed.
The evaluation is in accordance with the original
building and the opportunity to minimize the environmental effects of changes is partly a function of the
original design [31].
(v) Assumptions in materials production and demolition could not accurately reflect the environmental
impact of the building. As the studied building is
in operation when studying, the information from
the survey is limited by the time, some assumptions
are used in building materials production stage and
demolition stage. The data in the stages are referred
to by related literatures, building contractor, and site
measurements. Also some assumptions are made. For
example, it is assumed that the end-of-life materials
are landfilled. Various other disposal alternatives are
possible, including incineration, biological treatment,
composting, and recycling. Such optimization of endof-life materials disposal may become increasingly
important in the future. In such a future scenario, the
“design for disassembly” of buildings would become
more prevalent to facilitate the removal of building
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materials with minimal energy consumption and CO2
emission [31].

(2) Limitations due to Lack of Benchmarks. Another unresolved issue in the LCA analysis of buildings is the identification of benchmarks. Benchmarks are important in the building performance studies as they provide a basis for comparing
the performance of a given project under consideration [47].
Benchmarking for carbon emissions can be completed in a
variety of ways:
(i) Past performance—a comparison of current versus
past performance.
(ii) Industry average—based on an established performance metric, such as the recognized average performance of a peer group.
(iii) Best in class—benchmarking against the best in the
industry and not the average.
(iv) Best practices—a qualitative comparison against certain established practices considered to be the best in
the industry.
Note that items (ii) and (iii) are part of the Energy
Star method assessing the energy use of buildings. Similar
methods can be adopted for benchmarking buildings for their
overall environmental impact assessed by LCA. Some argue
against benchmarking a building design based on its past
performance or worst-case scenario, since it does not provide
a sound basis for establishing a building’s performance. Thus,
national agencies and organizations, such as the Ministry
of Environmental Protection of China, need to establish
“industry average” LCA data to benchmark buildings.
3.8.2. BIM-Based LCA. LCA faces a fundamental dilemma:
the largest impact an LCA can have is in the early-design
phase, but this is when the necessary data is most scarce [48].
Reducing the time requirement for an LCA could potentially
allow designers to check the impacts of their designs earlier,
but with current tools, this is not possible. LCA and Environmental Impact Assessments (EIA) are carried out in later
phases after most major design decisions have been made and
serve primarily as a documentation of impacts rather than a
strategic information source that can actually make an impact
on design. The models more accurately identify “hotspots”
in later stages, but they do much less to change the actual
outcome [46, 48].
Another problem is that BIM does not allow alternative
design options or the managing of “what if” scenarios [8, 49].
The third issue is the limited database of BIM. For example, some components, elements, or materials that designers
used may not be covered by BIM database; therefore, users
have to add this information into BIM database in advance.
The overarching issue for BIM-based LCA is that the two
fields remain very separate worlds with virtually no overlap
of tools, terminology, and data structure. LCA is a generic
methodology, and for that reason, its tools have traditionally
been developed to be generic and applicable to any sector. The
result is that buildings must be modeled in both BIM and

LCA software separately, and there is no direct information
flow from one to the other.
Because of this software and modeling disconnect, wholebuilding LCAs remain too time consuming and esoteric for
most user in the building industry and therefore remain a
specialized field for academics and consultants. It is doubtful
that the building industry will adapt its tools or processes
to fit with the much smaller LCA industry, so if LCA
practitioners wish to establish themselves within the AECOO
(Architecture, Engineering, Construction, Owner Operator)
workflow, they will be the ones responsible for closing the
communication gap [46].
3.8.3. Ecotect. Ecotect is simplified energy modeling tools
that are based on more complex simulation engines and
therefore cannot be used for meeting codes or regulations.
It is slightly different from EcoDesigner in that it is separate
from the drafting software like ArchiCAD or Revit that is
used to produce the geometry of the building [46]. Another
limitation is long run times.

4. Conclusions
From this case study, it can be concluded that BIM and Ecotect can be very helpful in reducing the efforts of estimating
carbon emissions from a building’s life cycle, because they
can provide the majority of the necessary information and
calculation tools for performing LCA, which may alleviate
the difficulty that when executing building LCA, there is not
enough available information.
The LCCO2 emissions of a building were divided into
three parts, the construction (including processes such
as raw material acquisition, building material production,
transportation, and construction), operation, and demolition
stages (including building demolition and construction waste
recycling and processing stages). Life-cycle CO2 emissions
comparison showed the operational stage is the biggest
contributor to CO2 emissions. More than 85.4% of the
total CO2 emissions were generated during operation. About
12.6% of the total CO2 emissions were produced during the
construction stage. Approximately 2% of the total CO2 emissions were yielded during the demolition stage. Compared to
the total carbon emissions of the entire building life cycle,
the carbon sequestration by vegetation was very limited.
Governments can therefore achieve the greatest reductions in
CO2 emissions by targeting the operational phase of buildings. However, the opportunity for nonoperational phases
should not be ignored because the average CO2 emissions per
working area per year of nonoperational stages are far more
than those of use phase.
Sensitivity analysis indicated that the primary and effective measures to reduce the building’s CO2 emissions in
hot and humid climate such as Nanjing, China, should be
arranged as follows: (1) within the limits of comfort, reducing
the fresh air volume as much as possible; (2) extending
the indoor temperature range; (3) improving the thermal
insulation performance of exterior windows, walls, and roofs;
(4) exploiting natural ventilation, especially nighttime ventilation, during transition seasons.
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Methods limitations discussion showed that currently
there are some limitations in performing LCA based on
Ecotect simulating energy and BIM collecting material quantities. The reasons are as follows: (1) LCA’s limitations are due
to the method, assumptions, impact coverage, and lack of
benchmarks; (2) BIM cannot provide enough data in the very
early-design phase for LCA performing, and the two fields
of BIM and LCA remain very separate worlds; (3) Ecotect
cannot be used for meeting codes or regulations and long run
times.

Notations
𝐴:
𝐴𝐷:
𝐴 gfa :
𝐶:
𝐶At⋅𝑖 :
𝐶b :
𝐶be :
𝐶bt :
𝐶bp :
𝐶bp1 :
𝐶bp2 :
𝐶bp3 :
𝐶d :
𝐶d1 :
𝐶d2 :
𝐶𝑖 :
𝐶u :
𝐶u1 :
𝐶u2 :
𝐶u3 :
𝐶t :
𝑐𝑘 :
𝐷𝑖 :
𝐷r :
EF:

Green area, acres
Activity level
Gross floor area of buildings, m2
Total carbon emissions during building
life cycle, t
Average CO2 emissions per working area
per year of each building stage,
kgCO2 /(m2 ⋅ y)
Total carbon emissions during the
construction stage, t
Carbon emissions from building material
production, t
Carbon emissions produced by building
material transportation, t
Carbon emissions of building materials
used during building construction, t
Carbon emissions produced by the
construction site electricity use, t
Carbon emissions produced by various
construction crafts, t
Carbon emissions produced by horizontal
transportation during building
construction, t
Total carbon emissions produced during
the demolition stage, t
Carbon emissions produced by the
demolition process, t
Carbon emissions produced by
construction waste material processing, t
Total CO2 emissions of each building
stage, tCO2
Total carbon emissions produced during
the operational phase, t
Carbon emissions produced by air
conditioning, t
Carbon emissions produced by lighting, t
Carbon emissions produced by elevator,
office, and electric equipment, t
Total carbon sequestration by vegetation, t
Carbon content
Distance building material travels from
production site to construction site, km
Distance between construction site and
landfill, km
Emission factor
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EFbe,𝑖 : Carbon emission factor for the 𝑖th
building material, t/t
EFbt,𝑖 : Emission factor for the 𝑖th building
material transportation method, t/(t⋅km)
EFbp1,𝑖 : OM CO2 emission factor for the
construction site’s electricity system,
tCO2 /m2
EFbp2,𝑖 : Carbon emission factor for the 𝑖th
construction process, tCO2 /m3
EFbp3,𝑖 : Carbon emission factor for 𝑖th building
material or piece of equipment, t/(t⋅km)
EFOM : Operating margin emission factor,
tCO2 /MWh
EFBM : Build margin emission factor, tCO2 /MWh
EFdc : Emission factor of the demolition energy
consumption for the reinforced concrete
structure, kWh/m2
EFdr : Emission factor of emission due to waste
transportation t/(t⋅km)
Carbon ratio of ground tree biomass, t
𝐺1 :
carbon/t dry matter
Annual increase in the above ground
𝐺2 :
biomass, t dry matter/(acres⋅ year)
𝑘:
Types of fossil fuel used during the
building material production process
𝑛:
Useful lifetime of building, years
Total electricity consumption for air
𝑃u1 :
conditioning, MWh
Total electricity consumption for lighting,
𝑃u2 :
MWh
Total electricity consumption for elevator,
𝑃u3 :
office, and electric equipment, MWh
𝑄be,𝑖 : Quantity of the 𝑖th building material used
in the project, t
𝑄bp1,𝑖 : Construction project quantities, m2
𝑄bp2,𝑖 : Project quantity for the 𝑖th construction
process, m3
𝑄bp3,𝑖 : Horizontal transportation quantity of the
𝑖th building material or equipment, t
𝑄bt,𝑖 : Weight of the 𝑖th building material during
the transportation stage, t
The quantity of waste transported to
𝑄r :
landfill, t
Duration time of each building stage, year
𝑡𝑖 :
𝜂𝑖,𝑗,𝑘 : Oxidation rate.
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In China, the transformation of existing buildings is confronted with various problems in aspects ranging from technology to
policy and even to economic efficiency, which restrains the pace of existing building transformation. Aiming at these conditions, a
building model is established with simulation software in the research herein to deeply analyze the energy-saving effect of building
envelope transformation in different climatic regions and its economic efficiency based on regional and national policies. The
research results show that any single technology is difficult to completely satisfy the requirements of current energy efficiency
standards, and technical measures should be taken according to different climatic regions. For the northern heating area, the
building envelope transformation must be carried out simultaneously with the transformation of heat metering. Policy formulation
and fund determination for the energy-saving transformation of existing buildings in China should be more flexible based on
transformation effect and rely more on social and commercial forces rather than solely on the promotion of government.

1. Introduction
Along with the acceleration of the urbanization process
in China, the building energy consumption constantly
increases. It is revealed by the research results of the Building
Energy Research Center, Tsinghua University, that the unit
area of buildings is increasing rapidly and the energy consumption intensity of buildings is rising moderately at the
same time, both of which lead to the continuing increase of
total energy consumption of buildings [1].
The vast majority of buildings constructed before 2000
are not energy-efficient in China. It is shown by data that, by
the end of 2013, the existing floor area in China had exceeded
50 billion m2 , including 27 billion m2 of existing urban floor
area; however, urban energy-saving buildings merely took
up 29.63% in the existing gross floor area, and more than
70% of buildings needed energy-saving transformation in the
future. What is more, there is annual increment resulting
from emerging urbanization process [2].

The problems of existing buildings are mainly manifested
by the low average thermal insulation level of exterior wall,
only 1/3 of that in developed countries at the same latitude
in Europe [3], low efficient systems of heat supply and
cooling, lag of heat metering reform, and so on. In order to
change such a situation, a series of national and local policies
and financial incentives have been implemented to support
energy-saving transformation. However, these policies and
measures still have various problems that hinder the energysaving transformation of existing buildings. For example,
the estimated cost for the energy-saving transformation of
building envelope, heat metering, and pipe-network thermal equilibrium is higher than 220 Yuan/m2 [2], and the
need for capital investment will be larger if heat source
transformation is added, but current subsidies for energysaving transformation are not enough. For another example,
the immature market mechanism impedes the enthusiasms
and approaches of enterprises and residents for carrying out energy-saving transformation. Finally, there is no
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in-depth analysis of the energy-saving transformation and its
cost efficiency in different climatic regions or analysis of the
impact of transformation results on the end users.

2. Research Method
Aiming at aforementioned conditions, a building model is
established with simulation software in the research herein to
deeply analyze the energy-saving effect of building envelope
transformation in different climatic regions.
In China, civil buildings are majorly classified into two
kinds, namely, public buildings and residential ones. Judged
from the energy-saving transformation of a single building, the energy-saving transformation of a public building
involves broader items and includes not only the improvement of thermal insulation performance of building envelope
but also the energy conservation of heat supply and cooling
systems during the life-cycle use process; the comprehensive
efficiency of energy-saving transformation is highly dependent upon both [4]. The condition of a residential building
is relatively simple, and the energy-saving benefit can be
effectively increased to a large extent by improving the
thermal insulation performance of building envelope [5]. The
research herein does not discuss the transformation of heat
supply and cooling systems, so residential building is selected
as the object of transformation.
There are five climatic regions for buildings in China. A
typical city in each of the four regions among them is selected,
respectively, as research object, that is, Harbin in the severe
cold region, Beijing in the cold region, Shanghai in the hotsummer and cold-winter region, and Guangzhou in the hotsummer and warm-winter region, as shown in Figure 1. No
city is selected in the mild region.
To deeply and meticulously analyze the specific effect
of building envelope transformation on building energy
efficiency in different climatic regions, a model is built in
the research with simulation software ENERGYPLUS [6] by
taking a 10-floor typical residential building as the prototype,
as shown in Figure 2. This building has a total area of
7,836.48 m2 , shape coefficient of 0.2, window-wall ratio of
0.15, total area of exterior wall of 3,855.02 m2 , total area of
exterior window of 208.08 m2 , and roof area of 783.65 m2 .
In the research, in accordance with the Design Standard
for Energy Efficiency of Residential Buildings in Severe Cold
and Cold Regions (JGJ26-2010) [7], Design Standard for
Energy Efficiency of Residential Buildings in Hot-Summer
and Cold-Winter Region (JGJ134-2010) [8], and Design Standard for Energy Efficiency of Residential Buildings in HotSummer and Warm-Winter Region (JGJ75-2003) [9], parameters related to the thermal performance of ENERGYPLUS
model’s building envelope are set, respectively, for benchmark
building (1980s) and reference building (meeting above
specifications) for different climatic regions. Examples of
the thermal performance parameters of these two types of
buildings are shown in Table 1, and the city shown in the table
is Beijing.

IA

IB
Severe cold zone
Harbin
IC

VIIA
Severe cold zone
VIIB
Cold zone
VIID

Severe cold zone
ID

VIIC
Severe cold zone

VIA
Severe cold zone

IIB

Beijing
Cold zone

IIA

VIB
IIIC

Shanghai
IIIB

Cold zone

VIC

IIIB

IIIA

Hot-summer and
cold-winter zone

VA
Temperate zone
VB
Hot-summer and

warm-winter zone
Guangzhou
IVA

IVB

IVB

IVB

I: severe cold zone
II: cold zone
III: hot-summer and cold-winter zone
IV: hot-summer and warm-winter zone
V: temperate zone

VI: severe cold zone
VIC : cold zone
VII: severe cold zone
VIID : cold zone

Figure 1: Diagram of climatic regions for buildings in China and
selected cities. Source: ⟨code for design of civil buildings⟩ (GB
50352-2005).

Figure 2: Schematic diagram of ENERGYPLUS residential building
model. Source: self-drawing.

3. Analysis of the Simulated Energy
Consumption Results after
Energy-Saving Transformation
After the establishment of model, various parameters are
input into ENERGYPLUS to calculate the energy consumption intensity, respectively, of benchmark building and reference building through simulation, as shown in Figures 3 and
4. It can be observed from the figures that the energy consumption intensity, respectively, in Harbin in the severe cold
region and Beijing in the cold region is significantly reduced
after the transformation of building envelope, especially by
nearly a half in Beijing.
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Table 1: Parameter comparison of thermal performance of prototype buildings in Beijing (self-drawing).
Benchmark building (1980)

Reference building (meeting energy efficiency standard)

Wall
Roof
Window

𝑈 value of exterior wall: 1.7 W/(m2 ⋅K)
𝑈 value of roof: 1.26 W/(m2 ⋅K)
𝑈 value of window: 6.4 W/(m2 ⋅K)

Air change rate

1.5 times/hour

Running time
Cooling system
Heat source (central
heating)
Pump
Heating period
Cooling period

24/7
Indoor air conditioner, EER: 3.1

𝑈 value of exterior wall: 0.7 W/(m2 ⋅K)
𝑈 value of roof: 0.45 W/(m2 ⋅K)
𝑈 value of window: 3.1 W/(m2 ⋅K)
0.5 times/hour (according to the standard for cold
region)
24/7
Indoor air conditioner, EER: 3.1

Natural gas boiler, efficiency: 0.8

Natural gas boiler, efficiency: 0.8

Constant volume
11.15–03.15 (next year)
06.15–08.31

Constant volume
11.15–03.15 (next year)
06.15–08.31

160

240

140

Energy usage intensity (kW/m2 )

270

60
30
0

Harbin

Beijing

Water system: gas
Heating: gas
Fans: electricity
Interior equipment: electricity

Shanghai

Guangzhou

With the aim of making the effects of the transformation of such components as wall, exterior window, and
roof in building envelope on the result of energy-saving
transformation clear, the thermal performance changes of
these three components are simulated separately for indepth comparison and analysis based on the whole process
of benchmark building, single component transformation
building and reference building.
In the analysis of the energy consumption intensity of
heating, it can be seen from Figures 5–7 that the energy
consumption intensity of simulated building will be reduced
by improving the thermal performance of any exterior
envelope structure in any single component and making it
meet the requirement of current energy-saving standard, and
when all the items are consistent with the requirements, that
is, forming the reference building, the energy consumption
will reach the optimum value. For instance, the energy

60
40
20
0

Exterior lighting: electricity
Interior lighting: electricity
Cooling: electricity
Heating: electricity

Figure 3: Schematic diagram of energy consumption intensities
of benchmark buildings in different climatic regions. Source: selfdrawing.

80

Harbin

Beijing

Water system: gas
Heating: gas
Fans: electricity
Interior equipment: electricity

Shanghai

Guangzhou

Exterior lighting: electricity
Interior lighting: electricity
Cooling: electricity
Heating: electricity

Figure 4: Schematic diagram of energy consumption intensities
of reference buildings in different climatic regions. Source: selfdrawing.
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120
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Energy usage intensity (kW/m2 )
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Figure 5: Schematic diagram of comparison between energy consumption intensities of heating in Harbin. Source: self-drawing.

Figure 7: Schematic diagram of comparison between energy consumption intensities of heating in Shanghai. Source: self-drawing.

consumption intensity of heating is decreased by 54% in
Harbin and more significantly by 70% in Beijing. The impact
analysis of the energy consumption of heating does not
include Guangzhou, because it is in the hot-summer and
warm-winter region, where the heating period is very short
and the energy consumption intensity very low.
It can also be seen from the figures that the thermal
performance change of window brings about the best energysaving effect, because such a change in the research is not
only reflected in the 𝑈 value of window, but the effect
of tightness performance change of window is also taken
into consideration. The tightness of doors and windows is
relatively poor in the buildings constructed in 1980s in China,
so the value of air change rate is set as 1.5 times/hour
in the model. The quality of buildings in China has been
obviously improved in recent years, and the air change rate is
about 0.3–0.5 times/hour in properly constructed residential
buildings with high-quality doors and windows. The energy
consumption of residential buildings in the south is mainly
generated by air conditioners, and air infiltration through
doors and windows or ventilation through windows can
greatly shorten the running time of air conditioner; therefore
the value of air change rate in the severe cold and cold
regions is set as 0.5 times/hour and that in hot-summer and
cold-winter and hot-summer and warm-winter regions as
once/hour [10].
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Figure 8: Schematic diagram of comparison between energy consumption intensities of cooling in Guangzhou. Source: self-drawing.

Benchmark
building

Reference
building

Window
transformation

Wall
transformation

Roof
transformation

15
12
9
6
3
0
Benchmark
building

Heating: electricity (kWh/m2 )

Figure 6: Schematic diagram of comparison between energy consumption intensities of heating in Beijing. Source: self-drawing.
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Figure 9: Schematic diagram of comparison between energy consumption intensities of cooling in Shanghai. Source: self-drawing.

In the analysis of the energy consumption intensity of
cooling, it can be found from Figures 8–11 that the reduction
in cooling energy consumption is obviously smaller than that
in heating energy consumption by improving the thermal
performance of any exterior envelope structure and making it
meet the requirement of current energy-saving standard. The
comparison diagram of Harbin indicates that the enhancement of tightness of doors and windows even increases the
energy consumption intensity of cooling in summer, and the
thermal performance improvement of wall results in the most
remarkable transformation effect.
It is revealed by the research above that, on the one
hand, China should continue expanding the transformed area
of existing buildings in that just the thermal performance
improvement of envelope alone can be highly effective in the
reduction of energy consumption intensity, especially in the
north. On the other hand, the energy-saving transformation
of exterior envelope structures alone is not enough to completely meet or surpass the national energy-saving standard
unless it is combined with the energy-saving transformation
of heat metering and pipe-network thermal equilibrium.

4. Analysis of the Economic Benefit of
Energy-Saving Transformation
During the “11th Five-Year Plan” period, the transformation
of existing buildings in China had been mainly concentrated
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(3) Ministry of Housing and Urban-Rural Development:
Technical Guideline for the Heat Metering and EnergySaving Transformation of Existing Residential Buildings in the Northern Heating Area (JK [2008] number
126),
Roof
transformation
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1
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Cooling: electricity (kWh/m2 )
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Figure 10: Schematic diagram of comparison between energy consumption intensities of cooling in Beijing. Source: self-drawing.

Figure 11: Schematic diagram of comparison between energy consumption intensities of cooling in Harbin. Source: self-drawing.

in the northern heating area. By the end of 2010, 182 million
m2 of existing residential buildings had been transformed in
the aspects of heat metering and energy conservation [2]. In
a bid to implement the spirit of the Notice of the State Council
on Printing and Distributing the Comprehensive Work Scheme
of Energy Conservation and Emission Reduction (GF [2007]
number 15) and practically boost heat metering and energysaving transformation of existing residential buildings in the
northern heating area, the Ministry of Housing and UrbanRural Development and the Ministry of Finance jointly
or separately unveiled multiple management and incentive
policies, mainly including
(1) Ministry of Finance and Ministry of Housing and
Urban-Rural Development: Interim Measures for
Management over the Incentive Funds for Heat Metering and Energy-Saving Transformation of Existing
Residential Buildings in the Northern Heating Area (CJ
[2007] number 957),
(2) Ministry of Housing and Urban-Rural Development:
Opinions on Boosting the Implementation of Heat
Metering and Energy-Saving Transformation of Existing Residential Buildings in the Northern Heating Area
(JK [2008] number 95),

(4) Ministry of Housing and Urban-Rural Development:
Acceptance Measures for Projects of Heat Metering and
Energy-Saving Transformation of Existing Residential
Buildings in the Northern Heating Area (JK [2009]
number 261).
The implementation of these policies promotes the transformation process of existing residential buildings in the
northern heating area to a certain degree. However, under
the condition of asymmetric information, there is no way
to find out whether the incentive funds meet the transformation requirements, the economic incentive obtained by
the existing buildings’ owners, their reservation utility, and
the economic and environmental benefits after energy-saving
transformation and whether the economic incentive obtained
by the owners through contract is comparatively low [11].
According to relevant surveys, 360,000 m2 of existing
public and residential buildings had been transformed in
Xi’an from 2007 to 2011, among which 320,000 m2 belonged
to existing public buildings transformed under the guidance
of government. Only the building envelope was transformed,
and the cost per square meter was as high as 300 Yuan.
The residual 40,000 m2 was transformed by the owners, with
the incentive funds issued by the government. The reward
for comprehensive transformation of building envelope was
50 Yuan/m2 , and that for exterior window transformation
alone reached 30 Yuan/m2 [12], higher than the provisions
in the Interim Measures for Management over the Incentive
Funds for Heat Metering and Energy-Saving Transformation
of Existing Residential Buildings in the Northern Heating Area
(see the following).
Special fund amount allocable to a place = reward
benchmark of the climatic region where it is located × [∑(area
of single transformation item in the region × corresponding
single transformation weight) × 70% + area of transformation
in the region × coefficient of energy-saving effect × 30%] ×
progress coefficient, where reward benchmark of the climatic
region is classified into two categories: 55 Yuan/m2 for the
severe cold region and 45 Yuan/m2 for the cold region.
Single transformation items refer to energy-saving transformation of building envelope, transformation of indoor
heat metering and temperature control, and transformation
of heat source and heat supply pipe-network thermal equilibrium, and weight coefficients for these three transformations
are 60%, 30%, and 10%, respectively [13].
During the “12th Five-Year Plan” period, to implement
the spirit of the Notice of the State Council on Printing and
Distributing the Comprehensive Work Scheme of Energy Conservation and Emission Reduction during the “12th Five-Year
Plan” Period (GF [2011] number 26), China has launched
the transformation of existing residential buildings in hotsummer and cold-winter region and formulated the Interim
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Table 2: Guiding price for different thermal insulation methods of exterior wall [22] (self-drawing).
Price per m2 (Yuan)

System description
EPS board with thin floated coat
Thermal insulating mortar of EPS rubber-power particles
Cast-in-place concrete of EPS board (coating, no net)
Cast-in-place concrete of EPS board (coating, steel
net-supporting board)

Remarks

84–87
65
80

Mechanically fixed EPS steel net-supporting board

Including labor cost of 15–18 Yuan
Excluding labor cost
Including labor cost of 15 Yuan

59

Excluding labor cost

59

Including 14 Yuan’s cost for plastering mortar and
installation of net-supporting board

Table 3: Energy-saving transformation cost of residential buildings in Harbin (self-drawing).
Transformation cost of Harbin
Construction cost (Yuan)
Construction cost/m2

Roof transformation

Wall transformation

Exterior window
transformation

Reference building

76,014.05
97

335,386.74
87

52,020
250

463,420.79
59.14 (floor area)

Table 4: Comparisons between heating expenses before and after transformation of existing residential buildings in Harbin (self-drawing).
Benchmark building
(1980)

Roof
transformation

Wall
transformation

Window
transformation

Reference building
(meeting energy
efficiency standard)

Heating: natural gas (kWh/m2 )
Heating expense (Yuan/m2 )
Note: with heat metering

184.83

181.47

166.81

106.55

84.17

45.25

44.78

42.72

34.29

31.15

Actual charge

40.35

40.35

40.35

34.29

31.15

𝑈 = 0.77
𝑈 = 1.28
𝑈 = 3.26
Air change rate: 1.5
times/hour

𝑈 = 0.3
𝑈 = 2.5
Air change rate: 0.5
times/hour

𝑈 = 0.3
𝑈 = 0.55
𝑈 = 2.5
Air change rate: 0.5
times/hour

Harbin

Technical information

Measures for Management over the Subsidies for the EnergySaving Transformation of Existing Residential Buildings in
the Hot-Summer and Cold-Winter Region (CJ [2012] number
148). No relevant policy has been unveiled for the hotsummer and warm-winter region.
As a result, no matter whether it is for the northern heating area or other climatic regions, in-depth economic analysis
is necessary, and it is significant for the rationalization and
deepening of policy trend to calculate the cost efficiency
of energy-saving transformation of building envelope in
different climatic regions by combining simulated data with
national and local incentive policies and pay attention to the
economic and environmental benefits after transformation.
In the research, Harbin is taken as an example first of all
for the economic analysis of the energy-saving transformation of existing residential buildings. Because Harbin is in the
severe cold region, its energy consumption of heating is significantly higher than that of other cities. Hence, the research,
with the focus on economic benefit, carries out economic
analysis by combining national and local intensive policies
to further clarify the actual expenses of transformation and
work out the investment payback period.
According to relevant data, different thermal insulation systems of exterior wall have different price (Table 2).

𝑈 = 0.55

The most commonly used system of EPS board with thin
floated coat is selected by the research. The thickness of
EPS board is assumed to be 50 mm, and each increase
of 10 mm will lead to 2-Yuan increase in the cost. PVC
double-glazed window is adopted (thickness of air layer:
16 mm) at the price of 250 Yuan/m2 . The transformation
cost can be calculated according to the simulated external
thermal insulation thickness of exterior wall and roof and
the corresponding areas and exterior windows, as shown in
Table 3.
According to relevant information, there are two charge
standards for the municipal heat supply of Harbin. In
case there is no heat metering, the uniform charge is
40.35 Yuan/m2 ; in case there is heat metering, the heat
supply charge = basic heat supply charge (19.37 Yuan/m2 ) +
0.14 Yuan/kWh [14]. Based on such standards, the comparison between heating expenses before and after transformation of existing residential buildings in Harbin is shown in
Table 4.
It can be seen from Table 4 that, in case of charge
through heat metering, the heating expense caused by actual
heat consumption of existing residential buildings before
transformation is higher than the uniform urban charge
standard, and the same problem exists if only roof or wall is

Advances in Materials Science and Engineering

7

Table 5: Comparisons between cooling expenses before and after transformation of existing residential buildings in Harbin (self-drawing).
Harbin
Cooling: electric power
(kWh/m2 )
2

Cooling expense (Yuan/m )

Technical information

Benchmark building
(1980)

Roof
transformation

Wall
transformation

Window
transformation

Reference building
(meeting energy
efficiency standard)

2.61

2.55

2.45

3.06

2.91

1.33

1.30

1.25

1.56

1.49

𝑈 = 0.77
𝑈 = 1.28
𝑈 = 3.26
Air change rate: 1.5
times/hour

𝑈 = 0.3
𝑈 = 2.5
Air change rate: 0.5
times/hour

𝑈 = 0.3
𝑈 = 0.55
𝑈 = 2.5
Air change rate: 0.5
times/hour

𝑈 = 0.55

transformed. This indicates that if energy-saving transformation is not carried out, the city will spend more money on this
aspect each year, resulting in negative benefit and loss. As to
reference building whose envelope has been comprehensively
transformed, in case of charge through heat metering, the
user will be able to save 9.2 Yuan/m2 , the energy consumption
of city in heat supply will be reduced by more than a half, and
the expense will decrease accordingly, thus showing a good
economic benefit.
According to relevant information, the electricity charge
for residential buildings in Harbin is 0.51 Yuan/kWh [15].
Based on this charge standard, the comparison between
cooling expenses before and after transformation of existing
residential buildings in Harbin is shown in Table 5.
It is demonstrated by Table 5 that the enhancement of
tightness of doors and windows even increases the energy
consumption intensity of cooling in summer, making the
summer cooling expense of reference building that meets
energy efficiency standard higher than that of the benchmark
one. However, in view of the fact that Harbin is located in
the severe cold region, its energy consumption of cooling
is far lower than that of heating. On the basis of overall
consideration, the reduction of heating energy consumption
in winter should be taken as the primary target.
As previously mentioned, in the Interim Measures for
Management over the Incentive Funds for Heat Metering and
Energy-Saving Transformation of Existing Residential Buildings in the Northern Heating Area, the reward benchmark
for the severe cold region is 55 Yuan/m2 , among which
energy-saving transformation of building envelope, transformation of indoor heat metering and temperature control, and
transformation of heat source and heat supply pipe-network
thermal equilibrium take up 60%, 30%, and 10%, respectively.
Therefore the reward for envelope transformation alone is
33 Yuan/m2 . According to the following formula:
Payback period
=

(Transformation cost − Reward fund)
,
(Saved heating expense + Saved cooling expense)

(1)

we can work out that the payback period for the reference
building that meets energy efficiency standard is 2.88 years

and will be prolonged to 6.5 years in case of no reward fund
for transformation and that the reward fund approximately
amounts to 44% of the total investment.
Shanghai is taken as another example in the research for
the economic analysis of the energy-saving transformation of
existing residential buildings. Shanghai is in the hot-summer
and cold-winter region where there is no heat supply pipe
and network or central heating equipment, so electric heating
is mainly adopted for heat supply at low temperature in
winter. For this reason, the energy conservation of the city
is realized largely by saving electric power. In the Interim
Measures for Management over the Subsidies for the EnergySaving Transformation of Existing Residential Buildings in
the Hot-Summer and Cold-Winter Region (CJ [2012] number
148) [16], the hot-summer and cold-winter region is divided
into the eastern, middle, and western parts, for which the
subsidies are 15, 20, and 25 Yuan/m2 , respectively. Then,
the subsidy amount allocable to a place = subsidy benchmark of the region where it is located × ∑(area of single
transformation item × corresponding single transformation
weight). Single transformation items refer to transformation
of exterior doors and windows, energy-saving transformation
of exterior sunshade, and energy-saving transformation of
building roof and exterior wall’s thermal insulation, with
weight coefficients being 30%, 40%, and 30%, respectively.
Shanghai is situated in the eastern part of hot-summer and
cold-winter region and consequently enjoys the subsidy of
15 Yuan/m2 . The electricity charge for residential buildings in
Shanghai is 0.61 Yuan/kWh [17].
The transformation cost of residential buildings in Shanghai can be calculated according to the simulated external
thermal insulation thickness of exterior wall and roof and
the corresponding areas and exterior windows, as shown in
Table 6.
See Table 7 for the comparison between heating and
cooling expenses before and after transformation of existing
residential buildings in Shanghai.
It can be observed from Table 6 that the heating expense
is significantly reduced despite the small value, and the
transformation of building envelope is not quite effective in
cooling.
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Table 6: Energy-saving transformation cost of residential buildings in Shanghai (self-drawing).

Transformation cost of
Shanghai
Construction cost (Yuan)
Construction cost/m2

Roof transformation

Wall transformation

64,475.65

304,546.58

81

79

Exterior window
transformation
43,096.8
210 (PVC single-glazed
window)

Reference building
411,719.03
52.54 (floor area)

Table 7: Comparisons between heating and cooling expenses before and after transformation of existing residential buildings in Shanghai
(self-drawing).
Shanghai
Heating: electric power
(kWh/m2 )
2

Heating expense (Yuan/m )
Cooling: electric power
(kWh/m2 )
Cooling expense (Yuan/m2 )

Technical information

Benchmark
building (1980)

Roof
transformation

Wall
transformation

Window
transformation

Reference building
(meeting energy
efficiency standard)

12.47

12.17

11.73

8.98

7.91

7.60

7.42

7.16

5.48

4.83

9.75

9.65

9.44

9.22

8.83

5.95

5.89

5.76

5.62

5.39

𝑈 = 1.5
𝑈=2
𝑈 = 6.4
Air change rate: 1.5
times/hour

𝑈=1
𝑈 = 4.7
Air change rate:
once per hour

𝑈=1
𝑈 = 1.5
𝑈 = 4.7
Air change rate: once
per hour

𝑈 = 1.5

According to the investment payback formula of energysaving transformation of Harbin:
Payback period
=

(Transformation cost − Reward fund)
,
(Saved heating expense + Saved cooling expense)

(2)

we can work out that the payback period for the transformation cost of reference building that meets energy efficiency
standard is 11.27 years and will be prolonged to 15.78 years in
case of no reward fund for transformation and that the reward
fund approximately amounts to 29% of the total investment.

5. Conclusions and Discussions
Through the research, we can reach the following three
conclusions:
(1) Any single transformation is difficult to completely
satisfy the requirements of current energy efficiency
standard. If only roof and wall are transformed, the
investment payback period will be too long, and
thus the economic benefit is relatively poor [18].
The change in the tightness of doors and windows
has a great impact on the result of energy-saving
transformation, so it should be taken as the key point
in energy-saving transformation [19]. For the existing
residential buildings in the northern heating area, the
energy-saving transformation of building envelope
has a more remarkable effect, and we should continue
to vigorously promote such transformation in this

region. As to the hot-summer and cold-winter region,
besides necessary energy-saving transformation of
building envelope, the source for heat supply in
winter should also be resolved with great efforts.
At present, the development of multiple distributed
energy technologies provides more possibilities [20].
(2) It is revealed by economic analysis that the reward
funds for transformation provided by the state cannot
satisfy the expenditure of transformation. Because of
asymmetric information, users have no idea about
their own benefit, lack enthusiasm for transformation, and tend to be unwilling to participate in and
spend money on it. However, although the national
reward funds are not sufficient for covering the complete energy-saving transformation, the investment
payback period will not be very long without the
support of such funds. Hence, the EPC (Energy
Performance Contracting) model may be employed
for the transformation [21].
(3) For the northern heating area, the transformations of
building envelope and heat metering must be carried
out simultaneously. The reason is that as shown by
the economic analysis only through heat metering can
the managers grasp the specific energy consumption
intensity and the users see the practical economic
benefit and become active in taking part in the transformation. However, in reality, the management over
the transformation of building envelope is presided
over by the construction committee, whereas the
transformation of heat metering is presided over
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by the municipal services. The coordination and
unification of the two urgently needs to be solved at
the level of management.
For China as a country continually accelerating its process
of new-type urbanization, digesting the existing energyinefficient buildings is a great challenge while coping with
the annual increment brought about by urbanization. For
this reason, policy formulation for the energy-saving transformation of existing buildings and the determination of
transformation funds should be more flexible based on transformation effect in the future. In addition, the energy-saving
transformation should rely more on social and commercial
forces rather than solely on the promotion of government.
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This study uses a metal stud partition fireproof drywall measuring 83 mm in thickness as a test specimen to explore the impact of
an embedded junction box on the firefighting performance of the wall through one time of standard fire test on a 300 cm × 300 cm
area and five times of standard fire test on a 120 cm × 120 cm area. The results show that the quality of calcium silicate board plays
a big role in the fireproof effectiveness. The embedded junction box located on the backside of the fire can reduce the effectiveness
of the wall, especially the area above the socket. The thickness of rock wool may increase the performance, but in a limited rate.
External junction box may not impact the fireproofing performance of the wall but it still possesses some safety risks. An embedded
junction box measuring 101 × 55 mm could already damage the fire compartment, and in reality there may be more complicated
situations that should be noted and improved.

1. Introduction
The walls installed in fire prevention areas should be possessed of flame retardant effectiveness. For the trend of architectural engineering is towards increasing in dimension and
high-rise, the conventional heavy building materials and high
labor intensive methods are descending. Take panel closure
walls, for example; the metal frame light panel closure system
is well received for the characteristics of fixed construction
method, shortened period, various techniques, light materials, and the stable material quality compared to concrete.
Currently there are many studies on the performance issues
of metal stud drywall partitioning system. Chuang et al. [1]
proposed a direct impact of room temperature on the surface
temperature of test specimen for a fire test, Ho and Tsai [2]
proposed that the quality of board material plays a profound
role on the fire ratings, Do et al. [3] provided microscopic
study on the thermal conductivity of calcium silicate board,
Lin et al. [4] conducted a shear behavior study of the
combination of metal frames and calcium silicate boards,
Maruyama et al. [5] conducted a study on the aging of calcium
silicate boards and found that the strength could reduce over
time, Nithyadharan and Kalyanaraman [6] provided a study

on the strength of connection between screws and calcium
silicate boards, Collier and Buchanan [7] used the finite
element method to provide a prediction model on fire
performance of drywall, and Nassif et al. [8] proposed a
comparative study on the drywall thermal conductivity using
a full-scale test and number simulation. These above are
all conducted in the circumstances where the drywalls are
reasonably installed. However, in reality, the quality control
of the boards may not be good or the quality of commercially
available boards may not be consistent with the ones sent to
the laboratory for test; these are the actual causes impacting
the fire ratings of metal stud drywall system. It is a practical
issue to explore whether the devices, switches, or sockets on
the boards can impact the fire ratings which also requires
actual fire testing.
This study is different from the previously published
studies in that it does not inform the manufacturers of the
fire tests to be conducted and instead directly purchases
the commercially available boards to be used as the test
samples. The previously published studies all focus on the
thermal conductivity of board material [3] or the numerical
simulation of drywalls [7, 8] which are all in the ideal
conditions where the boards are not damaged at the time
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Figure 1: Full-size high-temperature furnace (inner size: 300 cm in width, 300 cm in height, and 240 cm in depth).

of fire. There have been no actual descriptions regarding
the impacts of damaged boards on fire ratings. Therefore,
this study especially explores whether socket installation can
impact fireproofing walls in actual fire. It is learned from the
previous tests that the side of calcium silicate board facing
the fire may burst. Under material condition and coupled
with the installed sockets on the board, we try to learn the
remaining fire ratings of fireproofing drywall under poor
conditions. In short, this study is to understand the actual
fire ratings of metal stud drywall system. This study has
never been done before and it is hoped that the results can
make the constructors, vendors, and government agencies
more vigilant in ensuring the quality of firewalls. This study
conducts a total of six fire ratings tests. Test 1 uses the
standards in ISO 834-1 [9] to perform on a test specimen
measuring 300 cm (width) × 300 cm (height). From Tests 2
to 6, the test specimens receiving fire are measured to be
120 cm (width) × 120 cm (height) (sockets are embedded in
some of the walls). To emphasize the validity of the tests and
facilitate the future researches in understanding the type and
performance of furnace for related studies, this study adds
more description on the pressure, temperature, and structure
of the test furnace as Sultan [10] proposed that the furnace size
can generate different levels of radiant heat, causing impacts
to the test results from different test labs.

2. Experimental Details
2.1. Fire Test Furnaces. This study uses two sets of test equipment that both can conduct material testing horizontally or
vertically. The first furnace measures 300 cm in width, 300 cm
in height, and 240 cm in depth. The second one measures
120 cm in width, 120 cm in height, and 120 cm in depth.

Both equipment sets use electronic ignition and the control systems are computerized PID temperature controllers.
The furnaces are manufactured by Kuo Ming Refractory
Industrial Co., Ltd. The full-size furnace has 8 burners, of
which only 4 are switched on for wall test. Two temperature
control thermocouples are inside, controlling the operation
of 2 burners each on the left and right sides. The remaining
7 thermocouples measure the furnace temperature and they
are all inserted from the top of the test furnace (see Figure 1).
The small furnace has 4 burners, of which only 2 are switched
on for wall test. Two temperature control thermocouples
are inside, controlling the operation of 1 burner on the left
and right sides, respectively. The remaining 2 thermocouples
measure the furnace temperature and they are inserted from
the two sides of the furnace (see Figure 2). The inside ceiling
and the wall of the furnace are covered by ceramic fiber wool
made by Isolite Insulating Products Co. with the maximum
temperature resistance at 1400∘ C, density at 240 kg/m3 , made
of Al2 O3 35.0%, SiO2 49.7%, and ZrO2 15.0%, and thickness at
30 cm and in white color. The bottom is composed of fire insulating bricks made by Kuo Ming Refractory Industrial Co.,
Ltd., and they are C-2 grade with the maximum temperature
resistance at 1400∘ C and density at 1140 kg/m3 and measuring
23 cm (L) × 11.4 cm (W) × 6.5 cm (thickness). The gaps and
the connecting parts between the bricks are insulating clay.
The external body of the entire furnace is made of steel
boards and frames. The extension wire is WCA-H4/0.65x2,
the external temperature resistance is 0∼200∘ C, and the outer
surface is surrounded by glass fiber. There is a ventilation
port for the exhaust air in the back of the test furnace that
is connected to the outdoor chimney. The transportation of
test specimen is done by the 3.5 ton overhead crane inside
the factory. Data recorder is made by YOKOGAWA, with all
the equipment signals connecting to DS 600 data recorder
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Figure 2: Small-size high-temperature furnace (inner size: 120 cm in width, 120 cm in height, and 120 cm in depth).

first and then being processed and sent to DC 100. Last, the
data recorder converts the signals and exports them to an
ASUS A55VD i5-3210 notebook computer via a network line,
and the recorder captures the data every six seconds. There
is a T-tube in the midheight of inner wall of the furnace,
and that one of the end tip is connected to a pressure gauge
that sends data to DS 600 data recorder. Each thermocouple
inside the furnace is 10 cm away from the burning surface
of the test specimen. The inside temperature of furnace is
measured by K-type thermocouples made by Yi-Tai System
Technology Co., Ltd. The specifications satisfy CNS 5534 [11]
with 0.75 and above in the performance. The thermocouple
wires are wrapped by heat resistance stainless steel pipes (16
gauge) measuring 6.35 mm in diameter. The pipes are placed
inside other insulated stainless steel pipes measuring 14 mm
in diameter with one opening end. The front end with heat
conductivity protrudes 25 mm. All the thermocouples inside
the furnace have been placed in an environment at 1000∘ C
for one hour to increase their temperature measurement
sensitivity, and the accuracy requirements are within ±3%.
2.2. Test Specimens. This study uses 9 mm calcium silicate
boards that are commercially available (calcium silicate
boards of Test 1: flexural strength: 125 kgf/cm2 , thermal
conductivity: 0.14 w/mk, bulk specific gravity: 0.81 g/cm3 ;
calcium silicate boards of Tests 2∼6: flexural strength:
124 kgf/cm2 , thermal conductivity: 0.13 w/mk, bulk specific
gravity: 0.81 g/cm3 ). It uses vertical closure boards and selftapping screws to stabilize them. The screws are 3.5 mm in
diameter, 25.4 mm in length, and 250 mm in spacing. The
columns are the CH channel iron measuring 65 × 35 ×
0.6 mm, the upper and lower slots are the C channel iron
measuring 67 × 25 × 0.6 mm, and the spacing within the
column is 406 mm. Rock wool used is measured 50 mm in

thickness and 60 kg/m3 and 100 kg/m3 in density, respectively. For the embedded sockets, the external part is a switch
panel measuring 120 mm × 70 mm and the internal part is a
junction box measuring 101 × 55 × 36 mm. For the external
sockets, the external part is a 120 mm × 70 mm switch panel
and the internal part is a 120 × 70 × 47 mm junction box.
The external switch panels are all made of ABS (Acrylonitrile
Butadiene Styrene) and the inside is a galvanized iron box.
ISO 834-1 [9] specifies that the weak spot of the test specimen should be right in the center, so that we make the joining
seam in the middle as shown in Figure 3. Six standardized
60-minute heating tests were performed as shown in Table 1.
Test 1 is a full-size 3 m × 3 m furnace standard test. The test
specimen is the board material provided by the supplier, not
purchased. The density of the fireproof cotton is 60 kg/m3 .
Test 2 is in the 1.2 m × 1.2 m small high-temperature furnace.
The calcium silicate board is purchased, with the density of
the fireproof cotton at 60 kg/m3 . Test 3 is in the 1.2 m × 1.2 m
small high-temperature furnace, with the socket and junction
box embedded in the backside of the test specimen, and that
the density of the fireproof cotton is 60 kg/m3 . Test 4 is in
the 1.2 m × 1.2 m small high-temperature furnace, with the
socket and junction box embedded in the backside of the test
specimen, and the density of the fireproof cotton is 100 kg/m3 .
Test 5 is in the 1.2 m × 1.2 m small high-temperature furnace,
with the socket and junction box installed externally in the
backside of the test specimen, and the density of the fireproof
cotton is 60 kg/m3 . Test 6 is in the 1.2 m × 1.2 m small
high-temperature furnace, with the socket and junction box
embedded in the front of the test specimen facing the fire,
and the density of the fireproof cotton is 60 kg/m3 . As there is
no law enforcing the placement height of socket and junction
box on the firewall, this study hopes to observe the most basic
damage. The socket and junction box are placed 60 cm above
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Table 1: Test specimen standard.
Density of the
fireproof cotton

Size of the metal stud partition fireproof drywall
height (m) × width (m)

None
None
None
None
None
Embedded
internal socket

None
None
Embedded internal socket
Embedded internal socket
Installed external socket

60 kg/m3
60 kg/m3
60 kg/m3
100 kg/m3
60 kg/m3

3.0 m × 3.0 m
1.2 m × 1.2 m
1.2 m × 1.2 m
1.2 m × 1.2 m
1.2 m × 1.2 m

None

60 kg/m3

1.2 m × 1.2 m

122

122

28

119

122
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28

59

75

Test 6
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150
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Figure 3: Test 1: the exposed surface and unexposed surface of specimen and geometry of the thermocouple (the arrangement of boards and
measuring points of specimen).

the ground as the furnace pressure gets lower toward the
bottom. Furnace pressure increases linearly with the height of
the test specimen. However, the furnace pressure anywhere
below 50 cm off the bottom is negative, so the socket and
junction box are placed in the position with positive pressure.
2.3. Test Conditions. Test 1 follows the specifications of ISO
834-1 [9]. The fire area of the test specimen measures 3 m
(height) × 3 m (width). The zero-pressure area is 50 cm high
from the bottom of the furnace. According to ISO 834-1 [9],
a linear pressure gradient exists over the height of furnace,
and a mean value of 8 Pa per meter height may be assumed
in assessing the furnace pressure condition. The furnace shall
be operated such that a pressure of zero is established at a
height of 50 cm above the notional floor level, so the furnace
pressure at the uppermost brim of the specimen should not
exceed 20 Pa. The standard heating curve of the test furnace

is shown in (1), and the furnace pressure is recorded every 6
seconds by the computer. Consider
𝑇 = 20 + 345 × log10 (8𝑡 + 1) ,

(1)

where 𝑇: average standard furnace temperature (∘ C) and 𝑡:
time (min).
From Tests 2 to 6, the heating temperature follows the
standard heating curve in the ISO 834-1 [9]. The furnace
pressure 50 cm high from the bottom is also set at zero.
According to ISO 834-1 [9], every 1 meter in height adds 8 Pa,
so the top of the test specimen has the furnace pressure at
5.6 Pa. The pressure by the junction box is about 0.8 Pa.
2.4. Test Measurements. In Test 1, 8 thermocouples are placed
on the surface of the test specimen away from the fire as
shown in Figure 3. All are done following the requirements
of ISO 834-1 [9] to observe the temperature distribution of
the surface away from the fire. Place the thermocouples on

Advances in Materials Science and Engineering
the surface of the test specimen for Tests 2 to 6 as shown in
Figure 4. Four are placed near the centers of the four edges
of the specimen, one is located in the center of the wall, one
is near the junction box panel, one is above the junction
box panel, and the other is in the center of the rock wool.
The temperature measurement is recorded by the computer
every 6 seconds, and photos are taken during the experiment
process.

3. Results and Discussion
3.1. Experiment Results. The time for Test 1 lasts 60 minutes.
Seven minutes after the test started, the gap between top right
corners of the unexposed surface away from the right frame
starts showing a bit odorous white smoke. The temperature at
all the detection points also shows a significant uptrend and
keeps rising till the 11th minute when it shows a downtrend
till the 27th minute and then goes up again all the way till the
test ends. At the 27th minute, the highest temperature is at the
upper left center at 73.9∘ C. At this point, a horizontal crack
appears on the surface not facing the fire on the left panel and
the center. At the 37th minute, the horizontal crack on the left
keeps extending toward the center. At the 60th minute when
the test ends, the highest temperature at the upper left center
is 97.6∘ C and the highest average temperature is at 89.5∘ C (see
Figure 5). It never goes over the requirements for ISO 834-1
[9] and therefore meets the demand of the fire ratings of 60
minutes.
Test 2 lasts 40.5 minutes. Six minutes into the test there
seems to be an explosion. The temperature inside the rock
wool center also shows a clear uptrend at this time, indicating
that the calcium silicate board facing the fire is damaged
due to the rising temperature. At the 8th minute, the crossshaped gap not facing the fire starts generating smoke. At
the 12th minute, the temperature inside the rock wool center
continues going up, indicating that the rock wool continues
touching the higher temperature. At the 39th minute, the
temperature in the middle heats up to 180∘ C (see Figure 6).
According to the fire ratings requirements in ISO 834-1 [9],
the fire performance is determined to be damaged if the
highest temperature by the back side is more than 180∘ C and
therefore the test specimen does not meet the fire ratings
requirements of 60 minutes.
Test 3 lasts 40 minutes. Six minutes into the test there
seems to be an explosion. The temperature inside the rock
wool center also shows a clear uptrend, indicating that the
calcium silicate board facing the fire is damaged due to
the rising furnace temperature. At the 15th minute when
the furnace temperature is at 750∘ C, the temperature at
the detection point is already above 180∘ C and afterward it
quickly approaches the furnace temperature, indicating that
the rock wool center is totally on fire. The calcium silicate
board facing the fire and part of the rock wool are also burned,
resulting in the continuously higher temperature measured
from the surface not facing the fire. At the 19th minute,
the junction box panel has begun to melt and the heated
gas begins to spring from the gap between the box and the
board, leading to the significant increase in the temperature
of the upper junction box measured by the thermocouple.

5
At the 31st minute, the detection point goes over 180∘ C (see
Figure 7), failing to meet the fire ratings requirements of ISO
834-1 [9].
Test 4 lasts 43.8 minutes. Six minutes after the test started
there seems to be an explosion. The temperature inside the
fireproof cotton center also shows a clear uptrend, indicating
that the calcium silicate board facing the fire may have been
damaged due to the rising furnace temperature. At the 17th
minute, the temperature inside the rock wool center is already
more than 180∘ C and at 20th minute it quickly approaches the
furnace temperature, indicating that the rock wool center is
totally on fire. The calcium silicate board facing the fire and
part of the rock wool are also burned. At the 25th minute, the
junction box panel has begun to melt. At the 34th minute, the
temperature at the upper junction box goes over 180∘ C (see
Figure 8), failing to meet the fire ratings requirements of ISO
834-1 [9].
Test 5 lasts 39 minutes. Six minutes into the test there
seems to be an explosion. The temperature inside the rock
wool center also shows a clear uptrend after the 7th minute,
indicating that the calcium silicate board facing the fire is
damaged due to the rising temperature. After the 7th minute,
the cross-shaped gap not facing the fire starts generating
smoke. At the 25th minute, the junction box has begun to
melt due to heat. At the 29th minute, the part connected to
the screw is totally melted and then falls off. At this point,
the temperature at the junction box is 53.9∘ C because the
box has already fallen off and away from the furnace (see
Figure 9). The temperature gradually goes up to 62.6∘ C and
then gradually goes down. Although this seems to stay within
the requirements of ISO 834-1 [9], the screws protrude and
are exposed in the surface not facing the fire after the junction
box is melted, so that the thermocouples are not too far
away from the screws as they should. The temperature of
the screws taken at the 31st minute is 236.9∘ C. At this point,
all the detection points on the surface not facing the fire
have not exceeded 180∘ C, but the exposed screws have indeed
exceeded 180∘ C (see Figure 10) after the external junction box
melts. At the 37th minute, the temperature in the middle
center is more than 180∘ C, failing to meet the 60 minutes of
fire ratings requirements of ISO 834-1 [9].
Test 6 lasts 37.6 minutes. Six minutes into the test there
seems to be an explosion. The temperature inside the rock
wool center also shows a clear uptrend, indicating that the
calcium silicate board facing the fire is damaged due to the
rising temperature. At the 9th minute, the cross-shaped gap
not facing the fire starts generating smoke. At the 12th minute,
the temperature inside the rock wool center continues going
up, indicating that the rock wool continues touching higher
temperature. At the 36.8th minute, the temperature in the
middle heats up to 180∘ C (see Figure 11), failing to meet the
60 minutes of fire ratings requirements of ISO 834-1 [9].
3.2. Comprehensive Discussion. The board used in Test 1 is
provided by the supplier. These board materials are known
as the laboratory grade. Although there are some cracks
on the surface facing the fire during the experiment, the
surface does not explode, and the integrity is good by visual
inspection (see Figure 12). After testing it for 60 minutes,
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Figure 4: Continued.
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Figure 4: Test 2∼Test 6: exposed surface and unexposed surface of specimen and geometry of the thermocouple (the arrangement of boards
and measuring points of specimens for Test 2∼Test 6).
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Figure 5: Time-temperature chart for the specimen in Test 1.

Figure 6: Time-temperature chart for the specimen in Test 2.

the fire resistance meets the requirements of ISO 834-1 [9]
and the 60 min of fire ratings. From the 11th to the 27th
minute, the temperature shows a steady decrease, indicating
that there is some moisture inside the board and the rock
wool to absorb the heat. The temperature at the surface on
the backside then starts going up only after the material
itself is totally dried. This often occurs in firewall tests when
the material is more consistent. For example, the metal
sandwich wall in Chuang et al. [1] shows such phenomenon.
The metal surface does not get burned, and the insulation
layer (rock wool) in between can consistently absorb heat
for a while. Only when the heat reaches saturation will the
temperature on the surface not facing the fire continue to
go up. Therefore, when using material’s thermal conductivity
[3] and the numerical simulation of partitioning material
combination [7, 8] to predict whether it meets certain fire

ratings, it is based on the circumstance where the board
surface facing the fire does not explode. However, looking at
the other tests in this study and knowing that theory along
may not be enough, the consistency of material properties
also needs to be considered.
Tests 2 to 6 use the commercially available calcium silicate
boards. These boards are claimed to have passed the fire
ratings inspection, but every test finds that at the 6th minute
the surface facing the fire explodes. Without the protection
from the calcium silicate board, the fire in the furnace can
directly damage the rock wool. The rock wool may have
some strength and tension due to the glue added in during
the production, but it starts to have pores after the glue is
damaged [12]. Thus, the heat can penetrate the rock wool and
directly reach the calcium silicate board not facing the fire.
After being heated up, the rock wool can experience small
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Figure 9: The result of the unexposed surface of the sample in Test
5.
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Figure 7: Time-temperature chart for the specimen in Test 3.
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Figure 8: Time-temperature chart for the specimen in Test 4.

contraction in some parts (see Figure 13), and the fire can go
through the unfilled part to reach the calcium silicate board
not facing the fire, resulting in the test specimen not meeting
the 60 minutes of fire ratings. The calcium silicate boards
from Tests 2 to 6 all explode at the 6th minute. First, it means
that these materials are of the same production process and
formula. Second, it means that the temperature of the furnace
rises at a normal rate, making the surface facing the fire in
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Figure 10: Time-temperature chart for the specimen in Test 5.

these 5 tests explode at the same time, which is beneficial to
the subsequent discussion. From the results of Tests 2 to 6
we learn that when the test specimen loses the protection on
the side facing the fire, the fire ratings are about 30 minutes
at best. Although Tests 2 to 6 use smaller test pieces, the fire
ratings are only 30 minutes, indicating that the bigger pieces
may have the frame bent and the rock wool fallen off to have
even shorter fire ratings. This can be reflected in reality where
the rock wool not being filled in completely and boards used
for remodeling not meeting the requirements can fail the fire
ratings and compartment. This goes to show the importance
of board quality directly related to the fire safety [2].
A calcium silicate board mainly consists of inorganic
silicate and lime. Manufacturers all use different formula,
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Figure 11: Time-temperature chart for the specimen in Test 6.

and some may mix in a certain proportion of coal ash to
replace cement to reduce the production cost. Also, the
board is made by high-pressure steam curing, so if the
material ratio varies, the poor control of high-pressure steam
environment may cause the strength variance of the calcium
silicate boards, further impacting the heat resistance during
the fire test. The impact can be observed from Test 1 and
the other tests. Before taking the possible cut-corners of the
suppliers or poor quality into consideration, this is just to
show what the circumstances may be if the calcium silicate
boards are in poor quality. This can really happen in Taiwan
and other places, so extra attention is needed for this issue.
The commercially available board materials need to put
sample inspection or other controlling methods to prevent
the inconsistency of quality between the ones in the market
and the ones sent for tests.
This study is to understand the actual firefighting performance of the walls in daily life. For example, Tests 1 and
2 show that the products presumably made by the same
company but in reality containing different materials can
have almost 20 minutes of difference in their fire ratings.
Tests 3 to 6 show the impact of socket and junction box on
firewalls. Reviewing the firewall fire ratings tests conducted
worldwide, there is not yet any test conducted with installed
socket and junction box. Embedding socket and junction
box into the drywalls requires breaking the wall body, and
it is almost unavoidable to mount them on the wall. The
installed amount may be more than just one and there are
more varieties (such as for Internet or telephone lines), so
these combined issues really need to be resolved. When an
unqualified board is installed with socket and junction box,
the actual fire performance can make people worry.
Comparing the results from Tests 3 and 4 with Test 2, we
can see that the embedded junction box impacts significantly

on the fire performance of the wall body. Fire performance is
determined together by the calcium silicate boards on the two
sides and the fireproof cotton in between. When the calcium
silicate board on the side not facing the fire is damaged, a
weak spot is produced. Hot air can come out from this spot.
The metal junction box (fastened to the frame through screws
and metal bars) is installed in after cutting a hole on the board
not facing the fire, and there should be some gaps in between
the metal box and the calcium silicate board. The frame can
also deform after being heated, making the gap even bigger,
and the surrounding edges and the place above can be affected
by the heat. Although panels and sockets may be installed
outside of the junction box, they are not noncombustible
materials and therefore will still be melted by the hot air or
burned (see Figures 14 and 15).
The junction box panel in Test 3 starts to smoke at the
8th minute, and it starts to melt at the 19th minute and totally
melts to make the panel fall to the ground at the 27th minute,
and at the 31st minute the surface temperature not facing the
fire exceeds the limitation in ISO 834-1 [9]. The fire ratings of
Test 2 manage to be maintained at 39 minutes, but Test 3 only
has 31 minutes. The two have a difference about 8 minutes; so
it shows that installing socket and junction box on the surface
facing away from the fire can raise the regional temperature
of the socket and junction box and the space above them. Test
4 attempts to increase the rock wool density (from 60 kg/m3
to 100 kg/m3 ) to improve the fire ratings while keeping other
conditions constant. The junction box panel starts to smoke at
the 10th minute, starts to melt at the 25th minute, and totally
melts at the 32nd minute. Eventually at the 34th minute, the
surface away from the fire exceeds the maximum temperature
allowed in ISO 834-1 [9]. The areas with higher temperature
in Tests 3 and 4 are all nearby the socket and junction box
and the space above them, so it is somewhat risky when
the calcium silicate board away from the fire is damaged.
This also explains that adding the rock wool density may
not greatly improve the fire ratings. This study attempts to
add in even more rock wool density; however, in this type of
drywall system, rock wool with even higher density cannot
be added in anymore. As 5 cm in thickness and 100 kg/m3 in
density are considered to be the limits, there are no tests with
even higher density of rock wool. Test 5 is to understand the
impact of external box on the firewall. As the calcium silicate
board away from the fire is penetrated by two screws, the
overall temperature distribution is more even. However, the
commercially available board materials have poor quality so
they do not meet the 60 minutes of fire ratings requirements.
At the 37th minute of the test, the side away from the fire
has already exceeded the maximum temperature allowed in
ISO 834-1 [9]. Overall, the fire performance is better than
in Tests 3 and 4 but about the same with Test 2. Test 6
is for the box embedded on the side facing the fire of the
calcium silicate board. As the commercially available boards
have poor quality, the whole side explodes at the 6th minute;
therefore, the impact of embedding the junction box into the
fire side is not so obvious. The temperature distribution of
the side not facing fire is similar to Tests 5 and 2, without
sudden changes in extremely high temperature. As the board
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Exposed surface

Figure 12: The result of the specimen after 60 min standard fire test in Test 1.

Figure 13: The result of the exposed surface of the specimen in Test
5.

Figure 15: The result of the unexposed surface of the specimen after
43.8 min standard fire test in Test 4.

facing fire has poor quality, it can still explode even without
the junction box embedded in. Therefore, to study how
embedded junction box into the side facing the fire, it is
necessary to select material with better quality in the future
for further testing.
The above analysis revealed the following:

Figure 14: The result of the unexposed surface of the specimen after
40 min standard fire test in Test 3.

(1) When surfaces are flamed and fell, the flame retardant
effectiveness is decreased for 20 mins (the flame
retardant effectiveness is 40 mins) (without junction
box inserted in).
(2) When surfaces with inserted junction box are flamed
and fell, the flame retardant effectiveness is further
decreased for 9 mins (the flame retardant effectiveness is 31 mins).
(3) When surfaces with inserted junction box are flamed
and fell and the density of mineral wool is increased
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from 60 kg/m3 to 100 kg/m3 , the flame retardant effectiveness is increased for 3 mins at most (the flame
retardant effectiveness is 34 mins).
(4) When junction box fixed on the surfaces is not
affected by flame, the flame retardant effectiveness is
37 mins.
(5) When junction box inserted on the surfaces is
not affected by flame and the flamed surfaces fall,
the flame retardant effectiveness is approximately
36.8 mins.
Following the above analysis we can see that the commercially available boards have significantly weaker fire
performance, and embedding junction box into the side away
from the fire would not only reduce the fire ratings even more
but also concentrate the weak spot in the upper junction box.
Adding rock wool density may help improve the fire ratings
but the effectiveness is not so significant. The junction box
used in this study measures 101 × 55 mm and is close to the
100 × 57 mm specified in National Electrical Code [13].
Although the dimensions meet the requirements, there could
be risks in the test. In reality, drywall may not have just one
junction box. Boxes may be installed on the two sides of
the wall. Therefore, the most risky circumstance is to have
several boxes installed on the two sides of the wall and on
the higher spots. There are no clear regulations provided
around the world. In the facilities with higher fire ratings, the
socket panels may be made of metal materials but the center
sockets are still made of plastics to prevent conductivity.
They can melt under high temperature and generate hot air;
therefore, embedded socket and junction box into the firewall
can significantly reduce the fire performance. Tests 2 to 6 only
use the smaller furnace. Using the full-size 3 m × 3 m for test
certainly makes the situation even more dangerous and the
fire ratings even shorter. Therefore, only having good quality
control of the boards and avoiding socket and junction box
can effectively meet the real fire ratings of the firewall. This
study uses the poor boards as the test specimen to inform
building designers and government agencies to pay more
attention to this issue.

4. Conclusions
Installing an embedded junction box to the drywall can pose
a certain level of risk. A box measuring 101 × 55 mm can
already damage the fire compartment. In reality, there are a
lot of more boxes installed on the wall, so this requires more
attention and improvement. The conclusions are as follows:
(1) When surfaces are flamed and fell, the flame retardant
effectiveness is decreased for 20 mins (the flame
retardant effectiveness is 40 mins) (without junction
box inserted in).
(2) When surfaces with inserted junction box are flamed
and fell, the flame retardant effectiveness is further
decreased for 9 mins (the flame retardant effectiveness is 31 mins).
(3) When surfaces with inserted junction box are flamed
and fell and the density of mineral wool is increased
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from 60 kg/m3 to 100 kg/m3 , the flame retardant effectiveness is increased for 3 mins at most (the flame
retardant effectiveness is 34 mins).
(4) When junction box fixed on the surfaces is not
affected by flame, the flame retardant effectiveness is
37 mins.
(5) When junction box inserted on the surfaces is
not affected by flame and the flamed surfaces fall,
the flame retardant effectiveness is approximately
36.8 mins.
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Distortional buckling is one of the important buckling models of steel-concrete composite beam in negative moment region.
Rotation restraining rigidity and lateral restraining rigidity which steel beam web to bottom plate of steel-concrete composite
are the key factors to influence the distortional buckling behavior. A comprehensive and intensive study on rotation restraining
rigidity and lateral restraining rigidity which steel beam web to bottom plate of I-shaped steel-concrete composite beam in negative
moment region is conducted in this paper. Energy variation principle is adopted to deduce the analytical expressions to calculate the
rotation restraining rigidity and lateral restraining rigidity. Combined with the buckling theory of axial compression thin-walled
bars in elastic medium, the buckling moment is obtained. Theoretical analysis shows that the rotation restraining rigidity and
lateral restraining rigidity of steel beam web appear to have a linear relationship with the external loads and could also be negative.
Compared with other methods, the results calculated by the proposed expressions agree well with the numerical results by ANSYS.
The proposed expressions are more concise and suitable than the existing formulas for the engineering application.

1. Introduction
The steel-concrete composite beam is composed of profiled
steel or welded I-shaped beam and concrete slab through
shear connectors, which can resist external loads together.
Because this composite structure combines the tensile resistance of steel with the compressive resistance of concrete, it
has the advantages of higher bearing capacity, better plasticity
and ductility, constructing conveniently, and lower cost,
which makes it widely used in long-span bridges and highrise buildings. In practical engineering, it is unnecessary to
verify the lateral buckling of composite beams in positive
bending moment region because of the enough bending
rigidity and torsional rigidity of concrete slab. However, with
bigger variable loads and unfavorable loads, the bottom flange
of steel beam in the negative moment region would yield
lateral buckling associated with web transverse deformation.
The distortion buckling is then likely to occur.
In recent years, several scholars used the energy variational methods to analyze global stability of composite beam.
Some authors computed the critical buckling load [1–3] and

others compiled the corresponding specifications [4]. These
specifications only consider global bending instability of the
steel beam web but fail to take into account the distortional
buckling. Besides, the critical load formulas by these methods
are a little tedious for engineering calculations. Based on
the elastic foundation compressive bar method, Williams
and Jemah [5], Svensson [6], Goltermann and Svensson [7],
and Ronagh [8] successively study the stability of composite
beam under constant axial force, increasing the contribution
of torsional rigidity of the concrete slabs and participating
area of the steel girder web plate. In order to consider the
effect of bending moment gradient compressive bar variable,
the axial force is introduced. Diansheng and Xiaomin [9]
presented a model for analyzing the local buckling property
of cold-formed thin-wall steel-concrete composite beam. The
elastic buckling stresses at steel beam web and flange wall
are calculated by the energy method. Jiang [10, 11] researched
the local stability in the negative moment region for steel
beam web of continuous composite beams in attempt to
establish the simplified calculation model of local stability
under various loads and propose the critical local buckling
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Figure 1: Cross section dimensions of steel-concrete composite beams and axes.

stress formula under a variety of stress states. Ye and Chen
[12] improved Svensson compressive bar model appropriately. Considering the steel beam web effective participation
part, two variable axial forces distortional buckling stability
critical load calculation formulas were deduced based on
the improved model. Making use of the finite element, the
accuracy of the above method was analyzed by calculating the
composite beam constraint distortional buckling load. Zhou
et al. [13, 14] used energy variation principle to deduce the
calculation method of rotation restraining rigidity and lateral
restraining rigidity.
In this paper, a comprehensive and intensive study on
rotation restraining rigidity and lateral restraining rigidity
which steel beam web to bottom plate of steel-concrete
composite beam in negative moment region is conducted.
The energy method is used to deduce the theoretical formula
for rotation restraining rigidity and lateral restraining rigidity
which the steel beam web provides for bottom plate. Energy
variation principle is adopted to derive the steel beam
critical stress of positive symmetry bending buckling and
dissymmetry bending-torsion buckling in order to calculate
the buckling moment. In the end of the paper, the proposed
formulas are discussed and analyzed.

2. Basic Assumptions
The schematic diagram of steel-concrete composite beam
is shown in Figure 1. The lateral buckling model of steel Ishaped beam in composite beam is different from the free
simply supported steel beam (unconstrained steel beam).
The top flange of steel beam constituted by concrete slab
has big stiffness, so the lateral deformation and torsional
deformation are restricted to a certain degree. The bottom
flange of steel beam is under compression. Although it can
yield lateral displacement and torsion angle, the bottom
flange constrained by the web is not perfectly free. Therefore,
the lateral buckling of composite beam can be regarded as
the distortional buckling in company with lateral bending
deformation of steel beam web.
The right handed coordinate system 𝑥𝑦𝑧 is fixed to the
centroid of steel beam bottom flange. As shown in Figure 1,
the monosymmetrical composite beam bears a bending
moment 𝑀𝑥 in the 𝑦𝑧 plane which shows big stiffness. In
order to analyze the rotation restraining rigidity 𝑘𝜑 of steel

bf
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k𝜑
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tf

y

Figure 2: Simplified calculation model of steel-concrete composite
beams.

beam bottom flange to web and the buckling moment, some
assumptions are made as follows:
(1) The materials are isotropic and perfectly elastic body.
(2) The element is constant section beam and there were
no initial imperfections.
(3) The cross-sectional shape of steel beam bottom flange
does not change during distortional buckling yielding.
(4) The lateral deformation and torsional deformation of
steel beam top flange could not happen because of
enough stiffness of concrete slab.
(5) Due to the negative moment, most of concrete in
composite beam has been cracked when buckling
yields. Therefore, the bending capacity of concrete is
ignored, which means that only the bending capacity
of the steel reinforcements in concrete slab is considered.
(6) The vertical restraining rigidity which webs to bottom
flange 𝑘𝑦 = ∞.
Based on above assumptions, the problem to be analyzed
can be simplified as a thin-walled constraint distortion
problem which is restricted by spring restraint and vertical
rigid constraint in horizontal and distortion direction. The
simplified model is plotted in Figure 2.

3. Web Constraint Factor 𝑘𝜙 and 𝑘𝑥
3.1. Rotation Constraint Rigidity 𝑘𝜙 . Figure 3 presents a halfwave length of web section under consideration. The width
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The elastic potential energy caused by half-wave length
longitudinal side spring constraint is
𝑈2 =

and thickness of web section are ℎ𝑤 and 𝑡𝑤 , respectively. 𝜆
refers to the half-wave length of web caused by distortion
buckling in longitudinal direction (called as the half-wave
length hereafter). Two transversal opposite sides are simply
supported. The side connected to top flange is fixed and the
other side connected to bottom flange is simply supported.
The two simply supported sides bear the longitudinal linear
distributed stress 𝜎 in 𝑍 direction (compressive stress is
positive and tension stress is negative). The side connected to
bottom flange bears the equivalent spring constraint moment
𝑚(𝑧) which bottom flange exerted on web. The coordinate of
gravity centre of steel beam total cross section is represented
by −𝑦𝑐 , and the moment of inertia is 𝐼. According to the
assumptions mentioned above, when the negative moment
𝑀𝑥 acts on the reinforcement in concrete slab, the axial
compressive stress at bottom edge of web is 𝜎1 = 𝑀𝑥 𝑦𝑐 /𝐼
and the axial compressive stress at top edge of web is 𝜎2 =
𝜎1 (𝑦𝑐 −ℎ𝑤 )/𝑦𝑐 . Therefore, the axial compressive stress at other
points of web is 𝜎 = 𝜎1 (𝑦𝑐 + 𝑦)/𝑦𝑐 .
Assuming 𝐷 = 𝐸𝑡3𝑤 /12(1 − 𝜇2 ), 𝜇 is Poisson’s ratio
of steel; 𝐸 is the elastic modulus of steel; 𝑢 denotes the
deformation function of web. The boundary conditions of 𝑢
can be expressed as
[𝑢]𝑧=0,𝜆 = 0,

𝜕𝑢
[ ]
= 0,
𝜕𝑦 𝑦=−ℎ𝑤

(1)
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[−𝐷 ( 2 + 𝜇 2 )]
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𝑈1 =

(2)

2

(5)
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.

(6)

The external force work of half-wave length web can be
computed by [16–18]
𝑊=

𝑡𝑤 𝜆 0
𝜕𝑢 2
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Substituting (5) into (8),
𝑊=
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𝜋 2
( ) .
( ) −
420
𝜆
1120𝑦𝑐
𝜆

(8)

The total potential energy of half-wave length web is
Π = 𝑈1 + 𝑈2 − 𝑊.

(9)

Substitution of (4), (6), and (8) into (9) results in
2𝑐2 𝜋 2 𝑐2 ℎ𝑤 𝜋 4
𝜆𝐷 2𝑐2
( ) +
[ 3 +
( )]
2
ℎ𝑤 15ℎ𝑤 𝜆
210 𝜆
+

𝜆𝑘𝜑 𝑐2
2
4ℎ𝑤

−

𝜆𝑐2 𝜎1 𝑡𝑤 ℎ𝑤 𝜋 2
( )
420
𝜆

(10)

2
𝜆𝑐2 𝜎1 𝑡𝑤 ℎ𝑤
𝜋 2
( ) .
1120𝑦𝑐
𝜆

𝑘𝜑
2
𝜋 2 ℎ
𝐷 2
𝜋 4
( ) + 𝑤 ( ) ]+ 2
[ 3 +
2 ℎ𝑤 15ℎ𝑤 𝜆
210 𝜆
4ℎ𝑤
2
𝜎𝑡 ℎ
𝜋 2
𝜋 2 𝜎𝑡 ℎ
− 1 𝑤 𝑤 ( ) + 1 𝑤 𝑤 ( ) = 0.
420
𝜆
1120𝑦𝑐 𝜆

𝑘𝜑 = (
(3)

(11)

By solving (11), one can obtain

2

𝐷 𝜆 0
𝜕2 𝑢
𝜕2 𝑢
𝜕2 𝑢 𝜕2 𝑢
∫ ∫ [( 2 ) + ( 2 ) + 2𝜇 2 2
2 0 −ℎ𝑤
𝜕𝑦
𝜕𝑧
𝜕𝑦 𝜕𝑧

𝜕2 𝑢
+ 2 (1 − 𝜇) (
) ] 𝑑𝑦 𝑑𝑧.
𝜕𝑦𝜕𝑧

0

𝜕𝑢 2
) 𝑑𝑧.
𝜕𝑦 𝑦=0

Based on principle of resident potential energy, we
obtained the following:

The strain energy of half-wave length web in the case of
small deformations is [16–18]
2

2

𝜆

∫ (

𝑈2 =

+

With (1), the displacement functions are written as
𝑦 2
𝑦 3
𝑦
𝜋𝑧
𝑢 = 𝑐 [ + 2 ( ) + ( ) ] sin .
ℎ𝑤
ℎ𝑤
ℎ𝑤
𝜆

𝑘𝜑

Substituting (2) into (5),

Π=

[𝑢]𝑦=0,−ℎ𝑤 = 0,

(4)

3
𝑡𝑤 ℎ𝑤
𝑡 ℎ4
𝜋 2
− 𝑤 𝑤 ) ( ) 𝜎1
105 280𝑦𝑐
𝜆

3
4 4ℎ
𝜋 2 ℎ
𝜋 4
−𝐷[ + 𝑤 ( ) + 𝑤 ( ) ].
ℎ𝑤
15 𝜆
105 𝜆

(12)

4
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𝜎2
yc
𝜎1 y

z

𝜆
The longitudinal edges of the web
The longitudinal edges of the web

tw

𝜎2

h

yc

Π=

𝜎1 f(z)

Figure 4: Rectangular plate subjected to compression and lateral
stress.

3.2. Lateral Constraint Rigidity 𝑘𝑥 . The half-wave length of
web section is shown in Figure 4. Two transversal opposite
sides are simply supported. The side connected to top flange
is fixed and the other side connected to bottom flange
can move laterally. The two simply supported sides bear
the longitudinal linear distributed stress 𝜎 in 𝑍 direction
(similarly, compressive stress is taken as positive and tension
stress is negative). The side connected to bottom flange bears
the equivalent spring constraint distributed force 𝑓(𝑧) which
bottom flange exerted on web.
Based on above analysis, the boundary conditions of 𝑢 can
be expressed as
[𝑢]𝑧=0,𝜆 = 0,

𝜕𝑢
= 0,
]
𝜕𝑦 𝑦=0,−ℎ𝑤

(13)

According to above boundary conditions, the displacement functions can be written as
𝑦 3
𝑦 2
𝜋𝑧
) − 2𝑐 ( ) ] sin .
ℎ𝑤
ℎ𝑤
𝜆

(14)

Substituting (14) into (3), the strain energy of half-wave
length web in the case of small deformations is then obtained
as follows:
𝑈1 =

𝜆𝐷 6𝑐2 13𝑐2 ℎ𝑤 𝜋 4 6𝑐2 𝜋 2
( ) ].
[ 3 +
( ) +
2
ℎ𝑤
70
𝜆
5ℎ𝑤 𝜆

(15)

The elastic potential energy caused by half-wave length
longitudinal side spring constraint is
𝑈2 =

𝑘𝑥 𝜆 2
∫ [𝑢]𝑦=0 𝑑𝑧.
2 0

(16)

Substituting (14) into (16) leads to the fact that
𝑈2 =

𝜆𝑘𝑥 𝑐2
.
4

(17)

Substituting (14) into (7), the external force work of halfwave length web can be obtained as follows:
𝑊=

2
13𝜆𝑐2 𝜎1 𝑡𝑤 ℎ𝑤 𝜋 2 3𝜆𝑐2 𝜎1 𝑡𝑤 ℎ𝑤
𝜋 2
( ) .
( ) −
140
𝜆
140𝑦𝑐
𝜆

+

𝜆𝑘𝑥 𝑐2 13𝜆𝑐2 𝜎1 𝑡𝑤 ℎ𝑤 𝜋 2
−
( )
4
140
𝜆

+

2
3𝜆𝑐2 𝜎1 𝑡𝑤 ℎ𝑤
𝜋 2
( ) .
140𝑦𝑐
𝜆

(19)

Based on principle of resident potential energy, one can
have
𝑘
6
𝜋 2 13ℎ𝑤 𝜋 4
𝐷 6
( ) +
[ 3 +
( ) ]+ 𝑥
2 ℎ𝑤 5ℎ𝑤 𝜆
70
𝜆
4
2
13𝜎1 𝑡𝑤 ℎ𝑤 𝜋 2 3𝜎1 𝑡𝑤 ℎ𝑤
𝜋 2
( ) = 0.
−
( ) +
140
𝜆
140𝑦𝑐
𝜆

(20)

By solving (20), we obtained the following:
2
13𝑡𝑤 ℎ𝑤 3𝑡𝑤 ℎ𝑤
𝜋 2
) ( ) 𝜎1
−
35
35𝑦𝑐
𝜆

12
12 𝜋 2 13ℎ𝑤 𝜋 4
−𝐷[ 3 +
( ) +
( ) ].
5ℎ𝑤 𝜆
35
𝜆
ℎ𝑤

(21)

3.3. Discussion about 𝑘𝑥 and 𝑘𝜙

𝜕2 𝑢
𝜕2 𝑢
[−𝐷 ( 2 + 𝜇 2 )]
= 0.
𝜕𝑧
𝜕𝑦
𝑧=0,𝜆

𝑢 = [𝑐 − 3𝑐 (

𝜆𝐷 6𝑐2 13𝑐2 ℎ𝑤 𝜋 4 6𝑐2 𝜋 2
( )]
[ 3 +
( ) +
2
ℎ𝑤
70
𝜆
5ℎ𝑤 𝜆

𝑘𝑥 = (

[𝑢]𝑦=−ℎ𝑤 = 0,
[

Substituting (15), (17), and (18) into (9), the total potential
energy of half-wave length web is

(18)

(1) Equations (12) and (21) indicated that both 𝑘𝜙 and
𝑘𝑥 show a linear relationship with the longitudinal
compressive stress 𝜎1 . Generally, ℎ𝑤 /𝑦𝑐 is less than
2, so the coefficient before 𝜎1 is positive for most
situations. The bigger 𝜎1 is the higher 𝑘𝜙 and 𝑘𝑥 are.
At the same time, it is of interest to note that both
𝑘𝜙 and 𝑘𝑥 which steel beam bottom flange to web are
determined by the compressive stress 𝜎1 but not by
composite beam section properties.
(2) Since the polynomials on right-hand side of (12) and
(21) have negative terms, 𝑘𝜙 and and 𝑘𝑥 could be
negative. This is not consistent with regular positive
definite rigidity and rigidity matrix. If the rotation
constraint rigidity and lateral constraint rigidity are
negative, the rotation and lateral displacement of steel
beam bottom flange will be restricted by web. Namely,
the steel beam web will restrict bottom flange to
buckle, but the steel beam bottom flange will induce
the web to buckle. According to [16], the lateral
3
3
/(4ℎ𝑤
) is obtained by
constraint rigidity 𝑘 = 𝐸𝑡𝑤
using strip method in the elastic constraint compression member buckling model. However, the restraint
action of two adjacent strips is not considered in
this method. Therefore, the lateral constraint rigidity
which has nothing to do with external forces is
always positive. But this does not agree with the
actual situation. Furthermore, the neglected rotation
constraint rigidity will lead to certain errors when
calculating buckling load of composite beam.
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(3) The ratios of the first term, second term, and third
term on the right side of (21) and (12) are:
(13𝜎𝑡𝑤 ℎ𝑤 /35) (𝜋/𝜆)2
3 /105) (𝜋/𝜆)2
(𝜎𝑡𝑤 ℎ𝑤

=

2
(3𝜎1 𝑡𝑤 ℎ𝑤
/35𝑦𝑐 ) (𝜋/𝜆)2
4 /280𝑦 ) (𝜋/𝜆)2
(𝜎1 𝑡𝑤 ℎ𝑤
𝑐

39
,
2
ℎ𝑤
=

24
,
2
ℎ𝑤

3
𝐷 [12/ℎ𝑤
+ (12/5ℎ𝑤 ) (𝜋/𝜆)2 + (13ℎ𝑤 /35) (𝜋/𝜆)4 ]

(22)

3
.
2
ℎ𝑤

2
𝑘𝑥 /𝑘𝜑 is not an infinitesimal value, so the
From (22), ℎ𝑤
lateral constraint rigidity of bottom flange to web cannot be
disregarded. Namely, in the calculation, the equation 𝑘𝑥 = 0
is not available. Therefore the lateral constraint rigidity of
bottom flange to web cannot be approximated by zero. This
is different from [16] in which the lateral constraint rigidity
which the cold-formed thin-walled lipped channel steel webs
to the top and bottom flange is taken as zero.

4. Theoretical Derivation of Critical Moment
4.1. Derivation of Critical Moment. The lateral constraint
rigidity and rotation constraint rigidity which steel beam web
to bottom flange can be simplified, respectively, as
𝑘𝑥 = 𝛼1 𝛽𝜎 + 𝐷𝛼2 ,

(23)

𝑘𝜑 = 𝛼3 𝛽𝜎 + 𝐷𝛼4 ,

(24)

𝜋 2
𝛽=( ) ,
𝜆
𝛼1 = 𝑡𝑤 ℎ𝑤 (
𝛼2 =

12 2.4𝛽
+
+ 0.37ℎ𝑤 𝛽2 ,
3
ℎ𝑤
ℎ𝑤

(26a)
(26b)

0.0036ℎ𝑤
− 0.0095) ,
𝑦𝑐

(26c)

4
3 2
+ 0.27ℎ𝑤 𝛽 + 0.0095ℎ𝑤
𝛽,
ℎ𝑤

(26d)

3
𝛼3 = 𝑡𝑤 ℎ𝑤
(

𝛼4 =

(25)
0.086ℎ𝑤
− 0.37) ,
𝑦𝑐

𝑀 𝑦
𝑃
𝜎= 𝑥 𝑐 =
.
𝐼
𝐴𝑓

𝑟𝑥 = 𝑘𝑥 𝑢,
𝑟𝑦 = 𝑘𝑦 V,

3 /105) (𝜋/𝜆)4 ]
𝐷 [4/ℎ𝑤 + (4ℎ𝑤 /15) (𝜋/𝜆)2 + (ℎ𝑤

≈

As shown in Figure 2, the thin-walled member is doubly
symmetric along 𝑥-axis and 𝑦-axis and the centre of origin
𝑂 coincides with the flexural center. The displacements of
origin 𝑂 in 𝑥 direction and 𝑦 direction are denoted as 𝑢 and
V, respectively. Because the rigidity in 𝑦 direction is infinity,
V is equal to zero. The equivalent distributed forces caused
by elastic medium as a result of displacements of thin-walled
member can be written as

(27)

3
Therein, 𝐷 = 𝐸𝑡𝑤
/[12(1 − 𝜇2 )]; 𝜇 is Poisson’s ratio of steel;
𝜎 represents the compressive stress of bottom flange; 𝑃 refers
to the compressive force of bottom flange; −𝑦𝑐 is the gravity
centre coordinate of steel beam total cross section; 𝐼 is the
inertia moment of steel beam; 𝜆 = 𝑙/𝑛; 𝑛 is the buckling halfwave number; 𝐴 𝑓 is the area of bottom flange.

(28)

where 𝑘𝑥 and 𝑘𝑦 are the lateral and vertical constraint rigidity
which web to bottom flange, respectively.
The torsional angle which the member rotates around the
bending center is assumed to be 𝜑. The equivalent distributed
moment of torsional thin-walled member induced by equivalent spring is
𝑚 = 𝑘𝜑 𝜑.

(29)

Neutral balance differential equation of thin-walled
member can be expressed as [13, 14]
𝐸𝐼𝑦 𝑢𝐼𝑉 + 𝑃 (𝑢 + 𝑦𝑎 𝜑 ) + 𝑘𝑥 [𝑢 − (𝑦𝑑 − 𝑦𝑎 ) 𝜑] = 0,
𝐸𝐼𝑥 V𝐼𝑉 + 𝑃 (V − 𝑥𝑎 𝜑 ) + 𝑘𝑦 [V + (𝑥𝑑 − 𝑥𝑎 ) 𝜑] = 0,
𝐸𝐼𝑤 𝜑𝐼𝑉 + (𝑟02 𝑃 − 𝐺𝐽) 𝜑 − 𝑃 (𝑥𝑎 V − 𝑦𝑎 𝑢 )

(30)

− 𝑘𝑥 [𝑢 − (𝑦𝑑 − 𝑦𝑎 ) 𝜑] (𝑦𝑑 − 𝑦𝑎 )
+ 𝑘𝑦 [V + (𝑥𝑑 − 𝑥𝑎 ) 𝜑] (𝑥𝑑 − 𝑥𝑎 ) + 𝑘𝜑 𝜑 = 0.
Therein, 𝐼𝑦 = 𝑡𝑓 𝑏𝑓3 /12; 𝐼𝑥 = 𝑏𝑓 𝑡𝑓3 /12; 𝐽 = 𝑏𝑓 𝑡𝑓3 /3; 𝑟02 =
2
𝑥𝑎 +𝑦𝑎2 +(𝐼𝑥 +𝐼𝑦 )/𝐴 𝑠 , 𝐴 𝑠 being the area of steel beam; 𝑥𝑎 is the

horizontal coordinate of the bottom flange section bending
centre, 𝑥𝑎 = 0; 𝑦𝑎 is the vertical coordinate of the bottom
flange section bending centre, 𝑦𝑎 = 0; 𝑥𝑑 is the horizontal
coordinate of the bottom flange section rotation axis, 𝑥𝑑 =
0; 𝑦𝑑 is the vertical coordinate of the bottom flange section
rotation axis, 𝑦𝑑 = 0; 𝐼𝑤 is the fan-shaped inertia moment of
bottom flange section, 𝐼𝑤 = 0; 𝐸 is the tensile elastic modulus
of steel; 𝐺 is the shear elastic modulus of steel.
With substitution of 𝑦𝑎 = 0, 𝑦𝑑 = 0, 𝑥𝑎 = 0, V = 0, 𝐼𝑤 = 0,
𝑘𝑥 = 0, 𝑥𝑎 = 0, 𝑦𝑎 = 0, and 𝑦𝑑 = 0 into (30), one can obtain
𝐸𝐼𝑦 𝐼𝑢𝐼𝑉 + 𝑦𝑐 𝐴 𝑓 𝑀𝑥 𝑢 + (𝛼1 𝛽𝑦𝑐 𝑀𝑥 + 𝐼𝐷𝛼2 ) 𝑢 = 0,

(31)

𝑘𝑦 [V + (𝑥𝑑 − 𝑥𝑎 ) 𝜑] = 0,

(32)

(𝑟02 𝑦𝑐 𝐴 𝑓 𝑀𝑥 − 𝐺𝐽𝐼) 𝜑 + (𝛼3 𝛽𝑦𝑐 𝑀𝑥 + 𝐼𝐷𝛼4 ) 𝜑 = 0.

(33)

When the steel-concrete composite beam in negative
moment region bears lateral bending buckling, its neutral
balance equation is shown in (31) and the corresponding
boundary conditions are
[𝑢]𝑧=0,𝑙 = 0,
[𝑢 ]𝑧=0,𝑙 = 0.

(34)
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Assuming 𝑢 = 𝐴 sin(√𝛽𝑧), which satisfies the boundary
conditions, according to Galerkin’s method,
𝛽2 −

𝑀𝑥 𝑦𝑐 𝐴 𝑓

(𝛼 𝛽𝑀𝑥 𝑦𝑐 /𝐼 + 𝐷𝛼2 )
= 0.
𝛽+ 1
𝐸𝐼𝑦 𝐼
𝐸𝐼𝑦

(35)

By solving (35),
𝑀𝑐𝑟1 =

𝐸𝐼𝑦 𝛽 + 𝐷𝛼2 /𝛽
(𝐴 𝑓 − 𝛼1 ) 𝑦𝑐

𝐼.

(36)

Due to 𝑑𝑀𝑐𝑟1 /𝑑𝛽 = 0, we obtained the following:
𝛽𝑐𝑟1 =

𝑛𝑐𝑟1

3.46
3 /𝐷
√𝐸𝐼𝑦 ℎ𝑤

4
+ 0.37ℎ𝑤

,
(37)

𝑙√𝛽𝑐𝑟1
=
.
𝜋

If 𝑙√𝛽𝑐𝑟1 /𝜋 is an integer, substitution of 𝛽𝑐𝑟1 into (36) leads
to the lateral bending critical moment. If 𝑙√𝛽𝑐𝑟1 /𝜋 is not an
integer, the two values of 𝛽𝑐𝑟1 which makes 𝑙√𝛽𝑐𝑟1 /𝜋 be two
integers most near to 𝑙√𝛽𝑐𝑟1 /𝜋 are then substituted into (36),
and the smaller value is chosen to be the lateral bending
critical moment.
When the steel beam bottom flange of steel-concrete
composite beam in negative moment region suffers rotational
buckling, the steel-concrete composite beam will yield lateral
bending and torsional buckling. The neutral balance equation
is seen in (33) and the boundary conditions are
[𝜑]𝑧=0,𝑙 = 0,

(38)



[𝜑 ]𝑧=0,𝑙 = 0.
2

𝐷𝛼4 )/(𝑟02 𝑀𝑥 𝑦𝑐 𝐴 𝑓 /𝐼

Assume 𝜉 = (𝛼3 𝛽𝑀𝑥 𝑦𝑐 /𝐼 +
Solving (33), we obtained the following:

− 𝐺𝐽).

𝜑 = 𝐴 sin 𝜉𝑧 + 𝐵 cos 𝜉𝑧.

Table 1: Geometric dimension of examples.

𝜉=

𝑛𝜋
= √𝛽,
𝑙

(𝛼3 𝛽𝑀𝑥 𝑦𝑐 /𝐼 + 𝐷𝛼4 )
(𝑟02 𝑀𝑥 𝑦𝑐 𝐴 𝑓 /𝐼 − 𝐺𝐽)

= 𝛽.

𝑀𝑐𝑟2 =

(𝑟02 𝐴 𝑓 − 𝛼3 ) 𝑦𝑐

= min {

𝑛𝑐𝑟2

20.5
,
2
ℎ𝑤

𝑙√𝛽𝑐𝑟2
=
.
𝜋

(𝐴 𝑓 − 𝛼1 ) 𝑦𝑐
3.46

𝛽𝑐𝑟1 =

(40)

𝛽𝑐𝑟2 =

(41)

0.086ℎ𝑤
𝛼1 = 𝑡𝑤 ℎ𝑤 (
− 0.37) ,
𝑦𝑐

(42)

𝛼2 =

(43)
𝛼4 =

Because of the fact that 𝑑𝑀𝑐𝑟2 /𝑑𝛽 = 0, then
𝛽𝑐𝑟2 =

𝐸𝐼𝑦 𝛽𝑐𝑟1 + 𝐷𝛼2 /𝛽𝑐𝑟1

3 /𝐷
√𝐸𝐼𝑦 ℎ𝑤

(44)

4
+ 0.37ℎ𝑤

𝐼,

𝐷𝛼4 /𝛽𝑐𝑟2 + 𝐺𝐽
(𝑟02 𝐴 𝑓 − 𝛼3 ) 𝑦𝑐

𝑏𝑓 /mm
100
100
100
100
100
100
100
80
120

𝐼} ,

,

20.5
,
2
ℎ𝑤

(45)

12 2.4𝛽𝑐𝑟1
2
+
+ 0.37ℎ𝑤 𝛽𝑐𝑟1
,
3
ℎ𝑤
ℎ𝑤

3
𝛼3 = 𝑡𝑤 ℎ𝑤
(

𝐼.

𝑡𝑓 /mm
11.4
10.4
9.4
9.4
9.4
9.4
9.4
9.4
9.4

𝑀𝑐𝑟

(39)

Solving (42),
𝐷𝛼4 /𝛽 + 𝐺𝐽

𝑡𝑤 /mm
7
7
7
8
9
8
8
8
8

When 𝑙√𝛽𝑐𝑟2 /𝜋 is an integer, the substitution of 𝛽𝑐𝑟2 into
(43) gets the lateral bending critical moment. When 𝑙√𝛽𝑐𝑟2 /𝜋
is not an integer, a similar calculation mentioned before is
taken to obtain the lateral bending critical moment.
After getting the lateral bending buckling critical moment
𝑀𝑐𝑟1 and the bending and torsional buckling critical moment
𝑀𝑐𝑟2 the smaller one of these two is taken as the buckling load
of composite beam in negative moment region. The analytical
results indicate that the composite beam in negative moment
region yields as a result of lateral bending and torsional
buckling acting together. Therefore, in [11, 12] the method
in which only one case is considered is questionable. The
presented work is an improvement to them.
To sum up, the calculation formula of buckling moment
can be expressed as

Substituting (39) into (38) and with 𝜑 ≠
0, one can have
sin 𝜉𝑙 = 0,

ℎ𝑤 /mm
188.6
188.6
188.6
188.6
188.6
150
200
200
200

Number of example
1
2
3
4
5
6
7
8
9

0.0036ℎ𝑤
− 0.0095) ,
𝑦𝑐

4
3 2
+ 0.27ℎ𝑤 𝛽𝑐𝑟2 + 0.0095ℎ𝑤
𝛽𝑐𝑟2 .
ℎ𝑤

When 𝑙√𝛽𝑐𝑟1 /𝜋 is not an integer, substituting 𝛽𝑐𝑟1 that
corresponds to two integers of the left and right side of
𝑙√𝛽𝑐𝑟1 /𝜋 into (36), the smaller resulting value of 𝛽𝑐𝑟1 is
the desired value. And when 𝑙√𝛽𝑐𝑟2 /𝜋 is not an integer,
substituting 𝛽𝑐𝑟2 that corresponds to two integers of the left
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Table 2: Calculation results.

Number of example
1
2
3
4
5
6
7
8
9

ANSYS/MPa
5.81 × 102
5.46 × 102
5.13 × 102
6.13 × 102
7.03 × 102
6.32 × 102
6.08 × 102
4.80 × 102
7.89 × 102

Literature method [4]/MPa
2.21 × 102
2.05 × 102
1.87 × 102
2.13 × 102
2.46 × 102
2.56 × 102
2.06 × 102
1.38 × 102
2.92 × 102

and right side of 𝑙√𝛽𝑐𝑟2 /𝜋 into (43), the smaller resulting
value of 𝛽𝑐𝑟2 is the desired value.

Literature method [15]/MPa
8.38 × 102
8.32 × 102
8.27 × 102
12.2 × 102
17.3 × 102
19.2 × 102
10.9 × 102
10.8 × 102
10.4 × 102

The proposed method/MPa
5.83 × 102
5.51 × 102
5.18 × 102
6.28 × 102
7.69 × 102
6.29 × 102
6.09 × 102
4.89 × 102
8.24 × 102

2
𝑘𝑥 /𝑘𝜑 is not infinitesimal, the lateral con(3) Since ℎ𝑤
straint rigidity of bottom flange to web cannot be
neglected. In other words, in the calculation, the
equation 𝑘𝑥 = 0 cannot be used. Therefore it is
proved theoretically that the lateral constraint rigidity
of bottom flange to web cannot be approximated to be
zero. This point is different with the steel structure.
(4) The results, obtained by literatures [4, 15] show
some deviations with the ANSYS results. But the
results by the presented expressions agree well with
the ANSYS results. The reason is that the proposed
expressions consider the lateral bending buckling and
lateral bending-torsion buckling simultaneously. The
proposed method is more reasonable and clearer in
physical concepts in comparison with those methods
which consider only one buckling mode. Besides, the
proposed expressions are more concise and suitable
for the engineering application.

4.2. Practical Example Analysis. Nine cases of I-shape steelconcrete composite beam are shown in Table 1. The length of
specimen in negative moment region is equal to 4000 mm.
Finite element method is adopted to calculate these nine
examples by using ANSYS, in which the concrete part of
composite beam is substituted by lateral restraint and the steel
I-beam is simulated by SHELL 43. The method proposed by
British Steel Construction Institution [4] and the buckling
model method [15] are also used to calculate the buckling
loads. The obtained results are shown in Table 2.
As shown in Table 2, the results obtained by buckling
model method [15] tend to be excessively unsafe. The results
by using the method proposed by British Steel Construction
Institution [4] are too conservative. However, the results of
the proposed method are in good agreement with those
of ANSYS, which means that the proposed method is a
reasonable and effective method.
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Based on energy method, a comprehensive and intensive
study on rotation restraining rigidity 𝑘𝜙 and lateral restraining rigidity 𝑘𝑥 which steel beam web to bottom plate of
steel-concrete composite beam in negative moment region is
performed in this paper. The expressions of lateral bending
buckling stress, lateral bending, and torsional buckling stress
and buckling moments of steel-concrete composite beam in
negative moment region are deduced. Some conclusions are
drawn as follows:
(1) Both the rotation constraint rigidity 𝑘𝜙 and the lateral
constraint rigidity 𝑘𝑥 show a linear relationship with
longitudinal compressive stress 𝜎1 at bottom flange.
(2) The rotation constraint rigidity 𝑘𝜙 and the lateral
constraint rigidity 𝑘𝑥 could be negative. When the
rotation constraint rigidity and the lateral constraint
rigidity are negative that means the bottom flange of
steel beam can be restrained by rotation or lateral
constraint when steel beam was in negative moment
region buckling.
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Present paper deals with the experimental study of the composition of refractory fiber-reinforced aluminous cement based
composites and its response to gradual thermal loading. Basalt fibers were applied in doses of 0.25, 0.5, 1.0, 2.0, and 4.0% in volume.
Simultaneously, binder system based on the aluminous cement was modified by fine ground ceramic powder originated from the
accurate ceramic blocks production. Ceramic powder was dosed as partial replacement of used cement of 5, 10, 15, 20, and 25%.
Influence of composition changes was evaluated by the results of physical and mechanical testing; compressive strength, flexural
strength, bulk density, and fracture energy were determined on the different levels of temperature loading. Increased dose of basalt
fibers allows reaching expected higher values of fracture energy, but with respect to results of compressive and flexural strength
determination as an optimal rate of basalt fibers dose was considered 0.25% in volume. Fine ground ceramic powder application led
to extensive increase of residual mechanical parameters just up to replacement of 10%. Higher replacement of aluminous cement
reduced final values of bulk density but kept mechanical properties on the level of mixtures without aluminous cement replacement.

1. Introduction
The main aim of current technology is the development
of new type of composites which are made to measure
to required conditions. A common problem of new types
of structures made from high performance materials is
their behaviour in certain specific conditions and situations.
Typical example of such specific situation is fire; lack of fire
resistance can be expected especially in case of very subtle
concrete structures.
Concrete undergoes sequences of structural changes
by actual thermal load level. First phase is the evacuation of physically bonded water taking place up to 200∘ C.
Low permeability of high performance concrete (HPC)
causes internal stresses incurred by accumulated steam.

Sudden escape of steam is often reason of surface spalling of
high performance concrete (HPC). The behaviour of concrete
surface layer of HPC with special consideration to spalling
was described in [1, 2]. This deficiency is necessary to be
solved by another additional protection in the form of fire
tiling or other kind of arrangement.
For Portland cement based concrete and other composites the reaching of thermal load of 400∘ C is significant,
when important product of hydration, Ca(OH)2 -portlandite,
decomposes to quick lime and CO2 . Origin of lime during
temperature loading or some fire accident could be source
of secondary internal stresses because of lime hydration.
That has an extensive sense of inconvenience of limestone
application as aggregate as well as fine ground additive to
high temperature resistance concrete. Another undesirable
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volume changes are attendant exhibition of quartz transformation after exceeding thermal rate of 573∘ C. Crack
formation caused by the above mentioned changing usually
has devastating effect on traditional concrete because of
usually high volume of quartz in the mixture. Residual
mechanical parameters are achieving about 15% of original
values which is notably bellow designed requirements [3]. To
reach sufficient resistance to high temperature of composites
is necessary to include into the composition design properties
of all components, as described.
In connection to thermal loading was highlighted expansion caused by structural transformation of SiO2 and cement
hydrates because of its strong destructive effect. But the
initial part of thermal loading of cement based composites
is affected by contraction, due to water escaping, which
increases gradient of total volume changes. Observable
evidence of tensile strength exceeding is crack formation.
Usually, different types of fibers are applied to reduce undesirable internal tension in concrete mixture. To improve fire
resistance of concrete authors in [4] studied the possible
application of PVA fibers on concrete and its residual strength
after exposure to 600∘ C. Combustible fibers contribute to
increased fire resistance only by creating escaping channels
for steam after their burning out [5]. Steel fibers are often used
for tunnel lining to improve spalling resistance, which is, in
case of such structures required, to protect bar reinforcement,
but recrystallization of steel limits their application on higher
temperatures than 600∘ C and cannot ensure their permanent
parameters.
Development of fire barriers, which are based on aluminous cement, has become an integral part of building
industry, especially with regard to the current global political
and security situation. Aluminous cement has excellent characteristics in relation to the high temperatures in comparison
to traditional Portland cement. But fundamental problem
of aluminous cement production is its increased energy
consumption. Production temperature of aluminous cement
is higher than of commonly used Portland clinker.
To reduce negative environmental impact of cement
production there are very often applied several types of
additives for traditional structural concrete, such as fly ash,
silica fume, ground limestone, and ground blast furnace slag.
Unsufficient chemical properties of these mineral additives
fundamentally limit their application on composites loaded
to high temperature. Cement replacement by fine ground
ceramic powder (FGCP) could be an interesting solution
for refractory composites development, although reaction
mechanism is fundamentally different than in case of Portland cement hydration. FGCP is generated during ceramic
production as waste material without any other practical
utilization yet.
Ratio of aggregate in traditional structural concrete is
about 85% of concrete volume [6]. Refractory composites
are usually formulated as fine grain concrete mixtures with
relatively high dose of aluminous cement which is necessary
assumption of good resistance to high temperature [7]. Common dose of aluminous cement for refractory composites is
about 30% in volume which well document their economical
and energy consumption. Higher ratio of fine compounds in
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concrete mixture allows the good space distribution of used
fibers [8]. But for their efficient and full employment to reach
the adequate anchoring is important.
Basalt Fibers. Fundamental advance of nonmetal fibers production began during fifties of the twentieth century with
development of aviation and according to special requirements of army [9, 10]. Natural basalt is the worldwide spread
material of volcanic origin, primarily resistant to corrosion in
acid and also in alkaline environment, and is characterized
by excellent resistance to high and low temperatures from
−260∘ C to +750∘ C. An additional advantage of basalt is
its high hardness (8.5 by Mohs), which greatly affects the
increase in concrete resistance to abrasion. Basalt tiles are
indispensable part of numbers of pieces of technology equipment in chemical and metallurgical industry. Igneous rocks as
basalt have a sufficient melting temperature, just about 1500–
1700∘ C, which allows their great industry application in form
of fibers [8, 11].
Basalt is consisting of number of oxides with essential
impact on its final properties. Dominant SiO2 is represented
by 43.3–47.0% of weight, content of Al2 O3 is just about
11.0–13.0%, CaO and MgO are both represented in case
of basalts of common chemical composition by 8.0–12.0%,
and other oxides form just up to 5% of weight [12, 13].
Chemical properties, especially content of SiO2 , influence the
possibility of processing to fibers. Recommended limit up to
46% SiO2 could ensure good workability of melted mixture
without undesirable crystallization during hardening [14].
Basalt fibers are predominantly produced in form of
continual fiber which is cut to required length. Intensive
development of basalt fibers in form of textiles, bars, roving,
and so forth is also caused by the absence of health risks when
compared to toxic asbestos fibers [15]. With respect to current
requirements for building materials the low price of basalt
fibers when compared to glass or steel fibers is interesting.
Substance of present fact lies in quite easy production process
where it is not necessary to add other additives or admixtures
or any necessary surface treatment [16, 17]. High dose of fibers
reduces workability of fresh mixture [18].
Resistance to high temperatures, alkali-resistance, and
extremely low absorbability allow wide application of basalt
fibers on building industry and technical practise. Longterm durability of basalt fibers and excellent mechanical
and shielding properties enable their application on nuclear
plants structures [19, 20].
Generally, basalts contribute to improved properties of
concrete because of similar physical properties as traditional
aggregates, for example, bulk density [21]. Optimal and
effective dose of basalt fibers for fine grained concrete is
about 0.5% in volume. The use of 1 to 2% of the fiber volume
may be beneficial in structural application where there is a
requirement of high energy absorption capability, improved
resistance against delamination, spalling and fatigue, modulus of rupture, impact resistance, and the fracture toughness
of the concrete [22].
Aluminous Cement. High alumina cement contains the principal hydraulic minerals such as CA (calcium aluminate) and
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CA2 (calcium aluminate). History of high aluminous cement
production started in the twenties of the 20th century. Rapid
evolution of initial mechanical parameters was convenient for
postwar requirements of building industry at the time which
was focused on the restoration of infrastructure. Hydration
of aluminous cement could be expressed by the following
equations (1) and (2) by using traditional cement chemistry
nomenclature (C = CaO; S = SiO2 ; H = H2 O; A = Al2 O3 ):
CA + 10H → CAH10
2CA + 11H → C2 AH8 + AH3

(1)
(2)

Hydrated high aluminous cement proves having sufficient
resistance to chemical corrosion compared with Portland
cement, because of absence of portlandite. Progress of hydration process of high aluminous cement is closely affected by
temperature [23]. Unfortunately, increased curing temperatures lead to metastable hydrates formation.
Several collapses of load bearing structures made from
aluminous cement in the seventies and eighties intensified
the scientific research of aluminous cement hydration products and their long-term properties. Common problem of
aluminous cement lies in the risk of subsequent conversion
of hydration products and decrease of composite mechanical parameters when temperature of hardening mixture
exceeds just about 35∘ C. Conversion of metastable hydrates
is expressed by
3CAH10 → C3 AH6 + 2AH3 + 18H

(3)

3C2 AH8 → 2C3 AH6 + AH3 + 9H

(4)

The core of the converse is the recrystallization of hexagonal C3 AH6 to its cubic form with higher specific density.
Increasing of binder porosity then leads to loss of integrity
of such concrete and to gradual decreasing of mechanical
parameters. It should be noted that structural aluminous
cement concrete has been prohibited because of the risk of
the above described conversion and weakening that can take
place under certain temperature/humidity conditions [23,
24]. Conversion of aluminous cement and loss of mechanical
properties are usually accompanied by visual changes when
binding part of such concrete turns to red [25].
The binder and its hydration product significantly control
final properties, behavior, and thermal resistance of composite; in particular the contact zone between hydration
products and surface of aggregates and fibers is of importance
[26]. Despite restriction of aluminous cement for structural
elements production, it stays to be an extremely important
material for refractories development. Final resistance to high
temperature of hydrated aluminous cement is determined
by the content of Al2 O3 . Secar 71 (70% of Al2 O3 ) was used
because performed temperature loading exceeded 1000∘ C.
Fine Ground Ceramic Powder (FGCP). Nowadays question
of the influence of construction on quality of environment is often discussed. Therefore a number of laboratories are looking for solution of increasing negative impact
closely associated with cement and concrete production.

Attention of a number of research organizations is focused
on the development of alternative binder systems and other
substituents of cement in concrete.
Actual decline of heavy industry, as a producer of majority of commonly used additives such as fly ash, silica fume,
and ground blast furnace slag, is an essential problem because
of lack of additives with suitable chemical compositions. One
of the possibilities is using of fine ceramic powder generated
from the manufacture of accurate brick blocks [27]. This
waste material has pozzolanic properties as is confirmed by
many of the buildings of ancient Rome [28, 29].
Very important role in performance of concrete in severe
environment is played by character of pore system. Influence
of ceramic powder was studied in [30] to evaluate its utilisation in the lime based plasters, where positive impact on
thermal properties was confirmed.
Generally, pozzolanic additives retard initial evolution
of mechanical properties but they provide very interesting
values of long-term properties in relation to durability;
predominantly in concrete technology is further application
of various pozzolanic additive solutions to ensure suitable
rheology, mechanical parameters, and durability properties
presented by frost and chemical resistance [31].
Efficiency of each mineral additive is influenced by its
granularity and shape of particles. Often disadvantage of
some mineral additives lies in the granularity and high
specific surface because of decreasing rheological properties
of fresh paste.
It is important to note that mechanism of hydration of
aluminous cement is different when compared to traditional
Portland cement as well as role of mineral additives in
studied binder system with absence of Ca(OH)2 . Hydration of
aluminous cement in presence of reactive siliceous additives
is marked by the formation of stratlingite in AFm phase
closely related to C2 AH8 [23]. Theoretically, stratlingite could
be formed in the system CaO-SiO2 -Al2 O3 -H2 O according to
(5)
C2 AS + 8H → C2 ASH8

(5)

Detailed description of aluminous cement hydration in presence of siliceous components was researched in [32, 33]. Some
research works were focused on study of various siliceous
additives [34–36] in aluminous cement, but application of
FGCP is novel. Retarding of initial mechanical parameters
and reduction of hydration heat can be concluded from
similar focused research works. Formation of stratlingite
has a high importance because of its stability in ambient
condition and good cementing properties [37] which ensures
long-term durability [38].
The objective of this paper was to develop aluminous
cement based composite for high temperature application.
Undesirable environmental impact related to aluminous
cement production was reduced by partial replacement by
FGCP. Secondary beneficial effect of FGCP application lies in
positive influence on processes of hydration and formation
of stable C-A-S-H hydrates. Prevention of conversion of
metastable hydrates of pure aluminous cement is an essential
problem of this binder system. Basalt fibers were applied
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to ensure suitable ductility and mechanical properties of
designed composite.

2.1. Mixture Design. FGCP was used as replacement of
aluminous cement gradually up to 25%. However, process
of hydration of aluminous cement in presence of siliceous
components is highly dependent on actual chemical composition and physical properties of binder components; specific
surface (m2 ⋅kg−1 ) and chemical analysis were determined.
Experimental program was focused on the study of basic
physical, mechanical, and fracture properties of refractory
composites with ceramic powder replacement and with
different amount of basalt fibers (0.25%, 0.5%, 1.0%, 2.0%, and
4.0%).
Application of efficient plasticizer is necessary to preserve
good workability and low rate of water-cement ratio. Polycarboxylate plasticizer was used in dose of 2.5% of binder based
on previous research. Negative impact of mentioned organic
compound even its flammability was not confirmed [39].
Fine crushed basalt aggregates of two fractions, 0–4 mm
and 2–5 mm, were designed into the composite composition because their absence could reduce final mechanical
properties. Application of natural aggregates significantly
contributes to the economic aspects of composite materials.
Particle size distribution of used basalt aggregates and FGCP
was investigated by using EU standard system of sieves.
Present design of fine grain composites makes varied dose of
basalt fibers possible, including relatively high dose.
Dose of basalt fibers of length 12 mm was gradually
increased in the logarithmical sets from the minimum of
0.25 just up to 4.0% of mixture volume. This reinforcing was
applied for each modification of binder by FGCP. Detailed
composition of all studied composites is shown in Table 1.
Sets of prismatic specimens of dimensions 40 × 40 × 160 mm3
were produced for following testing.
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2. Materials and Methods
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Figure 1: Temperature loading scheme.

supports distance of 100 mm and was calculated by help
of the maximum reached force. Because of determination
of fracture energy specimens were equipped with notch of
just 15 mm depth. For this testing we used universal loading
machine MTS 100 allowing us to control experiment by the
deformation speed which was set up to 0.2 mm/min.
The compressive strength (𝑓cm ) test was performed on
two fragments left after flexural test. The area under compressive load (40 × 40 mm2 ) has been demarcated by the
loading device. From the numerical output of flexural test
values of fracture energy 𝐺𝑓 (J⋅m−2 ) were finally calculated
as a property suitable to evaluate flexural behaviour of fiberreinforced composites because of exactly expressed work (J)
necessary to break tested cross section [41], highlighted area
at Figure 2. For the determination of fracture energy RILEM
recommendation (6) was used [42]. Each set of specimens
was presented by just three pieces except for compressive
strength 𝑓cm which is average from six performed measurings:
𝛿max
1
∫ 𝐹 (𝛿) 𝑑𝛿
𝑎 ⋅ (𝑏 − 𝑛) 0

2.2. Temperature Loading. Gradual temperature loading was
performed in the automatic electric furnace at the 10∘ C/min
heating rate. After reaching required level (600∘ C or 1000∘ C)
samples were after other three hours spontaneously cooled
down. Figure 1 clearly describes whole temperature loading
process in time. Reference specimens to thermal loaded ones
were dried at 105∘ C for 24 hours (to evaporate free water from
inner pore structure) before testing.

3. Results and Discussion

2.3. Investigated Parameters. The investigated parameters
were determined on dried samples at 105∘ C and then after
thermal loading (600∘ C and 1000∘ C). Bulk density of studied composites was investigated on the base of the actual
weight and accurate dimensions of specimens. Changes of
bulk density are related to structural transformation and
mineralogical changes during heating [31].
All tests of mechanical properties were carried out
according to the standard CSN EN 196-1 [40] on prismatic specimens 40 × 40 × 160 mm3 . Flexural strength
𝑓tm measurement was organized as a three-point test with

Detailed chemical composition of used aluminous cement
and applied FGCP is shown in Table 2, as well as values of
specific surface. High fineness of studied cement supplementary material determines its suitable reactivity.
Particle size distribution of used basalt aggregates and
FGCP is shown in Figure 3. Grading of basalt aggregates
presents optimal composition. FGCP contains relatively high
amount of coarser particles which is documented by the
sieve test. Just about 70% of grains of FGCP are smaller than
0.125 mm.
The values presented in Table 3 are means from three
samples (except for compressive strength 𝑓cm which is

𝐺𝑓 =

(6)

𝐺𝑓 : fracture energy (J⋅m−2 ), 𝐹: force (N), 𝛿: deflection (mm),
𝑎: width (m), 𝑏: height (m), and 𝑛: depth of notch (m).
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Table 1: Composition of studied composites.
Basalt aggregates (kg⋅m−3 )

Fine components (kg⋅m−3 )

Liquids (kg⋅m−3 )

0.0%
0
(kg)

Basalt fibers (%)
0.25% 0.5% 1.0% 2.0%
7.25
14.5
29.0
58.0
(kg)
(kg)
(kg)
(kg)

4.0%
116.0
(kg)

0/4 mm

2/5 mm

Cement Secar 71

FGCP

Water

Plasticizer Sika 1035

R-0
R-5
R-10
R-15
R-20
R-25

A-0
A-5
A-10
A-15
A-20
A-20

E-0
E-5
E-10
E-15
E-20
E-25

880
880
880
880
880
880

220
220
220
220
220
220

900
855
810
765
720
675

0
45
90
135
180
225

224
224
224
224
224
224

22.75
22.75
22.75
22.75
22.75
22.75

B-0
B-5
B-10
B-15
B-20
B-25

C-0
C-5
C-10
C-15
C-20
C-25

D-0
D-5
D-10
D-15
D-20
D-25

Table 2: Chemical properties of used aluminous cement and FGCP.

F(𝛿)

Chemical properties
Al2 O3
CaO
SiO2
Fe2 O3
Na2 O
MgO
K2 O
TiO2
Specific surface area

Gf

Secar 71
70.80%
27.50%
0.58%
0.42%
0.27%
0.21%
0.06%
—
381 m2 ⋅kg−1

FGCP
13.98%
8.18%
63.45%
5.39%
0.90%
—
2.43%
0.77%
336 m2 ⋅kg−1

𝛿

Figure 2: Expression of fracture energy.

Cumulative passing (%)

100.0
80.0

73.73

79.7

85.67

90.44

99.87 100
100
84.5

95.77

60.0
44.33
40.0

33.3
21.3

20.0
0.0

0
0

3

5.4

10.4

0.063 0.125 0.25

0.5

1

2

4

8

Sieve size (mm)
Basalt aggregate
FGCP

Figure 3: Granularity of used fine grounded ceramic powder and
used basalt aggregate.

average from six performed tests) which were loaded up
to two high temperature levels. Reference set of specimens
were dried to 105∘ C to equilibrium weight to limit negative
impact of the steam evacuating during the heating process,
which could cause undesirable spalling and cracks formation.
Then intended samples were heated up to 600∘ C and 1000∘ C.

Besides absolute values relative values [%] are added related
to the reference samples dried to 105∘ C for each mixture.
We can observe (Figure 4) the gradual decay of bulk
density due to effect of high temperature, when physically
bounded water is evaporated first. Increase of temperature
leads to further decrease of bulk density which is caused
by partial chemical decomposition of hydration products.
Application of FGCP as aluminous cement replacement led
to slight reduction of bulk density of heated and nonheated
samples.
With increasing dose of basalt fibers the bulk density
is getting down which is probably caused by air-entraining
effect of extreme high amount of fibers, but it is very
interesting that higher dose of basalt fibers reduces residual
values too. Dose of 0.50% of basalt fibers seems to be optimal
according to total and residual values of bulk density.
Flexural strength was essentially affected by the basalts
fibers application. Increased amount of used fibers led to
increase of flexural strength but not exactly according to their
total dosage. Final values of flexural strength of mixtures
with fibers application do not differ much (Figure 5). Final
values in case of the lowest (0.25%) and the highest (4.0%)
dosage are rather similar, so for such formulated mixtures
the dosage of 4.0% in volume is economically limiting. It
is probably caused by imperfect space distribution of used
fibers in such formulated mixture composition with coarser
aggregates which is well documented on the results of fracture
energy determination described below.
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Table 3: Results of basic mechanical parameters measurement.
∘

R-0
R-5
R-10
R-15
R-20
R-25
A-0
A-5
A-10
A-15
A-20
A-25
B-0
B-5
B-10
B-15
B-20
B-25
C-0
C-5
C-10
C-15
C-20
C-25
D-0
D-5
D-10
D-15
D-20
D-25
E-0
E-5
E-10
E-15
E-20
E-25

𝜌
(kg⋅m−3 )
2330
2326
2327
2320
2355
2291
2280
2326
2370
2360
2340
2345
2440
2441
2425
2402
2342
2306
2250
2408
2415
2342
2312
2247
2400
2343
2332
2265
2264
2275
2186
2095
2064
2002
2005
1996

105 C
𝑓tm
(MPa)
5.2
5.4
5.5
6.7
8.2
7.9
13.2
15.8
16.7
16.0
15.1
13.5
11.9
12.8
13.1
12.9
12.5
12.9
13.4
12.3
12.0
11.6
11.2
10.7
12.3
14.1
13.9
13.6
13.4
12.3
18.0
18.9
19.3
18.9
18.3
17.9

𝑓cm
(MPa)
47.7
46.9
48.5
50.3
53.3
48.9
113.5
132.5
133.0
130.3
126.0
97.0
100.5
95.3
91.7
84.5
82.1
80.2
93.9
95.7
98.7
94.5
92.1
89.0
94.1
90.0
93.2
90.2
97.9
99.4
99.1
87.5
82.4
79.8
78.4
77.0

𝜌
(kg⋅m−3 )/(%)
2260
97.0
2216
95.3
2250
96.7
2247
96.9
2258
95.9
2201
96.1
2175
95.4
2164
93.0
2178
91.9
2189
92.8
2153
92.0
2140
91.3
2320
95.1
2320
95.0
2284
94.2
2238
93.2
2215
94.6
2135
92.6
2180
96.9
2275
94.5
2287
94.7
2225
95.0
2198
95.1
2104
93.6
2225
92.7
2196
93.7
2210
94.8
2138
94.4
2130
94.1
2120
93.2
2072
94.8
1940
92.6
1905
92.3
1898
94.8
1870
93.3
1840
92.2

600∘ C
𝑓tm
(MPa)/(%)
2.1
40.4
4.2
77.8
3.8
69.1
4.1
61.2
5.0
61.0
4.4
55.7
5.7
43.2
6.5
41.1
7.4
44.3
8.6
53.8
7.9
52.3
6.5
48.1
5.9
49.6
6.3
49.2
6.5
49.6
5.8
45.0
5.7
45.6
6.1
47.3
6.2
46.3
5.8
47.2
5.8
48.3
6.0
51.7
5.5
49.1
5.0
46.7
6.6
53.7
7.1
50.4
7.3
52.5
6.9
50.7
6.8
50.7
6.9
56.1
9.8
54.4
7.7
40.7
8.1
42.0
8.5
45.0
6.9
37.7
6.5
36.3

Very interesting finding offers the evaluation of impact of
FGCP replacement on studied composites in relation to flexural strength results which often pay for important material
parameters. Residual values of flexural strength of each set of
mixtures exhibit nearly similar results which well document
great potential of studied additive for wider utilization. By
comparison of relative values of flexural strength we can
observe increasing stability of all studied mixtures.
Final values of compressive strength well correspond with
flexural strength results. Application of basalt fibers increased
total values of compressive strength but higher dose of basalt
fiber led to reduction of this parameter, however, as well as in

𝑓cm
(MPa)/(%)
31.1
65.2
39.4
84.0
40.5
83.5
45.0
89.5
49.2
92.3
41.2
84.3
68.3
60.2
74.2
56.0
89.1
67.0
87.0
66.8
85.3
67.7
62.6
64.5
64.1
63.8
63.6
66.7
59.8
65.2
56.2
66.5
54.8
66.7
52.0
64.8
52.7
56.1
55.9
58.4
53.6
54.3
51.4
54.4
50.3
54.6
48.7
54.7
58.6
62.3
55.1
61.2
57.9
62.1
54.6
60.5
62.3
63.6
64.4
64.8
58.8
59.3
42.8
48.9
40.7
49.4
39.7
49.7
37.9
48.3
35.4
46.0

𝜌
(kg⋅m−3 )/(%)
2185
93.8
2151
92.5
2199
94.5
2195
94.6
2232
94.8
2182
95.2
2130
93.4
2155
92.6
2167
91.4
2125
90.0
2135
91.2
2125
90.6
2270
93.0
2280
93.4
2255
93.0
2237
93.1
2205
94.2
2125
92.2
2120
96.4
2223
92.3
2217
91.8
2135
91.2
2108
91.2
2067
92.0
2210
92.1
2165
92.4
2151
92.2
2125
93.8
2095
92.5
2083
91.6
1954
89.4
1886
90.0
1845
89.4
1815
90.7
1810
90.3
1801
90.2

1000∘ C
𝑓tm
(MPa)/(%)
1.5
28.8
2.3
42.6
2.0
36.4
2.2
32.8
2.0
24.4
3.3
41.8
3.4
25.8
3.0
19.0
4.3
25.7
4.3
26.9
4.8
31.8
3.2
23.7
3.7
31.1
3.8
29.7
3.6
27.5
3.6
27.9
3.4
27.2
3.2
24.8
3.7
27.6
3.7
30.1
3.9
32.5
4.1
35.3
4.0
35.7
3.8
35.5
3.8
30.9
3.8
27.0
3.7
26.6
4.0
29.4
4.2
31.3
4.2
34.1
3.9
21.7
4.0
21.2
4.2
21.8
3.6
19.0
4.1
22.4
4.4
24.6

𝑓cm
(MPa)/(%)
18.8
39.4
22.6
48.2
20.9
43.1
21.5
42.7
23.5
44.1
29.9
61.1
27.1
23.9
28.5
21.5
37.7
28.3
38.8
29.8
37.8
30.0
31.5
32.5
36.2
36.0
40.8
42.8
39.6
43.2
34.4
40.7
35.1
42.8
35.2
43.9
26.4
28.1
31.1
32.5
32.3
32.7
28.6
30.3
28.1
30.5
27.6
31.0
29.8
31.7
27.1
30.1
29.5
31.7
24.3
26.9
32.4
33.1
33.3
33.5
21.1
21.3
20.0
22.9
22.4
27.2
18.9
23.7
20.8
26.5
21.8
28.3

case of flexural strength seeming to be not effective (Figures
5 and 6). Objective of refractory composites is the evaluation
of residual values which were in case of compressive strength
positively affected by FGCP application. Increasing of mixture stability, marked on relative values, is more extensive
in sets of mixture with lower dose of fibers. Generally final
results of compressive strength are quite similar both in
terms of ceramic powder replacement and in terms of basalt
fibers application which is more optimistic predominantly for
studied additive because of explicit savings.
Investigation of fracture properties serves usually to
complement experimental program for better description of

E-0
E-5
E-10
E-15
E-20
E-25

D-0
D-5
D-10
D-15
D-20
D-25

C-0
C-5
C-10
C-15
C-20
C-25
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2200
2100
2000
1900
1800
1700

R-0
R-5
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R-25

Bulk density (kg/m3 )
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1000∘ C
600∘ C
105∘ C

E-0
E-5
E-10
E-15
E-20
E-25

D-0
D-5
D-10
D-15
D-20
D-25

C-0
C-5
C-10
C-15
C-20
C-25

B-0
B-5
B-10
B-15
B-20
B-25

A-0
A-5
A-10
A-15
A-20
A-25

20
18
16
14
12
10
8
6
4
2
0

R-0
R-5
R-10
R-15
R-20
R-25

Flexural strength (MPa)

Figure 4: Impact of different composition and temperature loading on bulk density.

1000∘ C
600∘ C
105∘ C

Figure 5: Impact of different composition and temperature loading on flexural strength.

120
100
80
60
40

E-0
E-5
E-10
E-15
E-20
E-25

D-0
D-5
D-10
D-15
D-20
D-25

C-0
C-5
C-10
C-15
C-20
C-25

B-0
B-5
B-10
B-15
B-20
B-25

0

A-0
A-5
A-10
A-15
A-20
A-25

20
R-0
R-5
R-10
R-15
R-20
R-25

Compressive strength (MPa)

140

1000∘ C
600∘ C
105∘ C

Figure 6: Impact of different composition and temperature loading on compressive strength.

ongoing changes because of extensive sensitiveness of present
methodology. The fracture energy values reflect the failure
mechanism and deformation properties of studied composites, and especially can describe the failure mode (fragile or
soft) and the softening part of stress-strain diagram. Results
of previous research [43] exhibited that, besides exact evaluation of composition changes, investigation of fracture energy
could document the microstructural changes due to high

temperature impact which is noticeable in Figure 7. Original
brittle behavior of studied composites evinced apparent
softening. Detailed results of fracture energy determination
are shown in Table 4, a graphical illustration in Figure 8.
Determination of fracture energy brought valuable information about impact of different composition of studied
mixtures which were not entirely obvious especially for fiber
application. On the background of fracture energy results

8

Advances in Materials Science and Engineering
Table 4: Fracture energy of studied composites.

R-0
R-5
R-10
R-15
R-20
R-25
A-0
A-5
A-10
A-15
A-20
A-25
B-0
B-5
B-10
B-15
B-20
B-25
C-0
C-5
C-10
C-15
C-20
C-25
D-0
D-5
D-10
D-15
D-20
D-25
E-0
E-5
E-10
E-15
E-20
E-25

Fracture energy (J⋅m )
FGCP
replacement (%) 105∘ C 600∘ C 1000∘ C
0
5
10
15
20
25

50.1
65.8
68.4
75.3
87.8
70.5

47.6
60.4
63.5
65.5
72.3
55.4

39.6
52.3
58.6
55.6
51.2
53.4

0
5
10
15
20
25

110.3
135.9
179.4
209.2
185.2
160.4

60.4
68.7
82.0
93.9
84.3
79.3

22.9
52.9
66.1
70.7
78.0
77.9

0
5
10
15
20
25

275.5
315.2
302.4
295.8
281.5
303.8

128.3
135.4
142.8
128.9
117.4
148.4

82.5
89.2
95.6
68.7
72.5
70.6

1.0

0
5
10
15
20
25

207.0
218.6
215.2
216.0
227.6
238.8

71.4
112.6
99.5
86.9
85.6
94.7

63.9
68.7
65.0
61.2
62.1
72.9

2.0

0
5
10
15
20
25

127.2
182.7
179.9
165.8
142.3
133.4

94.3
109.5
118.2
121.8
95.4
89.4

57.0
63.9
72.5
64.2
58.9
67.3

4.0

0
5
10
15
20
25

115.2
121.6
132.1
125.5
102.3
99.7

81.0
75.5
68.5
57.4
62.3
59.7

64.0
72.4
65.8
52.8
60.0
52.6

0

0.25

0.50

we can well compare efficiency of fiber employment under
testing.
Dose of 0.50% of basalt fibers is considerably the best
variation of applied amount of fibers which is not closely in
compliance with flexural and compressive strength results.
On the other side, the set of mixtures with 0.50% of basalt
fibers exhibited the biggest decay of fracture energy due to
temperature loading; nevertheless they are still slightly higher
than other investigated mixtures. Residual values of fracture
energy after loading up to 600∘ C are about 10% higher as well
as for 1000∘ C temperature load.

5000
4000
Force (N)

Mixture Basalt fiber
volume (%)

6000
−2

3000
2000
1000
0
0

0.1

0.2

0.3
0.4
Deflection (mm)

0.5

0.6

0.7

105∘ C
600∘ C
1000∘ C

Figure 7: Changes of mechanical behaviour due to temperature
loading (example).

Optimal space distribution of fibers contributed partially
to residual resistance. It has an essential sense for mixture
composition optimization and for increasing of economical
parameters of developed composites. Decrease of fracture
properties of sets of mixtures “C”, “D,” and “E” (1.0, 2.0, and
4.0% of basalt fibers) was caused by deficient of cohesiveness
of used fibers and binder matrix which was powered by line
distribution of fibers. Then during loading they were not
adequately bonded and slipped out the structure.
Investigation of fracture energy confirmed results of basic
mechanical test given to FGCP application. Binder matrix
modified by addition of FGCP exhibited sufficient bond
properties. For mixtures with lower content of basalt fibers
(0.25 and 0.50%) values of fracture energy are getting higher
with FGCP dosage as well as for mixtures without fibers.
Because content of silica in FGCP is the general contribution
of studied additive to residual properties noticeable particularly for composites loaded up to 600∘ C, influencing of
residual values of fracture properties after 1000∘ C is quite
similar for all sets of mixtures.

4. Conclusion
Residual properties of high temperature resistant composites
with different composition were investigated in performed
experimental program. Attention was paid to determination
of influence of basalt fibers dose and to study of FGCP as aluminous cement replacement. The motivation was to develop
high temperature resistant fiber-reinforced composite with
reduced environmental impact. Basic physical, mechanical,
and fracture properties before and after temperature loading
were measured in order to evaluate the system behaviour.
The most suitable and economic option is 10% replacement of aluminous cement by FGCP and application of basalt
fibers dose 0.25% in volume in terms of all investigated
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R-5
R-10
R-15
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R-25

Fracture energy (J/m2 )

350

1000∘ C
600∘ C
105∘ C

Figure 8: Impact of different composition and temperature loading on fracture energy.

residual parameters after exposure to 1000∘ C. Increased
dose of basalt fibers did not exhibit increasing flexural and
compressive strength as well as fracture energy which was
probably caused by defective spatial distribution of fibers.
Application of FGCP as a cement supplementary material
seems to be very effective. FGCP significantly contributes
to keeping the stability of all studied properties after high
temperature loading which was declared on the results of
studied residual properties measurement in comparison to
reference mixtures. There is an expressive environmental
benefit too with respect to economic aspects of used high
aluminous cement and mentioned additive.
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[4] E. Vejmelková and R. Černý, “Thermal properties of PVA-Fiber
reinforced cement composites at high temperatures,” Applied
Mechanics and Materials, vol. 377, pp. 45–49, 2013.
[5] Z. J. Li, X. M. Zhou, and B. Shen, “Fiber-cement extrudates with
perlite subjected to high temperatures,” Journal of Materials in
Civil Engineering, vol. 16, no. 3, pp. 221–229, 2004.
[6] A. M. Neville, Properties of Concrete, Prentice Hall, 5th edition,
2012.
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of high temperature treatment on the mechanical properties of
basalt fiber reinforced aluminous composites,” Applied Mechanics and Materials, vol. 732, pp. 111–114, 2015.
V. A. Rybin, A. V. Utkin, and N. I. Baklanova, “Alkali resistance,
microstructural and mechanical performance of zirconiacoated basalt fibers,” Cement and Concrete Research, vol. 53, pp.
1–8, 2013.
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Aggregate occupies at least three-quarters of the volume of concrete, so its impact on concrete’s properties is significant. Both
size and shape of aggregate influence workability, mechanical properties, and durability of concrete. On the other hand, the shape
of cement particles plays also an important role in the hydration process due to surface dissolution in the hardening process.
Additionally, grain dispersion, shape, and size govern the pore percolation process that is of crucial importance for concrete
durability. Discrete element modeling (DEM) is commonly employed for simulation of concrete structure. To be able to do so,
the assessed grain shape should be implemented. The approaches for aggregate and cement structure simulation by a concurrent
algorithm-based DEM system are discussed in this paper. Both aggregate and cement grains were experimentally analyzed by
X-ray tomography method recently. The results provide a real experimental database, for example, surface area versus volume
distribution, for simulation of particles in concrete technology. Optimum solutions are obtained by different simplified shapes
proposed for aggregate and cement, respectively. In this way, more reliable concepts for aggregate structure and fresh cement paste
can be simulated by a DEM system.

1. Introduction
A particle is defined as the smallest discrete unit of a powder
mass that cannot be easily subdivided [1]. The shapes of real
particles are irregular from coarse aggregate to a mineral
admixture in concrete. Aggregate occupies at least threequarters of the volume of concrete, so its impact on concrete’s
properties is significant. The sieve curve traditionally defines
the aggregate size range. Another essential property is grain
shape. Both size and shape influence compactability and
workability in the fresh state and the mechanical and durability properties of the hardened concrete. The definition of the
actual grain shape as well as the representation in a discrete
element modeling (DEM) system is complicated, however.
Furthermore, the real shape of aggregate or binder particles
can vary widely. The sphere is therefore generally adopted
in conventional simulation systems in concrete technology
that are mostly of random sequential addition (RSA) nature,
despite imposing serious limitations and biases.

The shape of cement particles plays also an important
role in the hydration process due to surface dissolution in
the hardening process. Additionally, grain dispersion, shape,
and size govern the pore percolation process that is of crucial
importance for concrete durability [2]. Cement hydration
in a DEM approach renders the possibility of investigating
microstructure development and resulting properties of concrete. A digital image-based model [3] as well as continuum
models [4–6] has been developed for this purpose. Apart
from the digital image-based model, particle shape is generally assumed to be spherical, because of inherent simplification in algorithm formulation, however, at the cost of biases
in the simulation results. Recently, some reference cement
and aggregate materials were analyzed by microtomography
(𝜇CT) and X-ray tomography (CT), respectively [7, 8]. The
results provide real experimental databases of aggregate and
cement grains, providing valuable parameters for the DEM
simulation. This is even more so, since traditional shape
analysis methods, for example, manual measurement or
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Figure 1: Simulation strategy of arbitrary shaped aggregate: (top) differently shaped ellipsoids represent river gravel; (bottom) differently
shaped polyhedrons represent crushed rock.

experimental techniques in building codes such as ASTM
D-3398-97, cannot provide sufficient information for particle
reconstruction in the DEM systems. The involved experimental difficulties would be even greater for very fine particles
such as cement grains. Simulation of concrete by a DEM
system requires a large number of particles with different
sizes to guarantee the RVE demand. They will inevitably also
have different shapes. However, giving all particles individual
shapes in DEM would be too expensive and (computer)
time-consuming for solving practical engineering problems
[9]. Therefore, a practical strategy is to select a single shape
parameter, or eventually a limited number of typical shapes
to represent a particles mixture.
In this paper, simulation strategies are presented for the
representation of real aggregate and cement grains in concrete technology. This simulation approach is incorporated in
a physical concurrent algorithm-based DEM system, that is,
HADES. The system is developed for making more realistic
packing simulations by using nonspherical particles. It is
based on a contact mechanism that evaluates the interaction
forces exerted between segmented surfaces of neighboring
particles. It can provide packing densities up to the dense
random packing state relevant for the present purposes. More
detailed information about the system can be found in [10].
A practical shape analysis study is conducted on the basis of
CT and 𝜇CT results available in the international literature
[7, 8]. Specific simulation strategies could be proposed for
both aggregate and cement particle simulation.

2. Shape Simulation of Aggregate Grains
Aggregate in concrete can be divided into two groups, that
is, gravel of fluvial origin and crushed rock, representing
rounded and angular-shaped particles, respectively, as shown
in Figure 1. The ellipsoid was selected to represent the
river gravel particles, whereas the polyhedron was used for
simulation of crushed rock grains. The surface of these model
particles is tessellated by a mesh positioned on the grains’
surfaces. The mesh should be fine enough for a proper

generation of the particles and interparticle computational
requirement [10].
As a practical example, a series of regular polyhedrons
with 4 to 8 facetted surfaces were employed to represent
crushed rock aggregate as used in railroad beds [11]. This
greatly simplifies the simulation, since only the two parameters should be specified, that is, the sieve size and the
maximum size of the surface element. Figure 2 presents the
meshed particles of the regular polyhedrons employed in this
study. The volume fraction of each type of polyhedron is taken
similar to that found in the field study of Guo [11].
Recently, in a study of Erdogan et al. [8], the shapes of four
different types of aggregate, denoted by GR, LS, IN, and AZ,
were investigated by the CT method and reconstructed by the
spherical harmonic (SH) technique [8]. The most interesting
information coming from this shape analysis is the global
surface area (𝑆) to volume (𝑉) curve of each type of aggregate.
A function 𝑆 = 𝑎𝑉𝑏 was used to represent the 𝑆 versus 𝑉 curve
for each type of aggregate [8]. The coefficients 𝑎 and 𝑏 were
assessed for all cases and are listed in Table 1 [8]. The variances
of the regression approximations were exceeding 0.98 in all
cases.
The regression function 𝑆 = 𝑎 𝑉2/3 was employed to
fit the different types of aggregate. Next, 𝑎 is determined
(volume < 4000 mm3 ) with a variation lower than 5% for each
type of aggregate, as given in Table 1. A common shape index
like sphericity is finally determined for each type of aggregate
by
Sphericity =

𝑆eq.sphere
𝑆particle

=

−1
4𝜋 (3𝑉/4𝜋)2/3
= 4.836 (𝑎 )
(1)

2/3
𝑎𝑉

in which 𝑎 is the coefficient in the above-mentioned relationship of 𝑆 versus 𝑉2/3 . Sphericity is defined as the surface area
ratio of the equivalent sphere and the real particle, so both
having equal volume. The sphericity values are also listed in
Table 1. Obviously, the crushed rock types GR and LS cannot
be distinguished by means of sphericity. The natural river
gravel types IN and AZ have a relatively larger sphericity, as
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Figure 2: Nine regular polyhedra with facet numbers 4∼8.

Table 1: 𝑆-𝑉 correlation coefficients found by Erdogan et al. [8] for four types of aggregate: 𝑎 and 𝑏 are from 𝑆 = 𝑎𝑉𝑏 , while coefficient 𝑎 is
from 𝑆 = 𝑎 𝑉2/3 . Sphericity is calculated by (1).
Aggregate type
GR
LS
IN
AZ

Coefficient 𝑎
8.1
7.5
8.6
9.1

Variance 𝑅2
0.99
0.997
0.99
0.98

Coefficient 𝑏
0.63
0.64
0.62
0.61

Coefficient 𝑎
6.13
6.12
6.06
5.95

Sphericity
0.79
0.79
0.80
0.81

Table 2: Shape indices of the regular polyhedra, appropriate proportions according to Guo [11], and revised proportions for better overall
simulation results.
Shapes
Tetrahedron
Pentahedron I
Pentahedron II
Hexahedron I (cube)
Hexahedron II
Heptahedron I
Heptahedron II
Octahedron I
Octahedron II
Sphere

Facet number
4
5
5
6
6
7
7
8
8
∞

Sphericity
0.67
0.70
0.72
0.81
0.76
0.83
0.80
0.85
0.78
1.00

could be expected. But sphericity seems not very effective in
distinguishing between actual shapes.
The proposed proportions by Guo [11] for simulation
of crushed rock in railway beds are then analyzed on the
basis of experimental results of Erdogan et al. [8]. Shape
indices of different regular polyhedra are listed in Table 2
with the sphere as a reference. It demonstrates that the
shape indices of crushed rock samples GR and LS in Table 1
are within the range of shape indices of these nine regular
polyhedra. Guo [11] also proposed for the crushed rock
proportions of each shape category, as listed in Table 2. Next,
the composite polyhedra method proposed by Guo [11] can be
compared with experimental results of GR and LS [8], shown

𝑎
7.21
6.95
6.71
6.00
6.39
5.83
6.06
5.72
6.24
4.84

Proportion by Guo [11]
10.0%
12.5%
12.5%
17.5%
17.5%
10.0%
10.0%
5.0%
5.0%
—

Revised proportion
5%
5%
5%
10%
10%
15.5%
15.5%
17%
17%
—

in Figure 3. Generally speaking, Guo’s proposal fits the data of
aggregates GR and LS quite well. But there is some deviation
in the large particle range. Therefore, a better proportion of
each category is indicated in Table 1 as well as in Figure 3. By
theses proportions, 𝑆-𝑉 information of composite polyhedra
can better comply with the experimental results of GR and LS
types. This practical example on crushed rock in railway beds
shows that a proper global representation can be obtained by
the sketched simple simulation strategy.
On the other hand, ellipsoids are particularly interesting
because with only 3 parameters a variety of shapes, ranging
from oblate to oblong, can be described. Three principal
axes (𝑎 represents the longest, 𝑏 the medium size, and 𝑐
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Figure 3: 𝑆-𝑉 curves of crushed rock types (GR and LS), of
composite polyhedra and of the sphere.

the shortest axis) determine the shape of an ellipsoid. By
parameter variation, different ellipsoids with different 𝑆-𝑉
relationships can be derived. 𝑉 and 𝑆 can be obtained by [12]:
4
𝑉 = 𝜋𝑎𝑏𝑐,
3
𝜋

𝑆 = 2𝑏√2 ∫ √𝑎2 + 𝑐2 + (𝑎2 − 𝑐2 ) cos (2𝜙) sin 𝜙
0

(2)

2 (𝑏2 − 𝑎2 )
𝑐
⋅𝐸( √ 2 2
sin 𝜙) 𝑑𝜙
𝑏 𝑎 + 𝑐 + (𝑎2 − 𝑐2 ) cos (2𝜙)
in which 𝐸 = (𝑏2 cos2 𝜃 + 𝑎2 sin2 𝜃)sin2 𝜙 is a coefficient of the
first fundamental form and 𝜙 is a polar angle. Flatness and
elongation are defined as 𝑐/𝑏 and 𝑏/𝑎, respectively. So, the
distribution contours of sphericity and 𝑆/𝑉2/3 (or 𝑎 ) with
different elongation and flatness values can be constructed,
as depicted in Figure 4.
Figure 4(a) reveals that if elongation and flatness are both
larger than 0.5, sphericity of an ellipsoid will be close to 1.
𝑆/𝑉2/3 -contours with elongation and flatness are plotted in
Figure 4(b). With experimental values of IN and AZ types
in Table 1, the hatched regions in Figure 4 can be selected as
the optimum solution. The preferred elongation and flatness
of an ellipsoid should exceed 0.3 and 0.4, respectively. This
conclusion is comparable with the experimental results on
gravel in Figure 4. The selected ellipsoids are thus neither very
elongated nor flat.

3. Shape Simulation of Cement Grains
Computer X-ray microtomography offers a potential solution
for shape assessment of cements, as shown by Garboczi and
Bullard [7, 13]. The microstructures of hydrated cements

based on actual grain shape and on spherical shape were
found significantly different in the study [13]. The results
provide an experimental database of this cement that yields
some valuable parameters for DEM simulation of cement
hydration.
Using cement grains in numerical simulations similar to
the real ones would be too expensive. So, it is crucial finding
simpler shapes that are sufficiently representative. Similar
as in the case of the aggregate simulation, a shape analysis
study was therefore conducted with some simpler shapes.
Based on this analysis, a simulation strategy is proposed for
cement. More realistic but still cost-effective particle shapes
are therefore implemented in the DEM system.
Cement is made by raw materials such as limestone
and clay, after a process of calcination. Raw cement clinkers
consist of hard, large, and roughly rounded particles on
a scale of centimeters. Raw cement clinkers are ground
in the miller with a small amount of gypsum into small
cement grains. Hence, the obtained cement grains will tend
to angular shapes on a scale of micrometers. Polyhedra seem
therefore more appropriate for simulation of cement grains.
Nine polyhedra in Figure 2 are also selected for this shape
analysis. As the surface area-to-volume (𝑆-𝑉) relationship
was the most important information obtained from the
experimental reference [7], values of these shape indices
are plotted in Figure 5. The surface to volume relationship
can generally be expressed also by 𝑆 = 𝑎 𝑉2/3 . Within an
effective experimental volume of 10,000∼150,000 𝜇m3 [7],
the coefficient 𝑎 = 5.8 was found by regression analysis,
with a coefficient of variation lower than 5%. Proposed
shapes should therefore approximate this value. In this case,
sphericity can be calculated as 0.83.
From Figure 5 and Table 2, it is concluded that the
heptahedron 𝐼 and the octahedron 𝐼 offer the most promising
solutions. The octahedron is selected for the simulation study
because of allowing an easier transformation into irregular
shapes by parameter variation. Three axes can be employed
for this purpose, in agreement with [14]. Since the 𝑆-𝑉 curve
of an octahedron is close to that of the reference cement, some
limited random variation can be applied accounting for the
diversity of particle shape.
Figure 6(a) shows the 𝑆-𝑉 distributions of randomly
generated octahedra with an experimental reference curve.
This figure reveals the cases of 1000 particles with longest
axis in the 10∼50 𝜇m size range. The 𝑆-𝑉 relationships comply
well with the experiments. Figure 6(b) shows an example of
a loose packed structure of arbitrary octahedrons supposedly
representing fresh cement.
Morphological comparisons can additionally be made
between sections of simulated particle structures and of
real ones. As an example, Figure 7(a) shows a random
section of the simulated structure shown in Figure 6(b) and
a 2D section of a real cement structure obtained by X-ray
microtomography. Cement particles in Figure 7(b), displayed
in light grey, obviously reveal the angular shape that is
similarly revealed by the section of the polyhedral cement
particles in Figure 7(a). This adds to the aforementioned
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Figure 4: Distribution contours of (a) sphericity and (b) 𝑆/𝑉2/3 with different elongation and flatness of an ellipsoid.

4. Discussion and Conclusions
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Figure 5: 𝑆-𝑉 curves of reference cement and some regular
polyhedral.

quantitative matching of 𝑆-𝑉 features of real and simulated
cement structures, as shown by Figure 6(a). Therefore, it can
be concluded that the proposed simulation method provides
a significantly improved option for modelling of cement
particles as compared to the conventional approaches in
which spheres are employed. This will also have an impact
on the hydration process, as well. The simulation of this
complicated interference process of hydrating particles is
still a demanding issue, however. A possible way out of this
hydration simulation problem is to have the outer layer of
C-S-H simulated by a dynamic DEM on nanolevel, as is
presently developed at Delft University of Technology in the
framework of a running Ph.D. study [15].

A particulate material like concrete is composed of irregularly
shaped particles, in the form of either aggregate, cement, or
mineral admixtures. The definition or simulation of shape
is therefore inevitably complex, because it is also intimately
connected to that of size. Reconstruction of an irregular
shape is technically possible, especially with the development
of CT (or 𝜇CT) and SH [7, 16]. Even with traditional 3D
image analysis, an irregular particle shape can roughly be
reconstructed by combining the vertical and horizontal profiles with a 3D mesh program [10, 17]. Examples are plotted
in Figure 8. Using a large amount of grains in numerical
simulations that have similar shapes as in practice would be
too expensive with the eye on equipment and computer time
[9]. So, it is crucial finding simpler shapes that are sufficiently
representative, since a spherical particle shape as normally
assumed in conventional simulation systems can give rise to
biased simulation results [13].
Therefore, a shape analysis study was conducted with
some simpler shapes for simulation of aggregate as well as of
cement. The shape information of real aggregate and cement
by CT (or 𝜇CT) was used as references [7, 8]. A simulation strategy based on different origins of arbitrary shaped
aggregate grains is proposed. A composite of nine regular
polyhedra [11] can properly represent a crushed rock for
application in concrete. This method can fully comply with
the 𝑆-𝑉 correlations extracted from experimental findings
[8]. Ellipsoids can be used for simulation of gravel of fluvial
origin. A kind of relatively flat ellipsoids complies with the
𝑆-𝑉 information available in experimental investigations [8].
Furthermore, surface texture simulation can also be simply
considered by superimposing a sine function on a regular
shape [10].
For hydration simulation, a study was conducted pursuing the assessment of physically more realistic shapes
than the sphere commonly employed in simulations. This
study encompassed polyhedra and ellipsoids. It was shown
that a limited variation of octahedra can be considered an
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structure (Cement-133) obtained by X-ray microtomography; w/c = 0.35. Source: http://visiblecement.nist.gov/cement.html.
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Figure 8: Two views of a reconstructed grain with (left) fine 3D mesh and (right) coarse 3D mesh, respectively.
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optimum solution. They offer more realistic 𝑆-𝑉 relationships
as spheres, which is crucial for cement hydration [13] and
finally for structure formation governing the pore network
system. Morphological comparison shows the similarity of
the packed structures of proposed polyhedra with real particles. Implementation of these simulation strategies in the
dynamic force-based DEM approach used throughout this
study will lead to a more realistic structure of fresh cement
paste in concrete technology.
Nowadays, computational concrete, also referred to as
“compucrete” or virtual concrete, has been developed for
a wide range of research purposes. It provides a proper
representation of the heterogeneous concrete material on
different levels of its microstructure and renders the possibility of studying the effects of a wide range of technological
parameters. Many phenomena in concrete are highly relevant
to particle interface properties, for example, interfacial transition zone (ITZ), surface dissolution, and porosimetry. The
realistic 𝑆-𝑉 information incorporated in the DEM approach
would yield a better representation of the material and thus
forms a more reliable basis for estimating relevant materials
properties as compared to systems employing spherical particles.
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To solve the shortage of traditional construction simulation methods for suspended dome structures, based on friction elements,
node coupling technology, and local cooling, the cable tension preslack method is proposed in this paper, which is suitable for the
whole process construction simulation of a suspended dome. This method was used to simulate the construction process of a largespan suspended dome case study. The effects on the simulation results of location deviation of joints, construction temperature,
construction temporary supports, and friction of the cable-support joints were analyzed. The cable tension preslack method was
demonstrated by comparing the data from the construction simulation with measured results, providing the control cable tension
and the control standards for construction acceptance. The analysis demonstrated that the position deviation of the joint has little
effect on the control value; the construction temperature and the friction of the cable-support joint significantly affect the control
cable tension. The construction temperature, the temporary construction supports, and the friction of the cable-support joints all
affect the internal force and deflection in the tensioned state but do not significantly affect the structural bearing characteristics at
the load state. The forces should be primarily controlled in tensioned construction, while the deflections are controlled secondarily.

1. Introduction
Suspended dome structures are a type of new hybrid prestressed steel structure that consists of an upper rigid single
layer latticed shell and a lower flexible cable-support system
[1, 2]. The stiffness of the upper latticed shell is small
and the lower cable-support system has no stiffness before
the structure’s shape is formed. Therefore, its load-carrying
systems are completely different before and after the shape
is formed and are even constantly changing during the
tensioning process. Although there is only self-weight during
the construction, the span of a large-span suspended dome
is so large that studying the safety in each state during
the tensioning process is necessary. Full house scaffolds
are generally used for construction of the upper latticed
shell. For safety in cable tensioning, the temporary supports
are normally not removed during the construction, which
increases the difficulty of tensioning control [3]. Because the
control cable tension is obtained by construction simulation

and the construction acceptance is based on the simulation
results, the effect of temporary supports must be considered.
Some scholars and engineers have simulated the construction of suspended domes and obtained some achievements [4]. Some useful construction simulation methods for
suspended domes have been proposed: Li et al. proposed
the cycle-approach method [5], Yuan and Dong proposed
the inverse analysis of the construction process method [6],
Zhang et al. carried out construction process simulation of
a prestressed suspended dome by the birth-death element
method [7], and Zhuo proposed the tension compensation
method [8]. Wang et al. carried out a whole process tracing
analysis of an oval suspended dome structure during shaping
and analyzed structural deformation and variation of the
internal forces during the tensioning process [9, 10]. Zhang
et al. did the numerical simulation of the 2008 Olympic
Games badminton gymnasium suspended dome structure
[11]. Guo [12] and Nie et al. [13] carried out construction
simulations and scaled model tests on the suspended dome
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structure based on engineering. However, the effects on
the internal force and displacement of the structure are
not simultaneously considered in these traditional methods,
including the location deviation of the joint, construction
temporary supports, construction temperature, friction of
the cable-support joint, local tension of the cable, and other
factors, so the above methods did not simulate the actual
construction process very accurately.
A new method of construction simulation, the cable tension preslack method, is proposed in this paper to solve this
problem. This method was used to simulate the construction
process of a large-span suspended dome and the results of
the construction simulation were used for the tensioning
control value. The simulation value and field measured value
were compared to study the effects of the location deviation
of the joint, construction temporary supports, construction
temperature, friction of the cable-support joint, and local
tension of the cable.

2. Method of Construction Simulation
Currently, the traditional method used in engineering design
is the once loading method, where the external load and
initial cable strain are applied once to the structure according
to a reasonable load substep, which is inaccurate because
the effect of the construction process on the final stress of
the structure is not considered. The tensioning sequence,
cable tension, and friction force greatly affect the stress
of the structure. At present, the construction simulation
methods applied to practical engineering include the once
loading method, the birth-death element method, the tension
relaxation method, and the tension compensation method.
The once loading method is conventionally used in
engineering design to apply the load once to the calculation
model and to analyze the structure without considering
the effect of the loading process. Thus the calculation is
not strict according to the construction process. When a
nonconservative force acts or the structure enters into an
elastic-plastic state, the calculation result is different from the
actual construction.
The entire model is built once in the birth-death element
method, and the entire construction process is simulated
by the birth or death of elements and continuous analysis
based on multiple time steps. When the outermost hoop is
tensioned, the cable elements of the other hoops are in a death
state. At this time, the death elements remain deforming with
the deformation of the structure, but the weight is zero and
the stiffness is almost zero, so they have no effect on the
structure. The hoop cables are tensioned from outmost loop
to innermost loop by activating relevant elements one loop
by one loop until all hoop cables are activated. Let 𝑙 be the
initial length of the cable element and let 𝑙𝜀𝐴 𝑐𝑎 be the design
initial cable force due to the deformation compatibility. When
the element is activated, the length becomes 𝑙 + 𝑙Δ , the initial
cable force is (𝑙 + 𝑙Δ )𝜀𝐴 𝑐𝑎 , and the difference between the
actual cable force and the design cable force is 𝑙Δ 𝜀𝐴 𝑐𝑎 . In
addition, the untensioned elements are killed in the birthdeath element method and the killed elements have no
weight. However, all the cables are always put in place in
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actual construction in the relaxed state so that the weight has
been applied to the structure, so the effect of the cable selfweight is ignored in the birth-death element method.
The tension relaxation method analyzes the tensioning
process by inversing the construction sequence. It assumes
that the first analysis state is that all the cables are tensioned to
their design value, and then the cables are relaxed according
to the inverse sequence of cable tensioning. The control values
of the cable tension at each sequence are calculated one by
one during the relaxation. The greatest feature of the tension
relaxation method is that multiple cycles of calculations are
not needed. However, the state in which all the cables are
completely tensioned must be obtained first, and this state
has to be achieved in a finite element model. In fact, the
construction finished state needs to be determined by other
methods before the control value of the cable tension can
be derived, making this method very difficult to be applied
in practice. Moreover, when friction exists in the cablesupport joint, the magnitude and direction of the friction are
constantly changing during the tensioning process, and the
construction process is irreversible, so the real construction
process cannot be simulated by this method.
The tension compensation method constantly adjusts the
cable force by tension compensation based on the actual
internal forces of the cable in equilibrium making it approach
to the force in equilibrium state gradually. This method
uses gradual iterative approximation, for which many rounds
of iterative calculations are needed. The calculation of this
method does not completely follow the steps of the construction process. When friction forces exist in the cablesupport joint, the magnitude and direction of the friction are
constantly changing during the tensioning process, meaning
that the real change of friction cannot be simulated by
this method and the entire construction process cannot be
simulated accurately.
Because the actual construction process cannot be simulated by the above methods, a new construction simulation
method, the cable tension preslack method, is proposed in
this paper. The hoop cables are not tensioned at each segment
in the actual construction; instead, several tensioning points
are established and the hoop cables are only tensioned at
each tensioning point. The tensioning control value at each
tensioning point is calculated based on the unchanged total
elongation of one hoop cable. The total strain of one hoop
cable is calculated according to the design initial strain of the
cable, and then the total strain is transformed into negative
temperature and the average is assigned to each tensioning
point. The segments for each hoop cable have different cable
forces from the friction in the cable-support joint; the cable
tension is greater than the design value at the tensioning
point and less than the design value away from the tensioning
point. The initial strains of all the cables were set to zero
before being tensioned, and large heating loads were applied
to all cables to keep them in a relaxed state until they were
tensioned. Then, according to the construction steps, the
negative temperatures were applied to each tensioning point.
Each tensile state simulated by the cable tension preslack
method is the same as that of the actual structure, and the
operation is simple for engineers to understand and apply.
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Table 1: Comparison of different tensioning methods.
Influence factors
Number of jacks
Tensioning force
Prestress loss
Mutual effect between cables
Controllability of prestress loss
Controllability of synchronous tension
Construction period
Costs of construction
Effect of temporary supports

Radial cables tensioning
Large
Small
Medium
Large
Hard
Hard
Long
High
Medium

Tensioning methods
Struts elongation
Medium
Medium
Small
Medium
Medium
Medium
Medium
Medium
Large

Hoop cables tensioning
Small
Large
Large
Small
Simple
Simple
Short
Low
Small

The method was verified by simulating the construction of
a large-span suspended dome structure successfully.

tensioned in two stages. Each cable was tensioned to 70%
of the design value in the first stage following the sequence
A → B → C → D → E before all the temporary supports were
removed; each cable was then tensioned to 110% of the design
value and offloaded to 100% in the second stage following the
sequence A → B → C → D → E to reduce friction effects. As
shown in Table 2, the design values of hoop cables are initial
strains which are got by the optimization and design at the
stage of construction drawing design and preliminary design.
And then, they are inverted to negative temperature to be
applied on the tensioning point in analysis model according
to the tensioning sequence. The model is analyzed and the
tensioning force of each tensioning point is got for each state
during the tensioning sequence.
The tensioning force of each state is applied on the
tensioning point which is set in the real structure as shown
in Figure 2. When the jack contracts, the tension force will
occur in the steel bar, the distance between the two clamps
will shorten, at the same time, turning the rifled tube, making
the turnbuckles being screwed into the rifled tube, and then
the hoop cable will shorten; in this way, the hoop cable is
tensioned. After tensioning, the jack and clamp are taken off
and then the tension force in the steel bar is converted to the
turnbuckle and rifled tube.

3. Tensioning Scheme

4. Shape-Finding Methods of Suspended Dome

Three methods are mainly used for prestressed applications:
radial cables tensioning, struts elongation, and hoop cables
tensioning. Many factors including the number of tensioning
points and jacks, the magnitude of tension and prestress
loss, the mutual effect between cables, the controllability of
prestress loss and synchronous tensioning, the construction
period, and the costs of construction were considered for the
selection of the tensioning method. Through the comparisons
shown in Table 1, the hoop cables tensioning was selected.
To reduce the effect of friction on the cable-strut joint,
two or four tensioning points were set on each cable hoop, as
shown in Figure 1. Taking into account the number of cablestrut joints and jacks, the synchronous tensioning, the construction period, the cost of construction, the magnitude of
the tensioning force, and prestress loss control, the following
tensioning sequences were selected. The 5 hoop cables were

The shape of a suspended dome changes constantly during
the tensioning process with three main states: zero state, tensioned state, and load state. The zero state is the installation
state before the structure is tensioned and loaded. The structure arches to the tensioned state after being tensioned, and
thereafter all the dead loads are applied, making the tensioned
state become the load state. The shape-finding of a suspended
dome is performed as follows: first, the design state is taken
as the zero state, the model is built, and the dead loads are
applied; then the joint location is obtained by mechanical
analysis. The difference in the calculated joints location with
those of the zero state is determined, and then the joint
location is revised by the difference to form a new state.
The mechanical analysis is performed again, and the joint
location is revised again until the joint locations are the same
as the design locations. Actually, the suspended dome has

A1

B1
C1
D1

B4

C4

A2

E2

E1

A4

C2

B2

D2
C3
B3
A3

Figure 1: Sketch of tensioning points on hoop cables.
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Jack

Steel bar

Turnbuckle

Screw nut
Hoop cable

Connector

Riﬂed tube

Clamp
(a) Tensioning setup sketch

(b) Picture of tensioning point

Figure 2: Tensioning points on hoop cables.

Table 2: The design initial strain of tensioning point.
Number of hoop cables
1
2
3
4
5

Design initial strain
of hoop cables

Coefficient of linear
expansion 1/∘ C

Negative temperature
of tensioning point ∘ C

Number of tensioning
point

0.00261
0.00339
0.00269
0.00323
0.00250

1.20E − 05
1.20E − 05
1.20E − 05
1.20E − 05
1.20E − 05

1523
1974
1567
1882
1460

4
4
4
2
2

some stiffness before being shaped, and the deformation by
self-weight is smaller. The stiffness becomes larger after being
shaped so it can meet the deformation code requirement for
the design of steel structures [14]. Therefore, a suspended
dome structure, similar to an ordinary steel structure, does
not need the shape-finding analysis.

Y
Z

5. Construction Temporary Supports
The full house scaffold is used in construction for the upper
latticed shell; all joints, components, and supports that are
installed depend on the scaffold. During the lifting and
welding of the upper latticed shell, temporary supports are
used to support the structural self-weight and ensure accurate
positioning and welding quality. To further reduce the risk in
tensioning, temporary supports are not fully dismantled. The
layouts of temporary supports are shown in Figure 3, where
one point represent one support.
Many factors, including the stiffness, the initial state, and
contact state with joints and the status variation of temporary
supports in the tensioning process, must be considered for
the construction simulation. As shown in Figure 4, circular
hollow tubes were used for supports on the eight 20 m high
scaffolds on the ground. Because temporary supports can
only bear compression but not tension, the COMBIN39
element in ANSYS was used to simulate the temporary
supports. The temporary supports are out of action after
the joints separate from the temporary supports, because
they were removed once separate. The initial pressure of
the temporary supports is supposed to be zero before they
bear the self-weight of the shell, not considering the stress

X

Figure 3: Layout of temporary supports.

in the temporary support introduced by welding stress and
construction forces in the construction process. The stiffness
of the temporary support is
𝐾=

𝐸𝑛𝑠
𝑙

𝐸 is the elastic modulus of steel;
𝑛 is the number of scaffolds;
𝑠 is the area of a single scaffold;
𝑙 is the length of scaffold.

(1)
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Joint
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8 scaffolds

8 scaffolds

8 scaffolds

Circular pipe
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Figure 4: Temporary supports.

Table 3: Axial force of cable-support system at tensioned state [kN].
Cable-support system number

Strut
−181
−95
−70
−84
−47

1st hoop
2nd hoop
3rd hoop
4th hoop
5th hoop

Original design force
Radial rod
411
179
110
131
65

411
179
110
131
65

Hoop cable
2828
1293
833
425
230

Force considering position deviation
Radial rod
Strut
Hoop cable
−181
−95
−70
−84
−47

412
179
111
132
65

412
179
111
132
65

2837
1291
833
426
230

Table 4: Axial force of cable-support systems in construction simulation [kN].
Cable-support system number
1st hoop
2nd hoop
3rd hoop
4th hoop
5th hoop

Strut
−197
−95
−68
−80
−45

Tensioned state
Radial rod
443
177
107
125
61

443
177
107
125
61

6. Influencing Factors Analysis
6.1. Effects on Tensioned State. The axial forces of the cablesupport system at the tensioned state are shown in Table 3
according to the actual deviations measured on site. As shown
in the table, the position deviations of the joints had little
effect on the force of the cable-support system. The design
axial forces of the strut and radial rod were the same as
that considering joint deviation, and the difference in cable
tension of the hoop cable was only 0.3%, which can be
neglected.
Because the construction of the upper layer shell was
in the hot summer when the average temperature was 30∘ C
and the tensioning was in the cold winter when the average
temperature was 0∘ C, the design reference temperature was
20∘ C. The tensioned state at 0∘ C is not the design state; the
design state occurs when the entire structure is heated to
20∘ C after being tensioned. The temperature of the upper
latticed shell is therefore decreased by 30∘ C and that of the

Hoop cable

Strut

3048
1285
803
403
215

−179
−92
−66
−79
−45

Design state
Radial rod
407
172
105
124
60

407
172
105
124
60

Hoop cable
2804
1250
791
401
214

cable-support system is decreased by 20∘ C in the construction
simulation. The axial forces of the cable-support system
in the tensioned state and in the design state are shown
in Table 4. As shown in the table, the tension of the first
hoop cable at the tensioned state is larger than that of the
original design; however, the tensions of the other cables are
smaller than the design values (Table 3). The cable forces
of the design state are similar to that of the original but
not identical. Because the whole structural construction is
not under the design reference temperature, there is still
a temperature difference of −10∘ C in the latticed shell at
the design state. The entire structure cannot be heated to
the design reference temperature simultaneously, but the
temperature makes a 0.85–7.0% difference in the cable force.
Therefore, the construction temperature has some effect on
the cable force, so it must be considered in construction
simulations.
According to the above calculation method for the stiffness of temporary supports, the stiffness of the temporary
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Table 5: Axial force of cable-support system at tensioned state considering temporary supports or friction of cable-support joint [kN].

Cable-support system number

Considering temporary supports
Radial rod
Strut
Hoop cable

Considering friction of cable-support joint
Radial rod
Strut
Hoop cable

1st hoop
2nd hoop
3rd hoop
4th hoop
5th hoop

−177
−100
−72
−67
−84

−180
−99
−74
−91
−52

402
186
112
132
65

402
186
112
132
65

2769
1349
846
426
230

508
228
151
166
89

345
143
82
117
53

2999
1370
895
478
260

N
T1

F1
F2

𝛽
𝛽
𝛾
𝛼

T2

(a) Cable-support joint

(b) Force equilibrium system

Figure 5: Sketch of the cable-support system.

supports on the outermost hoop is 80587 kN/m and the other
stiffness is 40292 kN/m. The tensioning simulation of the suspended dome with temporary supports was performed, and
the axial forces of the cable-support system in the tensioned
state are shown in Table 5. As shown in the table, the force of
the first hoop cable is smaller than that of the design (shown
in Table 3), the forces of the second and third hoop cables are
larger than that of the design, and the forces of the fourth and
fifth hoop cables are almost the same as that of the design.
This is because that the first and second hoop’s temporary
supports are not separated from the structure after tensioning
is finished, they still play supporting roles. In addition, the
latticed shell could fully bear the weight of the structure and
construction loads without temporary supports, so removing
the temporary supports before tensioning is better selection.
The friction of the cable-support joints can only be
obtained by field measurement because of fabrication and
construction. As shown in Figure 5, two segments of hoop
cable, two radial rods and one strut make up a force equilibrium system at each cable-support joint. The tensions of
the radial rods were obtained by first setting vibratory strain
gauges on the struts and steel rods. Next, the tension of the
hoop cable, the pressure of the strut, and the friction coefficient were determined by the force equilibrium equation. The
angle between hoop cables is 𝛼, the angle between the steel
rod and strut is 𝛽, the projecting angle of the steel rods in the
horizontal plane is 𝛾, the tensions of the hoop cables are 𝑇1

and 𝑇2 , the forces of the radial steel rod are 𝐹1 and 𝐹2 , the
pressure of the strut is 𝑁, and the friction coefficient is 𝜇:
𝑇1 =

(𝐹1 + 𝐹2 ) sin 𝛽 cos (𝛾/2)
2 cos (𝛼/2)
−

𝑇2 =

(𝐹1 − 𝐹2 ) sin 𝛽 sin (𝛾/2)
,
2 sin (𝛼/2)

(𝐹1 + 𝐹2 ) sin 𝛽 cos (𝛾/2)
2 cos (𝛼/2)
+

(2)

(𝐹1 − 𝐹2 ) sin 𝛽 sin (𝛾/2)
,
2 sin (𝛼/2)

𝑁 = (𝐹1 + 𝐹2 ) cos 𝛾,
𝜇=

(𝐹1 − 𝐹2 )
𝛾
tan .
2
(𝐹1 + 𝐹2 )

The average friction coefficient of 0.15 is derived from the
measured tension of the radial rod, and the corresponding
friction loss is 3.33% for the hoop cable tension at one joint.
The cable tension preslack method was used to simulate
construction, and the point-to-point contact element and
joint coupling technology were used to simulate the cablesupport joints; the negative temperature was applied to the
tensioning points of the hoop cable to study the effects of
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Figure 6: Layout of hoop members.

friction. As shown in Table 5, the friction of cable-support
joints significantly affects the cable force and improves the
tension of the tensioning point. The larger the tension
difference between the two steel rods at the same joint, the
greater the friction. However, the friction has little effect on
the pressure of the strut, which is almost the same as the
design value. The friction of the cable-support joint greatly
affects the structure and increases the construction difficulty,
so this factor must be considered in construction simulations.
On the other hand, the design of the cable-support joint must
be innovated to reduce the friction as much as possible.
The construction simulation was performed to comprehensively study the effects of the factors mentioned above.
The internal forces of the latticed shell members at the

tensioned state are shown in Figure 8; the numbers of the
members are shown in Figures 6 and 7. As shown in the
figure, the joint deviation has little effect on the internal
forces. However, the tensioning temperature has a large
effect, even if the structure is heated to the design reference
temperature, the internal force difference is still large because
there is still a temperature difference of −10∘ C in the latticed
shell from the temperature at which it was installed. Other
than the two hoop members at the edge of the latticed shell,
the temporary supports have little effect, but the stiffness
of the temporary supports is difficult to be obtained, which
increases the difficulty and uncertainty for the control value
of the construction simulation. Therefore, they should be
removed before tensioning. The friction of the cable-support

8
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Figure 7: Layout of radial members.

joint has a large effect, so the friction must be reduced as
much as possible; otherwise, it will not only increase the
construction difficulty but also may affect the safety.
The displacements of joints (shown in Figure 9) of the
latticed shell are shown in Figure 10. As shown in the
figure, except for the joint deviation, the factors all have
obvious effects on the joint displacement, particularly on the
displacement of the 4th hoop joints. The temporary supports
have little effect on the displacement of the joints inside the
6th hoop, and the construction temperature and the friction
of the cable-support joint obviously affect the displacements
of all joints; moreover, these two factors cannot be eliminated
in construction and can only be controlled within a certain
range, so the effects of these factors must be considered in the
construction simulation. The control and acceptance value

of the joint deflection must be obtained with the tensioning
simulation but not the original design.
6.2. Effects on Load State. To study the effects of these
factors on the safety of the suspended dome at the load
state, the mechanical characteristics of the structure under
design loads are performed, and the results are shown in
Figures 11–13. As shown in Figure 11, the friction of the cablesupport joint greatly affects the stress of the radial members
of the latticed shell; the maximum difference is 33%, and it
has less impact on the hoop members. The joint deviation,
construction temperature, and temporary supports have little
effect on the internal forces of the structure, which can be
neglected in engineering. Temporary supports are removed
after the structure is tensioned and before the external loads
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are applied, so the internal force under external loads is the
same as the original design internal force.
As shown in Figure 12, the construction temperature and
the friction of the cable-support joint obviously affect the
deflection of the latticed shell. On the other hand, the location

deviation of the joint and construction temporary supports
have little effect.
As shown in Figure 13, the location deviation of the joints,
construction temperature, and temporary supports have little
effect on the force of the cable-support system under external
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Figure 12: Vertical joint displacement on the upper dome.

loads; however, the friction of the cable-support joints greatly
affects the force of the hoop cable and radial steel rod under
external loads, especially on the radial steel rods, with a
maximum stress difference in the same pair of V-shaped rods
of 24%. Therefore, the adverse effect should be considered in
the design stage. The friction of the cable-support joint has
little effect on the stress of the strut.

7. Construction Simulation and
Tensioning of Case Study
As shown in Figure 14, the case study was a 93 m span
suspended dome. According to the above analysis, the
location deviation of the joint was ignored, the temporary
supports were removed before tensioning, and the construction temperature and the friction of the cable-support joint
were considered in the construction simulation. The friction
coefficient was taken as 0.15 based on field measurements,
the latticed shells were installed at 30∘ C, the tensioning was
at 0∘ C, and the design reference temperature is 20∘ C. The
construction simulation of the large-span suspended dome
was performed, and the structure was tensioned according
to the results of the simulation, and the simulation results
were compared with the results measured on site. As shown
in Figure 1, 16 tensioning points of hoop cable were set, and
the tensioning process was divided into three stages: the 5
hoop cables were tensioned to 70%, 90%, and 100% of the
simulation value in three stages. Each cable was tensioned
to 70% in the first stage in sequence A → B → C → D →
E, and then each cable was overtensioned to 105% and
then unloaded to 90% in the second stage in the sequence

A → B → C → D → E. Finally, each cable was overtensioned
to 115% and then unloaded to 110% in the third stage in the
sequence E → D → C → B → A. To tension synchronously,
each tensioning step was subdivided into 4 to 10 substeps.
The jacking was done synchronously in each substep and
then jacking was stopped after each substep finished before
measuring the elongation of the cable. If the elongations at
the tensioning points were different, the tensioning point
with the smallest elongation was tensioned to make up this
difference and then the tensioning points were tensioned
simultaneously.
7.1. Layout of the Measuring Point. According to the internal
force of the members and the failure mode of the integral
instability in the model test, the vibratory strain gauges were
set in the locations where the internal forces were large
to measure the axial forces of members. The layout of the
measuring points is shown in Figure 15. The sensors were set
on the upper and lower surfaces of the tube near the joints,
and the average value was used to calculate the axial forces of
the members.
The total station was used to measure the vertical
joint displacements, and each joint was measured at each
tensioning stage. Only the representative measuring points
shown in Figure 16 were analyzed in this paper; because of
the symmetry of the structure and tensioning points, these
measuring points show the maximum displacement of the
structure and reflect the change law of displacement.
7.2. Hoop Cable Tension. The data for the processes of
70%–90% and 70%–110% were compared and analyzed in
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Figure 13: Axial stress of hoop cables.

this paper. As shown in Figure 17, the discreteness of the
measured values of the cable force in the 70%–110% stage was
smaller than that in the 70%–90% process except for cable A.
The measured value of cable A had the largest difference with
the simulation value, and the measured value of cable B was
slightly lower than the simulation value; the measured and
simulation values of cables C, D, and E were very close. With
increasing tension, the hoop cable can overcome the friction
of the cable-support joint more easily, but with increasing
cable force, applying the cable force is increasingly difficult,

causing the measured values of cables A and B, which have
large cable forces, to be lower than the simulation values.
In general, the measured values and simulation values were
close.
7.3. Tension of Radial Steel Rod. The tension difference
between a pair of steel rods at the same cable-support joint
is large because of the friction of the cable-support joint.
As shown in Figure 18, the tensions of A2 and A3 in the
70%–90% stage were largely different from the simulation
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values, showing that the frictions of the cable-support joints
at these two tensioning points were bigger than the values
used in the construction simulation. As shown in Figure 19,
with increasing tension, the friction at these two tensioning
points decreases, and the tensions of each pair of steel rods are
close, showing that as the tensioning proceeds, the friction of
the cable-support joint is effectively overcome. The tension
of the steel rod outside of the tensioning point is larger than
that inside and is closer to the simulated value. In general, the
discreteness of the steel rod tension is large, so it should not
be used alone as the acceptance criteria. Instead, the resultant
force of the pair of rods should be compared with that of the
simulated value, which is used as the auxiliary parameter of
the acceptance.

7.4. Vertical Displacement. The vertical joint displacements
in the latticed shell at the 70% and 110% tensioning state are
compared in Figure 20. As shown in the figure, the measured
vertical displacements align well with the simulated values.
Therefore, the construction met the design requirements
taking the displacement as the standard.
7.5. Axial Force of Struts. As shown in Figure 21, the simulated axial force of the struts in the 70%–90% stage aligns well
with the measured values for most of the struts. The simulated
values were closer to the measured value in the 70%–110%
process, which clearly shows that the tension is larger, and
the simulated value is closer to the measured value.
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7.6. Axial Force of Members in the Latticed Shell. As shown
in Figures 22 and 23, the simulated internal force of the
members in the latticed shell match the measured values
better in the 70%–110% stage than in the 70%–90% process.
For members H50-3 and H50-5, the measured axial force
was smaller than the simulated value, which is beneficial
for the structure. The tension is larger and the measured
value is closer to the simulated value, which shows that as
the tension increases, the effects of some uncertain factors
including friction, support stiffness, and joint stiffness are
gradually reduced. The simulated axial forces of the hoop
members meet the measured values better than that of the
radial members because the internal forces of the radial

members is small and although the absolute difference is not
large, the relative difference is.

8. Conclusions
Based on the friction element, the joint coupling technology,
and the local cooling, the cable tension preslack method
for the construction simulation of prestressed steel structure
was proposed in this paper, and the effects of the location
deviation of joints, construction temperature, construction
temporary supports, and the friction of cable-support joints
on the simulation results were analyzed. The method was
used for engineering a large-span suspended dome, and
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the simulation results were compared with measured results
to verify the simulation method and obtain the following
conclusions.
(1) The construction temperature and the friction of the
cable-support joint obviously affect the tensioning
value of the suspended dome, so these factors must
be considered in the construction simulation.
(2) The construction of temporary supports results in
many uncertain factors, and accurate tension control
is difficult to be obtained in the construction simulation, so they should be removed before tensioning.
(3) The construction temperature, construction temporary supports, and friction of the cable-support joints

all affect the internal force and deflection of the simulation, but the effect on the mechanical characteristics
of the structure at the load state is not so obvious. The
force should be mainly controlled while the control
of deflection is secondary in tensioning construction.
The measured deflection should be compared with
the simulated deflection considering various factors,
but not with the original design value.
(4) The cable tension preslack method proposed in this
paper can include various factors to provide an
accurate simulation analysis and verification method
for the construction of a prestressed steel structure.
Before the construction, the tensioning process of a
case study was previewed, which provided important
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data for the selection of the tensioning scheme and
construction acceptance standards.
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“Direct simulation of the tensioning process of cable-stayed
bridges,” Computers & Structures, vol. 121, pp. 64–75, 2013.
[5] Y. M. Li, Y. G. Zhang, and Q. S. Yang, “Determination of cable
forces during construction for cable-supported lattice shells,”
Journal of Building Structures, vol. 25, no. 4, pp. 76–81, 2004.
[6] X. F. Yuan and S. L. Dong, “Inverse analysis of construction
process of cable dome,” Journal of Building Structures, vol. 22,
no. 2, pp. 75–79, 2001.
[7] G. J. Zhang, J. Q. Ge, J. Qin, Z. Q. Wang, and J. R. Wang,
“Simulating analysis of prestressed construction process of the
suspend dome of badminton gymnasium for 2008 Olympic

[12]

[13]

[14]

Games,” Journal of Building Structures, vol. 28, no. 6, pp. 31–38,
2008.
X. Zhuo, “Tension compensation analysis method and application in prestressed space grid structures tension construction,”
China Civil Engineering Journal, vol. 37, no. 4, pp. 38–45, 2004.
Z. Q. Wang, J. Qin, and G. L. Li, “Treatment of hoop cable
and support condition and experimental study on the annular
ellipse suspen-dome,” Spatial Structures, vol. 12, no. 3, pp. 12–17,
2006.
Z. Q. Wang, J. Qin, G. L. Li, and X. L. Chen, “Experiment
study on two type of cable arrangements of the double ellipse
suspend-dome,” Industrial Buildings, vol. 36, pp. 477–480, 2004.
A. L. Zhang, D. M. Huang, and C. C. Zhang, “All course analysis
of suspendome construction,” Industrial Buildings, vol. 37, no. 4,
pp. 55–59, 2007.
J. M. Guo, “Theoretical and experimental study on tensioning
of suspend dome,” China Civil Engineering Journal, vol. 44, no.
2, pp. 65–71, 2011.
G. B. Nie, X. D. Zhi, F. Fan, and S. Z. Shen, “Study of the
tension formation and static test of a suspendome for Dalian
Gymnasium,” China Civil Engineering Journal, vol. 45, no. 2, pp.
1–10, 2012.
GB50017-2003. Code for Design of Steel Structures, vol. 21, China
Planning Press, 2003.

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2015, Article ID 959502, 10 pages
http://dx.doi.org/10.1155/2015/959502

Research Article
Characteristics of Humidity-Temperature Changing in
the Below-Grade Concrete Structure by Applying Waterproofing
Materials on the Exterior Wall
Sang-Mook Chang,1 Sang-Keun Oh,2 Deok-Suk Seo,3 and Sung-Min Choi4
1

Department of Building Equipment Plant, Yuhan University, 590 Kyunin-ro, Sosa-gu, Bucheon,
Gyeonggi-do 422-749, Republic of Korea
2
Architectural Engineering, Seoul National University of Science and Technology, 232 Gongneung-ro, Nowon-gu,
Seoul 139-743, Republic of Korea
3
Architectural Engineering, Halla University, 28 Hallauniv-Road, Wonju-si, Gangwon-do 220-712, Republic of Korea
4
Research Institute of Construction Technology, Seoul National University of Science and Technology, 232 Gongneung-ro,
Nowon-gu, Seoul 139-743, Republic of Korea
Correspondence should be addressed to Sung-Min Choi; housedoctor@seoultech.ac.kr
Received 29 April 2015; Accepted 8 July 2015
Academic Editor: João M. P. Q. Delgado
Copyright © 2015 Sang-Mook Chang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
The water leakage in an underground space cannot easily be repaired owing to the characteristics of the underground space,
which not only causes continuous inconvenience to the apartment residents but also facilitates condensation. Thus, the effects of
different waterproofing methods in underground spaces on changes in temperature and humidity should be quantitatively studied
to establish strong measures for the condensation issue. In this study, two types of specimens were produced separately by dividing
the waterproofing materials applied to underground structures into exterior and interior waterproofing construction methods;
thereafter, changes in the temperature and humidity inside the specimens were observed. The test results of the evaluation regarding
condensation in underground structures indicated that when exterior waterproofing materials are applied, thermal insulation
maintains a steady interior temperature and keeps the humidity at an appropriate level, thereby preventing the creation of an
environment conducive to the occurrence of condensation.

1. Introduction
Waterproofing technology to prevent water leakage underneath apartments is regarded as an important safety technology for construction quality that prevents safety-related
accidents and protects national infrastructure and facilities
[1]. However, because waterproofing work is carried out
by humans, the implementation often lacks precision [2].
In addition, in many cases, humidity in concrete surfaces
is constantly present in underground spaces [3], so it is
generally accepted that complete waterproofing cannot be
practically achieved in underground structures [4]. Accordingly, although water leakage is permitted in most recently

constructed apartments, interior waterproofing is applied by
using cement-based waterproof material such as polymermodified waterproof mortar [5] to allow induced drainage.
However, a type of interior waterproofing material that
allows leakage in the underground spaces of apartments may
hinder the long-term safety of the underground structures,
reduce the service life, or damage interior materials as a result
of dew condensation [6], which have become major sources
of deterioration to residents’ living environments.
Normally, because the accountability of such defects
due to leakage or condensation [7] is not clearly assigned,
the Korea Consumer Agency received many complaints
concerning leakage and condensation problems not only
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Figure 1: Schematic diagram of installation of the sensor.

in the interior houses but also in common areas such as
underground parking lots; these represent serious concerns
[8].
In recent years, most underground parking lots in apartments have been designed to directly access the residential
area [9], and interior waterproofing (induced drainage) has
been applied to most underground parking structures except
for the top floor, which is susceptible to leakage at all times
[10]. Such leakage causes inconvenience to the residents and
easily introduces dew condensation [11, 12].
Thus, a fundamental proofing measure (exterior waterproofing) should be established as a priority at the design
construction phase to minimize disputes due to leakage and
condensation [13]. It is true that leakage prevention effects are
predictable owing to the application of exterior waterproofing
[14]. But few studies have examined the correlations of condensation conditions (changes in conditions of temperature
and humidity) in underground spaces, and no concrete,
validated data are available [15]. Thus, an objective basis
should be provided regarding the effect of waterproofing
construction methods (exterior and interior waterproofing)
on condensation environments in underground parking lots
of apartments; and this basis should be actively utilized in
the waterproofing design and material selection phases for
underground structures [16].
In this study, the effects of the application of exterior
waterproofing are verified as a measure to reduce condensation inside concrete structures constructed in maintenance,
through experiments into the characteristics of changes in
temperature and humidity according to seasonal conditions. These experiments separately examined the application
methods (interior waterproofing or exterior waterproofing)
of waterproofing layers applied to the outer walls in underground parking lots of apartments.

are based on sufficient findings regarding the test results
under the conditions of three seasons.
2.2. Study Method. An immersion test was conducted by
using concrete box-type specimens, assuming the environmental conditions of an underground concrete structure in
which underground water exists; the changes in temperature
and humidity were observed according to the different
conditions of specimen composition. The test was intensively
conducted under the conditions of three seasons: winter,
spring/autumn, and summer. Two test periods, 7 and 14 days,
were used separately to identify the difference between heat
and cool conditions in the winter season, followed by a test
under spring/autumn conditions for seven days.

3. Configuration of the Specimens
and Test Method

2. Research Scope and Methodology

3.1. Temperature and Humidity Sensors. To measure temperature and humidity inside and outside the specimen, a multichannel data logger (model Agilent 34972A) was employed,
and temperature and humidity sensors were installed at the
location of each specimen to simultaneously record data,
as shown in Figure 1. In addition, sensors were installed to
observe changes in the external temperature of the concrete
exposed to the atmosphere, as well as the wall side of the
concrete box, which was immersed in water, replicating
the existence of external underground water (refer to the
specifications in Figure 2 and Table 1).
The interval for the measurements recorded by the data
logger was set to 1 min and the conditions of the specimens
were periodically checked during the test period to observe
the presence of condensation. In addition, the presence
of heat transfer fluid, maintaining the height of the water
immersing the concrete box, and the record of the data logger
were constantly inspected.

2.1. Research Scope. In this study, condensation occurring in
the winter season was first examined as a primary objective by evaluating the importance of test period and test
loads, while conducting secondary experiments in the winter,
spring/autumn, and summer seasons. For getting the results

3.2. Concrete Box-Type Specimens. In this study, two types of
specimens were produced separately by dividing the application types of waterproofing layers applied to underground
structures into exterior and interior waterproofing construction methods. Furthermore, depending on the strength of the
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Table 1: Specifications of the temperature and humidity sensor.
Category

Temperature and humidity sensor

Specification
Measurement range (relative humidity)
Measurement range (temp.)
Accuracy at 23∘ C
Annual stability of relative humidity
Relative humidity response time
Selected signal output
Supply voltage
Size

Relative humidity (RH) 0–100%
Temp. 0–100∘ C, −20–80∘ C
<±2% RH (10–99% RH)
<±1% RH
<10 s normally (up to 90%)
0-1 VDC, 0–5 VDC, 0–10 VDC
14–35 VDC, 4.5–35 VDC, 14–26 VDC
Length: 80 mm, L 12 mm

Basic DCV accuracy
Maximum scanning

0.004%/year
250 channels/s

Data logger (Agilent 34972A)

500 mm
Exterior

T-sensor 4

500 mm
300 mm

50 mm

H-sensor 2
T-sensor 2
T-sensor 3

T-sensor 5

Interior
50 mm

Humidity (H) sensor 1
Temperature (T) sensor 1

Figure 2: Schematic diagram of the specimens.

base concrete in the underground structures, condensation
may occur differently, so 12 specimens of high-strength
concrete (HSC) and ordinary Portland cement (OPC) were
manufactured, as listed in Table 2.
The specimen was a concrete square box. The top of
the box was covered by a square lid 600 mm in length and
width, which was made from acrylic and sealed. The center
area of the lid was designed to allow the installation of heat
transfer fluid that can facilitate heating, as well as temperature
and humidity sensors that can measure the temperature and
humidity of the interior of the box, as shown in Figure 2. The
specimens were immersed in water to approximately 300 mm
in depth, assuming the conditions of the underground water
level on the exterior of the underground space.
After the 28-day curing process was completed after
concrete placement, the manufactured exterior waterproofing specimens were coated with urethane-coated waterproof
material as thickness of 3 mm [4], whereas the interior
waterproofing specimens were coated with cement-mixed
polyester-based waterproof material as thickness of 1 mm
[17]. After coating with the waterproof material, another 14day curing process was completed and the final specimens
were produced as the top cover was installed on top of the

concrete box, along with temperature and humidity sensors
and heat transfer fluid (incandescent lamps, 30 W). After
the heat transfer fluid and temperature/humidity sensors
were completely installed, the two separated half covers
were completely bonded and sealed with silicone at the
intersection. The intersection with the concrete box was also
attached and sealed with silicone. The mixing condition of
concrete specimen is fixed slump of 13 cm, water-cement ratio
of 40%, and S/A of 42%. The strength of concrete specimen is
tested by KS F 2403 at 28 days. Additionally, it is checked by
rebound hardness method using Schmidt hammer. The test
result of the concrete compressive strengths and the condition
of specimens are as in Tables 3 and 4.

4. Test Results and Discussion
4.1. Basic Performance Evaluation of the Applied Materials. The basic performance evaluation was a related KS
(Korean Standards) performance evaluation on waterproof
materials applied to the specimens (exterior waterproofing of
urethane-coated waterproof material, interior waterproofing
of cement-mixed polymer-modified waterproof material),
which aimed to identify basic performance of the waterproof
materials coated on the specimens before conducting the
condensation test. The test was conducted according to the
test specifications. The urethane-coated waterproof materials
are specified in KS F 3211 [18], and the test items for the
cement-mixed polymer-modified waterproof material are
specified in KS F 4919 [19], as listed in Table 2. The test result
verified that the criteria for all test items were satisfied.
To verify the strength of the manufactured concrete
specimens, the compressive strength test results are as in
Table 4.
4.2. Concrete Box-Type Specimens
4.2.1. Test Results of the Winter Season Specimens
(1) Temperature of the Interior of the Specimen in Winter. The
test was conducted from February 12 to 25, 2013, for 14 days.
To compare the results from heated and unheated conditions,
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Table 2: Details about mortar specimens by temperature.

Category

Exterior waterproofing
∗
1 (O)

Concrete box
HSC
OPC
∗
∗

Type of specimen
Interior waterproofing
∗
2 (I)

HSC-O
OPC-O

Uncoated (N)

HSC-I
OPC-I

HSC-N
OPC-N

1: urethane coated waterproof material (thickness 2 mm).
2: cement-mixed polymer-modified waterproof material (thickness 1 mm).

Table 3: Details about concrete specimen by mixing ratio.
Maximum size of
coarse aggregate (mm)

HSC
OPC

25
25

Unit volume of concrete
Fine
Coarse
aggregate
Cement (kg/m3 )
aggregate
(kg/m3 )
(kg/m3 )
378
378

Table 4: Compressive strength of the concrete specimen.
Division
Compressive strength test
HPC
OPC
Rebound hardness test
HPC
OPC

Result

Test method

29.34 MPa
17.82 MPa

KS F 2403

27.44 MPa
18.29 MPa

Schmidt hammer test

the interior heating in the winter season was assumed while
the heat transfer fluid (light bulbs) inside the box was turned
on and then turned off after eight days. The test results are
shown in Figure 3.
The test results showed that the exterior temperature
was measured at approximately 9–16∘ C, whereas the interior temperature was measured at approximately 17–20∘ C.
The exterior temperature varied in the range of 4-5∘ C,
according to the daily temperature change, whereas the
interior temperature varied in a smaller range of 1-2∘ C. This
result was revealed because the influence of the external
temperature was limited owing to the operation of the inner
heat transfer fluid (light bulbs) and the immersion of tightly
closed specimens in water. However, after the heat transfer
fluid stopped its operation, synchronization with the exterior
temperature was observed more clearly, particularly at the
low temperature.
The test results indicated that the overall temperature
in the interior of the box changed with the same trend as
the change in the exterior temperature for all six specimens,
although the variance was not excessive. For three days
after the test start, the temperature increased rapidly from
approximately 11∘ C up to approximately 20∘ C; thereafter,
the temperature variance was maintained at approximately
2∘ C, according to the exterior temperature change. This
was attributable to the incandescent lamps used as heat

733
733

Temperature in winter (∘ C)

Division

W/C (%)

999
999

23
21
19
17
15
13
11
9
7

S/A (%)

40
50

Heating on
HSC-N
HSC-I

Slump (cm)

42
42

13
13

HSC-O
OPC-O
Exterior temperature

OPC-I
OPC-N
ⓐ
A-1

1 2

3

4

5

Temperature
HSC-I
OPC-N
HSC-O

6

7

8 9
Days

Heating off

10 11

12 13

14

OPC-I
OPC-O
HSC-N

Figure 3: Result of the measurement of temperature of the interior
of the specimen in winter.

transfer fluid, causing the interior temperature to increase
overall. The temperature between specimens was distinctively
differentiated between three-day and four-day durations; this
temperature difference was maintained constantly until the
heating was turned off.
As shown in Figure 4, the specimens maintaining the
highest temperature were the high-strength specimen (HSCO) and ordinary strength specimen (OPC-O). Exterior waterproofing was applied to both specimens, which showed nearly
similar temperature changes. The specimens maintaining the
next highest temperatures were the high-strength uncoated
specimen (HSC-N), followed by high-strength specimen
(HSC-I) and ordinary strength specimen (OPC-I). Interior
waterproofing was applied to each specimen, which showed
similar temperature distribution. The specimen that maintained the lowest temperature was the uncoated specimen of
ordinary strength concrete without waterproofing (OPC-N).

100

81.07
77.46

76.45
72.34
64.85
60.13

80
60
40
20
0

5

16.46
15.24
15.38

16.37
15.26
15.08

HSC

OPC

Temperature (∘ C)
Ex. waterproofing
In. waterproofing

HSC

OPC

Temperature in winter (∘ C)
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section

21
19
17
15

(B) Changing section

13
OPC-N

11

Figure 4: Measurement results of the mean temperature and
average humidity of the specimens under winter conditions.

It was verified that the specimens to which the exterior
waterproofing was applied (HSC-O, OPC-O) maintained a
higher temperature of approximately 1.13∘ C, on average, than
the specimens to which interior waterproofing was applied
(HSC-I, OPC-I) and uncoated specimens (HSC-N, OPC-N).
In addition, the specimens to which interior waterproofing
was applied displayed a temperature range (15.08–15.37∘ C,
on average) similar to the uncoated specimens, showing no
significant difference.
The specimens to which exterior waterproofing was
applied were less sensitive to exterior temperature changes
and higher insulation properties that maintained interior
temperatures than the uncoated specimens and the specimens to which interior waterproofing was applied. No significant insulation performance difference was found between
the interior waterproofing specimen and the uncoated specimens. This result proves that moisture was blocked from the
exterior owing to the exterior waterproofing layer, which prevented the low temperature of the outside from penetrating to
the interior, resulting in improved insulation performance as
a result of the water blocked by the exterior waterproofing.
The OPC-N specimens displayed a different temperature
decrease trend after the cessation of heat transfer fluid compared to other specimens, which showed similar temperature
decrease trends, as shown in Figure 5 (“A” indicates a temperature decrease zone). In addition, the uncoated specimens
of ordinary strength experienced rapid temperature increases
steeply ahead of some other specimens in the “B” temperature
change zone, which experienced temperature decreases until
reaching the exterior temperature and gradual temperature
increases following increases in the exterior temperature.
Based on this result, it can be concluded that uncoated
specimens of ordinary strength were more sensitive to
changes in exterior temperature, which reduces the insulation performance further than other specimens. Although
differences in the insulation performance are not extensive
between specimens to which interior waterproofing is applied
and uncoated specimens, uncoated specimens are more
sensitive to changes in the exterior temperature, thereby
increasing condensation. In addition, given that uncoated

10

9

Humidity (%)
Uncoated

(C) Stability
section

Heating
off point

Days
Temperature
HSC-I
HSC-O

OPC-I
OPC-O
HSC-N

Figure 5: Temperature change zone (A-1) after heating was turned
off.

ordinary strength concrete specimens were more sensitive to
changes in exterior temperature than uncoated high-strength
concrete specimens, the strength of the structures may be an
influencing factor in the occurrence of condensation, which
is attributable to the difference between impermeability and
internal texture caused by the difference in density.
On the third day since the beginning of the test (“‚”
zone in Figure 3), condensation (frost) was generated on
all interior waterproofing and uncoated specimens in the
transparent acrylic plate that covered the concrete box. This
condensation continued for approximately 12 h, except for
two specimens to which exterior waterproofing was applied.
In summary, the test result showed that high-strength
concrete structures are less sensitive to exterior temperatures
than ordinary strength concrete structures and that applying
waterproofing layers makes structures less susceptible to exterior temperature changes than not applying waterproofing.
In addition, the application of exterior waterproofing is the
most effective way to improve the performance of insulation
performance and the prevention of condensation compared
to the application of interior waterproofing.
(2) Humidity of the Interior of the Specimen in Winter. The test
measuring the humidity of the interior of the specimens was
conducted for 14 days (two weeks), as with the temperature
measurement. The test first assumed that interior heating was
provided by operating the heat transfer fluid (light bulbs);
next, the heat transfer fluid was stopped after eight days to
examine the condition of no interior heating and the results
were compared. The test results are shown in Figure 6.
The test results indicated that the humidity of all six
specimens in the interior of the boxes changed with a similar
trend, according to the trend of changes in exterior humidity.
The rank of the humidity at the beginning of the test was
maintained without changes until the test was completed.
The outdoor humidity exhibited large variance within the
range of 30%–50%, according to the daily changes, whereas
the interior humidity of the specimens was maintained with
few changes after the initial increase (on the first day). These
results were obtained because the concrete specimens were

Humidity in winter (%)
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Figure 6: Results of humidity measurements of the interior of the
specimens in winter.

completely sealed and immersed in water; thus, they were
barely affected by the exterior temperature and humidity.
It was also found that the humidity increased rapidly and
difference in humidity between specimens was clear after the
heat transfer fluid was not operated. Based on this result,
the interior humidity can be controlled by operating the heat
transfer fluid. This control would be more obvious if it was
combined with the application of exterior waterproofing.
As shown in Figure 4, the specimen that maintained
the lowest humidity was HSC-O, as with the temperature
measurement. The specimen that maintained the highest
humidity was OPC-N.
The OPC-O specimens maintained low humidity, similar
to HSC-O. Both of the specimens with exterior waterproof
applied (HSC-O, OPC-O) maintained lower humidity by
approximately 7.5%–20.9% (14.34%, on average) than those
specimens with interior waterproofing applied (HSC-I, OPCI) and the uncoated specimens (HSC-N, OPC-N).
Therefore, the specimens with exterior waterproofing
applied were less sensitive to changes in the exterior humidity,
thereby maintaining lower humidity and condensation than
the uncoated specimens and those with interior waterproofing applied.
These humidity test results were slightly different from
the temperature test results because no significant difference
was found between the interior temperature of the box with
interior waterproofing and no coating specimens. However,
the difference in humidity between the specimens with interior waterproofing applied and no coating was approximately
4%, on average. In addition, high and ordinary strength
specimens showed a difference in humidity of approximately
5%, which is different from the test results for temperature.
These differences were generated because the interior waterproofing layer (cement-mixed polymer-modified waterproof
material) had zero or minimal effect of blocking the exterior
temperature, whereas it had some effect of blocking exterior
moisture.
However, a cement-based waterproofing layer only delays
the movement of moisture by increasing the permeability
coefficient as a result of the watertight texture; thus, it

cannot form a waterproofing membrane (or a humidityblocking membrane) that is as complete as the membrane in
waterproofing layers.
The initial conditions of the interior humidity of the
specimens in the test indicated the highest humidity in
ordinary strength uncoated specimens, which displayed the
rapid increase in humidity from the humidity change point,
in contrast with other specimens, as shown in Figure 7.
In addition, in contrast with other specimens, OPC-I
exhibited a rapid increase in humidity from the “ƒ” point in
Figure 7, after the humidity was maintained for a period. This
result occurred because the interior waterproofing specimen
of ordinary strength reacted more sensitively to the exterior
humidity than other specimens as the exterior humidity
started to increase from the “ƒ” point.
In addition, because the internal texture of ordinary
strength concretes is not denser than that of high-strength
concretes, the movement of moisture can proceed faster,
thereby rapidly increasing the humidity, as shown in the
uncoated specimens of ordinary strength but with interior
waterproofing layer applied. This waterproofing layer blocked
the humidity for a short period (approximately three days),
thereby preventing the interior humidity from increasing.
However, as soon as the moisture delivered from the interior passed through the waterproofing layer, the humidity
increased rapidly; thus, the final distribution of humidity
is similar to that of the uncoated specimens of ordinary
strength.
Furthermore, during the period in which heating was
turned off, when the uncoated waterproofed concrete specimens (HSC-N, OPC-N) displayed a faster increase in humidity than the other four specimens, HSC-N, which showed
lower humidity than OPC-I, displayed even higher humidity
than OPC-I from humidity change zone A, as shown in
Figure 7. Based on this result, humidity of concretes with
interior waterproofing applied can be controlled within a
certain range under low conditions without heat transfer
fluids.
According to these test results, uncoated specimens
reacted to the changes in the exterior humidity more sensitively than the specimens with interior waterproofing applied;
the specimens with exterior waterproofing applied were less
sensitive to changes in the exterior humidity than the interior
waterproofing applied specimens.
In summary, the preceding test results indicated that
high-strength concrete structures are less sensitive to the
exterior humidity than ordinary strength concretes; applying
waterproofing layers makes concrete structures less sensitive
to exterior temperature changes than not applying waterproofing layers to concretes. Moreover, the application of
exterior waterproofing more effectively controls the interior
humidity than the application of interior waterproofing,
so this is considered the most efficient method to prevent
condensation.
4.2.2. Test Results of the Specimens in Spring/Autumn Season.
The temperature and humidity were measured for eight
days, assuming interior heating with heat transfer fluid (light
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Figure 7: Humidity change zone (B-1 and B-2) in the interior of the specimens in winter.
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Figure 8: Measurement results of the interior temperature and humidity in spring/autumn.

bulbs), to observe the temperature changes in the interiors of
the specimens.
(1) Temperature of the Interior of the Specimens in Spring/
Autumn. The measurement results of the interior temperatures of the specimens in spring/autumn are shown in
Figure 8. As shown in this figure, the interior temperatures
of the boxes containing six specimens showed a trend similar
to the daily changes in exterior temperature, whereas the
temperature rank did not change from the start to the end
of the test.
The OPC-O specimen maintained the highest temperature, whereas the uncoated ordinary strength specimen
exhibited the lowest temperature. The specimens with exterior waterproofing applied maintained a temperature approximately 3∘ C higher, on average, than the uncoated specimens.
The specimens with exterior waterproofing applied maintained a temperature approximately 1∘ C higher, on average,
than the specimens with interior waterproofing applied.
Overall, these results were nearly the same as the winter

season conditions, although slight variance was found owing
to the exterior temperature conditions.
However, compared to the test results of HSC-O in
the winter season, HSC-O in spring/autumn showed a
temperature distribution similar to those of the interior
waterproofing specimens (HSC-I, OPC-I) or HSC-N. To
determine the reason for these results, the condition of
the specimens was examined after the test was completed.
Damage to the waterproofing layer near the bottom of the
specimen was discovered; this occurred during installation
of the specimen, thereby causing water leakage inside the
specimen. Based on this result, it can be concluded that even if
exterior waterproofing is applied, the temperature cannot be
controlled if partial leakage occurs or exterior waterproofing
is applied only to the outer wall in limited quantities, except
for the bottom, to which it is difficult to apply waterproofing
material.
(2) Humidity of the Interior of the Specimens in Spring/
Autumn. Figure 8 shows the measurement results of the interior humidity in spring/autumn, in which the specimens that

4.2.3. Test Results of the Specimens in Summer Season. The test
was conducted from July 21 to August 3, 2014, for 14 days. To
compare the results from heated and unheated conditions, the
interior heating in the winter season was assumed while the
heat transfer fluid (light bulbs) inside the box was turned off
and then turned on after seven days. The test results are shown
in Figures 9 and 10.
(1) Temperature of the Interior of the Specimens in Summer.
Exterior temperature condition was about 26∘ C∼28∘ C within
the minimum duration of 7 days and was about 27∘ C∼34∘ C
by the 14th day. The interior temperature of the test specimen
reached the temperature of 22∘ C∼24∘ C with relatively small
change in the range and reached to about 26∘ C∼36∘ C after
heating, a result of relatively large amount of change in
the range notwithstanding the test conditions. It was clear
that the room temperature was being raised by the bulb
used as incandescent lamps that was acting as a medium
used to accurately observe the changes occurring within
each test piece in the experimental procedure. In particular
it was observed that the temperature change due to the
winter season temperature testing of high-strength external waterproofing (HSC-O) and standard strength external
waterproofing (OPC-O) had little change of approximately
0.5∘ C over the period of 4 days and a large change of
temperature of approximately 2.7∘ C over the period of 8 days
(heating condition).
As observed in the above via the winter season temperature testing, it can be considered that concrete strength
conditions of underground structure external wall specimen
with adiabatic conditioning have higher performance than
untreated specimen. This phenomenon is due to the fact
that high-strength concrete with entrained air has higher
performance rate than standard strength concrete that has
entrapped air. Furthermore, the difference in performance
rate is more clearly shown in higher temperature conditions
than lower temperature condition.
(2) Humidity of the Interior of the Specimens in Summer. The
results of the experiment indicate that the humidity level of
all 6 specimens reached a similar condition with each other
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Figure 9: Measurement results of the interior temperature in
summer.
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maintained the lowest and highest humidity were the same
as those in the results of the temperature tests. The humidity
difference between the OPC-O and OPC-N was approximately 20%, whereas the difference in humidity between
uncoated specimens with and without a waterproofing layer
showed a clear distinction. A humidity difference was initially
revealed between HSC-N and HSC-O under high-strength
conditions, which was due to water leakage in the exterior
waterproofing layer; however, few differences were found
between the two specimens after five days (“D” zone). This
is because humidity was supplied to the interior owing to the
water leakage introduced at the damaged area of the exterior
waterproofing layer (urethane-coated waterproof material)
that occurred at the bottom of the specimen. Consequently,
these specimens exhibited the same humidity condition as the
uncoated high-strength specimen.
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Figure 10: Measurement results of the interior humidity in summer.

based on the humidity level change of the external environment. Aside from the high-strength external waterproofing
(HSC-O) specimen, the humidity level remained relatively
constant from the beginning to the end of the experiment
procedure. In the case of standard strength concrete, there
was a trend of low increase in humidity 2 days after the
beginning of the experiment, whereas the opposite was the
case for high-strength concrete where the humidity level
fell and retained a consistent humidity level throughout.
This is due to the inherent absorbed humidity level of both
types of concrete that are discharged in the beginning stages.
However, untreated standard concrete had relatively high
amount of humidity (approximately 77.4%) and had a steady
flow without measurable amount of humidity level difference
prior to heating condition.
After turning on the heating mechanism, humidity level
decreased drastically, but respective specimen showed similar
rate of humidity level difference. Along with the freezing test,
humidity control was made possible by simply turning on the
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heating mechanism, and it was observed that as the concrete
material had higher strength, it was proven to have higher
level of effectiveness via application on the external wall than
on the interior wall.

5. Conclusion
The following results were derived in this study through
a review of the characteristics of changes in temperature
and humidity after the different application of waterproofing
layers to underground structures.
(1) The measurement results of temperature and humidity
changes in the interior of the specimens in winter indicated that the specimens with the exterior waterproofing
applied (HSC-O, OPC-O) maintained a higher temperature
of approximately 1.13∘ C, on average, than those of specimens
with interior waterproofing applied (HSC-I, OPC-I) and
uncoated specimens (HSC-N, OPC-N). This finding indicated that when exterior waterproofing was applied, thermal
insulation that maintains the interior temperature is steadily
secured, which maintains the humidity at an appropriate level
and eliminates an environment in which condensation can
easily be generated.
(2) It was verified that the uncoated specimen of ordinary
strength not only reacted sensitively to changes in the
exterior temperature and humidity but also incurred rapid
introduction of moisture from the exterior, resulting in significant vulnerability to condensation. In addition, specimens
of ordinary strength to which interior waterproofing was
applied showed some reduction in humidity effect during
the early stage of the test; these specimens displayed the
same distribution of humidity as the uncoated specimens of
ordinary strength in the humidity stability zone. This revealed
that the effect of interior waterproofing was only short term
(less than a few days). That is, so long-term humidity control
cannot be secured by using interior waterproofing. It is only
a matter of time owing to the characteristic of underground
structures which is permanently established.
(3) High-strength concrete displayed higher density than
ordinary strength concretes, so they influenced changes in
temperature and humidity to some extent as a result of denser
texture and greater impermeability from the early stage
when moisture permeated to the concrete walls. However,
it was verified that a more influential factor was the type
of waterproofing (exterior waterproofing, interior waterproofing, or no coating) applied to the structures. That is,
although high-strength specimens can contribute to the delay
in condensation, this cannot be a fundamental solution. More
importantly, whether or not the exterior waterproofing layer
is applied is the most important factor for the control of the
temperature and humidity against an environment displaying
easy condensation formation.
(4) Thus, although from the perspective of equipment
installation measures may be needed to control the water
leakage and condensation inside underground structures
(ventilation, heating, and dehumidifying), depending on the
location and circumstances, the most fundamental and effective way to control the factors of condensation occurrence
(temperature transmission, supply source of humidity, and
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transmission path) is to apply exterior waterproofing. This is
more effective than applying interior waterproofing and highstrength concretes (water-tight concretes).
(5) The exterior high-strength waterproofing specimens
in the spring/autumn seasons maintained the same temperature and humidity as the specimens without exterior waterproofing applied owing to damage to the local waterproofing
layer (urethane-coated waterproof material). Therefore if
partial leakage occurs in the bottom and wall, the temperature
and humidity in interior cannot be controlled. Also if the
exterior waterproofing is applied to the only outer wall except
bottom, it is the same condition.
(6) In the result of summer season temperature testing,
there were an approximate increase of 0.37∘ C in temperature
and 18.7% of decrease in humidity for exterior waterproofing compared to interior waterproofing. Consequently, the
results remained consistent in both summer season temperature testing and winter season temperature testing where the
exterior waterproofing had better temperature and humidity
control properties. In the same controlled conditions, the
difference was relatively little in the exterior waterproofing
setting, high-strength concrete and standard strength concrete both maintained high temperature (0.53∘ C higher) and
low humidity level (2.0% lower). These test results indicate
that through exterior waterproofing the concrete material
does not absorb humidity and can maintain the entrained
air space in the concrete and exhibit its basic insulation
capacity.
Through the overview in this result, exterior waterproofing is considered to be highly recommended in order
to maintain and secure a fresh environment within the
concrete structure. From the designing stage, it is important
to consider the application of exterior waterproofing, and, in
the case where the concrete structure is displaying high level
of water leakage and condensation, application of a proper
maintenance management system and reforming the exterior
waterproofing layer is determined to be a fundamental
solution for completely blocking the entry of moisture.
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In order to implement the Mechanistic-Empirical Pavement Design Guide (MEPDG) to design and maintain asphalt pavements in
China, it is necessary to calibrate transfer functions of distresses in MEPDG with local conditions, including traffics, environment,
and materials as well as measured pavement distresses data in field. Comprehensive single factor sensitivity analyses of factors that
influence thermal cracking of asphalt pavements were conducted utilizing the MEPDG low temperature cracking (LTC) model.
Additionally, multiple factor sensitivity analyses were carried out as well, based on which pavement structures with sound thermal
cracking resistance were recommended for seasonal frozen regions in China. Finally, the field data of thermal cracks on typical
asphalt pavements in China was utilized to calibrate the LTC model in MEPDG. An improvement was proposed on MEPDG LTC
model, after which was applied, the predicted thermal cracking from MEPDG LTC model agrees well with measured thermal
cracking in China.

1. Introduction
Asphalt concrete is a typical viscoelastic plastic material.
Thermal cracking may occur when temperature of asphalt
concrete changes repeatedly or when there is temperature
gradient inside asphalt concrete [1]. The thermal cracking
forms pathways for intrusion of water and chemical ions
into the pavement structure, which weakens the stiffness of
subgrade and the capacity of asphalt pavement. Additionally,
the existence of thermal cracks accelerates the aging of asphalt
concrete and asphalt pavement distresses [2]. Therefore, it is
of great importance to ensure that thermal cracking of asphalt
pavement can be evaluated accurately, based on which asphalt
pavement with sound resistance of thermal cracking can be
designed.
Several models were proposed to predict thermal cracking on asphalt pavements in the last several decades. Hajek
and Haas [3] developed a mathematical model based on field
survey, which is capable of predicting the cracking frequency
on asphalt pavement in service life. The variables involved in
this model include stiffness of the original asphalt cement,

winter design temperature, subgrade soil type, asphalt layer
thickness, and pavement page since being built. Fromm and
Phang [4] utilized factor analysis, multiple linear regression,
and stepwise multiple regression to develop a model describing the observed phenomena and to predict cracking behavior of pavements. They claimed that the transverse cracking
is more severe in areas with high freezing index. Other
existing models predict cracking potential of asphalt mixture
[5, 6] and cannot predict amount of cracks versus time.
THERM [7] describes thermal cracking growth and spacing
based on fracture mechanics. Jenq and Perng [8] proposed
the cohesive cracking model to simulate the progressive
cracking development in asphalt concrete, which is similar
to the Dugdale-Barenblatt model. The model [8] covers
basic mechanical properties of asphalt concrete, including
tensile strength, fracture energy, and the stress-separation
relation. Soares et al. [9] presented a numerical method based
on the theory of fracture mechanics, in which binder and
aggregates are treated as distinct materials and cracking propagation under monotonic loading was investigated. Jongeun
and Imad [10] applied the fracture mechanics to analyze
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2. Objectives and Scope
The objectives of this paper is to propose typical pavement
structures so that good resistance on thermal cracking for
asphalt pavements can be obtained and to make the MEPDG
LTC model proper to predict thermal cracking on asphalt
pavement in the seasonal frozen region in China. First, the
influences of factors on thermal cracking of asphalt pavement
were analyzed through sensitivity analyses, including design
temperature, structural layer thickness, types of base and
subgrade, and void content of asphalt pavement. And then

80
70
Crack space (m)

the reflection cracking in asphalt overlay with a finite element
model utilizing the cohesive zone model. Kim et al. [11] was
evaluated with respect to asphalt pavement performances of
crack resistance in laboratory. Fazaeli et al. [12] evaluated the
performance of modified bitumen at low temperatures based
on Strategic Highway Research Program (SHRP) Superpave
tests.
A universal problem exists in the above mentioned
prediction models of thermal cracking. That is, the coupled
effects of factors such as pavement structure and material
properties on thermal cracking of asphalt mixture are not sufficiently considered. Prior to the Strategy Highway Research
Program (SHRP) A-005 project, no existing models predicted
thermal cracking performance (amount of cracking versus
time) with fundamental, low temperature mixture properties
[13]. Therefore, the SHRP A-005 program developed a new
low temperature cracking (LTC) model that predicts thermal
cracking (amount of cracking versus time) using properties of
asphalt mixture measured from the indirect tensile (IDT) test
(ASTM D6931-12) along with site-specific environmental and
structural information [14]. The amount of crack propagation
induced by a given thermal cooling cycle is predicted with the
Paris Law of crack propagation [15]. Based on the results presented for a limited number of SPS-1 and SPS-9 projects, it is
concluded that the nationally calibrated MEPDG transverse
cracking model predicted transverse cracking adequately on
this limited scale [16].
In order to implement the Mechanistic-Empirical Pavement Design Guide (MEPDG) to design and maintain asphalt
pavements, numerous studies were conducted to evaluate
and/or locally calibrate the MEPDG software [13, 17–22].
The climate, traffic, materials, and pavement structures
between China and USA are significantly different. In particular, the semirigid base is widely used in China, which is
not a common choice for USA. Therefore, local calibration
is necessary on LTC model prior to the implementation of
MEPDG in China. Additionally, the resistance of thermal
cracking for typical asphalt pavements can be investigated in
MEPDG software, based on which pavement structures with
good resistance on thermal cracking can be recommended.
It is worth mentioning that this study was conducted with
MEPDG software version 1.1 prior to the release of AASHTOWare Pavement Mechanistic-Empirical Design. Since the
transfer functions of thermal cracking in the two softwares
remain the same, the study in this paper is still valid and is
helpful in designing asphalt pavements with sound thermal
cracking resistance.
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Figure 1: Influence of performance grade of asphalt binder on
thermal cracking space on asphalt pavement.

asphalt pavement structures with sound resistance of thermal cracking were recommended. Finally, surveyed thermal
cracking data in field from the seasonal frozen region of
China was utilized to calibrate the MEPDG LTC model.

3. Single Factor Sensitivity Analysis
Sensitivity analyses on factors influencing thermal cracking
space on asphalt pavement were carried out in MEPDG,
including design temperature, layer thickness, types of base
and subgrade, and air voids of asphalt concrete. The cracking
space was defined by distance between the adjoining cracks.
The level 3 inputs for materials were used.
3.1. Performance Grade of Asphalt Binder. Asphalt binders
with varied Performance Grades influence thermal cracking
space of asphalt pavements, as shown in Figure 1. It can
be seen that the lower the design temperature for thermal
cracking, the longer the thermal cracking space. Additionally,
the initial time of thermal cracking delays as the design
temperature for thermal cracking becomes lower.
3.2. Asphalt Layer Thickness. The control pavement structure
has a 4 cm HMA16 surface layer, a 5 cm HMA20 intermediate
layer, and a 6 cm HMA25 bottom layer of asphalt concrete,
individually. HMA16 represents a hot mix asphalt (HMA)
with a 16 mm nominal maximum aggregate. It is worth noting
that the nominal maximum aggregate of 16 mm is not defined
in USA. However, the HMA16 or SMA16 (SMA is Stone
Matrix Asphalt) is the most popular type of asphalt mixture
in China. The aggregate gradation of HMA16 was put into
MEPDG according to the sieve analyses in laboratory. Then
three other pavement structures were produced by increasing
the thickness of each asphalt layer 1.25 times each time,
respectively. It indicates from Figures 2–4 that increasing
the thickness of surface asphalt layer can most effectively
postpone the initial time of thermal cracking and increase
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Figure 2: Influence of asphalt surface layer thickness on thermal
cracking space on asphalt pavement.
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the thermal cracking space. It seems that there is no change
on thermal cracking when increasing the thickness of bottom
layer, as shown in Figure 4. Therefore, when increasing layer
thickness is an option to improve the thermal cracking
resistance of asphalt pavement, the most effective way is to
increase the thickness of surface asphalt layer.
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Figure 3: Influence of asphalt intermediate layer thickness on
thermal cracking space on asphalt pavement.
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3.3. Base Type. In order to investigate the influence of base
type on thermal cracking on asphalt pavement, four types
of base were selected, while all other factors remain the
same. Figure 5 shows the thermal cracking space on asphalt
pavement. It is shown that in the first 7 years asphalt
pavement with asphalt treated crushed stone base has the
largest thermal cracking space, followed by asphalt pavement
with cement stabilized base and the combined base, that
is, 22 cm graded crushed stone (GCS) underneath 10 cm
cement stabilized gravel (CSG). The worst base type in the
first 7 years on resisting thermal cracking is graded crushed
stone. However, after 7 years, there are nearly no differences
among thermal cracking spaces from asphalt pavements
except the one with asphalt treated crushed stone base,
which behaves slightly better than the others. Considering the
construction cost and construction speed, the combined base
is recommended.
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Figure 4: Influence of asphalt bottom layer thickness on thermal
cracking space on asphalt pavement.

3.4. Subgrade Type. Eight default types of subgrade were
investigated on their effects on thermal cracking on asphalt
pavement. It can be seen from Figure 6 that the thermal
cracking of asphalt pavement is not sensitive to subgrade
type.
It is worth mentioning that in China the high-filled
subgrade is most widely used, which is different from the
subgrade in USA. The thermal cracking is expected to be
more severe on asphalt pavements in China. Without the
protection of surrounding soils, the thermal cracking of
asphalt pavement should be more sensitive to subgrade type
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Table 1: Combinations of asphalt layers for multiple factor sensitivity analysis.
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A
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F
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Note: HMA16, HMA20, and HMA25 present HMA mixtures with the nominal maximum aggregate sizes of 16 mm, 20 mm, and 25 mm, respectively.
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Figure 6: Influence of subgrade type on thermal cracking space on
asphalt pavement.
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Table 2: Base combinations for multiple factor sensitivity analysis.
Symbol
a
b
c
d
e
f

Combination of base layers
20 cm cement stabilized gravel
20 cm crushed stone
20 cm asphalt treated crushed stone
10 cm cement stabilized gravel + 10 cm crushed stone
8 cm cement stabilized gravel + 12 cm crushed stone
12 cm cement stabilized gravel + 8 cm crushed stone

Crack space (m)

70
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Table 3: Recommended asphalt pavement structures.
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Figure 7: Influence of air voids in asphalt concrete on thermal
cracking space on asphalt pavement.

than the case shown in Figure 6. However, such high-filled
subgrade is not considered in MEPDG.
3.5. Air Voids of Asphalt Concrete. When the air voids of
asphalt concrete increase in the range of 5–11%, the thermal
crack space on asphalt pavement increases, as shown in
Figure 7. However, when the air void is lower than 5%, the
influence of air void of asphalt concrete on thermal cracking
seems ignorable.

4. Multiple Factor Sensitivity Analysis
In order to investigate the influence of pavement structures
on the thermal cracking resistance of asphalt concrete, 36
different pavement structures generated from six combinations of asphalt layers (Table 1) and six combinations of

bases (Table 2) were analyzed from MEPDG software 1.1. The
predicted thermal cracking was shown in Figures 8 and 9.
From the comparisons between Figures 8 and 9, the recommended pavement structures were summarized in Table 3.
The recommendation of asphalt structures was based on two
criteria: (1) the initial time and thermal cracking space and (2)
the construction cost. It can be seen from Table 3 that asphalt
pavement structure B + f is the first recommended pavement
structure, followed by B + e and then B + c, A + c, and C + c.

5. Calibration on LTC Model
Three typical highway asphalt pavements in northeast area
of China were selected to calibrate the LTC model in
MEPDG, including Qitai Highway and Haxihuan Highway
in Heilongjiang and Changping Highway in Jilin. The thermal
cracking data on these asphalt pavements was collected.
5.1. Data Preparation. Qitai, Haxihuan, and Changping
Highways were built in 2009, 1996, and 1996, respectively.
Traffic was opened in September or October in the same year,
respectively.
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Figure 8: Thermal cracking development of asphalt pavements with different asphalt layers. Note: the terms “a,” “b,” “c,” “d,” “e,” and “f”
were defined in Table 2.
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Table 4: Average temperatures in climate station [23].
Station

Shenyang,
China

Qiqihar,
China

Yanji, China

Hailar,
China

Bismarck, North
Dakota

Omaha,
Nebraska

Avg. temp of Jan. (∘ C)
Avg. temp of Jul. (∘ C)

−11.5
24.5
Duluth,
Minnesota

−19.2
22.8
Fairbanks,
Alaska

−14
21.2
International
Falls, Minnesota

−26.2
19.7
St. Louis,
Missouri

−12.7
21.3
Memphis,
Tennessee

−6.4
24.7
Miami,
Florida

−13.5
18.9

−23.4
16.9

−17.2
19.3

−1.5
26.6

4.3
28.1

19.6
28.1

Station
Avg. temp of Jan. (∘ C)
Avg. temp of Jul. (∘ C)

Table 5: Water table in Heilongjiang and Jilin.
Station
Max water level
Harbin
110.04 m
Changchun
209.44 m
Daqing
153.97 m
Spring
162.80 m

Mix water level
104.90 m
197.80 m
150.40 m
156.15 m

Avg. water level
107.35 m
201.01 m
152.08 m
158.88 m

5.1.1. Traffic. Some factors, such as axle load distribution and
percentage of vehicles in the design lane, are very sensitive
inputs [24]. Because detailed information about axle load
distribution is still unavailable from the China pavement
management system (PMS), national default axle load spectra
were used in this study. The equivalent single axle load
(ESAL) acquired from the PMS was selected as a traffic
level indicator. The initial average annual daily truck traffic
(AADTT) was back-calculated from the respective ESALs
and determined as 3500.
5.1.2. Climate. Climate stations in USA with similar latitudes
and climate types were chosen for selected pavement sections.
The climate stations have similar average temperatures in
January and July to the corresponding temperatures in areas
where the highways locate. The difference should be in the
range of −5∘ C to 5∘ C. From the comparison of climates
from China and USA in Tables 4-5, it is recommended
that climate stations of Duluth, Minnesota; Bismarck, North
Dakota; and International Falls, Minnesota were chosen
as climate stations for Changping, Qitai, and Haxihuan
highways, respectively.
According to the China geological environment information site [23], the groundwater table is 150 m deep or lower.
Because distress predictions for asphalt pavement sections are
not affected by depths greater than 1.2 m [25, 26], the depth of
groundwater table was assumed to be 150 m for all pavement
sections.
5.1.3. Pavement Structures and Material Properties. Basic
information on the location, structure, construction and
maintenance history, and soil properties of the selected
highway pavement sections is presented in Table 6.
The level 3 inputs were defined and used for the MEPDG
analyses in this study. The gradation, air voids, optimum
binder content, and performance grade of binder for asphalt
layers were prepared at this level.

5.2. Determination of Initial Roughness Index. The initial
roughness index (IRI) is one of the critical input parameters
in the evaluation of the pavement roughness. The MEPDG
recommends 99.4 cm/km as an initial IRI. Present serviceability index is a roughness index in the AASHTO 1993
design guide [14]. For the convenience of communication
with agencies that still use PSI as a roughness index in China
and other regions, the MEPDG recommend IRI was used in
this study to characterize pavement roughness.
5.3. Comparison between Surveyed and
Predicted Thermal Cracking
5.3.1. Changping Highway. The surveyed cracking data on
Changping Highway at 50 months after traffic opening was
shown in Table 7. The cracking space in each surveyed section
is different from each other. The surveyed cracking and the
predicted cracking were plotted in Figure 10. It can be seen
that the predicted thermal cracking occurred after 53 months
since traffic opening with a cracking space of 76.2 m. Then
the predicted thermal cracking space decreased with time
(50.8 m after 76 months, 21.8 m after 88 months, and 10.9 m
after 208 months). The average surveyed thermal cracking
space on Changping Highway is 20 m after 50 months since
traffic opening, which is close to the predicted thermal
cracking space at the 96th month since traffic opening.
5.3.2. Qitai Highway. The surveyed cracking data on Qitai
Highway at 6 months after traffic opening was shown
in Table 8. The surveyed cracking and predicted thermal
cracking were plotted in Figure 11. It can be seen that
the predicted thermal cracking occurred after 76 months
since traffic opening with a cracking space of 50.8 m. Then
the predicted thermal cracking space decreased with time
(25.4 m after 89 months and 12.9 m after 184 months). The
average surveyed thermal cracking space on Qitai Highway
was 34.4 m after 6 months since traffic opening, which is close
to the predicted thermal cracking space at the 87th month
since traffic opening.
5.3.3. Haxihuan Highway. The surveyed cracking data on
Haxihuan Highway after 30, 48, and 72 months since traffic
opening was shown in Table 9. The surveyed cracking and the
predicted thermal cracking were plotted in Figure 12. It can be
seen that the predicted thermal cracking initiated at the 41st
month since traffic opening with a cracking space of 76.2 m.
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Table 6: Pavement structure and material information for the selected highways.
Intermediate
layer
5 cm HMA
20

Highway

Surface layer

Bottom layer

Base

Subbase

Subgrade

Changping

4 cm HMA16

6 cm HMA25

25 cm lime and fly ash
treated crushed stone
20 cm cement stabilized
crushed stone
20 cm cement stabilized
gravel

25 cm lime and fly ash
treated soil
30 cm cement
stabilized gravel
33 cm lime and fly ash
treated crushed stone

30 cm gravel +
soil foundation
25 cm gravel +
soil foundation
20 cm gravel +
soil foundation

Qitai

5 cm HMA16

—

7 cm HMA20

Haxihuan

4 cm HMA16

6 cm HMA
20

7 cm HMA25

Table 7: Surveyed data of thermal cracking on Changping Highway after 50 months since traffic opening.
Stake mark
K202 + 000∼K205 + 000
K273 + 000∼K275 + 000
K214 + 000∼K216 + 000
K259 + 000∼K261 + 000
K283 + 000∼K285 + 000
K208 + 000∼K210 + 000
K237 + 000∼K239 + 000
K239 + 700∼K240 + 300
K226 + 700∼K228 + 300
K248 + 000∼K250 + 000
K251 + 000∼K253 + 000

Distance (km)
3
2
2
2
2
2
2
0.6
1.6
2
2

Crack number
18
21
61.6
86.6
67.2
93.2
135.5
33.2
181.1
174.2
163.7

Crack index
0.6
1.1
3.1
4.3
3.4
4.7
6.8
5.5
11.3
8.7
8.2

Crack space (m)
176.5
100.0
33.0
23.4
30.2
21.7
14.9
18.6
8.9
11.5
12.3

Table 8: Surveyed data of thermal cracking on Qitai Highway after 6 months since traffic opening.
Stake mark

Distance (km)

K2 + 300∼K4 + 000

1.7

K39 + 000∼K41 + 000

2

K50 + 000∼K52 + 000

2

K84 + 000∼K86 + 000

2

K102 + 000∼K104 + 000

2

K130 + 000∼K132 + 000

2

Plus
Minus
Plus
Minus
Plus
Minus
Plus
Minus
Plus
Minus
Plus
Minus

Crack number
54
51
73
53
65
46
53
56
41
49
94
82

Crack index
3.2
3.0
3.7
2.7
3.3
2.3
2.7
2.8
2.1
2.5
4.7
4.1

Crack space (m)
31.5
33.3
27.4
37.7
30.8
43.5
37.7
35.7
48.8
40.8
21.3
24.4

Table 9: Surveyed data of thermal cracking on Haxihuan Highway since traffic opening.
Milestone
K46-K47
K47-K48
K48-K49
K49-K50

Dir.
+
−
+
−
+
−
+
−

30 mon.
20
22
23
20
15
17
18
20

Crack number
48 mon.
72 mon.
30
30
27
42
30
30
27
31
26
25
21
25
20
25
23
28

30 mon.
2
2.2
2.3
2
1.5
1.7
1.8
2

Crack index
48 mon.
2.7
3
2.7
2.6
2.1
2
2.3
2.2

72 mon.
3
4.2
3
3.1
2.5
2.5
2.5
2.8

30 mon.
52.6
47.6
45.5
52.6
71.4
62.5
58.8
52.6

Crack space (m)
48 mon.
72 mon.
38.5
34.5
34.5
24.4
38.5
34.5
40.0
33.3
50.0
41.7
52.6
41.7
45.5
41.7
47.6
37.0
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Table 10: Initiation and latency of predicted thermal cracking.
Pavement section
Initiation
Latency

Changping Highway
53rd
≈48th

180
160
120
100
80
60
40
20
0

100
90
80
70
60
50
40
30
20
10
0

0

30

60

90

120 150 180 210 240

0

30

Time (month)
Predicted LTC distance
Surveyed LTC distance

Similar point

Figure 10: Predicted thermal cracking versus survey thermal
cracking on Changping Highway.
80

Crack space (m)

60

90 120 150 180 210 240
Time (month)

Predicted LTC distance
Surveyed LTC distance

Similar point

Figure 12: Predicted thermal cracking versus survey thermal cracking on Haxihuan Highway.

that the LTC model in MEPDG predicted the initiation and
propagation of thermal cracking later than actual situation
in field. It can be also seen that the latency of predicted
thermal cracking is highly related to the initiation time of
predicted thermal cracking, as shown in Table 10. The latency
of predicted thermal cracking can be estimated from the
following equation:

70
60
50
40
30
20

𝑇lat = 𝑇0 − 5,

10
0

Haxihuan Highway
41st
≈40th

Crack space (m)

Crack space (m)

140

Qitai Highway
76th
≈80th

0

30

60

90

120 150 180 210 240

Time (month)
Predicted LTC distance
Surveyed LTC distance

Similar point

Figure 11: Predicted thermal cracking versus survey thermal cracking on Qitai Highway.

Then the predicted thermal cracking space decreased with
time (38.1 m after 64 months and 10.1 m after 184 months).
The average surveyed thermal cracking space on Haxihuan
highway is 51.96 m after 30 months since traffic opening,
which is close to the predicted thermal cracking space at the
64th month since traffic opening. Similarly, average surveyed
thermal cracking spaces after 48 months and 72 months
are 39.2 m and 34.0 m, respectively, which are close to the
predicted thermal cracking spaces at 82 months and 108
months, respectively.
5.4. Calibration. From the comparisons between surveyed
cracking and predicted thermal cracking data, it can be seen

(1)

where 𝑇lat presents latency time of predicted thermal cracking
to actual thermal cracking in field month; 𝑇0 presents the
initiation of thermal cracking, month.
The high-filled subgrade can be seen as one of reasons why the actual low temperature cracking on asphalt
pavements in China is more severe than the predicted
one in MEPDG. Figure 13 gives the comparison between
the predicted cracking and surveyed thermal cracking on
Haxihuan Highway after the calibration (1) was applied. It can
be seen that the predicted thermal cracking is much closer to
the surveyed thermal cracking, though the surveyed data is
scattered.

6. Conclusion
In order to implement the LTC model in MEPDG in the
seasonal frozen region, the northeast of China, sensitivity
analyses on factors that influence the LTC model were
conducted and the LTC model was calibrated with the
surveyed thermal cracking data in that area. It is found that
the asphalt binder used in the surface layer is the crucial factor
that influences thermal cracking. Then, based on sensitivity
analyses on the influences of asphalt layer, base, and other
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100
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Figure 13: Calibrated thermal cracking versus surveyed thermal
cracking on Haxihuan Highway.

factors on thermal cracking of asphalt pavement, asphalt
pavement structures with good thermal cracking resistance
were recommended. The combination of asphalt layers was
recommended when the base layers were fixed and vice versa.
The comparison between surveyed cracking and predicted thermal cracking from MEPDG indicates that there is
latency for the predicted thermal cracking from MEPDG of
about 5 months. After calibration, the LTC model in MEPDG
can provide a reasonable prediction on the thermal cracking
in the northeast of China.
The approach in this paper to calibrate the LTC model in
MEPDG can be helpful when the Pavement ME Design needs
to be applied in other areas other than North America.
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Under the condition of Nanjing, the effect by the velocity variation of night ventilation on the thermal response of the south wall
built by phase-change materials (PCMs) blocks with different configurations has been investigated and analyzed. It shows that the
thermal performance when the PCM is placed nearby inner side in hollow block is better than that of the outer side. Meanwhile, the
maximum amplitude of the temperature on the interior surface when the PCM is placed at the inner side is 58.3% higher than that
of the outer side. The optimal flow velocity of both A and B is 2 m/s. Meanwhile, the minimum amplitudes of the temperature on the
interior surface are 1.74∘ C and 3.72∘ C as well as the retardation coefficients are 8 h and 7 h. Compared to the structure configuration
without ventilation, the heat flow was reduced 38.2% and 29.3%, respectively, and the equivalent heat resistance increased by 115.8%
and 88.6%.

1. Introduction
Phase-change materials used in building envelope provides a
new way for energy saving. However, seeking suitable PCM
that completely fit the local climate conditions is a thorny
problem. To make the PCMs play a better role, more and more
night ventilation techniques are used.
At present, scholars have studied a lot on PCM powered
by night ventilation. The indoor comfort affected by the
natural ventilation at night with and without PCM has
been studied experimentally by Arkar and Medved [1]. The
research showed that the thermal comfort with PCM was
better and when the phase-transition temperature was from
20∘ C to 22∘ C, it was more suitable for ventilation under its
working condition. But they did not combine PCM with
building envelope. Raj and Velraj [2] simulated the phasechange wall with night ventilation by CFD software. The
phase-change wall was piled up by honeycomb block. The
results showed that the phase-change honeycomb block can
make the night cold air stay longer and thus improve the
heat transfer. The effect was remarkable especially when the
ventilation flow rate was 1 m/s. But the ventilation holes

of honeycomb block are round holes, and they did not
discuss the influence on thermal response of rectangular
holes. Jaworski [3] placed PCM in office building’s roof and
combined with night ventilation. The results showed that the
night ventilation not only brings better indoor comfort, but
also makes PCM in the best condition and plays the biggest
role. At present, domestic studies are still in the initial stage,
but a lot of achievements have been made. Wang [4] studied
solar ventilation wall combined with PCM in hot summer
and cold winter zones. She analyzed the ventilation effects
in summer daytime but did not discuss the cold storage
situation of night ventilation. Zhang [5] studied using effect
of different PCM combined with night ventilation in Xi’an
by theory calculation and experimental research, put forward
the shortcomings of the existing ventilation, and improved
them. But it may be more intuitive to comment from the wall
or indoor thermal response.
Therefore, this paper takes the condition of Nanjing as
an example, selecting the solar-air temperature 𝑇out that is
determined by outdoor air temperature and solar radiation
as the meteorological parameters. The thermal response
performance of different structure of phase change energy
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Table 1: The list of construction of external south wall.

Middle
Inner hole
hole
Air
Gypsum-based
Structure A
Air
vent
phase-change-board
Gypsum-based
Air
Structure B
Air
phase-change-board vent

145 mm

2. The Necessity of Night Ventilation
The hottest day in summer Nanjing is “the dog” period. The
heat that PCMs have absorbed during the day cannot be
released completely at night under sustained high temperature. This will reduce the performance of PCM in the next day.
With the heat piled up, PCM will liquefy completely and the
capacity of latent heat storage will also disappear. The capacity
of release heat will become stronger by night ventilation. It
can maintain the absorbed heat during the day equal to the
released heat at night maximally. The operating cycles of PCM
can be extended.

Middle hole

Middle hole

Outer hole

Outer hole

25
mm
25
mm

20
mm

Inner hole

40
mm

Inner hole

30
mm

storage masonry wall is studied with different night ventilation velocity by experiments.

30
mm

Outer hole

20
mm

Name

The indoor side
145 mm

22.5 mm

45 mm

22.5 mm

The outdoor side

Figure 1: The actual object and size of block.

Gypsum-based phase-change-board

3. Physical Model
The studied physical model is the south wall in summer
Nanjing. The area of the model is 1 m2 and its height,
width, and thickness are 1 m, 1 m, and 0.19 m, respectively. In
order to prevent the leakage of PCM in the experiment, we
manufactured gypsum-based phase-change-boards (GPCBs)
with the mass ratio of the PCM and gypsum mixed by 1 : 1.3
in proportion. The PCM is decanoic acid and the wall is piled
up by hollow blocks with three rows of holes (Figure 1). The
block with GPCBs is showed in Figure 2. Placed GPCBs in
inner holes or outer holes (Figure 1) of the block can form two
different structure configurations of external walls structure
(Table 1).
3.1. Physical Parameters of Wall. Table 2 lists all material
properties which have been used.
3.2. Outdoor Calculating Temperature. That which works on
the surface of south wall is the solar radiation besides the air
temperature. Therefore, the solar-air temperature is taken as
the outdoor calculating temperature. The hottest days in the
summer of Nanjing are in the “the dog” period. Therefore, we
take July 20th to 24th as the calculation temperature. Meteorological parameter is selected from Dedicated meteorological
database of the analysis for building thermal environment in
China [6].

4. Experiment
4.1. Experimental Principle and Equipment. The JW-I thermoresistance detector device is shown in Figure 3. The left

Gypsum-based phase-change-board

Figure 2: The actual object of block with GPCBs.

box is cold box and the right one is hot box. They are used to
simulate the indoor environment and outdoor environment,
respectively. The frame of the test-piece in this device also
can be seen in Figure 3. The model of control device of
programming is XMT-4000B. The measuring accuracy is
level 0.2 (±0.2% FS). The data acquisition instrument, which
measurement error is ±2.1∘ C, is used in this experiment and
the model is Agilent 34970A.
The hot box method was used in the experimental study.
The outdoor environment was simulated by the control
device of programming. During the experiment, the frames
of the boxes were thermally insulated.
Thermocouples were used for monitoring the temperature of the inner and the outer surfaces of wall and the
phase-change room, as shown in Figure 4. The type of the
thermocouples is 𝑇 type. The measurement range is −50∘ C∼
100∘ C, the accuracy grade is 0.2, and the resolution ratio
is 0.1∘ C. At the bottom and top sides of the phase-change
wall, there are an air inlet and an air outlet. The air inlet is
connected with blower. The start-stop of blower is controlled
by circuit feedback system. When the outdoor temperature
is lower than the average temperature of the ventilated hole
inner surface, the blower begins to work. Conversely, the
blower does not work. The experimental device consists of
an isolated system. In order to reduce the influence of the
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Table 2: The physical parameters of materials.
Material
name
Block
Air
GPCBs

Density
𝜌/kg⋅m−3
1365
1.225
Change with
temperature

Specific heat
𝐶𝑝 /J⋅kg−1 ⋅K−1

Thermal
conductivity
𝜆/W⋅m−1 ⋅K−1

960
1006.43
Change with
temperature

0.6
0.0242
Change with
temperature

Latent heat
ΔH/kJ⋅kg−1

Phase-transition
temperature of
solid
𝑡𝑠 /∘ C

Phase-transition
temperature of
liquid
𝑡𝑞 /∘ C

Phase-change
radius
𝜔/∘ C

/
/

/
/

/
/

/
/

153

19.48

27.72

4.12

Test-piece frame

Thermocouples
Outlet

Cold box
Temperature
probe

Hot box
Agilent

XMT4000B

Testpiece
frame

CPU

Air condition

Inlet
Blower
Cold box

Hot box

Figure 3: The picture of the actual object of JW-I.

Thermocouple probe
of the air outlet

Heat flow meter
Thermocouple probe
of the wall

The static pressure
box

The hole connected
with fan

Figure 4: The arrange picture of thermocouple and heat flow meter.

external environment on the results, the joint between the
cold-hot box and test-piece frame was filled by polyurethane
foam. Figure 5 is experimental principle.
4.2. The Conditions of Intermittent Ventilation. When the
inlet temperature was lower than the average temperature
of the ventilated hole wall, the ventilation can work with
the best effect. At this time, the storage heat of PCM can
be released quickly. Therefore, in the process of experiment,
the thermocouples were arranged at the air inlet and outlet.
When the condition was satisfied, the fan was switched on.
4.3. Indoor Temperature Analysis. Figure 6 displays the comparison of the temperature fluctuation of the indoor temperature 𝑇in in these two structures under different ventilation.
From Figures 6(a) and 6(b), we can find several common
points: for the case of ventilation inside the wall, the average

Heat
rod

Outlet of
Fan air condition

Figure 5: The picture of experimental principle.

temperature on the interior surface of wall is apparently lower
than the case without ventilation. And no matter how much
the ventilation velocity is, the indoor temperature amplitude
of these two structures (3.5∘ C∼4.5∘ C) reduces greatly comparing with the sol-air temperature of the outdoor environment,
and the peak is also delayed. The even temperature fluctuation
can bring better comfort and reduce the start-stop time of
air condition. It can reduce energy consumption. The delay
of the temperature peak reduces the electricity peak. At the
same time, in response to the national “peak valley” policy,
it can save money. The decreasing amplitude of inner surface
temperature is 5∘ C–8∘ C when it is ventilating. As the velocity
increases, the temperature amplitude on the interior surface
and the drop rate of the average temperature both reduce
gradually, and the higher velocity brings more consumption
of fan energy. Generally, the optimal flow rate of structure
A is 2 m/s, and the minimum amplitude of wall surface is
1.74∘ C. Meanwhile, the maximum coefficient delay is 8 h.
The optimal velocity of structure B is 2 m/s too. Minimum
amplitude of wall surface is 3.72∘ C, and maximum coefficient
delay is 7 h. However, the two kinds of structures are quite
different. For structure B, the PCM is placed outside, so it
will melt quickly and lose its function in the influence of
outdoor integrated temperature, which makes the meaning of
existence to PCM reduce greatly. The maximum temperature
amplitude on the interior surface is up to 6.58∘ C. For the
structure A; the PCM is placed inside; therefore, the PCM
is influenced a little by the outdoor integrated temperature,
so it can play an important role in the function of thermal
storage, making low fluctuation of wall surface temperature.
The maximum temperature amplitude on the interior surface
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Figure 6: Contrast pictures of temperature of inner surface in different structure with several velocities.
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Figure 7: Contrast pictures of solid fraction of inner surface in different structure with several velocities.

of structure A wall is 3.84∘ C, which is 58.3% of the structure
B wall.
4.4. The Solid Fraction of PCMs. When we measure the
temperature of the PCM in the experiment, according to (1),
we can calculate the solid fraction of PCM. Solid fraction is
the proportion of solid PCM in whole PCM. When 𝑓𝑠 = 0,
PCM is in liquid phase. When 𝑓𝑠 = 1, PCM is in solid phase.
When 0 < 𝑓𝑠 < 1, PCM is in phase change zone [7]. Consider
𝑓𝑠 =

𝑡𝑞 − 𝑡
𝑡𝑞 − 𝑡𝑠

,

(1)

where 𝑓𝑠 is the solid fraction of PCM, %; 𝑡 is phase change
temperature, ∘ C; 𝑡𝑞 is the temperature of liquid phase, ∘ C; and
𝑡𝑠 is the temperature of solid phase, ∘ C.
Figure 7 demonstrates the solid fraction of the PCM
under different structures and flow rates. From Figure 7, it
can be found that, without ventilation, the solid fraction
of the PCM in structure A is attempted to be zero after
the temperature wave reached stable, which indicates that
the PCM is to be completely liquefied. It results from the
delay and attenuation of the temperature wave. Compared
to structure A, the PCM of structure B is more effective,
but, due to the response of outdoor solar-air temperature,
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200
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0

0.0
0

1
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3

4

Structure A
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Figure 8: Contrast picture of quantity of heat with ventilation.

the phase changes quickly. It leads the PCM to be completely
liquefied. With the increase of velocity, the PCM of structure
A can be in a phase transition all the time, keeping the best
status. While structure B is not so stable, sometimes PCM
is completely liquefied with high utilization. We can draw
the same conclusion as Figure 6, the best velocity of both
structure A and structure B is 2 m/s.
4.5. The Analysis of Removed Heat by Ventilation and Equivalent Thermal Resistance. Figure 8 displays the removed heat
by mechanical ventilation from July 20th to July 24th. Analyzing Figure 8 we can know both structure A and structure B,
and, with the increase of velocity, the removed heat becomes
more and more. But the growth of the removed heat is
becoming smaller. On the contrary, the increase of flow rate
will bring greater fan energy consumption. Thus, we can draw
the same conclusion as Figure 6: the best velocity of both
structure A and B is 2 m/s. In this case, the heat removed by
mechanical ventilation 𝑄𝐶 is 457.8 W and 616.3 W. Compared
with no ventilation, 38.2% and 29.3% of heat which flowed
into indoor are reduced, respectively.
Figure 9 is the comparison picture of equivalent thermal resistance 𝑅 of hollow building blocks with two kind
structures at different flow velocity. Similar conclusions
can be drawn from Figure 9: with the increase of velocity,
equivalent thermal resistance of these two kinds of structures
is increasing, but the equivalent thermal resistance increase
rate has decreased. So there is an optimum flow rate. Either
structure A or structure B is 2 m/s. With comparison of
no ventilation, equivalent thermal resistance structure of A
and B is increased by 115.8% and 88.6%, and the equivalent
thermal resistance of a substantial increase is mainly due
to the reasonable ventilation. At the same velocity, the
equivalent thermal resistance of structure A is larger than
structure of B. The main reason for this can be attributed to
the utilization rate of PCM. The utilization efficiency is lower

Structure A
 = 0.0 m/s
 = 1.0 m/s
 = 2.0 m/s

Structure B
 = 2.5 m/s
 = 3.0 m/s

Figure 9: Contrast picture of equivalent thermal resistance.

when PCM is arranged outside. The status will be larger in
a state of pure solid or liquid. This will lead to the increase
of thermal conductivity and reduction equivalent thermal
resistance.

5. Conclusions
This paper takes the south wall of buildings in Nanjing as
physical model, selecting the outdoor solar-air temperature
as calculating temperature during the period of Nanjing “the
dog” period from July 20th to July 24th. The indoor thermal
response in different ventilation with PCM inside or outside
of the three rows of hollow blocks has been experimentally
studied and analyzed. It can draw the following conclusions.
(1) When the phase change materials are placed at the
inner row of the three rows in the hollow block, the
thermal performance is better. The maximum temperature amplitude on the surface of wall temperature
is 3.84∘ C when the PCM is at the inner side, only
58.3% of that at the outer side.
(2) Either structure A or structure B, with the increase
velocity of the ventilation flow, the temperature
amplitude on the inner surface of wall, and the drop
rate of wave base value are reduced gradually. There is
an optimum flow rate.
(3) The optimal velocity of structure A and structure
B is for both 2 m/s, while the minimum amplitude
and maximum delay coefficient of the surface temperature inside the wall are 1.74∘ C, 8 h, and 3.72∘ C,
7 h, respectively. The heat removed by ventilation and
the equivalent thermal resistance are, respectively,
457.8 W, 616.3 W and 0.41 (m2 ⋅K)/W, 0.19 (m2 ⋅K)/W,
comparing with that without venation. The heat that
transports into the indoor, respectively, reduces to
38.2% and 29.3%. The equivalent thermal resistances
increase by 115.8% and 88.6%, respectively.
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Accidents involving vehicles crashing into reinforced retaining walls are increasing because of the increased construction of
reinforced retaining walls on roads. Unlike a normal retaining wall, a reinforced retaining wall is not one united body but is made
up of blocks. Hence, a reinforced wall can break down when a vehicle crashes into it. The behavior of such a wall during vehicle
collision depends upon the reinforcement material used for its construction, its design, and the method of the construction. In
this study, the behavior of a reinforced retaining wall was analyzed while changing the reinforcement spacing using LS-DYNA, a
general finite-element program. Eight tons of truck weight was used for the numerical analysis model. The behavior of a reinforced
retaining wall under variable reinforcement spacing and positioning was analyzed. The results indicated that the reinforcement
material was an important resistance factor against external collision load.

1. Introduction
Continuously increasing volumes of traffic have resulted
in problems of traffic congestion. To solve this problem, a
large number of underpasses, crossroads, and elevated roads
have recently been constructed. Small and large reinforced
retaining walls, which are both economical and beneficial in
terms of construction efficiency, are being constructed along
the sides of roads. As the construction of reinforced retaining
walls along roads that cater to high traffic volume increases,
vehicle collisions with these walls also increase.
A reinforced retaining wall is constructed by gradually
increasing the tensile force applied to the soil on the backside
of the wall. In this method, the wall is reinforced by using
high-tensile-strength reinforcing materials such as geotextiles. The material type, construction interval, and length
of the reinforcing material are considered important design
factors when designing a reinforced retaining wall. However,
a reinforced wall is built of blocks and is not one united body,
so a vehicle colliding with it can potentially cause secondary
damage owing to the collapse of the retaining wall and the
settlement of backfill.
In order to investigate the characteristics of behavior
and failure mechanisms of reinforced retaining walls, model

tests and numerical analyses were carried out by changing
the length and spacing of reinforcement, surcharge load,
and backfill properties studied by Wong, Pinto, Leshchinsky,
Ghionna, Yoo, Liu, Stuedlein, and Suliman [1–8]. The safety
of construction structures according to vehicle collision was
verified with vehicle crash tests and numerical collision
analyses by Wu, Borovinšek, Chung, Itoh, Tay, and Kim [9–
14]. However, the effect of vehicle collision on reinforced
retaining walls was excluded. Additionally, the safety of
reinforced retaining walls affected by vehicle collision for
different vehicle velocities was recently studied by Ahn et al.
[15]; however, the effect of design factors on reinforced
retaining walls was not considered.
In this study, a collision analysis was conducted to identify
the behavior of reinforced retaining walls with spacing of
reinforcement when a vehicle crashed into the reinforced
retaining wall. This analysis was conducted with threedimensional nonlinear dynamic time history analysis using
LS-DYNA, a general finite-element analysis program, to
identify the behavior of reinforced retaining walls during
vehicle collision. An eight-ton single-unit Ford truck offered
by the National Crash Analysis Center (NCAC) was used for
the vehicle collision analysis. Behavior of reinforced retaining
walls from vehicle collisions was analyzed by comparing

2

Advances in Materials Science and Engineering
Table 1: Relationship between design and collision velocities.

Type
A
B
C
D

The range of design
velocity in road
(km/h)

Used design
velocity (km/h)

60∼120
60
20∼50
—

100
60
50
100

Table 2: Properties of truck model.

Collision
velocity (km/h)
60
40
35
80

Angle of vehicle collision (∘ )

Type
The number of elements
Shell
Solid
Beam
Total
Weight (kg)
Yield stress (MPa)
Modulus of elasticity (MPa)

Truck
19,479
1,248
124
20,727
8,035
270
205,000

Velocity of vehicle collision (v)

Weight of vehicle collision (m)

Figure 1: Condition of impact severity.
Figure 2: Three-dimensional model of Ford single-unit truck.

the displacement of the front side, horizontal and vertical, of
the reinforced retaining wall’s block at the point of collision
from the ground surface to 1.0𝐻 which is the height of the
reinforced retaining wall at intervals of 0.2𝐻.

2. Conditions of Vehicle Collision
The guidelines for vehicle collisions found in “guidelines for
installation and administration of road safety facility” along
with “business guide for vehicle crash test of safety barrier
provided in Korea” were considered in this study [16, 17].
2.1. Calculation of Impact Severity. The impact severity was
defined by the kinetic energy which is created when a vehicle
crashes into a structure. Figure 1 shows the condition of vehicle collision and the impact severity is computed as follows:
𝑣
1
sin 𝜃) ,
IS = 𝑚 (
2
3.6

(1)

where IS is impact severity (kg), 𝑚 is weight of vehicle
collision (ton), V is velocity of vehicle collision (km/h), and
𝜃 is angle of vehicle collision (∘ ) [16, 17].
2.2. The Velocity of Vehicle Collision. According to “guidelines
for installation and administration of road safety facility in
Korea” the vehicle collision velocity can be as high as 80% of
the design velocity. Table 1 shows the relationship between the
design and collision velocities on the road [17], for each type
of vehicle. Therefore 80 km/h of collision velocity was chosen
to consider the conditions of the roads in Korea in this study.
2.3. Weight of Vehicle Collision. For small vehicles and large
vehicles, the “guidelines for installation and administration of
road safety facility” laid down rules governing the weights of

allowed vehicles in Korea. The weights of the vehicles ranged
from 3.5 to 8.0 tons, and these were used as the design weights
for the crashed vehicles [16, 17]. Therefore the weight of the
collided vehicle was chosen to be 8 tons and the eight-ton
Ford single-unit truck, which is the finite-element model
offered by the National Crash Analysis Center (NCAC), was
used for the vehicle collision analysis in this study.
2.4. Angle of Vehicle Collision. The angle which is the
included angle between the structure and the crashed vehicle
is widely known to be 15∘ for a straight road and 16∘ for a
curved road. “Guidelines for installation and administration
of road safety facility” used 15∘ for large vehicles and 20∘ for
small vehicles in Korea [17]. Therefore 15∘ was used for the
angle in this study.

3. Numerical Analysis for Different
Reinforcement Spacing
3.1. Numerical Model of Vehicle. In this study, the numerical
model used to model the vehicle is an eight-ton truck model
(a Ford single-unit truck). It can be modeled using LSDYNA and is recommended by the NCAC. Figure 2 shows a
three-dimensional model of the vehicle. The model consists
of 19,479 shells, 124 beams, and 1,248 solid elements. The
steel material used has a 270 MPa yield stress and 205 GPa
modulus of elasticity, as shown in Table 2 [15].
3.2. Properties of the Reinforced Retaining Wall. The model
of the reinforced retaining wall which was 20,000 (𝑊) ×
10,000 (𝐿) × 5,200 (𝐻) mm consisted of block, reinforcement,
crushed stone, and backfill (Figure 3). The block, 400 (𝑊)
× 400 (𝐿) × 200 (𝐻) mm, was modeled with solid elements
and its material was Elastic Tiltel in LS-DYNA as in Table 3.
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Table 3: Properties of reinforcement.
Type
Beam

Unit weight (kN/m3 )
0.1

Material of model (in LS-DYNA)
Piecewise linear plasticity

Modulus of elasticity (MPa)
3,000

Poisson ratio
0.25

Table 4: Properties of reinforced retaining wall’s block.
Type
Solid

Size (mm)
400 × 400 × 200

Material of model (in LS-DYNA)
Elastic Title

Unit weight (kN/m3 )
23.5

Modulus of elasticity (MPa)
5000

Poisson ratio
0.3

Table 5: Properties of crushed stone and backfill.
Type
Crushed
stone
Backfill

Material of model
(in LS-DYNA)

Unit weight
(kN/m3 )

Internal friction
angle (∘ )

Bulk modulus of
elasticity (MPa)

Shear modulus
(MPa)

FHWA Soil Title

19.0

45∘

0.465

0.186

0.35

0.14

FHWA Soil Title

Reinforcement

19.0

Backfill
W = 20,000 mm

30

∘

not placed at the top of the reinforced retaining wall because
it could not perform the function of reinforcement.

4. Results of Analysis
H = 5,200 mm

Block

L = 10,000 mm
Crushed stone backfill

Figure 3: Collision analysis model of reinforced retaining wall.

Also the contact condition between the blocks is defined
by the automatic single surface function in LS-DYNA. Reinforcement was modeled with beam elements and its material
was Picewise linear plasicity in LS-DYNA as in Table 4. The
coincident function in LS-DYNA was used for reinforcement
to couple the block and backfill. Crushed stone and backfill
of the reinforced retaining wall were modeled with solid
elements and this material was FHWA Soil Title as seen in
Table 5. Nodes of each element of crushed stone and backfill
were merged to integrate movement. Vehicle collisions were
simulated with each model, using a contact algorithm to
model the wall behavior. Tables 3, 4, and 5 show details of
each created model [15].
3.3. Spacing of Reinforcement. In general, in the design of
reinforced retaining walls, reinforcement is installed and its
spacing is denser from the top to the bottom in consideration
of the earth pressure. However, as in Figure 4, the reinforcement was placed at equal-intervals of 200, 400, and 600 mm
from the top of the reinforced retaining wall to determine
the effect of varying intervals of reinforcement on vehicle
collision and a collision analysis was conducted.
The observation point was measured from the ground
surface to 1.0𝐻 at intervals of 0.2𝐻. The reinforcement was

4.1. Behavior of Reinforced Retaining Wall with Different
Reinforcement Spacing. A collision analysis was conducted
using LS-DYNA, a general finite-element analysis program,
to identify the behavior of the reinforced retaining wall
during vehicle collision. The contact condition between
the reinforced retaining wall and the truck is defined by
the contact Automatic surface to surface function in LSDYNA, and the result of the collision simulation is shown in
Figure 5.
4.1.1. Displacement of Block with 200 mm Reinforcement Spacing. Table 6 shows the vertical and horizontal displacement
with respect to the height (𝐻) of the reinforced retaining wall
block for 200 mm reinforcement spacing and presents the
separation ratio by contrasting the original block size with
the maximum displacement of the block. Figure 6 shows the
vertical and horizontal displacements of the front block, plotted at 0.2𝐻, 0.4𝐻, 0.6𝐻, 0.8𝐻, and 𝐻 from the bottom of the
reinforced retaining wall for 200 mm reinforcement spacing.
In Figure 6(a), a positive value of horizontal displacement
implies that the block moved toward the backfill of the reinforced retaining wall, and a negative value of horizontal displacement implies that the block moved toward the collided
vehicle. In Figure 6(b), a positive value for vertical displacement indicates the bulging of the block and a negative value
of vertical displacement indicates the subsidence of the block.
The final horizontal displacement at 0.2𝐻 (which was
closest to the collision contact surface) was 2.6 mm, and the
final horizontal displacement at 𝐻 (furthest from the collision
contact surface) was 5.9 mm. Relatively smaller final horizontal displacements were observed in these two positions on the
reinforced retaining wall, as compared to the other positions.
The final horizontal displacement at 0.6𝐻 was found to
be the largest, at 42.8 mm. For horizontal displacement,
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Table 6: Block displacement for 200 mm reinforcement spacing.
Horizontal displacement (mm)

Height

Maximum
horizontal
displacement

Separation ratio
(%)

20.5
26.6
42.8
33.2
−41.3

5.1
6.7
10.7
8.3
10.3

0.2𝐻
0.4𝐻
0.6𝐻
0.8𝐻
𝐻

Vertical displacement (mm)

Final horizontal
displacement

Maximum
vertical
displacement

Separation ratio
(%)

Final vertical
displacement

2.6
26.6
42.8
30.8
5.9

22.2
−42.2
−48.6
−57.9
−68.1

11.1
21.1
24.3
29.0
34.0

−11.5
−42.2
−48.6
−57.9
−68.1

8000 kg-single unit truck (NCAC V01D)
Time = 0

8000 kg-single unit truck (NCAC V01D)
Time = 0

Z

Z

X Y

X Y

(a) 200 mm spacing

(b) 400 mm spacing

8000 kg-single unit truck (NCAC V01D)
Time = 0

Z
X Y

(c) 600 mm spacing

Figure 4: Analysis model for different reinforcement spacing.

the separation ratio, which contrasts the original block
size with the maximum displacement of the block, ranged
between 5.1 and 10.3%. The final vertical displacement was
found to be negative, and the displacement increased with
height. The final vertical displacement was maximum at
𝐻, at –68.1 mm. The separation ratio, in terms of vertical
displacement, ranged between 11.1 and 34.0%.
4.1.2. Displacement of Block for 400 mm Reinforcement Spacing. Figure 7 and Table 7 show the vertical and horizontal
displacement with respect to the height of the reinforced
retaining wall block, for 400 mm reinforcement spacing.
The separation ratio, contrasting the original block size
with the maximum displacement of the block, in terms of horizontal displacement, ranged between 4.5 and 12.9%. The final
horizontal displacement was maximum at 0.8𝐻, at 51.8 mm.

The final vertical displacement was again negative throughout
and increased in value with the height of the reinforced
retaining wall, as was the case for the 200 mm reinforcement
spacing. The biggest final vertical displacement observed was
–69.1 mm at the top (𝐻) of the reinforced retaining wall. The
separation ratio, contrasting the original block size with the
maximum displacement of the block, in terms of vertical
displacement, ranged between 15.0 and 43.1%. As shown in
Figure 7(a), it was possible to observe a restoration to the
original state at the heights of 0.2𝐻 and 0.4𝐻, after an initial
movement into the backfill of the reinforced retaining wall.
However, when observing the upper part of the reinforced
retaining wall after the collision, it was found that the increase
in block displacement had not absorbed the impulsive load
of the vehicle due to a malfunction of the backfill and
reinforcement.
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Table 7: Separation ratio for 400 mm reinforcement spacing.

Maximum
horizontal
displacement

Height
0.2𝐻
0.4𝐻
0.6𝐻
0.8𝐻
𝐻

Horizontal displacement (mm)
Separation
Final
ratio
horizontal
(%)
displacement

18.0
8.7
36.2
51.8
−37.4

4.5
2.2
9.1
12.9
9.4

8000 kg-single unit truck (NCAC V01D)
Time = 11.5

Maximum
vertical
displacement
−16.1
−45.3
−65.3
−67.6
−69.1

18.0
2.7
36.2
51.8
26.5

8000 kg-single unit truck (NCAC V01D)
Time = 111.5

Z
XY

15.0
43.1
32.7
33.8
34.6

8000 kg-single unit truck (NCAC V01D)
Time = 211.5

Z
XY

Z
XY

8000 kg-single unit truck (NCAC V01D)
Time = 111.5

8000 kg-single unit truck (NCAC V01D)
Time = 11.5

Z
Y X

(b) 111.5 msec

8000 kg-single unit truck (NCAC V01D)
Time = 311.5

Z
XY

Y

(c) 211.5 msec

8000 kg-single unit truck (NCAC V01D)
Time = 399.5

Z
XY

8000 kg-single unit truck (NCAC V01D)
Time = 311.5

Z

8000 kg-single unit truck (NCAC V01D)
Time = 211.5

Z
Y X

Z
Y X

(a) 11.5 msec

Vertical displacement (mm)
Separation
Final vertical
ratio
displacement
(%)

8000 kg-single unit truck (NCAC V01D)
Time = 399.5

Z
Y X

X

(d) 311.5 msec

(e) 399.5 msec

Figure 5: Behavior of reinforced retaining wall during vehicle collision.

−16.1
−45.3
−65.3
−67.6
−69.1
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60

40

40

20
Displacement (mm)

Displacement (mm)

6

20
0
−20
−40
−60

0
−20
−40
−60

0

100

200
Time (ms)

300

−80

400

0

200

300

400

Time (ms)

0.8H
1.0H

0.2H
0.4H
0.6H

100

0.8H
1.0H

0.2H
0.4H
0.6H

(a) Horizontal displacement of block with respect to elapsed time

(b) Vertical displacement of block with respect to elapsed time

Figure 6: Block displacement for 200 mm reinforcement spacing.
60

20
0
Displacement (mm)

Displacement (mm)

40
20
0
−20

−40
−60

−40
−60

−20

0

100

200

300

400

−80

0

100

Time (ms)
0.2H
0.4H
0.6H

0.8H
1.0H

(a) Horizontal displacement of block with respect to elapsed time

200

300

400

Time (ms)
0.2H
0.4H
0.6H

0.8H
1.0H

(b) Vertical displacement of block with respect to elapsed time

Figure 7: Block displacement for 400 mm reinforcement spacing.

4.1.3. Displacement of Block for 600 mm Reinforcement Spacing. Figure 8 and Table 8 show the vertical and horizontal
displacement as a function of the height of the reinforced
retaining wall block, for 600 mm reinforcement spacing.
As shown in Table 8, all the final horizontal displacements
were found to be negative, with the largest final horizontal
displacement found at the top of the reinforced retaining wall,
with a value of −107.1 mm, and with the lowest final horizontal
displacement at a height of 0.6𝐻 with a value of −1.9 mm. The
separation ratio, contrasting the original block size with the
maximum displacement of the block, in terms of horizontal
displacement, ranged between 6.8 and 29.2%. The final
vertical displacements were all found to be negative values,
and they increased in magnitude with increasing height

of the reinforced retaining wall. The largest final vertical
displacement, −75.6 mm, occurred at the top (𝐻) of the reinforced retaining wall, and the separation ratio, contrasting the
original block size with the maximum displacement of the
block, in terms of vertical displacement, ranged between 5.2
and 18.9%. In Figure 8(a), the movement of the reinforced
retaining wall block at 0.2𝐻 was found to be dangerous
because the reinforced retaining wall at 0.2𝐻 was first moved
in the direction of the backfill by the initial impact of the
vehicle and then it moved again in the direction of the collided vehicle. This movement of the reinforced retaining wall
at 0.2𝐻 makes the overturning of the structure possible. Furthermore, at this reinforcement spacing, a weaker resistance
of the reinforcement was observed because the displacement
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Table 8: Block displacement for 600 mm reinforcement spacing.
Horizontal displacement (mm)
Height

Maximum
horizontal
displacement

Separation ratio
(%)

−27.0
−39.5
−11.6
−33.6
−116.7

6.8
9.9
2.9
8.4
29.2

Final horizontal
displacement

Separation ratio
(%)

Final vertical
displacement

−27.0
−39.5
−1.9
−14.1
−107.1

−20.9
−49.8
−58.2
−64.9
−75.6

5.2
12.4
14.6
16.2
18.9

−20.8
−49.8
−58.2
−64.9
−75.6

50

20

0

0
Displacement (mm)

Displacement (mm)

0.2𝐻
0.4𝐻
0.6𝐻
0.8𝐻
𝐻

Vertical displacement (mm)
Maximum
vertical
displacement

−50
−100

−40
−60

−150
−200

−20

−80
0

100
0.2H
0.4H
0.6H

200
Time (ms)

300

400

0.8H
1.0H

(a) Horizontal displacement of block with respect to the time elapsed

0

100

200
Time (ms)

0.2H
0.4H
0.6H

300

400

0.8H
1.0H

(b) Vertical displacement of block with respect to the time elapsed

Figure 8: Block displacement for 600 mm reinforcement spacing.

of the reinforced retaining wall did not recover after the
displacement of the reinforced retaining wall increased.
4.1.4. Comparison with Reinforced Retaining Wall Displacements for Different Reinforcement Spacing. Figure 9 shows
the absolute value of both the final horizontal and vertical
displacements at 0.2𝐻 of the reinforced retaining wall for
different reinforcement spacings. The final horizontal and
vertical displacement increased with an increase in reinforcement spacing.
4.1.5. Effect of Reinforcement at the Top (H) of Reinforced
Retaining Wall. As can be deduced from Figure 4, the highest
point up to which reinforcement is located is 600 mm
from the top of the reinforced retaining wall, for 600 mm
reinforcement spacing. Similarly, it is 200 mm from the top
of the reinforced retaining wall for 200 mm reinforcement
spacing and 400 mm from the top of the reinforced retaining
wall for 400 mm reinforcement spacing. As can be seen in
Figure 10, the block at the top (𝐻) of the reinforced retaining
wall considering the 200 and 400 mm reinforcement spacing
more or less returned to the initial position. However, the
block at the top (𝐻) of the reinforced retaining wall with

600 mm reinforcement spacing did not recover its original
position. This was because the reinforcement was located
far from the top of the reinforced retaining wall. Based on
this result, it can be deduced that the reinforcement spacing
should be within 400 mm to ensure that reinforcement occurs
up to the top of the reinforced retaining wall.
4.2. Behavior of Backfill for Different Reinforcement Spacing.
A reinforced retaining wall serves as a normal retaining wall
and is used for bridge abutment (the subbase course of roads)
and as a structure surrounding a foundation. The backfill of
the wall is a crucial factor in the success of all these functions
and therefore requires further consideration because of its
effect upon the safety of the structure and because of the
irregularity of vehicle running.
Figure 11 shows the variation in the vertical displacement
at the top of the backfill with different reinforcement spacing.
The analyzed points along the length of the reinforced
retaining wall which is 𝐿 were 0.1𝐿, 0.3𝐿, 0.5𝐿, and 0.8𝐿, where
0.5𝐿 is the total length of the reinforcement. For all the reinforcement spacing considered (200, 400, and 600 mm), the
0.1𝐿 point was closest to the collision surface of the vehicle,
and it was found that the vertical displacement at this point
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Figure 9: Final block displacement as a function of reinforcement spacing.
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Figure 11: Final vertical displacements along the length of reinforcement for each reinforcement spacing (200, 400, and 600 mm).

had an invariably positive value, with no large variations
for different spacing. The largest vertical displacement was
observed at 0.5𝐿, and the vertical displacements were −61.7,
−75.5, and −82.0 mm for 200, 400, and 600 mm reinforcement spacing, respectively. Additionally, the settlement also
appeared at the points that were not reinforced.

retaining wall to strongly resist external collision load.
A decrease in both horizontal and vertical displacement was observed when the interval between reinforcement was decreased. It is possible to conclude
that reinforcement spacing is an important resistance
factor against external collision load.

5. Conclusion
In this study, the horizontal and vertical displacements of a
reinforced retaining wall’s front plate, affected by vehicle collision, were examined as functions of reinforcement spacing.
The vertical displacement of backfill was also analyzed.
(1) Final horizontal and vertical displacements increased
with increase in reinforcement spacing at 0.2𝐻 of
the reinforced retaining wall height, a point that is
close to the collision contact surface. This means that
dense reinforcement spacing allows the reinforced

(2) When considering 200 mm and 400 mm of reinforcement spacing, the horizontal and vertical displacements were restored in time, after the reinforced
retaining wall was impacted by vehicle collision. This
means that these reinforcement spacing values (such
as 200 mm and 400 mm) can withstand an external
collision load. However, there was no restoration for
the 600 mm reinforcement spacing. This was deduced
to be because reinforcement did not reach up to the
top of the reinforced retaining wall. Therefore, it is
possible to conclude that the reinforcement spacing
has to be considered alongside the total height of
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the reinforced retaining wall, in order to strengthen
the safety of the reinforced retaining wall.
(3) −61.7, −75.5, and −82.0 mm displacements of the top
of backfill were examined. It was possible to conclude
from these observations that reinforcement affects
backfill in its resistance against external collision load
and that the nature of the reinforcement is a necessary
factor to be considered, when reinforced retaining
walls are designed.
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This research presents the engineering performance and the microstructural characterization of ecofriendly construction bricks that
were produced using a binder material made from a mixture of class-F fly ash (FA) and residual rice husk ash (RHA). Unground
rice husk ash (URHA) was used as a partial fine aggregate substitute (0–40%). The solid bricks of 220 × 105 × 60 mm in size were
prepared by mixing FA and RHA with an alkaline solution and fine aggregates, formed by compressing the mixture in a steel mold
under 35 MPa of forming pressure, and then cured at 35∘ C and 50% relative humidity until the required testing ages. The tests
of compressive strength, water absorption, and bulk density were conducted in accordance with relevant Vietnamese standards
in order to estimate the effect of the URHA content on the engineering performance of the hardened bricks. Scanning electron
microscopy (SEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR) were performed to determine
the microstructure and the phase composition of the brick samples. The results show that properties of these bricks conformed to
relevant Vietnamese standards. Therefore, FA and RHA are potential candidate materials for producing ecofriendly construction
bricks using geopolymerization technology.

1. Introduction
Bricks, a prevalent building material, are used extensively in
the construction industry. India and the United States, for
example, consume 20 billion and 9 billion bricks each year,
respectively [1, 2]. The annual worldwide production of bricks
is about 1.391 trillion units, and demand for bricks is expected
to continue rising [3]. In Vietnam, the general demand for
bricks is increasing rapidly, and government forecasts show
this demand reaching 42 billion units by 2020. The most
common type of bricks used in Vietnam is conventional
bricks that are either produced from natural clay and cured by
high-temperature kiln firing or produced from ordinary Portland cement (OPC). The production of conventional bricks
is energy-intensive, environmentally harmful, and highly
pollutant. Both fired-clay bricks and OPC bricks are the major
contributors to man-made CO2 greenhouse gas emissions,

which are a key contributing factor in global warming and
climate change [3, 4]. Therefore, the Vietnam Government is
currently promoting the gradual replacement of conventional
brick supplies with unfired building bricks (UBBs) to protect
the environment, reduce the use of OPC, and reduce the
mining of clay, which is considered a nonrenewable natural
resource.
In recent years, many researchers have studied the
potential for using various solid waste materials to produce
construction bricks [1, 5–8]. Mohan et al. [1] studied the
utilization of rice husk ash (RHA) as a partial and a full
replacement for clay in bricks. They found that the optimum
proportion for (RHA + clay) bricks was 30% RHA and 70%
clay. These bricks exhibited high compressive strength and
low brick weight. Moreover, fully replacing of clay with a
mixture of either 40% RHA, 40% lime, and 20% gypsum
or 50% RHA, 30% lime, and 20% gypsum gave the highest
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strength values of all mixture proportions. Turgut [5] studied
the use of limestone powder, class-C fly ash, and silica fume
(SF) only in masonry brick production. Bricks containing
20% SF delivered the highest compressive strength, while the
other properties of this bricks, including flexural strength,
density, and water absorption, met the Turkish national
standards for load-bearing and nonload-bearing concrete
masonry units. Morchhale et al. [6] studied the quality of
bricks that were made using a mixture of copper-mine tailings
and various amounts of OPC and found that compressive
strength and water absorption were positively and negatively
associated, respectively, with OPC content. Roy et al. [7]
prepared bricks by mixing mill tailings with OPC, black
cotton soils, and red soils, respectively. The OPC-tailings
bricks were cured in water and the soil-tailings bricks were
sun-dried and then fired at high temperatures. The bricks
with 20% OPC and 14 days of water curing were found to be
suitable, and the quality of the bricks was assessed in terms of
linear shrinkage, water absorption, and compressive strength.
Shon et al. [8] studied the utilization of stockpiled circulating
fluidized bed combustion ash with type-I cement, lime, classF fly ash (FA), and/or calcium chloride to produce compressed bricks. A compaction pressure of 55.2 MPa was used.
These bricks were cured at 20∘ C and 100% relative humidity
for one day prior to air curing at room temperature. The
compressive strength of these bricks was satisfactory based
on the criterion suggested by Soil Block Home Construction.
While the abovementioned methods utilize solid wastes to
produce construction bricks, all share the same drawbacks of
high energy consumption and high levels of greenhouse gas
emissions [3].
Recently, researchers have studied the potential of
using geopolymerization technology to produce construction
bricks. Geopolymerization uses the natural chemical reaction
that occurs between amorphous silica and alumina-rich
solids in highly concentrated hydroxide or silicate solutions
at ambient or slightly elevated temperatures. This reaction
forms a highly stable material called a geopolymer, which
has amorphous polymeric structures with interconnected Si–
O–Al–O–Si bonds [9–16]. The geopolymerization process
includes the dissolution of solid aluminosilicate materials in
a strong alkaline solution, the formation of silica-alumina
oligomers, the polycondensation of the oligomeric species
to form inorganic polymeric material, and the bonding of
undissolved solid particles in the final geopolymeric structure
[15, 16]. Geopolymers have demonstrated good performance
in practical applications. Furthermore, this material provides
many advantages, including widespread availability of raw
material inputs, rapid development of mechanical strength,
good durability, high resistance to acids, excellent adherence
to aggregates, the ability to immobilize contaminants, and
significantly reduced energy consumption and greenhouse
gas emissions during production [16–18]. Freidin [10] studied
the production of cementless bricks from FA and bottom
ash using a sodium silicate (Na2 SiO3 ) solution as the alkali
activator and using different forming pressures to prepare the
brick samples. The results showed that the resultant bricks,
made using geopolymerization, met the Israeli national standard for conventional cement concrete blocks. Arioz et al. [11]
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used the geopolymerization of FA to produce geopolymer
bricks and used Na2 SiO3 and sodium hydroxide (NaOH)
solution as the alkali activators. These bricks were produced
using 30 MPa of forming pressure and treated at different
temperatures (40–100∘ C). They found that the compressive
strength of the FA-based geopolymer bricks ranged between
5 and 60 MPa and that the effects of heat-treatment temperature and heat-treatment duration on the density of the bricks
were not significant. A. Kumar and S. Kumar [14] studied the
production of geopolymer paving blocks using FA and red
mud. The blocks that contained 10% and 20% red mud met
Indian Standard IS-15658, with levels of leached toxic metals
within permissible limits.
Agricultural and industrial activities regularly generate
massive amounts of FA and RHA [5, 19–23]. These two
materials are rich in silica and alumina and thus are potential
source materials for the production of geopolymers [24, 25].
Therefore, the primary aim of the present study is to evaluate
the potential of producing ecofriendly construction bricks
using a combination of RHA and FA, as published research
on this binder is limited. The bricks used in the present study
were produced using geopolymerization technology. The
research systematically investigates the effect of unground
rice husk ash (URHA) content on the compressive strength,
water absorption, and bulk density of brick samples in order
to evaluate the engineering performances of ecofriendly
construction bricks containing RHA, FA, and URHA as
binders and fine aggregates. Additionally, SEM, XRD, and
FTIR are also performed to investigate the reaction products.

2. Materials and Experimental Methods
2.1. Materials. A combination of FA and RHA was used as
binder material for the preparation of brick samples. The
RHA powder was prepared by grinding the URHA in a
ceramic ball mill for 2 hours. By the way, the mean particle
size of the RHA can be decreased significantly.
Grain size distribution, XRD patterns, and SEM images of
raw materials are shown in Figures 1–3, respectively. Table 1
presents the physical and chemical characteristics of these
ashes. In this study, URHA and locally available natural sand
were used as fine aggregates in the mixtures. The URHA
(density 2.1, water absorption capacity 27.6%, and modulus
of fineness 2.6), a residual of steam generation process where
rice husk pellets were burnt in a steam boiler at temperatures
of 700–900∘ C, was collected at Saigon Ve Wong Co., Ltd., Ho
Chi Minh City, Vietnam. The SEM image of URHA particles
is shown in Figure 4. The natural sand (density 2.6, water
absorption capacity 1.4%, and modulus of fineness 3.0) was
sourced from local quarries. Table 2 shows the sieve analysis
and fineness modulus (FM) for both the URHA and the
natural sand. A solution of NaOH and Na2 SiO3 was used as
the alkali-activator solution. The NaOH used was commercial
grade and supplied by Formosa Plastics Corporation in white
flake forms at 98% purity. The NaOH solution was prepared
by dissolving the NaOH flakes in water at the appropriate
concentration. The Na2 SiO3 liquid used was commercial
grade, which is acquired from Kerry Logistics Company in
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Table 1: Physical and chemical analyses of RHA and FA.
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Figure 1: Particle size distributions of FA and RHA.

C

Physical properties
Specific gravity
Mean particle size (𝜇m)
Blaine fineness (m2 /kg)
Loss on ignition (%)
Color
Chemical composition (%)
SiO2 (S)
Al2 O3 (A)
Fe2 O3 (F)
S+A+F
CaO
MgO
SO3
P2 O5
TiO2
Na2 O
K2 O

RHA

FA

Class-F fly ash
ASTM C618

2.18
15.1
705
2.67
Black

2.08
21.8
665
2.01
—

—
—
—
—
—

95.6
—
0.24
95.84
0.7
—
0.15
0.52
0.02
—
2.66

63.9
20.0
6.64
90.54
3.84
1.25
1.32
0.46
1.22
—
1.08

—
—
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Figure 2: XRD patterns of FA and RHA.

Taiwan, with an approximate 34% solid content (25.7% SiO2 ,
8.26% Na2 O, 66.04% H2 O, and SiO2 /Na2 O = 3.11) and a
specific gravity of 1.34 g/cm3 . The liquid was gray in color and
highly viscous. The mixing water used was local tap water.
All of the materials used in the present study conform to the
related ASTM standards.
2.2. Sample Preparation. The NaOH solution was initially
prepared by dissolving the NaOH flakes in water at a
concentration of 10 M. The solution was then mixed with the
Na2 SiO3 solution and allowed to cool to room temperature.
The SiO2 /Na2 O ratio was 0.81 and the solid-to-liquid ratio
was 0.4. The alkali-activator solution was prepared 24 hours
prior to use in order to ensure that the activator component
was mixed uniformly. The mixtures were the same in terms

of the water-to-binder ratio (𝑤/𝑏 = 0.51) and the applied
forming pressure (𝑃 = 35 MPa). Table 3 shows the mixture
proportions by weight used in the brick samples.
Prior to mixing, all of the required materials were prepared according to their respective mixture proportions. A
mechanical mixer was used to mix the materials uniformly.
FA was added into the mixer and then the mixer was
started on a slow rotation speed setting. While the mixer was
running, the alkali-activator solution was gradually added to
disperse the dry FA powders and produce a viscose paste. The
mixer continued to run for 5 minutes on moderate speed.
RHA was then added into the mixer and mixing continued
for another 5 minutes in order to mix the powders homogeneously into the paste and to achieve complete chemical
reactions between the fine-powder materials and the alkaliactivator solution. Finally, the URHA and the natural sand
were added to the paste, followed by the water, and allowed
to mix for an additional 5 minutes. The finished mixture
was poured into a steel mold that measured 220 × 105 ×
60 mm. The compacted specimens were then compressed
using a 200T computer-controlled automatic compression
tester machine under 35 MPa forming pressure to form the
solid bricks. Immediately after the compression process, the
brick samples were demolded and placed uncovered in an
automated temperature controller system for curing at 35∘ C
and 50% relative humidity until the required testing ages were
reached.
2.3. Experimental Methods
2.3.1. Engineering Performance of Brick Samples. The compressive strength of brick samples was tested at 3, 7, 14, 21, and
28 days of age. Other properties, including water absorption
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Table 2: Sieve analyses and fineness modulus (FM) for URHA and natural sand.

Sieve size (mm)
4.75 (#4)
2.36 (#8)
1.18 (#16)
0.6 (#30)
0.3 (#50)
0.15 (#100)
FM

URHA
Percentage of passing (%)
99.3
84.6
65.4
50.8
29.3
11.9

Sieve size (mm)
4.75 (#4)
2.36 (#8)
1.18 (#16)
0.6 (#30)
0.3 (#50)
0.15 (#100)

2.6

Natural sand
Percentage of passing (%)
97.8
75.9
55.3
40.5
21.3
8.3

FM

(a)

3.0

Reference
ASTM C33 (%)
95–100
80–100
50–85
25–60
5–30
0–10
—

(b)

Figure 3: SEM images of (a) FA and (b) RHA particles.

final results reflecting the average values recorded for each
proportion. The preparation and testing of brick samples
were conducted in accordance with the official Vietnamese
standards. The compressive strength test was performed in
accordance with TCVN 6477:2011 [29]. The tests for water
absorption and bulk density were conducted in accordance
with TCVN 6355:2009 [30].
2.3.2. XRD Analysis. A BRUKER diffractometer model
D2-PHASER that used CuK𝛼 radiation was used to obtain
X-ray diffractograms of the powdered brick samples.
Autosearch/match software was used to aid qualitative
analysis. The samples were step-scanned at a rate of 5∘ /min,
with 2𝜃 in the range of 10–80∘ .

Figure 4: SEM image of URHA particles.
Table 3: Mixture proportions for the production of ecofriendly
construction bricks.
3

Sample code
P35U00
P35U10
P35U20
P35U30
P35U40

FA
370.4
370.4
370.4
370.4
370.4

Brick ingredient proportions kg/m
RHA Sand URHA NaOH Na2 SiO3 Water
246.9 1284.4 —
182.0
49.4
81.5
246.9 1156.0 128.4 182.0
49.4
81.5
246.9 1027.5 256.9 182.0
49.4
81.5
246.9 899.1 385.3 182.0
49.4
81.5
246.9 770.6 513.8 182.0
49.4
81.5

and bulk density, were measured at 28 days of age. Five
brick samples of each mixture proportion were tested, with

2.3.3. FTIR Analysis. A Fourier transform infrared spectrometer model DIGILAB FTS-3500 was used to evaluate the
functional group of the samples. Small amounts of potassium
bromide (KBr) and powdered brick samples were placed
into a mold. A cold-press machine compressed the mold
containing the powder together with the KBr under 4 tons
of pressure in order to make pellets for examination. Spectral
analysis was performed over the range 4000–400 cm−1 .
2.3.4. SEM Observation. The microstructure of the brick
samples was observed using an electron beam from a scanning electron microscope JEOL model JSM-6390LV. For
SEM analysis, samples were taken from specimens that had
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3. Results and Discussion
3.1. Characterization of FA and RHA. The chemical compositions of original raw materials were determined by X-ray
fluorescence analysis (Table 1). The results showed that the
FA was composed mainly of SiO2 (63.9%) and Al2 O3 (20.0%)
and that the main constituent of RHA was SiO2 (95.6%).
As observed from XRD patterns (Figure 2) and SEM images
(Figure 3), the FA contained mainly stable crystals of mullite
and quartz and the FA particles were mostly smooth and
spherical. Further, the RHA contained mainly stable crystals
of cristobalite and RHA particles were irregular in shape.
Moreover, the RHA particles were significantly smaller than
the FA particles (Figure 1).
3.2. Engineering Performance
3.2.1. Compressive Strength. Figure 5 shows the development
trend for the compressive strength of brick samples at
different levels of URHA replacement. Compressive strength
increased with curing age due to the positive relationship
between curing age and the increase in the pozzolanic
reaction [31, 32]. Thus, increased gelling over time fills more
pores inside the bricks and creates an increasingly dense
structure, a phenomenon that is in good agreement with previous published studies [33–35]. The brick samples achieved
compressive strengths that significantly exceed the strength
values required under TCVN 1451:1998 [36]. However, the
brick samples prepared with different URHA contents exhibited significant differences in compressive strength development.
The compressive strength of the brick samples in the
present study decreased significantly as the amount of the
URHA increased (Figure 5). After 28 days of age, the brick
samples with 0%, 10%, 20%, 30%, and 40% URHA replacement levels had respective compressive strengths of 32.9 MPa,
25.8 MPa, 23.1 MPa, 21.2 MPa, and 20.1 MPa. On average,
these compressive strengths were, respectively, 21.8%, 29.9%,
35.7%, and 38.8% less than the compressive strength of the
URHA-free bricks. As shown by SEM, URHA is made up
of highly porous particles (Figure 4). Therefore, the inverse
relationship between compressive strength and URHA content may be attributable to the rising volume of capillary
pores, which is associated with rising URHA replacement
levels. The loss of structural compactness led to lower
compressive strengths in bricks with higher levels of URHA
content. Moreover, a higher proportion of URHA impacts
the rheology of the mixture, resulting in a nonhomogeneous
mixture that adversely affects the compressive strength of the
resultant bricks. However, the test results clearly show that
the brick samples had compressive strength values that met
the standard for the highest quality solid construction bricks
[36].

35
30
Compressive strength (MPa)

fractured during compression testing. Prior to making SEM
observations, these specimens were mounted into aluminum
stubs using double-sided adhesive carbon disks, coated
with gold-palladium alloy using an auto fine coater model
EMITECH-K550, and vacuum-dried using a beam at 20 kV.

5

25
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10
5
0
1

10
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20% URHA

100

30% URHA
40% URHA

Figure 5: Strength development of brick samples at different URHA
replacement levels.

3.2.2. Water Absorption. Water absorption is the major factor
that affects the durability of construction bricks. Water
absorption is the action of surface tension on capillaries that
allows for the transport of liquid in porous solids [37, 38].
Figure 6(a) shows the effect of URHA content on the water
absorption capacity of brick samples at 28 days of age. Most
of the brick samples had water absorption capacities below
16%, which is the level required under TCVN 1451:1998
[36]. Results show that the water absorption rate of the
brick structure is closely and negatively associated with the
mechanical strength of the bricks.
The results of the water absorption test indicate a proportional relationship between absorption capacity and URHA
content. Replacing natural sand with URHA significantly
increased the water absorption of brick samples (Figure 6(a)).
Therefore, higher URHA replacement levels were associated with higher water absorption rates, which is mainly
attributable to the aforementioned significantly more porous
nature of URHA particles (Figure 4) in comparison with
natural sand. On average, the water absorption levels of the
brick samples with 10%, 20%, 30%, and 40% URHA content in
the mixture were 10.2%, 12.9%, 15.7%, and 17.9%, respectively.
Further, these brick samples had water absorption levels that
were 13.5%, 31.6%, 43.9%, and 50.8% higher, respectively,
than URHA-free bricks. Moreover, Figure 6(a) reveals that
the water absorption capacity of brick samples that contained
over 30% URHA exceeded the limit permitted under TCVN
1451:1998 [36]. The result of the water absorption test is
consistent with the aforementioned development trend for
brick-sample strength.
3.2.3. Bulk Density. The bulk density value is the key indicator used to classify solid construction bricks. The bulk
density correlates inversely with water absorption capacity.
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Figure 6: Effect of URHA content on the (a) water absorption and (b) bulk density of bricks.

Figure 6(b) shows the effect of URHA content on the average
bulk density of brick samples at 28 days of age. Most samples
with and without URHA registered bulk densities higher
than 1600 kg/m3 , the minimum density required of solid
construction bricks [36].
Adding URHA to the mixture reduced the bulk density
of the brick samples significantly (Figure 6(b)). This was
mainly due to the much lower specific density of URHA in
comparison with natural sand. Thus, the URHA reduced the
mass per-unit volume and caused the lower density value.
On the other hand, lower bulk density values are associated
with lighter brick weight. The results demonstrate that the
weight of brick samples fell remarkably at higher URHA
content levels. This trend meets expectations due to the
increasing number of voids formed within the bricks by the
highly porous URHA particles (Figure 4). The bulk density
of the bricks was a maximum 1887 kg/m3 at the level of 10%
URHA replacement and decreased continuously in bricks
with URHA contents over 10%. On average, bricks with 10%,
20%, 30%, and 40% URHA replacement levels had bulk
densities that were 5.1%, 12.5%, 19.1%, and 25.6% less than
URHA-free bricks. However, the bulk density values of all
brick samples (up to the 40% URHA replacement level) were
all below 1600 kg/m3 , which is the standard requirement for
solid construction bricks [36].
3.3. Microstructural Characterization
3.3.1. XRD Analysis. Figures 2 and 7 display the XRD patterns
of pure FA and RHA powders and brick samples prepared
with different levels of URHA replacement, respectively. The
pure FA used in the present study consisted mainly of amorphous phase FA with the crystalline phase of predominantly
quartz and some weak peaks from mullite (Figure 2). Quartz
phases could be detected at 2𝜃 values of 21.1∘ , 26.9∘ , 50.3∘ ,
and 60.1∘ , whereas mullite phases could be detected at 2𝜃
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Figure 7: XRD patterns of brick samples at various URHA replacement levels.

values of 16.3∘ , 24.3∘ , 35.5∘ , and 40.9∘ . No alumina peaks were
identified in the XRD pattern, suggesting that the alumina in
the FA was mainly in the amorphous phase [25]. The pure
RHA used in the present study consisted mainly of crystalline
phase RHA with a large amount of silica, which agrees with
the compositions shown in Table 1. The XRD pattern showed
sharp reflection peaks, which may be assigned to cristobalite
phases, and could be detected at 2𝜃 values of 22.1∘ , 28.5∘ ,
31.5∘ , and 36.3∘ (Figure 2). The sharp peaks of the cristobalite
phases represent the crystallization of silica, which is a major
constituent in RHA [39, 40].
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Figure 8: FTIR spectra of (a) the FA and RHA powders and (b) the brick specimens prepared with various URHA replacement levels.

After the geopolymerization process, no new peaks
appeared on the XRD patterns of any brick sample (Figure 7)
in comparison with the XRD patterns of the parent materials
(Figure 2). The major crystalline phases that were presented
in the brick samples were quartz, mullite, and cristobalite,
which formed the main mineral framework and were responsible for the mechanical strength of the samples [41]. The XRD
patterns show that some nondissolvable ingredients in both
FA (quartz, mullite) and RHA (cristobalite) still remained
in the reaction products. However, these peaks decreased
in intensity and the intensity continued to decrease slightly
as the amount of URHA in the mixture increased. This
indicates that the parent materials were not totally dissolved
into the inorganic polymeric materials [42]. A diffuse halo
at 2𝜃 values mostly between 20∘ and 40∘ was present in
all the XRD diffractograms for the brick samples. This is
a typical characteristic of geopolymer gels [9]. From the
XRD patterns of brick samples, the presence of sharp peaks
of quartz and cristobalite, inherited from FA and RHA,
respectively, suggests that the crystalline phases had little
to no involvement in the geopolymerization process and
acted simply as nonreactive fillers in the system [25]. The
differences in the crystalline intensities clearly impacted the
compressive strength of the brick samples. The obtained
strength reduced as the intensity of the crystalline phases
declined [42]. This is in good agreement with the compressive
strength test results mentioned previously.
3.3.2. FTIR Analysis. Figure 8 shows the FTIR spectra of the
FA and RHA powders and of the brick samples prepared
with different levels of URHA replacement. Table 4 illustrated the characteristic bands of each spectrum. Significant
broad bands were observed at the wave number ranges of
3466–3412 cm−1 (band A) and 1692–1611 cm−1 (band B) for
O–H stretching and O–H bending, respectively. Peaks at

the wave number ranges of 1464–1076 cm−1 (bands C and
D) and 795–779 cm−1 (band E) were, respectively, attributed
to the asymmetric stretching vibration of Si–O/Al–O and
the stretching vibration quartz of Si–O–Si. Additionally, the
peak centered on 620 cm−1 (band F) was associated with
the presence of zeolites [26, 28]. Besides this, the distinct
peak centered on 460 cm−1 (band G) was ascribed to the
O–Si–O bending mode of the SiO4 tetrahedra. This band
provides an indication of the degree of “amorphisation” of the
material, as the intensity was not associated with the degree
of crystallization [28]. The major differences between the FARHA powders and the reaction products were the shifts in the
band at 1096 cm−1 to 1091–1078 cm−1 and at around 795 cm−1
to 791–779 cm−1 . Taking the sample prepared with 30%
URHA content, as an example, the 1096 cm−1 band moved to
1088 cm−1 , and the band at approximately 795 cm−1 moved
to 791 cm−1 after the sample reacted with the alkali-activator
solution. Thus, both of the bands decreased in intensity.
Furthermore, the Si–O–Si position shifted to a frequency that
was lower than the original ashes, indicating that a chemical
change had occurred in the matrix. These displacements
indicate that new products were formed from the reaction
between the ashes and the alkali-activator solution (band
C as an example) [28]. This decrease in intensity indicates
that the amorphous phase in the ashes was depolymerized
to Si–O and Al–O bonds, while the shifts suggest the
polycondensation of these bonds in the alkaline environment
[12]. According to Rattanasak and Chindaprasirt [24], Si–
O–Si stretching vibration is more prominent than the O–
Si–O bending mode. Therefore, it is logical to use Si–O–Si
stretching vibration to assess the degree of geopolymerization. The peak area and peak height are used frequently in
the quantitative assessment of geopolymer reactions [24, 27].
The ratios of peak area (AS) and peak height (𝐻) from
the FTIR spectra at Si–O–Si stretching vibration for brick
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Table 4: FTIR characteristic bands identified in the FA and RHA powders and brick specimens shown in Figure 8.
Band FA (cm−1 )

RHA (cm−1 )

P35U00
(cm−1 )

P35U10
(cm−1 )

P35U20
(cm−1 )

P35U30
(cm−1 )

P35U40
(cm−1 )

A

3412

3447

3464

3466

3466

3466

3464

B

1620

1611

1692

1692

1692

1692

1690

C

—

—

1462

1464

1462

1462

1462

D

1096

1096

1078

1084

1086

1088

1091

E

795

791

779

779

791

791

789

F

—

621

619

621

619

619

619

G

459

473

465

465

469

471

471

Table 5: Ratios of peak area (AS) and peak height (𝐻) from the FTIR
spectra of brick specimens at Si–O–Si stretching vibration.
Sample
code

URHA
content (%)

Si–O–Si
location
(cm−1 )

AS ratio

𝐻 ratio

P35U00
P35U10
P35U20
P35U30
P35U40

0
10
20
30
40

1078
1084
1086
1088
1091

1.000
0.977
0.034
0.031
0.029

1.000
0.952
0.128
0.115
0.106

specimens with various levels of URHA are tabulated and
presented in Table 5. The value of the AS ratio is usually
more accurate than the 𝐻 value for assessing the degree of
geopolymerization [24]. The AS ratios between URHA-free
bricks and bricks containing 10%, 20%, 30%, and 40% URHA
are 0.977, 0.034, 0.031, and 0.029, respectively. A 10–40%
increase in URHA content was associated with decreases in
the AS ratio, indicating a lower degree of geopolymerization
in this range. The 𝐻 ratio also gave a similar indication of
the degree of geopolymerization (Table 5). Both the AS and
the 𝐻 values corresponded very well with the strength results
obtained in the present study. The bricks with high AS and
𝐻 values had high compressive strength values. These results
agree with the compressive strength test results mentioned
previously.
3.3.3. SEM Observation. Figure 3 shows the micromorphological features of the two original raw materials. The FA
was comprised mainly of compact or hollow spheres of different sizes (Figure 3(a)) with a regular and smooth texture.
Conversely, the RHA was comprised mainly of particles that
were irregularly shaped and porous (Figure 3(b)). Figure 9
displays the microstructure of a representative fractured
surface from failed brick samples prepared with various
URHA replacement levels. These figures give information
on the degree of chemical reaction achieved by the systems.

Characteristic bands
O–H stretching (H2 O)
[24, 26, 27]
O–H bending (H2 O)
[24, 26, 27]
Si–O/Al–O stretching
[24, 26]
Si–O/Al–O stretching
[24, 27, 28]
Si–O–Si stretching quartz
[26, 28]
Zeolites [26, 28]
O–Si–O bending (SiO4 )
[24, 27, 28]

Generally, the figures indicate that both FA and RHA were
stimulated by the alkali-activator solution and that the chemical changes occurred mostly on the edges of the particles.
However, a closer observation of Figure 9 shows the presence
of partially reacted or unreacted FA particles in brick samples.
In addition, more unreacted URHA particles exist at higher
levels of URHA replacement. The large amount of unreacted
particles indicates a moderate degree of reaction in the system
[28].
Figure 9 further shows that the structure of URHA-free
bricks (Figure 9(a)) was denser than that of other URHAbrick samples, which is consistent with the development
of compressive strength in brick samples (Figure 5). Higher
percentages of URHA replacement are associated with a
looser brick structure due to the increased amount of unreacted materials. Thus, the resulting microstructure is poor
with larger porosity. Moreover, a porous and inhomogeneous
microstructure with microcracks and microvoids was clearly
observed on the surface of all URHA-brick samples. These
cracks may have two possible causes: (1) shrinkage cracks that
formed in the process of water evaporation during the curing
process and (2) load-induced cracks that formed during
compression testing. The two possible causes of the voids in
the URHA-brick samples include (1) the residual air bubbles
that were introduced into the bricks during the initial mixing
and (2) the spaces that were occupied by water and then left
as the voids after water evaporation. Because these cracks and
voids limit the binding capacity and compressive strength
of brick samples, they are likely the main causes of the
poor compressive strength of URHA bricks in comparison to
URHA-free bricks. He et al. [25] previously reported a similar
finding.

4. Conclusion
Tests of compressive strength, water absorption, and bulk
density and SEM, XRD, and FTIR analyses were conducted
to investigate the performance of ecofriendly construction
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(a) 0% URHA

(b) 10% URHA

(c) 20% URHA

(d) 30% URHA

(e) 40% URHA

Figure 9: SEM micrographs of brick samples at various URHA replacement levels.

bricks that were produced using FA and RHA as the binder
material. The following conclusions may be drawn from these
experimental results.
(i) The brick samples met or exceeded the compressive
strength values mandated by TCVN 1451:1998 for the
highest quality category of solid construction bricks.
(ii) URHA content affected all of the critical properties
of the brick samples. Higher percentages of URHA
replacement were associated with decreased compressive strength and bulk density and increased water
absorption. The brick samples containing up to 30%
URHA had water absorption rates below 16% and
registered bulk densities above 1600 kg/m3 , which
conform to the requirements of TCVN 1451:1998.

(iii) Producing ecofriendly construction bricks using FA
and RHA as the binder and URHA as a partial fineaggregate replacement is feasible. Using FA, RHA, and
URHA to produce bricks not only is cost effective but
also facilitates the safe disposal of these solid wastes.
(iv) Bricks with up to 30% URHA content performed well
at an applied forming pressure of 35 MPa, a curing
temperature of around 35∘ C, and a relative humidity
of around 50%. These bricks conformed well to the
current Vietnamese standard for solid construction
bricks.
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In order to study the mechanical behavior of lime-treated soil under different loading rates, a series of monotonous three-axial
compression tests are carried out under different lime contents, different loading rates, and different curing periods. The test
results indicate that the lime content can significantly improve the mechanical behaviors of soil, such as shear strength and elastic
modulus. On the other hand, three-axial compression test of soil is carried out under the loading rate ranging from 0.1%/min
to 8%/min. Experimental results indicate that the mechanical behavior of lime-treated soil is sensitive to loading rate. Besides,
the corresponding relationship between internal friction angle, cohesion, lime content, and loading rate is discussed. The results
indicate that the loading rate almost has no influence on internal friction angle but significant influence on lime content. Cohesion
is affected by lime content and loading rate. Shear strength, elastic modulus, and cohesion all increase with the increase of loading
rate. Longer curing period is associated with greater parameter value. Shear strength, elastic modulus, and internal friction angle
all firstly increase and then decrease when lime content increases, which all reach the maximum at 6%.

1. Introduction
During the construction of highways, railways, and airports,
although there are rich soil resources in the railway line,
they cannot be used as filling materials for subgrade due to
poor mechanical properties. Lacking of high-quality filling
materials along the railway line to be constructed and
transporting large quantities of high-quality filling materials
from outside result in a substantial increase in project costs,
which makes the treated soil come into being. Lime can
stabilize subgrade, pavement, and the soil with low bearing
capacity [1]. It is of practical significance to study its physical
and mechanical properties, for the soil treated with lime is the
most commonly used subgrade filler.
So far, lots of research results on whether mixing lime
into soil can improve its mechanical properties have been
achieved. Bian et al. [2] have carried out relevant experiment to study the strength and expansion properties of
lime-treated expansive soil. Phanikumar et al. [3, 4] have
studied the physical and mechanical properties of the soil,

respectively, treated with lime, fly ash, and cement. Amu
et al. [5] have carried out relevant research on the strength
of the soil which has been mixed with lime. Yarbaşi et al. [6]
have studied the parameters such as compressive strength,
California bearing ratio, ultrasonic wave, and resonance test
and other parameters of the soil, respectively, treated with
lime, fly ash, and cement after freeze-thaw cycles. Zhang and
Cao [7] have studied the properties of the expansive soil,
respectively, treated with lime and fly ash. Bekki et al. [8] have
studied the bearing capacity and durability of lime-treated
soil and cement-treated soil.
The mechanical property of geoengineering materials
under different loading rates has always been an important
research topic. Zhang et al. [9] studied the mechanical
behavior and particle breakage characteristics of subgrade
material under different strain rates. Dı́az-Rodrı́guez et al.
[10] studied the impact of loading rate on undrained threeaxial shear strength. Martindale et al. [11] proposed a plastic
constitutive model that is related to the strain rate of clay
and verified the sensitivity of model parameters. Sorensen
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Table 1: Index properties of the soil materials.
Physical property index
Specific gravity
Liquid limit/%
Plastic limit/%
Plasticity index/%
Maximum dry density/(g/cm3 )
Optimum moisture content/%
Silt content/%
Clay content/%

Values
2.68
56%
35%
23%
1.69
20.60
62
38

et al. [12] studied the influence of strain rate on the small
strain shearing rigidity of clay. Zhu et al. [13] thoroughly
discussed the loading rate effect of soft clay from many
aspects, such as the unity of one-dimensional and threedimensional, the unity of compression and elongation, and
the unity of different overconsolidation ratio conditions.
Chen et al. [14] studied the acoustic emission characteristics
of rock under different loading rates. Di Herve et al. [15]
and Tatsuoka et al. [16] performed a series of compression
tests with various loading rates in an attempt to establish a
constitutive model of sand, taking rheological characteristics
into consideration. Consequently, the authors of both papers
concluded that the stress-strain relationship of sand is not
affected in the range of strain rate they used. Schimming et
al. [17] conducted experiments to study shearing resistance of
various soil types under both rapid static and dynamic testing
conditions using a direct shear device.
Currently, the research on the mechanical properties
of lime-treated soil under different loading rates is rarely
reported and the curing period is also related to the mechanical properties of lime-treated soil [18]. In view of this, the
mechanical properties and long-term strength of lime-treated
soil under different loading rates and different curing periods
are studied in this paper, which provides services for the
design of improving lower subgrade filler.

2. Experimental Section
2.1. Test Process. The soils used in the experimental study
were collected from a construction site of Jintan construction
section, which belongs to the Highway Project from Zhenjiang to Liyang, Jiangsu, China. Tables 1 and 2, respectively,
show the index properties and chemical composition of the
soil. The grain size distribution curve for test specimens is
shown in Figure 1. According to the standard [19], the soil
sample is a kind of high liquid limit clay (SC). The lime used
in this experiment is a kind of calcium quicklime, which
contains 8.5% CaO, 7.03% CaCO3 , 79.03% Ca(OH)2 , and
11.4% loss on ignition.
Lime content was varied as 0%, 3%, 6%, 9%, and 12%
by dry weight of the clay. The maximum dry density and
optimum moisture content of treated soil are shown in
Figure 2. The moisture of the soil was first determined in
order to calculate the quantity of water that should be added
to each soil-lime mixture, in order to have the optimum

Chemical composition
SiO2
Al2 O3
Fe2 O3
TiO2
K2 O
Na2 O
MgO
CaO
Loss of ignition

Quantity
63.17
19.36
4.32
0
1.73
8.73
1.79
0.67
0.23

100

80

Finer (%)

Serial number
1
2
3
4
5
6
7
8

Table 2: Chemical composition of the soil.

60

40

20

0
1E − 4

0.01
1E − 3
Grain size (mm)

0.1

Figure 1: Grain size distributions of tested soil.

moisture content for each of the tested samples with different lime contents. Following the mixing process, the soillime mixture was compacted, according to the compaction
degree of 98%. The samples are 39.1 mm in diameter and
80 mm in height. Immediately after compaction, the lime-soil
specimens were removed from the molds and were placed on
rigid board in order to prevent handling damage. They were
then marked, placed in plastic bags, and sealed. The plastic
bags provided an effective means of maintaining the optimum
moisture content in the compacted specimens during the
curing period. The specimens were then placed in desiccators
at room temperature. For the samples prepared, two periods
of curing were used alternatively, that is, 7 and 21 days.
The experiment is carried out on the GDS unsaturated
triaxial apparatus. It is a kind of strain-controlled instrument,
the confining pressure of which is, respectively, 100, 200,
and 300 kPa and the strain loading rates are, respectively,
0.1%/min, 1.0%/min, 2.0%/min, 4.0%/min, and 8.0%/min.
2.2. Test Results and Analysis. Taking the lime-treated soil
sample under the confining pressure of 100 kPa as an example,
the curves of stress and strain for lime-treated are shown
in Figure 3. It can be seen from the figure that, after the
incorporation of the lime, the strength of soil has been
significantly improved. When the lime content is 0, the curve
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Figure 2: Variation of lime contents with maximum dry density and
optimum moisture content under different curing periods.
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shows strain hardening, while, after the incorporation of the
lime, it presents strain softening. The shear strength and the
slope of curve (namely, elastic modulus) increase with the
increasing of the loading rate, which shows that the larger the
loading rate, the steeper the curve.
Taking the confining pressure of 100 kPa as an example,
the shear strength and elastic modulus of lime-treated soil
with different lime contents and at different loading rates are
shown in Figures 4 and 5. As can be seen from the figures,
with the increasing of the loading rate, the shear strength
shows linear increase in semilogarithmic coordinates. When
the curing period is 21 days and the loading rate is increased
from 0.1%/min to 8%/min, the shear strength of soil with lime
content from 0 to 12% is, respectively, increased by 62.6%,
44.4%, 37.4%, 59.2%, and 57.7%. The linear increase of the
shear strength in semilogarithmic coordinates is consistent
with the opinions of Watanabe [20].
The elastic modulus also increases with the increase of
loading rate. When the curing period is 21 days and the
loading rate is increased from 0.1%/min to 8%/min, the elastic
modulus of soil with lime content from 0 to 12% is increased
by 126%, 50.5%, 44.3%, 24.6%, and 48.1%, respectively.
Under the same loading rate, the shear strength and
the elastic modulus firstly increase and then decrease with
the increase of the lime content. When the lime content is
increased from 0 to 6%, the shear strength and the elastic
modulus increase with the increase of the lime content. When
the lime content is increased from 6% to 12%, the shear
strength and the elastic modulus gradually decrease.
The mechanical behavior after the curing period of 7 days
is basically consistent with that after the curing period of 7
days. The shear strength and the elastic modulus after the
curing period of 7 days are less than those after the curing
period of 21 days. When the curing period is 7 days, the curing
strength and rigidity can reach 70% ∼90% of those of 21 days.
The shear strength of material includes the cohesion 𝑐
and the internal friction angle 𝜙 [21]. The cohesion and the
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Figure 3: Stress-strain curves with different loading rates and lime
contents of (a) 7 days and (b) 21 days.

internal friction angle are important physical and mechanical
parameters, which can be calculated according to the Mohr
stress circle under a different confining pressure that is
obtained from triaxial test. The curve about the relationship
of loading rate and lime content and that of cohesion and
internal friction angle are, respectively, shown in Figures 6
and 7. Due to space limitations, only the change curve of
the cohesion and the internal friction angle under the curing
period of 21 days are given in this paper.
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Figure 4: Relation between shear strength and lime content and loading rate of (a) shear strength three-dimensional curved surface (7 days),
(b) shear strength lime content (7 days), (c) shear strength loading rate (7 days), (d) shear strength three-dimensional curved surface (21
days), (e) shear strength lime content (21 days), and (f) shear strength loading rate (21 days).
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The cohesion increases almost linearly with the increase
of loading rate. The influence of lime content on the cohesion
is basically the same as that on the shear strength and elastic
modulus, which means that they all reach the maximum
when the lime content is 6%. The loading rate almost has
no influence on the internal friction angle, so the curves of
friction angle against loading rate exhibit straight horizontal
lines. Accordingly, curves of friction angle against lime
content overlap with each other and appear as one line. The
internal friction angle also reaches the maximum when the
lime content is 6% and then decreases gradually.
The influence of curing periods of 7 days on shear
parameters is basically the same as that of 21 days. The
cohesion with a curing period of 7 days is smaller than that
of 22 days, the strength of which equals 70% to 90% of that
with a curing period of 22 days. The curing period has less
influence on the internal friction angle, which means only a
slight decrease whose biggest drop is 7% can be observed.

3. Discussion
3.1. Improvement Mechanism of Lime to Soil. There are many
aspects for the improvement effect of lime to soil:
(1) Because lime has a flocculation effect on expansive
clay particles, which can change the organizational
structure of soil particles, the Ca2+ and Mg2+ ions in
expansive soil increase greatly with the incorporation
of lime. However due to the digestion action and
the exchange interaction of cations when we mix
lime with water, the Na+ and K+ ions in expansive
soils are gradually replaced by Ca2+ and Mg2+ , which
significantly reduces the plasticity index of expansive
soil [22].
(2) When the mixture has a low content of lime, it contains mainly prime soil and the lime particles just fill
in pores formed by the skeleton of prime soil particles.
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Figure 7: Relation between internal friction angle and lime content and loading rate of (a) internal friction angle three-dimensional curved
surface (21 days), (b) internal friction angle lime content (21 days), and (c) internal friction angle loading rate (21 days).

When the porosity decreases, the density increases
and lime and soil play a role as skeleton, which forms a
force chain structure and enhances the strength. With
the constant increase of lime content, the soil particles
are separated, the link between which disappears. As
a result, the structure is damaged and the strength
decreases.
(3) When the lime enters the pores of soil particles, due to
the small friction on lime surface, which plays a role
of lubricating, the cohesion and internal friction angle
will be reduced.
(4) The strength development in the soil-lime mixture
specimen is controlled by liquid alkaline activator.
In the present work, the liquid alkaline activator is
the lime. The lime leaches the silicon and aluminum

in amorphous phase of lime and the calcium silicate solution (CaSiO3 ) acts as a binder. The soil
contains alumino-silicates layers with both external
and internal negative layer surfaces that act as a
huge anion and a swarm of positively charged cations
(such as Na+ , K+ , Ca+ , and Mg+ ) [23]. Therefore,
some of the input lime content to leach the silicon
and aluminum in amorphous phase of lime were
absorbed by the negative charges between clay layers
(diffusion double layers) and form an ionic interlayer.
Consequently, the lime-treated soil specimens need
NaOH for geopolymerization, hence the strength
increases rapidly with lime content until 6% lime
content. The reduction in strength at relatively high
lime content is because the amount of OH− from the
liquid alkaline activator exceeds the requirement for
geopolymerization process.

8

Advances in Materials Science and Engineering

In this paper, the best lime content is 6%, which may be
different for different kinds of soils.
3.2. The Influence of Loading Rate on Mechanical Behavior.
General trends observed in compression tests varying a wide
range of strain rate are that lime-treated soil exhibits stiffer
response and higher shear strength when the soil sample
is subjected to faster strain rates, and the rate of strength
increases approximately linearly with an increase in the
loading rate in the semilogarithmic plot. This conclusion
is well in agreement with the findings from soil and clay
proposed by Watanabe and Kusakabe [20] and Ito and
Fujimoto [23].
The influences of loading rate on geotechnical materials
can be summarized as the following three aspects:
(1) When the loading rate is small, there will be sufficient
reaction time for the production of pore water pressure, which decreases the effective stress, making the
strength reduce.
(2) Lee et al. [24] suggested that the change in mechanism
of strength mobilization is mainly due to the effect
of strain rate on the energy required for particle
crushing. Although the evidence of particle crushing
was not provided in their paper, particle crushing
might have occurred in their tests, considering the
data of crushing strength of sand.
(3) Pincus et al. [25] suggested that the reason for this
phenomenon is related with volume change caused
by the particle crushing and rear-ranging during
shear. As the fracturing and rearranging of soil grains
requires time, the increment in strain rate leads to less
time of the fracturing and rearranging for soil grains,
thereby decreasing amounts of the particle crushing
and rearranging.
Based on unsaturated soil mechanics theory proposed by
Fredlund and Rahardjo [26], a three-dimensional manner
composed of two stress state variables can be drawn: the
net normal stress and the lime content. In other words, the
three-dimensional manner is Mohr-Coulomb circles with
respect to the lime content for unsaturated lime-treated soils.
In Figure 8, the failure envelopes for unsaturated specimens
of clean clay are obtained by drawing the Mohr-Coulomb
circles on a two-dimensional plot, as the lime content is 0. In
the case of lime-treated soils, the Mohr-Coulomb circles are
plotted in the same way as Mohr-Coulomb circles. However,
the location of Mohr-Coulomb circle of lime-treated soils
is a function of the lime content in the three-dimensional
manner. The failure envelopes onto the shear stress (𝜏)
versus the net normal stress plane were determined by
Mohr-Coulomb circles. The intersection between the failure
envelope and the ordinate is a total cohesion (𝑐), and tilt
angle is internal friction angle 𝜙. It must be pointed out that
failure states under a higher strain rate are illustrated with the
dashed lines as well as those under a lower strain rate drawn
by the solid lines. The internal friction angle 𝜙 is assumed
to be constant regardless of stress state variables. Note that
the slopes of failure envelopes for lime-treated specimens
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Lime-treated sand
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𝜙
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)
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Figure 8: Diagrammatic sketches of three-dimensional failure
surface for unsaturated soils.

commenced at the same angle, because the internal friction
angle tends to be constant irrespective of loading rate, while
the cohesion increases with the increase of loading rate.
This result on the effect of loading rate on internal friction
angle does not agree with that of Fukuoka et al. [27] and
Saomoto et al. [28], at which Fukuoka et al. [27] examined
the influence of internal friction angle of granular materials
including Toyoura sand and glass beads by a high speed ring
shear apparatus and observed the increase in internal friction
angle of Toyoura sand and no change in friction angle of the
glass beads with increasing the rate of shearing. Fukuoka et
al. [27] suggested that the increase in internal friction angle
of Toyoura sand is due to particle crushing, while threedimensional DEM simulation of ring shear test reported by
Saomoto et al. [28] shows that the increase in strain rate
results in a slight increase in friction angle.

4. Conclusion
(1) The shear strength, elastic modulus, and cohesion all
increase with the increase of loading rate, among which
the shear strength shows linear increase in semilogarithmic
coordinates. The loading rate has no influence on the internal
friction angle.
(2) Under the same loading rate, the shear strength, elastic
modulus, cohesion, and internal friction angle firstly increase
and then decrease with the increase of lime content. When
the lime content increases from 0 to 6%, the parameter values
increase with the increase of lime content. When the lime
content increases from 6% to 12%, the parameter values
decrease gradually.
(3) The mechanical behavior after the curing period of
7 days is basically similar with that after the curing period
of 7 days. The shear strength and the elastic modulus after
the curing period of 7 days are less than that after the curing
period of 21 days.
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[6] N. Yarbaşi, E. Kalkan, and S. Akbulut, “Modification of the
geotechnical properties, as influenced by freeze-thaw, of granular soils with waste additives,” Cold Regions Science and
Technology, vol. 48, no. 1, pp. 44–54, 2007.
[7] J.-R. Zhang and X. Cao, “Stabilization of expansive soil by
lime and fly ash,” Journal of Wuhan University of Technology—
Materials Science Edition, vol. 17, no. 4, pp. 73–77, 2002.
[8] H. Bekki, Z. Djilaili, Y. Tlidji, and T. H. Daouadji, “Durability of
treated silty soil using lime and cement in road construction—a
comparative study,” The Online Journal of Science and Technology, vol. 5, no. 2, pp. 23–31, 2015.
[9] Y. Zhang, T. Ishikawa, T. Tokoro, and T. Nishimura, “Influences
of degree of saturation and strain rate on strength characteristics
of unsaturated granular subbase course material,” Transportation Geotechnics, vol. 1, no. 2, pp. 74–89, 2014.
[10] J. A. Dı́az-Rodrı́guez, J. J. Martinez-Vasquez, and J. C. Santamarina, “Strain-rate effects in Mexico City soil,” Journal of
Geotechnical and Geoenvironmental Engineering, vol. 135, no. 2,
pp. 300–305, 2009.
[11] H. Martindale, T. Chakraborty, and D. Basu, “A strain-rate
dependent clay constitutive model with parametric sensitivity
and uncertainty quantification,” Geotechnical and Geological
Engineering, vol. 31, no. 1, pp. 229–248, 2013.
[12] K. K. Sorensen, B. A. Baudet, and B. Simpson, “Influence of
strain rate and acceleration on the behaviour of reconstituted
clays at small strains,” Geotechnique, vol. 60, no. 10, pp. 751–763,
2010.

[21] J.-J. Xu, Z.-A. Wei, Y.-L. Chen, and Y. Yang, “Experimental
study of relationship between electric resistivity and mechanical
properties of phosphate tailings,” Chinese Journal of Rock
Mechanics and Engineering, vol. 33, no. 10, pp. 2132–2137, 2014
(Chinese).
[22] Y.-L. Chen, “Microstructure of expansive soil from Yunnan
Province,” Chinese Journal of Geotechnical Engineering, vol. 35,
no. 1, pp. 334–339, 2013.
[23] S. Horpibulsuk, N. Yangsukaseam, A. Chinkulkijniwat, and
Y. J. Du, “Compressibility and permeability of Bangkok clay
compared with kaolinite and bentonite,” Applied Clay Science,
vol. 52, no. 1-2, pp. 150–159, 2011.
[24] K. L. Lee, H. B. Seed, and P. Dunlop, “Effect of transient loading
on the strength of sand,” in Proceedings of the 7th International
Conference on Soil Mechanics and Foundation Engineering, pp.
239–247, Mexico City, Mexico, 1969.
[25] H. Pincus, J. Yamamuro, and P. Lade, “Effects of strain rate on
instability of granular soils.,” Geotechnical Testing Journal, vol.
16, no. 3, article 304, 1993.
[26] D. G. Fredlund and H. Rahardjo, Soil Mechanics for Unsaturated
Soils, John Wiley & Sons, New York, NY, USA, 1993.
[27] H. Fukuoka, K. Sassa, and M. Shima, “Shear characteristics of
sandy soils and clayey soils subjected to the high-speed and

10
high-stress ring shear tests,” Annuals of Disaster Prevention
Research Institute of Kyoto University B, vol. 1, no. 33, pp. 179–
190, 1990.
[28] H. Saomoto, T. Matsushima, and Y. Yamada, “Three-dimensional discrete element simulation of ring shear test,” in Proceedings of the 12th Japan Earthquake Engineering Symposium,
pp. 578–591, 2006.

Advances in Materials Science and Engineering

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2015, Article ID 860454, 4 pages
http://dx.doi.org/10.1155/2015/860454

Research Article
Finite Element Analysis on the Creep Constitutive Equation of
High Modulus Asphalt Concrete
Xiu-shan Wang,1 Tao-tao Fan,1 and Lum Kitmeng2
1

School of Civil Engineering and Architecture, Zhejiang Sci-Tech University, Hangzhou 310018, China
College of Environmental and Civil Engineering, Nanyang Technological University, Block Ni, Nanyang Avenue, Singapore 639798

2

Correspondence should be addressed to Xiu-shan Wang; wxs77777@163.com
Received 8 April 2015; Revised 25 June 2015; Accepted 6 July 2015
Academic Editor: Ana S. Guimarães
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In order to obtain the viscoelastic constitutive relation of High Modulus Asphalt Concrete (HMAC), the constitutive relationship
is used to carry on the various numerical calculation, utilize integral transforming in its Bailey-Norton creep rule, and establish
new practical model. Combining with the collection data from creep tests of uniaxial compression, regression calculation is carried
out with 1STOPT fitting software; thus the creep parameters of High Modulus Asphalt Concrete in different temperatures were
obtained, which can be used in HMAC creep model.

1. Introduction
High Modulus Asphalt Concrete (HMAC) is originally a
kind of asphalt concrete mixture agitated by hard asphalt, a
certain grading of stone, and additives. Under 15∘ C, 10 Hz test
conditions, its dynamic modulus can reach over 14000 MPa
[1–6], which fully exhibited such advantages as high modulus,
good rutting resistance, low temperature cracking, and low
thermal fatigue cracking sensitivity. As the viscoelastic material, HMAC has unique constitutive relation different from
other elastic, elastic-plastic materials; thus it is more difficult
to grasp its mechanical characteristics. However, the development of viscoelastic theory provides mechanical analysis
of HMAC with an effective tool finite element method. Since
there is no complex analytic derivation in the finite element
method, it is convenient to simulate viscoelastic of road materials and analyze the actual stress state of road surface [7–11].
Due to the simplicity and high controllability of creep
test method, many researchers have conducted a lot of laboratory tests to reveal the actual stress condition of road surface through the asphalt concrete material stress-strain relationship. But it is still very difficult to obtain viscoelastic
parameters from these asphalt stress-strain data and then use
computer software to simulate its mechanical characteristics.

There are two reasons: one is the low precision degree of
data fitting; the other is the inconsistency of formula in
data fitting and computer simulation software. Therefore,
though many researchers have viscoelastic data, they adopt
elastic or elastic-plastic method instead to calculate the stress
state of the approaching road surface [12, 13]. In order
to better utilize these data, this paper analyzed the creep
model in ABAQUS suitable for high modulus asphalt and
carried on integration processing on Bailey-Norton creep law
to establish new practical model. Based on the numerical
simulation of uniaxial compression creep test, the creep
parameters of High Modulus Asphalt Concrete in different
temperatures were obtained by regression calculation with
software 1STOPT of high efficiency and user-friendly control.

2. The Creep Constitutive Equations of
Asphalt Concrete
The finite element analysis on material nonlinear problem
has two aspects, namely, the establishment of the constitutive
formula and the solution to nonlinear equations. Material
constitutive relations are usually divided into two categories:
the full amount of the constitutive equations and the incremental constitutive equations. Since the plastic deformation
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is unrecoverable inelastic deformation, stress state cannot be
determined by the current state of deformation but rather
by the route and deformation history. To accommodate this
situation, the incremental constitutive equations are usually
adopted in finite element analysis.
Generally, creep effect is time-dependent; that is, under
constant load conditions, the deformation of material
increases with time. With constant load and displacement,
creep effect has two stages: redistribution of stress within the
structure as the first stage and the steady stress state of the
structure as the second. In the process from transient creep
state to steady creep state, the first stage is named as transient
creep stage and the second stage is named as steady state
creep stage. The steady creep stage can be analyzed by the full
amount of the finite element analysis. But, for the transient
creep, the load of a given change over time, and the structural
creep effect under displacement, an incremental finite element method analysis is used usually along with thermal
elastic-plastic incremental analysis, known as thermal elasticplastic creep analysis.
Asphalt concrete, which is the material dependent on
time, temperature, and stress, presents deformation response
in elasticity, plasticity, viscoelasticity, and viscoplasticity
under repeated loads. The strain parameters can be expressed
as

Table 1: The optimum asphalt content.

𝜀 = 𝜀e + 𝜀p + 𝜀ve + 𝜀vp .

(1)

In (1), 𝜀 is the total strain varying with time, 𝜀e is elastic strain
(recoverable and independent of time), 𝜀p is plastic strain
(unrecoverable and independent of time), 𝜀ve is viscoelastic
strain (recoverable and time-dependent), and 𝜀vp is viscoplastic strain (unrecoverable and time-dependent).
Obviously, such plastic nature of the asphalt mixture as
plastic strain and viscoplastic strain can generate permanent
deformation, and those plastic strains are cumulative under
repeated loads. So only viscoplastic strain remains to be calculated. However, it is very hard to differentiate viscoelastic
part and viscoplastic part especially when the two are changeable under repeated loads. On the other hand, creep tests can
easily identify elastic strain and inelastic strain, that is, creep
strain, which should include viscoplastic strain and a part of
viscoelastic strain at a certain point of time. Since the current
test method can only measure the combined effects of the two,
creep and plasticity cannot be treated respectively.
The creep deformation of the material can be expressed
as a function of temperature 𝑇, stress 𝜎, and time 𝑡; that is,
𝜀c = 𝑓(𝑇, 𝜎, 𝑡) which can be used to analyze the creep deformation [14–17]. Therefore, Bailey-Norton creep model in
ABAQUS can be used to simulate the nonlinearity of the
asphalt concrete layer. Equation (2) is expressed in the form
of creep strain rate, as follows:
𝜀cr = 𝐶1 𝜎𝐶2 𝑡𝐶3 𝑒−𝐶4 /𝑇 .

(2)

In (2), 𝜀cr is creep strain rate; 𝑒 is 2.718; 𝑡 is time; 𝑇 is temperature; 𝐶1 , 𝐶2 , 𝐶3 , and 𝐶4 are material parameters.
In order to simplify the model and enhance its usability,
the Bailey-Norton creep law was retransformed by carrying

Mixture type
Best oilstone ratio

50#-1
4.1

50#-2
4.4

70#-1
4.0

70#-2
4.1

70#-3
4.3

on integral calculation on both sides simultaneously. The
results are as follows:
𝜀cr

𝑡

𝜀c

0

∫ 𝑑𝜀cr = ∫ 𝐶1 𝜎𝐶2 𝑡𝐶3 𝑒−𝐶4 /𝑇 𝑑𝑡.

(3)

When the temperature is constant, 𝐶4 = 0, and (3) can be converted into
𝜀cr =

𝐶1 𝜎𝐶2 𝑡𝐶3 +1
.
𝐶3 + 1

(4)

Equation (4) is the time hardening creep model (expressed
by creep rate) in the converted ABAQUS; 𝐶1 , 𝐶2 , 𝐶3 are
model parameters dependent on temperature, which can be
determined by material testing.

3. Creep Tests on High Modulus
Asphalt Concrete
Since the High Modulus Asphalt Concrete is mainly used in
sections of large traffic volume and harsh stress environment,
grade A asphalt in specification [18] was chosen as asphalt
material in the High Modulus Asphalt Concrete. In this
study, two kinds of asphalt 50# and 70#, respectively, from
Zhonghai Company were chosen based on the market survey,
and five kinds of asphalt 70#-1 with additive from French PR
company were chosen according to its mixed recommended
dosage. They are 50#-1, 50#-2, 70#-1, 70#-2, and 70#-3. The
performances of them can all meet the norms. The optimum
asphalt content is shown in Table 1. Aggregate grading was
selected from specification AC-20 median grading and the
grading composition is shown in Table 2.
Use MTS810 material testing machine imported from
America to conduct the test with uniaxial compression creep
method. The specimen size was 100 mm in diameter, its height
was 100 mm, and test temperature was 20∘ C, 40∘ C, and 60∘ C,
respectively. A series of pressure (0.1 MPa, 0.2 MPa, 0.3 MPa,
0.4 MPa, and 0.5 MPa) was loaded on the specimen for 60
minutes and then unloaded for 10 minutes before starting
processing data. Through these tests, the changes of vertical
accumulative strain over time for specimens of different
type produced at different temperatures during creep process
were obtained. Due to space limitations, only two graphs
are presented here with Figure 1 showing creep curves for
different types of asphalt mixture at temperature 40∘ C and
Figure 2 showing the creep curves of 70#-1 asphalt mixture
at different temperatures.
From Figure 1, it can be seen that, at loading stage, the
instantaneous deformation of the specimen first occurs under
the initial load, and then, with continuing role of dead load,
the specimen deformation keeps increasing until the deformation increments are steady. After unloading, the elastic deformation resumes immediately, viscoelastic deformation gradually recovers over time, and plastic deformation
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Table 2: Grading composition in AC-20 median asphalt concrete.
Sieve size
grading composition

31.5

26.5

19

16

13.2

AC-20

100

100

95

85

71

Pass rate of hole sieve (%)
9.5
4.75
2.36
1.18

0.6

0.3

0.15

0.075

61

16

11

8.5

5

41

30

22.5

Table 3: Creep parameters for asphalt concrete.
Mixture type
20∘ C
2.98e − 15
6.23e − 16
8.67e − 16
6.52e − 16
1.26e − 6

50#-1
50#-2
70#-1
70#-2
70#-3

𝐶1
40∘ C
1.06e − 16
2.22e − 17
3.09e − 17
2.33e − 17
1.66e − 7

60∘ C
1.85e − 21
1.27e − 22
5.39e − 22
4.06e − 22
1.87e − 8

Creep parameters
𝐶2
20∘ C
40∘ C
2.815
3.101
1.808
2.369
2.026
2.655
1.921
2.305
0.378
0.517

1.2
Asphalt 50#-1

Strain (𝜇𝜀 )

1

Asphalt 70#-1
Asphalt 70#-2
Asphalt 50#-2
Asphalt 70#-3

0.8
0.6
0.4
0.2
0

0

600

1200

1800

2400 3000
Time (s)

3600

4200

4800

Figure 1: Creep curves for different types of asphalt mixture.

The cumulative strain (𝜇𝜀 )

1.4

60∘ C
3.860
2.898
3.248
2.469
0.565

𝐶3
40∘ C
−0.820
−0.696
−0.712
−0.663
−0.875

20∘ C
−0.809
−0.646
−0.690
−0.690
−0.820

60∘ C
−0.914
−0.631
−0.670
−0.670
−0.720

−1.0
−0.9
−0.8
−0.7
−0.6
−0.5
−0.4
−0.3
−0.2
−0.1
0

1000

3000
2000
Time (s)

0% additive (20∘ C)
0% additive (40∘ C)
0% additive (60∘ C)

4000

5000

0.7% additive (20∘ C)
0.7% additive (40∘ C)
0.7% additive (60∘ C)

Figure 2: Creep curves of 70#-1 asphalt at different temperatures.

remains deformed permanently because of its irreversibility.
Asphalt mixtures present the following rule according to
their cumulative creep strains: 70#-3 < 50#-2 < 70#-2 < 70#1 < 50#-1. The cumulative strain of asphalt concrete 50#-1
is the maximum, indicating its weakest capacity to resist
deformation under sustained loads; concrete 70#-3, mixed
with 0.7% additive, has the minimum cumulative strain,
indicating its strongest capacity to resist high temperature
deformation.
From Figure 2, it can be seen that, under the same stress
conditions, as the temperature increases, both the accumulated deformation and the residual deformation after relaxation are increased. At the high temperature of 40∘ C and
60∘ C, instantaneous deformation of High Modulus Asphalt
Concrete with 0.7% additive is consistent with the ordinary
asphalt concrete, while the cumulative deformation of the
former is far less than the latter with the growth of loading
time, indicating a significant improvement in high temperature deformation assistance of the asphalt mixture with
admixture.

4. Creep Model Parameters Results
According to the creep performance test results of High
Modulus Asphalt Concrete under different temperature conditions as well as treatment and regression conducted by
professional fitting software 1STOPT, creep parameters 𝐶1 ,
𝐶2 , and 𝐶3 of 5 different types of asphalt concrete are
obtained, respectively, as shown in Table 3.
From Table 3, the following can be seen.
At the same temperature, creep model coefficient 𝐶1 has
the biggest amplitude of variation and exhibits the change
in the order of magnitudes with additive, while partial stress
index 𝐶2 is reduced in five asphalt concrete creep parameters
of different types. Time index 𝐶3 is always negative, its
absolute value being less than 1, and changes little with
additive variation.
As for creep parameters at different temperatures, whatever the material is, the amplitude of variation in the creep
model coefficient 𝐶1 is always the biggest with the series of
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change in the gap, and the higher the temperature is, the
smaller the value of 𝐶1 is. As for partial stress index 𝐶2 , its
value increases along with the temperature increase. The time
index 𝐶3 , always being −1 and 0, shows no significant change
regardless of temperature change.
At different temperatures, compared with the other four
mixtures, the creep coefficient model 𝐶1 of High Modulus
Asphalt Concrete (70#-3) shows increases in series, while the
partial stress index 𝐶2 decreases by 4 to 6 times.

5. Conclusions
(1) By integration process of the time hardening creep
model in ABAQUS, a new simplified creep model is
established.
(2) From laboratory High Modulus Asphalt Concrete
creep test, it can be learned that the size of creep accumulative strain of asphalt mixtures shows the following rule: 70#-3 < 50#-2 < 70#-2 < 70#-1 < 50#-1.
Among all the five types, high modulus asphalt
mixture with added additive shows the strongest high
temperature deformation resistance.
(3) Creep parameters of different types of High Modulus
Asphalt Concrete at different temperatures are
obtained with the professional fitting software
1STOPT on the basis of numerical simulation of uniaxial compression creep test.
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The effects of sulfate attack and freeze-thaw alternation on the concrete microstructure were systemically investigated by advanced
test methods such as water absorption method, air void analysis, XRD, and SEM. The experimental results indicated that freeze-thaw
damage is the major effective factor in the sulfate attack and freeze-thaw alternation test. In the alternation test, average aperture of
capillary pores of specimens was smaller, pores uniformity was better, and water absorption rate was lower than those specimens
used in the single freeze-thaw damage test. The average aperture and uniformity of pores could be improved by adding fly ash and
slag. Damage was accumulated in many cycles of freeze-thaw and microcracks increased during the test. At the same time, the
hydration products of the concrete developed into expansive gypsum, AFt, and TSA without any strength during sulfate attack. The
results of the microstructure analysis form XRD and SEM are in accordance with that of AFt, about 3 𝜇m length, around which
other hydration products decomposed by C-S-H after sulfate attack resulted in loss of concrete strength.

1. Introduction
Sulfate attack and freeze-thaw damage are two kinds of
adverse environmental problems that hydraulic concrete
engineering often encounter [1–4] and also the main problem
of concrete aging diseases, especially in cold areas of the
world. Hydraulic concrete structures in the cold regions often
suffer from freeze-thaw damage, such as hydraulic concrete
structure in areas of changes in water level, the pool, the
power station cooling tower, and roads in contact with water
[5, 6]. In Northeast China, North China, and Northwest
China, almost all the hydraulic structures are subjected to
freeze-thaw damage, locally or in large areas [7–10].
A typical engineering station, Yunfeng hydropower station, has greatly suffered from freeze-thaw damage. The
damaged surface area of the spillway dam was up to 10000 m2
(about 50% of the whole area) during less than 10 years in
operation. The average depth of the freeze-thaw erosion to
the concrete was more than 10 cm. Some examples of damage
caused by sulfate attack have occurred in the coastal areas all

over the world. At present, sulfate attack is mainly due to two
factors: one is the groundwater environment and the other is
the discharge of industrial wastewater [11–15].
In recent years, researchers home and abroad have
attached great importance to the study of concrete durability,
and a large number of systemic tests have been conducted
in the study of single factor damage on concrete, and a lot
of achievements have been reached [16, 17]. However, the
concrete durability in real engineering environments is often
a complex problem affected by multiple factors rather than
merely a single one. Service engineering concrete can be
affected by environmental factors, climatic conditions, and
loads, whereas the interactions of these may further influence
the durability of concrete [18–20]. Therefore, it is essential to
study the durability of concrete under conditions with more
than a single damaging factor. There is currently however a
dearth of literature dealing with such systems. In this work,
we report for the first time the effects of multiple detrimental
factors on concrete durability, taking sulfate erosion and
freeze-thaw damage as two representative factors.
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Table 1: Chemical and physical properties of cement, fly ash, and slag.
Chemical composition/%
SiO2 Al2 O3 Fe2 O3

Cement 22.53 3.89
Fly ash 52.44 24.03
Slag
33.67 14.60

4.88
9.44
1.72

Compressive strength of cement/MPa

Physical properties
Specific density
CaO MgO K2 O Na2 O R2 O SO3 loss
/(kg/m3 )
63.00 2.09 0.50 0.09 0.42 2.08 0.59
3120
3.20 1.14 —
—
— 0.73 2.24
2380
34.67 9.89 0.65 0.27 — 1.95 2.38
2860

7 days

28 days

25.4
—
—

45.1
—
—

Table 2: Mix proportions of concrete.
Samples

W/C

Fly ash (%)

Slag (%)

SX-1
SX-2
SX-3

0.40
0.40
0.40

0
20
0

0
0
20

Admixture
GYQ (%)
JM-II (%)
0.008
0.7
0.008
0.7
0.008
0.7

Table 3: Mix of paste.
Samples
1
2
3

Cementitious materials (%)
Cement
Fly ash
Slag
100
0
0
80
20
0
80
0
20

W/C
0.50
0.50
0.50

2. Experimental
2.1. Raw Materials. Cement 42.5 used in this work was
supplied by Shimeng Cement Co., Ltd. (Hunan Province,
China). The pertinent physical and chemical properties of
the cement were obtained from Changjiang River Scientific
Research Institute. Fly ash from Power Plant of Qujing and
slag powder from Wuhan Iron and Steel Co., Ltd. used are
listed in Table 1. Natural fine sand with size of 0.16–0.63 mm
and specific gravity of 2.65 was used as a fine aggregate.
For each mixture, the elected components were mixed,
cast, and vibrated in 6 sequences as 100 mm × 100 mm ×
100 mm concrete specimen. Specimens were demolded after
24 h of casting and cured with a condition of 20 ± 3∘ C and
95% relative humidity until the age of testing.
2.2. Test Methods. The curing ages of the specimens were
7 days and 28 days, respectively, before testing. The mix
proportion of concrete specimens is shown in Table 2 and
paste specimens in Table 3. Sulfate attack test was carried out
in accordance with GB/T50082-2009. The specimens were
immersed in 5% Na2 SO4 solution for 16 h, then dried in an
oven at 80∘ C for 6 h, and finally cooled in air for 2 h. This is
called a sulfate attack cycle.
Freeze-thaw cycles were carried out in accordance with
GB/T5150-2001. The temperature of the sample center ranged
from −18.0 ± 2.0∘ C to 5.0 ± 2.0∘ C Sulfate attack and freezethaw alternation cycle is the alternation between the two tests.
Specimens were subjected to 30 sulfate attack cycles and then
50 freeze-thaw cycles were carried out. This constitutes an
alternation cycle.

Slump (mm)

Air content (%)

13
38
40

5.4
3.5
5.4

Compressive strength/MPa
28 d
37.93
36.88
38.29

The paste samples expansion ratio test was conducted
based on GB/T749-2008. Adding a certain amount of dihydrate gypsum made the weight content of the SO3 in cement
and dihydrate gypsum to 7%. 25 mm × 25 mm × 280 mm
paste specimen cured in water first for 30 min was measured
as the initial specimen length 𝐿 0 . The specimen expansion
ratio 𝑃𝑛 is formulated as (1) and 𝐿 𝑛 is the length of specimen
cured 𝑛 days:
𝑃𝑛 =

(𝐿 𝑛 − 𝐿 0 ) × 100
.
250

(1)

The water absorption kinetics method was conducted based
on the ASTM C 642-06 Standard: Under isothermal conditions (20∘ C), when the wool stoma absorption occurs in
mortar, concrete, and other materials, the water sorption
curve has a characteristic of an exponential function, and so
their pore structure analysis using water absorption kinetics
can be carried out. The weight of 100 mm × 100 mm ×
100 mm concrete specimens, cured to the specified age,
which are dried in an oven at 105∘ C for 24 h and cooled in
air to normal temperature, was recorded as 𝑚0 . The dried
specimens were then immersed in water for 0.25 h, with
weight in air measured as 𝑚0.25 , and in the same way, 𝑚1 and
𝑚24 are recorded. Finally, the weight in water is measured and

. The weight water absorption rate (𝑊𝐺) is
recorded as 𝑚24
formulated as
𝑚 − 𝑚0
⋅ 100%.
𝑊𝐺 = 24
(2)
𝑚0
The volume water absorption rate (𝑊) is formulated as
𝑊=

𝑚24 − 𝑚0
⋅ 100%.

𝑚24 − 𝑚24

(3)

Bubble structures test could measure the pore structure
of concrete. The test was performed on the Rapid Air 457 Air
void analyzer (Concrete Experts International). The concrete
specimens were dried at 60∘ C and then cut into pieces for the
test.
After drying and grinding into powder, pure cement
paste was investigated by X-ray diffraction (XRD) to study
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Table 4: Expansion ratio of paste samples.
Samples
1
2
3

Expansion ratio in Na2 SO4 solution

Expansion ratio in water
7d

28 d

90 d

180 d

7d

28 d

90 d

180 d

0
2
8

11
22
36

58
48
84

36
24
72

4
8
16

76
124
124

200
212
208

328
300
272

Table 5: Water absorption kinetics parameters of concrete samples.
Samples
SX-1
SX-2
SX-3

Volumetric water absorption rate 𝑊 (%)

Compressive strength/MPa

WA

FR

SU

AL

WA

FR

SU

AL

3.0
4.1
4.1

7.0
8.3
6.9

3.5
2.6
4.1

5.9
4.3
4.5

54.75
54.56
54.89

41.99
43.92
44.51

47.12
48.73
50.52

40.28
42.55
43.08

Notification: WA: water; FR: freeze; SU: sulfate; AL: alternation.

3. Results and Discussion
3.1. Expansion Ratio Analysis. Paste samples cured in water
and Na2 SO4 solution were used to analyze the expansion
ratio, where the results are shown in Table 4.
The results demonstrated that expansion ratios of paste
samples cured in Na2 SO4 solution were significantly greater
than those cured in water, and expansion ratios increased
by cure age. This indicates that the expansive substance
is produced by hydration products reacting with Na2 SO4
solution. The activity of admixture could be motivated while
specimens were cured in Na2 SO4 solution more than 100
days; at the same time, sulfate erosion resistant ability of
concrete would be arisen gradually, Ca(OH)2 be consumed by
secondary hydration, and tricalcium aluminate be decreased
through physical dilution. The reason is that expansive
product like ettringite was reacted between Na2 SO4 solution
and dihydrate gypsum in paste samples. Meanwhile, cement
hydration products like Ca(OH)2 and hydrated calcium
aluminate reacted to produced gypsum and ettringite. Expansion ratio of specimen cured in Na2 SO4 solution grew rapidly
since bulk increase of erosion products.
3.2. Water Absorption Kinetics Analysis. Concrete samples
prepared by four alternation times of sodium sulfate erosion
and freeze-thaw, 200 times’ freeze-thaw only, and 120 days’

0.09
0.08
Volumetric water absorption rate W (%)

the change of reaction products after sulfate attack. Phase
analysis was conducted using X-ray Diffraction machine
(scan interval 5–60∘ 2𝜃) produced by Bruker. X-ray tube
accelerating voltage was 60 kV, rotating anode was 3 kW, and
goniometer table was 200 mm.
Cement paste in concrete specimens was investigated
by scanning electron microscope (SEM) to analyze the
microstructure of concrete after the alternation of sulfate
attack and freeze-thaw test. JSM-5610LV scanning electron
microscope was produced by JEOL. Resolution ratio was
3 nm and enlargement factor was from 18 to 300000.

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

SX-1
Water
Freeze

SX-2
Sample

SX-3
Sulfate
Alternation

Figure 1: Volumetric water absorption of concrete.

alternation of sodium sulfate erosion were used to analyze the
results as shown in Table 5 and Figure 1.
The results showed that freeze-thaw was the main factor
in the alternate destruction. In contrast with concrete cured
in water, after the specimens were damaged by freeze-thaw,
the volumetric water absorption increased significantly, but
with no great contribution to the pore size uniformity. After
the concrete was eroded by sodium sulfate, volumetric water
absorption did not change much.
After the alternation of sodium sulfate erosion and freezethaw, the concrete volumetric water absorption rate is larger
than one eroded by sodium sulfate while smaller than one
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Figure 2: Bubbles normal distribution curves of samples curing in
water.
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Figure 3: Bubbles normal distribution curves of samples under four
times’ alternation of sodium sulfate erosion.
1.200

3.3. Bubble Structure Analysis. The concrete samples cured
in water for 28 days were used for the pore structure
experiments. The pore parameters are shown in Table 5. The
normal distribution of bubbles and bubbles distribution law
of samples cured in water are shown in Figures 2 and 4, while
the results of samples after four alternation times of sodium
sulfate erosion and freeze-thaw are shown in Figures 3 and 5.

Figure 4: Bubbles distribution law curves of samples curing in
water.

3.3.1. Air Content. After four alternation times of sodium
sulfate erosion and freeze-thaw, the air content of the concrete
increased, and the air content of concrete without admixture
was greater than that of concrete containing fly ash and slag
powder, respectively. This was consistent with the change in
the concrete compressive strength. Also, the pore structure
results were the same as those obtained in the water absorption kinetics pore structure test.
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damaged by freeze-thaw. This indicates that the corrosive
substance produced by hydration products reacting with
sodium sulfate would fill part of concrete pores.
From the view point of admixture, the volumetric water
absorption of concrete with admixture was smaller than the
concrete without admixture.
The compressive strength of concrete as shown in Table 5
is in good agreement with the above analysis. After the
alternation of sodium sulfate erosion and freeze-thaw, the
compressive strength of the concrete was lower than that
of the concrete eroded by single damage. Freeze-thaw was
the main factor during the alternate destruction. Moreover,
the compressive strength of the concrete after freeze-thaw
damage decreased more than the samples eroded by sodium
sulfate. It is noteworthy that fly ash and slag powder may
improve the compressive strength, where the improving effect
of slag powder was better than that of fly ash.

Chord length frequency (%)

0.250

Chord size (mm)
Water curing
SX-1 (chord)
SX-2
SX-3

SX-1 (air)
SX-2
SX-3

The slurry air ratio is also closely related to the mechanical
properties of the concrete. Usually, the larger the slurry
air ratio, the higher the concrete strength. Repeated freezethaw cycle accumulated the damage effect as well as the
fatigue effect and made the freezing generated microfissures
expand. The increased porosity weakened the resistance of
the concrete and increased its water absorption as well.
The sodium sulfate erosion made the hydration products
of the concrete like gypsum and ettringite expand and
calcium sulfur rankinite without strength. This made the
concrete material to suffer greater damage in the next frozen
damage, with its resistance reducing more as the damage

5
6000

1.000
0.800
0.600
0.400

2.50–3.00

1.50–2.00

0.50–1.00

0.40–0.45

0.30–0.35

0.26–0.28

0.22–0.24

0.18–0.20

0.14–0.16

0.10–0.12

0.06–0.08

0.04–0.05

0.200
0.000

Chord size (mm)
Alternation cycle
SX-1 (chord)
SX-1 (air)
SX-2

SX-2
SX-3
SX-3

Figure 5: Bubbles distribution law curves of samples under four
times’ alternation of sodium sulfate erosion.

becomes more severe. The porosity also increased more as
well. Again and again, under the alternation of freeze-thaw,
a vicious circle was formed, making the concrete durability
decline gradually.
3.3.2. Spacing Factor. The spacing factor of the concrete was
high before erosion and freeze-thaw. The spacing factors of
the samples SX-1, SX-2, and SX-3 were 0.744 mm, 1.035 mm,
and 0.771 mm, respectively. The “SX” represents the name
of the serial number. However, the spacing factor of the
samples decreased significantly to 0.040 mm, 0.034 mm, and
0.052 mm, respectively, after erosion. As the air content
became bigger, the spacing factor became smaller, which
indicated that there was a fine corresponding relationship
between the spacing factor and the air content of the concrete.
3.3.3. Bubbles Distribution. The effect of bubbles on concrete
properties cannot be simply evaluated by air content. Actually, the bubbles distribution conditions (bubbles structure)
including the size, amount, and distribution are more important. The size and distribution would greatly differ from each
other when the air content is the same in the concrete.
The bubble chord length in concrete is between 10
microns and 0.5 mm. There is also a part of the chord as large
as 3 mm. When soaked in water for 28 days, the chord which
was less than 0.5 mm in length in specimen SX-1 increased
to 74, accounting for about 60.2% of the total length and
the chord which was less than 1 mm in length in specimen
SX-1 also increased to 89, accounting for 72.4% of the total.
However, the bubble parameters of the concrete containing
admixture changed a little. After 4 alternation times of
sodium sulfate erosion and freeze-thaw, the internal chord
length in concrete specimen SX-1 less than 0.5 mm increased
rapidly, up to 2741, accounting for 97.9% of the total and the
number of the chord lengths less than 1 mm increased to 2783,
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1.200

Air content, fraction (%)

1.400

0.02–0.03

0.500
0.450
0.400
0.350
0.300
0.250
0.200
0.150
0.100
0.050
0.000

0.00–0.01

Chord length frequency (%)

Advances in Materials Science and Engineering
S
BB

E

C C

V

4000

Sulfate
attack
P

P
P

2000
Water
curing
0
10

15

20

25

30

35

40

45

50

55

60

2𝜃 (∘ )

SX-3
SX-2
SX-1
B: belite
P: CH
C: CaCO3
S: gypsum
E: AFt
V: C3 A

Figure 6: X-ray diffraction (XRD) analysis of samples SX-1, SX-2,
and SX-3.

accounting for 99.4%. The above data indicate that, after the
concrete has gone through the alternation of sodium sulfate
and freeze-thaw, the internal chord structure changes greatly.
The concrete with porous structure produces more pores
after injury. Although the number of chords less than 0.5 mm
in length accounts for larger proportion after alternation;
the number of chord lengths between 0.5 mm and 1 mm
increased by 27% due to the increase in the total number. This
is consistent with the water absorption kinetics where, after
alternation, the water absorption increases significantly.
3.4. XRD Analysis. After curing in water, the pure cement
paste without admixture had strong Ca(OH)2 diffraction.
However, after the sodium sulfate erosion for 120 days,
the Ca(OH)2 diffraction intensity decreased and diffractions
of CaCO3 and CaSO4 ⋅2H2 O were produced. As shown in
Figure 3, after curing in water, the hydration products of
pure cement paste containing 20% fly ash were similar
to the specimen with no admixture. Similarly, after the
specimen was eroded by sulfate, the diffraction intensity
of Ca(OH)2 decreased, whereas obvious low temperature
quartz Aft diffraction and strong Ca(OH)2 diffraction were
produced. As shown in Figure 6, after curing in water,
the Ca(OH)2 diffraction in hydration products of cement
paste specimen containing 20% slag was lower than the two
former kinds. Also, after the specimen was eroded by sulfate,
strong diffraction intensity of CaSO4 ⋅2H2 O and a little Aft
diffraction were produced.
The above observations show that the main hydration
product of cement is Ca(OH)2 crystal. After sulfate erosion,
large amount of corrosive products such as gypsum and
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Figure 7: SEM images of samples (((a), (b), (c)) erosion in 5% sodium sulfate solution for 120 days; ((d), (e), (f)) two hundred times’ freezethaw; ((g), (h), (i)) four times’ erosion freeze-thaw alternation).

ettringite were mainly produced. This shows that the specimen is mainly eroded by plaster mold sulfate, which leads
to the formation of the main hydration product, C-S-H gel
on the surface of the cement paste specimen decomposing
directly, softening the specimen surface, forming a plasma
phenomenon, and eventually resulting in loss of strength.
3.5. SEM Analysis. The SEM images of concrete erosion in
5% sodium sulfate solution for 120 days, two hundred times
freeze-thaw, and four times erosion-freeze-thaw alternation
are shown in Figure 7.
After the sodium sulfate erosion, the structure is poorly
cemented with slight cracks inside which there were hydration products. In addition, there were many hydration products on the fly ash particles, and its surrounding appeared as
ettringite of about 3 𝜇m, which was consistent with the XRD
conclusion above. However, after the freeze-thaw cycles, the
structure was very loose, and a large number of cracks were
produced. The pellet feeling was enhanced in the concrete
containing slag, and a large amount of linked network
structure products was generated on the surface.
After alternation of sodium sulfate erosion and freezethaw, the structure was very loose with cracks and pores
production. The ettringite with length and width of about

5 and 0.5 𝜇m, respectively, was produced. Compared with
the specimen after sodium sulfate erosion only, the ettringite
had larger length and width, which indicates that freezethaw damage promoted chemical reactions between sodium
sulfate and hydration products. In addition, it could be seen
from the concrete containing fly ash that the fly ash spherical
surface was no longer smooth due to a large amount of
hydration products and the concrete containing slag was
more compact compared with the two former kinds. Also
six-party plate type single sulfur hydrated calcium sulphoaluminate (AFm) with the size of about 1 𝜇m was produced.
These microscopic test results show that hydration products
and internal structure change when the concrete is launched
in different environment and can be well explained by the
microstructure features and the XRD results.

4. Conclusions
(1) Between the alternation of sodium sulfate erosion and
freeze-thaw, freeze-thaw damage was the main factor
which made the bubble inside the concrete to become
larger and provided a better reaction space for the
concrete hydration products and the sodium sulfate
reaction. Corrosive products, like gypsum, ettringite,
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and so forth, were produced in the reaction. Corrosive
products made the specimens expansive. Due to short
reaction time, the corrosive substances filled part
of the pores. After alternation, the bubbles became
bigger with increasing bubble number and also the
production of a great deal of expansive materials.
(2) After alternation of sodium sulfate erosion and
freeze-thaw, ettringite inside the concrete was longer
and wider than that simply eroded by sodium sulfate.
In addition, the internal structure of the concrete
became looser and cracks grew, indicating that freezethaw promoted sodium sulfate erosion.
(3) As for the concrete containing 20% fly ash or slag
powder, due to the filling effect and microaggregate
effect, the average pore size and size uniformity of
bubbles were improved. The density of the hydration
system was also increased when the proper admixture
was added. Otherwise, the improvement degree of
concrete microstructure containing fly ash was larger
than slag. The hydration products of concrete were
similar among the concrete without admixture, concrete containing 20% fly ash, and concrete containing 20% slag. After the sodium sulfate erosion, the
gypsum diffraction intensity was not strong, and the
sample may be the reason; the materials produced by
concrete containing fly ash or slag powder were also
similar.
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Over the last decade the intense activity of the building sector has generated large quantities of construction and demolition waste
(CDW). In particular, in Europe around 890 million tons of CDW is generated every year; however, only 50% of them are recycled.
In Spain, over the last years 40 millions of tons of construction and demolition waste have been generated. On the other hand,
since the implementation of the Technical Building Code regulation the use of mineral wools as building insulation materials has
become a widespread solution in both rehabilitation and new construction works, and because of that, this kind of insulation waste
is increasing. This research analyzes the potential of a new composite (gypsum and fiber waste) including several mineral wools
waste into a plaster matrix. For this purpose, an experimental plan, characterizing the physical and mechanical behaviour as well
as the Shore C hardness of the new composite, was elaborated fulfilling UNE Standards.

1. Introduction
Over the last decade the intense activity of the building sector
has generated large quantities of construction and demolition
waste (CDW). In particular, in Europe around 890 million
tons of CDW is generated every year; however, only 50% of
them are recycled [1]. In 2010 Europe generated about 857
million tonnes of CDW, including hazardous waste and soils,
and the estimated mineral wool waste volume in this year
was 2.3 million tonnes [2]. Accordingly, 0.2% of all CDW
generated is mineral wool.
Mineral wool is widely used as a building insulation
material, representing around 60% of the total building
insulation market [3]. In Europe, the annual production of
mineral wool—in volume—between 2003 and 2011, showed
an average growth rate of 0.91%. Values in Figure 1 show a
great variation in production volumes between years, but the
general trend for production volumes is to grow annually.
Due to the importance of this waste, European countries
are enforcing national and international policies as well as

other measures purposed to minimize the negative effects of
waste generation and management on human health and on
environment. The purpose of waste policy is also to reduce the
use of resources and therefore their resulting environmental
impact.
In Spain, over the last years 40 millions of tons of
construction and demolition waste have been generated,
72% is residential works and 28% in civil engineering works
[4]. Therefore, the construction sector and especially in
residential construction must assume the aim of reducing the
harmful impact that it produces. Consequently it is essential
to introduce new measures for CDW prevention or searching
for new ways for CDW recycling.
In Spain, the Royal Decree 105/2008 of February 1 is
the document that currently regulates the construction and
demolition waste at national level, including CDW production and management [5]. This Royal Decree is an essential
element of Spanish policies regarding CDW and contributes
to the sustainable development of such an important sector for Spanish economy as the construction industry is.
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Figure 1: Total production of insulating mineral wools in Europe
from 2003 to 2011 [2].
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Spain from 2006 to 2013 [6].

Among the main objectives proposed by this Royal Decree,
the promotion of reuse and recycling of inert waste from
construction and demolition activities can be highlighted.
According to the figures of AFELMA (Spanish Association of Mineral Wool Insulation Manufacturers) website,
Figure 2 shows the total sales—in millions of Euros—and the
production—in cubic meters—of insulating mineral wools
(glass wool and rock wool) from 2006 to 2013 in Spain [6]. The
mineral wool waste studied in this research is codified by the
European Waste List (EWL) as 17 06 04, “Insulating material
not containing any asbestos nor hazardous substances,” and
it is characterized by low levels of reuse, recycling rate, and
other ways of recovery. Therefore, the research carried out
here studies the feasibility of incorporating CDW mineral
wool waste as raw material in plaster matrix in order to reduce
its disposal in landfills.
Previous studies focus on reinforcing plaster or gypsum
materials by incorporating fibres. In general, results showed
an improvement in flexural strength and a decrease in compression strength (Table 1) compared to the values obtained
with the plaster without any additive (reference).
Among the natural fibres used for plaster/gypsum reinforcement, the following can be highlighted: short cellulose,
sisal, and straw fibres. The behaviour of plaster reinforced
with sisal fibres has been discussed by de Oteiza San José
and Hernández-Olivares [7, 16]. Moreover, research studies
by Klöck and Rahman analyzed the use of paper fibre as
reinforcement for gypsum [17, 18]. Gypsum reinforced with
straw fibre was studied by Gao or Vardy [19, 20].
Many references have been found adding synthetic and
mineral fibres to plaster or gypsum matrix—mainly polymer
and glass fibres. Ali, Wu, and del Rio Merino studied the
mechanical properties of glass fibre E used for reinforcing
gypsum [8, 9, 21]. Santos studied a new gypsum material

with EPS beads and short propylene fibres [10], as well
as the theoretical model of the mechanical behaviour of
plaster and its polymer fibres composite [11]. Moreover,
Deng and Furuno also analysed gypsum reinforced with
polypropylene fibers [12]. However, none of the fibres used in
the above studies came from a recycling process. Therefore,
no studies were found reinforcing gypsum composites by
adding mineral wool fibres waste.
Furthermore, there are many research studies about
the addition of recycled materials, either industrial waste
or CDW, in plaster, gypsum, concrete, or mortar. Recycled aggregates are commonly added to concrete, mortar,
and asphalt, replacing natural aggregates in road base and
subbase layers. Aguilar, Yoda, and Abbas characterised the
concrete material elaborated with recycled aggregates from
the demolition of concrete structures [22–24]. K.-L. Lin
and C.-Y. Lin studied the use of waste sludge ash as raw
cement material [25]. Also, other studies focusing on the
addition of CDW in plaster matrix are found. Madariaga and
Macia studied the addition of expanded polystyrene waste
(EPS) gypsum and plaster conglomerates for construction
[26]. Moreover, Demirboga and Kan analyzed the addition
modified waste expanded polystyrene (MEPS) in concrete
[27]. Sabador et al. studied coated paper sludge in a material
with pozzolanic properties [28]. del Rı́o Merino investigated
gypsum lightened with cork and its application as drywalls
for construction [29].
Furthermore, after a thorough revision of literature and
scientific articles dealing with gypsum composites, no studies
considering mineral wools from CDW were found. Therefore,
the main objective of this research is to study the physical and
mechanical performance of mineral wools waste added to a
plaster matrix and the feasibility of a new composite with less
significant environmental impact.

2. Experimental Plan
The tests were made in the Construction Materials Laboratory at the School of Building Engineering at the Technical
University of Madrid (UPM). The environmental conditions
of the laboratory were 23 ± 2∘ C of average temperature and
50 ± 5% of relative air humidity.
2.1. Materials. The materials used were plaster and recycled
CDW fibres (mineral wools, rock wool, and glass wool).
The plaster used is classified as E-30-E35 depending on
its origin (conglomerate with a plaster base) according to
UNE standard 13.279-1 [30] and it is a product certified by
N mark of AENOR. Table 2 shows the main characteristics
of plaster E35 Iberyola fast-setting of Placo Company used in
this research.
Mineral wool is a flexible material made of inorganic
fibres, consisting of interwoven strands of stone materials
forming a felt which contains and keeps air motionless.
They are obtained through smelting, centrifuging, and other
treatments and they are used in construction as thermal
and acoustic insulation. Some mineral wools manufacturers
include on their labels the detailed environmental information of each product, specifying both the energy needed for
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Table 1: Summary of results obtained in previous studies using fibres in plaster/gypsum matrix [7–12].
Author
Santos
Santos
Santos
Deng and Furuno
Deng and Furuno
de Oteiza San José
del Rı́o Merino and
Comino Almenara
Ali and Grimer

Kind of fibre

Length of
fibre

Fibre
addition

Increase in flexural
strength

Decrease in
compression strength

Acrylic
Polyester
Polypropylene
Polypropylene
Polypropylene
Sisal

24 mm
38 mm
20 mm
3 mm
12 mm
40 mm

3%
2%
2%
9%
12%
2%

88%
227%
59%
65%
60%
20%

23%
50%
46%
—
—
—

Glass E

25 mm

2%

50%

50%

Glass E

50 mm

10%

250%

60%

Table 2: Technical characteristics of the plaster used in the research
[13].
>92%
>3.5 N/mm2
>6
0–0.2 mm
0.7–0.8 L/kg

Purity rate
Flexure mechanical strength
pH scale
Granulometry
Relation W/P

Table 3: Environmental information of the glass wool panel used in
the research [14].
Thickness
mm
50
60
80

Modules A1–A3
Primary energy
CO2
MJ/m2
kg/m2
32.60
37.30
46.90

1.44
1.70
2.22

Module A5
Waste
kg/m2
0.210
0.252
0.336

its manufacture and the quantity of waste generated. Table 3
shows an example of it.
The difference with other insulations is that this is a fireresistant material, with a melting point higher than 1200∘ C.
There are two kinds of wools depending on the mineral used
as raw material, the glass wool obtained from glass, and the
rock wool obtained from basalt rock. Both wools are traded in
lots of formats, but mainly through panel or rigid or semirigid
sheets.
Due to the fact that rock wool is made from basalt,
some manufacturers consider that consequently it is a natural
product 100% recyclable and thus ideal for the development
of sustainable building projects [31]. Moreover, mineral wools
can also be used for creating new wools. More specifically,
we find the following recycling percentage: 66% of rock wool
rejected during the production process and 75% of glass
wool [32]. Recycled glass is also added during the glass wool
manufacturing process.
However, as both mineral wools need a large amount of
energy for their manufacturing, it seems interesting to look
for another purpose, both for the material rejected during

the production process and for CDW because this one has
not undergone any recycling, reuse, or recovery process.
The mineral wool waste used in this research was generated in a new building under construction located in Madrid
(Spain). More specifically, the glass wool waste came from the
mineral glass wool panels sold by Ursa Glasswool, in conformity with standard UNE EN 13162 [33], not hydrophilic
and coated with kraft paper printed as a vapour barrier. Their
potential use is as insulating material for both brickwork and
double skin facades. Table 4 shows the main features of Ursa
Glasswool used.
On the other hand, the rock wool waste used in this
research was generated from the Ursa Terra mineral wool
panel. This panel—without coating and supplied in rolls—
meets the requirements of UNE EN 13162 standard and it is
normally used as insulating material for interior partitions
and battered walls. Table 5 shows its main features.
Both glass and rock wools were subjected to the same
recycling treatment in order to be incorporated into a plaster
matrix; that is, they are crushed, for two minutes, in a 1500 W
power and 50780 Hz frequency machine (Figure 3).
2.2. Methods. Initially, a study under the microscope is
carried out to establish the complete features of the recycled
wools. Subsequently, different test samples 4 × 4 × 16 cm were
prepared with E35 plaster, recycled rock, and glass wools,
following standard UNE-EN 13279-2 [34].
Fourteen series were carried out incorporating previously
treated rock wools waste, with a w/p relation of 0.6 and 0.8
and 1% to 10% of rock wools waste. Then, eleven series were
carried out with treated glass wool waste, with a w/p relation
of 0.6 and 0.8 and 1% to 10% of glass wool waste. In both cases,
when surpassing 10% of wool waste addition the workability
of the mixture became unfeasible. Therefore, additives will be
needed if the percentage of wool waste is increased.
Figure 4 shows how both glass and rock wools are
distributed homogeneously when incorporated into a plaster
matrix.
Shore C hardness measures were taken according to
UNE-EN 102-039-85 [35], and the reference standard for
flexural and compressive strength was UNE-EN 13279-2
using the machine model Ibertest.
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Table 4: Technical characteristics of the glass wool panel used in the research [14].
Dimensions

Thickness
EN 823
mm
50
60
80

Thermal insulation
Thermal
Lambda
Fire
resistance
EN
EN 13501-1
EN
12667/12939
12667/12939
—
W/mk
m2 K/W
Fire

Length
EN 822

Width
EN 822

m

m

1.35
1.35
1.35

0.60
0.60
0.60

F
F
F

0.036
0.036
0.036

1.35
1.65
2.20

Water vapour behaviour
Vapour
Wool vapour
diffusion
permeability
resistance
EN 12087
EN 12087
m2 hPa/mg
—
3
3
3

1
1
1

Acoustic behaviour
Air passage
resistance
EN 29053

Air passage
resistance
EN 29013

KPas/m2

KPas/m

5
5
5

0.25
0.30
0.40

Table 5: Technical characteristics of the rock wool panel used in the research [15].
Dimensions
Thickness
EN 823
mm
45
45
65
65

Thermal insulating
Behaviour with water vapour
Thermal
Vapour
Lambda
Wool vapour
Fire
resistance
diffusion
EN
permeability
EN 13501-1
EN
resistance
12667/12939
EN 12087
12667/12939
EN 12087
2
2
m hPa/mg
—
—
W/mk
m K/W
Fire

Length
EN 822

Width
EN 822

m

m

13.5
13.6
10.8
10.8

0.40
0.60
0.40
0.60

A1
A1
A1
A1

0.036
0.036
0.036
0.036

3. Results and Discussion
The average results obtained have been summarized in
Table 6 and are further detailed in the following subsections.
3.1. Microscope Analysis. The final mechanical properties
do not depend only on the added percentage of fibres but
also on the specific bonding between the fibre and the
matrix, a contribution which is essential for the material
strength. Therefore, a microscope analysis was done in order
to determinate the length of the fibres, their composition, and
the adherence between the matrix and recycled fibres.
As seen in Figures 5 and 6, both rock wool and glass wool
fibres used in this study were less than 0.05 mm thick and
their length vary ranging from 10 mm to 30 mm.
The microscopic bonding can be analyzed through internal superficial contacts between the matrix and the fibres.
In this kind of relations the behaviour can be observed by
establishing its extraction force. The greater the force bond
and the more compact inside the matrix, the greater the
contribution to extraction force. This contribution to the
increase of strength is zero if the length of the fibre is encased
in a pore. Bonding improves when the fibres show a rough or
porous surface.
3.2. Dry Bulk Density. The addition of mineral wool waste
to a plaster matrix involves an increase of density in all
the cases analyzed in this research (Figure 7). The results
show that when adding mineral wool waste (up to 4%) in a
gypsum matrix, similar density values than those obtained by

1.25
1.25
1.80
1.80

—
—
—
—

<1
<1
<1
<1

Acoustic behaviour
Air passage
resistance
EN 29053

Air passage
resistance
EN 29013

KPas/m2

KPas/m

5
5
5
5

0.22
0.22
0.32
0.32

the reference series are reached (less than 3% of deviation).
This deviation is increased when surpassing 4% of mineral
wool waste addition. This increase is not significant since the
biggest difference is around 6.75% for the sample with 10% of
rock wool (RW) addition and 6% for the sample with 10% of
glass wool (GW) addition (Table 6).
3.3. Hardness Shore C. The addition of mineral wool waste
to a plaster matrix entails an increase of the surface hardness
in all the cases (Figure 8). Values of surface hardness Shore
C increase and reach their maximum with 4% mineral wool
sample. With this percentage of waste the results are 14.64%
higher than the reference series for recycled rock wool and
11.23% for recycled glass wool. From this point on hardness
decreases slightly but it always remains above the reference
value.
3.4. Flexural Strength. An important increase on strength is
observed when increasing the addition of mineral wool waste
(Figure 9).
The samples containing rock wools waste (up to 3.5%)
maintain the flexural strength values similar to the reference,
changing less than 5%. If rock wools waste is added in 4%
or more, flexural strength increases continuously reaching a
difference of 26.58% when compared to the reference sample
results. This situation is achieved with 10% of rock wools
waste addition.
For the samples that contain glass wool waste, flexure
tensile strength decreases as waste percentage increases,
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Figure 3: Rock wool recycling before and after being processed.

Table 6: Tests of average results.

Reference

Recycled rock wool

Recycled glass wool

% waste
addition

w/p

Bulk density
(g/cm3 )

Surface
hardness Shore
C

Flexural
strength (MPa)

Compressive
strength (MPa)

0%
0%

0.6
0.8

1.226
1.014

89.867
75.400

7.272
4.247

17.352
8.708

1%
1.5%
2%
2.5%
3%
3.5%
4%
5%
6%
8%
10%

0.6
0.6
0.6
0.6
0.8
0.8
0.8
0.8
0.8
0.8
0.8

1.232
1.212
1.243
1.213
1.019
1.026
1.025
1.031
1.017
1.018
1.063

90.967
89.767
91.333
94.333
83.333
82.167
86.433
84.600
83.933
81.067
82.167

7.990
6.991
7.383
7.047
4.106
4.427
5.050
5.172
5.366
5.134
5.376

18.512
14.330
13.237
15.147
6.975
7.245
9.027
7.853
8.168
8.562
7.308

1%
1.5%
2%
2.5%
3%
3.5%
4%
5%
6%
8%
10%

0.6
0.6
0.6
0.6
0.8
0.8
0.8
0.8
0.8
0.8
0.8

1.238
1.206
1.199
1.200
0.999
1.004
1.009
1.011
1.020
1.045
1.056

92.333
90.100
90.433
90.900
78.933
81.333
83.867
81.567
81.567
83.133
80.800

7.263
6.686
6.373
6.722
4.283
4.113
4.673
4.599
4.869
5.046
5.707

16.613
12.295
12.017
11.200
6.110
6.559
8.153
7.315
7.240
7.542
7.522

reducing 12.36% with 2% addition in relation to reference
values. From this point on, strength increases as addition
percentage increases, reaching an increase of 34.38% in
relation to reference values for the series with 10% glass wool
waste addition.
Density and mechanical strength are directly related;
the increase of both properties is related to the increase of
recycled mineral wools percentage addition. Figure 10 shows
that samples with higher density achieved higher flexural

strength in series containing glass wool (GW) or rock wool
(RW) waste.

3.5. Compressive Strength. The compressive strength of the
new composite—with both mineral wools—was lower than
the reference sample. Nevertheless, all the results exceeded
the minimum value stated by the UNE-EN 13279-1 for
construction gypsum composites (6 MPa) (Figure 11).
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Glass wool

Rock wool

4%

6%

8%

10%

Figure 4: Plaster matrix with different glass and rock wool concentrations.

4. Conclusions
In this research the physical and mechanical properties of
a new composite material reinforced with recycled mineral
wools in a plaster matrix have been studied and discussed.

Based on the results of this study the following conclusions
can be drawn:
(1) The maximum percentage of mineral wool waste
accepted by the mixture, with a w/p proportion of 0.8
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2
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Wool waste addition (%)

−4

0.05 mm

Reference
Processed RW
Processed GW

Figure 5: Recycled glass wool seen under the microscope with five
enlargements.

Figure 6: Recycled and treated rock wool seen under the microscope with five enlargements.
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Figure 7: Comparison of the dry bulk density between the series
and the reference sample.

Wool waste addition (%)
Reference
Processed RW
Processed GW

and 0.6, is 10% (in weight), including higher content
of mineral wools waste which exceeds the volume of
the plaster and thus complicates its workability and
increases the amount of air inside the samples.
(2) A good compatibility was found between mineral
wool waste used in construction and the plaster
matrix. Despite the mineral wools difficulty of absorbing water, these are distributed in a homogeneous way
inside the samples, without floating in the mixture.
(3) The plaster composite, with recycled mineral wool
waste analysed in this research, increases the density
up to 6.75% compared to the reference samples when
using rock wools waste and 6.07% with glass wool
waste.
(4) Surface hardness Shore C values increase gradually
till reaching their maximum value with the sample
containing 4% of mineral wools waste. At that level
the surface hardness value overcomes more than 10%
of the reference values with both mineral wools.
(5) Flexural strength increases with an increase in recycled mineral wools addition. These values can overcome 34.88% of the reference samples when adding
recycled glass wool and 26.58% when adding recycled
rock wool.

Figure 8: Comparison of the surface hardness Shore C between the
series and the reference sample.

(6) The compressive strength values obtained with both
wools are lower than those obtained with the reference samples. However, the results overcome 6 MPa
which is the most restrictive value of compressive
strength set by the UNE-EN 13279-1 standard. Thus,
according to the tests performed, the proportions of
the mixtures, under study so far, could be applied as
gypsum or “special gypsum” for construction.
(7) Among the different mineral wools waste studied, glass wool waste is the most suitable to be
used as addition for new gypsum composites without decreasing the mechanical behaviour. Flexural
strength is increased by more than 30% compared to
the reference series and more than 5% compared to
rock wools waste samples. According to compressive
strength, glass wool waste results are lower than
those obtained with rock wools waste, and thus the
minimum value required by the UNE-EN13279-1
standard is fulfilled.
(8) The flexural strength obtained with recycled mineral
wools is slightly higher than the results obtained in
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Figure 9: Flexural strength comparison between the series and the
reference sample.
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In view of the results, mineral wools waste, both rock wool
and glass wool, is suitable for its incorporation into gypsum
based products. As an example, it could be embedded in the
core of plasterboards increasing their flexural strength. This
will help to reduce the huge volumes of waste accumulated
in landfills and therefore minimize both social and environmental costs.
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by other authors with polypropylene, glass E, and
polyester fibres. Nevertheless, regarding series with
acrylic fibres addition, the results are lower than the
ones with recycled rock wool fibres and recycled glass
wool fibres with more than 3.5% addition.
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previous studies of plaster/gypsum reinforced with
fibres, such as sisal short fibres, or even lower when
compared to other fibres, such as acrylic, polypropylene, polyester, and glass fibres E. Moreover, compressive strength results obtained with both rock and
glass wools waste are higher than the results obtained
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Municipal solid waste incineration (MSWI) is a common technique in treatment of domestic waste. This technique annually
produces approximately 25 Mt solid residues (i.e., bottom and fly ash) worldwide which is also a major issue in current research.
In this research we are concerned with reusing the fly ash (FA) as supplementary cementitious material (SCM) in concrete. Such
application solves the problem with heavy metal immobilization as well. To remove the high content of undesired soluble salts,
number of washing treatments has been applied. Chemical composition of FA has been examined before and after treatments. The
impact of cement substitution by FA in concrete was evaluated by measurement of its compressive strength and durability.

1. Introduction
Municipal solid wastes incineration (MSWI) generates millions of tons of residues worldwide every year and these
quantities are expected to raise in the near future [1]. The
incineration method has been accepted as effective method of
dealing with MSW, leading to reduction in quantity of wastes
of 65%–80% in weight and up to 90% in volume [2]. In
addition, it produces energy from the heat combustion which
can be used in different forms [3, 4]. In general, incineration
is found to be better than the landfilling [5]; the heat energy
produced by the process of MSW is an important advantage
of this method [6, 7]. Bottom and fly ash are the two major
by-products of MSWI; approximately 90% of this belongs
to bottom ash whereas share of fly ash is only 10% of total
ash/air pollution control residues produced. All over Europe,
most of the municipal solid waste incineration residues are
used in landfilling [8]. Such landfilling shows their negative
impact on environment due to improper handling of their
hazardous chemicals [9] and leads to the toxicity in soil due
to heavy metal like lead and zinc [10]. MSWI ash typically
contains various toxic organic substances, heavy metals, and
salts particularly in the fly ash. At present, various researches

inside and outside of Europe on MSWI bottom and fly ash are
focused on safe disposal [11–14] and their utilization mainly
for recycling into construction materials [15–17]. From time
to time, many technologies have been developed for fly
ash and can be grouped into two: (i) disposal of a treated
(stabilized/solidified) ash and (ii) material recovery/utilization. Many researches have been done in utilization of
MSWI fly ash like as a raw material for Portland clinker production [18], a component for ceramic tiles [19] in pavement
asphalt [20] or glass-ceramics [21], and so forth. Utilization
of MSWI fly ash as SCM seems to be its most perspective
application.
Supplementary cementitious material (SCM) is a group
of natural and man-made materials admixed in concrete
to enhance some of its performance characteristics such
as strength, workability, and durability. In addition to the
environmental benefit provided on using these by-products,
SCM can significantly improve the quality of the concrete
[22–25]. Such replacement influences properties of fresh as
well as hardened concrete [26]. This utilization of MSWI fly
ash as Portland cement substitution [27, 28] improves total
required energy for a building construction and also reduces
CO2 emissions generated during the construction works.

2
The municipal solid waste incineration fly ash is much
different from coal fly ash uses worldwide and more complex
in composition. MSWI fly ash is considered collective form
of FA and APC (air pollution control) residue and called
MSWI FA [29]. Fly ash comes from MSWI having mixture
of crystalline and amorphous phases; mostly amorphousness
is higher than 50% [30], composed of aluminous silicate with
silicate material and sulphates [31–33]. High concentrations
of heavy metals like Zn, Pb, As, Cd, and Hg [34] and those
rich in soluble salts (like halite and sylvite) present with
organic micropollutants. Studies [34, 35] described that a
number of weathering reactions can stimulate mineralogical
changes in MSWI FA. These groups of components are considered as hazardous for environment. Such FA can be reused
as SCM to substitute the Portland cement (PC) and utilized
as binder in building materials only after proper treatment.
However, the presence of large amounts of chlorides and
sulfates is typical for all MSWI fly ashes and represents the
main problem in the utilization of these ashes as Portland
cement replacement in cementitious materials. The salts in
untreated fly ash cause the increase of setting time and
reduction of strength [36].
Fly ash which comes from MSWI is the most problematic
ash due to the high content of possible dangerous substance. Solidification/stabilization (S/S), thermal treatment,
and separation are the three renowned methods [37] in
treatment of FAs. During solidification/stabilization treatments materials used with physical (specific surface area,
porosity, etc.), mechanical (durability, mechanical strength,
etc.), and chemical properties are able to immobilize hazardous species originally present in FA. Sulphides [37, 38],
soluble phosphates [31, 39–41], ferrous iron sulphate [42], and
carbonates [40] are the major chemical agents used during
this treatment of FA. Thermal process leads to melting of ash
at high temperature and reducing the volume by 60% or more.
Thermal treatment can be performed with [43] or without
[44] an additive. The products of thermal treatment are more
environmentally stable. In thermal treatment, techniques
include microwave, vitrification, sintering, and melting of
the FAs. This is the popular method of treatment applied by
many researchers [45–50] in their research. Thermal methods
are very efficient to destroy dioxins, furans, and other toxic
organic compounds [28, 34, 51–53]. High amount of energy
requirement is the major drawback of these methods [34].
Separation techniques include washing and leaching of the
FA by water [54, 55] or by means of more sophisticated
multiple step procedures [56]. On applying this method,
chlorides can be extracted after solution evaporation and
salts may be recovered [41, 57–59]. Several types of washing
technique have been applied in particular for MSWI FA [60];
they displayed that it is possible to wash FA with water or with
an acidic water solution. However, studies have reported that
washing methods, using only water, are not very good for salt
removal since large quantities of heavy metals (like Pb and
Zn) are also released simultaneously [61]. In present work,
focus was to evaluate possibility of MSWI fly ash utilization
as cement substitute in concrete. Substitutions of fly ash have
been done before and after treatment, like direct washing with
water and acids, inside and outside of the incinerator.
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2. Materials and Methods
MSWI fly ash was studied in two states which were collected
from a MSWI facility in Czech Republic; the first is untreated
FA in raw state as collected in APC system of MSWI (denoted
by FA-UW). It is mixture of ashes collected from boiler
and electrostatic precipitator (ESP). Further several kinds of
treated FA were studied: (a) the fly ash was subjected to the
following treatment procedures: collecting fly ash from the
same incinerator after inside treatment; leaching of FA by
means of acid water solution coming from flue gas absorber
(this washed ash is called fly ash incinerator washed, denoted
by FA-IW); (b) water washing was performed in agitated
vessel with L/S (liquid/solid) ratio equal to 5 (denoted by W5) and water washing with L/S = 10 (denoted by W-10); (c)
washing was performed by 0.1% solution of (NH4 )3 PO4 with
L/S = 10 (denoted by WP); (d) washing was performed by
diluted HCl at pH 1 and pH 3 with L/S = 10 (denoted by WA-1
and WA-3, resp.). Solid residuum was filtered out and dried.
In all cases, particles retained on 125 𝜇m sieve were removed
since they have been too coarse to act as supplementary
cementitious materials. The chemical composition of ashes
was checked by XRF device Thermo ARL 9400 XP with
a Rh anode end-window X-ray tube type 4GN fitted with
50 𝜇m Be window. All peak intensity data were collected in
vacuum by help of software WinXRF. The obtained data were
evaluated by standardless software Uniquant 4. The particle
size distribution was determined by laser diffraction analyser
(Fritsch, Analysette 22 MicroTec plus) in ethanol in order to
prevent possible hydration processes. Simultaneous TG/DSC
thermal analysis was performed by Setaram calorimeter Labsys Evo under inert atmosphere from ambient temperature
to 1000∘ C. Morphology of ashes was observed by Scanning
Electron Microscopy (Jeol JSM 6510). The phase composition
of ashes was examined by help of XRD (Panalytical XPert
Pro); the phase content quantification was performed by help
of internal standard (ZnO).
The untreated and treated ashes were applied as partial
substitution of ordinary Portland cement (OPC; CEM I 42.5
R) in mortars (Table 1). The specimens of mortars (160 × 40 ×
40 mm prisms) were stored at 100% RH for 28 days and then
their bending and compressive strength was measured (ČSN
EN 196-1). The influence of ashes on initial and final setting
time of standard consistency cement paste was evaluated
by Vicat apparatus (EN 196-3). The resistance of mortars to
freezing/thawing action was tested by means of temperature
cycling between −20 and 20∘ C and subsequent compressive
strength determination (ČSN 73 1322).

3. Results and Discussion
There are six different ways of washing treatment that has
been applied in this work on the FA generated by MSWI
before use as a SCM. We can combine this washing treatment
into three major groups, that is, washed directly by water
(W-5 and W-10, collectively called fly ash water washed,
denoted by FA-WW), washed by two different chemicals
(HCl (at pH 1 and pH 3) and (NH4 )3 PO4 ) and pH outside
the incinerator (WA-1, WA-3, and WP, resp., collectively
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Table 1: Composition of mortars.

Control
10%
20%
30%

460
414
368
322

Fly ash
kg/m3
—
46
92
138

Sand
1380
1380
1380
1380

w/b

Elements FA-UW FA-IW

0.52
0.52
0.52
0.52

As
Ba
Cd
Co
Cr
Cu
Mn
Mo
Ni
Pb
Sb
Sn
V
Zn

Table 2: Chemical composition of treated fly ashes (wt. %).

SiO2
Al2 O3
Fe2 O3
CaO
MgO
Na2 O
K2 O
Cl
SO3
P2 O5

FA-UW

FA-IW

15.6
9.2
2.6
23.9
1.8
9.4
6.6
11.2
11.5
1.3

12.2
7.6
2.4
31.4
1.1
0.5
0.9
0.3
37.2
1.1

WP
18.1
11.5
3.0
31.1
2.3
2.6
2.7
2.8
13.2
3.0

FA-CW
WA-1
19.4
11.6
3.3
28.6
2.3
3.0
2.8
3.3
15.8
1.8

WA-3
19.2
11.7
3.0
30.1
2.5
2.6
2.7
2.8
13.9
1.8

FA-WW
W-10 W-5
19.1
19.0
11.6
11.6
3.0
3.1
29.9
30.5
2.5
2.5
2.9
2.5
2.7
2.5
2.8
2.6
14.1
14.0
1.7
1.7

called fly ash chemically washed, denoted by FA-CW), and
washed by the acid water solution coming from flue gas
absorber in the incinerator (FA-IW). After implementation
of all of the method, comparative observation of chemical
composition of treated ashes mentioned in Table 2 was
performed. All washing patterns are carried out in a similar
way; the basic difference between unwashed FA and washed
ashes is decrease of chlorides and alkali metals content. This
decline of chlorides content is favorable for setting time of
cementitious materials. Concentration of silicate and sulfates
ions, as well as of heavy metals, in ashes relatively increased
due to dissolution of soluble salts present in untreated ash.
The approximate heavy metals contents in FA-WW and FACW were also found to be generally higher than FA-UW.
Though the washed ashes were proposed to be used as
SCM, the efficient immobilization of the present heavy metals
was subsequently ensured by cementitious environment itself
[62]. Chemical fraction of heavy metals in ashes mentioned
in Table 3 was also performed by XRF spectroscopy. Heavy
metals like Cr, Cu, Hg, Ni, Cd, Zn, and Pb are the most
commonly found in MSWI fly ash; however, Zn and Pb
normally exist in the largest amounts compared to other
heavy metals.
The washing leads to refinement of ash particles (Figure 1)
as a result of disintegration of chlorides which behave as
a glue of larger particles agglomerates present in FA-UW.
The retroaction of washing on particle size distribution was
examined by grading analysis. The simple washing (W-10)
constrains just minor particles refinement compared to FAUW. However, the washed ashes particles were larger than
particles of Portland cement (PC) and size of ashes particles

BDL
317.0
62.0
BDL
131.4
204.6
266.4
BDL
17.2
998.4
218.4
302.4
22.2
5912.8

BDL
352.8
BDL
3.0
127.2
190.2
215.2
BDL
23.0
866.0
561.8
502.6
17.4
3213.4

WP
BDL
377.8
98.0
BDL
158.8
308.4
345.5
BDL
16.4
1498.6
365.2
486.8
27.2
8949.6

FA-CW
WA-1 WA-3
BDL BDL
437.0 433.4
69.0
61.4
9.0
6.4
145.0 162.8
254.0 316.4
354.8 354.8
BDL BDL
16.6 BDL
1251.4 1463.6
311.8 405.2
430.0 526.2
26.8 29.4
6539.4 8580.0

FA-WW
W-10 W-5
BDL BDL
411.8 438.8
100.0 71.8
11.8
BDL
164.2 164.2
298.8 310.0
354.2 368.6
BDL BDL
17.4
15.8
1411.0 1451.8
386.8 356.8
510.4 477.4
30.2
25.2
8901.4 9206.6

100
80
Particle fraction (%)

OPC

Table 3: Content of heavy metals in fly ashes (mg/kg).

60
40
20
0
0.01

0.10
FA-UW
WA-1
WA-3
WP

1.00
10.00
100.00
Particle size (micrometer)

1,000.00

FA-WW
FA-IW
CEM

Figure 1: Particle size analysis of various treated ashes.

was close to standard requirement on pozzolanic admixture
(remains on 45 𝜇m sieve lower than 40%).
The impact of treated ashes on mortars compressive
strength was applied as screening criterion in order to select
the most promising way of FA treatment. The possible ability
of ashes to replace Portland cement was checked by help of
mortars, where ashes were dosed as pozzolanic admixture.
The compressive strength of prepared mortars (Table 1)
was influenced by admixing of washed ashes (Figure 2).
On performing first testing with FA-UW, that is, untreated
ash, on replacement of 20% and 30%, strength came down
from 40 MPa to 26 MPa compared to standard whereas
10% shows better results, respectively. FA-WW-W-10 sample
shows improvement in results and strengthen, the mortar;
W-10 produces outstanding results with 10% of replacement
of PC and strength increases more than 40 MPa (more than
standard).
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Table 4: Phase composition of ashes.

Compressive strength (MPa)

50
40
30
20
10

FA-IW

WA-3

WA-1

WP

W-10

W-5

FA-UW

Control

0

10%
20%
30%

FA-UW FA-IW FA-WW
Amorphous phase
—
43.0
50.8
40.0
6.0
—
11.1
Calcite
CaCO3
8.5
7.4
8.0
Quartz
SiO2
Halite
NaCl
3.2
—
1.9
Sylvite
KCl
2.3
—
1.7
Anorthite
Ca-feldspar
11.7
—
—
—
4.4
—
Akermanite
Ca2 MgSi2 O7
10.8
—
11.6
Gehlenite
Ca2 Al2 SiO7
Muscovite
2.3
—
—
7.0
—
17.9
Anhydrite
CaSO4
3.8
28.8
—
Bassanite
CaSO4 ⋅0.5(H2 O)
—
8.4
—
Gypsum
CaSO4 ⋅2(H2 O)

Figure 2: Compressive strength of mortars containing treated ashes
as SCM.

Figure 4: SEM image of treated FA-WW ash.

Figure 3: SEM image of untreated sample FA-UW.

The resulting values of compressive strength of mortars
indicated that the water washed fly ash (FA-WW-W-10)
performed in the best way as SCM among the all tested
washing methods. Further investigations have been applied
to compare the washing performed in incinerator (FA-IW)
and proposed laboratory washing (FA-WW-W-10, in further
just FA-WW).
The determination of phase composition of ashes
(Table 4) revealed important differences between them;
the estimated content of amorphous phase indicated that a
pozzolanic reaction can take place. Calcite was obviously
not present in acid washed FA-IW. The efficiency of NaCl
and KCl removal was higher in acid industrial washing than
in laboratory. Very important was the difference in CaSO4
speciation when the crystallization of basanite was favored
by acid environment while the water (brine in fact) washing
caused the anhydrite crystallization.
The significance of water washing on the behaviour of fly
ash was examined by means of SEM. In Figure 3 (untreated
FA), it can be seen that all present species are forming agglomerates due to condensation of salts from flue gas in form of
fine crystals. The water washing procedure implies (besides
the soluble salts dissolution) also recrystallization of some

Figure 5: SEM image of FA-IW ash.

salts to larger particles and the silicate spherical particles
were “washed” from salt cover and became more disseminate
(Figure 4). Siliceous spherical particles are present in FAUW (Figure 3) as well, but condensed salt crystals cover all
present solid species. Characteristic of fly ash FA-IW was
conspicuously changed during the acid washing procedure.
The treatment caused disintegration of most of soluble
components (especially chlorides) and also recrystallization
of other salts. It resulted in larger crystals (Figure 5) and also
spherical particles are more articulate. The spherical species
are composed mostly of SiO2 , CaO, and Al2 O3 and thus are
the valuable portion of the ash.
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600

600

500

500
Final setting time (min)

Initial setting time (min)
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400
300
200
100

400
300
200
100

0

0
0

10
20
OPC substitution (%)

30

0

10
20
OPC substitution (%)

FA-UW
FA-IW
FA-WW

30

FA-IW
FA-WW
(b)

(a)

Figure 6: Comparison of initial and final setting time.

2050

Density
g/cm3
FA-UW 2.663
FA-IW 2.622
FA-WW 2.635

Loose bulk
density
g/cm3
0.955
0.910
0.918

Specific surface 𝑑50 Solubility
m2 /kg

𝜇m

%

394
750
742

84
46
44

13.6
5.6
3.0

The morphology of FA-UW was also influenced due to
acid leaching. FA-IW is somewhat finer than FA-UW which
is also delineated by its higher specific surface and lower
𝑑50 (Table 5). The basic physical properties of FA-WW are
comparable with FA-IW.
Unwashed ash FA-UW showed highly negative influence
on initial and final setting time of fresh cement paste
(Figure 6). FA-UW takes more than 10 hours in the final setting. On the contrary of this, the washed sample FA-WW
improved remarkably in its parameters; the paste with cement
substitution up to 30% got set faster than the control paste.
The influence of FA-IW on setting kinetics was relatively
neutral. Such big difference was not caused by a different
content of retarding heavy metals (Cu, Pb, and Zn) or
chloride anion but probably has to be searched in speciation
of sulphate anion when anhydrite is dominating in FAWW, FA-UW contained basanite and anhydrite, and FA-IW
contained gypsum and bassanite. The anhydrite itself seems
not to be hydration retarder.
The strength of cementitious composites is usually clearly
linked to their porosity or bulk density (Figure 7). Both
FA-UW and FA-IW reduced bulk density by about 5%

Bulk density (kg/m3 )

Table 5: Fundamental physical properties of FA-UW, FA-IW, and
FA-WW.

2000

1950

1900

1850
0

10
20
OPC substitution (%)

30

FA-UW
FA-IW
FA-WW

Figure 7: Influence of ashes on bulk density of mortars.

(at 30% substitution) while in case of FA-WW the reduction
was negligible.
The impact of ashes on samples durability was evaluated
by means of subjecting mortars to freezing/thawing cycles
and determination of their compressive strength (Figures 8,
9, and 10). Mortars with FA-UW had lower strength than
the reference but especially strength of mortar with 20%
cement substitution was increased during the experiment
due to continuing of hydration process; the strength increase
was not reduced significantly by freezing action. The cycling
did not cause reduction of strength of particular mortars
when compared to their initial (28 days of curing) state.
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Compressive strength (MPa)

Compressive strength (MPa)

50
40
30
20
10
0
0

10

20

50
40
30
20
10
0
0

30
0
25
50

75
100

Compressive strength (MPa)

Figure 8: Compressive strength of mortars with FA-UW subjected
to freezing cycles.
50

20

30

(%)

(%)
0
25
50

10

75
100

Figure 10: Compressive strength of mortars with FA-WW subjected
to freezing cycles.

20

Unfortunately the washing procedure does not solve the high
sulfates’ content; only the recrystallization to larger crystals
is taking place which means a long-time durability risk. The
developed treatment method can be considered as efficient
and cheap way of SCM production from MSWI fly ash.

10
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40
30

0
0

10

20

30

(%)
0
25
50

75
100

Figure 9: Compressive strength of mortars with FA-IW subjected
to freezing cycles.

The industrially washed ash FA-IW worked generally as a
poor cement substitute. On the other hand, the laboratory
water washed FA-WW caused improvement of mortars
behavior under freezing cycles; the strength of samples with
20 and 30% OPC substitution was not reduced by cycling.

4. Conclusion
Chemical and physical characterization of untreated and
treated fly ash from a modern MSWI facility was performed
from the perspective of their possible utilization as pozzolana.
Influence of washing solutions and at different pH on performance of MSWI fly ash as SCM was tested. The best ability to
substitute PC showed fly ash washed by pure water (L/S = 10)
where particles larger than 125 𝜇m were removed by sieving.
The water treatment performed better than acid treatment
procedure carried out in incinerator plant. The compressive
strength of mortar with this water washed ash used as SCM
was reduced just moderately but its resistance to freezing
action was improved and the negative influence on setting
kinetics observed in case of unwashed ash was suppressed.
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There are many steel-manufacturing factories in Iran. All of their byproducts, steel slag, are dumped randomly in open areas, causing
many environmentally hazardous problems. This research is intended to study the effectiveness of using steel slag aggregate (SSA) in
improving the engineering properties, especially fatigue life of Asphalt Concrete (AC) produced with steel slag. The research started
by evaluating the physical properties of the steel slag aggregate. Then the 13 types of mixes which contain steel slag in portion of
fine aggregates or in portion of coarse aggregates or in all portions of aggregates were tested. The effectiveness of the SSA was
judged by the improvement in Marshall stability, indirect tensile strength, resilient modulus, and fatigue life of the AC samples. It
was found that replacing the 50% of the limestone coarse or fine aggregate by SSA improved the mechanical properties of the AC
mixes.

1. Introduction
Flexible pavements usually experience three major distresses
including fatigue cracking, low temperature cracking, and
rutting. Fatigue cracking is caused by repeated loading and
it can result in significant reduction in the serviceability
of flexible pavements. The fatigue performance of flexible
pavement could be measured by cracking performance of
asphalt mixtures in the laboratory [1].
Nowadays using waste materials in the asphalt paving
industries is rapidly developing. The steel slag is a byproduct
of steel manufacturing, which is obtained during the separation of molten steel from impurities in steel-making furnaces.
One-ton stainless steel slag is obtained during production
of 3 tons of stainless steel [2]. During production of steel,
excess silicon and carbon are being removed from iron. In
this process, furnace fills with iron or scrap metal, fluxing
agent, lime stone, and coke as fuel. Carbon dioxide, which
was removed from steel, combines with limestone, and forms
steel slag [3].
Regarding the high frictional and abrasion resistance
of steel slag, it has satisfactory performance in high traffic

volume [4]. Asi et al. investigated skid resistances of asphalt
concrete mixtures containing steel slag as an aggregate. In this
study asphalt concrete containing 30% steel slag had the best
performance among other samples [5].
The steel slag has been utilized as coarse or fine aggregate
in asphalt pavements and had a reliable response. One of
the important considerations about steel slag is its expansion
potential. Presence of free lime and magnesia in the steel
slag makes it susceptible to wet condition and if it has been
ignored, it may result in cracking [6]. For expansion problem
the aggregate of asphalt mixture should be aged; for example,
in washed coarse and fine steel slag aggregate the soft lime
particles or lime-oxide agglomeration is less than 3% by mass
of nonslag component [7].
Wu et al. investigated utilization of steel slag in stone
mastic asphalt [8]. Asi et al. studied the effect of the steel slag
aggregate on performance characteristics of hot mix asphalt.
They conducted indirect tensile strength test, resilient modulus, rutting resistance, fatigue life, and creep modulus tests
and also it was reported that mixtures containing up to
75% steel slag as a coarse aggregate had better mechanical
properties than usual HMA [5].
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Table 1: Engineering properties of aggregate sources.
Result
Limestone
Steel slag

Test type
Bulk specific
gravity (g/cm3 )
Absorption coarse
aggregate (%)
Absorption fine
aggregate (%)
Los Angeles
abrasion loss (%)
Two fractured
faces (%)

Test method

2.493

2.641

ASTM C127

0.7

1.7

ASTM C127

1.6

2.4

ASTM C128

23.8

21.68

AASHTO T96

94

96

ASTM D5821

Table 2: Gradations of designated aggregate.
Sieve size
9.50 mm
4.75 mm
2 mm
0.3 mm
0.075 mm

Total cumulative passing
95%
75%
50%
15%
6%
Table 3: Asphalt binder properties.

Property
Specific gravity @25∘ C (g/cm3 )
Penetration @25∘ C (0.1 mm)
Softening point (∘ C)
Ductility @25∘ C (cm)
Flash point (∘ C)
Fire point (∘ C)

Bitumen 60/70
1.03
66
53
102
305
317

Test method
ASTM D-70
ASTM D-5
ASTM D-36
ASTM D-113
ASTM D-92
ASTM D-70

2. Materials and Methods
The aggregates selected in this study [9] were crushed
limestone with a maximum nominal size of 9.5 mm from
Tehran mine of cowboy horse. The steel slag used in this
study is from Isfahan Steel Manufacturing Company. Their
gradations and other properties are presented in Tables 1 and
2.
The slag was sieved through 9.5 mm (3/8 in) sieve, to
remove larger aggregates. For mitigation of expansion potential, the steel slag aggregates were washed. In this procedure
hydration of free lime and magnesia was accelerated. One
type of binder (60/70 mm/10 grade) chosen in this study
is from Tehran Pasargadae Oil Company. Its properties are
presented in Table 3.
2.1. Samples Preparation. Three different sets of mixtures,
which consist of two different contents of steel slag aggregate,
were prepared. In the first type 25%, 50%, 75%, and 100%
of the limestone coarse aggregate in the Asphalt Concretes
(AC) were replaced by steel slag. In the second type 25%,
50%, 75%, and 100% of the limestone fine aggregates were
replaced by steel slag and finally in the third type 25%, 50%,

Table 4: Type of asphalt mixtures samples.
Mixture name
Control
CSS-100
CSS-75
CSS-50
CSS-25
FSS-100
FSS-75
FSS-50
FSS-25
WSS-100
WSS-75
WSS-50
WSS-25

Type of steel slag aggregate combination
No steel slag aggregate
100% of coarse portion
75% of coarse portion
50% of coarse portion
25% of coarse portion
100% of fine portion
75% of fine portion
50% of fine portion
25% of fine portion
100% of whole aggregates
75% of whole aggregates
50% of whole aggregates
25% of whole aggregates

75%, and 100% of the whole aggregates were replaced by steel
slag. Table 4 shows the specification of each mixture.
Optimum binder content was determined with Marshall
method. Samples with 6 different (4–6) bitumen ratios were
prepared at 0.5% increments. For each binder content three
samples were prepared and 75 compaction blows for each side
of sample were utilized.
Samples for Marshall test and sample for resilient modulus and indirect tensile strength test were compacted with
Marshall hammer. For the beam fatigue samples, the mixture
was first compacted using rolling wheel compacter and then
specimens of size 63 × 50 × 380 mm were cut.
2.2. Testing Programs
2.2.1. Marshall Stability, Flow, and Marshall Quotient Test.
Marshall test was performed on compacted specimens at
various binder contents based on ASTM D 1559. Regarding
bulk specific gravity, maximum stability, air voids in total
mixture, and voids in aggregate filled with bitumen, the
optimum binder content was selected [10].
2.2.2. Indirect Tensile Strength Test. The tensile property of
asphalt concrete is evaluated through indirect tensile strength
test [11]. Tensile strength of material shows maximum indirect tensile strength and strain in which material can endure
before failing. In this test cylindrical specimen was loaded
between two loading strips along the vertical diametrical
plane which cause relatively uniform tensile stress along this
plane. The tensile strength of specimen was determined by
the following equation:
𝜎=

2𝑃
,
𝜋𝑡𝑑

(1)

where 𝜎 is indirect tensile strength, 𝑃 is maximum load, 𝑡 is
the thickness of specimen, and 𝑑 is the diameter of specimen.
2.2.3. Resilient Modulus. Resilient modulus (MR) is the most
important parameter used in the mechanistic design of
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Mixture name

Figure 3: ITS test results of samples.

Figure 1: Some samples of beam fatigue.

pavement structures. It is the measure of pavement response
in terms of dynamic stresses and corresponding strains.
Methods based on elastic theory require elastic properties of
pavements as inputs.
The resilient modulus of bituminous mixtures, determined in accordance with ASTM D 4123 method, is the most
popular form of stress-strain measurement used to evaluate
the elastic properties of asphaltic mixtures at 25∘ C [12]. For
each type of mixtures, three specimens were tested.
2.2.4. Four-Point Beam Fatigue Test. The beam fatigue test
according to AASHTO T321-07 was utilized to evaluate
fatigue life of asphalt mixtures. The test was performed under
600 strain levels at temperature of 25∘ C. A repeated sinusoidal
load was applied at frequency of 10 Hz without rest periods
[13]. Three specimens were tested. Figures 1 and 2 show some
specimens before and during the test, respectively.

3. Results and Discussion
3.1. Marshall Stability, Flow, and Marshall Quotient Test.
Table 5 shows the result of Marshall test. The results are the
mean value of three specimens. In general, steel slag increases
Marshall stability and decreases flow. Effect of steel slag as
a coarse aggregate replacement in improvement of Marshall
stability is more significant than fine aggregate replacement.
WSS-100 has the highest Marshall stability among other
mixtures. Because of steel slag aggregate structure, the use of
steel slag generally enhances air void and this increment is
more tangible in mixtures which have steel slag in their coarse
portion.
3.2. Indirect Tensile Strength Test. The average values of
indirect tensile strength tests for three specimens are shown

WSS-25

WSS-50

WSS-75

WSS-100

FSS-25

FSS-50

FSS-75

FSS-100

CSS-25

CSS-50

CSS-75

CSS-100

Figure 2: Sample under four-point beam fatigue test.
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Resilient modulus

Mixture name

Figure 4: Resilient modulus of samples.

in Figure 3. It can be seen that all of the mixtures containing
steel slag aggregate have high values of tensile strength.
Mixtures containing steel slag in their coarse portions show
the higher increase in the indirect tensile strength. This
indicates that the structure of steel slag aggregate improves
cohesion in asphalt mixtures. In coarse steel slag aggregates
the effect of angularity is more significant than fine aggregates
and this causes excessive increase in indirect tensile strength.
WSS-100 has the most indirect tensile strength among other
mixtures.
3.3. Resilient Modulus Test. Resilient modulus values for
mixtures are presented in Figure 4. It indicates mixtures with
steel slag aggregate have higher values of resilient modulus.
Mixtures with 50% steel slag, as a virgin aggregate regardless
of coarseness, fineness, or whole portion of aggregate, have
better results in contrast to other mixtures. This can be
attributed to higher binder content and stiffness of steel slag
aggregates.
3.4. Fatigue Results. Figure 5 shows the results of 4-pointbeam fatigue test. The results are the average of three samples.
In general steel slag increases the fatigue life of asphalt mixtures. This increment for mixture with steel slag aggregate in
the coarse portion is about 15% but for mixtures with steel slag
aggregate in their fine portion is about twice of control mixtures. An important consideration about utilization of steel
slag is its expansion potential. Results indicate that mixtures
with 100% steel slag aggregate have lower fatigue responses.
In fatigue performance of steel slag asphalt mixtures, two
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Figure 5: Fatigue life of samples in 600 strain levels.

Table 5: Marshall design results.
Type of
mixture
Control
CSS-100
CSS-75
CSS-50
CSS-25
FSS-100
FSS-75
FSS-50
FSS-25
WSS-100
WSS-75
WSS-50
WSS-25

Air Marshall
Optimum
Mix bulk
Flow
binder
specific gravity void stability
(mm)
3
(%)
content (%)
(kN)
(g/cm )
5.2
5.5
5.1
4.9
5
5.5
5.4
5.6
5.2
5.8
5.8
5.3
5.3

2.41
2.69
2.61
2.54
2.50
2.69
2.99
2.56
2.49
2.93
2.89
2.70
2.60

4.49
2.99
3.31
4.00
4.14
4.19
4.02
3.97
3.82
4.28
3.97
3.64
3.49

8.9
13.86
13.2
12.7
12.1
11.9
11.6
12.1
11.3
14.4
13.6
12.9
11.15

3.21
3.01
3.11
3.14
3.4
2.76
2.97
2.92
2.74
2.69
2.87
2.86
3.03

performance of seven types of asphalt mixtures in all tests,
mixtures with 50% steel slag aggregate in their fine, coarse,
or whole aggregate have the best performance among other
types of mixtures. In mixtures with 50% steel slag aggregate,
detrimental effect of excessive air void resulting from steel
slag aggregate structures can be modified with excessive
stiffness of these aggregates. According to the results of
fatigue test, fine steel slag aggregate is a reliable alternative for
limestone fine aggregates in places with high volume of traffic
loading where fatigue cracking is much probable.
Suggestions for further studies in this field are as follows:
(i) laboratory evaluation of various bitumen in order to
determine fatigue characteristics of asphalt mixtures
with steel slag aggregates;
(ii) laboratory investigation of fatigue characteristics of
asphalt mixtures with steel slag aggregate in the
saturated condition;
(iii) laboratory evaluation of subzero temperatures on
fatigue of asphalt mixtures with steel slag aggregate.
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One steel grid and five thin-walled concrete-filled steel tubes (CTST) used as the supports of tunnel were tested in site for
investigating the mechanical behavior. The mechanical influences of thickness, node form, and concrete on CTST were gained
and compared with the impacts on steel grid. It is indicated that high antideformation capacity of CTST improved the stability of
surrounding rock in short time. The cementitious grouted sleeve connection exhibited superior flexibility when CTST was erected
and built. Although the deformation of rock and soil in the tunnel was increasing, good compression resistance was observed
by CTST with the new connection type. It was also seen that vault, tube foot, and connections were with larger absolute strain
values. The finite element analysis (FEA) was carried out using ABAQUS program. The results were validated by comparison with
experimental results. The FE model could be referred by similar projects.

1. Introduction
Although steel grid and steel arch are common used structures for tunnel support, they are not good enough for
large deformation control of soft rock. As a new structure,
concrete-filled steel tubes (CFST) with high bearing capacity
and good plasticity have a broad application prospect [1–
3]. Under compressive loading, the local buckling resistance
of the steel tube could be effectively enhanced by the filled
concrete. At the same time, the strength, plasticity, and
toughness of the concrete can also be boosted [4]. Li et
al. [5] pointed out that deformation of surrounding rock
could be effectively reduced by CFST for roadway supporting.
However, the cost of CFST has to be reduced.
Compared with ordinary CFST, less steel and welding
work are needed for CTST because of the thin wall. Previous
research mainly focused on the experimental behaviour of
CTST in the laboratory [6–8]. Despite low cost, few studies

are conducted in site to test the influences of wall thickness
and mechanical properties.
In this study, tests have been done in a cable tunnel in
Jinan while an FE analysis by ABAQUS program is conducted to do further research on the application of CTST in
tunnel.

2. Test program
2.1. Project Background of Cable Tunnel. The cable tunnel is
located in Shunhua Road in Jinan. As the tunnel in strong
weathered rock, it is 145 m long. The thickness of overlaying
soil of the tunnel is about 6.7∼8 m. The maximum excavation
height is 4.6 m while the largest excavation span is 6.75 m.
For presupport, advanced small pipes with 1.5 m longitudinal
distance are supplemented. Then, C25 early-strength concrete
is sprayed for primary support. Subsequently, steel grid or
CTST is used to support the tunnel. At last, C30 waterproof
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Table 1: Parameters of CTST specimens.

Specimens

ST-1

ST-2

ST-3

ST-4

ST-5

𝐷 (mm)

159

159

159

159

159

𝑡 (mm)

5.5

4.5

3.5

5.5

5.5

Concrete
Connection

Filled in

Filled in

Filled in

Not filled in

Filled in

Cementitious
grouted sleeve

Cementitious
grouted sleeve

Cementitious
grouted sleeve

Cementitious
grouted sleeve

Ordinary sleeve

Note: 𝐷 is the external diameter and 𝑡 is the thickness.

1𝜙25

L2

𝜙14@300

484
3900

𝜙14@300

Connection 2
𝜙159 × 3.5(4.5–5.5)

L3

2𝜙25

270

L3

1627

2139
1627 484

2245

19

Connection 1
R1
42
1

42

L2

1089

19

42

1089

R8293

2409
L1

𝜙14@300

6750

Figure 1: Size and segmentation of CTST support.

1𝜙25

concrete with seepage resistance 𝑃 > 8 is adopted to improve
the secondary lining.

Figure 2: Steel grid section.

M14
𝜙16 hale

70

Rubber mat
𝜙140 × 20 mm

Head pale 2
𝜙108 × 8.0 mm

M14
𝜙16 hale

50 50
260

t = 8 mm

70

20

70

70

Head pale 1
𝜙159 × 8.0 mm

230

2.2. Test Specimen. In the study, the steel tube is segmented
for installation and transport. One end of segment is sealed
while the other is opened. The segment is sealed by precast
head pale once the concrete vibrating finished. Finally, the
segments are spliced in site. According to the results of
geological exploration, the counter-arch for the support is
not set owing to the small effect of soil arch. The size and
segmentation of CTST support are shown in Figure 1.
5 CTST specimens and 1 steel grid specimen are tested.
The details of the test specimens are shown in Figure 2 and
Table 1.
For the butt joint in the tunnel, a new cementitious
grouted sleeve connection is designed and shown in Figure 3.
Microexpansive cement mortar is grouted after the connection inserting. Comparing with the traditional connection, the new type with better yielding could satisfy the
requirements of surrounding rock pressure. Besides, the new
connection could reduce the welding works and avoid the
tunnel excavation generated by butt joints.
According to “metallic materials at ambient temperature
tensile test method” (GB/T228-2002), steel tube Q235B is
used in the test. The yield strength of the steel tube is
255.3 MPa while the tensile strength is 330.7 MPa. The elastic
modulus is 2.06 × 105 MPa and Poisson’s ratio is 0.30. As what
is shown in Figure 4, the steel tube is bent into the designed

270

CTST

4
Microexpansive
cement
mortar

Figure 3: Details of cementitious grouted sleeve connection.

shape in the factory and then is stereotyped under cryogenic
cooling.
The mix proportion of cement, sand, and gravel used
in the concrete is 1 : 1.51 : 2.45. The water cement ratio of
the cement is 0.41. The expansion agent ratio is 11%. The
water reducing agent ratio is 0.5%. According to the relevant
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3

D1
D2
C2

S2
B1

D4

Figure 4: Manufacturing procedure of steel tube in factory.

1000

S3
D3
A2

C1
A1
S1

Figure 6: The location of resistance strain gauge and fiber.

Y1
Y2
3072

Figure 5: Material test of concrete.
Table 2: Compressive strength of concrete at different ages.
Age
Compressive strength (MPa)

3d
16.3

7d
24.8

1500

Y3

28 d
45.5

Chinese standards, compression tests are carried out, as
shown in Figure 5 and Table 2. The elastic modulus (Ec) is
3.16 × 104 MPa.

3. Test Monitoring and Analysis
3.1. Test Monitoring Program
3.1.1. Displacement Monitoring. Vault and convergency displacement are monitored in the test. The settlement value is
tested with a level, and the convergency values are tested with
a convergence device.
3.1.2. Strain Monitoring. It is shown in Figure 6 that the
resistance strain gauge and fiber are set only on one side of the
specimen for symmetry. Measuring point arrangement can be
divided into the vault area (C1, A1, and S1), the largest corner
area (C2, S2), the top of the straight wall area (S3, B1), the
straight wall area (A2), and the connection area (from D1 to
D4), in which S1∼S3 are fiber grating measuring points.
3.1.3. Pressure Monitoring. As what is shown in Figures 7
and 8, three pressure gauges (Y1∼Y3) are set between CTST

Figure 7: The location of pressure gauge.

support (or the steel grid support) and surrounding rock.
The pressure gauges are tied to the designed position on the
outside surface of the support in site.
3.2. Test Results Analysis
3.2.1. Displacement Monitoring Results Analysis. The settlement-time curves in the vaults and convergency value-time
curves in both sides are shown in Figures 9 and 10. It is
observed that the biggest settlement in the vaults of CTST
with concrete is less than 5 mm, while for the one without
concrete, it is less than 7.5 mm. The steel grid’s biggest
settlement in the vaults is less than 7 mm. All the convergency
values in both sides of the supports are less than 1.8 mm. The
vertical and horizontal deformations of the tunnel are stable
after 10 days, so the unobvious deformations in the latter are
not shown in Figure 9.
Figures 11 and 12 present load-settlement curves in the
vaults and load-convergency value curves in both sides.
It is shown in Figure 11 that the curves of ST-1∼ST-3
appeared under the concave due to connection scalability and
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(a) The colligation of the pressure monitor

(b) Read the pressure monitor in situ

Figure 8: Pressure measurement in situ.
8
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2
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6
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GS

Figure 9: Settlement-time curves in the vaults.
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Figure 10: Convergency value-time curves in both sides.
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Figure 11: Load-settlement curves in the vaults.
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Figure 12: Load-convergency value curves in both sides.

smaller gap between surrounding rock and support when the
load is less than 10 kN. In the later elastic stage, the largest
vertical deformation is 2.5∼4.5 mm. The curve of ST-4 with
new connection has no obvious concave. It may be because
of the faster deformation and the shorter time of connection
compression and gap pressure for CTST without concrete.
The curves of ST-5 with common connection and steel grid
did not appear under the concave. It can be seen that the main
cause of the concave is connection scalability. The straight
line slope of ST-1 is bigger than that of ST-5, which presents

that the new connection has better resistance to deformation.
From the gradually decreasing straight line slopes of ST1∼ST-3, it could be concluded that the vertical deformation
decreased as the steel thickness enlarged.
It is indicated in Figure 12 that the horizontal deformation
of steel grid is less than what happened in CTST under the
same load. It might be that the bottom of steel grid is linked
to counter-arch, making horizontal stiffness of the support
increase. Meanwhile, the higher steel ratio and concrete
inside the support would lead to larger stiffness.
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Figure 13: Load-strain curves in the outer edge of the CTST supports.

3.2.2. Strain Monitoring Results Analysis. In this study, tangential strains of 5 CTST supports are mainly monitored.
(1) Strain Curves of the Outer Edge. It is indicated in Figure 13
that each curve in addition to C2 in the ST-2 support is almost
a straight line, which suggests that the specimen performed
linear elastic as a whole. The slope of ST-2 in the largest corner
changes from positive to negative. It may be caused by steel
tube defect or the local stress concentration by concrete inside
filling the gap. The support vault of the outer edge (C1) is in
the tensile force. While both the largest corner (C2) and the
top of the straight wall (S3) are in the compressive force, the
absolute values of maximum tensile and compressive strains

are less than 200 𝜇𝜀. Each strain of ST-4 is bigger than ST-3
which means that the steel tube with concrete filling could
effectively improve the ability of resisting deformation.
(2) Strain Curves of the Center Axis. It is described in Figure 14
that both the vault (A1) and the straight wall (A2) are in the
compressive force with the absolute strain values less than
200 𝜇𝜀. Each load-strain curve is almost a straight line.
(3) Strain Curves of the Inner Edge. It could be seen in
Figure 15 that each load-strain curve of the inner edge of
CTST supports is also almost a straight line. The vault (S1), the
largest corner (S2), and the top of the straight wall (B1) are in
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0
0

ST-4
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(b) A2

Figure 14: Load-strain curves on the center axis of the CTST supports.

the compressive force with the absolute strain values less than
275 𝜇𝜀. The specimens performed elastic. The steel thickness
and the style of connection cannot influence the load-strain
curve in the inner edge obviously.
(4) Strain Curves of the Connections. As displayed in Figure 16,
load-strain curves in the inner edge of the CTST supports
have obvious properties. The curves of supports with cementitious grouted sleeve (ST-1∼ST-4) can be roughly divided
into flat part and growing part. Early strain grows faster than
the load, which means that the cementitious grouted sleeve
connection exhibits superior flexibility. The curve of support
with common sleeve (ST-5) has no obvious flat part, reflecting
its connection with bigger stiffness. All the absolute values of
maximum tensile and compressive strains at the connections
are less than 250 𝜇𝜀.
(5) Strain Distribution Curves of the Inner and Outer Edges.
Owing to symmetry of CTST supports, the strain distribution
curves are tested only on the left side of the support. The
maximum strain distributions of the inner and outer edge of
the supports are shown in Figures 17 and 18.
It is obvious that the tensile strain was gradually transformed into compressive strain along the direction of vault to
the straight wall in the outer edge. All the straight walls are
in compression. The maximum tensile strain of outer edge is
located in the vaults while the maximum compressive strain
is generated near the lower connection. The inner edges of
the CTST supports are all in compression with the maximum
strain in the vaults. But the maximum compressive strain of
ST-5 is located near the lower connection. The compressive
strain values of vault, foot, and area near the lower connection
are relatively larger.

4. Numerical Analysis
4.1. The Finite Element Modeling. The finite element analysis
(FEA) of ST-1∼ST-3 by ABAQUS program is conducted.
Four-noded shell element with reduced integration (S4R) is
used for steel tube. Von-Mises kinematic hardening rule is
adopted for steel material. The elasticity modulus of steel
takes 206 GPa. Poisson’s ratio takes 0.30.
The three-dimensional 8-noded solid element with
reduced integration (C3D8R) is used to mesh the concrete.
The elasticity modulus takes 4730√𝑓𝑐 , 𝑓𝑐 mean compression
cylindrical strength of concrete. Poisson’s ratio takes 0.20.
The interface behavior in the tangential direction employs the
Coulomb friction model.
Considering the influences of surrounding rocks at the
scope of 5 times the width, the spacing of support (0.5 m) was
taken as the width of surrounding rock. Considering that the
mid-separate wall was established between CTST supports
in the experiment which could affect the force situation,
a vertical constraint was added at both sides in the outer
edges of the concrete lining. Only 1/2 model is needed when
calculation according to the structure symmetry, as shown in
Figure 19.
In this test, the displacement values were taken as the load
to apply to the supports, and the FEA results were compared
with the testing results.
4.2. FEA Results and Contrastive Analysis. Based on the FEM
results, the maximum strain distribution curves of the inner
and outer edge of ST-1∼ST-3 are shown in Figures 20 and
21. Table 3 describes the comparison of the maximal strain
between FEA and test results.
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Figure 15: Load-strain curves in the inner edge of the CTST supports.

From Table 3, it is observed that the maximum strain
distribution curves of the FEA results are in good agreement
with the experimental results. The average error rate of each
measuring point (vault, largest corner, top of the straight wall,
and foot) in the outer edge is 6.4%, 7.1%, 5.5%, and 7.2%,
respectively. The average error rate of each measuring point
(vault, largest corner, top of the straight wall, and foot) in
the inner edge is 6.0%, 3.0%, 6.2%, and 6.1%, respectively.
The maximum error of all measuring points is 10.2%. It
may be caused by less number of horizontal and vertical
measuring points, as a result of some differences between
the displacement load applied on the model and the real
displacement. Comparing with the experimental data, it is
observed that the FEM adopted in this section is reasonable,

which can be well simulated with the working condition of
CTST supports in tunnel and can be used for the structural
analysis of the similar projects.

5. Conclusions
In line with the results of the experimental study and FEA
analysis, the results could be summarized as follows:
(1) With better compression resistance, CTST benefits
to resist against the deformation of the tunnel. The
deformation of tunnels with CTST can reach the
steady state in a short time.
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Figure 16: Load-strain curves at the connections of the CTST supports.
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Figure 17: Strain distribution curves in the outer edge of the CTST supports.
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Figure 18: Strain distribution curves in the inner edge of the CTST supports.
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Figure 19: Mesh of steel tube model.
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Figure 20: Strain distribution curves in the outer edge of the CTST supports.
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Figure 21: Strain distribution curves in the inner edge of the CTST supports.

ST-5

𝜀𝑇
Vault
179.7
Largest corner
−97
Top of the straight wall −175
Foot
−122.9
Vault
−240.8
Largest corner
−188.1
Top of the straight wall −156.2
Foot
−213.4

𝜀FEM
185.3
−108
−185.8
−133.7
−252.7
−215.3
−147.4
−230.3

Specimen
ST-1
ST-2
(|𝜀FEM − 𝜀𝑇 |/𝜀FEM ) × 100%
𝜀𝑇
𝜀FEM (|𝜀FEM − 𝜀𝑇 |/𝜀FEM ) × 100%
3.0%
124.2 134.8
7.9%
10.2%
−66.3 −72.2
8.2%
5.8%
−145
−133
9.0%
8.1%
−92.9 −98.9
6.1%
4.7%
−192 −191.3
4.0%
2.6%
−128.5 −147.9
1.3%
6.0%
−109.4 −100.3
9.1%
7.3%
−164.5 −171.4
4.0%

𝜀𝑇
131.3
−103.7
−194.2
−125.3
−224.3
−175.8
−149.9
−217.5

Note: 𝜀𝑇 means the maximum strain value of experiment and 𝜀FEM means the maximum strain value of FEM. Tensile strain is positive; compressive strain is negative.

The inner edge

The outer edge

Location

Table 3: Comparison of the maximal strain between FEA and test results.
ST-3
𝜀FEM (|𝜀FEM − 𝜀𝑇 |/𝜀FEM ) × 100%
143.4
8.4%
−103.4
3.0%
−191.2
1.6%
−135.4
7.5%
−247.3
9.3%
−185.4
5.2%
−144.7
3.6%
−233.7
6.9%
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(2) All of the CTST supports perform elastic during
the experiment. The higher steel ratio and concrete
inside, the larger stiffness of CTST obtained.
(3) The cementitious grouted sleeve connection with
superior flexibility exhibits better resistance to deformation.
(4) The tensile strain is gradually transformed into compressive strain along the direction of vault to the
foot in the outer edge. The inner edges of the CTST
supports are all in compression. The absolute strain
values of vault, connections, and tube foot are larger.
(5) The mechanical behaviors of CTST supports in the
tunnel are analyzed with ABAQUS software package.
The analysis results agree well with the test results.
The maximum error is 10.2%. The model and the
parameters chosen are relatively reasonable and could
be used for the structural analysis of the similar
supporting projects.
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Utilizing deep rock salt cavern is not only a widely recognized energy reserve method but also a key development direction
for implementing the energy strategic reserve plan. And rock salt cavern adopts solution mining techniques to realize building
cavity. In view of this, the paper, based on the dissolving properties of rock salt, being simplified and hypothesized the dynamic
dissolving process of rock salt, combined conditions between dissolution effect and seepage effect in establishing dynamic dissolving
models of rock salt under different flow quantities. Devices were also designed to test the dynamic dissolving process for rock salt
samples under different flow quantities and then utilized the finite-difference method to find the numerical solution of the dynamic
dissolving model. The artificial intelligence algorithm, Particle Swarm Optimization algorithm (PSO), was finally introduced to
conduct inverse analysis of parameters on the established model, whose calculation results coincide with the experimental data.

1. Introduction
Reda and Russo [1] simulated the cavity-building process
of the rock salt cavern gas storage by pouring freshwater
into the cavity while the brine was discharged. Hagoort [2]
established the mathematical model of the rock salt cavity
gas storage’s injection and production according to the mass
and energy equation of natural gas in order to predict
the temperature and pressure changes inside the cavities.
Hunsche and Schulze [3, 4] and Cristescu and Paraschiv [5, 6]
employed diversified loading methods (single-stage loading
with temperature influence considerations and multistage
loading) to research rock salt properties in multiple creep
stages. Van den Bogert et al. [7] produced the rock salt cavity
gas storage pressure model to discuss the geometrical shape
and stability of cavities. Wilson et al. [8] built a predictor
model to predict cavity shapes based on effects of the injected
brine’s content, injected speed, and dissolving rate. Han et

al. [9] studied stability of a single cavity among the rock salt
cavity gas storage and established a mechanical model of the
rock salt cavity gas storage which analyzed cavity stability
based on effects of rock salt thickness, hardness, cavity
shape, and circulation method. Liu et al. [10] studied fractal
characteristics of rock salt dissolution. Yaramanci [11] utilized
a geoelectric exploration method to assess underground rock
salt wastewater disposal sites. Tsang et al. [12] analyzed the
excavation of rock salt cavity damage zone according to
field tests and theoretical analysis. Wawersik and Preece [13]
and Cosenza et al. [14] conducted rock salt permeability
measurement for long term safety assessment of storage. Popp
and Kern [15] researched the ultrasonic wave velocities, gas
permeability, and porosity in natural and granular rock salt.
Popp and Kern [16] monitored the state of microfracturing
in rock salt during deformation by combined measurements
of permeability and P- and S-wave velocities. de Las Cuevas
[17] analyzed the pore structure characterization in rock salt.
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Table 1: Components of rock salt specimens (%).

Soluble substance
NaCl
99.4

K2 SO3
0.4

Insoluble substance
Small amount of muddy
0.2

Stormont [18] studied in situ gas permeability measurements
to delineate damage in rock salt. Hampel and Schulze
[19] focused on the mechanical properties and constitutive
model of rock salt. Yang et al. [20] studied the major risks
associated with hydrocarbon storage caverns in bedded salt
rock. Zhang et al. [21] researched triaxial creep experiment
and constitutive relation of different rock salt. Wang et al.
[22] designed a new salt cavern shape design method for
use as underground gas storage. Liang et al. [23] found that
coupled dissolution and seepage rate significantly impact
both transport and mechanical properties of the rock as
fabric evolves in a time-dependent manner. Wang et al. [24]
researched creep properties and damage model for rock salt
under low-frequency cyclic loading.
Past research has yielded significant results for shape
control of rock salt cavities and stability analysis. Dynamic
dissolving properties of rock salt, however, require further
in-depth analysis and research [25, 26]. In this paper, a
dynamic dissolving experiment was designed for rock salt to
research the dynamic dissolving process under different flow
conditions. And according to experiment results, a dynamic
dissolving model for rock salt was built with the finitedifference method applied to derive a numerical solution to
the dynamic dissolving model. The Particle Swarm Optimization algorithm was then introduced to inverse parameters
of the model. Comparison between the calculation results
and experimental data demonstrates effectiveness of the
established model and provides reference for the study of the
rock salt dissolving mechanism.

2. Experimental Research on the Rock
Salt’s Dynamic Dissolving Properties under
Different Flow Conditions
2.1. Experimental Process. Natural rock salt from the Himalayan Mountains in Pakistan was utilized as the experimental
specimen. The rock salt is located at a depth of 2000 to 3000
meters and exhibits coloring of white mixed with light red
or glass white. Specimens are manufacturer-processed into
test specimens of 50 × 100 mm for experimental purposes.
Components of the specimens are comprised of 99.8% soluble
substance with average density of 2959 kg/m3 as listed in
Table 1.
A water-passage pinhole with 6 mm diameter is drilled
at the center of the sample’s axial position and processing
conducted strictly in line with the experimental regulations.
The processed sample size accuracy must be kept within the
deviations. Figure 1 depicts rock salt samples prepared for
hole-boring.
Rock salt dynamic dissolving experimental devices
(Figure 2) have been designed for this paper. The component

Figure 1: Rock salt samples.

devices of the experiment include iron pedestal, beaker chain
clip, 703 glue, two large beakers, fluid flowmeter (measuring
range 6–60 L/h), facial tissue, air blower, high-precision
electronic balance (the precision is 0.01 g), plastic flexible pipe
with 6 mm outer diameter, and vernier calipers.
Test procedures are as follows.
(1) Weigh the bored test sample utilizing the electronic
balance and measure length and diameter by vernier
calipers.
(2) Seal the test sample utilizing the waterproof coating
material “703 glue” and then weigh the sealed samples.
(3) Adjust flow quantity with the water faucet switch to
allow the flowmeter to display 20 L/h.
(4) Attach the beaker chain clip to the waterproofed test
sample, insert the water passage pipe into the test
sample and begin timing.
(5) Remote the water-passage pipe until three minutes
run out and place the pipe into another large beaker
for continuation of flow quantity. Then detach the test
sample and dry the sample with facial tissue and the
air blower and weigh with the electronic balance.
(6) Adjust the flowmeter to display the flow quantity
numbers of 30 L/h, 40 L/h, and 50 L/h. Repeat experiment procedures in (4) and (5).
2.2. Experimental Results. The rock salt dynamic dissolving
curve is not a smooth curve but rather a slightly fluctuating
curve as demonstrated in Figures 3 and 4.
Dissolving rate of rock salt accelerates with a larger
value of flow quantity 𝑄 as demonstrated in Tables 2 and 3,
revealing that solution movement accelerated the convection
effect and diffusion effect of rock salt. The experiment studied
rock salt samples in dynamic solution state, and rock salt
specimen dissolving mass was recorded with different flow
rates in different time to study the effect of flow quantity 𝑄
on the dissolving rate of rock salt. Experiment results reveal
that in a certain range the dissolving rate of rock salt increases
with increasing of flow quantity 𝑄. Therefore, in practice,
properly controlling the freshwater injection rate will have a
better effect of mineral dissolution for rock salt.
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(a) Flexible pipe and joint

(b) Joint

(c) Connect device with (a) and (b)

(d) Fluid flowmeter

(e) Faucet

(f) Connect faucet with the device (c)

(g) Iron pedestal and beaker chain clip

(h) Dynamic dissolving experimental set-up

Figure 2: Device for dynamic dissolving test for rock salt.
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Table 2: Data of rock salt specimens.

Serial number of the
test sample
A1
A2
A3
A4

Diameter/mm

Length/mm

Mass of the test
sample/g

Mass of the sample that has been sealed
with waterproof coating materials/g

Density/g⋅cm−3

49.32
51.84
50.92
52.56

100.78
101.08
101.96
101.38

394.25
432.54
441.22
446.39

434.01
464.3
480.62
482.25

2.0797
2.0284
2.156
2.0572

Table 3: Results of dynamic dissolving test for rock salt (g).

Mass of test samples (g)

500

Time/min

450

400

350

300

0

10

20
30
Dissolving time (min)

40

50

40 L/h
50 L/h

20 L/h
30 L/h

Figure 3: The curve of test specimen’s mass under different flow
quantity.

Dissolving mass every 3 minutes (g)

30

Flow quantity
30 L/h
40 L/h
A2
A3
464.3
480.62
458.07
472.94
448.93
460.94
437.85
449.2
423.76
434.81
412.15
418.64
400.18
401.54
387.63
382.57
374.89
363.75
359.72
348.66
336.11

50 L/h
A4
482.25
472.61
458.62
443.57
421.86
402.34
377.38
351.8

with isotropic properties and no interlayer. (2) The seepage
in dynamic dissolution is considered as laminar flow. (3)
Insoluble residuals flow with the fluid and do not subside in
the pinhole. (4) Insoluble residuals have a negligible effect
on the diffusion process. (5) The influence by temperature
difference and variations is ignored.
The diffusion effect can be described according to
the First Diffusion Laws of Fick: the diffusion coefficient
is directly proportional to the gradient of concentration,
described as follows (1):

25
20
15
10
5
0

0
3
6
9
12
15
18
21
24
27
30
33
36
39

20 L/h
A1
434.01
429.79
424.81
419.08
412.41
405.26
396.49
386.28
376.87
364.95
354.28
340.33
325.35
311.13

0

10

20

30

40

50

Dissolving time (min)
20 L/h
30 L/h

40 L/h
50 L/h

Figure 4: The curve of test specimen’s dissolving mass every 3
minutes under different flow quantity.

3. Rock Salt’s Dynamic Dissolving Model
under Different Flow Conditions
Ideal conditions are assumed for rock salt samples as follows. (1) Rock salt samples are considered homogeneous

𝐽 = −𝐷

𝜕𝐶
,
𝜕𝑛

(1)

where 𝐽 represents the diffusive flux (mol⋅cm−2 ⋅s−1 ), 𝐶 refers
to the material concentration (mol⋅L−1 ), 𝐷 represents the
diffusive coefficient (cm2 ⋅s−1 ), and, under normal circumstances, the diffusive coefficient is relevant to the solvent and
temperature of solute.
Micro units 𝑑𝑥 can be derived according to the mass
balance principle and by referring to Figure 5:
𝐽𝑑 𝑑𝑥 𝑑𝑡 =

𝜌𝑠
𝑑𝑑𝑅 𝑑𝑥,
𝑀

(2)

where 𝜌𝑠 refers to the density of rock salt (cm3 ⋅s−1 ), 𝑀
represents the molar mass of rock salt (g⋅mol−1 ), 𝑅 is
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R

The dissolving process of rock salt is also influenced by the
fluid’s flow rate V and the pinhole diameter 𝑑. Establishing the
dissolving equilibrium equation of rock salt then necessitates
the assumption then that 𝑚𝑥 is the mole number of solution
that passes through the pinhole section 𝑥 within the time
period 𝑑𝑡, 𝑚𝑥+𝑑𝑥 refers to the mole number of the solution
passing through the seepage section 𝑥 + 𝑑𝑥 within the time
period 𝑑𝑡, and 𝑑 is the diameter of pinhole. The equations are
as follows:

d

dR

dx

𝑚𝑥 = 𝐶𝑥𝑡

x x + dx

X

𝑚𝑥+𝑑𝑥 = (𝐶𝑥𝑡 +

𝜋
2
(𝑑 + 2𝑅𝑥𝑡 ) V𝑥𝑡 𝑑𝑡,
4

𝜕𝐶
𝜋
2
𝑑𝑥) (𝑑 + 2𝑅𝑥𝑡 ) V𝑥𝑡 𝑑𝑡.
𝜕𝑥
4

Disregarding changes in the fluid volume inside the
pinhole caused by rock salt dissolution, it is discovered,
according to the mass balance principle, that the difference
between 𝑚𝑥+𝑑𝑥 and 𝑚𝑥 is the mole number of the rock salt
that has dissolved within the time period of 𝑑𝑡 at the section
𝑑𝑥 or

Figure 5: Sketch for dynamic dissolution of rock salt.

𝑚𝑥+𝑑𝑥 − 𝑚𝑥 =
the dissolving thickness of the rock salt interface (cm), and
𝑑 represents the diameter of the pinhole (cm).
Combining (1) and (2), the dissolving rate equation of the
rock salt wall is established as follows:
𝑀 𝜕𝐶 
𝑑𝑅
= −𝐷
 ,
(3)
𝑑𝑡
𝜌𝑠 𝜕𝑛 Γ1
where Γ1 refers to the dissolving interface.
The concentration-distribution curve of the rock salt
boundary layer, according to research by Jessen [27], can be
regarded as the shape of a para-curve. Assuming the rock salt
interface’s concentration is 𝐶0 , the mean concentration of the
solution beyond the boundary layer is 𝐶1 , the concentration
of the solution inside the boundary layer is 𝐶, the boundary
layer’s thickness is 𝛿, and the concentration distribution of
the dissolving boundary layer can represented by using the
following formula:
𝑧
(4)
𝐶 − 𝐶1 = (𝐶0 − 𝐶1 ) (1 − ) ,
𝛿
where 𝑧 represents the distance from the interface of rock salt
(cm).
Derivatives of (4) can be calculated and presuming the
diffusion process is instantly completed, after reorganizing
2
𝜕𝐶 
 = − (𝐶𝑠 − 𝐶𝑥𝑡 ) ,
(5)

𝜕𝑛 Γ1
𝛿
2

where 𝐶𝑠 represents saturation concentration of the rock
salt solution (mol⋅L−1 ) and 𝐶𝑥𝑡 refers to the concentration
of solution at the section position of 𝑥 with the time of 𝑡,
(mol⋅L−1 ).
Substituting (5) into (3),
𝑑𝑅 2 𝑀
= 𝐷 (𝐶𝑠 − 𝐶𝑥𝑡 ) ,
𝑑𝑡
𝛿 𝜌𝑠
where signs mean the same as those appearing before.

(7)

(6)

𝜌𝑠
𝜋 (𝑑 + 2𝑅𝑥𝑡 ) 𝜕𝑅𝜕𝑥.
𝑀

(8)

Presuming the flow loss is not considered, then
𝑄=

𝜋
2
(𝑑 + 2𝑅𝑥𝑡 ) V𝑥𝑡 ,
4

(9)

where 𝑄 represents the flow quantity (cm3 ⋅s−1 ).
Combining (7), (8), and (9), we have the following
reorganization:
𝜌
𝜕𝐶
𝜕𝑅
= 𝑠 𝜋 (𝑑 + 2𝑅𝑥𝑡 )
,
𝜕𝑥 𝑀𝑄
𝜕𝑡

(10)

where signs mean the same as those appearing before.
Partial differential equations are composed of (6) and
(10):
𝜕𝑅 2 𝑀
= 𝐷 (𝐶𝑠 − 𝐶𝑥𝑡 ) ,
𝜕𝑡
𝛿 𝜌𝑠
𝜕𝐶 2𝐷
=
𝜋 (𝑑 + 2𝑅𝑥𝑡 ) (𝐶𝑠 − 𝐶𝑥𝑡 ) ,
𝜕𝑥 𝛿𝑄

𝑅𝑥𝑡 𝑡=0 = 0,

𝐶𝑥𝑡 𝑥=0 = 𝐶0 ,

(11)

where 𝐶0 represents the initial concentration of the solution
(mol⋅L−1 ).

4. Numerical Solutions and Results
Analysis of Rock Salt Dynamic Dissolving
Model under Different Flow Conditions
4.1. Numerical Solution. Among the rock salt dynamic dissolving models, the partial differential equations (11) are nonlinear, creating challenges for obtaining an analytic solution.

6

Advances in Materials Science and Engineering
x

and, further,
(x, t) = (nh, i𝜏)

𝑅𝑖0 =
h

𝐶0𝑛

t
𝜏

Figure 6: Sketch for difference grids.

A proper difference scheme is thus established to discretize
the partial differential equations (11). A computerized analytic
solution can then be derived.
A difference grid is established as Figure 6, where the step
length of 𝑥 axis is ℎ and the step length of 𝑡 axis is 𝜏. So 𝑥 = 𝑛ℎ
and 𝑡 = 𝑖𝜏. The equation system then is
𝑅 (𝑥, 𝑡) = 𝑅 (𝑛ℎ, 𝑖𝜏) = 𝑅𝑖𝑛
𝐶 (𝑥, 𝑡) = 𝐶 (𝑛ℎ, 𝑖𝜏) = 𝐶𝑖𝑛
𝜕𝑅 (𝑥, 𝑡) 𝜕𝑅
=
𝜕𝑡
𝜕𝑡

(12)

𝜕𝐶 (𝑥, 𝑡) 𝜕𝐶
=
.
𝜕𝑥
𝜕𝑥
The difference scheme that is built from (11) is as follows:
𝑅 (𝑛ℎ, (𝑖 + 1) 𝜏) − 𝑅 (𝑛ℎ, 𝑖𝜏) 2 𝑀
= 𝐷 (𝐶𝑠 − 𝐶 (𝑛ℎ, 𝑖𝜏))
𝜏
𝛿 𝜌𝑠
𝐶 ((𝑛 + 1) ℎ, 𝑖𝜏) − 𝑐 (𝑛ℎ, 𝑖𝜏)
ℎ
=

2𝐷
𝜋 (𝑑 + 2𝑅 (𝑛ℎ, 𝑖𝜏)) (𝐶𝑠 − 𝐶 (𝑛ℎ, 𝑖𝜏)) .
𝛿𝑄

(13)

Assuming that (2𝑀/𝜌𝑠 )𝐶𝑠 𝜏 = 𝑎, (2𝑀/𝜌𝑠 )𝜏 = 𝑏,
(2/𝑄)𝜋𝐶𝑠 ℎ = 𝐴, and (2/𝑄)𝜋ℎ = 𝐵, then after reorganizing:
𝑛
=
𝑅𝑖+1

𝐶𝑖𝑛+1

𝐷
(𝑎 − 𝑏𝐶𝑖𝑛 ) + 𝑅𝑖𝑛
𝛿

𝐷
= (𝐴 − 𝐵𝐶𝑖𝑛 ) (𝑑 + 2𝑅𝑖𝑛 ) + 𝐶𝑖𝑛
𝛿

(14)

then we can get:
𝑅𝑖𝑛 =
𝐶𝑖𝑛

𝐷
𝑛
𝑛
) + 𝑅𝑖−1
(𝑎 − 𝑏𝐶𝑖−1
𝛿

𝐷
= (𝐴 − 𝐵𝐶𝑖𝑛−1 ) (𝑑 + 2𝑅𝑖𝑛−1 ) + 𝐶𝑖𝑛−1 ,
𝛿

(15)

𝐷
0
0
) + 𝑅𝑖−1
(𝑎 − 𝑏𝐶𝑖−1
𝛿

𝐷
= (𝐴 − 𝐵𝐶0𝑛−1 ) (𝑑 + 2𝑅0𝑛−1 ) + 𝐶0𝑛−1 .
𝛿

(16)

Owing to known initial conditions, 𝑅(𝑥, 0) = 0 and
𝐶(0, 𝑡) = 𝐶0 , it is determined that 𝑅0𝑛 = 0 and 𝐶𝑖0 = 𝐶0 . Since
the 𝑅0𝑛 and 𝐶𝑖0 are known, from the recursion formula, we can
also calculate 𝑅𝑖0 and 𝐶0𝑛 . So the initial conditions 𝑅0𝑛 , 𝐶𝑖0 , 𝑅𝑖0 ,
and 𝐶0𝑛 will be known.
As known from the recursion equation (15), 𝑅𝑖𝑛 =
𝑛
𝑛
) + 𝑅𝑖−1
is an explicit difference form; in other
(𝐷/𝛿)(𝑎 − 𝑏𝐶𝑖−1
𝑛
word, 𝑅𝑖 is directly calculated from 𝑅𝑖𝑛−1 and 𝐶𝑖𝑛−1 . According
to initial conditions, 𝑅0𝑛 has known, and 𝑅𝑖𝑛 can be calculated
through the explicit difference form. Therefore, through the
chasing method, from {𝐶𝑖𝑛−1 , 𝑅𝑖𝑛−1 }, calculations are made for
{𝐶𝑖𝑛 , 𝑅𝑖𝑛 }, above is the realization process of the numerical
solution.
Parameters of the experiment are as follows: 𝑀 =
58.5 g/mol, 𝐶𝑠 = 0.0054 mol/cm3 , and 𝑑 = 0.6 cm, 𝜌𝑠 and 𝑄
can be derived from the experiment and their value referred
to in Tables 2 and 3. The parameters 𝑎, 𝑏, 𝐴, and 𝐵 can then be
calculated. The initial concentration of solution in this paper
is 𝐶0 = 0 mol/cm3 .
The diffusion coefficient 𝐷 and the boundary layer’s
thickness 𝛿, as determined from the research above, result
in the dissolving radius 𝑅 with the above finite-difference
recursion formula applied.
4.2. Parameters Inversion. Particle swarm optimization
(PSO), a type of artificial-intelligence algorithm, is introduced in this research to conduce parameters inversion of
the rock salt dynamic dissolving model.
Particle swarm optimization is a new Evolutionary Algorithm (EA) developed in recent years. PSO is similar to
the Simulated Annealing Algorithm as both originate from
random solutions and seek to find optimal solutions through
recursion. PSO also evaluates the quality of solutions through
fitness value, but is simpler than the Genetic Algorithm rules
as it does not have operations such as “Crossover” and “Mutation.” PSO simply searches for the global optimum through
the found optimal value and is even known for its simplicity,
high precision, and quick convergence while demonstrating
advantages in the solving of practical problems.
The inverse programs will be realized in the MATLAB
software and include three parts (Figure 7). The first part,
referred to as cc.Mat, is the random initialization and includes
both velocity matrix and position matrix.
The second part, according to the M file, solves the dissolving radius through applying the finite-difference method
programmed on the basis described in Section 4.1 and is
referred to as Numerical.m. This part mainly includes the
random velocity matrix and random position matrix which
are generated in the first part to calculate the dissolving radius
𝑅.
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Random initialization of velocity matrix
and displacement matrix (cc.mat)

Call

Calculating the dissolving radius (Numerical.m)
Draw

vi
Sa

Calculating the fitness value of each particle and
finding the global optimum (main.m)

ng
Renewing the particle’s velocity and
position (main.m)

Call the (Numerical.m) file to calculate the
dissolving radius (main.m)

Recording the
fitness’s value
and position

Yes

The fitness
value is smaller
after renewed

s
Ye

The fitness value is
smaller than the
global optimum

Comparing the fitness values of each particle
after renewed (main.m)

Comparing the particle’s fitness value with the
global optimum (main.m)

Whether it
fits the
conditions

No

Yes
Output results (main.m)

Figure 7: Flow chart for program realization.

The third part, referred to as “main.m” is the main
program written based on the particle swarm optimization.
The program’s major steps include
(1) retrieve the cc.Mat file; obtain the random displacement matrix and velocity matrix; implement the
Numerical.m file to calculate the dissolving radius 𝑅;
apply the calculated results to the fitness function to
attain the fitness value of each particle;
(2) compare the value of each particle’s fitness; retrieve
the global optimal solution (or the minimum); and
record value and position of the global optimum;
(3) update the velocity matrix and position matrix
according to the particle swarm optimization; save the
renewed data and create overlay for the part one file
cc.Mat;
(4) implement the Numerical.m file again after the
renewed particle velocity and position matrix and
calculate the dissolving radius 𝑅 and the fitness value
of each particle;
(5) compare the fitness value of each particle after
renewed. If the upgraded fitness value is smaller, save

and record the corresponding value and position. If
the value is larger, do not save;
(6) compare the fitness value of each particle after
renewed with the global optimum. If the fitness value
of the particle with renewed information is smaller,
then save and record the value and position. If the
value is larger, do not save;
(7) repeat steps (4) to (6) until the conditions for seeking
solution are satisfied.
Ren et al. [28] establish the calculation formula of the rock
salt’s mass and the dissolving radius:
𝑅 (𝑘) = √

𝑚 (𝑘) 𝑑2 𝑑
+
− ,
𝜌𝑠 𝑙𝜋
4
2

(17)

where 𝑅(𝑘) is the rock salt dissolving radius at the time of 𝑘,
𝑙 is the height of the test specimen, and 𝑚(𝑘) is the dissolving
mass at the time of 𝑡.
Fitness function can be established as follows:
𝑓=

𝑚 (𝑘) 𝑑2 𝑑
1 𝑁
+
− − 𝑅) ,
∑ (√
𝑁 𝑘=1
𝜌𝑠 𝑙𝜋
4
2

(18)
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Figure 8: Comparison of the dissolved radius between test data and
calculated results under 20 L/h.

Figure 10: Comparison of the dissolved radius between test data and
calculated results under 40 L/h.
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5. Conclusions
where 𝑁 is the experiment recording times and, as the
experiment is recorded every 3 minutes, the total time of the
experiment then is 𝑡 = 𝑁 ∗ 180 (s).
Parameters of rock salt dynamic dissolving models
parameters are inversed under different flow conditions
according to the particle swarm optimization in this research
effort (see Figures 8, 9, 10, and 11). Table 4 details that, with
flow 𝑄 quantity changing, the increase in flow quantity 𝑄 can
accelerate the diffusion rate of the rock salt minerals.

An in-depth and systematic research effort was conducted on
the properties of the rock salt dynamic dissolving model and
tests under difference flow conditions drawing the following
conclusions.
(1) Experimental research on the rock salt dynamic
dissolving processes under different flow conditions
was conducted by adopting a self-designed rock salt
dynamic dissolving experimental set-up. Dynamic

Advances in Materials Science and Engineering

9

Table 4: Particle swarm optimization algorithm inversion results.
Flow quantity 𝑄 Parameter 𝐷/𝛿
L/h
cm/s
20
30
40
50

0.001554
0.002043
0.002567
0.003059

Fitness value
𝑓

Relevance
coefficient 𝑅

[4]

0.005234
0.05365
0.02488
0.02211

0.9999
0.9923
0.9986
0.9991

[5]

dissolving test data of the rock salt was obtained under
various flow conditions with varying dissolution time.
The dynamic dissolving curve for rock salt was
discovered as a fluctuating curve and the dissolving
rate of rock salt increased with the increasing of flow
quantity 𝑄 in a certain range.
(2) According to the dissolving properties of rock salt, the
study reasonably simplifies and hypothesizes the rock
salt dynamic dissolving process. The study accounts
for combined conditions involving the dissolution
effect and seepage effect changes of rock salt to
establish the rock salt dynamic dissolving model.
(3) The study introduces the particle swarm optimization
(PSO) to inverse parameters on the model established
by applying the finite-difference method to calculate
the numerical solution for the rock salt dynamic
dissolving model. Calculation results were found to
relatively coincide with the experimental data, indicating the rock salt dynamic dissolving model established is capable of effectively describing the dynamic
dissolving process and dissolving mechanisms for
rock salt.
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With a large number of applications of conventional technique for geosynthetic-reinforced and pile-supported (GRPS)
embankment (called CT embankment), many deficiencies have been exposed. In view of the deficiencies, an improved technique,
fixed-geosynthetic-reinforced and pile-supported embankment (called FGT embankment), is developed. To investigate the
performance of the FGT embankment, the comparison analyses and parametric studies are conducted by Finite Element Method
(FEM). The influencing factors investigated include elastic modulus of soil, tensile stiffness of geosynthetics, pile length, pile spacing,
and pile elastic modulus. In addition, the cost evaluation for the FGT embankment and CT embankment is also made. The results
show that the FGT embankment can significantly reduce the settlement and differential settlement, enhance the stability, and
provide an economical and effective measure for the construction of high embankment at the bridge approach.

1. Introduction
With a large number of applications of conventional
technique for geosynthetic-reinforced and pile-supported
(GRPS) embankment (called CT embankment), many deficiencies have been exposed [1–3]. For example, the efficacy
of controlling the settlement and differential settlement is
insufficient, and the efficiency of geosynthetics may not be
fully mobilized. The differential settlement in particular is
still great when using the CT embankment at the bridge
approach. This differential settlement could be attributed to
the stiffness difference between the bridge abutment and
bridge approach embankment [4–6]. A small differential
settlement can produce a significant vehicle bump at the end
of the bridge and this vehicle bump can lead to higher vehicle
or bridge maintenance costs and discomfort to drivers and
passengers [7, 8].

In view of these deficiencies, an improved technique,
fixed-geosynthetic-reinforced and pile-supported embankment (called FGT embankment), is developed and introduced herein. The structures for the CT and FGT embankments are presented in Figure 1. In the FGT embankment,
the geosynthetic is fixed on the pile caps, and this fixed
system is comprised of a steel bar fulcrum and concrete fixed
top. In comparison with the CT embankment, the numerical
analysis and cost evaluation are carried out to investigate the
performance of FGT embankment in this study.

2. Numerical Analysis
2.1. Numerical Modeling. The following studies are on
the basis of a bridge approach in Chang-An Expressway
(Figure 2), which is located at the east of MCK + 826 number
0 Bridge in Changzhi City, central region of China. Taking
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Table 1: Material parameters used in the numerical simulations.
𝐸/(MPa)
20.0
5.2
7.6
30.0
22.1

Material
Embankment fill
Silty clay
Silty soil
Gravelly sand
Clay

𝛾/(kN/m3 )
19.0
17.2
17.8
20.1
18.3

𝜑/(∘ )
24.6
18.3
19.7
28.6
21.0

𝑐/(kPa)
16.8
14.2
7.6
0
15.7

]
0.30
0.33
0.33
0.30
0.30

𝑅inter
0.50
0.65
0.65
0.65
0.80

𝐻/𝐿/(m)
5.0
3.5
6.0
4.0
6.5

Note: 𝐸 is elastic modulus; 𝛾 is unit weight; ] is Poisson’s ratio; 𝑐 is cohesive strength; 𝜑 is friction angle; H is height of embankment fill; and L is thickness of
soil layers.
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Pile cap
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Pile
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20.0 m

Steel bar mesh

Geosynthetic
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A
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(a) CT structure
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Steel mesh

Pile cap
Soft soil
Pile

Pile
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Figure 1: Illustration of CT and FGT structures [3].

Pier

Concrete fixed top
Geosynthetic

Figure 2: Bridge approach at MCK + 826 number 0 Bridge.

this project as a prototype, a two-dimensional finite element
model is established using the software package PLAXIS. Due
to symmetry of the embankment, half of the embankment
cross section is modeled in PLAXIS. The parameters values
used in the numerical simulations, shown in Table 1, are
obtained from the in situ and laboratory tests. To convert
the three-dimensional problem into a two-dimensional one,
the equivalent elastic modulus of pile in the two-dimensional

Figure 3: Dimensions and boundary conditions in numerical
model.

model is calculated as 𝐸eq = 𝐸𝑝 𝑚+𝐸𝑠 (1−𝑚), where 𝐸𝑝 and 𝐸𝑠
are the elastic modulus of the pile and the soil, respectively;
and 𝑚 is the area replacement ratio [9]. The geometry and
boundary conditions of the model are the same as those
presented by Zhang et al. [3].
The dimensions and the boundary conditions in the
numerical model are presented in Figure 3. The boundary
condition at the bottom is assumed to be completely rigid
and the vertical boundaries are fixed against horizontal
displacement but allowed to move in the vertical direction.
The subgrade and embankment fill are modeled as linearly
elastic-plastic materials with Mohr-Coulomb failure criterion. The piles and geosynthetic are modeled as linearly
elastic materials.
In the numerical modeling, the 15-node triangular elements (Figure 4(a)) are used to model soil layers and
embankment fill. The 15-node triangle is the most accurate
element in the PLAXIS and can provide a high accuracy
results for complex problems. The 5-node beam (geogrid)
elements (Figure 4(b)) and five pairs of interface elements
(Figure 4(c)) are used together with 15-node triangular elements. The soil-structure interface is modeled as elasticplastic. In elastic region, the shear stress at the interface is
given by
|𝜏| < 𝜎𝑛 tan 𝜑 + 𝑐 .

(1)

In plastic region, the shear stress at the interface is given by
|𝜏| = 𝜎𝑛 tan 𝜑 + 𝑐 ,

(2)

where 𝜎𝑛 is normal stress and 𝜑 and 𝑐 are friction angle
and cohesive strength of the subgrade-structure interface,
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good agreement with field measured data. The above model
calibration forms the basis for the following study.

(a) 15-node triangular elements
(b) 5-node beam (geogrid) elements

(c) Five pairs of interface elements

Figure 4: Basic elements used in the numerical model.

respectively. The strength properties of interfaces can be
determined from the subgrade (embankment) properties
with a correlated strength reduction factor, 𝑅inter , and are
calculated as
tan 𝜑 = 𝑅inter tan 𝜑soil ,
𝑐 = 𝑅inter 𝑐soil ,

(3)

where 𝜑soil and 𝑐soil are friction angle and cohesive strength of
the subgrade soil [10].
2.2. Model Calibration. A model calibration was conducted
to ensure that the numerical modeling is reasonable and
representative of the field conditions [3]. The settlements
at the centerline of the ground surface (Point A as shown
in Figure 3) and lateral displacements at 1.0 m away from
the embankment toe (Point B as shown in Figure 3) in the
CT and FGT cases are measured by the settlement gauges
and total station instrument, respectively. Figure 5 shows that
the simulation results exhibit a reasonable agreement with
the field measurement data. The pile efficacy, which is the
ratio of the embankment load on a single pile to the total
embankment load over the tributary area of the pile below the
geosynthetic, changed with the embankment height as shown
in Figure 6. The calculated results are again shown to be in

2.3. Results and Comparisons. The settlement profiles at
embankment crest for both cases are presented in Figure 7.
The settlement profile for the FGT embankment is similar
to that for the CT embankment. However, the settlement
for the FGT embankment is much smaller than that for
the CT embankment. The maximum settlement for the FGT
embankment and CT embankment is 75.1 mm and 83.5 mm,
respectively.
Stability is one of the most important issues for high
embankment [11–13]. As an important control parameter for
the stability of high embankment [14], the lateral displacement is discussed herein. Figure 8 shows that the lateral
displacement at the embankment toe varies with depth.
As expected, the lateral displacement for the CT embankment is greater than that for the FGT embankment. The
maximum lateral displacements for the FGT embankment
and CT embankment are 18.6 and 22.9 mm, respectively.
The maximum lateral displacement for the FGT embankment is reduced by 18.8% as compared to that for the CT
embankment. The FGT embankment can significantly reduce
the lateral displacement and thus improve the embankment
stability.
Figure 9 shows that the vertical displacements of geosynthetic display different responses for both cases. The vertical
displacement for the CT embankment is shown to be larger
than that for the FGT embankment. However, the differential
vertical displacements between the valley and adjacent heave
for the FGT embankment are much larger than those for
the CT embankment. Below the embankment crest, the
maximum differential vertical displacement for the FGT
embankment is 32.1 mm and is more than 3 times larger than
that for the CT embankment.
The maximum tension of geosynthetic is an important
index for evaluating the efficiency of geosynthetic [15]. As
shown in Figure 10, the maximum tension in both cases
increases with increasing embankment height. For all the
embankment heights, the maximum tension for the FGT
embankment is greater than that for the CT embankment.
In addition, the difference of the maximum tension between
the two cases tends to increase with increasing embankment
height. Thus, the FGT embankment can better mobilize
the geosynthetic efficiency for all the embankment height
considered.
The distributions of lateral displacement at the top of
the piles for both cases are presented in Figure 11. The
lateral displacements for both cases generally increase with
the distance from the embankment centerline. The lateral
displacement curve for the FGT embankment is smoother
than that for the CT embankment. It can be concluded that
the FGT embankment can reduce the lateral displacement at
the top of the piles and improve the interaction between the
piles.
The variation of maximum bending moment of piles
with distance from embankment centerline is presented in
Figure 12. In general, the maximum bending moments for
the FGT embankment are greater than those for the CT
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Figure 12: Variation of maximum bending moment of piles with
distance from embankment centerline.
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Figure 11: Variation of lateral displacement at pile top with distance
from embankment centerline.

embankment. In addition, the distribution of maximum
bending moment for the FGT embankment is more uniform
relative to the CT embankment. The maximum bending
moment among the piles for the CT embankment is 1.3 times
that for the FGT embankment. The FGT embankment is
shown to improve the interaction between the piles.
2.4. Influencing Factors. To further investigate the performance of the FGT embankment, five key influencing factors
are selected for parametric study. The influencing factors
include elastic modulus of soil, tensile stiffness of geosynthetic, pile length, pile spacing, and pile elastic modulus.
In the parametric study, the FGT embankment and CT
embankment mentioned above are the two baseline cases.
The maximum settlement at the embankment crest, the lateral displacement at the embankment toe, and the maximum
tension of geosynthetic are investigated.
The influence of elastic modulus of soil is studied by
analyzing four cases with 0.6, 0.8, 1.0, and 1.2 times of
the elastic modulus of soil (including all soil layers) for

the baseline cases. As shown in Figure 13(a), the maximum
settlement and lateral displacement decrease with increasing
elastic modulus of soil. At a low elastic modulus (0.6 times
of the elastic modulus of soil), the maximum settlement
and lateral displacement for the FGT embankment are much
smaller than those for the CT embankment. For the FGT
embankment, the maximum settlement and lateral displacement are reduced by 19.1% and 10.1% as compared to the CT
embankment, respectively. The differences of the maximum
settlement and lateral displacement between the two cases
decrease gradually with increasing elastic modulus of soil.
The effect of elastic modulus of soil on the maximum tension
of geosynthetic is presented in Figure 13(b). The maximum
tension decreases with increasing elastic modulus of soil
for the FGT embankment. However, the elastic modulus of
soil has only slight influence on the maximum tension for
the CT embankment. Thus, the FGT embankment is more
competent for a soft soil condition.
Geosynthetic used for the GRPS embankment is expected
to improve the pile efficiency and embankment stability
by transferring load from the subgrade to the piles and
reducing lateral displacement [16]. The influence of tensile
stiffness of geosynthetic is studied by analyzing four cases
with tensile stiffness of geosynthetic = 100, 1000, 10000, and
100000 kN/m. Figure 14(a) shows that the tensile stiffness
of geosynthetic has a limited influence on the maximum
settlement for both cases. However, the lateral displacement is reduced significantly with increasing tensile stiffness
of geosynthetic. At the tensile stiffness of geosynthetic of
100 kN/m, the lateral displacement for the FGT embankment
is reduced by 16.1% as compared to the lateral displacement for CT embankment, and the corresponding reduction
increases to 34.2% at the tensile stiffness of geosynthetic of
100000 kN/m. As shown in Figure 14(b), the maximum tension increases with increasing tensile stiffness of geosynthetic.
The maximum tension for the FGT embankment is greater
than that for the CT embankment. In addition, the difference
of the maximum tension between the two cases tends to be
greater with increasing tensile stiffness of geosynthetic.
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Figure 14: Influence of geosynthetic tensile stiffness.

The influence of pile length is studied by analyzing
four cases with pile length of 6.0, 8.0, 10.0, and 12.0 m.
As shown in Figure 15(a), the maximum settlement and
lateral displacement change with the pile length for both
cases. As the pile length increases from 6.0 to 12.0 m, the
maximum settlement decreases only slightly at first but has
a jump when the pile length increases from 8.0 to 10.0 m.
Then, the influence of pile length becomes less important
again when the pile length exceeds 10.0 m. Similarly, the
degree of decrease on the lateral displacement becomes much
sharper with the pile length increase from 8.0 to 10.0 m. This
phenomenon occurs because the piles are penetrated into
firm soil layer. Figure 15(b) shows that the pile length has a
significant influence on the maximum tension for the FGT
embankment but limited influence for the CT embankment.
Pile spacing is an important design parameter for GRPS
embankment. Closely spaced piles can transfer the surcharge
load easily but are much uneconomical. A wide pile spacing,
however, is likely to cause bearing capacity failure or slope
stability failure [17]. In this study, the influence of pile
spacing is studied by analyzing four cases with pile spacing
of 2.5, 3.0, 3.5, and 4.0 m. The maximum settlement and

lateral displacement increase with increasing pile spacing as
presented in Figure 16(a). For both the FGT embankment
and CT embankment, the maximum settlement and lateral
displacement increase with increasing pile spacing. As shown
in Figure 16(b), the maximum tension of geosynthetic for the
FGT embankment firstly decreases and then increases with
increasing pile spacing. In contrast, the maximum tension
for the CT embankment firstly increases and then decreases.
Overall, the effect of pile spacing on the maximum tension for
the CT embankment is less important than that for the FGT
embankment.
The influence of pile elastic modulus is studied by analyzing four cases with pile elastic modulus of 0.5, 1.0, 5.0, and
10.0 MPa. As shown in Figure 17(a), the pile elastic modulus
has a limited influence on the maximum settlement and
lateral displacement for both cases. Similarly, Figure 17(b)
shows that the maximum tensions of geosynthetic remain
nearly constant with the increase of pile elastic modulus.
2.5. Discussion. The influence of a factor on the maximum
settlement at the embankment crest, the lateral displacement
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Figure 16: Influence of pile spacing.

at the embankment toe, and the maximum tension of geosynthetic is considered positive or negative based on its effect
on the performance of FGT embankment. The positive and
negative effects are defined as the decrease and increase of
the performance of FGT embankment with an increase of
the value of the factor, respectively. The degree of influence
of the factor is defined as the change of the values relative to
the mean values [18]. For example, the maximum settlements
for the pile length of 6.0, 8.0, 10.0, and 12.0 m are 109, 94,
75, and 67 mm, respectively. Thus, the degree of influence of
the pile length on the maximum settlement is calculated as
(109 − 67)/[(109 + 67)/2] = 48%. The degree of influence is
divided into three grades: high (greater than 60%), medium
(between 30% and 60%), and low (less than 30%). The
detailed calculation method and the grade of the influence
degree can be found in Huang and Han [18]. The degrees of
influence for each factor are listed in Table 2. The grades of
the influence degree for each factor are presented in Table 3.
In this study, Tables 2 and 3 show that the pile length, pile
spacing, and pile elastic modulus have a limited influence on
the performance of FGT embankment. The elastic modulus
of soil and tensile stiffness of geosynthetic have significant

Table 2: The degree of influence (%).
Factors
Smax

𝐸
55

𝐸𝑔
7

𝐿𝑝
48

𝐷
10

𝐸𝑝
5

Ltoe

65

73

5

8

1

T max

37

177

24

46

3

Note: Smax is maximum settlement at embankment crest; Ltoe is lateral
displacement at embankment toe; T max is maximum tension; 𝐸𝑔 is tensile
stiffness of geosynthetic; 𝐿 𝑝 is pile length; 𝐸𝑝 is elastic modulus of pile; D is
pile spacing.

Table 3: The grades of influence degree.
Factors
𝐸
𝐸𝑔
𝐿𝑝
Smax Medium (+) Low (+) Medium (+)

𝐷
Low (−)

𝐸𝑝
Low (+)

Ltoe

Low (−)

Low (−)

T max

High (+)

High (+)

Low (−)

Medium (+) High (−)

Low (−)

Medium (−) Low (−)

influence and are the two important factors for the performance of FGT embankment.
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Figure 17: Influence of pile elastic modulus.

Table 4: Cost evaluation for CT and FGT embankments (RMB 1000
Yuan).
CT

Labor cost Material cost Machinery cost Total cost
2120.6
2127.2
2011.7
6259.5

FGT

2138.8

2271.0

2012.8

6422.6

Incremental cost

18.2

143.3

1.1

163.1

Incremental rate

0.9%

6.8%

0.1%

2.6%

Table 5: Change rates of the cost and efficiency.

Baseline case/(m)

FGT
—

Change case/(m)

—

12.0

3.0

2.6%

18.9%

14.0%

Total cost

Pile length-CT Pile spacing-CT
10.0
3.5

Maximum settlement

10.1%

9.7%

7.6%

Lateral displacement

18.8%

−0.5%

0.8%

−178.4%

−0.8%

−13.8%

Maximum tension

3. Cost Evaluation
In this study, the costs of ground improvement for the
FGT embankment and CT embankment in the trial bridge
approach embankment are compared. The costs include those
for labor, materials, and machinery. The cost evaluation for
the baseline case with embankment length of 1.0 km for the
CT and FGT embankments is calculated and presented in
Table 4.
For the FGT embankment, the total cost is increased
by only 2.6% relative to the CT embankment. However,
the maximum settlement at the embankment crest and the
lateral displacement at the embankment toe for the FGT
embankment are decreased by 10.1% and 18.8%, respectively,
relative to the CT embankment, as shown in Figures 7 and 8.
Take the pile length and pile spacing; for example, the change
rates of the cost and efficiency are presented in Table 5. The
influence on the maximum settlement, lateral displacement,
and maximum tension is considered positive or negative
based on its effect on the performance of embankment as
mentioned above. The FGT embankment is shown to provide
an economical and effective measure for the construction of
high embankment at the bridge approach.

4. Conclusions
In this paper, to improve the performance of the CT embankment at the bridge approach, the FGT embankment is pro-

posed and studied. The numerical analysis and cost evaluation are conducted to investigate the performance of FGT
embankment. From this study, the following conclusions can
be drawn:
(1) The FGT embankment can significantly reduce the
settlement and lateral displacement and improve load
transfer from the subgrade to piles.
(2) The FGT embankment can significantly improve the
embankment stability and the geosynthetic efficiency.
(3) In the FGT embankment, the average values of
the maximum bending moment in the piles are
greater than those in the CT embankment. However,
the maximum bending moment among the piles is
smaller than that in the CT embankment in this study.
(4) The pile length, pile spacing, and pile elastic modulus
are shown to have limited influence on the performance of FGT embankment. The elastic modulus
of soil and tensile stiffness of geosynthetic have
significant influence on the performance of FGT
embankment.
(5) The performance of the FGT embankment is improved significantly with only a slight increase of the
total cost. Thus, the FGT embankment can provide
an economical and effective measure for the construction of high embankment at the bridge approach.
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The effects of seawater corrosion and freeze-thaw cycles on the structural behavior of fatigue damaged reinforced concrete (FDRC)
beams were experimentally studied. Results show that the residual strength of FDRC beams reduces as the fatigue load level (the
ratio of maximum fatigue load to the ultimate static load) increases. The reduction in the loading capacity of FDRC beams in
atmosphere environment was about 6.5% and 17.8% for given fatigue load levels of 0.2 and 0.3, respectively. However, if FDRC
beams are exposed to the environment of seawater wet-dry cycles or to the environment of alternating actions of freeze-thaw and
seawater immersion, as expected during the service life of RC bridge structures in coastal regions or in cold coastal regions, a more
rapid reduction in the strength and stiffness of the beams is observed. The significance of an accurate simulation of working load
and service condition RC bridge structures in coastal regions and cold coastal regions is highlighted.

1. Introduction
The bearing capacity and durability of in-service reinforced
concrete (RC) bridges may gradually deteriorate due to
traffic loads. In particular, the expected service life of fatigue
damaged RC (FDRC) bridges in cold coastal region may be
greatly reduced by chloride corrosion and freeze-thaw cycles.
For example, severe cracking and steel corrosion [1] have been
found in some RC bridges in coastal Shandong province in
China. Although these bridges have serviced for only ten
years, the loading capacity and durability of the bridges have
greatly degraded due to the harsh environment.
The fatigue behavior and mechanism of RC structures
have been investigated over the last century. Chang and Kesler
[2] tested the fatigue capacity of RC beams and concluded
that the fatigue fracture model was quite different with the
variation of fatigue stress level. Ople and Hulsbos [3] experimentally confirmed that the fatigue strength of compression
concrete in RC beams was higher than that of the axial
compression concrete in column with the same concrete
mixture. The testing results by Tepfer et al. [4] showed that,

comparing with a sinusoidal triangular waveform, a rectangular waveform can result in a shorter fatigue life. Schläfli
and Brühwiler [5] verified that the likelihood of RC bridges
failure caused by fatigue compressing fracture was low and
the current fatigue design methods were satisfactory. Existing
researches of fatigue performance were focused on the fatigue
life of RC structure, and few studies have been found on the
bearing capacity deterioration of structure by cyclic loading.
Muir and Bennett [6] experimentally studied the influence
of the static strength and the maximum size of coarse
aggregate upon the fatigue strength at 1,000,000 cycles and
found the “run-out” specimens showed a marked increase in
static strength comparing with those that were not cyclically
fatigued. Award and Hilsdorf [7] studied the influence of
maximum fatigue stress, fatigue stress amplitude, and age
of concrete on the mechanical properties of concrete prism
specimens, and the result showed that the residual static
strength of concrete increased in the top 30% of the fatigue
life of concrete and then decreased. Talreja and Weibull [8]
reported that the residual strength of the steel specimens
decreased as the number of loading cycles increased. Ling and
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Table 1: Concrete mix/(kg/m3 ).
Cement
468.8

Sand
625

Coarse aggregates
1156.3

Fly ash
37.5

Air entraining agent
0.94

2Φ10

150

a

a

Superplasticizer
3.1

800

Φ6@100

150

Water
184.4

2Φ10

100
a-a

Figure 1: Reinforcement detailing of beams.

Li [9] confirmed that the residual strength of steel decreased
as the number of loading cycles increased, indicating that the
relaxation of the residual strength of steel in the early stage of
fatigue loading cannot be ignored.
Recent studies indicate that the working environment of
RC structures has a significant impact on the fatigue behavior.
Erosion environment can greatly reduce the fatigue life of
RC structures [10]. Radian [11] studied the fatigue life of
RC beams under air environment, saltwater environment,
and saltwater freezing and thawing environment. The results
showed that the coupling action of service environment and
fatigue load level (in the range of 0.41 to 0.92) had a great
influence on the fatigue lives of RC beams. Al-Hammoud et
al. [12] tested galvanic corroded RC beams under monotonic
loading and fatigue loading and showed that the rate of
corrosion affected the fatigue lives of RC beams. Wang
and Gong [13] tested the deformation and fatigue lives of
RC beams in the air, freshwater, and saltwater conditions,
respectively, and observed that the fatigue lives under the air,
freshwater, and saltwater conditions were 2,000,000, 910,000,
and 330,000, respectively, when the fatigue load level was
0.55.
Yuan et al. [14] studied the effects of freeze-thaw cycles
on concrete pores by X-ray CT and results indicated that
frost failure gradually developed from surface to interior
of concrete specimens as the number of freeze-thaw cycles
increases. Diao et al. [15] performed testing for cracked RC
beams under the environment of alternating seawater wetdry and freeze-thaw cycles. The results showed that seawater
erosion and freezing-thawing could accelerate the deterioration of RC beams, and the contribution from freezing and
thawing was larger than that of pure seawater erosion.
Most of the existing studies focus on the experimental
investigation of the fatigue limit of RC structures with a
fatigue load level that is usually larger than 0.40. Few studies
have been focused on the fatigue durability of RC structures
under the practical working condition. In this study, the
actual working condition of RC bridges was simulated using
the following steps. First, RC beams were fatigue loaded
at different load levels with a prescribed number of cycles.
Next, RC beams were exposed to the seawater wet-dry
environment or to the alternative environment of freeze-thaw
cycles. Finally, the RC beams were statically tested and the
performance degradation of the beams was studied.

2. Specimen Design and Testing Procedures
2.1. Specimen Design. The practical working condition was
simulated here to investigate the fatigue durability of RC
structures. The comprehensive effects of fatigue damage and
environment were considered. The low fatigue load levels
(0.0, 0.2, and 0.3) were selected. The maximum number of
fatigue loading cycles was determined as 200,000 to represent
the early stage of the fatigue life of RC beams. Next, the FDRC
beams were exposed to the environment conditions of air,
seawater wet-dry cycles, and alternations of freeze-thaw and
seawater immersion, respectively. The effects of fatigue load
level and working environments on residual strength of RC
beams were studied by static loading test.
Two sets of specimens were prepared. The first set consists
of a total of 9 plain concrete specimens for material property
tests. The second set includes 20 RC beams for structural
deterioration tests. Parameters of the concrete mix are shown
in Table 1. The mix has a maximum aggregate size of 8 mm
and a gas content of 5.4%.
Nine plain concrete specimens were made and were
equally divided into three groups. The first group was exposed
to an environment of seawater wet-dry cycles. The second
group was exposed to an alternating environment of freezethaw and seawater immersion. The third group was exposed
to the air as a reference. The dimensions for all specimens
were 100 mm × 100 mm × 100 mm.
All RC beam specimens had the same dimensions of 𝑏×ℎ×
𝑙 = 100 mm × 150 mm × 800 mm and the same arrangement
of reinforcement bars. The reinforcement details are shown in
Figure 1. The longitudinal reinforcement of beams has a size
of 2Φ10; the reinforcement ratio is of 1.05%.
A reference beam specimen was tested with a static
loading at the age of 176 days, and the ultimate load was
obtained as 𝑃𝑢 = 47.5 kN. To study the effects of fatigue
load level and working environments on residual strength
of RC beams, the remaining 19 specimens were divided into
9 groups according to three fatigue loading levels and three
environment conditions. The three fatigue loading levels
were 0.0, 0.2, and 0.3, respectively. And the three environment conditions were air, seawater wet-dry, and alternating
freeze-thaw and seawater immersion, respectively. Denote
the beams in the air as A series, in the seawater wet-dry

Advances in Materials Science and Engineering

3

Table 2: Testing parameters of beam specimens.
Series number

A

B

C

Groups number

Specimen number

1
2
3
4
5
6
7
8
9

A1, A2
A3, A4
A5, A6
B1, B2
B3, B4
B5, B6, and B7
C1, C2
C3, C4
C5, C6

Fatigue load
Upper
Lower
0
0
0.2𝑃𝑢
0.1𝑃𝑢
0.1𝑃𝑢
0.3𝑃𝑢
0
0
0.2𝑃𝑢
0.1𝑃𝑢
0.1𝑃𝑢
0.3𝑃𝑢
0
0
0.2𝑃𝑢
0.1𝑃𝑢
0.1𝑃𝑢
0.3𝑃𝑢

Loading cycles

Environment condition

0
2 × 106
2 × 106
0
2 × 106
2 × 106
0
2 × 106
2 × 106

Air
Air
Air
Wet-dry
Wet-dry
Wet-dry
Freeze-thaw
Freeze-thaw
Freeze-thaw

The seawater used in current study was the artificial mixed
solution of sodium chloride (NaCl) and magnesium sulfate
(MgSO4 ) with a mass ratio of 3% and 0.34%, respectively.
All beam specimens except B7 were statically loaded until
failure, while the rebar in the beam specimen B7 was tested
by monotonous tension. The static loading terminated when
one of the three conditions was met: the tensile reinforcement
fractured, the ultimate load was decreased by the amount of
15%, and the middle deflection was larger than 1/50 of the
beam span.
Figure 2: Setup of fatigue loading device.

3. Results and Discussion
3.1. Material Test Results

as B series, and in alternating freeze-thaw and seawater
immersion as C series. Details of testing parameters for each
of the groups are shown in Table 2.
2.2. Test Procedures. All tests were performed in the Civil
Engineering Laboratory and the Fatigue Laboratory at Beihang University in Beijing. All specimens were demolded
after 24 hours of casting and were cured under standard
temperature and moisture conditions. The beam specimens
of 9 groups (three series) at the age of 180 days were cyclically
loaded on MTS fatigue testing machine for 200,000 cycles.
The detailed loading parameters are shown in Table 2, and the
loading setup is shown in Figure 2. Four-point bending sine
wave with a frequency of 5 Hz was used. The loading process
was automatically controlled by a computer.
Environment simulation of FDRC beam specimens was
carried out after fatigue testing. Beam specimens of A series
were placed in the air for 100 days, specimens of B series were
exposed to seawater wet-dry cycles, and specimens of C series
were exposed to alternative actions of seawater immersed and
freeze-thaw cycles. The procedure of seawater wet-dry cycles
was designed to immerse the specimens in seawater for 12 h
and then expose the specimens to the air for 12 h as one cycle.
The procedure was repeated until 100 cycles were finished.
The procedures of alternative actions of seawater immersed
and freeze-thaw cycles were 300 freeze-thaw cycles and 100
times of seawater immersion, as described by Diao et al. [15].

3.1.1. Compressive Strength of Plain Concrete. Table 3 shows
the compressive strength of concrete specimens. Comparing
with the specimens of the reference group, the average
compressive strength of the specimens after seawater wet-dry
cycles (100 times) decreased by 1.9%. The average compressive
strength of the specimens after alternating freeze-thaw (300
times) and seawater immersion (100 times) decreased by
8.1%. This means that seawater wet-dry cycles (100 times)
have no significant impact on the compressive strength
of concrete specimens, and, due to the discreteness, the
compressive strength of specimen a-3 under air condition is
a little bit lower than b-1 and b-2 under seawater condition.
3.1.2. Strength of Rebar Specimens. The four rebar specimens
were tested by monotonous tension, named reference group
in Table 4. And two rebar specimens in the FDRC beam
specimen B7, named fatigue group, were also tested; the rebar
shown in Figure 3 was cut from specimen B7 (the remaining
strength of B7 was not tested, but seawater wet-dry cycles
condition for B7 was the same with B5 and B6). The strength
of all rebar specimens was listed in Table 4.
Since there was no yielding point in the stress-strain
curves of the reference group rebar, the yield strength was
taken as the stress corresponding to 0.2% residual strain
according to the Chinese code for design of concrete structures (GB 50010-2010). It can be seen from Table 4 that the
yield strength of rebar specimens decreased significantly after
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Table 3: Compression strength of concrete.
Compressive
strength/MPa

Reference
group
a-1
a-2
a-3
Seawater wet-dry
cycle group
b-1
b-2
b-3
Seawater freeze-thaw
cycle group
c-1
c-2
c-3

Average/MPa

Figure 3: Tensile rebar in beam specimen B7.

42.0
43.5
40.9

42.1

41.9
41.7
40.2

41.3

800

600
Stress (MPa)

Series

38.0
38.9
39.2

38.7

400

200

0
0

Table 4: Strength of rebar specimens.
Series

Reference
group
Fatigue
group

Number of
rebar

Yield
strength/MPa

Ultimate
strength/MPa

1
2
3
4

560
545
552
532

705
735
736
720

Fatigue 1
Fatigue 2

481
476

710
720

fatigue loading, but the ultimate strength has no significant
variation.
The strain-stress curves shown in Figure 4 indicate that
the elastic modulus for each of the groups was almost the
same, with an average of 𝐸𝑠 = 248 GPa. The residual yield
strength and ductility of rebars in the fatigue group reduced
at the fatigue load level of 0.3. The ultimate stress remains
at the same level in the strain range of 2000 𝜇𝜀–6000 𝜇𝜀.
It should be noted that Talreja and Weibull [8] and Ling
and Li [9] also reported that the residual strength of steel
specimens monotonically decreased as the number of fatigue
load cycles increased based on numerous test data and
statistical regression. This agrees well with the conclusion
drawn from this case study that the residual yielding strength
of fatigue bars decreased.
3.2. Fatigue Bending Loading. The fatigue load level for beam
specimens A3, A4, B3, B4, C3, and C4 was 0.2. All these
specimens showed a crack at the bottom of middle span
within the first 200 cycles of loading. Cracks initiated from
the bottom were propagated to the location of the tensile
reinforcement (40 mm from the bottom of the beam). As the
number of cycles increased, a second crack appeared parallel
to the first crack. The crack lengths of the two cracks were

5000

10000

15000
20000
Strain (𝜇𝜀)

25000

30000

Reference
Fatigue 1
Fatigue 2

Figure 4: Stress-strain curves of rebar from reference and fatigue
group.

almost identical. The maximum fatigue load level for A5, A6,
B5, B6, B7, C5, and C6 was 0.3. All these beam specimens
developed a crack at the bottom of middle span in the first
cycle. Cracks propagated from the bottom up to the location
of compression reinforcement (110 mm above the bottom of
the beam). With continuous loading parallel cracks appeared
near the first crack. The lengths of the new cracks were shorter
than the first crack. Figure 5 shows the fatigue cracks of
specimen A6. The width and length of cracks and the total
number of cracks are shown in Table 5. It can be observed that
with the increasing load the number of cracks, the length, and
the width of cracks also increased.
The relationship of the number of loading cycles and
deflection at midspan of beam specimens was shown in
Figure 6 at the fatigue load level of 0.2. As shown in Figure 6,
the midspan deflection of beam specimens increased rapidly
in the first 100 cycles and then slowed down. The average maximum midspan deflection of the specimens was
0.893 mm in the last cycle and the coefficient of variation
(COV) was 0.043.
The relationship of the number of loading cycles and the
maximum tensile strain and residual strain of tensile rebar
are shown in Figure 7. It can be seen from Figure 7 that
the maximum strain of rebar increased rapidly in the first
1000 loading cycles and increased slightly afterwards. But the
residual strain increased faster than the maximum strain; this
means that the plastic deformation of tensile rebar gradually
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Table 5: Crack condition of beams after fatigue loading.
Fatigue
load level
0
0.2
0.2
0.3
0.3
0
0.2
0.2
0.3
0.3
0.3
0
0.2
0.2
0.3
0.3

Number
A1, A2
A3
A4
A5
A6
B1, B2
B3
B4
B5
B6
B7
C1, C2
C3
C4
C5
C6

Number of cracks

Max width of crack/mm

Max length of crack on side/mm

—
2
1
3
3
—
2
1
3
2
3
—
3
2
4
3

—
0.07
0.08
0.11
0.21
—
0.12
0.09
0.10
0.10
0.12
—
0.10
0.11
0.12
0.11

—
43
41
88
102
—
42
49
83
92
101
—
41
36
102
124

500
Strain of tensile steel bars (𝜇𝜀)

102

A6

Figure 5: Cracks distribution of beam specimen A6.
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Figure 7: Max and residual strain of rebar at load level 0.2.
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Figure 6: Max deflection of beams at load level 0.2.

increased with the cycles of fatigue loading increased. The
average maximum strain of tensile rebar was 423 𝜇𝜀 in the
last cycle and the COV was 0.055; the average residual strain
of tensile rebar was 145 𝜇𝜀 in the last cycle and the COV was
0.148.

The midspan deflection of beams and the strain of tensile
rebar are shown in Figures 8 and 9 at the fatigue load level
of 0.3, respectively. Compared with the results at fatigue
load level 0.2, the range of the midspan deflection of beam
specimens increased significantly. The curves in Figure 8
showed a large variation of the maximum deflection in terms
of amplitude and increasing rate. The average maximum
midspan deflection of beams was 1.315 mm in the last cycle
and the COV was 0.110.
Figure 9 shows that the residual strain of tensile rebar
increased slowly when the number of fatigue loading cycles
was larger than 1000. The average maximum strain of tensile
rebar was 820 𝜇𝜀 in the last cycle and the COV was 0.117. The
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Table 6: Ratio of residual strain to max strain.

Maximum deflection (mm)

1.6

Number

1.4

1.2

1.0

0.8

0.6
0

50

100
Fatigue cycles

150

200
×103

B7
C5
C6
Average

A5
A6
B5
B6

Ratio of residual strain to maximum strain
3 cycles 1000 cycles 20,000 cycles 200,000 cycles

A3

0.128

0.210

0.270

0.406

A4
A5
A6

0.136
0.281
0.348

0.172
0.516
0.675

0.204
0.509
0.612

0.271
0.525
0.682

B3
B4
B5

0.053
0.015
0.333

0.359
0.219
0.563

0.330
0.227
0.553

0.364
0.333
0.651

B6
B7

0.045
0.344

0.705
0.538

0.591
0.536

0.574
0.604

C3
C4
C5

0.043
0.085
0.345

0.328
0.314
0.435

0.347
0.315
0.383

0.345
0.341
0.407

C6

0.327

0.420

0.417

0.509

Figure 8: Max midspan deflection at load level 0.3.

load cycles. It is observed from the testing results that the
ratio increased as the number of fatigue load cycles increased.
Within the first 1000 cycles, the ratio showed a sharp rise. For
the fatigue load level of 0.2, the ratios of the residual strain to
the maximum strain of tensile rebar were smaller than 0.40
after 200,000 fatigue loading cycles. For fatigue load level 0.3,
the ratios were generally larger than 0.50 after 200,000 fatigue
loading cycles.

Strain of tensile steel bars (𝜇𝜀)

1000

800

600

Elastic strain

Max strain

400

200

Residual strain
Plastic strain

0
0

50

100

150

200

Fatigue cycles
A5
A6
B5
B6

250

300
×103

B7
C5
C6

Figure 9: Max and residual strain of rebar at load level 0.3.

average residual strain of tensile rebar was 461 𝜇𝜀 in the last
cycle and the COV was 0.181.
At the fatigue load level of 0.2, the COV of the maximum
midspan deflection, the maximum tensile strain, and the
residual tensile strain of rebar were 0.043, 0.055, and 0.148,
respectively. At the fatigue load level of 0.3, the COV of the
maximum midspan deflection, the maximum tensile strain,
and the residual tensile strain of rebar were 0.110, 0.117, and
0.181, respectively. This indicates that as the fatigue load level
increased, the plastic deformation of the specimen increased
and the variation of the test results became larger.
Table 6 shows the variation of the ratio of residual strain
to maximum strain of tensile rebar with the number of fatigue

3.3. Seawater Wet-Dry Cycles Test. The surface color of beam
specimens of B series turned from light gray to pale yellow
when increasing the number of wet-dry cycles. Specimens B3,
B4, B5, B6, and B7 showed a significant phenomenon of selfhealing in seawater wet-dry cycles. It can be seen in Figure 10
that there were three fatigue cracks with the max width of
0.07 mm, 0.10 mm, and 0.09 mm in beam specimen B5 before
seawater dry-wet cycles. But after 100 cycles of seawater drywet only two cracks can be observed and the max width of
the two cracks is 0.05 mm. It might be caused by the selfrecovery performance of concrete. Şahmaran [16] reported
that the deposit on the self-healing crack surface was calcite
(CaCO3 ) by X-ray diffractogram and proved that concrete
hydration was an exclusive cause of self-healing.
The number of observed fatigue cracks during the procedures of seawater wet-dry cycles is shown in Table 7. In
this table, 0 cycles mean the number of seawater wet-dry
cycles is 0. It was observed that both the number of cracks
and the maximum of the crack width were reduced when the
number of wet-dry cycles increased. Most of the initial cracks
disappeared after 100 cycles.
3.4. Alternating Actions of Freeze-Thaw and Seawater Immersion Test. The surface color of beam specimens of C series
turned from light gray to taupe as the number of freeze-thaw
cycles increased. In this series, cracks of beam specimens
did not show an obvious self-healing. Some cracks even
became wider and clearer after applying the freeze-thaw
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Underside

(a) B5 before seawater dry-wet cycles (0 cycles)

Underside

(b) B5 after 100 dry-wet cycles in seawater

Figure 10: Surface self-healing of B5 in seawater wet-dry process (16 times’ magnification).
Table 7: Variation of fatigue cracks with different wet-dry cycles.
Number
B3
B4
B5
B6
B7

Fatigue
load level
0.2
0.2
0.3
0.3
0.3

0 cycles
2
1
3
2
3

Numbers of cracks
33 cycles
66 cycles
0
0
1
1
2
2
1
1
2
2

cycles. It can be seen in Figure 11 that there were four
fatigue cracks with the maximum width of 0.11 mm, 0.12 mm,
0.09 mm, and 0.09 mm in beam specimen C5 before freezethaw cycles. After 300 freeze-thaw cycles, there were still four
fatigue cracks and the maximum width changed to 0.12 mm,
0.10 mm, 0.07 mm, and 0.10 mm. The change of width is
small, and it might be due to the fact that freeze-thaw cycles
prevented the self-recovery of concrete.
The variation of fatigue cracks during the alternating
freeze-thaw and seawater immersion test is shown in Table 8.
In this table, 0 cycles mean the number of freeze-thaw cycles
is 0. It can be seen that the numbers of cracks remained
unchanged and the maximum crack width became larger
with increasing the number of cycles.
Comparisons between the beam specimens of series B
and series C revealed the following facts. The width of crack of
specimens in series B (i.e., seawater wet-dry cycles) decreased
gradually, and the width of cracks of specimens in series C
(i.e., alternating freeze-thaw and seawater immersion) did not
decrease; some even became larger.
3.5. Residual Strength Test of Beams. Beam specimens without fatigue loading were A1, A2, B1, B2, C1, and C2. In
the static loading process, the first vertical cracks appeared
in the midspan, and cracking load was 5.42 kN, 5.65 kN,
5.64 kN, 5.79 kN, 4.71 kN, and 4.03 kN, respectively. With the
increasing load cracks gradually developed, and the parallel
cracks appeared. When cracks propagated to the location
of the compression reinforcement, the tensile reinforcement
yielded and the concrete compression zone crushed.

100 cycles
0
0
2
0
0

0 cycles
0.12
0.09
0.10
0.10
0.12

Max crack width/mm
33 cycles
66 cycles
0
0
0.05
0.04
0.08
0.05
0.07
0.06
0.08
0.08

100 cycles
0
0
0.05
0
0

Another observation is that in the static loading process
the original fatigue cracks of the test specimens further
propagated, and new cracks appeared (Figure 12). Both the
previous cracks (before applying the static load) and newly
developed cracks (due to the static load) appeared in the
vicinity of midspan. The specimen broke when cracks propagated to the location of the compression reinforcement,
causing the yielding of tensile reinforcement and the crushing
of the concrete compression zone along the fatigue cracks.
Figures 13–15 show the final fracture morphology of three
series beam specimens. The fractures of FDRC beams were all
along the fatigue cracks of the midspan.
Tables 9–11 show the residual capacity test results of the
beams. The term 𝛿𝑦 is the midspan deflection when beam
yielded, and the term 𝛿𝑢 is the midspan deflection at the
ultimate load. The ductility factor is defined as the ratio of the
ultimate deflection to the yield deflection. The yield modulus
is the ratio of the yield load to the yield deflection.
Figures 16–18 show load-deflection curves of beams
under different working environments. When fatigue loading
level changed, each load-deflection curve had an approximate
similar monotonic trend. For example, the yield load, ultimate load, and the stiffness of the beams decreased as the
fatigue load level increased. However, due to the impact of
different work environments, the stiffness varied differently.
It can be seen from Table 9 and Figure 16 that the yield
load and ultimate load of specimens in A series decreased
with the increasing fatigue load level, but the yield deflection
and ultimate deflection were not significantly reduced. Muir
and Bennett [6] and Award and Hilsdorf [7] revealed that
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Underside

(a) C5 before freeze-thaw cycles

Underside

(b) C5 after 300 freeze-thaw cycles

Figure 11: Surface self-healing of C5 in freeze-thaw process (16 times’ magnification).

Fatigue cracks

C5

(a) C5 installed for testing

C5

(b) C5 yielded

C5

(c) C5 broken

Figure 12: Static loading process of beam specimen C5.

Table 8: Variation of fatigue cracks with different freeze-thaw cycles.
Number
C3
C4
C5
C6

Fatigue
load level
0.1, 0.2𝑃𝑢
0.1, 0.2𝑃𝑢
0.1, 0.3𝑃𝑢
0.1, 0.3𝑃𝑢

0 cycles
3
2
4
3

Number of cracks
100 cycles
200 cycles
3
3
2
2
4
4
3
3

300 cycles
3
2
4
3

0 cycles
0.10
0.11
0.12
0.11

Max crack width/mm
100 cycles
200 cycles
0.10
0.10
0.10
0.10
0.12
0.12
0.15
0.16

300 cycles
0.11
0.11
0.12
0.17
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Figure 13: Testing results of beam specimens of A series.
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Figure 14: Testing results of beam specimens of B series.
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Figure 15: Testing results of beam specimens of C series.
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Table 9: Residual capacity results of beams of A series.

Number
A1
A2
A3
A4
A5
A6

Fatigue
load level
0
0
0.2
0.2
0.3
0.3

Yield load
kN
51.80
54.21
50.28
46.40
46.18
45.54

𝛿𝑦 /mm
2.59
2.57
2.28
2.24
2.69
2.53

Ultimate load
kN
64.29
65.87
62.98
58.69
54.72
52.28

𝛿𝑢 /mm

Ductility factor

5.68
5.28
4.27
5.28
5.27
4.17

3.58
2.73
5.61
6.24
5.21
5.53

Yield modulus
kN/mm
20.00
21.13
22.07
20.69
17.18
17.98

Table 10: Residual capacity results of beams of B series.
Number
B1
B2
B3
B4
B5
B6

Fatigue
load level
0
0
0.2
0.2
0.3
0.3

Yield load
kN
52.12
49.81
43.39
45.25
39.66
40.75

𝛿𝑦 /mm
2.67
2.58
2.42
2.20
2.50
2.49

Ultimate load
kN
62.05
58.5
53.44
58.1
51.74
48.71

𝛿𝑢 /mm

Ductility factor

5.27
4.89
5.43
5.38
6.88
4.54

6.34
4.24
4.87
5.69
5.61
5.61

Yield modulus
kN/mm
19.52
19.31
17.95
20.62
15.89
16.34

Table 11: Residual capacity test results of C series.
Number
C1
C2
C3
C4
C5
C6

Fatigue
load level
0
0
0.2
0.2
0.3
0.3

Yield load
kN
49.10
46.37
43.82
45.41
41.17
40.10

𝛿𝑦 /mm
2.73
2.53
2.78
2.86
2.65
2.68

Ultimate load
kN
56.2
55.27
51.47
53.41
49.28
45.97

residual compressive strength of concrete did not reduce in
the early stage of fatigue loading. It can be inferred that the
decrease of flexural capacity of A series beams was mainly
caused by the degradation of residual strength of reinforcement bars and bending stiffness of RC beams. Compared
with beams A1 and A2 (without fatigue loading), the yield
load of beams A3 and A4 (fatigue load level 0.2) decreased,
which indicated that the elastic stage was shortened due to the
loading. The yield moduli of beams A5 and A6 (fatigue load
level 0.3) decreased significantly, indicating that the stiffness
of the beam was weakened due to fatigue loading.
It can be seen from Table 10 and Figure 17 that the
yield load and ultimate load of beam specimens in B series
decreased with the increasing fatigue load level. The yield
moduli of specimens B5 and B6 (fatigue load level 0.3)
decreased significantly, indicating the reduction of the stiffness due to the fatigue loading.
It can be seen from Table 11 and Figure 18 that the yield
load and ultimate load of specimens in C series decrease with
an increasing fatigue load level, but the yield deflections and
ultimate deflections do not decrease significantly.

𝛿𝑢 /mm

Ductility factor

3.90
4.94
5.57
4.56
6.19
4.80

4.38
3.24
3.11
5.46
5.28
5.22

Yield modulus
kN/mm
17.98
18.32
15.78
15.88
15.53
14.96

Based on the results shown in Tables 9–11, the yield
strength, ultimate strength, and yield moduli of the specimens without fatigue loading decreased significantly due to
the alternating freeze-thaw and seawater immersion; however, those quantities were not affected too much by seawater
wet-dry cycles. For specimens at the same fatigue loading
level, the yield strength, yield modulus, and ultimate strength
of C series are the smallest ones among the three series. The
values of the three variables in B series are smaller than those
of A series.
Figures 19–21 present load-deflection curves of the beams
at the same fatigue load level but in different environment
conditions. It can be seen from Figures 19–21 that the ultimate
strength of B series beams was smaller than that of the A
series beams, and the ultimate strength of C series beams
was smaller than that of the B series beams. Based on the
results in Figures 19–21, it can be concluded that the yield
strength and ultimate strength of beams were reduced due
to the action of the seawater wet-dry cycle or alternating
freeze-thaw and seawater immersion. For FDRC beams at
the fatigue load level of 0.2, the action of seawater wet-dry
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Figure 16: Load-deflection curves of A series.
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Figure 18: Load-deflection curves of C series.
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Figure 17: Load-deflection curves of B series.

cycles and alternating freeze-thaw and seawater immersion
not only reduced the yield strength and ultimate strength, but
also affected the elastic stiffness. The alternating freeze-thaw
and seawater immersion had a more severe impact on the
deterioration of the mechanical behavior of beam specimens.
For FDRC beams at the fatigue load level of 0.3, although the
environment conditions affected the yield strength, ultimate
strength, and the elastic stiffness, the contribution of wet-dry
cycles and freeze-thaw cycles was less than that introduced by
the increment of fatigue amplitude.
Figure 22 shows the load-bending stiffness curves of
the beam specimens. The curves describe the variation of
bending stiffness of the beam specimens in the static loading
process. The bending stiffness (BS) is defined as the ratio
of flexural moment to the curvature at midspan during

0
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6
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Deflection (mm)

10

12

14

B2
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C2

Figure 19: Load-deflection curves in different environments.

static loading. As shown in Figure 22, BS of A series beams
decreased significantly with the increasing of the fatigue load
level. BS of case A6 was very small because of the discreteness
of initial stiffness and concrete fatigue damage of RC beams.
BS of B series beams was close when the load was less than
32 kN and had larger difference when the load became larger.
This showed that the seawater wet-dry cycles reduced BS
of beams, and the reduction of BS of beams magnified the
deterioration effect of fatigue damage when the load was
larger than 32 kN. BS of C series beams was almost identical in
all static loading procedures. This showed that the alternating
freeze-thaw and seawater immersion decreased the BS of
beams regardless of the fact that the beams had been fatiguedamaged or not.
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Figure 20: Load-deflection curves at load level 0.2.
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Figure 21: Load-deflection curves at load level 0.3.

Comparing curves with the same fatigue load level in
Figure 22, it can be seen that the seawater wet-dry cycles and
alternating freeze-thaw and seawater immersion decreased
BS of beams significantly. The specific results are in Table 12.
Table 13 shows results of residual capacity test for beams
in different erosional environments after fatigue testing at
different fatigue load levels. The 3rd column shows the
average yield load of each group and the 4th column shows
the reduction of beam specimens of each group with respect
to the average yield load of specimens A1 and A2. The 5th
column is the average yield modulus of each group, and the
6th column is the reduction of each group with respect to
the average yield modulus of specimens A1 and A2. The 7th
column is the average ultimate load of each group, and the

8th column is the reduction of each group with respect to the
average ultimate load of specimens A1 and A2.
It can be seen from the 3th and 4th columns in Table 13
that the yield strength of beam specimens decreased as
the fatigue load level increased under the same working
environment. Compared with the yield strength obtained in
the air, the seawater wet-dry cycles and alternating freezethaw and seawater immersion cycles can both increase the
amount of reduction in yield strength of the FDRC beams.
For beams without fatigue damage, seawater wet-dry cycles
had a very small effect on the yield strength, but alternating
freeze-thaw and seawater immersion decreased the yield
strength significantly. This is consistent with the results of the
concrete cube test. In the concrete cube test it was shown
that under the same conditions of reinforcement the yield
strength of beams depends on the strength of the concrete.
It can be seen from the 5th and 6th columns in Table 13
that the yield moduli of beam specimens had a small change
in the air environment when the fatigue load level was low, but
when the fatigue load level increased to 0.3, the yield moduli
of specimens decreased significantly. Seawater wet-dry cycles
and alternating freeze-thaw and seawater immersion cycles
both increased the reduction of yield moduli of beams fatigue
damage, and the yield moduli of specimens had a significant
reduction when the fatigue load level was small. Without
fatigue damage, the yield moduli of specimens in all three
working environments were close. With fatigue damage, the
yield moduli of B series of beams were smaller than those of
the A series of beams. The C series of beams had smaller yield
moduli than that of the B series of beams.
The data in the 7th and 8th columns of Table 13 show
that the ultimate strength of beam specimens decreased as
the fatigue load level increased in the same working environment. Compared with the ultimate strength obtained from
specimens in the air (A series), seawater wet-dry cycles (B
series) and alternating freeze-thaw and seawater immersion
cycles (C series) both increased the amount of reduction in
ultimate strength of FDRC beams. The ultimate strengths of
beam specimens of B series were lower than those of A series,
and those of C series were lower than B series.
Figure 23 shows the average variation of yield strength
and ultimate strength of each series of beam specimens at
different fatigue load levels. It can be seen that the yield
strength of A series and B series decreased linearly as the
fatigue load level increased. The ultimate strength of three
series all decreased with an approximately similar speed as
the fatigue load level increased. When the fatigue load was
0, the amount of reduction for C series with respect to A
series was about 2 times of that for B series with respect to
A series. While fatigue load level was 0.2, this quantity was
about 1.6. When the fatigue load level was no more than
0.2, the amount of reduction of C series with respect to A
series and the amount of reduction of B series with respect
to A series remained the same. The amount of reduction
for B series with respect to the A series decreased. When
the fatigue load level was 0.3, the ultimate strengths of the
B and C series simultaneously reduced comparing with the
ultimate strength of the A series. It was the fatigue damage
that contributes significantly to the deterioration of flexural
performance.
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Figure 22: Load-bending stiffness curves of the beams.

Figure 24 shows that the yield moduli of beam specimens
vary with the fatigue load level. It is shown that the yield
moduli of A series and B series did not decrease when the
fatigue load level was less than 0.2, but the yield moduli
decreased rapidly at the load level of 0.3. This means that low

fatigue load level (no more than 0.2) cannot decrease the yield
modulus of RC beam under air environment and seawater
wet-dry cycling environment. Because of the discreteness of
yield moduli, the yield moduli of the beams of A series and
B series at the fatigue load level of 0.2 were larger than that
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Table 12: Bending stiffness analysis.

Fatigue
load level

Specimen

Initial stiffness
Yield stiffness
Ultimate stiffness
amplitude reduction
amplitude reduction
amplitude reduction
2
2
kN⋅m
kN⋅m2
kN⋅m

0

A1
B1
C2

414
343
318

0
17.1%
23.2%

190
130
104

0
31.6%
45.3%

89
68
57

0
23.6%
36.0%

0.2

A4
B3
C3

341
324
260

0
5.0%
23.7%

190
131
95

0
31.1%
50.0%

82
55
53

0
32.9%
35.4%

0.3

A6
B6
C5

298
320
245

0
−7.4%
17.8%

152
110
91

0
27.6%
40.1%

79
53
48

0
32.9%
39.2%

Table 13: Residual capacity results analysis.
Number

Fatigue
load level

Yield strength
kN

A1, A2
A3, A4
A5, A6
B1, B2
B3, B4
B5, B6
C1, C2
C3, C4
C5, C6

0
0.2
0.3
0
0.2
0.3
0
0.2
0.3

53.01
48.34
45.86
50.97
44.32
40.21
47.74
44.62
40.64

Reduction
%

Yield modulus
kN/mm

Reduction
%

Ultimate strength
kN

Reduction
%

20.57
21.38
17.58
19.42
19.29
16.12
18.15
15.83
15.25

0
−3.8%
17.0%
5.6%
6.6%
27.6%
11.8%
23.0%
34.9%

65.08
60.84
53.5
60.28
55.77
50.23
55.74
52.44
47.63

0
6.5%
17.8%
7.4%
14.3%
22.8%
14.4%
19.4%
26.8%

0
8.8%
13.5%
3.8%
16.4%
24.1%
9.95%
15.8%
23.3%

at the fatigue load level of 0.0. The yield moduli of C series
beam specimens decreased linearly as the fatigue load level
increased.

70

4. Conclusion

50

Static load (kN)

(1) The residual bending capacity of FDRC beams in the air
reduces as the fatigue load level increases. The reduction
of bearing capacity is mainly due to the reduction of yield
strength of the reinforcement bars, and the decrease of
bending stiffness is caused by fatigue damage accumulation.
(2) The residual yield load and ultimate load of the beams
without fatigue damage can be decreased by the seawater
wet-dry cycles and the alternating freeze-thaw and seawater
immersion cycles. This is mainly due to the decrease of the
concrete compressive strength.
(3) The residual yielding strength and ultimate strength
of FDRC beams under the environment of seawater wetdry cycles reduce as the fatigue load level increases. The
residual yielding strength and ultimate strength of FDRC
beams under the environment of alternating freeze-thaw
and seawater immersion cycles reduce as the fatigue load
level increases. Contributions from the three factors to the
reduction, from smaller to larger, are air, seawater wetdry, and alternating freeze-thaw and seawater immersion,
respectively.

60
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0.20
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A series yield load
B series yield load
C series yield load
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A series ultimate load
B series ultimate load
C series ultimate load

Figure 23: Yield load and ultimate load with fatigue load level.

(4) The fatigue cracks of beams exhibit self-healing in
the environment of seawater wet-dry cycles; however, the
self-healing is not obvious in the environment of alternating
freeze-thaw and seawater immersion cycles.
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Figure 24: Yield modulus with fatigue load level.

200,000 cycles of fatigue loading at small fatigue load
levels, for example, 0.2 and 0.3 in this study, can introduce
serious deteriorations of mechanical behavior of RC beams
due to the synthetic actions of fatigue damage and erosion
environment and can jeopardize the structural integrity. The
quantitative modeling of combined effect to FDRC structures
will be investigated in the future.
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Construction technique considering the optimal sequence of pilot-tunnel excavation was investigated in order to ensure the safety
of construction process of long-span shallow-buried tunnel. Firstly, optimal comparisons of the effect of different sequence of
pilot-tunnel excavation on the ground settlement were implemented by the numerical analysis. Secondly, an optimal construction
method was determined and applied to the construction of a practical tunnel. Some key issues and procedure of the selected
construction method were described in detail. Finally, the numerical modeling and calculation of the tunnel construction process
were conducted, and the effectiveness of these simulations was demonstrated by using the measured data of the practical tunnel.

1. Introduction
The selection of the tunnel construction methods should take
account of the section shape, the tunnel length, the engineering geology, and the environmental factors [1]. Due to
the poor geological condition like fragile surrounding rock,
the abundance of surface and ground water, the construction
difficulty, and the high possibility of collapse, urban longspan tunnels are usually constructed by shallow subsurface
excavation method [2], which includes the underground
pilot-tunnel excavation and the supporting system and lining
construction [3]. Aiming to the long-span shallow-buried
tunnel, the main construction methods could be sorted as
center diaphragm method (CDM), cross diaphragm method
(CRDM), double side drift method (DSDM), and threebench method (TBM) [4–6].
Usually, CDM, CRDM, and DSDM are applied to projects
with unstable tunnel headings, shallow-buried depth, and
fragile surrounding rocks, with the delicately divided vertical
sections ensuring the stability of headings and the small
fragment of surrounding rocks [7–9]. For CDM, the simple
construction process, the short construction time, and the
low costs contribute to its popularity, while, due to the existence of the diaphragm, the working space narrows down
for only small-medium size machines [10]. For CRDM, every

construction phase is a complete system with reasonable
stress, small distortion, and high security [11]. Also, according
to massive measured data, projects using CRDM could
reduce near 50% ground surface settlements compared to
CDM [12, 13]. For DSDM, the pilot tunnels could ascertain
the geological condition ahead to guarantee the precautions,
enhancing the high security while causing the complex construction process, expensive costs, slow construction speed,
and poor condition for large machines [14]. For TBM, the
distributed parallel excavation and primary support for the
arch wall are conducted, and the advanced supports of the
concrete tunnel invert are closed in time for the stable
primary supporting system, defending the natural bearing
capacity of the surrounding rocks and effectively restraining
the deformation [15, 16].
The remainder of this paper is organized as follows. The
optimization comparison of the tunnel construction method
is discussed, considering the different security situation of
the diverse excavation procedure of the pilot tunnel. Furthermore, the selected optimal construction method is applied
to a practical long-span shallow-buried tunnel under construction, and the details of the construction procedure are
described. Finally, provided the chosen method, the numerical modeling and calculation of the tunnel construction
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are conducted, and the effectiveness of these simulations is
validated by using the measured data of this practical tunnel.

0.010181

−0.002315

−0.014812

−0.027309

−0.039805

−0.052302

−0.064798

−0.077295

−0.089791

0.028734

0.020192

0.01165

0.003108

−0.005434

−0.013976

−0.022519

−0.031061

−0.039603

Method 1. Pilot tunnels number 1, number 3, and number 5
would be simultaneously excavated first and then pilot
tunnels number 2, number 4, and number 6, with 10 m delay
and temporary vertical diaphragm between the adjacent pilot
tunnels, 3 m delay and horizontal diaphragm between the top
and bottom pilot tunnels.

Figure 1: Vertical displacement nephogram of Method 1.

−0.048145

The shallow-buried excavation method was applied in the
tunnel, with the large sectional area over 100 m2 . The main
selection standards of the optimal excavation methods were
to prevent the tunnel collapse and control the ground displacement. In order to take the structural deformation of the
tunnel and the ground settlements into strict control, multipilot-tunnel CRDM was used for the excavation, with 6 pilot
tunnels for the whole tunnel and 2 benches for each pilot
tunnel. For multi-pilot-tunnel construction, the sequence
of pilot-tunnel excavation has influence on the ground
settlements. Therefore, through the comparison of different
sequences of pilot-tunnel excavation, the optimal method
could be achieved with the minimum ground settlements
and the shortest construction schedule. Although the tunnel
deformation and settlements could be well controlled by
successive excavation, the problems like long construction
period and low economic benefits would appear. Thus, in
the interest of improving the excavation speed, the following
three simultaneous multi-pilot-tunnel excavation methods
were analyzed and compared for the optimal one [17, 18].

−0.102288

2. Optimization Comparison of Different
Sequences of Pilot-Tunnel Excavation

Figure 2: Vertical displacement nephogram of Method 2.

0.028101

0.018582

0.009063

−0.457E − 03

−0.009976

−0.019495

−0.029014

−0.038534

−0.048053

Method 3. Pilot tunnels number 2 and number 5 would be
simultaneously excavated first, then pilot tunnels number
1 and number 6, and finally pilot tunnels number 3 and
number 4, with 6 m delay and temporary vertical diaphragm
between the adjacent pilot tunnels, 3 m delay and horizontal
diaphragm between the top and bottom pilot tunnels.

−0.057572

Method 2. Pilot tunnels number 1 and number 6 would be
simultaneously excavated first, then pilot tunnels number
2 and number 5, and finally pilot tunnels number 3 and
number 4, with 6 m delay and temporary vertical diaphragm
between the adjacent pilot tunnels, 3 m delay and horizontal
diaphragm between the top and bottom pilot tunnels.

Figure 3: Vertical displacement nephogram of Method 3.

Method 1 is an interval excavation method for pilot
tunnels, reducing the excavation interaction of the adjacent
pilot tunnels and accelerating the construction speed by
simultaneous multi-pilot-tunnel excavation. Method 2 is a
successive excavation method from both sides to the center
of the section for pilot tunnels, acquiring favorable control
of the ground settlements of the central part of the large
section while causing the close delay of the tunnel headings
for closing the construction of the second lining supports in
time. In Method 3, the inner pilot tunnels were excavated
first and then the external pilot tunnels and the central pilot

tunnels. By the finite element simulation analysis, the optimal
construction method could be found.
The FEM analysis and comparison were conducted to the
methods above with ANSYS, using the Element Birth and
Death technique for the simulation of the continuous excavation and supports of the tunnel. The vertical displacement
nephograms of the excavation methods above are shown in
Figure 1 to Figure 3, the ground settlement curves are shown
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3. Key Issues of Selected Optimal
Construction Technique of Long-Span
Shallow-Buried Tunnel

0
−1
−2

Based on the optimal analysis of Section 2, an optimal construction method of long-span shallow-buried tunnel is
determined and applied to a practical tunnel under construction. Some key construction steps and the details of the
construction procedure are described as follows.
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Figure 4: Ground settlement curves.

0

3.1. Brief Introduction of a Practical Long-Span Shallow-Buried
Tunnel. The tunnel of Chuanluoyuan Street is a long-span
shallow-buried rectangle tunnel which is located in Jinan
China. It is in the south of Quancheng Square and north of
Luowen Street. The width of excavation is 25.2 m, the height
is 6.9 m, and the length is 67 m. The tunnel is a structure
of reinforced concrete frame, including construction shaft,
cross-passageway, and the main tunnel. A construction shaft
has been built in the west of Luowen Street, the clearance of
which is 5 m × 7.7 m.
This tunnel is under the intersection of Luoyuan Street
and Luowen Street, which carries amounts of traffic flow.
Additionally, many kinds of pipelines were constructed under
the surface of road. Owing to the influence of above factors,
the stress field of this tunnel is complex. Meanwhile, the
underground springs and conglomerate layer have enhanced
the difficulty of construction.
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3.2. Key Construction Steps
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Figure 5: Arch apex displacement curves.

in Figure 4, and the arch apex displacement curves are shown
in Figure 5.
From the vertical displacement nephograms, Method 2
holds the minimum ground disturbance and then Method 3,
and Method 1 holds the maximum vertical displacement.
From the ground settlement curves and the arch-apex
displacement curves, the same results could be obtained.
Therefore, Method 2 should be the optimal method for the
tunnel excavation.

3.2.1. Previous Supporting for Large Pipe Shed. In order to
improve the strength of the surrounding rock, decrease the
settlement, and ensure the safety of pipeline inside, it is
recommended to construct large pipe shed before the main
project. The pipe shed for the cross-passageway could be
built on the vertical shaft, and the pipe shed for the main
tunnel could be built on the cross-passageway. After finishing
large pipe shed, construct a cage with twisted steel. 42.5
ordinary Portland cement was chosen in this project. The
water-cement ratio was from 0.8 : 1 to 1 : 1, and the pressure
was 0.2–0.5 MPa. The grouting process was carried out from
two sides to center.
3.2.2. Full-Section Grouting. To improve the stability of the
tunnel face and decrease settlement caused by water seepage,
block off the tunnel face every 5 m. I16 steel was chosen in
this process, and the width of C25 shot-concrete is 10 cm.
Every grouting pipe was 6 m long and the interval between
two pipes was 60 cm. The paste was made up of cement and
sodium silicate.
3.2.3. Grouting with Small Pipe. Grouting with small radial
pipes to reinforce the tunnel could further fill up the interspace between initial supporting structures and surrounding
rocks, recover the stress of soil, decrease settlement of tunnel
crown, strengthen rocks below, improve the stability of the
structure, and decrease settlement caused by disturbance.
Specifically, workers set small grouting pipes vertically at
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the tunnel crown, flank, and bottom. The grouting pipes were
0.5 m embedded into initial supporting structures. Every
grouting pipe was 2 m long and the interval of two pipes
was 100 cm. The purpose of grouting at tunnel flank and
arch was to prevent collapse and sand leaking. At the same
time, it could also improve the stability and strengthen the
rocks. Grouting at locking anchor could improve the bearing
capacity of the locking, enlarge the foundation, and decrease
the self-settlement as well as the ground settlement.

Step 6. Dismantle the temporary supporting structure of all
tunnels and build the secondary lining of remaining parts and
grout.

3.3. Procedure of Selected Constructed Method. Construction
of main tunnel began from one side of the cross-passageway.
According to CRD method, the cross section was divided
into 6 pilot tunnels numbered from 1 to 6 and added up
to 12 tunnels. Considering the structure characteristic, pilot
tunnels 1 and 6 were constructed firstly to control the
settlement, followed by tunnels 2 and 5. Tunnels 3 and 4 were
constructed at last.
During the construction process, the upper step was
excavated 3 m in advance of the lower step. The core soil of
the upper step was kept. The temporary supports between
two pilot tunnels were built by using I25a steel I-beam combined with shot-concrete, and the distance between two
temporary supports was 50 cm. Artificial excavation and air
pick excavation was adopted in this procedure. The steel
bracing was set every 50 cm excavation and the Φ42 locking
anchor was 3 m long. The blocking off, grouting, and other
procedures were done as presented in Section 3.2. Then
set the tunnel flank formwork. Dismantle the temporary
horizontal supporting structure of tunnels 1 to 6, and the
length is no longer than 6 m each time dismantling. Build the
secondary lining then. Measurement and monitoring should
be taken frequently to acquire information in time and guide
the construction efficiently.
The whole procedure of the construction method consists
of six steps, which are described as follows.

ANSYS software is used for simulated analysis of the excavation, which would show whether the construction method
is rational. It could also determine the stability of the surrounding rock and the parameters of the supporting and give
feedback in time as well. This would further decrease the
settlement and disturbance, guarantee safety in construction,
and ensure availability of other transport facilities.
Based on page 34 of [19], some basic assumptions during
modeling are listed below.

Step 1. Set the large pipe shed outside the initial supporting
structure and grout to reinforce the stratum.
Step 2. Excavate the pilot tunnels 1 and 6 with step method.
Build the initial supporting structure and reinforce the corner
with locking anchor (grout with small radial pipes in time).
Step 3. Excavate the pilot tunnels 2 and 5 with step method,
6 m behind tunnels 1 and 6. Build the initial supporting
structure and reinforce the corner with locking anchor. Excavate the pilot tunnels 3 and 4 with step method, 6 m behind
tunnels 2 and 5. Build the initial supporting structure and
reinforce the corner with locking anchor.
Step 4. Build the waterproof layer in 1a to 6a and the secondary lining.
Step 5. Dismantle the temporary supporting structure of
tunnels 1 and 6 (the length is no longer than 6 m each time
dismantling). Set the tunnel flank formwork and build the
flank and roof of tunnels 1 and 6. Build the column, waterproof layer, and roof of tunnels 2 to 5.

The construction sequence of main tunnel is shown in
Figure 6.

4. Numerical Modeling and Calculation of
Tunnel Construction

(1) The ground is regarded as horizontal, and the soil layers are assumed homogeneous and continuous horizontal layers.
(2) Although there is abundant groundwater and high
groundwater level, the constructors have built dewatering well, so it is reasonable to ignore the groundwater effect.
(3) The parameters of the soil layer are determined according to the geological survey data, and the parameters of the supporting are determined according to
the strength of materials.
Table 1 shows the physical and mechanical parameters of
surroundings and supporting system.
Following conclusions could be obtained by theoretical analysis. When excavating in the soil layer, which is
homogeneous, elastic, and boundless, release of load would
affect stress and displacement of soil around the tunnel. The
difference would be less than 1% beyond 3 times the tunnel
diameter and less than 5% beyond 3 times the tunnel diameter. Therefore, the analysis region is a rectangle. The width of
the rectangle is 7 times the tunnel span. The distance between
tunnel apex and the top margin of the rectangle is the depth of
the tunnel. The distance between the tunnel bottom and the
bottom margin of the rectangle is 3 times the tunnel height.
The soil mass is simulated with solid 45 entity elements.
The large pipe shed, the previous small pipe, and the preliminary supporting is also simulated with entity elements. To
simulate the construction procedure of preliminary supporting, it is advisable to change the characteristics of material.
In order to increase the efficiency of analysis, shell elements
should be used to simulate second lining and the temporary
supporting. Reinforcement of large pipe shed and previous
small pipe changed the properties of the soil mass, and this
procedure has been finished before excavation. The planar
model is established and divided into elements firstly. The
model is stretched along the tunnel axis then. As a result, the
entity model of tunnel and soil layer is obtained. The material
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Table 1: Parameters of surroundings and supporting system.
Parameter type

Elastic modulus
(MPa)

Poisson’s
ratio

Internal friction angle
(Celsius degree)

Cohesion
(kPa)

Density
(kg/m3 )

3.1
5.0
23
7.0
2000
28000

0.35
0.33
0.18
0.32
0.2
0.2

12.0
22.5
30.0
26.4
—
—

8.0
20.5
5.0
15.0
—
—

1929
1918
2041
1939
3000
2549

Miscellaneous fill
Clay
Gravel soil
Gabbro eluvial soil
Large pipe shed
Supporting structure

1

6
Locking anchor
Φ42 × 3.25, L = 3.0 m

1a

6a

2 for each truss node

(a) Step 1

(b) Step 2

1

2

3

4

5

6

1

2

3

4

5

6

1a

2a

3a

4a

5a

6a

1a

2a

3a

4a

5a

6a

(c) Step 3

(d) Step 4

1

2

3

4

5

6

1a

2a

3a

4a

5a

6a

(e) Step 5

(f) Step 6

Figure 6: Flow chart of construction method.

Figure 7: Tunnel finite element model.

parameters of the elements need to be modified next. All
these procedures are shown in Figure 7.

The initial stress is made up of gravity stress and tectonic
stress. The cause of tectonic stress is complex, and the error of
data acquired is large. Considering that the tunnel is shallow
buried, only gravity stress is taken into account.
One excavation procedure includes two calculation steps.
The first calculation step is the simulation of excavation
process, surrounding-rock load, and deformation released
with no support; the second calculation step is the simulation
of liner construction, surrounding-rock load released continuously with support. Presuming that initial support bears
seventy percent of load after finishing excavating the tunnel,
the upper half of tunnel’s load is totally released while the
bottom half of tunnel’s load is released to seventy percent, considering the shallow-buried tunnel. Load should be

(e) Vertical displacement nephogram of Step 5
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−0.003956
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−0.015064
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−0.112792

−0.127908

(d) Vertical displacement nephogram of Step 4
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(a) Vertical displacement nephogram of Step 1
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−0.016581
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(f) Vertical displacement nephogram of Step 6

Figure 8: Vertical displacement nephograms of each step.

released by several steps when excavating multi-pilot-tunnel.
The vertical displacement nephograms of each step are shown
in Figure 8.
To verify the accuracy of the FEM, Peck, the major formula applied in the settlement prediction of the current
tunnel engineering, has been used to calculate the ground
settlement for the comparison with the FEM computing
results. Consider
𝑠 (𝑥) = 𝑆max exp (−

𝑥2
),
2𝑖2

(1)

where 𝑠(𝑥) represents settlement, 𝑆max is the maximum settlement, 𝑥 is the distance to the central line of tunnel, and 𝑖
is the parameter of the width of settlement. Otherwise, 𝑆max
and 𝑖 are defined as follows:
𝑉
𝑆max =
,
√2𝜋𝑖
(2)
𝑍
𝑖=
,
√2𝜋tg (45∘ − 𝜙/2)
where 𝑉 is the loss of ground layer per meter.
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the long-span tunnels are the construction method,
the excavation procedure, the underground water,
and so forth. Relevant measures should be taken to
ensure the deformation of the surrounding rocks in a
practical project.
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(ii) The selection of the optimal excavation method for
the shallow-buried tunnels should meet the following
qualifications: the adaptation for the potential change
of the geological and hydrological conditions, the geometrical features and the operational functions of
tunnel design, and the special requirements of the
specific projects.
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Figure 9: Curves comparison of ground settlement.

The value of 𝑖 is related to 𝑍 (the depth of tunnel) and 𝜙
(the inner friction angle of soil). In this project, the ground
settlement has been compared between pilot tunnels number
1 and number 6 which have been currently excavated, and the
values of the relevant parameters are as follows: 𝑍 = 9.5 m,
𝜙 = 25∘ , according to the local construction experience, the
ratio of the loss of ground layer values 1.2%, and the excavation volume of the pilot tunnel per meter is 6.95 × 4.3 =
29.885 m3 .
According to Peck, the maximum settlement of pilot
tunnels number 1 and number 6 is 24.10 mm, while the field
monitoring data are 18.02 mm and 17.89 mm, and the FEM
calculation result is 17.36 mm. The curves comparison of
ground settlement is shown in Figure 9.
From the settlement data and curves above, it is obvious
that great problems lie in the Peck prediction of this tunnel
excavation, mainly due to the application of presupporting
with large pipe shed and small pipe grouting, which cannot be
considered by Peck, while the FEM has fully considered the
construction technology and procedure, leading to the similar calculation results with filed measurement. Therefore, the
numerical simulation of this tunnel is relatively accurate, and
the selection of each parameter is reasonable. The calculation
results could be guidance for the future construction.

5. Conclusions
Based on a shallow-buried tunnel project, the research of the
construction techniques of long-span shallow-buried tunnel
considering the optimal sequence of pilot-tunnel excavation
was conducted. Through the research, the following conclusions were acquired.
(i) With shallow-buried depth and weak surrounding
rocks, the main factors affecting the stability of

(iii) Through the analysis of the vertical displacement
nephograms of the optimal excavation method, the
primary support optimization could be achieved for
the tunnel excavation.
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With the increasing use of pumping to place concrete, the development and refinement of the industry practice to ensure successful
concrete pumping are becoming important needs for the concrete construction industry. To date, research on concrete pumping
has been largely limited to a few theses and research papers. The major obstacle to conduct research on concrete pumping is that
it requires heavy equipment and large amounts of materials. Thus, developing realistic and simple measurement techniques and
prediction tools is a financial and logistical challenge that is out of reach for small research labs and many private companies in the
concrete construction industry. Moreover, because concrete pumping involves the flow of a complex fluid under pressure in a pipe,
predicting its flow necessitates detailed knowledge of the rheological properties of concrete, which requires new measurement
science. This paper summarizes the technical challenges associated with concrete pumping and the development in concrete
pumping that have been published in the technical literature and identifies future research needed for the industry to develop
best practices for ensuring successful concrete pumping in the field.

1. Introduction
Concrete pumping has become one of the most widely used
approaches to place concrete. Pumping enables the transport
of concrete to forms and molds while increasing the speed
of delivery and allowing access to hard-to-reach areas. This
is not a new technology as it was first used in 1930, but its
usage continues to grow due to an increase in demand for
super structures such as high-rise buildings and other tall
structures. Consequently, the optimization and development
of prediction methods for concrete pumping are becoming a
crucial issue for the concrete industry. Since concrete pumping requires mixing trucks, pumps, and pipes, combined
with a large amount of material and instrumentation, it is
not surprising that only a few theses and research papers
exist on the topic. The goal to develop realistic and simple
measurement techniques and prediction tools is a challenge
of great importance for the concrete industry.

As concrete pumping involves the flow of a complex fluid
under pressure in a pipe, predicting its flow requires detailed
knowledge of its rheological properties. However, the proper
characterization needed to predict flow is not easy to achieve
because it involves understanding a variety of factors such
as dynamic segregation, the stability of entrained air, the
geometry of the pumping circuit, the dynamics of a sliplayer formed between the bulk concrete and the pipe wall,
and the relationship between the pressure and the flow rate.
In practice, this is colloquially referred to as the concrete
“pumpability.” Interestingly, the American Concrete Institute
(ACI) guide on terminology does not include a definition of
pumpability.
This paper identifies the dominant factors for a concrete
to flow in a pipe in an effort to define pumpability. The
paper also summarizes the technical advances in concrete
pumping that have been published in the technical literature,
which is used to identify gaps. The resulting gaps are used to
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identify future research needed for the industry to develop
best practices for ensuring successful concrete pumping in
the field.

2. Background
Pumping is increasingly utilized as an efficient and economical method to place concrete in large projects while not
compromising its desired performance. To ensure quality,
it is important that the fresh concrete properties are not
significantly altered as it moves through the pumping system
(pump, pipes, etc.). This is not necessarily trivial in that
processes like segregation of aggregates can take place as the
concrete is pumped.
Several attempts were made to develop metrologies to
predict the flow of concrete in a pipe. The most comprehensive state-of-the-art report was prepared by Jacobsen et al.
[1]. They established one criterion for concrete flow in a pipe
using the slump test for concretes. Here, it was suggested that
a slump range of 50 mm to 100 mm will provide acceptable
flow in the pipe; below that range, the concrete will not flow
in the pipe without compromising the desired performance;
above that range, the concrete may not flow in the pipe as
desired. However, this criterion does not encapsulate the
effects from factors such as dynamic segregation or a sliplayer, which might play a dominant role in determining
the performance during pumping. Further, for concrete
pumping, the shear rate is typically around 10 s−1 to 100 s−1 ,
whereas, for the slump test, it is only 1 s−1 or less [2]. Hence,
results from the slump test that is carried out in a flow regime
different from that of pumped concrete may not be relevant
for predicting the ability of concrete to flow in a pipe.
A definition for concrete workability being suggested by
Richtie [3] is composed of three components: stability, ability
to consolidate, and mobility. Each of these components has
associated materials properties/performance requirements as
follows:
(i) stability: bleeding and segregation;
(ii) ability to consolidate: density of the concrete after
consolidation;
(iii) mobility: viscosity and yield stress.
However, it is not sufficient to use this definition, as the
concept of workability is more complex for concrete flow
through a pipe. The concrete must have stability and mobility
during pipe flow. Also the mobility needs to take into account
the interaction with the pipe walls, not just the rheological
properties of the concrete itself. The ability to consolidate will
become important after the concrete is pumped or when it
flows in the forms.

The viscosity 𝜇 of a fluid is the ratio of the shear stress
𝜏 to the shear rate 𝛾:̇𝜇 = 𝜏/𝛾.̇This definition is convenient
for Newtonian fluids and certain non-Newtonian fluids. In
other cases, an engineering approach to the description of
a fluid can simplify the analysis. For instance, if the fluid is
approximated as a power law fluid, it can be described as
follows:
𝜏 = 𝐾𝛾𝑛̇,

(1)

where 𝐾 is the power law consistency index and 𝑛 is the power
law exponent. The corresponding velocity profile in a circular
pipe is then given as follows [4]:
1+1/𝑛

V (𝑟) =

𝑄 (3𝑛 + 1)
𝑟
[1 − ( )
2
𝑅𝑝
𝜋𝑅𝑝 (𝑛 + 1)

],

(2)

where V is the fluid velocity as a function of the radial position,
𝑟, in the pipe, 𝑄 is the volumetric flow rate, and 𝑅𝑝 is the
pipe radius. The fluid power law consistency index can be
calculated using the following equation [4], which requires
a pressure drop measurement over a certain length:
𝐾=

Δ𝑃 3𝑄 −3−1/𝑛 𝑛
) ,
( 𝑅
2𝐿 𝜋 𝑝

(3)

where Δ𝑃 is the pressure drop and 𝐿 is the distance between
the pressure sensors. The exponent 𝑛 and the factor 𝐾 could
also be determined via (1) from rheological measurements of
the fluid through a rheometer if available. Equations (2) and
(3) could also be used to determine these parameters from the
pipe flow, in absence of a suitable rheometer.
The shear rate at the wall surface is calculated using the
following equation [4]:
𝛾̇
(𝑟 = 𝑅𝑝 ) =

3𝑛 + 1 𝑄
.
𝑛 𝜋𝑅𝑝 3

(4)

𝑟Δ𝑃
.
2𝐿

(5)

The local shear stress is
𝜏=

Equations (1) through (5) describe flow of a homogenous
fluid in a pipe. However, concrete is more a complex fluid
because it contains aggregates with a wide range of sizes.
These aggregates interact with the pipe walls and each other,
creating inhomogeneities in the fluid. Thus, concrete flow in a
pipe typically occurs in three layers or regions [5, 6] as shown
in Figure 1:
(i) slip-layer or lubrication layer,
(ii) shearing region or layer,

2.1. Flow in Pipe. Fluid flow in a pipe depends on the pressure
applied, the radius of the pipe, and the viscosity of the fluid.
For a Newtonian fluid, the flow is directly proportional to
the viscosity, which is a constant. For a non-Newtonian fluid
having a viscosity that depends on the shearing stress, like
grouts and concretes, the flow rate is a complicated function
of the viscosity.

(iii) inner concrete or layer, also referred to as a plug flow
layer.
The thickness of the slip-layer depends on the tribology
of the material adjacent to the pipe material. Tribology
is “the science and technology concerned with interacting
surfaces in relative motion, including friction, lubrication,
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Figure 1: Profile of concrete flow in a pipe [4].

wear, and erosion” [7]. The slip/lubrication layer contains
mainly cement paste and possibly very small sand particles
[5, 6, 8], while the inner layer contains coarse aggregates.
Also, the diameter of the inner layer or the thickness of the
slip-layer is unknown. It is conceivable that prediction of
concrete flow in a pipe will need the characterization of each
of the layers.
2.2. Slip-Layer. Several research groups have investigated
the slip-layer of concrete flow in a pipe. Choi et al. [5, 6]
measured the thickness of the slip-layer using an Ultrasonic
Velocity Profiler (UVP) in pumping circuits using industrial
equipment and found that there is a 2 mm thick layer along
the inner surface of the pipe. However, the layer thickness
could vary depending on the mixture proportions and the
pipe configuration.
Kaplan [9] reported that the flow of concrete in a pipe is
mainly related to the viscosity of the slip-layer and that its
properties could be measured by tribometry. He found that
the correlation between the properties of the bulk material
as measured in a rheometer and the properties of the sliplayer was weak. Jacobsen et al. [10] showed by using colored
concrete that the velocity profile of the concrete resembled
that of plug flow in the pipe center and nonmoving slip-layer,
similar to that shown in Figure 1.
Kwon et al. [11, 12] measured the rheological properties
of concrete before and after pumping while monitoring the
pressure and flow rate and found that while there was no
correlation between rheological properties of bulk concrete
and flow rates, there was a strong correlation between
properties of the slip-layer and flow rates. Thus, they deduced
that the slip-layer is the determining factor to predict that
concrete will flow in a pipe. They also developed a tribometer
that is a coaxial rheometer with a smooth bob made of steel
or covered with rubber to simulate the slip-layer of the pipe.
Ngo et al. [13] observed that the slip-layer is between
1 mm to 9 mm thick, by visualizing the material flow in the
rheometer. He analyzed the layer and found that it contained
sand with a particle size less than 0.25 mm. This would imply
that there is a migration of coarse aggregates from near the
wall to the center of the pipe where the shear rate is lower
than that found near the walls.
2.3. Pumping Pressure. Another factor in pumping is the
pressure applied to the material to move it through the pipe.

Rı́o et al. [8] demonstrated with a large number of pumping
tests that the relationship between the pressure of the pump
and the flow rate of the material is linear:
𝑃 = 𝑘1 + 𝑘2 𝑄,

(6)

where 𝑘1 and 𝑘2 are two empirical parameters that depend on
the material and other experimental conditions. They concluded that the two parameters can be used to characterize
a specific mixture and the knowledge of these parameters
for a specific mixture and pumping circuit could be used as
a quality control tool to ensure that the applied pressure is
sufficient to ensure the desired flow rate.
Feys et al. [14] established an empirical relationship
between the plastic viscosity of the concrete at a shear
rate of 10 s−1 and the pressure gradient in a pipe. If the
pressure gradient is too low, the material will not move
through the pipe. They mentioned two issues relevant to the
prediction of flow in a pipe: (1) the slip-layer influence is very
important, but it is not well understood and it is difficult
to measure; (2) the shear rates in the pipe are spatially and
temporally varying. One solution for the effect of the sliplayer would be to measure its rheological properties, if it could
be isolated and extracted. Modeling of the flow in a pipe
might help resolve the second issue. They also observed that
the pumping of self-consolidating concrete (SCC) requires a
higher pressure, while the yield stress is almost zero, but the
plastic viscosity is higher than that for normal concrete. This
could be due to the slip-layer (Figure 1) that would require a
higher shear stress at the same shear rate due to the increased
viscosity.
2.4. Segregation. Dynamic segregation is an additional factor
that can influence concrete flow in a pipe. A concrete can
display no segregation while at rest, but it can undergo
segregation during shearing. Segregation during shearing,
that is, pumping, can involve a number of phenomena: (1)
aggregates moving to the center of the pipe where the shear
rate is lower; (2) aggregates moving ahead of the surrounding
mortar; (3) water pushed out of the concrete [15], either by
moving to the walls or in front of the concrete.
An important factor in segregation is the pumping process and the type of pump used. The most common pumps
used with concrete are piston pumps. They are characterized
by a piston cycle having two phases: (1) the piston retracts
and closes the out-valve, while opening the in-valve and
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the material fills the chamber in front of the piston; (2)
the in-valve is closed when the piston pushes the material
forward through the chamber. During phase 2, the material,
mortar, and aggregates move forward. During the second
and subsequent cycles, the material that was pushed forward
stops during the retraction of the piston. But it has been
observed that by inertia the aggregates keep moving forward
relative to the paste. Kaplan [9] has calculated that, for
concrete, the coarse aggregates could move by 0.2 m relative
to the matrix fluid during one cycle of the piston. He also
states that depending on the matrix (mortar or paste) yield
stress or viscosity, the forward motion of the aggregates
could be further propelled to the front of the mixture. This
longitudinal advance of the aggregates can be mitigated by
pumping a mortar buffer before introducing the concrete
in the pipe, so that the mortar would receive the coarse
aggregates. It is important that this mortar have the correct
rheological properties and suitable volume to prevent the
coarse aggregates from separating from the concrete mixture.
Moving the aggregates that are in front of the concrete
mixture would likely require a pressure that is beyond the
capability of the pump, due to the dry friction between the
aggregates and the walls. This will result in blockage of the
pump.
Water moving radially toward the pipe walls is a direct
result of aggregates moving toward the center. Ovarlez et
al. [16], using a coaxial tribometer, showed segregation
during shearing but not at rest. Dynamic segregation would
increase the concentration of aggregates in the plug flow layer,
resulting in an increased yield stress and viscosity of that layer
and consequently changing the concrete flow rate in the pipe
or the required pressure to move the concrete in the pipe.
An instrument called a “sliding pipe rheometer” [17]
has been used to predict concrete flow in a pipe. In this
instrument, the concrete is pushed through a Plexiglas tube
and the pressure and flow rate are measured. From [17], it
could be inferred that this instrument is actually measuring
the slippage ability of a concrete in a tube. A robust interpretation of such measurement requires an understanding of slip
phenomena in the slip-layer at the pipe surface. From this
short overview of the concrete flow in a pipe, the following
statements may be extracted: (1) the flow of concrete in a
pipe has three layers: slip-layer, shearing layer, and plug flow
layer. Each layer’s behavior depends on the properties of its
component materials and material proportions. (2) A sliplayer at the pipe surface, of order less than 10 mm thick, is the
major factor determining the ability of the concrete to flow in
a pipe. Characterization of the slip-layer remains a challenge.
(3) The shearing layer is also difficult to characterize. Here,
it is believed that the rheological parameters of viscosity and
yield stress play a significant role. (4) Dynamic segregation
plays a major role in the distribution of the aggregates inside
a pipe.
From this brief overview, the ability of concrete to flow
in a pipe under pressure is governed mainly by the slip-layer
properties and the dynamic segregation. Thus, it could be
noted that tribology plays an essential role in predicting the
concrete pumping. This paper will, therefore, concentrate on
this aspect of the flow of concrete in a pipe.
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3. Analytical Approaches to Pumping
3.1. Tribology and Rheological Properties of the Slip-Layer. The
slip-layer is formed under shear near the smooth surface of
the pipe wall when pumping concrete. In order to characterize this layer for cement based materials, a device called
a tribometer has been developed [4, 7, 9, 11]. A tribometer
is a special coaxial rheometer with a bob purposely made
with a smooth surface. The shearing over the smooth surface
induced by the rotation of the bob forms a slip-layer, which
is presumed to be similar to the slip-layer formed in the pipe
during flow of pumped concrete. Coaxial rheometers output
the revolution speed of the cylinder and the applied torque.
When accounting for the rheometer geometry, the shear
stress, 𝜏, between the cylinder and the wall of the container
can be expressed by the following equation [6, 11, 18]:
𝜏=

Γ𝑠
,
2𝜋ℎ𝑟2

(7)

where ℎ is the cylinder height [m], Γ𝑠 is the measured
torque [Nm], and 𝑟 is the distance from the center of the
tribometer in the radial direction [m]. The shear stress is
linearly proportional to the torque. The relationship between
the torque and the angular velocity can be written as the
following equation:
Ω𝑀 = Ω𝑠 =

𝜏𝑙,0
Γ𝑠
𝑅
1
1
[ 2 − 2]+
ln [ 𝑐 ]
4𝜋ℎ𝜇𝑝𝑙 𝑅𝑐
𝜇𝑝𝑙
𝑅𝑠
𝑅𝑠

(8)

which is known as the Reiner-Rivlin equation [19]. In (8), Ω𝑀
[rad/s] is the angular velocity of the cylinder, Ω𝑠 [rad/s] is
the angular velocity of the slip-layer, and 𝜇𝑝𝑙 [Pa⋅s] and 𝜏𝑙,0
[Pa] are the viscosity and the yield stress of the slip-layer,
respectively. 𝑅𝑐 is the radius of the cylinder and 𝑅𝑠 is the
distance from the center of the bob to interface of the sliplayer and bulk material.
The measured torques and the applied angular velocities
have the following relationship:
Γ𝑠 = 𝑘Ω𝑠 + Γ0 = 𝑘Ω𝑀 + Γ0 ,

(9)

where 𝑘 [Nm⋅s] is the parameter optimally fitting the slope
or the linearity between the torque and the angular velocity
and Γ0 [Nm] is the initial torque to start the shear flow in the
lubricating layer. The yield stress, 𝜏𝑙,0 [Pa], can be related to
the initial torque (Γ0 ) by the following equation:
𝜏𝑙,0 =

Γ0
.
2𝜋ℎ𝑅𝑐 2

(10)

The viscosity of the lubricating layer is related to the parameter, 𝑘, from (9) and is expressed as follows:
𝜇𝑝𝑙 =

𝑘
1
1
[ 2 − 2].
4𝜋ℎ 𝑅𝑐
𝑅𝑠

(11)

Through the relationship between the torque and angular
velocity of the tribometer, the rheological properties of the
slip-layer could be determined.
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3.2. Estimation of the Flow in a Pipe. Based on the sliplayer properties determined by a tribometer measurement,
an analytical method for determining the flow of concrete in
a pipe could be obtained [1, 4, 10]. When pump pressure is
applied, a shear stress inside the pipe is induced, creating a
shear rate both in the slip-layer and in the shearing layer of the
concrete. The shear rate within the slip-layer can be written as
follows:
𝜏 (𝑟) − 𝜏𝑙,0
,
𝛾̇=
𝜇𝑝𝑙

(𝑅𝐿 ≤ 𝑟 ≤ 𝑅𝑝 ) ,

(12)

𝐿 pipe
𝑃inlet

) ≤ 𝑅𝐿 ,

(13)

where 𝑅𝐺 is the radius of the inner concrete (Figure 1) and 𝜏𝑏,0
is the yield stress of the inner concrete. The shear rate of the
inner concrete exists between 𝑅𝐺 and 𝑅𝐿 and is expressed by
the following equation:
𝜏 (𝑟) − 𝜏𝑏,0
,
𝛾̇=
𝜇𝑝𝑏

(𝑅𝐺 ≤ 𝑟 ≤ 𝑅𝐿 ) ,

(14)

where 𝜇𝑝𝑏 is the plastic viscosity of the inner concrete. The
inner region which has a lower yield stress than the concrete
that has zero shear rate (plug flow):
𝛾̇= 0,

(0 ≤ 𝑟 ≤ 𝑅𝐺) .

(15)

The velocity is the integral of the shear rates from the wall to
any position in the radial direction and is expressed by the
following equations:
𝑈𝑙 =

2
2
1 Δ𝑃 (𝑅𝑝 − 𝑟 )
[
− 𝜏𝑙,0 (𝑅𝑝 − 𝑟)] ,
𝜇𝑝𝑙
4

(𝑅𝐿 ≤ 𝑟 ≤ 𝑅𝑝 ) ,
𝑈𝑝1 =

2
2
1 Δ𝑃 (𝑅𝑝 − 𝑅𝐿 )
[
− 𝜏𝑙,0 (𝑅𝑝 − 𝑅𝐿 )]
𝜇𝑝𝑙
4

+

2
2
1 Δ𝑃 (𝑅𝐿 − 𝑅𝐺 )
[
− 𝜏𝑏,0 (𝑅𝐿 − 𝑅𝐺)] ,
𝜇𝑝𝑏
4

(0 ≤ 𝑟 ≤ 𝑅𝐺) ,

(16)

where 𝛾̇[s−1 ] is the shear rate inside the slip-layer, 𝑅𝑝 is the
radius of the pipe, and 𝑅𝐿 is the distance from the center of the
pipe to the slip-layer. The difference between 𝑅𝑝 and 𝑅𝐿 is the
thickness of the slip-layer. The same idea, that the thickness
of the slip-layer should be considered in calculating the flow
rate, has been adopted in the existing research [1, 3, 4, 9, 10].
The shear rate of the plug flow area of the concrete is only
induced when the applied shear stress is larger than the yield
stress of the concrete and the size of the shearing layer should
first be determined as follows:
𝑅𝐺 = 2𝜏𝑏,0 (

𝑈𝑝2 =

2
2
1 Δ𝑃 (𝑅𝑝 − 𝑅𝐿 )
[
− 𝜏𝑙,0 (𝑅𝑝 − 𝑅𝐿 )]
𝜇𝑝𝑙
4
2
2
1 Δ𝑃 (𝑅𝐿 − 𝑟 )
+
[
− 𝜏𝑏,0 (𝑅𝐿 − 𝑟)] ,
𝜇𝑝𝑏
4

(𝑅𝐺 ≤ 𝑟 ≤ 𝑅𝐿 ) ,

where 𝑈𝑙 , 𝑈𝑝1 , and 𝑈𝑝2 [m/s] are the velocities within the sliplayer, in the shearing layer of the concrete, and in the plug flow
layer, respectively. It shows the typical velocity profile in the
pipe during the flow of the pumped concrete. The flow rates
are the integral of the velocity over the radius as shown in the
following equation:
𝑄=∫

𝑅𝑝

𝑅𝐿

=

𝑅𝐿

𝑅𝐺

𝑅𝐺

0

2𝜋𝑟𝑈𝑙 𝑑𝑟 + ∫ 2𝜋𝑟𝑈𝑝1 𝑑𝑟 + ∫

2𝜋𝑟𝑈𝑝2 𝑑𝑟

𝜋
[3𝜇𝑝𝑏 Δ𝑃 (𝑅𝑝 4 − 𝑅𝐿 4 )
24𝜇𝑝𝑙 𝜇𝑝𝑏

(17)

− 8𝜏𝑙,0 𝜇𝑝𝑏 (𝑅𝑝 3 − 𝑅𝐿 3 ) + 3𝜇𝑝𝑙 Δ𝑃 (𝑅𝐿 4 − 𝑅𝐺4 )
− 8𝜏𝑏,0 𝜇𝑝𝑙 (𝑅𝐿 3 − 𝑅𝐺3 )] .
Thus, the characteristic flow rate can be analytically determined using rheological properties of each region along with
the prescribed pumping pressure [20].
3.3. Dynamic Segregation. As stated in Section 2, along with
the slip-layer, dynamic segregation plays an important role
in characterizing concrete flow in a pipe. During pumping
of concrete, three types of dynamic segregation can be
considered: a particle migration radially (from the wall to
the center), a longitudinal motion of particles to the front
of the flow, and bleeding (water either at the wall or at the
front of the flow). Although all types of dynamic segregation
can affect the flow of concrete in a pipe, in the present paper,
the focus will be on the characterization of the slip-layer that
could be defined as the particle migration toward the center
balanced by a paste migration toward the wall surface.
There are several conjectured mechanisms that could lead
to the formation of the slip-layer and that have been investigated by experimental test methods [21]. First, the ability
of a concrete to flow in a pipe has been estimated through
bleeding tests. The propensity of a concrete to bleed could be
linked to the formation of the slip-layer because the migration
of particles toward the center of the pipe is compensated
by the water bleeding toward the walls. Secondly, the pipe
wall prevents the uniform distribution of the solid particles
near its surface. The exclusion of solid particles near the
wall induces a region with a lower particle concentration.
Another possible mechanism is the shear-induced particle
migration [21–23]. This mechanism, as descried by Leighton
and Acrivos [22, 23], assumes that particles have a tendency
to migrate away from region of higher shear rate to regions
of lower shear rate. Thus, as the higher shear rate is near
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the walls, particles would migrate away from the wall of the
pipe forming a slip-layer. The inhomogeneous distribution
of the particle concentration across a section of the pipe
(radially) leads to spatially varying rheological properties in
the suspension as they depend on the particle concentration.
Leighton and Acrivos [22, 23] suggested phenomenological models for particle migration in nonhomogeneous shear
flows that typically result from spatial variation in irreversible
interaction frequency and effective viscosity. Phillips et al.
[24] adapted the scaling arguments of Leighton and Acrivos
[22, 23] and proposed a diffusive flux equation to describe the
time evolution of the particle concentration based on a twobody interaction model. In this study, the particle diffusive
model proposed by Phillips et al. [24], combined with general
flow equations, was extended to solve the flow of concrete and
predict the particle concentration distribution of suspensions
in a pressure driven pipe flow.
The general governing continuum equation of the shearinduced particle migration for the Poiseuille flow is as follows
[24], which describes the concentration of particles as a
function of radius and time:

𝜕𝜙 𝜕 (𝑢𝑧 𝜙)
+
𝜕𝑡
𝜕𝑧
𝜕𝑢
𝜕𝑢 ∇𝜂
= ∇ ⋅ {𝑎 𝐾𝑐 𝜙∇ (𝜙 𝑧 ) + 𝐾𝜂 𝜙2 𝑎2 𝑧
},
𝜕𝑟
𝜕𝑟 𝜂

(18)

2

where 𝜙 is the particle concentration, 𝑡 is the time, 𝑢𝑧 is the
velocity component in the flow direction, 𝑎 is the particle
radius, 𝑧 is the flow direction, 𝑟 is the radial direction, 𝜂 is
the apparent viscosity of the concentrated suspension, and 𝐾𝑐
and 𝐾𝜂 are dimensionless phenomenological constants. Here,
the stress gradient is a driving force to move particles toward
the center of the pipe as described in the first term of the
right side in (18). The increase of the particle concentration
due to the migration may increase the viscosity and the yield
stress, which hinder the additional migration of the particles
as described in the second term of the right side in (18). As
a result, the concentration of the particles inside the pipe is
determined by the balance between the two actions, namely,
the migration due to the stress gradient and the hindrance
due to the increased viscosity. Through the analysis of the
shear-induced particle migration, which is one type of the
dynamic segregation, the formation of a slip-layer can be
simulated and its layer properties could be determined.
An alternative approach for modeling suspension flow
is called the “suspension balance model” [25] in which the
suspension is described as a continuum fluid whose dynamics
is described by the macroscopic mass, momentum, and
energy balance equations. As in the case of the particle
diffusive model, this approach also predicts an increased
particle concentration near the pipes center. Indeed, close
examination of the equations of this model indicates that the
conservation of particles and momentum follow the same
form as that of Phillips model [24].

4. Numerical Simulation Approach to
Predict Pumpability
4.1. Numerical Methodology for Pumped Concrete. Numerical
simulation using computational fluid dynamics could be
potentially used for the prediction of the pumpability of
concrete from its rheological properties and the pumping
circuit. Computational modeling techniques found in the
literature may be divided into three categories [26, 27]: single
phase fluid approach, particle suspended in a fluid approach,
and discrete particle approach. The first approach considers
concrete as a homogeneous matrix. From a macropoint of
view, the flow characteristics of concrete can be considered
as a continuum flow. Mori and Tanigawa [28] used the viscoplastic finite element method (VFEM) and the viscoplastic
divided element method (VDEM) to simulate the flow of
fresh concrete. Both VFEM and VDEM assumed that the
concrete could be described as a homogeneous single fluid.
Thrane et al. [29] also simulated self-consolidating concrete
(SCC) flow during L-box and slump flow tests based on a
single fluid approach assuming Bingham behavior.
In the second approach, from a micropoint of view,
materials that constitute concrete such as cement, sand, and
aggregate can be considered in the effects of each component.
There are two material formations in this method: a primary
phase and a granular phase. The primary phase is a fluid-like
flow consisting of cement, water, and sand and the granular
phase is particle flow consisting of coarse aggregate. Mori and
Tanigawa [28] also used the viscoplastic suspension element
method (VSEM) to simulate the concrete flow in various
tests with this method. Moreover, as stated in Section 3.3,
the shear-induced particle migration analysis that is used to
illustrate the formation of slip-layer is also included in this
approach.
In the third approach, the concrete flow by nature is
dominated by granular media. Chu et al. [30] used the
discrete element method (DEM) to simulate the SCC flow
during various standard tests: slump flow, L-box, and Vfunnel tests. Petersson and Hakami [31] and Petersson [32]
also adopted this method to simulate the SCC flow during Lbox and slump flow tests and J-ring and L-box tests. These
three different approaches could be used to simulate the
concrete flow in a pipe.
4.2. Simulation Examples. Among three types of numerical
approaches, firstly, Choi et al. [5] used the single phase fluid
approach to simulate a full scale pumping system. Figure 2
shows the pressure range with the distance from the pump
and after several bends in the pipe system. For the analysis
of pumped concrete with this single phase fluid approach,
the computational zone was divided into two layers, that
is, inner concrete layer consisting of concrete and slip-layer
consisting of mortar constituents, to consider the properties
of a slip-layer which is regarded as the dominant factor
to facilitate pumping. To represent each layer’s properties,
different rheological properties obtained by different rheological measurement (i.e., concrete rheology test and mortar
tribology test) were used as input parameters. Although this
approach is simple and it is easy to simulate the entire physical
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(a) Numerical simulation of full scale concrete pumping system

(b) Cross section including slip-layer
(blue region)

Figure 2: Modeling for single phase fluid approach.

a phenomenological approach that lacks physical consistencies, including a correct description of the matrix fluid
properties and being faithful to the continuity equation. Thus,
in order to use this approach for simulation of pumped
concrete, more research, including further validation, is still
needed.

Figure 3: Schematic representation of particle positions based on
the evaluation of the concentration of particles using the shearinduced particle migration approach.

system, some assumptions about the thickness of the sliplayer and its rheological properties are required, which are
not easy to clearly define.
A second approach, based on (18), is shear-induced
particle migration (Figure 3). This continuum approach can
account for particle migrations by modeling particle collisions in highly sheared and/or highly concentrated zones
that force particles to migrate from these zones. This effect
is counterbalanced by the local increase in the suspension
viscosity resulting from this migration. Shear-induced particle migration finds its origin in the competition between
gradients in particle collision frequency and gradients in
viscosity of the suspension. In this approach, concrete is
regarded as a concentrated suspension of solid particles
in a viscous liquid, (i.e., paste or mortar and aggregate
characteristics and contents influence the flow of concrete).
Through this approach, the formation of a slip-layer can
be numerically simulated and used to estimate the velocity
profile across the pipe and flow rates of pumped concrete,
implying that this approach can be an effective tool to predict
the pumpability of concrete.
Finally, the discrete particle approach could be used
for the direct modeling of the movement and interaction
of aggregates in the pipe. Although potentially useful, the
fluid dynamics and particle interaction are derived from

4.3. A Realistic Simulation of Pipe Flow. As is often the case in
developing continuum or numerical models of fluid flow for
pumping, it is crucial to properly implement boundary conditions at the fluid-solid interface. Indeed, any variation to the
slip/no slip boundary condition can have a dramatic effect on
simulation results. The situation is, in many respects, the same
for actual pumping. In other words, the key to successfully
pumping concrete lies in controlling its rheological behavior
near the fresh concrete-pipe interface. Understanding the
tribological behavior of concrete near the pipe wall is a great
challenge because of many factors: concrete is a complex
fluid with granularity, the matrix fluid is non-Newtonian
with a viscosity that is both time and shear rate dependent,
and the location of aggregates near the pipe wall can give
the concrete a different flow property than that found in
bulk or central flow. Detailed computational modeling of
suspension flow that incorporates such phenomena near a
pipe surface is needed to develop proper boundary conditions
for continuum models of flow in pipes to improve predictions
of pumpability. Earlier attempts of modeling pressure driven
flows of suspension using the Stokesian Dynamics approach
[25] can, for example, account for particle migration to
the center of a pipe. While providing valuable insights into
such flow phenomena, application of such models has been
limited to modeling quasi 2D systems and further it is only
valid for suspensions with a Newtonian fluid matrix, which
is generally not representative of cement based materials.
Currently, an excellent candidate for the realistic modeling of
suspensions composed of cement based materials is based on
the Smoothed Particle Hydrodynamics (SPH) method [33]
as shown in Figure 4. SPH is a Lagrangian formulation of
the Navier-Stokes equations and has the flexibility to model
non-Newtonian fluids and the motion of rigid bodies. This
approach can be used to model suspensions with a nonNewtonian fluid matrix and flow in complex geometries like
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Figure 4: Simulation of a vane rotating in granular material using the SPH based approach (here, the flow of suspended spherical particles
in a non-Newtonian fluid matrix is modeled. Simulations were carried out using resources of the Argonne Leadership Computing Facility at
Argonne National Laboratory. (Image was created with the assistance of William George and Stephen Satterfield of NIST)).

a vane rheometer. The same methodology could be used to
simulate flow in a pipe.
The SPH approach could be utilized to study the following
three flow scenarios to better understand and predict the flow
of pumped concrete.
(1) A detailed study of flow near a pipe surface is
needed to characterize the typical flow fields that
result as a function of the aggregate concentration
and matrix fluid properties. The flow velocity profile
should strongly depend on the shear rate dependence
of the matrix fluid (i.e., shear thinning and shear
thickening). The results of this study could be linked
to improving inputs for boundary conditions into
continuum models and provide insights into designing the matrix fluid properties to optimize flow.
(2) A second set of simulations should focus on flow
in the cross section of a pipe and to determine to
what degree the rheological properties of the matrix
as well as aggregate composition affect segregation or
homogeneity of the concrete fluid. This in turn could
affect the tribological behavior of concrete near the
pipe surface as the volume fraction of aggregates will
be different at the pipe surface from that along the
central axis of the pipe. Understanding this behavior
will help in the optimization of pipe flow.
(3) Finally, it is also important to find a link between
measurements of the matrix or concrete flow properties using rheometers and successful pumping. This
entails detailed modeling of concrete flow in rheometers and pipes and linking such measurements to real
physical properties of concrete.
The integrated results from such simulations would provide
insight into predicting the successful flow of pumped concrete for many of the challenging flow scenarios found in the
construction industry. Costs can be reduced as fewer tests
will be needed and optimal, robust blends can be more easily
formulated by the concrete producers.

5. Conclusions and Suggestions
The pumping of concrete is an important issue in concrete
construction. In this paper, the authors attempted to summarize the main factors for successfully pumping concrete.
This was achieved by the literature review and by identifying
the key parameters for concrete flow characterization. The
following major conclusions were drawn.
(1) From the literature review, it was found that concrete
flow in a pipe is governed mainly by the slip-layer
and dynamic segregation. The slip-layer, which is
formed between the pipe and the concrete, plays
a dominant role in facilitating the concrete flow.
Dynamic segregation can be radial, resulting in plug
flow or longitudinal leading to blockages in the pipe.
(2) In order to characterize the slip-layer, tribology tests
were mainly investigated using a tribometer which is
a special coaxial rheometer whose bob is purposely
made with a smooth surface. Through the relationship between the torque and angular velocity of the
tribometer, the rheological properties of the slip-layer
can be determined.
(3) An analytical prediction of the flow rate and pumping
pressure in a pipe was obtained based on the assumption of three layers in a pipe.
The critical research needs are also identified.
(1) Computational modeling of flow near a pipe surface
is needed to develop accurate boundary conditions
for input into continuum models of pipe flow for
predicting pumping performance. Such models need
to effectively simulate non-Newtonian fluids and the
motion of rigid bodies to investigate the tribology
phenomena and provide insight into predicting concrete flow in a pipe. Obviously, this model will also
need to be validated with experimental testing.
(2) A standard methodology should be developed
to measure the relevant rheological properties of

Advances in Materials Science and Engineering
the concrete and correlate them with the flow of the
concrete in a pipe.
(i) A calibrated tribometer test to allow for the
evaluation and characterization of the slip-layer
for a specific concrete composition and pipe
material.
(ii) A test method to predict the forward dynamic
segregation depending on the pressure of the
pump, the composition of the concrete and the
rheological properties of the matrix.
A suggested definition of pumpable concrete is
a property of a concrete, mortar or grout to flow
through a pipe, for a given diameter and length, that
can be discharged with the desired performance, that
is, homogenous, nonsegregated, and with the specified rheological properties needed for the application.
The definition of pumpability or the quantification of how
pumpable a concrete is would require the knowledge of values
of viscosity, yield stress, and tribological properties of the
concrete. To obtain these values further studies would be
needed that would combine both modelling and experimental measurements.
The present paper was mainly focused on a literature
review and on providing ideas on how to characterize the flow
of concrete and demonstrate the basic principles needed to
analyze the tribology. Thus, through a more specific investigation of tribology, the relationship between the tribology
and the pumpability as defined is needed to be examined.
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The structure of high-speed roller door with water film has improved in this study. The flameproof water film system is equipped
with a water circulating device to reduce the water consumption of water film system. The water film is generated at the roller box of
the high-speed roller door in this study. The heating test is done with the full-scale heating furnace. Both cases of the water film on
unexposed surface and water film on exposed surface passed the fire resistance test based on ISO 834, proving that the high-speed
roller door with water film system has 120A fire resistance period. The main findings indicate that the water film on exposed surface
shows that as the amount of water film evaporated by high temperature inside the furnace must be greater than the evaporation
capacity of water film on unexposed surface, the required water supply is 660 L more than the water film on unexposed surface.

1. Introduction
Taiwan is a region with constant typhoons and earthquakes,
as well as high temperature and high humidity [1]. Nearly 15
years ago, there were 6.2 typhoon warnings per year in Taiwan
[2]. Thus, the buildings often use metal doors considering
the durability and safety, such as sliding doors, grilles, and
roller shutters. The roller door is retractable, occupying less
space, so it accounts for the largest proportion. The roller
doors include traditional roller door and high-speed roller
door. The shutters of traditional roller door are heavier. The
traditional roller door usually rolls slowly (lifting speed is
lower than 5 m/min), and the noise is loud for the friction
of actuation between the roller shutters and guide rails.
Because the electrical load of operation is higher, the barrel
spring mechanism is prone to elastic fatigue. Therefore, the
high-speed roller door is developed to overcome the above
problems. It is characterized by faster opening/closing (lifting
speed is higher than 10 m/min), better airtightness, less noise,
high wind resistance, and energy saving, so the high-speed
roller door is being used in buildings extensively.
Furthermore, numerous high-rise buildings have been
constructed in recent years, and the number of stories and

area of buildings are increased significantly, especially large
marketplaces and exhibition complexes. In accordance with
the Building Technical Rules of Taiwan [3], if the building
floor area is over 1500 m2 , the building should be separated
into isolated fire compartments by fireproof walls, doors, or
windows that have a fire resistance rating of at least 1 hour.
From the commercial side, the higher the visibility of goods,
the higher the sales volume. Thus, movable fire compartments, such as fireproof roller shutters, are popular with the
higher visibility of goods, instead of the solid walls. In order to
maintain the original functions in buildings, many designers
prefer to choose fireproof roller shutters rather than fixed
fireproof walls.
The fireproof roller doors are mostly made of steel for
retractability. If it is not resistant to heat, there is a great
deal of thermal radiation after fires, which is hazardous [4].
At present, the traditional steel roller door is the majority
in Taiwan’s roller door market, accounting for about 60%,
and the rest of 40% is high-speed roller door. Under the
requirement of fire prevention code, the roller doors with 1hour fire endurance are the majority, 60B (with 60-minute fire
endurance but without thermal resistance) traditional roller
door accounts for 25%, and 60A (60-minute fire endurance
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and thermal resistance) traditional roller door accounts for
25%. However, the high-speed roller door must keep fast
lifting speed (larger than 10 m/min), so it has no fire retardant
in the existing market.
There are three common heat resisting techniques of
fireproof roller doors: (1) the roller shutters coated with heatresistant paint; (2) fire protection stuffing; and (3) water
system, for example, water mist. The former two techniques
can reach 60A specified by CNS 14803 [5], but once the
burning duration exceeds 60 minutes, the thermal resistance
declines. In addition, the cost of the roller door coated with
heat-resistant paint is higher than general 60B by about 5
times. The shutters with fire protection stuffing are too heavy
and too thick, which decreases the lifting speed. Therefore,
the application of water system to the high-speed roller door
to enhance the fire endurance and thermal resistance of highspeed roller door shall be further studied.
When the water meets high temperature at the fire scene,
water droplets form, evaporate, and fill with the overall
space rapidly. Therefore, the fire scene temperature and
heat radiation can be reduced by water, immediately. The
concept of water system applied in fire compartment has been
developed rapidly.
Aihara et al. [6] used a spray to form a water film on
solid surfaces. The evaporation of the water film takes away
heat and lowers the surface temperature. The results in their
researches indicated that water film provides a good cooling
capability. Richardson and Oleszkiewicz [7] conducted fullscale fire tests with water spray. The results showed that over
90% of the thermal radiation to the glass was absorbed.
These results indicated that water spray on solid surfaces is
a good cooling solution. Nishio and Kim [8] applied a simple
model to predict the heat flux distribution of a dilute spray
impinging on the hot surface. Sozbir et al. [9] conducted
experimental studies to reveal the heat transfer mechanism
of impacting water mist on high temperature metal surfaces.
The overall heat transfer coefficient can be established as two
separable effects, which is the summation of the heat transfer
coefficient of air and liquid mass flux. Cai et al. [10] performed
experimental studies to determine the flow field and thermal
radiation blockage of the water curtain. They indicated that
the absorption and scattering of the incoming radiation were
the two main mechanisms of radiation attenuation by the
water curtain. Increases of the thickness of the water curtain,
the operating pressure, and the flow rate can be beneficial
to the reduction of the radiation heat flux through the water
curtain. The maximum efficiency of radiation attenuation was
approximately 80%, but it was not linearly proportional to
the thickness of the water curtain. Wu et al. [11] designed a
small-scale (1.8 m × 1.8 m × 1.8 m) apparatus to investigate the
heat resistance property of the water spray on a glass pane.
Water of 37.8 L/min was sprayed on the exposed surface of
the glass pane to form water film. Furthermore, Wu and Lin
[12] examined the fire insulation and fire integrity of glass
panes with a downflowing water film in a standard full-scale
3 m × 3 m door/wall refractory furnace, which is based on
ISO 834-1. The experimental results [11, 12] showed that the
period of fire insulation and fire integrity for a non-heatresistant fireproof glass and a common tempered glass can
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be extended from 6 to 100 minutes. And the temperatures
on surface of the glass panes were kept below 210∘ C with a
water film. These results proved the feasibility of replacing
a fireproof glass by common tempered glass with a water
film. The heat transfer due to the spray cooling of surfaces
using full cone nozzles for a spray water mass flux 𝑉𝑆 in
the range of 3–30 kg/m2 ⋅s and surface temperatures between
200 and 1100∘ C was investigated by Wendelstorf et al. [13].
They indicated that, in the stable film boiling regime, the heat
transfer coefficient decreased with temperature difference Δ𝑇
above 800 K for 𝑉𝑆 > 10 kg/m2 ⋅s. Chen and Lee [14] applied
the hybrid inverse scheme to solve a 2D transient inverse
heat conduction problem with the temperature measurement
data given by Wu et al. [11, 12] in order to estimate the
unknown transient total heat flux and overall heat transfer
coefficient on the hot surface of the glass pane with the
downflowing water film exposed to a fire environment. Their
estimated results [14] indicated that the evaporative latent
heat dominated the total incident heat flux for the glass pane
with the downflowing water film. The total incident heat
flux decreased with increasing the water flow rate. The glass
pane could effectively absorb the high heat rate and resist the
radiation of the fire with the downflowing water film that
could uniformly cover on the exposed fire surface of the glass
pane with an appropriate water flow rate. Thus, the overall
heat transfer coefficient on the exposed fire surface of the
glass pane can approach asymptotically a constant value even
though the temperature of the furnace keeps rising.
According to the above literatures survey, the cooling
principle on solid surface with water system can be concluded
as follows:
(i) Evaporative cooling [15]: the evaporation latent heat
of water is 539 cal/g. Therefore water absorbs a
great deal of heat energy during extinguishment and
reduces the temperature from fire source.
(ii) Surface area effect: the heat absorption rate of water
droplets is proportional to surface area. When the
drop size decreases to 10%, the total surface area is
increased by about 10 times, and the heat absorption
efficiency is higher.
(iii) Heat convection effect [16]: the water spray droplets
are small and light. The droplets are likely to be influenced by heat convection effect, and the floatation
time of water droplets in the air can be prolonged.
If the water droplets are led in the fire source, they
enhance heat absorption by evaporation.
(iv) Thermal radiation blockage [17]: the penetrative
marching speed of thermal radiation in water droplets
and vapor is much lower than in dried air under the
effect of refraction. Thermal energy is transmitted
virtually blocked to prevent the spread of fire.
Although the characteristics of a water film on a roller
shutter are different from those on a glass pane, the experimental and design experience of the glass pane with a water
film can be transferred to a roller shutter with a water film
because the basic mechanism of heat removal is the same.
The combination of water system and roller shutter door
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was first found in Mainland China. For fire compartments,
Chen et al. [18] equipped a common steel roller shutter
with a water curtain cooling device for fire protection. They
installed sidewall sprinklers on both sides or one side of the
roller shutter (the distance between the sprinklers was 2–
2.5 m) to perform the fire test. From the experimental results,
they proposed the following formula for the amount of used
cooling water, 𝑄:
0.5𝐿,
{
{
{
{
𝑄 = {[0.5 + (𝐻 − 4) × 0.1] 𝐿,
{
{
{
{1.0𝐿,

𝐻 < 4 m,
4 m < 𝐻 < 9 m,

(1)

𝐻 > 9 m,

where 𝐿 and 𝐻 are, respectively, the length and height of the
roller shutter.
Liu et al. [19] discussed the effect of the aforesaid design
parameters on the fireproof roller door with water-mist system and proposed probable variables, including the pressure
inside water supply pipe, nozzle horizontal distance, and
nozzle-shutter spacing. The findings indicate that the nozzle
horizontal distance is the primary influencing factor, and
the nozzle pressure is the secondary influencing factor. The
distance between nozzle and shutter is general influencing
factor. The findings showed that (1) the average spray quantity
decreases as the nozzle horizontal distance increases; (2)
the average spray quantity increases with the nozzle-shutter
spacing; and (3) the average spray quantity increases with
the nozzle pressure. Liu et al. [19] further developed a new
type of nozzle, rotary water spray nozzle. The high-velocity
flow of water is divided into several straight and rotating
jets. The jets impact and smash each other when flowing
through the small nozzle, jetting out of the nozzle as fine
droplets and fog. As the total surface area of water droplet
is enlarged, the heat absorption and evaporation are fast, and
the cooling effect on the roller shutter surface is better. Feng
et al. [20] developed a water-fog fireproof roller door with the
wetting system to enhance the heat resistance of iron roller.
For the heat resistance of 3.2 m wide roller door, it needed
two common sprinkler nozzles to cover the door surface. The
total water flux was 1 L/(s-m2 ), which was 0.5 L/(s-m2 ) for
one nozzle. However, the water flux of the water-fog fireproof
roller shutter used only 0.25 L/(s-m2 ), which was only 25% of
common sprinkler head fireproof roller shutter.
Lin [21] tested the heat resistance of the combination
of water film system and roller door with the full-scale
experiment. They tried to offer the water film by three ways:
fire sprinkler, water mist sprinkler, and perforated pipe in the
cold flow field experiment. Only the perforated pipe offered
a water film because the water in a trough spilled over and
covered the surface of roller shutter. The jets of fire sprinkler
and water mist sprinkler were difficult to produce a water
film. The back temperature of nonheating surface remained
lower than 100∘ C as the furnace temperature rises, whether
the water film faced the burners or not. However, the water
evaporation for water film inside the furnace was increased
by about 10 L/min compared with that outside the furnace.
In the present study, we extend our findings of the
previous evaluations to design a water film cooling system

with water circulating device to enhance the heat resistance
of a traditional high-speed roller door without fire resistance
rating and further justify the thermal performance and water
consumption amount of the water film on the high-speed
roller door.

2. Experimental Apparatus and Method
In this study, full-scale door/wall refractory tests are conducted to investigate the heat resistance performance of a
generalized roller shutter without heat resistance but incorporated with a downflowing water film.
2.1. Full-Scale Heating Furnace. Figure 1(a) shows a photograph of the full-scale door/wall refractory furnace, which
provides the standard temperature heating curve for the heat
resistance experiment. The construction and function of the
full-scale furnace are in accordance with ISO 834, CNS 14803,
and ISO 3008 for thermal resistance experiments of fireproof
doors (wood doors, steel roller shutters, etc.). The inner and
outer dimensions of the furnace are 430(𝑊) × 450(𝐻) ×
100(𝐿) cm and 500(𝑊) × 520(𝐻) × l40(𝐿) cm, respectively.
The available testing area, that is, the area directly exposed
to the furnace fire, and the maximum testing duration are
400(𝑊) × 400(𝐻) cm and 4 hours, respectively.
Steel structures used on the exterior of the furnace include
the test frame, air supply device, exhaust duct, and hood. The
surfaces inside the furnace are covered with fireproof ceramic
fiber capable of enduring temperatures of over 1400∘ C. The
burning system contains flat-flame liquefied petroleum gas
(LPG) burners, which are equipped with UV flame sensors
to monitor the flame state. The burner generates a flat yellow
diffusion flame, and thus radiation and convection are the
primary and secondary modes of heat transfer inside the
furnace, respectively.
Figure 1(b) shows the positions of the burners and thermocouples in the furnace. As can be seen, seventeen flatflame burners (shown as e) are set in five rows from top
to bottom and sixteen thermocouples (shown as ) are
used to monitor and record variations of the temperature
distribution. Four additional feedback temperature control
sensors (shown as ) are installed to control the furnace
temperature to follow the ISO or CNS standard temperature
curve. The CNS 14803 standard requires that the testing
surface area be the actual size of the roller shutter or not larger
than 3 m × 3 m.
2.2. Setup and Measurements. To fully understand the water
film performance on the shutter slat surface, 25 K-type
thermocouples were installed on the cold surface of shutter
slats. Figure 2(a) shows the temperature measurement positions, and Figure 2(b) shows the schematic of the unexposed
surface in a fire test. As can be seen, the shutter slat surface is
divided into five vertical sections at different heights denoted
by 𝑎∼𝑒 from top to bottom and numbered 1∼5 from right
to left. In Figure 2(a), the red circles indicate the required
measurement positions for CNS 14803. Note that c1 and c5
must be set on the guide rail, while the other thermocouples
are to be set on the shutter slat surface. In addition, to evaluate
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Figure 1: (a) Full-scale heating furnace; (b) positions of thermocouples inside the full-scale heating furnace.
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Figure 2: (a) Test frame with roller shutter and temperature measurement positions on the roller shutter; (b) schematic of the unexposed
surface in a fire test.

the control of the roller box internal temperature by the
proposed design, three positions of three thermocouples at
100 cm intervals were installed on the cold surface of roller
box (𝑓1∼𝑓3), on the roller barrel (𝑔1∼𝑔3), and on the hot
surface of the roller box (ℎ1∼ℎ3), respectively. The error
range of the K-type thermocouples is ±0.4% [22], while their

temperature histories are recorded and used to evaluate the
heat-resistant performance of the proposed system.
2.3. Water Film System Design. At present, the fireproof
roller door or glass on the market is more expensive than
those without fireproof performance for addition of special
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coating or materials. “Flameproof water-flow producer” [23]
and “multihollowed pipe water film generation device for
flameproof ” [24] can form a water film by spraying to retard
the flame. If the water sprayed out of this type of device
can be recycled, the water resource will not be wasted. In
the region short of water source, if the water sprayed can be
recovered, the fireproofing will not be influenced even if there
is no water supply, and the overall structure design has watersaving and safe practicability. In addition, the flameproof
water film system implemented in the existing buildings will
be free from the pipelines of fire water tanks, as long as it is
connected to the water storage tank; the flameproof water film
system can be operated by the water circulating device.
The water circulating device of the fireproof water film
system designed in this study is shown in Figure 3. The water
film system has a water storage tank, the outlet of the water
storage tank is connected to a water supply pump, the water
supply pump is connected to perforated pipe, and the inlet
of water storage tank is connected to a pumping pump,
the perforated pipe corresponding to the pumping pump
is connected to a water reservoir, and there is a filter unit
between the pumping pump and water reservoir. Therefore,
the water supply pump pumps the water from the water
storage tank to the perforated pipe, and the water is sprayed
through the holes of perforated pipe to form water film. The
water flows downward into the water reservoir. The water in
the water reservoir is filtered by the filter unit and pumped by
the pumping pump into the water storage tank for recycling.
2.4. Test Frame of Rolling Door. Figures 4 and 5 show the front
and side views of test frame with the roller shutter installed.
The test surface area, including the roller box, guide rail, and
shutter slats, is 3 m × 3 m, while the height and width of the
roller box are 43 cm and 63 cm, respectively. The width of
the guide rail is 7 cm and the thickness of the shutter slat
is 1.5 mm. The roller shutters and roller box do not have
fireproof performance.
In addition to the temperature measurement, a water
reservoir was installed to further characterize the heatresistant performance of the proposed system. The water
reservoir was installed below the rolling door to collect the
remaining water from the shutter slat surface to investigate
the relation between the evaporation of the water film and
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the heating rate from the furnace during the experiment, as
shown in Figure 6. The volumetric flow rate of return water
was measured by a water storage tank with the capacity of
100 L per minute. The minimum water consumption required
for the proposed design to conform to the heat resistance
requirement of CNS 14803 can then be estimated. The width
of water reservoir was 2.9 m, and the depth of water reservoir
was 0.24 m.
In this experiment, the water film system consisted of a
water supply pump, two perforated steel pipes, and a piping
system and was designed to form a downflowing water film
that covers the surface of the roller shutter slats (Figure 7). For
fire protection of a roller box surface, two perforated pipes
are installed in the top corner of the roller box, allowing jets
of water from the pipe to flow directly over the surface of the
shutter slats and form a water film: one near the front side
sprays at a 30∘ depression angle on the front side of internal
roller box surface and also spray at a 60∘ depression angle on
the shutter slats and the other pipe near the back side sprays
at a 30∘ depression angle on the back side of internal roller
box surface (Figure 2(b)). Further, the baffle board is installed
50 mm away from the roller box surface on its bottom surface
to create a small gap (trough) in the space between the roller
box surfaces and baffle board, which can accumulate water
spraying on the roller box surface from the perforated pipes
and surround the barrel (Figure 8). The baffle board near the
front side is slightly lower than the others. Thus, when the
water in the gap accumulates upon the top edge of the frontside baffle board, the water overflows from the gap and falls
upon the surface of the roller shutter slats, producing a water
film with uniform thickness on the surface. However, the
water jet flow rate varies due to different hole diameters and
different jet velocities [25]. In this study, there are 75 holes
along the 3-meter perforated pipe, with a spacing between
each hole of 40 mm. The diameters of the holes along the
perforated pipe change in two steps. The first twenty holes
from the end hole are 4 mm in diameter while the others are
4.1 mm. Figure 3 shows a picture of this waterfilm system.
2.5. Testing Procedure. The perforated pipe is put in the roll
box and “injected with water” to form water film on the
surface of shutters, the full-scale experiment is conducted
to investigate the heat resistance performance of high-speed
roller door with water film system. According to CNS 14803
[5] specifications, both sides of specimen must be tested.
Therefore, two experiments were tested: (1) water film on the
fire-unexposed side and (2) water film on the fire-exposed
side. The former one is called “water film on unexposed
surface” and the latter one is called “water film on exposed
surface.”

3. Results and Discussion
3.1. Heat Resistance Enhancement of Water Film on Unexposed Surface. Figure 9 shows the time-varying curve of
temperature inside furnace for this fire test along with the
standard temperature curve of CNS 14803. According to the
comparison between the curve of average temperature inside
furnace and the standard heating temperature curve, from 55
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minutes to 120 minutes of heating, the average temperature
inside furnace is lower than the standard temperature curve
value. However, the amount of deviation is within standard
temperature ±100∘ C; the furnace temperature curve is still in
the permissible range of CNS 14803.
Figure 10 presents the temperature variations of unexposed surface of shutter slat. The recorded temperature

curves at all points of unexposed surface have oscillation, but
as the furnace temperature (Figure 9) rises, the temperatures
at all points basically rise. The average temperature shows that
from the beginning of heating to 35 minutes, the unexposed
surface temperature rises continuously; from 35 minutes of
heating test to the end of experiment, the average temperature
is kept at 100∘ C. It shows that if the water film system can
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provide stable water film on the unexposed surface, the heat
is removed by the heat convection of water film and water
film vaporization, and the unexposed surface temperature
can be kept at about 100∘ C, so that the thermal radiation
of unexposed surface is reduced greatly, and the safety
of unexposed surface is enhanced. For the overall average
temperature curve of each location, as shown in Figure 10,
the maximum value of average temperature is about 100∘ C,
which is far below 170∘ C, the average temperature limit of the
shutter slat surface set in CNS 14803. Besides, the maximum
value of every temperature curve is lower than 210∘ C, the
max temperature limit of the shutter slat surface set in CNS
14803. It indicates that the proposed design forms a stable
and water film with uniform thickness that covers the shutter
slats, resulting in good heat resistance.
Table 1 shows the heating test record of water film on
unexposed surface. The water circulation system is switched
on 30 seconds before the test, the initial upwarp of roller
door is 0 cm, and the roller door upwarp is recorded at
0, 60, and 120 min in the test process. There are pumping
failure (27 58 ) and water film system dropout (49 00 ) in
the test process, but they are repaired in time; the test is
not influenced. According to the record, (a) no penetration
of flame and any penetration-through crack, gap or hole
recognized to cause the failure of integrity; (b) no sustained
flaming on the unexposed surface of specimen; (c) the
upwarp of roller door bottom bed plate is kept at 0 cm at

0, 60, and 120 min during heating test period; and (d) no
roller shutter derailed. Therefore, the roller door specimen
with water film on the exposed surface has the flame retardant
performance in the heating test specified by CNS 14803 [5].
3.2. Heat Resistance Enhancement of Water Film on Exposed
Surface. Figure 11 shows the temperature variations of each
thermocouple in the interior of the furnace for the fire test
along with the standard temperature curve of CNS 14803. The
comparison between the curve of average temperature inside
furnace and standard heating temperature curve indicates
that, within 75 minutes of heating, the average temperature inside furnace is in the standard temperature interval
(standard temperature ±100∘ C). However, after 75 minutes,
it goes below the lower limit of standard temperature curve.
It was not the operating mistake of less fuel supply. The
temperature difference continues in increasing due to the
absorption of heat by water film evaporation and the gradual
accumulation of steam, which also continuously absorb the
heat inside the refractory furnace. The maximum average
furnace temperature in the test is approximately 900∘ C.
Figure 12 shows the temperature time curve of unexposed
surface (surface without water film). The temperatures at
various points basically rise with the temperature inside
furnace (Figure 11). The average temperature shows that from
the beginning of heating to 35 minutes, the unexposed surface
temperature rises continuously; from 35 min of heating test
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Table 1: Heating test record of high-speed roller door with water film on unexposed surface.

Date of test: February 13, 2014

Exposed surface: water film on the unexposed surface
Indoor temperature: 20∘ C
Indoor humidity: 61%

Heating test duration (h:m:s)

Test observations

0:00:−30

Switch on water circulation system 30 seconds before heating

0:00:00

Heating begins (roller door upwarp of roller door bottom bed plate is 0 cm)

0:27:00

Supplement tap water

0:27:58

Water circulation system pumping failure

0:49:00

Water supply system drops out, repaired instantly

1:00:00
1:48:40
1:50:10
1:51:30
1:53:10
1:55:00
2:00:00

Roller door upwarp is 0 cm
Temperature measured by handheld thermocouple at unexposed surface measuring point TC#
is 67∘ C
Temperature measured by handheld thermocouple at unexposed surface measuring point TC#
is 97∘ C
Temperature measured by handheld thermocouple at unexposed surface measuring point TC#
is 99∘ C
Temperature measured by handheld thermocouple at unexposed surface measuring point TC#
is 110.7∘ C
Temperature measured by handheld thermocouple at unexposed surface measuring point TC#
is 84.1∘ C

8
3
9
5
6

Stop heating; roller door upwarp is 0 cm, not exceeding 1.91 cm

to the end of experiment, the average temperature is about
80∘ C.
Table 2 shows the heating test record of water film on
exposed surface. The water circulation system is switched on
30 seconds before test, the initial upwarp of roller door is
0 cm, and the upwarp of roller door is recorded at 0, 60, and
120 min in the test process. According to the record, (a) no
penetration of flame and any penetration-through crack, gap
or hole recognized to cause the failure of integrity; (b) no
sustained flaming on the unexposed surface of specimen; (c)
the upwarp of roller door bottom bed plate is kept at 0 cm at
0, 60, and 120 min in the heating test; and (d) no roller shutter
derailed. Therefore, the roller door specimen with water film
on the exposed surface has the flame retardant performance
in the heating test specified by CNS 14803 [5].
3.3. Discussion about Water Film on Exposed Surface and
Unexposed Surface. According to the experimental results of
water film system on exposed surface and unexposed surface,
the fireproof characteristics of the roller door with water film
system are described below:
(1) When the water film is on exposed surface, the
combustion furnace temperature rises slowly after
20 minutes. When the water film is on unexposed
surface, the temperature inside furnace rises steadily
before 60 minutes, and because the heat inside the
combustion furnace is absorbed by water evaporation
directly, the furnace temperature of water film on
exposed surface is lower than that of water film on
unexposed surface. This result also shows that if the
water film is on exposed surface, it works like as a

sprinkler, reducing the fire scene temperature to avoid
flashover.
(2) According to the consumption of fuel, when the water
film is on unexposed surface, the LPG consumption
is 510.4 m3 in two hours; when the water film is on
exposed surface, the LPG consumption is 530.4 m3 in
two hours; the difference between the two combustion heat values is 1880 MJ. The result means when the
water film is on the fire side, the heat resistance can be
maintained for two hours under higher fire load.
(3) Different water replenishing control modes are used
for the two experiments. For the water film on
unexposed surface, the water replenishing valve is
turned on when the water level of the water storage
tank is lower than 2/3 of height; for the water film
on exposed surface, the water replenishing valve
is turned on when the water temperature of water
storage tank is higher than 80∘ C. After two hours
of experiment, the water film on unexposed surface
is replenished with 2000 L water, and the water film
on exposed surface is replenished with 2660 L water.
The experimental results show that the water supply
temperature may be high when the water replenishing
timing is controlled by water level, and the water
film absorbs heat until the heat is transferred to the
shutters, so the shutter temperature of water film on
unexposed surface is higher than that of water film
on exposed surface. The experimental result of water
film on exposed surface shows that as the amount of
water film evaporated by high temperature inside the
furnace must be greater than the evaporation capacity
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Table 2: Heating test record of high-speed roller door with water film on exposed surface.
Exposed surface: water film on the exposed surface
Indoor temperature: 32.4∘ C
Indoor humidity: 63%

Date of test: May 22, 2014
Heating test duration (h:m:s)

Test observations

0:00:−30

Switch on water circulation system 30 seconds before heating

0:00:00

Heating begins (roller door upwarp of roller door bottom bed plate is 0 cm)

0:20:00

Fill 200 L water in water tank

0:27:40

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 9
is 51∘ C

0:29:53

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 7
is 50∘ C

0:30:00

Fill 240 L water in water tank

0:43:00

Fill 260 L water in water tank

0:50:00

Fill 280 L water in water tank

0:55:00

Roller door upwarp is 0 cm

0:59:00

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 7
is 55.9∘ C

0:59:50

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 9
is 60.6∘ C

1:00:00

Fill 320 L water in water tank

1:10:00

Fill 340 L water in water tank

1:20:00

Fill 280 L water in water tank

1:25:50

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 7
is 68.4∘ C

1:26:30

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 9
is 61.3∘ C

1:30:00

Fill 260 L water in water tank

1:40:00

Fill 260 L water in water tank

1:50:00

Fill 220 L water in water tank

1:52:00

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 8
is 79.5∘ C

1:53:00

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 7
is 70.2∘ C

1:54:00

Temperature measured by handheld thermocouple at unexposed surface measuring point TC# 9
is 59.6∘ C

2:00:00

Stop heating; roller door upwarp is 0 cm, not exceeding 1.91 cm

of water film on unexposed surface, the required
water supply is 660 L more than the water film on
unexposed surface.
(4) After two-hour heating test, the impact test was
then carried out three times for the specimen within
30 minutes after heating test based on CNS 14803.
Figure 13 indicated that the specimen was not damaged; there is no penetration-through crack or no
shutter derailed. Therefore, the specimens with water
film on exposed surface and unexposed surface
passed the impact test, respectively.

4. Conclusions
This study designed the water circulating device of water film
system. The full-scale door/wall refractory test was conducted
to investigate the fire resistance of the high-speed roller door
with water film system, proving that this roller door has 120A
fire endurance. Based on the experimental results obtained,
the following conclusions can be drawn up.
(1) Water circulating device of water film system: the
water film flows into the water reservoir, and the
pumping pump delivers water to the water storage
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Figure 9: Temperature distributions of the interior furnace (water
film on the unexposed surface).
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Figure 11: Temperature distributions of the interior furnace (water
film on the exposed surface).
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Water film on unexposed surface

Water film on exposed surface

Exposed surface before test (the side of roller box)

Exposed surface before test (not the side of roller box)

Exposed surface at 60 mins

Exposed surface at 60 mins

Exposed surface after impact test

Exposed surface after impact test

Figure 13: Exposed surface before heating test, at 60 mins, and after impact test with water film on exposed/unexposed surface.

tank. The water supply pump injects water into the
perforated pipe to spray water film, forming recycling.
This device can reduce the water consumption during
a fire.

(2) Fire resistance test: in the fire test, the LPG fuel
consumption in the case of water film on exposed
surface is higher than that in the case of water film
on unexposed surface, but the furnace temperature in
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the case of water film on exposed surface is lower. It
implies that when the water film is on the exposed
side, the heat resistance performance of roller door
can be maintained for two hours under higher fire
load, and the fire scene temperature is reduced to
avoid flashover. The water consumption of water film
on exposed surface is higher than the water film on
unexposed surface by 660 L. Furthermore, no matter
which side of this high-speed roller shutter is exposed
to fire, a 120A fire resistance rating can be achieved by
the proposed water film system in this study.
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The use of the resilient materials in the radiant floor heating systems of reinforced concrete floor in apartment housing is closely
related to the reduction of the floor impact sound and the heating energy loss. This study examined the thermal conductivity of
expanded polystyrene (EPS) foam used for the resilient material in South Korea and analysed the thermal transfer of reinforced
concrete floor structure according to the thermal conductivity of the resilient materials. 82 EPS specimens were used to measure
the thermal conductivity. The measured apparent density of EPS resilient materials ranged between 9.5 and 63.0 kg/m3 , and the
thermal conductivity ranged between 0.030 and 0.046 W/(m⋅K). As the density of resilient materials made of expanded polystyrene
foam increases, the thermal conductivity tends to proportionately decrease. To set up reasonable thermal insulation requirements
for radiant heating floor systems, the thermal properties of floor structure according to thermal insulation materials must be
determined. Heat transfer simulations were performed to analyze the surface temperature, heat loss, and heat flow of floor structure
with radiant heating system. As the thermal conductivity of EPS resilient material increased 1.6 times, the heat loss was of 3.4%
increase.

1. Introduction
In Korea, apartment houses occupied the highest ratio at
86.4% of the residential buildings. Apartment houses account
for more than 50% of all housing types, and since the 1990s
high-rise apartment buildings higher than 15 stories, sometimes 30 stories, have been constructed to efficiently utilize
the relatively small land area (99,373 km2 ) of Korea having
a high population density [1]. A number of households are
living next door to each other separated only by a wall or floor.
As a single reinforced concrete slab separates households in
apartments, the floor impact sound and heat loss from above
can be easily transferred to the household below and to the
outside of the household. So there are many problems related
to thermal performance and sound proofing. In particular,
floor impact sound is irritating to residents and causes a
great deal of complaints in residential buildings such as

the apartments. The energy for space and water heating is the
largest energy consumption in the residential buildings.
The reinforced concrete floor structure with radiant floor
heating system (ONDOL) has been used conventionally for
residential buildings in Korea [2, 3]. This reinforced concrete
(RC) floor structure consists of the reinforced concrete slab,
the insulation layer with resilient materials, the radiant floor
heating layer, the heat storage layer, and floor finishing
materials. Hot water from a boiler is supplied to the plastic
pipe in the radiant floor heating layer underneath the floor
surface. The hot water circulates through the embedded
plastic pipe heating the floor for heating space. Installing
resilient materials between the concrete slab and the radiant
floor heating layer in radiant floor heating system is known
as the most popular method of reducing floor impact sound
and heat loss in Korean apartment housings. In general, the
thickness of resilient materials is 10–20 mm.

2
The use of resilient materials in floor heating systems is
closely related to the reduction of the floor impact sound
and heating energy loss. In Korea, the thermal insulation
performance of building envelope simply involves the thickness of the insulation materials and the thermal transmission
properties of the wall and floor systems by region [4, 5].
The floor structure of apartment houses must have certain of
floor impact sound performance (lightweight impact sound
is 58 dB or less and heavyweight impact sound is 50 dB or
less) and thermal resistance (1.23 m2 K/W). In a previous
study, Kim et al. [1] published a study that holds that as the
dynamic stiffness of resilient materials decreased, the floor
impact sound level also decreased in floor heating system.
There was a correlation between the dynamic stiffness and
the heavyweight impact sound. Jeong et al. [6] have measured
the thermal conductivity and density of the resilient materials
and examined the correlation of these. But there has been no
study that tried to analyze the heat transfer RC floor structure
with radiant floor heating system as thermal property of
resilient materials.
Several studies have been conducted on the effects of
thermal transfer and analysis methods of such in a field of
building energy engineering. Song [2] recommended that
the floor finishing materials over the floor heating system in
Korea should be chosen by the heat flux based on the heating
load and should be thermophysiologically comfortable. Lee
et al. [3] published a study that the thin flooring panel
with enhanced thermal efficiency in radiant floor heating
system provided 7.2% energy reduction compared to the
conventional wooden flooring panels in apartment housing.
Liu et al. [7] developed two-heat transfer model of the existing
heat transfer process for in-slab heating floor. The study by Jin
et al. [8] presents a method for calculating the floor surface
temperature in radiant floor heating/cooling system based on
the numerical model. Larbi [9] presents regression models of
the thermal transmittance for three types of building walls
(slab-on-grade floor-wall junction, floor-wall junction, and
roof-wall junction) of 2D thermal brides. Theodosiou and
Papadopoulos [10] recommended that the thermal bridges
are not considered by the calculation procedure for the energy
demand of buildings; actual thermal losses in the cases of
such buildings are by up to 35% higher than the initially
estimated ones. Song et al. [11] analysed the thermal transfer
through thermal bridge of wall-slab joint on the annual heat
loss of apartment houses with 3D transient heat transfer
simulation modelling. Kaynakli [12] carried out investigation
of the effect of various parameters on the optimum insulation
thickness for external walls by considering cost and energy
savings.
This study examines the thermal conductivity of resilient
material used in RC floor structure with radiant floor heating
systems in Korea and conducted a thermal transfer analysis
of floor systems according to thermal conductivity of resilient
materials in apartment housing.

2. Materials and Methods
2.1. Specimen Preparation. Resilient materials, currently used
in Korea, are made of expanded polystyrene (EPS), expanded
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polypropylene (EPP), urethane ranges, ethylene-vinyl acetate
copolymer (EVA), polyethylene (PE), glass wool (GW),
mineral wool (MW), extruded polystyrene (XPS), extruded
polyester fibers, and other composite materials [1, 5]. Resilient
material that was used for the measurements in this study was
the expanded polystyrene (EPS) foam, which is widely used
in South Korea as a building insulation material. Expanded
polystyrene is thermoplastic that is manufactured by fusing
small beads of the materials. It is usually white and is made
of preexpanded polystyrene beads. It is a rigid and tough,
closed-cell structure that is strong enough for use in many
applications [13].
This study collected EPS resilient materials that were sold
in the building materials market of South Korea from 2008
to 2010. Among the 93 test samples collected in this study, 82
EPS resilient material foams were finally selected and were
used to test the thermal conductivity. The test specimens, the
dimensions of which were 300 × 300 mm on a flat board,
were prepared in this study, and their thickness was 20 mm,
30 mm, 50 mm, and 90 mm. Three specimens were tested for
each thickness. They were allowed to stabilize the hydrothermal condition at laboratory temperature (20∘ C) for 3 days. All
the test specimens were tested after 3 days in this study.
The microscope investigation was measured using a
polarizing microscope instrument for taking surface condition photograph of the test specimen. We observed the
surface condition and cell shape of the EPS resilient material
foam. The microscope image of typical EPS foam is shown in
Figure 1. As shown in this figure, the EPS resilient material has
a smooth surface, uniform structure, and closed-cell structure. This closed-cell structure acts as a thermal insulator.
2.2. Experimental Test. The measurement methods applied to
the test of the thermal conductivity in this study are KS L 9016
Method [14] for measuring thermal conductivity of insulator
and ISO 8301 [15]. Measurements were taken with the heat
flow meter method (HFM, Figure 2(a)). The mean temperature was 20 ± 1∘ C for the measurement of the thermal conductivity. The measured result of thermal conductivity value was
the average value of three specimens with the same thickness.
The volume and weight of the specimens were measured with
a digital micrometer (Figure 2(b)) with a 0.001 mm resolution, and the apparent density was measured with a digital
scale (Figure 2(c)) with a 0.001 g resolution. Apparent density
can be determined with the weight based on unit volume
when test specimen includes the skins during production.
During the experimental procedure, the test equipment and
the test specimens are kept in the environmental conditions
at 23 ± 2∘ C and 50 ± 5% of relative humidity.
2.3. Numerical Simulation. The configuration of the materials
of floor structure was modelled based on the typical floor
[4, 16] applicable to most of the houses in South Korea.
The typical reinforced concrete floor structure for the house
has four layers: the finishing layer, the heating layer, the
insulation layer, and the structure layer. The heating layer has
a thermal storage layer and a hot water pipe as plastic pipe.
For this numerical simulation, the floor constructions were
PVC flooring (𝑑 = 2 mm), cement mortar (𝑑 = 40 mm),
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Figure 1: Expanded polystyrene (EPS) resilient material. (a) EPS specimen for testing thermal conductivity; (b) microscope image of 300
magnifications.

(a) Thermal conductivity instrument

(b) Vernier calipers

(c) Weight electronic balance

(d) Polarizing microscope

Figure 2: Test equipment.

hot water pipe, lightweight concrete (𝑑 = 40 mm), resilient
material (𝑑 = 20 mm), and 210 mm thick reinforced concrete
slab. For the heating space, 15 mm diameter pipe was installed
with a 230 mm narrow pitch in a 40 mm thick cement mortar.
Geometric model and material configuration are provided
in Figure 3. Table 1 shows the thermal characteristics of each
construction material. As shown in Table 1, the value of the
thermal conductivity of the resilient material was derived
from the results of the experiment that was conducted in this
study.

To analyze the thermal performance of floor systems,
the Physibel software was used because it is capable of
steady-state heat transfer analysis. The Physibel TRISCO
program is meant for heat transfer simulation that focuses
on building physics [17]. This program allows calculating
three-dimensional (3D) steady-state heat transfer, based on
the finite difference method in objects described in a rectangular grid. So it calculates the distribution of heat flow
and temperature under steady state conditions via a grid
meshing. This program allows simulations fully compliant
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1,000 mm

12,360 mm

Outside

Room
PVC sheet flooring
Hot water pipe
Cement mortar (1 : 3)
Lightweight concrete
Resilient material (EPS)
Concrete (1 : 2 : 4)

2,000 mm

12,750 mm

Plan of household

Plaster board
Elevation of household
Room
1,200

(a)

mm

(b)

(c)

Figure 3: Thermal physical model of floor construction used in this study. (a) Plan of apartment housing; (b) modelling image (3D); (b)
detailed construction structure.

Table 2: Calculation parameters.

Table 1: Material properties and the thermal characteristics of each
material.
Thickness Density Thermal conductivity
Material
(mm)
(kg/m3 )
(W/(m⋅K))
PVC sheet flooring
2
1,500
0.19
Cement mortar
40
2,000
1.4
Hot water pipe
15
930
0.324
Lightweight concrete
40
650
0.16
Resilient material
20
9.5–63
—
Concrete
210
2,240
1.6
Plaster board
9
940
0.18

Parameter

Assigned value

Time step interval
Maximum number of iterations
Maximum temperature difference
Heat flow divergence for total object
Heat flow divergence for worst node
Thermal conductivity of resilient
material in floor

30 minutes
10,000
0.0001∘ C
0.001%
1%
0.029, 0.031, 0.037,
0.046 W/(m⋅K)

3. Results and Discussion
with the standard EN ISO 10211-1 [18]. Figure 3(b) shows the
simulation model and Figure 3(c) shows vertical section of
the external wall-RC floor joints and materials construction.
Simulations were performed on the basis of a model with
dimension 2.0 m (height) × 1.2 m (width) × 1.0 m (depth)
which locates the middle storey of apartment housing in
Korea. 3D transient heat transfer simulations were performed
with a time step interval of 30 minutes. The calculation
parameters for simulation are shown in Table 2.
Boundary conditions are prescribed as surface temperatures on the outside and inside boundaries and an adiabatic
condition is imposed at the wall and floor periphery. The
materials of each layer in this study are homogeneous and
the property parameters are kept constant. The ambient
temperatures were chosen to match the actual external
air temperature (𝑇𝑜 = −11.3∘ C) and the room heating
temperature (𝑇𝑖 = 20∘ C) in the winter season of South Korea.
The hot water temperature was 60∘ C that flowed into the hot
water pipe in the heating layer of floor system. The velocity
of hot water in pipe was set at 3 L/min. The set temperature
for heating room was 20∘ C. All environmental factors were
controlled at the ideal thermal and physiological conditions.

3.1. Density and Thermal Conductivity of EPS Resilient Material. The measured apparent density of the EPS resilient
materials ranged from 9.5 to 63.0 kg/m3 , and the thermal
conductivity ranged from 0.030 to 0.046 W/(m⋅K). Figure 4
illustrates the correlation between the thermal conductivity
and the apparent density. As shown in Figure 4, the measured
thermal conductivity and the density show a linear correlation in
𝜆 eps = − 0.0093Ln (𝑝𝑥 ) + 0.0638,

(1)

where 𝜆 eps is the thermal conductivity and 𝑝𝑥 is density of
the EPS resilient materials. In this dotted line, the explosives
exhibit 𝑅2 -correlation coefficient of 0.786. The experiment
results showed a close correlation between the apparent
density and thermal conductivity. As the density of resilient
materials made of EPS increases, the thermal conductivity
tends to proportionately decrease. The resulting dotted line
had a slope that decreased fast toward a high density.
On the basis of these results, it was found that the density
is an important factor of the thermal property of resilient
materials that are used in the floor systems of residential
buildings. To prevent greater heat loss from a floor system
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Figure 4: Correlation between the apparent density and thermal conductivity of the EPS resilient material.
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Floor surface: 37.0∘ C
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Concrete: 20.9 ∘ C
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Figure 5: Thermal transfer properties of the radiant floor heating system at the time of the lowest external temperature in winter season. (a)
Temperature distribution; (b) detailed thermal pattern. Thick red lines mean 5∘ C interval.

due to the different temperatures of a room and outdoors, the
building insulation materials must be selected based on the
correlation between the density and the thermal conductivity.
But, at the same density, the thermal conductivity varied
because of other factors affecting the thermal properties, that
is, the physical structure of the cells of the materials varying
depending on the manufacturing method, the size and type
of internal air gaps, radiant heat flow rate, and so forth.
3.2. Thermal Transfer Characteristics. Numerical simulation
was carried out to investigate the effect and thermal transfer
characteristics of the radiant floor heating system based on
the thermal conductivity of the resilient material. The simulation method used the steady-state condition of heat balance
model based on the lowest external ambient temperature, and
the thermal conductivity values of the EPS resilient material
were the maximum, minimum, average, and median.

Table 3: Heat loss according to the thermal conductivity of EPS
resilient material.

Case 1
Case 2
Case 3
Case 4

Thermal conductivity
(W/(m⋅K))

Heat loss
(W)

Saving ratio
(%)

0.029
0.031
0.037
0.046

46.83
47.07
47.70
48.46

3.4
2.9
1.6
0.0

Table 3 and Figure 5 summarize the results of the numerical simulation. As shown in Table 3, the amount of heat loss
at each case was affected by the thermal property of the EPS
resilient material. As the thermal conductivity of EPS resilient
material increased 1.6 times, the heat loss of floor heating
system was of 3.4% increase. Figure 5 shows the temperature
distribution and heat flow pattern in the lowest external

6
temperature. We see from Figure 5 that the heat loss occurred
from heat water pipe in the radiant floor heating system
that was meant to heat a space in the external structure.
Heat loss occurred in the joint RC floor and the external
wall. The cause of this heat loss is the thermal bridge of RC
floor structure in an apartment building. Dependence on the
thermal conductivity of EPS resilient material was lowered,
and the insulation performance of the floor was increased.
Because the flow of the heat flow ratio through wall-floor
joint is lowered toward external wall, the heat loss decreased.
It is clear that thermal conductivity of resilient material of
RC floor structure with radiant floor heating systems in
apartment housing of Korea can be an important factor.
In Korea, apartment housing must obey the building
energy design code for energy saving and soundproofing.
This code requires the RC floor structure with radiant floor
heating system to have the thermal performance value less
than or equal to 0.81 W/(m2 ⋅K). The thermal conductivity
of EPS resilient material in the floor structure should be
less than 0.031 W/(m⋅K) as case 2 in this study. When the
thermal conductivity of EPS resilient material has more than
0.31 W/(m⋅K) as case 3 and case 4, thickness of EPS resilient
material also must have more than 20 mm. Case 3 (𝜆 =
0.037 W/(m⋅K)) must be 24 mm thickness and case 4 (𝜆 =
0.037 W/(m⋅K)) must be more than 30 mm thickness to keep
the design code.

4. Conclusions
We examine the changes in the thermal conductivity of
representative resilient materials, expanded polystyrene foam
according to the apparent density of them. From the results,
we get the empirical formula that has the correlation between
the thermal conductivity and the density. To set up reasonable
thermal insulation requirements for the radiant heating
floor systems of reinforced concrete floor, it is necessary
to find out the thermal transfer property of floor systems
according to the thermal insulation performance. So the heat
transfer simulations were performed to analyze the surface
temperature and heat loss of the floor structure with the
radiant floor heating system.
Resilient materials are made of expanded polystyrene;
as the density increased, the thermal conductivity tended
to decrease. The experiment results showed the correlation
expression between the thermal conductivity and the density,
which allowed the determination of the adequate insulation
materials and their thermal conductivity for a building
energy code. When insulation materials are installed in the
walls, floors, and roofs of a building to prevent heat loss
and to reduce noise in buildings, materials must be used
in consideration of not only the physical properties of the
materials, but also their thermal properties [6]. The study
showed that the conductivity of the resilient materials in
reinforced concrete floor structure with radiant floor heating
system affected the energy saving.
Thermal performance plays a significant role in the heat
loss of building. The relative importance of thermal bridges
increases in the energy balance of recent highly insulated
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buildings [19]. The simulation results showed that the temperatures of the external surface and the internal surface of
the joint parts of the thermal bridge part and the normal
part significantly differed in floor structure. Thus, the resilient
materials on hot water pipe in a radiant floor heating system
are an important point not only for reducing the floor impact
sound level but also for preventing heat loss for space heating.
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To evaluate the bond behavior between the reinforcing bar and surrounding concrete, a total of six-group pullout specimens with
plain steel bars and two-group specimens with deformed steel bars, serving as a reference, are experimentally investigated and
presented in this study. The main test parameters of this investigation include embedment length, surface type of reinforcing bars,
and bar diameter. In particular, the bond mechanism of plain steel reinforcing bars against the surrounding concrete was analyzed
by comparing with six-group pullout specimens with aluminium alloy bars. The results indicated that the bond stress experienced
by plain bars is quite lower than that of the deformed bars given equal structural characteristics and details. Averagely, plain bars
appeared to develop only 18.3% of the bond stress of deformed bars. Differing from the bond strength of plain steel bars, which is
based primarily on chemical adhesion and friction force, the bond stress of aluminium alloy bars is mainly experienced by chemical
adhesion and about 0.21∼0.56 MPa, which is just one-tenth of that of plain steel bars. Based on the test results, a bond-slip model
at the interface between concrete and plain bars is put forward.

1. Introduction
A large number of existing reinforced concrete buildings were
constructed with plain reinforcing bars before the 1970s [1].
Over the past four decades, more and more of these historical
structures will undergo structural transformations in order
to meet the demands of modern society. In particular,
upgrading of a historical structure may be necessary because
of deterioration due to corrosion, a change in the structural
system, or to rectify initial design and construction faults.
The first step in upgrading strategies for addressing existing
historical structures is to access the seismic performances of
materials and structural systems. It is well known that the
overall behavior of reinforced concrete structures is highly
dependent on the interaction between steel and concrete.
In other words, the behavior of smooth reinforcing bars
embedded in concrete is a key issue in the development of
reliable procedures for the evaluation of available bearing
and/or displacement capacities of historical buildings. Therefore, the bond properties of plain rebar in concrete need to be
understood.

Plain reinforcing bar does not exhibit lugs or other surface
deformations and therefore cannot transfer bond forces by
mechanical interlock. Instead, bond is transferred by adhesion between the concrete and the reinforcing bar before slip
occurs, and by wedging action of small particles that break
free from the concrete upon slip [2]. Usually, bond behavior
is described in terms of a bond stress versus slip relationship.
Though the procedure for deducing a bond-slip relationship
based on experimental data is not univocally defined [3],
pullout tests and beam tests are the common experimental
methods used for assessment of bond performance. It is
reported that the pullout tests will overestimate the bond
capacity of the deformed bars due to friction from the rigid
base plate laterally confined to the concrete cylinder. However, plain bars do not transfer bond by mechanical interlock,
so the pullout test captures the true failure mechanism and
therefore allows for accurate assessment of bond capacity [4].
Besides deformed reinforcing bars epoxy coated have
been intensively studied with regard to bond behavior.
However, little attention has been paid to the bond behavior of plain reinforcing bars in concrete [5–8]. Also,
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Table 1: Material properties.

Reinforced bar
Diameter/mm
Yield strength/MPa
Ultimate strength/MPa
Modulus of elasticity/GPa

8
376.7
521.9
207

Plain bars
14
319.1
441.8
207

16
343.1
463.2
207

the influence of several parameters affecting bond performance (concrete strength, embedment length, and bar
diameter, among others) is not fully established. Actually,
the majority of data can be found in the literature aimed at
assessing the performance of deformed rebar and defining
safe design provisions. Accordingly, smooth rebars are used
as a reference but are not fully investigated. Lack of experiments made on this type of specimens translates into a scarce
number of reliable models for describing bond performance.
Mo and Chan [9] made pullout test with plain rebar and
deformed bar and obtained that the bond strength of plain
rebar was only 28.6% that of deformed rebars; Prince and
Singh [10] researched the effect of concrete grade on the bond
between 12 mm diameter deformed steel bars and recycled
aggregate concrete with the help of 45 pullout tests.
In order to further study the bond behavior between the
plain steel bar and surrounding concrete, six-group pullout
specimens with plain steel bars and two-group specimens
with deformed steel bars conducted for comparison purposes are experimentally investigated. This paper introduces
research aiming at characterizing the effects of rebar type,
embedment length, the surface type of reinforcing bars,
and bar diameter on the bond strength of plain reinforcing
bars. Furthermore, considering it is difficult to distinguish
adhesive stress from friction stress for the bond strength
of plain reinforcing bars, six-group pullout specimens with
plain aluminium alloy bars were also constructed to analyze
the bond mechanism between plain bars and surrounding
concrete in this test [9]. The bond performance between plain
aluminium alloy bars and concrete is initially explored by the
way. Empirical equations for maximum average bond stress
are derived using regression analysis, and the form of the
load-slip curve is presented.

2. Test Programme
2.1. Material Properties. Fourteen groups of pullout specimens with a bar embedded axisymmetrically were tested.
Plain rebars and plain aluminium alloy bars were used in
six groups, respectively, and deformed rebar was used in
two groups, and each group contained three specimens. The
aluminium alloy with the type of 6061-T6 is selected as
the plain reinforcing bars in the test. The diameters of the
reinforcing bars in this pullout test were 18 mm, 14 mm, and
16 mm, respectively. Material properties of these reinforcing
bars are given in Table 1.
The concrete had an excepted strength grade of C30 of
which the compressive strength is 14.3 MPa. Hand mixed concrete was used to cast the specimens. General P42.5 Portland

Deformed bars
14
16
485.8
491.9
687.2
660.5
207
207

8
362.1
378.9
68.3

Al-alloy
14
370.9
399.3
75.9

16
333.6
369.9
76.7

cement was used without admixtures, and the mixing ratio of
cement, sand, aggregate, and water was 1 : 1.662 : 3.091 : 0.481.
The results for the 28-day average compressive strength
are shown in Table 2. It should be mentioned that the
concrete strength was somewhat higher than expected. The
mechanical properties of rebar and aluminium alloy bar used
in all specimens are shown in Table 2.
2.2. Specimen Preparation and Testing. A total of six-group
pullout specimens with plain steel bars and two-group specimens with deformed steel bars, serving as a reference, were
cast in this study, and other six-group pullout specimens
with aluminium alloy bars were also constructed. Parameters,
which are shown in Table 2, include bar size, length of
embedment, and surface type of reinforcing bars.
To shorten the disadvantage of stress concentration of
concrete at the loading end to bond behavior of the specimen,
a plastic pipe was used to avoid interaction between the
rebar and the surrounding concrete except in the embedded
zone. Sketch map of specimen in the pullout test is shown
in Figure 1(a), and picture of real products is shown in
Figure 1(b).
2.3. Test Set-Up. The pullout tests were conducted following
a procedure similar to ASTM C234 (ASTM 1988); the testing
machine is shown in Figure 2. Since slipping of the plain bars
at the maximum loading is small, two linear variable different
transducers (LVDT) were installed, respectively, on the free
end and the loading end to measure the rebar’s displacements;
test must be ceased while the displacement of the free end
exceeded 2 mm [10]. In addition, in view of the fact that the
strain gauge may affect the bond behavior of plain bars, no
strain gauge was used in this test.
The value of average nominal bond stress can be calculated as the normal force 𝐹 divided by the surface area of the
rebar embedded in the concrete. For circular cross section
reinforcing bar of which the diameter is 𝑑, the average bond
strength can be calculated by the following formula:
𝜏av =

𝐹
,
(𝜋 ⋅ 𝑑 ⋅ 𝐿)

(1)

where 𝐿 is the length of embedment. The maximum average
bond stress of each specimen can be calculated from (1) while
the maximum tensile load occurs.

3. Experimental Results
3.1. Failure Mode. For the specimen of plain bars, as the
load was applied continuously, slip of the loading end was
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Table 2: Parameters of test specimens.
Number
PS14-1
PS14-2
AA14-1
AA14-2
S14-1
PS16-1
PS16-2
AA16-1
AA16-2
S16-1
PS8-1
PS8-2
AA8-1
AA8-2

Type of rebar
Plain rebar
Plain rebar
Al-alloy
Al-alloy
Deformed rebar
Plain rebar
Plain rebar
Al-alloy
Al-alloy
Deformed rebar
Plain rebar
Plain rebar
Al-alloy
Al-alloy

Concrete strength/MPa
48.5
48.5
40.8
40.8
48.5
40.8
48.5
40.8
40.8
48.5
40.8
40.8
40.8
40.8

Size of specimens/mm
200
200
200
200
200
200
200
200
200
200
150
150
150
150

Diameters/mm
14
14
14
14
14
16
16
16
16
16
8
8
8
8

Embedment length/mm
100 (7 d)
140 (10 d)
100 (7 d)
140 (10 d)
100 (7 d)
115 (7 d)
160 (10 d)
115 (7 d)
160 (10 d)
115 (7 d)
80 (10 d)
120 (15 d)
80 (10 d)
120 (15 d)

200
14

200

PVC pipe

50 70

200

130
200

300
(a)

(b)

Figure 1: Pullout specimen: (a) schematic diagram and (b) picture of real products.

at the same time, so the specimen was damaged for the tensile
reinforcement was pulled out as shown in Figure 3.
For pullout specimen of deformed bar, while the load
reached the maximum, slipping of both the loading end and
the free end increased quickly until the slip of the free end
exceeded the limited value and then end loading. No slip
occurred on the concrete when specimens of deformed bars
were damaged; the reason that the specimens were damaged
was that the tensile reinforcement was pulled out, as shown
in Figure 4. Different from the plain bar, when specimens of
deformed bars were damaged, the concrete surrounding the
reinforcing bars was pulled out followed by the bars, which
indicated that the mechanical interlock played a role.

Figure 2: Test set-up.

increasing while no slip occurred at the free end. Slipping at
the free end of the bar began while the load approached the
maximum and was increasing quickly; then the plain bar was
pulled out, and slipping of the loading end increased rapidly

3.2. Load-Slip Curves. Load versus slip curves of loading
end are shown in Figure 5. It indicates that these load-slip
curves of plain bars in the pullout test are quite similar,
slip was increasing before the maximum load occurrence,
and the maximum tensile load occurs at a slight slip and
then drops asymptotically to a residual value as the slip
increases. For the pullout specimens with the same diameter,
the maximum load tends to increase with the length of
embedment increasing, the slope of curve of specimen with
a large diameter is greater, it indicates that the bond strength
of plain bars is effected by diameter, and the variation trend
will be analyzed below. Figure 5 indicates that the maximum
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(a)

(b)

Figure 3: Pullout failure of plain bars specimens: (a) steel bar and (b) Al-alloy.

of ribbed bars is far greater than adhesive stress and force of
friction. The bond strength of a specimen with the length of
embedment of 10 d is still greater than that of Al-alloy.

Figure 4: Failure mode of deformed bar specimen.

load of Al-alloy bars in the pullout test is significantly smaller
than that of plain bars with the same diameter, and the slip
is small when the maximum load occurs. It indicates that the
bond-slip mechanisms of them are different.
3.3. Bond Strength. The results of bond behavior between
plain bar and surrounding concrete are shown in Table 3.
Table 3 indicates that the bond stress of plain bars is
significantly smaller than that of deformed bars, and the bond
strength of plain Al-alloy is the smallest. While other varieties
are in the same value such as the bar diameter and the length
of embedment, the bond strength of plain bars is 18.3% of that
of deformed bars.
3.3.1. Superficial Form of Bars. Changes in relationship
between the bond strength of the specimens and the superficial form of bars are shown in Figure 6. It indicates that,
among the specimens with the length of embedment of 7 d,
the maximum bond strength of them is deformed ribbed
bars, the value is about 20 MPa, and the minimum is the
bond strength of Al-alloy which is less than 0.5 MPa. The
reason is that the bond strength of plain Al-alloy merely
consists of adhesive stress, which is about 0.2 to 0.5 MPa,
while the plain bar has a rough surface, the plain bars are not
plain thoroughly due to residual small particles after manual
derusting, and both adhesive stress and force of friction play a
role. The bond strength of deformed bars mainly depends on
the mechanical interlock; obviously the mechanical interlock

3.3.2. Length of Embedment. The variations of bond strength
of different specimens are shown in Figure 7. It indicates
that increasing the length of embedment makes no significant
influence on bond strength of specimen with plain Al-alloy.
The reason may be that the bond strength of plain Al-alloy
has a barrier oxide film that is bonded strongly to its surface
[11]; it is so smooth that the force of friction can be neglected.
However, for a plain bar with diameter of 8 mm, when the
length of embedment increases to 120 mm, the bond strength
is obviously larger than that of 80 mm, which is about nine
times larger; this changes possibly due to the difference of
bond mechanism, in which the bond strength of the latter is
just composed of adhesive stress, and the former is composed
of adhesive stress and force of friction. In view of the fact that
it is difficult to distinguish adhesive stress and force of friction
from the bond strength, more systematic research data should
be offered to research further.
3.3.3. Bar Diameter and Concrete Strength. Previous research
[6] indicated that bond strength of plain rebar decreases with
increasing bar diameter. It can be obtained from Table 3
that the average bond stress of specimens with identical
development length is somewhat greater for 14 mm diameter
bars than for 16 mm diameter bars while the plain bar
diameter must meet the requirements in the code “standard
method for testing of concrete structures” [12], which is much
greater than 10 mm, or it will cause a larger discreteness,
such as bond strength of the plain bar which is 8 mm in
diameter. The longer the length of embedment, the smaller
the amplitude reduction of the bond strength; the reason is
that with the length of embedment increasing the bond stress
distributions tend to be uniform, and reduction of the bond
strength results from diameter increasing tending to be more
uniform while the bond strength of the plain Al-ally is so
small that no obvious change rule occurs with the diameter
increasing.
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40

30

30
Load (kN)

Load (kN)

20
PS14-2b
20

PS16-2c

10
10
PS14-1a

PS16-1b
AA16-2a

0

0

1

2

3

4

5
6
Slip (mm)

7

8

9

0

10

0

1

2

3

(a)

4

5
6
Slip (mm)

7

8

9

10

(b)

Figure 5: Load versus slip curves of typical specimens: (a) diameter of 14 mm and (b) diameter of 16 mm.
6

24
19.8

16
12
8

5.51

5
Bond stress (MPa)

20
Bond stress (MPa)

20.33

4
3.22
3
2

5.10
4
0

1

2.22
0.26
AA14-1

PS14-1

S14-1 AA16-1
Specimen

0.54

0.31

0.23

0.21

0.25

AA8-1

PS8-1

0
PS16-1

S16-1

AA14-2

PS14-2

(a)

AA16-2 PS16-2
Specimen
(b)

Figure 6: Effect of type of bar surface on bond strength: (a) length of embedment of 7 d and (b) length of embedment of 10 d.
6

2.0

5.51
5.10

5

3.22
3
2.27

2.22

2

Bond stress (MPa)

Bond stress (MPa)

1.5
4

1.0

0.56
0.5

1

0.21

0.18

AA8-1

AA8-2

0.25
0
PS8-1

PS8-2

PS14-1 PS14-2
Specimen
(a)

PS16-1

PS16-2

0.0

0.26

0.31

0.23

AA14-1 AA14-2 AA16-1 AA16-2
Specimen
(b)

Figure 7: Effect of embedment length on bond strength of plain bars: (a) plain bar and (b) plain Al-alloy.

6

Advances in Materials Science and Engineering

Table 3: Main test results.
Number

Concrete
strength/MPa

Diameters/mm

Length of
embedment/mm

Maximum load
𝑃max /kN

Bond strength
𝜏max /MPa

Average value
𝜏av /MPa

PS14-1a
PS14-1b
PS14-1c

48.5

14

100

21.05
24.27
22.00

4.79
5.52
5.00

5.10

PS14-2a
PS14-2b
PS14-2c

48.5

14

140

34.88
32.68
34.14

5.66
5.31
5.54

5.51

AA14-1a
AA14-1b
AA14-1c

40.8

100

1.03
0.98
1.46

0.23
0.22
0.33

0.26

AA14-2a
AA14-2b
AA14-2c

40.8

14

140

2.06
5.84
1.76

0.33
0.95
0.29

0.31

S14-1a
S14-1b
S14-1c

48.5

14

100

91.69
79.64
89.90

20.85
18.11
20.44

19.80

PS16-1a
PS16-1b
PS16-1c

40.8

16

115

11.05
14.97
12.42

1.91
2.59
2.15

2.22

PS16-2a
PS16-2b
PS16-2c

48.5

16

160

30.13
19.25
28.32

3.75
2.39
3.52

3.22

AA16-1a
AA16-1b
AA16-1c

40.8

16

115

1.40
1.46
1.14

0.24
0.25
0.20

0.23

AA16-2a
AA16-2b
AA16-2c

40.8

16

160

5.38
4.29
3.31

0.67
0.53
0.41

0.54

S16-1a
S16-1b
S16-1c

48.5

16

115

111.02
120.78
120.70

19.21
20.89
20.88

20.33

PS8-1a
PS8-1b
PS8-1c

40.8

8

80

0.60
0.56
0.35

0.30
0.28
0.17

0.25

PS8-2a
PS8-2b
PS8-2c

40.8

8

120

4.44
7.31
8.76

1.47
2.42
2.90

2.27

AA8-1a
AA8-1b
AA8-1c

40.8

8

80

—
0.37
0.46

—
0.18
0.23

0.21

AA8-2a
AA8-2b
AA8-2c

40.8

8

120

0.42
0.57
0.64

0.14
0.19
0.21

0.18

Note: in the above table, the data of AA8-1a was not got for reason of operation; and data of AA14-2b is anomalous and was wiped off then.
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18.3 − x

81.7

x

Mechanical interlock force
Friction force
Adhesion force

89

100

11

Friction force
Adhesion force

(a)

Friction force
Adhesion force

(b)

(c)

Figure 8: Constitution of bond strength: (a) deformed bar, (b) plain bar, and (c) plain Al-alloy.

The change of concrete strength may influence the bond
strength of deformed bars because hardness of concrete
is related to the mechanical interlock of deformed bars.
However, the bond strength of plain bars is mainly composed
of adhesive stress and friction and shows no dependence
on mechanical interlock. Therefore, the variety of concrete
strength has no obvious influence on bond strength of plain
bars. Although the concrete strengths of PS16-1 and PS16-2
in Table 3 are different, the variety of bond strength mainly
depends on the increase of the bond length.

4. Bond Mechanism
As is known, the bond strength of deformed bars consists
of three parts: (1) adhesion between the concrete and the
reinforcing bar; (2) fraction between the reinforcing bar and
the surrounding concrete; and (3) mechanical interlock for
the roughness of bar surface, and the bond strength mainly
depends on mechanical interlock. Literature [13] has received
the same conclusion on the research of bond performance of
GFRP deformed bars.
According to the result of this test, the compositions of
ribbed bars is shown in Figure 8(a). Combined with the data
of plain bars, adhesive stress in Figure 8(a) is about 2% to 5%
of the bond strength.
Different from ribbed bars, the bond strength of plain
bar is composed of adhesive stress and friction, which mostly
depends on friction. According to the testing result, suppose
that specimen PS8-1 only has adhesive stress and then the
composition of bond strength of plain bars is composed as
Figure 8(b), which is 0.21 to 0.56 MPa, and about 1/10 that of
plain bars, which is shown in Figure 8(c).

research [14], the bond-slip curve of reinforcing bars and
surrounding concrete is analyzed by the following equation:
ascent:
downgrade:

𝜏av
𝑠 𝑎
=( ) ,
𝜏𝑢
𝑠𝑢

(2a)

𝜏av
𝑠/𝑠𝑢
=
,
3
𝜏𝑢
𝑏 (𝑠/𝑠𝑢 − 1) + 𝑠/𝑠𝑢

(2b)

where 𝜏av is the average bond stress of reinforcing bar and 𝑠
is the slipping of reinforcing bar; 𝜏𝑢 is bond strength at the
maximum load and 𝑠𝑢 is the slipping at the maximum load;
𝑎 and 𝑏 are parameters of ascent and downgrade of the bond
stress-slip curve, respectively, which can obtain via plenty of
test data. As the data of this test is limited, referencing the
research results of literature [14], then suggest that 𝑎 is equal
to 0.3 and 𝑏 is equal to 0.5.
According to (2a) and (2b), average bond stress-slip of
specimen of plain bars is calculated theoretically; the curve
of test and calculation are contrasted in Figure 9. It can be
concluded that the predicted curves agree well with the test
curves of specimens.

6. Conclusions
(1) For pullout specimens, the free end has no slip at the
early loading when part of plain bar bonded. Slipping
at the free end began and then increased rapidly with
added loading increase to the maximum, then the
plain bar is pulled out quickly, and test specimen
damaged for the reinforcing bar was pulled out.

5. Bond Stress-Slip Model

(2) While other varieties, such as the bar diameter and the
length of embedment, are in the same value, the bond
strength of plain bars is significantly smaller than
deformed bars, which is about 18.3% that of deformed
bars.

Knowledge of bond-slip relationship will be useful when
assessing the bond capacity of members adjacent to cracks,
where local strain compatibility between the bar and the
surrounding concrete is lost. According to the previous

(3) At constant length of embedment, with the increasing
of reinforcing bar diameter, the bond strength of plain
bars decreased, while plain Al-alloy has no significant
changes.
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Figure 9: Comparisons of bond-slip curve between test results and predicted results: (a) specimen of PS14-1, (b) specimen of PS14-2, (c)
specimen of PS16-1, and (d) specimen of PS16-2.

(4) The bond strength of plain bar is composed of
adhesive stress and friction and mainly depends on
the friction. Nevertheless, the bond strength of Alalloy is just composed of adhesive stress, which is
about 0.21 to 0.56 MPa as 1/10 that of plain round bar.
(5) The bond-slip curve of the loading end of plain bars
and concrete interface can be calculated theoretically from (2a) and (2b). However, more systematic
research data should be offered to further improve
this bond-slip model.
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The shear buckling failure and strength of a web panel stiffened by stiffeners with corrosion damage were examined according to the
degree of corrosion of the stiffeners, using the finite element analysis method. For this purpose, a plate girder with a four-panel web
girder stiffened by vertical and longitudinal stiffeners was selected, and its deformable behaviors and the principal stress distribution
of the web panel at the shear buckling strength of the web were compared after their post-shear buckling behaviors, as well as their
out-of-plane displacement, to evaluate the effect of the stiffener in the web panel on the shear buckling failure. Their critical shear
buckling load and shear buckling strength were also examined. The FE analyses showed that their typical shear buckling failures
were affected by the structural relationship between the web panel and each stiffener in the plate girder, to resist shear buckling of
the web panel. Their critical shear buckling loads decreased from 82% to 59%, and their shear buckling strength decreased from
88% to 76%, due to the effect of corrosion of the stiffeners on their shear buckling behavior. Thus, especially in cases with over 40%
corrosion damage of the vertical stiffener, they can have lower shear buckling strength than their design level.

1. Introduction
In steel plate girder bridges with more than 50–70 years’ service period, severe corrosion damaged structural members
have been found near their supports from their corrosive
environmental condition, such as higher humidity caused
by poor air circulation, dust deposition, and rain water or
antifreeze penetration from drainage type expansion joints
[1–3]. For a steel plate girder bridge, vertical and longitudinal
stiffeners are basically installed to improve the shear buckling
strength of their web panel. However, stiffeners also are not
free from corrosion damage, depending on time-dependent
maintenance. In the collapsed plate girder bridge caused by
severe corrosion damage in Japan in 2009 [3, 4], severely
corroded longitudinal and vertical stiffeners were also found,
as shown in Figure 1. For shear buckling problems, various
studies were conducted to examine the shear bucking behaviors of web panel and to suggest design guideline of web panel
under shear loading [5–12]. Several studies on shear buckling

problem with local corrosion damage in web panel were also
carried out, since corrosion damage of the web panel is related
to decrease in the shear buckling strength and shear failure
behavior [2, 3, 13–17]. In case of a corroded plate girder,
sectional damage of stiffeners affected by corrosion damage
can also relate to shear buckling behaviors of the web panel.
However, it is difficult to consider all the corroded cases
of a plate girder. If all cases were considered, the corrosion
damage effect of a stiffener on the shear buckling behaviors
of a plate girder is not clear.
In this study, therefore, a stiffener was only selected as a
corroded member of a plate girder. Nonlinear FE analyses of
web panels stiffened by stiffeners were conducted, to compare
their shear buckling behaviors according to the degree of corrosion of their stiffeners. Thus, a plate girder with a four-panel
web panel stiffened by vertical and longitudinal stiffeners
was selected. After their post-shear buckling behaviors, their
shear buckling failures were compared, as well as their change
in shear buckling strength. Then, the effect of the corroded
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Figure 1: A collapsed steel plate girder bridge in Japan [3, 4].
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Figure 2: Dimensions of web panel and stiffener for FE analysis.

stiffener of the web panel on the shear buckling failure was
evaluated.

2. FE Analysis Model of Plate Girder
with Corroded Stiffener
2.1. Analysis Cases of the Corroded Stiffener in the FE Analysis.
To numerically analyze the shear buckling behaviors of
the web panel with stiffener, a four-panel web plate girder
stiffened by vertical stiffeners and longitudinal stiffeners was
selected, with a total height of 1,256 mm (stiffened web
panel, with height and width of 1000 mm), a total length
of 4,420 mm, flange width of 200 mm, flange thickness of
22 mm, and web thickness of 6 mm, as shown in Figure 2. All
the stiffeners were considered identical, of 12 mm thickness
and 90 mm width.
In this study, the FE analysis models were classified into
three cases, depending on the analysis conditions. For the
first FE analysis case, a plate girder with longitudinal stiffener
was selected to examine the shear buckling behaviors affected
by the vertical stiffener; thus only the vertical stiffener was
considered to be corroded from the lower flange in the
plate girder. For the second FE analysis case, the vertical
stiffener and end-longitudinal stiffener were considered to
be corroded from the lower flange and center of the endlongitudinal stiffener, to examine the effect between the
corroded vertical stiffener and the end-longitudinal stiffener
on their shear buckling behaviors. For the third FE analysis
case, a left-longitudinal stiffener (end-longitudinal stiffener)
and right-longitudinal stiffener (next-longitudinal stiffener)

were considered to be corroded with the vertical stiffener, to
examine the relationship between left-longitudinal stiffener
and right-longitudinal stiffener. Thus, in the vertical and leftlongitudinal stiffener corrosion model, the corroded height
of the vertical stiffener changed from 0 mm to 1000 mm
in 100 mm units (10% of the vertical stiffener height), and
the corroded width of the left-longitudinal stiffener changed
from 0 mm to 1000 mm from the center of longitudinal
stiffener in 200 mm units (20% of vertical stiffener height)
for a symmetric web panel, as shown in Figure 3(a). In the
vertical and left-right longitudinal stiffener corrosion model,
the corroded height of the vertical stiffener changed from
0 mm to 500 mm in 100 mm units (10% of the vertical stiffener
height), and the corroded width of the left-longitudinal
stiffener changed from 200 mm to 800 mm in 200 mm units
(20% of vertical stiffener height), and the right-longitudinal
stiffener changed to 400 mm and 800 mm for a symmetric
web panel, as shown in Figure 3(b). However, the corroded
widths of the left-longitudinal stiffener and right-longitudinal
stiffener were not the same for all analysis cases, to examine
the relationship between the end-longitudinal stiffener and
the next-longitudinal stiffener.
For the FE analysis model, they are identified as follows:
the first letter indicates the analysis case (VL: vertical and leftlongitudinal stiffener corrosion model, V-L-R: vertical and
left-right longitudinal stiffener corrosion model), the second
letter, H, indicates the corrosion height of the vertical stiffener
(e.g., H200 indicates a corroded vertical stiffener of 200 mm
from the lower flange), the third letter, L, indicates the
width of the left-longitudinal stiffener (e.g., L200 indicates an
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Figure 3: Corrosion damage condition of web stiffener for FE analysis.

end-longitudinal stiffener of 200 mm), and the fourth letter,
R, indicates the width of the right-longitudinal stiffener (e.g.,
R200 indicates the next-longitudinal stiffener of 200 mm).
Therefore, in this study, the corrosion ratio of vertical
and longitudinal stiffeners for each FE analysis can be
summarized as follows:
(1) Vertical stiffener corrosion model (V-stiffener cases).
(2) Vertical and left-longitudinal stiffener corrosion
model (V-L stiffener cases).
(3) Vertical and left-right longitudinal stiffener corrosion
model (V-L-R stiffener cases).
2.2. FE Analysis Model. In order to examine the shear buckling failure of the web panel related to the locally corroded
stiffener condition in the plate girder using nonlinear FE
analysis (finite element analysis), the FE analysis program
MARC Mentat 2010 was used for each of the stiffener
corrosion cases. To determine their critical shear buckling
loads, buckling modes, elastic buckling analysis was anteriorly conducted before postbuckling analysis. Then, their
incremental nonlinear analyses with elastic buckling modes
were sequentially processed. In this FE analysis model, an
8-node solid element was used, as shown in Figure 4. For
material properties of the FE analysis model, the tensile
strength test results were used with a nominal yield stress
of 260 MPa, Young’s modulus of 206,000 MPa, and Poisson’s
ratio of 0.3. Elastic-perfectly plastic behaviors and the von
Mises yield criterion were applied as the material plasticity.
For boundary conditions of the FE analysis model, both
the lower flanges of the end panel (Boundary A) only were

released to rotate in the transverse direction, while the other
translations and rotations were prevented. For its symmetrical behavior, five points of the upper flange (Boundary B) in
the plate girder model were not allowed to translate in the
transverse direction, and a center point (Boundary C) at the
lower flange was not allowed to translate in the longitudinal
direction. For the shear bucking of the web panel, shear load
was applied to the center flange of the FE analysis model. Each
FE analysis case was considered corrosion damage conditions
of their vertical and longitudinal stiffeners. For vertical
stiffener corrosion models, a lower part of vertical stiffener
was removed as corrosion damage as 100 mm units from the
lower flange in the plate girder. For longitudinal stiffener
corrosion models with vertical stiffener corrosion, center part
of end-longitudinal stiffener and right-longitudinal stiffener
(next-longitudinal stiffener) was removed with the corrosion
damage of vertical stiffeners according to FE analysis condition. For V-LH600L400 model, therefore, vertical stiffener
was removed to 600 mm from lower flange and 400 mm
length of end-longitudinal stiffener was removed as corrosion
damage as shown in Figure 4.

3. Shear Buckling Failure Depending on
the Corroded Stiffener Condition
3.1. FE Model Validation. To validate the FE analysis model
used in this study, shear loading test results of a plate girder
with similar dimension were compared, according to test
boundary conditions and loading procedure [18]. Figure 5
shows validation model of the FE analysis. Figure 6 presents
a comparison of the displacement at mid-span of the test
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Figure 4: Boundary and load condition of the FE analysis model (V-LH600L400).

result data and the FE analysis result. As shown in Figure 6,
its displacement was found to be in agreement with that of the
test result. Therefore, the shear buckling behavior of the plate
girder with stiffener can be examined using this FE analysis
model.
3.2. Shear Buckling Failures of Web Panel with Corroded
Stiffener. To examine the shear buckling failure mode of
the web panel stiffened by vertical and longitudinal stiffeners depending on the corroded stiffener condition, shear
buckling failure modes at shear bulking strength were compared. Figures 7–15 show their out-of-plane displacement
contours and maximum principal stress contours. As shown
in Figures 7–15, a typical shear buckling failure mode can be
found with a diagonal tension field through the shear resistant
behaviors of the web panel. By increasing the damage of the
vertical stiffener, a wider and larger diagonal tension field
band was present, owing to the increase caused in the shear
resistant width of the web panel. Pronounced out-of-plane
deformation also appeared at the corroded vertical stiffener,
by reduction of the shear resistance of the vertical stiffener to
restrict the shear buckling of the web panel; thus its tensile
field shape was shown to be going down in the tension field
direction of the web panel, according to decrease in the
vertical stiffener by corrosion damage. For the 100% damage
vertical stiffener, in particular, shear buckling failure mode of
the wide web panel was present, due to increase in the width
of the web panel by the disappearing vertical stiffener.
In the case of the vertical and left-longitudinal stiffeners
corrosion model, as shown in Figures 10–13, their shear buckling failure modes were shown to be similar to those of the

vertical stiffener corrosion model. A diagonal tension field
was also present in the upper web panel of the longitudinal
stiffener, according to increase in the corrosion damage of
the longitudinal stiffener, except for the end-longitudinal
stiffener case with 20% corrosion damage, and their tensile
field shapes were shown to be more clearly going down in
a tension field direction of the web panel affected by weak
stiffened damaged stiffeners, according to decrease in the
vertical stiffener by corrosion damage. The shear resistance
of the end-longitudinal stiffener with 20% corrosion damage
was not affected, and a similar diagonal tension field developed, even though corrosion damage occurred in the endlongitudinal stiffener. The vertical stiffener corrosion model
with left-right longitudinal stiffener corrosion also showed a
similar tendency to those of the vertical stiffener corrosion
model with longitudinal stiffener corrosion, since the shear
resistance of the web panel decreased by corrosion damage of
the longitudinal stiffener of the next web panel, as shown in
Figures 14–15.
To more clearly identify this tendency, out-of-plane displacements were also compared according to the corroded
stiffener condition, in company with comparing the displacements at the center of a plate girder. Figure 16 shows the outof-plane displacements and displacements of representative
stiffener corrosion cases, as shown in Figures 7–15. Out-ofplane displacements at the center points of the end (left-) web
panel appeared to increase, and their critical buckling loads
and shear buckling strengths decreased with reduced stiffness
effect of the stiffener for the shear resistant strength of the
web plane, as shown in the load-displacement relationship
curve in Figure 16. In their load out-of-plane displacement
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Figure 6: Comparison of the displacement at mid-span.

relationships, as shown in their shear buckling failure mode
contours in Figures 7–15, distortional shear buckling behaviors of the web panel affected by the remaining vertical and
longitudinal stiffeners presented as askew bends of the web
plane to resist shear stress in the web panel. Since the point
where the maximum out-of-plane displacement occurred

changed, according to the mechanical relationship between
the web panel and the vertical and longitudinal stiffeners in
the plate girder, their load out-of-plane displacements at the
center of the left web panel also showed different levels to
the shear loading level, and irregular distribution in the same
plane of the web panel.
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Figure 7: V-stiffener model with V: 0% corrosion damage (VH00).
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Figure 8: V-stiffener model with V: 50% corrosion damage (VH500).
3.300e + 002
3.120e + 002
2.940e + 002
2.760e + 002
2.580e + 002
2.400e + 002
2.220e + 002
2.040e + 002
1.860e + 002
1.680e + 002
1.500e + 002
1.320e + 002
1.140e + 002
9.600e + 001
7.800e + 001
6.000e + 001
4.200e + 001
2.400e + 001
6.000e + 000
−1.200e + 001
−3.000e + 001

1.961e + 001
1.765e + 001
1.569e + 001
1.373e + 001
1.177e + 001
9.805e + 000
7.844e + 000
5.883e + 000
3.922e + 000
1.961e + 000
−9.441e − 005
−1.961e + 000
−3.922e + 000
−5.883e + 000
−7.844e + 000
−9.805e + 000
−1.177e + 001
−1.373e + 001
−1.569e + 001
−1.765e + 001
−1.961e + 001

(a) Out-of-plane displacement contour

(b) Maximum principal stress distribution contour

Figure 9: V-stiffener model with V: 100% corrosion damage (VH1000).
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Figure 10: V-L stiffener model with V: 50% and L: 20% corrosion damage (V-LH500L200).

3.3. Shear Buckling Strength Related to
Corroded Stiffener Condition
3.3.1. Vertical and Left-Longitudinal Stiffener Corrosion Model
(V-L Cases). For the vertical and left-longitudinal stiffener
corrosion model, the corrosion height of the vertical stiffener
changed from 0 mm to 1000 mm in 100 mm units, and the
corroded width of the end-longitudinal stiffener also changed

from 0 mm to 1000 mm from the center of longitudinal stiffener in 200 mm units. Basically, their critical shear buckling
load and shear buckling strength decreased, depending on
the corroded stiffener height, as shown in Tables 1–6 and
Figure 17. Their critical shear buckling load and shear buckling strength were also affected, according to the corroded
width of the longitudinal stiffener. Thus, the critical shear
buckling loads changed from 545.0 kN to 324.2 kN, and shear
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(b) Maximum principal stress distribution contour

Figure 11: V-L stiffener model with V: 50% and L: 40% corrosion damage (V-LH500L400).
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(b) Maximum principal stress distribution contour

Figure 12: V-L stiffener model with V: 50% and L: 60% corrosion damage (V-LH500L600).
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Figure 13: V-L stiffener model with V: 50% and L: 80% corrosion damage (V-LH500L800).
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(a) Out-of-plane displacement contour

(b) Maximum principal stress distribution contour

Figure 14: V-L-R stiffener model with V: 50%, L: 40%, and R: 40% corrosion damage (V-LH500L400R400).

buckling strengths decreased from 810.0 kN to 612.5 kN. This
means the critical buckling load can decrease to 59% and
76% of those of the web panel stiffener without corrosion
damage, according to the condition of the longitudinal
stiffener. For each longitudinal stiffener corrosion case, their
shear buckling values relatively sharply decreased, after 50%
corrosion damage of the vertical stiffener, like that of the

vertical stiffener corrosion model. Figure 18 summarizes the
shear buckling ratio of each vertical and end-longitudinal
stiffener corrosion model for no corrosion damage in the
stiffener. For critical shear buckling load, it decreased from
82% to 59% of that of no corrosion damage in the stiffener.
For shear buckling strength, it decreased from 88% to 76% of
that of no corrosion damage in the stiffener.
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(a) Out-of-plane displacement contour
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(b) Maximum principal stress distribution contour

Figure 15: V-L-R stiffener model with V: 50%, L: 40%, and R: 80% corrosion damage (V-LH500L400R800).

3.3.2. Vertical and Left-Right Longitudinal Stiffener Corrosion Model (V-L-R Cases). For the vertical and left-right
longitudinal stiffener corrosion model, the corrosion height
of the vertical stiffener changed from 0 mm to 500 mm in
100 mm units, and the corrosion width of the left-longitudinal
stiffener changed from 200 mm to 800 mm in 200 mm units,
and the right-longitudinal stiffener changed to 400 mm and
800 mm. As for the vertical and left-longitudinal stiffener
corrosion model, they also show similar shear buckling
behaviors with the change in the shear buckling value as
shown in Tables 7–14 and Figure 19. As the shear stiffness
of the enlarged shear web panel decreased from the disappearing longitudinal stiffener of the inner web panel (right
web panel) by corrosion damage, their critical shear buckling
loads and shear buckling strengths highly decreased by
slightly more than those of the vertical and left- longitudinal
stiffener corrosion model (V-L cases). For the same vertical
stiffener corrosion, they thus have about 4∼6% decreased
shear buckling values affected by the next (near) longitudinal
stiffener (longitudinal stiffener of the next panel). Figure 20
summarizes the shear buckling ratio of each vertical and leftright longitudinal stiffener corrosion model for no corrosion
damage in the stiffener.
3.4. Evaluation of Shear Buckling Strength of Web Panel
Related to Corroded Stiffener. Shear buckling behaviors of the
web panel can be classified as before elastic shear buckling
behavior, and post-shear buckling behavior, after elastic
shear buckling behavior. Before elastic shear buckling, equal
tensile and compressive principal stresses in the web panel
develop prior to incipient buckling under shear load. After
elastic shear buckling, the diagonal tension stresses (diagonal
tension stresses) resist the additional shear load. Elastic
shear buckling load is calculated by (1), using the buckling
coefficient with regard to the boundary conditions [19]:
2

𝑡
𝜋𝐸
( 𝑤)
𝜏cr = 𝑘
2
12 (1 − ] ) ℎ𝑤
2

for

𝐴𝑓
𝐴𝑤

AASHTO [21] design specifications. In AISC [20], the nominal shear strength (𝑉𝑛 ) is given by (2) and (3) at the limit of
the tension field yielding. For the shear coefficient (𝐶V ) of (3),
it is suggested to be given by (4a), (4b), (4c):

𝑉𝑛 = 0.6𝑓𝑦 𝐴 𝑤

(1)

where 𝐸 is the elastic modulus, ] is Poisson’s ratio, 𝑡𝑤 is the
web thickness, ℎ𝑤 is the web height, and 𝑘 is the buckling
coefficient determined from the boundary conditions and the
aspect ratio.
Shear buckling strength determined from post-shear
buckling behaviors can be considered from AISC [20] and

𝑘𝐸
ℎ𝑤
≤ 1.10√ V ,
𝑡𝑤
𝑓𝑦

𝑉𝑛 = 0.6𝑓𝑦 𝐴 𝑤 (𝐶V +

1 − 𝐶V
2
1.15√1 + (𝑑0 /ℎ𝑤 )

for

𝐶V = 1.0

for

𝐶V = 1.10

𝐶V =

(2)

)
(3)

𝑘𝐸
ℎ𝑤
> 1.10√ V ,
𝑡𝑤
𝑓𝑦

𝑘𝐸
ℎ𝑤
≤ 1.10√ V ,
𝑡𝑤
𝑓𝑦

(4a)

√𝑘V 𝐸/𝑓𝑦
ℎ𝑤 /𝑡𝑤

(4b)
for 1.10

1.51𝑘V 𝐸
2

(ℎ𝑤 /𝑡𝑤 ) 𝑓𝑦

√𝑘V 𝐸 ℎ𝑤
𝑘𝐸
<
≤ 1.37√ V ,
𝑓𝑦
𝑡𝑤
𝑓𝑦

for 1.37√

𝑘V 𝐸 ℎ𝑤
<
,
𝑓𝑦
𝑡𝑤

(4c)

where the buckling coefficient (𝑘V ) is suggested to be given by

𝑘V = 5 +
< 0.8,

for

5
2

(𝑑0 /ℎ𝑤 )

=5

𝑑
𝑑
260
].
when 0 > 3 or 0 > [
2
ℎ𝑤
ℎ𝑤
(ℎ𝑤 /𝑡𝑤 )

(5)

In AASHTO [21], the nominal shear resistance (𝑉𝑛 ) is given
by (2), on the basis of the fully plastic strength (𝑉𝑝 ), as shown
in (6). The fully plastic shear strength (𝑉𝑝 ) and the shear
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Figure 16: Displacement and out-of-plane displacement distribution of each case.
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Figure 17: Shear buckling load and ratio of vertical and end-longitudinal stiffener corrosion model.
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Table 1: Shear buckling values for V-LL00 stiffener series.
Corrosion of
longitudinal
stiffener

Width: 0 mm,
ratio: 0%

Corrosion of vertical
stiffener
Height (mm)
Ratio
0
100
200
300
400
500
600
700
800
900
1000

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Critical shear buckling
load (𝑃cr )
Load (kN)
Ratio
545
537.5
532.5
531
523
503.5
482.8
467.2
458.05
455.95
446.35

1.00
0.99
0.98
0.97
0.96
0.92
0.89
0.86
0.84
0.84
0.82

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

810
810
805
792.5
760
735
727.5
717.5
715
712.5
712.5

1.00
1.00
0.99
0.98
0.94
0.91
0.90
0.89
0.88
0.88
0.88

1.00
0.99
0.98
0.97
0.96
0.92
0.89
0.86
0.84
0.84
0.82

1.00
1.00
0.99
0.98
0.94
0.91
0.90
0.89
0.88
0.88
0.88

Table 2: Shear buckling values for V-LL200 stiffener series.
Corrosion of
longitudinal
stiffener

Width: 200 mm,
ratio: 20%

Corrosion of vertical
stiffener
Height (mm)
Ratio
0
100
200
300
400
500
600
700
800
900
1000

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Critical shear buckling
load (𝑃cr )
Load (kN)
Ratio
513
504
494.35
487.3
485.35
469.8
443.6
425.5
416.95
414.8
409.25

1.00
0.98
0.96
0.95
0.95
0.92
0.86
0.83
0.81
0.81
0.80

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

810
810
802.5
777.5
750
722.5
710
695
685
685
685

1.00
1.00
0.99
0.96
0.93
0.89
0.88
0.86
0.85
0.85
0.85

0.94
0.92
0.91
0.89
0.89
0.86
0.81
0.78
0.77
0.76
0.75

1.00
1.00
0.99
0.96
0.93
0.89
0.88
0.86
0.85
0.85
0.85

Table 3: Shear buckling values for V-LL400 stiffener series.
Corrosion of
longitudinal
stiffener

Width: 400 mm,
ratio: 40%

Corrosion of vertical
stiffener
Height (mm)
Ratio
0
100
200
300
400
500
600
700
800
900
1000

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Critical shear buckling
load (𝑃cr )
Load (kN)
Ratio
489.15
479.55
469.15
461.8
459.85
449.35
420.8
396.9
385.1
382.5
380.05

1.00
0.98
0.96
0.94
0.94
0.92
0.86
0.81
0.79
0.78
0.78

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

810
810
797.5
770
745
717.5
695
682.5
667.5
665
665

1.00
1.00
0.98
0.95
0.92
0.89
0.86
0.84
0.82
0.82
0.82

0.90
0.88
0.86
0.85
0.84
0.82
0.77
0.73
0.71
0.70
0.70

1.00
1.00
0.98
0.95
0.92
0.89
0.86
0.84
0.82
0.82
0.82
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Table 4: Shear buckling values for V-LL600 stiffener series.
Corrosion of
longitudinal
stiffener

Width: 600 mm,
ratio: 60%

Corrosion of vertical
stiffener
Height (mm)
Ratio
0
100
200
300
400
500
600
700
800
900
1000

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Critical shear buckling
load (𝑃cr )
Load (kN)
Ratio
475.15
465.65
453.25
443.6
438.9
435.65
409.85
383.25
364.05
357.4
356.5

1.00
0.98
0.96
0.94
0.94
0.92
0.86
0.81
0.79
0.78
0.78

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

805
802.5
777.5
745
725
705
692.5
677.5
667.5
652.5
652.5

1.00
1.00
0.97
0.93
0.90
0.88
0.86
0.84
0.83
0.81
0.81

0.87
0.85
0.83
0.81
0.81
0.80
0.75
0.70
0.67
0.66
0.65

0.99
0.99
0.96
0.92
0.90
0.87
0.85
0.84
0.82
0.81
0.81

Table 5: Shear buckling values for V-LL800 stiffener series.
Corrosion of
longitudinal
stiffener

Width: 800 mm,
ratio: 80%

Corrosion of vertical
stiffener
Height (mm)
Ratio
0
100
200
300
400
500
600
700
800
900
1000

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Critical shear buckling
load (𝑃cr )
Load (kN)
Ratio
455.5
446.65
434.3
424
419.25
417.1
397.45
371.9
350.45
337.95
335

1.00
0.98
0.95
0.93
0.92
0.92
0.87
0.82
0.77
0.74
0.74

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

802.5
785
745
717.5
697.5
680
672.5
665
637.5
625
622.5

1.00
0.98
0.93
0.89
0.87
0.85
0.84
0.83
0.79
0.78
0.78

0.84
0.82
0.80
0.78
0.77
0.77
0.73
0.68
0.64
0.62
0.61

0.99
0.97
0.92
0.89
0.86
0.84
0.83
0.82
0.79
0.77
0.77

Table 6: Shear buckling values for V-LL1000 stiffener series.
Corrosion of
longitudinal
stiffener

Width: 100 mm,
ratio: 100%

Corrosion of vertical
stiffener
Height (mm)
Ratio
0
100
200
300
400
500
600
700
800
900
1000

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Critical shear buckling
load (𝑃cr )
Load (kN)
Ratio
440.25
431.65
419.80
410.10
406.20
404.00
387.35
363.7
344.25
330.85
324.20

1.00
0.98
0.95
0.93
0.92
0.92
0.88
0.83
0.78
0.75
0.74

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

750
742.5
730
702.5
690
675
660
635
625
617.5
612.5

1.00
0.99
0.97
0.94
0.92
0.90
0.88
0.85
0.83
0.82
0.82

0.81
0.79
0.77
0.75
0.75
0.74
0.71
0.67
0.63
0.61
0.59

0.93
0.92
0.90
0.87
0.85
0.83
0.81
0.78
0.77
0.76
0.76
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Table 7: Shear buckling values for the V-L-RL200R400 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

200
(0.2)

400
(0.4)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

515.5
507.5
498.7
486.35
472.55
455.75

1.00
0.98
0.97
0.94
0.92
0.88

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

770
770
770
767.5
747.5
727.5

1.00
1.00
1.00
1.00
0.97
0.94

0.95
0.93
0.92
0.89
0.87
0.84

0.95
0.95
0.95
0.95
0.92
0.90

Table 8: Shear buckling values for the V-L-RL200R800 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

200
(0.2)

800
(0.8)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

509
507
496.65
476.1
455.7
438.75

1.00
1.00
0.98
0.94
0.90
0.86

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

755
755
755
752.5
745
720

1.00
1.00
1.00
1.00
0.99
0.95

0.93
0.93
0.91
0.87
0.84
0.81

0.93
0.93
0.93
0.93
0.92
0.89

Table 9: Shear buckling values for the V-L-RL400R400 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

400
(0.4)

400
(0.4)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

488.4
481.35
472.8
463.5
454.7
438.6

1.00
0.99
0.97
0.95
0.93
0.90

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

770
770
770
767.5
742.5
707.5

1.00
1.00
1.00
1.00
0.96
0.92

0.90
0.88
0.87
0.85
0.83
0.80

0.95
0.95
0.95
0.95
0.92
0.87

Table 10: Shear buckling values for the V-L-RL400R800 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

400
(0.4)

800
(0.8)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

488.35
482.4
473.7
459.95
444.6
428.6

1.00
0.99
0.97
0.94
0.91
0.88

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

765
762.5
762.5
762.5
737.5
707.5

1.00
1.00
1.00
1.00
0.96
0.92

0.90
0.89
0.87
0.84
0.82
0.79

0.94
0.94
0.94
0.94
0.91
0.87
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Table 11: Shear buckling values for the V-L-RL600R400 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

600
(0.6)

400
(0.4)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

475.45
468
457.35
444.55
432.8
423.1

1.00
0.98
0.96
0.94
0.91
0.89

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

770
770
770
740
702.5
682.5

1.00
1.00
1.00
0.96
0.91
0.89

0.87
0.86
0.84
0.82
0.79
0.78

0.95
0.95
0.95
0.91
0.87
0.84

Table 12: Shear buckling values for the V-L-RL600R800 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

600
(0.6)

800
(0.8)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

476.3
469.3
458.45
442.25
426.55
414.35

1.00
0.99
0.96
0.93
0.90
0.87

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

755
755
755
742.5
702.5
680

1.00
1.00
1.00
0.98
0.93
0.90

0.87
0.86
0.84
0.81
0.78
0.76

0.93
0.93
0.93
0.92
0.87
0.84

Table 13: Shear buckling values for the V-L-RL800R400 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

800
(0.8)

400
(0.4)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

458.45
450.45
438.3
424.45
413.8
407.8

1.00
0.98
0.96
0.93
0.90
0.89

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

772.5
772.5
745
707.5
682.5
667.5

1.00
1.00
0.96
0.92
0.88
0.86

0.84
0.83
0.80
0.78
0.76
0.75

0.95
0.95
0.92
0.87
0.84
0.82

Table 14: Shear buckling values for the V-L-RL800R800 stiffener series.
Corrosion of
longitudinal stiffener
Inner
End (mm)
(mm)

800
(0.8)

800
(0.8)

Corrosion of vertical Critical shear buckling
stiffener
load (𝑃cr )
Height
Ratio
Load (kN)
Ratio
(mm)
0
100
200
300
400
500

0
0.1
0.2
0.3
0.4
0.5

460.8
451.85
439
422.6
409.55
401.4

1.00
0.98
0.95
0.92
0.89
0.87

Shear buckling strength (𝑃𝑢 ) With corrosion/without corrosion
Load (kN)

Ratio

𝑃cr ratio

𝑃𝑢 ratio

755
755
742.5
707.5
682.5
665

1.00
1.00
0.98
0.94
0.90
0.88

0.85
0.83
0.81
0.78
0.75
0.74

0.93
0.93
0.92
0.87
0.84
0.82
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Figure 18: Shear buckling ratio of V-L stiffener corrosion series for no corrosion damage.

coefficient (𝐶V ) of (6) are suggested to be given by (7) and
(8a), (8b), and (8c), respectively:
𝑉𝑛 = 𝑉𝑝 (𝐶V +

𝐶V = 1.12

for

√1 + (𝑑0 /ℎ𝑤 )2
𝑓𝑦

𝑉𝑝 = 𝜏𝑦 ℎ𝑤 𝑡𝑤 =
𝐶V = 1.0

0.87 (1 − 𝐶V )

𝑘𝐸
ℎ𝑤
≤ 1.12√ V ,
𝑡𝑤
𝑓𝑦

√𝑘V 𝐸/𝑓𝑦
ℎ𝑤 /𝑡𝑤

1.57𝑘V 𝐸
2

(6)

ℎ𝑤 𝑡𝑤 = 0.58𝑓𝑦 ℎ𝑤 𝑡𝑤 ,

√3

(ℎ𝑤 /𝑡𝑤 ) 𝑓𝑦

(7)

(8a)

,
(8b)

for 1.12
𝐶V =

),

,

√𝑘V 𝐸 ℎ𝑤
𝑘𝐸
<
≤ 1.40√ V ,
𝑓𝑦
𝑡𝑤
𝑓𝑦

for 1.40√

𝑘V 𝐸 ℎ𝑤
<
,
𝑓𝑦
𝑡𝑤

(8c)

where the buckling coefficient (𝑘V ) is suggested to be as shown
in
𝑘V = 5 +

5
2

(𝑑0 /ℎ𝑤 )

.

(9)

For calculation by AASHTO and AISC design specifications, the critical shear buckling load of web panel (1000

× 1000 mm) using (4a), (4b), and (4c) was calculated as
402 kN, and the shear buckling strength of the web panel
was calculated as 709 kN for AASHTO, and 731 kN for
AISC. In this study, vertical stiffener cases with 0∼100%
corrosion damage have been considered to examine the
effect of corrosion damage of the stiffener on shear buckling
behaviors of the web panel. However, it is difficult for a
vertical stiffener to fully corrode (100% corrosion) under
a real atmospheric corrosion environment. Therefore, the
shear buckling strength of vertical stiffener cases with 0∼
50% corrosion damage was considered, to compare the shear
buckling values of the web panel stiffened by stiffeners with
design values. Figure 21 shows a comparison of the shear
buckling strengths for each analysis case of the stiffener
corrosion model. As shown in Figure 21, on the whole, shear
buckling strengths of the web panels stiffened by stiffeners
were shown to be higher than the design value, except for the
multiply severely corroded stiffener cases. However, after 40%
corrosion damage of the vertical stiffener, its shear buckling
strength can decrease below the design value. Therefore, the
corrosion ratio of the vertical stiffener should be checked, to
repair or reinforce the web panel with a corroded stiffener.

4. Conclusions
This study examined the shear buckling failure and strength
of web panels stiffened by stiffeners, to evaluate the effect of
corroded stiffeners on shear buckling behaviors, according
to the local corrosion damage of the stiffener. Therefore, for
stiffener corrosion cases in the plate girder, nonlinear FE
analyses were conducted, and their shear buckling behaviors
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Figure 19: Continued.
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Figure 19: Shear buckling load and ratio of the V-L-R stiffener corrosion model.
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Figure 20: Shear buckling ratio of V-L-R stiffener corrosion series for no corrosion damage.

were compared, as well as the change in the shear buckling
strength of the web panel, depending on the degree of
corrosion of the vertical and longitudinal stiffeners. For shear
buckling failure mode, basically, they were shown to have
a typical shear buckling failure mode, related to the shear
resistance of a web panel with a diagonal tension field. Their
tensile field band shapes were more clearly going down in
a tension field direction of the web panel affected by weak

stiffened damaged stiffeners, depending on the degree of
corrosion damage of the vertical stiffener. This tendency can
be found in the load out-of-plane displacement in the center
web panel, and the maximum out-of-plane displacement also
changed, according to the mechanical relationship between
the web panel and the vertical and longitudinal stiffeners in
the plate girder. Their critical shear buckling load and shear
buckling strength decreased, depending on the corroded
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Figure 21: Comparison of the shear buckling strengths for each analysis case.

height of the vertical stiffener and the corroded width of the
longitudinal stiffener from 82% to 59% of the critical shear
buckling load, and from 88% to 76% of the shear buckling
strength, since the shear buckling behaviors of the web panel
are determined by the shear resistance of the web panel
stiffened by each stiffener. For over 40% corrosion damage
of the vertical stiffener, the corrosion ratio of the vertical
stiffener should be considered to repair or reinforce the web
panel with a corroded stiffener, since their shear buckling
strengths can decrease below the design value.
In this study, the shear buckling behaviors of a web panel
stiffened by stiffener with corrosion damage were examined.
Their shear buckling failure behaviors and the change in the
shear buckling strength were found to be insufficient for all
web panel conditions with stiffener. For more effective results
on the shear buckling behavior of web panel, various design
conditions of the web panel and the corrosion conditions
should be considered.
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Continuous carbon nanotube (CNT) networks were formed in Cf /SiC composites via freeze-drying method. Composites were
fabricated by precursor infiltration and pyrolysis (PIP) process afterwards. The different distribution morphologies of CNTs in the
preforms originating from the different CNT contents were analyzed while the influence of the distribution of CNTs was discussed
in detail. Compared to composites without CNTs, the interfacial shear strength (ILSS) and the flexural strength of Cf /1%CNTs/SiC
were increased by 31% and 27%, respectively, but the values of Cf /2.5%CNTs/SiC decreased as a result of lots of defects caused by
excess CNTs. With the analysis of ILSS, the flexural strengths, and the fracture morphologies, CNTs effectively improved the weak
interfacial strength between T700SC carbon fibers and SiC matrix.

1. Introduction
Continuous carbon fiber reinforced ceramic matrix composites (CFCMCs) have many advantages, such as low density,
high strength, high fracture toughness, and oxidation resistance, and are the most promising candidates for applications
in harsh conditions [1–5]. Currently, Cf /SiC composites
are extensively studied and have been mainly applied to
engine combustion chamber, aerospace heat shield, and
friction materials [6, 7]. However, in the laminated Cf /SiC
composites, the region in interlaminar matrix and among
fiber bundles is still weak and makes little contribution to
the strength and toughness of the Cf /SiC composites [8],
inhibiting the applications.
The nanoscale reinforcement of CNTs, possessing excellent mechanical, thermal, and electronic properties [9–11],
are applied in Cf /SiC composites to overcome the abovementioned weak points. To improve the matrix, CNTs are
directly dispersed into organic precursors before composites
are prepared via PIP process [12, 13]. Yet nonuniform dispersion and low loading fraction of CNTs limit its application.
To alleviate the agglomeration of CNTs, grafting CNTs on
fibers via chemical vapor deposition (CVD) process is also
developed [14–17]. The interfacial strength between fibers

and SiC matrix can be improved effectively. However, the
approach has its inherent shortcomings, such as the high
fabricating temperature and the difficulties in processing
large panels. Besides, the side reaction during CVD process
would degrade the fiber strength [18].
Previously, freeze-drying technique has been adopted
to build continuous CNT networks in unidirectional [19,
20] and two-dimensional [21] carbon fibers/epoxy resin
laminated composites. Using the freeze-drying method, continuous and uniform CNT networks are grafted on fibers in
one bundle while discontinuous CNT networks (existing in
the form of sheets) are formed in the space between bundles
and the interlaminar region. The novel CNT spatial structures
can not only form suitable interfacial strength between
fibers and SiC matrix, but also improve the performance in
interlaminar matrix partially via CNT sheets. On the other
hand, the approach is processed in a mild condition and
thus can maintain full performance of pristine carbon fibers,
such as fiber strength and surface integrity. Moreover, the
morphologies of CNT structure can be easily controlled by
adjusting the freezing parameters [22] and the content of
CNTs [23, 24], enabling designing the spatial structure of
CNTs effectively.

2
In the present work, we try to use the method to
prepare continuous CNT networks in Cf /SiC composites to
overcome the shortcomings. The influence of CNT contents
on the morphologies of CNT networks is studied. And the
mechanism of improving the mechanical properties of the
composites is discussed in detail.

2. Experimental
2.1. Materials. T700SC unidirectional carbon fiber cloths
with yarns of 12000-filament count (Toray, Japan), of which
single filament diameter, density, and tensile strength are
7 𝜇m, 1.80 g/cm3 , and 4.9 GPa, respectively, were used as
reinforcement. Polycarbosilane (PCS), with molecular weight
of ∼1400 and the soften point of 210∘ C (Suzhou Cerafil
Co., Ltd., China), and divinylbenzene (DVB) (Aladdin) were
used as precursor. Commercial aqueous CNT slurry with
the concentration of 5 wt% was purchased from Shenzhen
Nanotech Port Co., Ltd., China.
2.2. Preparation of C𝑓 /CNTs/SiC Composites. The Cf /CNTs
preforms and the final composites were prepared as follows.
(1) CNT aqueous solution with different concentrations of
1 wt% and 2.5 wt% was prepared by diluting commercial CNT
slurry with deionized water. (2) The unidirectional carbon
fiber fabrics were made by pressing 11 layers of Cf cloth
along the same direction to a thickness of 4 mm. The fiber
volume fraction of the fabrics was ∼45%. (3) The carbon
fiber fabrics were impregnated with diluted CNT solution
under vacuum for 0.5 h, dipped into liquid nitrogen rapidly,
and left to stand for 8 h. Then, the Cf /CNTs preforms were
prepared by freeze-drying for 72 h in the freeze-drier. And
the freeze-drier (model: FD-1-50), with high ultimate vacuum
(<20 Pa) and low operating temperature (<–55∘ C), was made
by Beijing Boyikang Co., Ltd. (4) The Cf /CNTs preforms were
impregnated with the precursor solution, consisting of PCS
and DVB with the mass ratio of 1 : 0.4, through a similar
resin transfer moulding (RTM) process before transferring to
an oven, and cured at 120∘ C for 6 h. (5) The cured samples
were pyrolyzed at 1000∘ C for 2 h in argon atmosphere, with
the heating rate of 10∘ C/min. To acquire dense composites, 7
cycles of PIP were performed.
2.3. Characterization. Archimedes’s method with kerosene
as immersing liquid was used to get the densities and
porosities of the composites. Transmission Electron Microscope (TEM) (JEM100CXII from JEOL) was used to observe
the microstructure of CNTs. Scanning Electron Microscope
(SEM) (S4800 from Hitachi Corporation in Japan) was used
to study morphologies of dispersion state of CNTs in the
preforms and fracture morphologies of the composites after
test. The flexural strength was carried out using a threepoint bending test on specimens with the size of 40 × 4
× 2 mm (length × width × height), a 32 mm span, and a
0.5 mm/min cross-head speed. ILSS tests followed ASTM
D2344 guidelines. Five specimens were tested for each set of
conditions.
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3. Results and Discussion
3.1. Morphologies of C𝑓 /CNTs Preforms after Freeze-Drying.
The morphology of the as-received carbon fiber cloth is
shown in Figure 1(a). The spacing between fibers in intrabundle region ranges from a few hundred nanometers to several
micrometers, with the diameter of 7 𝜇m. And the surface of
T700SC carbon fibers is smooth, contrary to that of T300
where there are grooves [25]. CNT slurry was dispersed into
deionized water by ultrasonication (30 min) for TEM observation on pristine CNTs. The result (Figure 1(b)) indicates
that the as-used CNTs are multiwalled with the diameter of
20 nm and the lattice fringe of CNTs is not clear, implying
poor crystallinity.
The dispersion state of 1 wt% CNTs in the preform after
freeze-drying is observed. As seen in Figure 1(c), the surface
of carbon fibers is rough, rather different from that of pristine
fibers, indicating that CNTs are effectively grafted on fibers.
The change of the diameter of the fibers is not obvious,
implying a thin CNT layer grafted on Cf . Although the CNT
layers were grafted on the fibers uniformly, the continuity of
the CNT networks between fibers in one bundle was affected
by the spacing between fibers, resulting from the mechanism
of freeze-drying within confined space [20]. It appears that
CNT networks trend to be continuous when the spacing
is merely several hundred nanometers while discontinuous
CNT networks can be found when the spacing spans up to
several micrometers. And the former was predominant on the
whole. Discontinuous parallel CNT sheets with the bottom
width of 1 𝜇m were formed from the simultaneous rejection
by two adjacent ices crystals [26]. The CNT morphology
contrasted with the one prepared by CVD method [14, 17].
The magnifying image (Figure 1(d)) reveals that the twisted
CNTs interact with each other in an entangled state, with the
length of several micrometers and the diameters of ∼30 nm,
well-matched to the TEM results. CNTs are uniformly grafted
on fibers while the space between fibers fills with porous
CNT networks. Nanopores of ∼200 nm provide channels for
precursor impregnation, together with nonclosed structures
of CNT sheets.
As shown in Figure 1(e), the diameter of the fibers
increases significantly when the content of CNTs increases
to 2.5 wt%. By contrast, the thickness of CNT layer is
up to 500 nm, far greater than that of 1 wt%. The CNT
networks between fibers trend to be more continuous because
more CNTs fill the space, companying with the formation
of cell structures. And the novel cell structure is nearly
closed with the bottom width of ∼4 𝜇m, four times thicker
than that of CNT sheets in Cf /1%CNTs preform. The cell
CNT structure arose from CNT sheets that grew up and
connected to each other due to the increment of CNTs.
The occupied state of the space between fibers is observed
in Figure 1(f) and dense CNT networks fill. Nevertheless,
nearly closed cell structure and dense CNT networks might
be disadvantageous to the process of precursor impregnation
and generate defects in the as-fabricated Cf /SiC composites
in virtue of strong diffusion resistance to precursor solution.
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Figure 1: (a) SEM micrograph of as-received carbon fibers, (b) TEM image of pristine multiwalled CNTs, (c) SEM image of the distribution
of CNTs in the preform with the CNT content of 1 wt%, (d) SEM image of CNT networks of 1 wt% between fibers in one fiber bundle, (e) the
distribution of CNTs in the preform with the CNT content of 2.5 wt%, and (f) SEM image of CNT networks of 2.5 wt% between fibers in one
fiber bundle.

3.2. The Influence of CNTs on the SiC Matrix. The SiC matrix
would crack owing to the mismatch of coefficients of thermal
expansion [27] between carbon fibers and SiC matrix and the
shrinkage of SiC matrix during high-temperature pyrolysis,
leading to thermal physical injury of fibers. To study the
influence of CNTs on the matrix during high-temperature
pyrolysis, the morphologies of the composites after the first
cycle of PIP are observed. Big cracks can be found and
matrix breaks up completely in Figure 2(a). However, cracks
become smaller and matrix remains monolithic except for the
partial divorces (Figure 2(b)) when introducing 1 wt% CNTs.
As seen in Figure 2(c), broken CNTs far away from the crack
tip are straightened and tapered, similar to the “sword-insheath” failure behavior observed in MCNTs under tensile
load [28], while CNTs near the crack tip are still integrated.
Meanwhile, the morphologies of CNTs are different from

the entangled twisted CNTs. The results indicate that the
driving force to crack propagation can be consumed by the
destruction of CNTs. The thermal damage on carbon fibers
can also be suppressed by reducing the direct contact between
carbon fibers to SiC matrix. Thus, CNTs could guarantee the
properties of the prepared composites, effectively.
Specific properties of the as-fabricated composites are
given in Table 1. The densities of Cf /SiC and Cf /1%CNTs/SiC
are exactly alike, 1.61 g/cm3 , and small to the reported [13,
15], resulting from the relatively high fiber volume fraction
of the fabrics and the low density of CNTs (1.74 g/cm3 )
[29]. However, the density of Cf /2.5%CNTs/SiC decreases
significantly, caused by the potential negative influence of
excess CNTs. The change regulation of ILSS and the flexural
strength correspond to those of the densities. Moderate CNTs
can improve ILSS and the flexural strength to some extent,
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Figure 2: SEM images of the matrix morphologies on fibers after the first cycle of PIP of (a) Cf /SiC, (b) Cf /1%CNTs/SiC, and (c) magnifying
image of the crack in the composite of Cf /1%CNTs/SiC.

Table 1: Physical and mechanical properties of Cf /SiC, Cf /1%CNTs/SiC, and Cf /2.5%CNTs/SiC.
Composites
Cf /SiC
Cf /1%CNTs/SiC
Cf /2.5%CNTs/SiC

Density (g/cm3 )
1.61 ± 0.02
1.62 ± 0.01
1.55 ± 0.01

Porosity (%)
8.30 ± 0.49
8.36 ± 0.79
10.03 ± 0.77

while excess CNTs play a negative effect due to the insufficient
impregnation of the precursor. And detailed mechanism of
action would be given in the following.
3.3. The Influence of the Content of CNTs on ILSS. ILSS of
the as-fabricated composites is small to the reported [17]
due to the relatively weak interfacial strength stemming from
the smooth surface of T700SC carbon fiber [30]. However,
with the introduction of 1 wt% CNTs, the smooth surface
of T700SC became uneven and ILSS was improved by 31%
finally. SEM images of the fracture surface of composites that
failed in shear are shown in Figure 3. In the composite of
Cf /SiC, vivid gaps between SiC matrix and carbon fiber can
be observed, as shown in the rectangular area in Figure 3(a).
Furthermore, the surface of fibers is smooth with little
residual matrix, indicating poor interfacial strength. This is
not the case when introducing 1 wt% CNTs via freeze-drying
method. As shown in Figure 3(b), there is no gap and lots of
CNTs adhere to the fibers, indicating that a strong interfacial
strength exists. In addition, the SiC matrix is dense and there

ILSS (MPa)
14.11 ± 2.10
18.58 ± 2.70
14.14 ± 1.33

Flexural strength (MPa)
286.16 ± 33.86
365.25 ± 15.39
210.14 ± 14.03

is no obvious defect for the reason that 1 wt% CNTs does
not hinder the precursor impregnation owing to the existing
nanopores between fibers and nonclosed structure of CNT
sheets. However, as in Figure 3(c), pores with the size of
several hundred nanometers can be clearly seen in the matrix
(black arrow) when increasing the CNT content to 2.5 wt%,
further. The formation of obvious defects could be attributed
to the strong diffusion resistance from thicker CNT sheets,
approximate-closed CNT cell structure, and dense CNT
networks between fibers. Though it was beneficial to improve
ILSS between the SiC matrix and fibers by increasing the CNT
content [16], the accompanying defects would reduce ILSS.
After all, ILSS was affected by the interfacial strength and
properties of the matrix [31, 32]. As a result of the two factors,
ILSS of Cf /2.5%CNTs/SiC was improved indistinctively. In
brief, it is necessary to choose an optimal CNT content to
achieve high-performance Cf /CNTs/SiC composites.
3.4. The Flexural Strength of As-Fabricated Composites. The
flexural strength of Cf /SiC was improved by 27% through
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(a)
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Figure 3: SEM images of the fracture surface of composites that failed in shear of (a) Cf /SiC, (b) Cf /1%CNTs/SiC, and (c) Cf /2.5%CNTs/SiC.

1 wt% CNTs, while the value of Cf /2.5%CNTs/SiC decreased.
The fracture morphologies after test are given in Figure 4.
Lots of fiber pull-out can be found in Figures 4(a), 4(c), and
4(e), indicating noncatastrophic failure modes happening
due to relatively weak interfacial strength between fibers and
SiC matrix. Nevertheless, the concrete fracture mechanisms
are different. Cf /1%CNTs/SiC shows a “pull-out of short
filaments” failure mode (Figure 4(c)) compared with the
long pull-out of filaments of Cf /SiC, indicating that CNTs
effectively increase the interfacial strength and make the
pull-out of fibers hard. The failure mode switches to “long
filaments with fiber clusters” (Figure 4(e)) when the CNT
content is increased to 2.5 wt%. The fiber clusters (red circle
region), originating from the strong interfacial strength
because of CNTs, fracture brittlely with the pull-out of few
fibers. To study the fracture mechanisms further, the features
of typical fracture region around the fibers are observed.
The major fracture mode of Cf /SiC is ductile, although some
fibers fracture brittlely. Little matrix adheres to fibers, and
the surface of matrix debonding from fibers (Figure 4(b))
is smooth and intact (red rectangular region), suggesting a
relatively poor interfacial strength that would lead to invalid
load transfer [30]. However, the interfacial strength is reinforced by CNTs (red circles) when introducing 1 wt% CNTs
in the composites (Figure 4(d)), consistent with literature
reports [14, 16]. CNTs in the matrix inhibit the crack initiation
(the inset) and force the crack to deflect (black curve).
Both mechanisms consume energy and inhibit the crack
propagation. In consideration of alleviating the thermal stress

and protecting fibers in the previous analysis, the property
of Cf /1%CNTs/SiC is improved. And the interfacial strength
between SiC matrix and carbon fibers is further enhanced by
increasing the content of CNTs to 2.5 wt%. The surface of the
matrix becomes rugged and coarse (red rectangular region)
after the matrix debonds from the fibers in the cluster, and it
is demonstrated that SiC matrix is destroyed during the pullout of fibers. Thus, it can be concluded that there is a stronger
interfacial strength than that of Cf /1%CNTs/SiC owing to the
increment of the CNT content. Nevertheless, excess CNTs
lead to impeding the precursor impregnation and the matrix
thus is full of defects (red arrow). The nanopores make the
property of Cf /2.5%CNTs/SiC decrease obviously. Therefore,
it is clear that an appropriate content of CNTs is crucial
and the concentration of 1 wt% of CNTs is beneficial to the
property of the composites.

4. Conclusions
Firstly, Cf /CNTs/SiC composites were prepared via PIP process assisted by freeze-drying method. Secondly, the weak
interfacial strength between T700SC carbon fibers and SiC
matrix has been handled effectively. Thirdly, the continuous
CNT networks with nanopores of ∼200 nm play a crucial role
in reinforcing the interfacial strength. Compared with the
composites without CNTs, ILSS and the flexural strength of
Cf /1%CNTs/SiC were increased by 31% and 27%, respectively.
However, excess CNTs would play a negative effect.
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Figure 4: SEM images of the fracture morphologies after three-point bending test of (a) (b) Cf /SiC, (c) (d) Cf /1%CNTs/SiC, and (e) (f)
Cf /2.5%CNTs/SiC.
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Pitting corrosion has been observed in steel bars of existing reinforced concrete (RC) structures in different erosion environments
and has been identified as a potential origin for fatigue crack nucleation. In the present study, under uniaxial tension loading, stress
distribution in the steel bars with one or two semiellipsoidal corrosion pits has systematically been investigated by conducting a
series of three-dimensional semiellipsoidal pitted models. Based on the finite element analyses, it is shown that stress concentration
factor (SCF) increases linearly with increasing pit aspect ratio (a/b) and increases nonlinearly with increasing pit relative depth (a/R)
for single corrosion pit problem. For double corrosion pits problem, the SCF decreases nonlinearly with increasing angle of two
transverse pits (𝜃). The interaction of two longitudinal pits can be ignored in the calculation of SCF even if the distance of two pits
(d) is very small.

1. Introduction
Steel reinforcement in RC structures is generally protected by
a passive film formed in the alkaline environment due to the
hydration products of cement [1, 2]. However, the protective
film can be destroyed by attack of aggressive ions such as
chloride and carbon dioxide [3]. Due to varying external
environments, nonhomogeneous properties of both concrete
cover and passive film, and metallurgical and compositional
nonuniformity of steel, corrosion in applications is often
observed to be nonuniformly distributed along the length of
a steel bar. Pitting corrosion is a localized form of corrosion
by which cavities or holes are produced in the material.
Corrosion pits, acting as geometric discontinuities, lead to
stress concentration and facilitate fatigue crack initiation and
propagation [4–6]. A small, narrow pit with minimal overall
steel loss can lead to the failure of an entire RC structure.
Consequently, pitting is considered to be more dangerous
than uniform corrosion damage.
Understanding and predicting the effect of corrosion
pits on mechanical properties of corroded steel bars is very
important for the integrity and safety of existing RC structure in erosion environments. Some tensile tests have been

conducted to characterize the reduction of the mechanical
properties of corroded steel bars [7, 8]. However, these
studies used the average corrosion loss without considering
the nonuniform distribution of corrosion pits. Tang et al.
[9] detected the nonuniform distribution of corrosion pits
using the 3D laser scanner and experimentally investigated
the effect of corrosion nonuniformity on the mechanical
property degradation of deformed steel bars. But these studies
only investigated the macromechanical properties such as
yield strength, ultimate strength, and elongation, without
considering the nonuniform distribution of stress around
corrosion pits before steel bars fracture, which is important for fatigue failure of steel bars. Cerit [10] numerically
investigated the stress concentration factor (SCF) at the
corrosion pit of tension circular cross section shaft, in which
the shape of corrosion pit was simplified as semiellipsoid.
Although there are some experimental and numerical works
on the effect of corrosion pits on mechanical properties of
corroded steel bars, few or no three-dimensional (3D) and
systematic studies, which cover different aspect ratios and
two interacting corrosion pits on estimation of SCF, have been
cited in the literature.
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Figure 1: Illustration of single pit problem: (a) photo of corrosion pit; (b) geometric configuration of steel bar and corrosion pit; (c) finite
element model.

In the present study, the stress concentration effect of
single semiellipsoidal corrosion pits with various aspect
ratios and pit depths has systematically been investigated for
uniaxial tension loading by conducting a series of 3D stress
analyses. Also, the contribution of two interacting corrosion
pits to value of SCF has been examined for various angles in
transverse direction and distances in longitudinal direction.

2. Finite Element Model
In the computations, the shape of corrosion pits is ideally
simplified as semiellipsoid, which is also adopted in the
literatures [10, 11]. The length (𝐿) and radius (𝑅) of steel
bars are, respectively, 100 mm and 10 mm. A linear elastic
model was used, and modulus of elasticity and Poisson’s ratio
are taken as 200 GPa and 0.3, respectively. SCF is calculated
by using the ratio of maximum tension stress to nominal
tension stress. Since the cross-sectional area of pit is very
small compared with that of the steel bar, it is neglected in the
calculation of the nominal tension stress. A uniform stress of

100 MPa is applied on the end of steel bar. For single corrosion
pit problem (see Figure 1(b)), the longitudinal radius of pit (𝑏)
is varied from 10 mm to 0.2 mm while the transverse radius
and pit depth (𝑎) are set to be 2 mm, corresponding to the
value of pit aspect ratio (𝑎/𝑏) from 0.2 to 10. Also, the pit
depth is varied from 0.5 mm to 5 mm while the value of 𝑎/𝑏
is set to be 0.5, corresponding to the value of pit relative
depth (𝑎/𝑅) from 0.05 to 0.5. For two transverse pits’ problem
(see Figure 2(a)), the angle of two pits (𝜃) is varied from 25∘
to 60∘ while the values of 𝑎 and 𝑏 are set to be 2 mm and
4 mm, respectively. For two longitudinal pits’ problem (see
Figure 3(a)), the distance of two pits (𝑑) is varied while the
values of 𝑎 and 𝑏 are set to be 2 mm and 4 mm, respectively.
All analyses are carried out using the software ANSYS.
Owing to the symmetry, only quarter of each steel bar is
modeled, as shown in Figures 1(c), 2(b), and 3(b). Appropriate
boundary constraints are placed in all planes of symmetry.
To accommodate the variations of the stress field quantities
near the pit, the size of the element decreases gradually
with decreasing distance from the pit. A mesh convergence
study has been carried out to ensure that the SCF in the pit
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Figure 2: Illustration of two transverse pits’ problem: (a) geometric configuration of steel bar and corrosion pit; (b) finite element model.
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Figure 3: Illustration of two longitudinal pits’ problem: (a) geometric configuration of steel bar and corrosion pit; (b) finite element model.

region is convergent; the SCF for various mesh numbers is
shown in Figure 4. In the present study, the simulation model
for steel bar with single pit (𝑎 = 2 mm, 𝑏 = 1 mm) is
constructed nearly by 270000 elements. For 3D numerical
analyses, uniform shapes and forms of elements play an
important role in the sensitivity of the results. When the
pit dimensions and number are changed, the mesh density
around the pit is altered to ensure consistency in the size of
the elements created around each pit, as shown in Figures 1(c),
2(b), and 3(b).

3. Single Corrosion Pit Problem
3.1. The Distributions of Stress with Various Pit Aspect Ratios
(𝑎/𝑏). Figure 5 shows the stress distributions with 𝑎/𝑏 = 0.2
and 𝑎/𝑏 = 3.33. From the stress contour, it can be seen that
the stress concentration zone is near the pit, which narrows
gradually with increasing value of 𝑎/𝑏. The maximum stress
region is near the intermediate cross section of pit in tension
direction. The maximum stress occurs at the cross points of
the surface of steel bar and the intermediate cross section of
pit, and the minimum stress occurs at the ends of the pit in
tension direction. The SCF values versus 𝑎/𝑏 for 𝑎 = 2 mm are

shown in Figure 6. It is obvious that the SCF values linearly
increase with increasing 𝑎/𝑏. The SCF values are 1.164 and
12.41 for 𝑎/𝑏 = 0.2 and 𝑎/𝑏 = 10, respectively.
3.2. The Distributions of Stress with Various Pit Relative Depths
(𝑎/𝑅). The stress distributions with 𝑎/𝑅 = 0.05 and 𝑎/𝑅 =
0.5 are given in Figure 7. From the stress contour, it is shown
that the stress concentration zone becomes proportionally
larger with increasing value of 𝑎/𝑅. The overall shape of stress
contour is similar for different 𝑎/𝑅. But the relative size of
maximum stress region narrows slightly with increasing value
of 𝑎/𝑅. The variations of SCF with 𝑎/𝑅 for 𝑎/𝑏 = 0.5 are
shown in Figure 8 (calculated value). The SCF values increase
nonlinearly with increasing 𝑎/𝑅, and they are 1.452 and 1.727
for 𝑎/𝑅 = 0.05 and 𝑎/𝑅 = 0.5, respectively.
Actually, the tension area of steel bar at pit root decreases
gradually with increasing 𝑎/𝑅 for given 𝑅. So the SCF values
should increase gradually with increasing 𝑎/𝑅 even if the
stress distributions are absolutely similar for different 𝑎/𝑅.
Considering only the decrease of tension area of steel bar with
increasing 𝑎/𝑅, the corrected SCF values (see Figure 8) can
be obtained based on the SCF value for 𝑎/𝑅 = 0.05. It can be
seen that the corrected values are smaller than the calculated
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Figure 5: Stress distributions near the pit with various aspect ratios: (a) 𝑎/𝑏 = 0.2, (b) 𝑎/𝑏 = 3.33.

values, which indicates that the stress distributions become
more uneven with increasing 𝑎/𝑅. The conclusion conforms
with the stress distributions in Figure 7.

4. Double Corrosion Pits Problem
4.1. The Interaction of Two Transverse Pits. The stress distributions with 𝜃 = 25∘ , 𝜃 = 35∘ , and 𝜃 = 60∘ are given
in Figure 9. From the stress contour, it can be found that
the maximum stress region lies between two pits when 𝜃
is smaller. With the increase of the angle of two pits, the
maximum stress region is gradually away from the symmetry
plane between two pits. When 𝜃 = 60∘ , it is obvious that
the maximum stress region is near the intermediate cross
section of each pit in tension direction and the overall stress
distribution near the pits is similar to that of single corrosion
pit problem. When 𝜃 is smaller, the maximum stress occurs
at the cross points near symmetry plane of the surface of
steel bar and the intermediate cross section of each pit. But
when 𝜃 is big enough, the maximum stress occurs at the
cross points away from symmetry plane of the surface of

steel bar and the intermediate cross section of each pit. The
variations of SCF values with 𝜃 for 𝑎 = 2 mm and 𝑏 = 4 mm
are shown in Figure 10. The SCF values decrease nonlinearly
with increasing 𝜃, and they are 2.437 and 1.512 for 𝜃 = 25∘
and 𝜃 = 60∘ , respectively. It can be noted that the SCF
value approaches gradually 1.508 of single pit problem with
increasing 𝜃. The above analysis shows that the interaction
of two transverse corrosion pits decreases gradually with
increasing angle of two pits.
4.2. The Interaction of Two Longitudinal Pits. The stress
distribution with 𝑑 = 1 mm is given in Figure 11. From the
stress contour, it can be seen that the region between two
corrosion pits is the minimum stress region. The maximum
stress region is near the intermediate cross section of each pit
in tension direction and is far away from the symmetry plane
between two corrosion pits. The maximum stress occurs at
the cross points of the surface of steel bar and the intermediate
cross section of each pit. So the influence of interaction of two
longitudinal pits on the SCF is very small. Because the region
between two corrosion pits is the minimum stress region,
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Figure 7: Stress distributions near the pit with various relative depths: (a) 𝑎/𝑅 = 0.05, (b) 𝑎/𝑅 = 0.5.
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Figure 9: Stress distributions near the pit with various angles: (a) 𝜃 = 25∘ , (b) 𝜃 = 35∘ , and (c) 𝜃 = 60∘ .

Consequently, the interaction of two longitudinal pits can be
ignored in the calculation of SCF even if the distance of two
pits is very small.
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Figure 10: Variations of SCF with 𝜃 for 𝑎 = 2 mm and 𝑏 = 4 mm.

the SCF values for two longitudinal pits’ problem are even
smaller than that for single pit problem. When 𝑑 = 1 mm
(given 𝑎 = 2 mm and 𝑏 = 4 mm), the SCF value is 1.452.

From this study, it is concluded that pit aspect ratio (𝑎/𝑏)
is a main parameter affecting the value of SCF. The SCF
value increases linearly with increasing 𝑎/𝑏 and increases
nonlinearly with increasing pit relative depth (𝑎/𝑅) for single
corrosion pit problem. The maximum stress region is near the
intermediate cross section of pit in tension direction and the
maximum stress occurs at the cross points of the surface of
steel bar and the intermediate cross section of pit.
For double corrosion pits problem, the SCF value
decreases nonlinearly and approaches gradually that of single
pit problem with increasing angle of two transverse pits (𝜃).
When 𝜃 is small, the maximum stress occurs at the cross
points near symmetry plane of the surface of steel bar and
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Figure 11: Stress distribution near the pit with 𝑑 = 1 mm.

the intermediate cross section of each pit. But when 𝜃 is
big enough, the maximum stress occurs at the cross points
away from symmetry plane of the surface of steel bar and the
intermediate cross section of each pit. The interaction of two
longitudinal pits can be ignored in the calculation of SCF even
if the distance of two pits (𝑑) is very small.
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The pretension of the membrane is applied with biaxial tension bracket; the digital dynamometer is used for measuring the change
of the tension; the concentrated impact load is applied on the surface of rectangular membrane; the displacement change of each
feature point on the membrane surface is measured by noncontact laser displacement sensor. Through this experiment, the vibration
displacement-time curve of the rectangular membrane under the fixed boundary condition is obtained. Further, the vibration
frequency is given, according to the power spectral density function. The results of the experimental research are used to verify and
correct theoretical formula and make the foundation for further theoretical research.

1. Introduction
The tensioned membrane structure is a new form of Architectural Structures, which is made of soft fabric and clenched by
flexible cables or rigid supports to produce stiffness and cover
a large space. Membrane structure plays an important role
in the public buildings; it not only provides a spacious and
comfortable interior space for humans, but also maximizes
blending with the natural environment; it not only meets the
human’s pursuit of the art for architecture, but also achieves
good economic benefit.
At present, experts and scholars have made a lot of
research work about the mechanical properties of the membrane structure at home and abroad. Xu et al.’s [1] study shows
the pretension of membrane structures has a great influence
on the load effect and the effect is not linear relationship with
load. Chen et al. [2] used the nonlinear stochastic simulation
time-history analysis method to analyze the wind-induced
vibration response characteristics of ridge-valley membrane
structure. Their study concluded that (1) the pretension of
the membrane surface not only has a great influence on

the shape of the ridge valley membrane structure, but also
has a significant influence on the dynamic performance of
the structure; (2) with the increase of the pretension, the
stiffness of the structure is increased and the mean and
standard deviation of displacement response are significantly
reduced; (3) with the increase of the pretension, the mean and
standard deviation of stress increment caused by wind load
are correspondingly reduced, but the total stress (including
pretension) is increased; only its rate of increase is small;
therefore, increasing the initial pretension of the membrane
structure can significantly improve the dynamic performance
of the structure. On the basis of form finding and structural
characteristics theoretical analysis of cable-reinforced membrane structures, which is subjected to different pretension,
the reference standard of the pretension values for cablereinforced membrane structures is suggested by Cai [3]. Lu
[4] used the secondary development technology of ANSYS to
make loaded analysis of membrane structures. And his study
concluded initial pretension, rise-span ratio, and boundary
constraint have an important influence on the deformation
of membrane structures under load. In practical engineering,

2
the pretension of membrane structures is generally assumed
to be between 5% and 10% of the design strength of the
membrane structure and the safety factor is taken to be 5
[5]. Xu et al. [6] used Finite Element Analysis and the actual
loading test to make the mechanical property test of the
membrane structure under centrally distributed loads, and
the result is that the maximum displacement of the numerical
simulation is smaller than the maximum displacement of
the experiment, while the maximum stress and strain of the
former is larger than those of the latter. Added-mass estimation is a key issue in wind-induced vibration of membrane
structures [7].
The Jaumann strains and stresses were used to derive
a total-Lagrangian finite-element model of membranes by
Young et al. [8]. Results from finite-element analyses of an
inflated circular cylindrical Kapton tube and a tensioned
rectangular Kapton membrane were verified by experiments
using a scanning laser vibrometer and a motion analysis
system. The nonlinear vibration analysis of a prestretched
hyperelastic annular membrane under finite deformations
was completed by Soares and Gonalves [9]. The mathematical
modeling for the nonlinear vibration analysis of a pretension
hyperelastic annular membrane under finite deformations is
presented. A parametric analysis of the nonlinear frequencyamplitude relations, resonance curves, bifurcation diagrams,
and basins of attraction shows the influence of the initial stretching ratio and membrane geometry on the type
and degree of nonlinearity of the hyperelastic membrane
under large amplitude vibrations. The same problem is also
analyzed using the finite element method. Shin et al. [10]
used the extended Hamilton principle and the Galerkin
method to compute the natural frequencies and mode shapes
for the out-of-plane vibration of the moving membrane.
The dynamics of a circular membrane with an eccentric
circular areal constraint was studied under arbitrary initial
conditions. Alsahlani and Mukherjee [11] presented a method
for accurately computing the eigenfrequencies, mode shapes,
and modal coefficients needed for dynamics simulation.
The vibrational properties of a membrane with linear variation in density along a diameter have been studied by
Buchanan [12], the mathematical problem was formulated in
polar coordinates, and subsequently numerical results were
obtained using a finite element that was formulated in polar
coordinates. Frequency of vibration was reported in tabular
format and some mode shapes were presented as contour
plots of the membrane deflection. Based on the uniaxial
and biaxial tension tests data, Dinh et al. [13] proposed a
new elastoplastic model for coated fabric which can exhibit
the nonlinearities, orthotropic effect, and permanent strains
in the constitutive behaviour of this architectural material.
Filipich and Rosales [14] solved the natural vibrational problem of nonhomogeneous rectangular membranes by a direct
method approach. Two different base functions that belong
to complete sets are inserted in the governing functional.
Then the variational approach gives the necessary equation
to solve the eigenvalue problem. Both the trigonometric and
the algebraic sets exhibited an excellent performance, giving
between 4 and 5 digits of accuracy with only 10 terms. Kolsti
and Kunz [15] presented the development of a numerical
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Figure 1: The schematic for experiment.

model for geometrically nonlinear membranes and evaluated
its performance for membranes at static equilibrium. Their
scheme has several features not commonly seen in structural Finite Element Analysis: the point collocation method,
group formulation, and a staggered mesh. And the resulting
system of nonlinear equations is solved with a Jacobian-free
Newton–Krylov solver.
In summary, many domestic and foreign experts and
scholars engaged in research in membrane structures, but
they tend to concentrate on theoretical analysis and numerical simulation of membrane structures. The experimental
research about membrane structures is very few; specifically
the impact vibration research of membrane structures has
almost no expert to do. The key problem is how to accurately
measure the displacement, stress, and other parameters in the
experiment for membrane structures [16].
In this paper, according to the dynamic response characteristics of the membrane structure under the impact
loading, with experimental methods, the relationship among
pretension size, impact load size, and dynamic response
characteristics is suggested. The experimental results can
be used to compare with the theoretical calculation and
numerical simulation.

2. Devices and Fabric Membranes
for Experiment
The experiment was finished on the biaxial tensile stent,
in which the plane dimension was 3800 mm × 4160 mm.
The schematic of the experiment is shown in Figure 1. The
impact load is applied to one side of the membrane; the
ZLDS100 laser displacement sensor is arranged to the other
side, in order to measure the lateral vibration displacement
of membrane when it is hit. Displacement sensor bracket and
biaxial tensile stent should be independent in order to avoid
the displacement sensor disturbed by the vibration of the
biaxial tensile stent [17].
During the loading process of the pretension, the digital
dynamometer is used to control the size of the pretension,
as shown in Figure 2. Since the membrane material is so
light and susceptible to be disturbed, when measuring the
vibration displacement, the interference of membrane surface
vibration, caused by the mass of measuring equipment,
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Table 1: The material parameters of the Heytex H5573 membrane.
Technical parameters
The yarn diameter

Figure 2: The digital dynamometer.

Fabric density
Thickness
Gram weight
Width
Modulus of elasticity
(warp/weft)
Tensile strength
(warp/weft)
Tear strength (warp/weft)
Bond strength
Fire safety standards
Extreme applicable
temperature
Light transmittance

Figure 3: The ZLDS100 laser displacement sensor.

Surface treatment

Technical data
1100 dtex high-strength
low-polyester filament yarn
12/12 yarn/cm
0.80 mm
270 g/m2
300 cm
1720/1490 MPa
4400/4200 N/5 cm
600/550 N/5 cm
>120 N/5 cm
German DIN 4102B1, China
GB8624 B1
(−30)∘ C∼(+70)∘ C
8%
Double-sided PVDF and high
self-cleaning coatings

Table 2: The material parameters of the ZZF 3010 membrane.

must be considered, and that is why the traditional contact
measurement instrument can not be used in this experiment.
The ZLDS100 laser displacement sensor is used to measure
the vibration displacement of the membrane, as shown in
Figure 3. Its performance parameters are precision of 0.1%,
sampling frequency of 2 kHz, and resolution of 0.01%.
Three brands of membrane material are used in the tests;
they are the Heytex H5573 membrane, the ZZF 3010 membrane, and the Xing Yida membrane, as shown in Figure 4.
Mechanical properties of membranes, provided by the manufacturers, are given in Tables 1, 2, and 3.
Membrane material is cut into cruciform specimen; its
four ends are cut into stripes, folded, and drilled, respectively,
and four corners are rounded, as shown in Figure 5. The
central area is a rectangular. At last, loading points (J1, J2, and
J3) are marked on the front of the specimen; measurement
points (C1, C2, and C3) are marked on the opposite side of
the membrane.

Technical parameters

Technical data

The yarn diameter
1000 dtex high-strength polyester
Fabric density
12 ∗ 12 cm P2/2
Thickness
0.72 mm
Gram weight
950 g/sq⋅m
Width
300 cm
Modulus of elasticity
1590/1360 MPa
(warp/weft)
Tensile Strength (warp/weft)
4000/3700 N/5 cm
Tear strength (warp/weft)
500/450 N/5 cm
Bond strength
120 N/5 cm
Fireproof performance
B1
Extreme applicable temperature
(−30)∘ C∼(+70)∘ C
Light transmittance
8%
PVDF on the front, acrylic on the
Surface treatment
back

3. Experimental Results
Membrane specimens are made of grade C of polyester
fiber membrane material, which is widely used in the actual
project. The four sides of the specimen were numbered, 𝑥
and 𝑦 are, respectively, labeled on the longitude direction
and latitude direction of the specimen. The tension in both
directions is equal. The total tension is divided into eight
grades, followed by 1 kN, 2 kN, 3 kN, 4 kN, 5 kN, 6 kN,
7 kN, and 8 kN. In each grade of tension, feature points on
the surface of the membrane are hit with three kinds of
bullets which are launched in two kinds of different guns
(Emulational gun with glass bullets, plastic bullets, and iron
bullets is marked as FB, FS, and FT, respectively; Toy gun with

glass bullets and plastic bullets is marked as WB and WS).
The vibration displacement data of three feature points on
the membrane surface are acquired with laser displacement
sensors. The field test situation is shown in Figure 6.
According to the experimental data, the displacementtime curve of the membrane vibration can be directly plotted.
The vibration displacement-time curves of the membrane
under the concentrated impact loading are shown in Figure 7.
The experimental results show that the vibration process
of the membrane is a damping vibration process, and the
amplitude is different when the membrane is subjected to
different external impact loading.
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The Heytex H5573 membrane

The ZZF 3010 membrane

The Xing Yida membrane

Figure 4: The experimental fabric membranes.

a = 1200

Table 3: The material parameters of the Xing Yida membrane.

Front

C2

C3

J2

C1

J3

J1

R2
00

b = 800

Back

Figure 5: The shape and size of the experimental membrane.

According to the displacement-time curve of the membrane, the displacement power spectral density curve of the
membrane could be drawn. The displacement power spectral
density curve (Figures 8(a) and 8(b)) corresponds to Figures
7(a) and 7(b). The displacement power spectral density curve
of the C1 point for square Heytex membrane with different
grades of pretension is shown in Figure 9. Figures 8 and 9
show that the peak vibration frequency of the membrane is
significantly improved, when the pretension is increased. The
vibration frequencies of the membrane in several kinds of
conditions are listed in Table 4 to Table 7.
In order to observe the stress relaxation behavior of
architectural membrane suffered tension and impact loads,
the changing process of tension was recorded during the test
of the rectangle Heytex membrane impacted by the FB. The
loss of stretching force is shown in Figure 10.
The 𝑋1 and 𝑌1 are the shown numbers of the digital
dynamometer which are read after the pretension is increased
immediately. The 𝑋2 and 𝑌2 are the shown numbers of the
digital dynamometer which are read when the pretension is
increased half an hour later. The 𝑋3 and 𝑌3 are the shown
numbers of the digital dynamometer which are read after the
surface of architectural membrane is impacted with bullets.
Of course, we also collected vibration displacements of
C2 and C3 points. According to the analysis, the changing
rules of the vibration displacement-time curves of the C1
point coincide basically with those of C2 and C3 points. The
vibration frequency is the same, as shown in Table 6. So we

Technical parameters
The yarn diameter
Fabric density
Thickness
Gram weight
Width
Modulus of elasticity
(warp/weft)
Tensile Strength (warp/weft)
Tear strength (warp/weft)
Bond strength
Fireproof performance
Extreme applicable
temperature
Light transmittance
Surface treatment

Technical data
1300 dtex high-strength polyester
36 ∗ 36 cm P2/2
0.82 mm
1050 g/sq⋅m
300 cm
1520/1290 MPa
5500/5000 N/5 cm
600/500 N/5 cm
120 N/5 cm
B1
(−30)∘ C∼(+70)∘ C
7%
PVDF on the front, acrylic on the
back

Table 4: The vibration frequency of the C1 point for square Heytex
membrane under the concentrated impact loading (Hz) (𝐹0𝑥 = 𝐹0𝑦 ,
𝑎 = 𝑏 = 1.2 m).
Load
FB
FS
FT
WB
WS

1 kN
15
15
15
15
15

2 kN
19
19
19
19
19

3 kN
23
23
23
23
23

4 kN
26

26

𝐹0𝑥
5 kN
28
29
28
28

6 kN
31

7 kN
33

8 kN
35

35

can infer that the vibration form of the membrane is only one,
when it is hit by a bullet. However, the maximum vibration
amplitude of C1, C2, and C3 points is different, as shown in
Figure 11.

4. Experimental Analysis
According to Tables 4 and 5, although the membrane is
subjected to different types of impact loadings, the vibration
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Figure 6: The field test situation.
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(a) The concentrated impact loading is FB

(b) The concentrated impact loading is FT

Figure 7: The displacement-time curve of the C1 point for square Heytex membrane under the concentrated impact loading (𝐹0𝑥 = 𝐹0𝑦 =
1 kN).

Table 5: The vibration frequency of the C1 point for rectangle Xing
Yida membrane under the concentrated impact loading (Hz) (𝐹0𝑥 =
𝐹0𝑦 , 𝑎 = 1.2 m, 𝑏 = 0.8 m).
Load
FB
FS
FT
WB
WS

1 kN
16
16
15
15
15

2 kN
20
21
20
20
20

3 kN
24
24
24
24

𝐹0𝑥
4 kN 5 kN
27
30
28
30
27
30
27
30
27
30

Table 6: The vibration frequency of the points for rectangle Xing
Yida membrane under the uniform impact loading (Hz) (𝐹0𝑥 = 𝐹0𝑦 ,
𝑎 = 1.2 m, 𝑏 = 0.8 m).
Point

6 kN
33
33
33
33
33

7 kN
35
36
35
35
35

8 kN
37
37
37
37
37

frequency of the membrane is the same, when the membrane
is subjected to the same pretension. Table 6 shows that the
vibration frequencies of all the three measuring points are
the same. This can prove the main vibration mode of the
membrane is only one. Figures 8 and 9 also show the power
is concentrated in one kind of vibration frequency of the
membrane.
So the acquired vibration frequency is the natural frequency of the membrane.
The conclusion can be drawn from Table 7; under the
same kind of impact loadings, the vibration frequencies of the
two membranes are the same, if their physical parameters are

C1
C2
C3

1 kN
17
17
17

2 kN
21
21
21

3 kN
25
25
25

4 kN
29
28
28

𝐹0𝑥
5 kN
31
30
31

6 kN
33
34
33

7 kN
35

8 kN

35

Table 7: The vibration frequency of the C1 point for square
membrane under the uniform impact loading (Hz) (𝐹0𝑥 = 𝐹0𝑦 ,
𝑎 = 𝑏 = 1.2 m).
𝐹0𝑥
1 kN 2 kN 3 kN 4 kN 5 kN 6 kN 7 kN 8 kN
Xing Yida 14
18
22
25
28
30
32
34
Heytex
15
18
23
25
28
30
33
34
Material

approximate. So the material properties of the membrane are
not sensitive to the vibration frequency. It is good news for the
measurement of vibration frequencies and the promotion of
the membrane structure.
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Figure 8: The displacement power spectral density curve of the C1 point for square Heytex membrane under the concentrated impact loading
(𝐹0𝑥 = 𝐹0𝑦 = 1 kN).
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Figure 9: The displacement power spectral density curve of the C1 point for square Heytex membrane with different grades of pretension.

7

0.35

0.3

0.3

0.2

0.25

0.1
s (mm)

The difference of tension (kN)

Advances in Materials Science and Engineering

0.2
0.15

0.0
−0.1

0.0

0.5

1.0

1.5

2.0

2.5

Time (s)

0.1
−0.2
0.05
−0.3

0
1

2

3

L1 = X1 − X2
L2 = Y1 − Y2

4
5
Tension (kN)

6

7

Figure 12: The dynamic response time history curves of the building
membrane.
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Figure 10: The stress relaxation.
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Figure 11: The maximum vibration amplitude.

The conclusions can be drawn from Table 4 to Table 7.
(1) When the pretension is increased, the vibration
frequency of the membrane increases.
(2) As we all know, 𝐸𝐼 = 𝑀𝜔0 2 . When the pretension
is increased, not only the vibration frequency of the membrane is increased, but also the stiffness of the membrane
is increased. However, when the pretension reaches the
maximum (𝐹0𝑥 = 𝐹0𝑦 = 8 kN), the vibration frequency of the
membrane is only about 37 Hz.
(3) When the pretension is increased, the increase of the
vibration frequency is nonlinear and reduced.
According to Figure 9, the conclusion can be drawn. (1)
The loss of tension along weft direction (𝑋) is always much
more than that along warp direction (𝑌). (2) The tension is
greater; the loss of the tension caused by impact loading is
much more.
These conclusions proved that the pretension can make
the stiffness of the membrane increase, but the level of

increase is limited. The vibration frequencies of the membrane are given in tables above, which can be used as reference
materials for design and construction of tensioned membrane
structure.
In order to provide readers with more references, the
displacement-time curves of the membrane are plotted in
Figure 12, and the specific experimental conditions are also
given. It can be used to compare with the theoretical research
of the dynamic response of membranes under impact loading
in subsequent research work.
The test conditions for Figure 12 are that the rectangle
Xing Yida membrane was hit by the iron bullets which were
launched by Emulational gun (FT). Young’s moduli are 𝐸𝑥 =
1.52 × 106 kN/m2 and 𝐸𝑦 = 1.29 × 106 kN/m2 . The aerial
density of the membrane materials is 𝜌 = 1.05 kg/m2 . The
rectangle membrane’s thickness is ℎ = 0.82 mm. The side
length of the membrane is 𝑎 = 1.2 m and 𝑏 = 0.8 m. The
quality of the bullet is 𝑀 = 8.8 × 10−4 kg. The speed of the
bullet is V0 = 16.69 m/s. The pretension of the membrane
is 𝑁0𝑥 = 𝐹0𝑥 /𝑎 = 5 kN/1.2 m = 4166.667 N/m and 𝑁0𝑦 =
𝐹0𝑦 /𝑏 = 5 kN/0.8 m = 6250 N/m.

5. Experimental Conclusions
(i) Since the vibration displacement of the tensioned
membrane is very small and the quality of the membrane is very light, the vibration of the tensioned
membrane is easy to be disturbed. So we used the
contactless laser displacement sensor to measure
the vibration displacement of the membrane instead
of traditional contact displacement sensors which
are always used for measuring the displacement of
building structures. This approach can provide a
reference for other experimental studies of vibration
microdisplacement of similar building structures.
(ii) We analyzed the vibration of tensioned membrane
which is subjected to different kinds of pretension
and impact loading. The displacement-time curve,
displacement power spectral density curve, and vibration frequencies of the membrane were got.
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(iii) The pretension can make the stiffness of the membrane increase, but the level of increase is limited.
(iv) The successful experiment proved that this method
can be used to measure the parameters of the dynamic
characteristics of the membrane and provided foundation for the development of measuring device for
tensioned membrane structure.
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Stability of slurry trenches is an important issue during the construction of the groundwater cutoff walls and diaphragm walls, and
thus gradually draws attention. In this paper, a theoretical method for a three-dimensional trench model with an inclined ground
was proposed. Based on the Coulomb-type force equilibrium, a safety factor assessing the stability was derived. The results showed
that the existing two-dimensional model was conservative compared to the present three-dimensional model; concretely, a greater
inclined angle of the inclined ground and trench length decreased the safety factor. This work could be used to assess the trench
stability for both 2D and 3D cases with inclined ground surfaces.

1. Introduction
Slurry trenches are often used as a hydraulic barrier to prevent
the groundwater from flowing into the trenches during the
construction of groundwater cutoff walls and diaphragm
walls, and the slurry in the excavated trenches plays an
important role in providing a lateral supporting force to
the trench walls before backfilling. Therefore, slurry trench
stability is a major concern. However, most of the existing
studies focused on the ground movements and stress relief
induced by diaphragm wall construction: Poh and Wong
concluded that evaluated aspects of performance include
lateral and vertical soil movements during the construction
of the test wall panel [1]; Ng and Yan confirmed the horizontal arching and downward load transfer mechanisms
during diaphragm wall installation using the finite difference
method [2]; Gourvenec and Powrie investigated the impact
of three-dimensional effects and panel length on horizontal
ground movements and changes in lateral stress during the
sequential installation of a number of diaphragm wall panels
[3]; Ng and Lei derived an analytical solution for calculating
horizontal stress changes and displacements caused by the
excavation for a diaphragm wall panel [4]; Schäfer and
Triantafyllidis investigated the influence of a diaphragm wall

construction on the stress field in a soft clayey soil [5];
Arai et al. conducted to examine ground movement and
stress after the installation of circular diaphragm walls and
soil excavation within the walls [6]; Conti et al. studied
the mechanisms of load transfer and the deformations of
the ground during slurry trenching and concreting in dry
sand [7]; Comodromos et al. proposed a new approach for
simulating the excavation and construction of subsequent
panels to investigate the effects from the installation of
diaphragm walls on the surrounding and adjacent buildings
[8]; Lei et al. proposed an approximate analytical solution
to predict ground surface settlements along the centre-line
perpendicular to a slurry-supported diaphragm wall panel
[9]. Until now, the problem of the slurry trench stability gradually receives much attention in underground engineering. In
fact, in the early stage, a two-dimensional limit equilibrium
method for trench stability based on a simple Coulomb wedge
for dry soil conditions was developed [10]; later, the method
was extended to account for influences of different levels of
slurry in the trench and groundwater in the cohesionless
soil [11]. Moreover, based on the Rankin theorem, the trench
stability was assessed by considering the pressures from
soils, hydrostatic slurry, and groundwater [12]. However,
these mentioned methods treated the trench stability as

2
a two-dimensional problem and neglected stabilizing forces
or shear forces acting on both ends of the failure mass, which
may produce conservative results. Indeed, considering the
real case including contribution of the shear forces on the
both ends of the failure wedge, three-dimensional method
derived from the two-dimensional limit equilibrium theory
was already used to analyze the trench stability; Prater [13]
and Washbourne [14] proposed planar sides to enhanced
existing two-dimensional models. Nonplanar sides also were
proposed [15, 16] and may yield a closer approximation to the
curved geometry observed for trench failure surfaces [14, 17];
Fox presented Coulomb-type force equilibrium analyses for
general three-dimensional stability of a slurry-supported [18].
Stability analyses using the methods from the abovementioned works have already taken into account the influences
of several primary design parameters, including trench length
and depth, slurry depth and density, groundwater depth,
and tension crack. However, if cutoff walls locate below an
inclined ground, it is necessary to consider the effect of
the inclined ground surface on the trench stability. In this
regard, Li et al. investigated the influence of inclination angle
on trench stability by a two-dimensional model, and they
showed that it was unconservative to neglect ground surface
inclination when analyzing trench stability [19].
Here, extending the two-dimensional model of Li et al.
[19] to three-dimensional case, we presented an analytical
solution of the safety factor and critical failure angle for a
slurry-supported trench with an inclined ground, and an
example was finally discussed to illustrate the variation of the
safety factor and critical failure angle with different inclined
angle, trench length, and groundwater depth.

2. Theory
A three-dimensional model of a failure wedge with length
𝑙 and force analysis of the model are shown in Figure 1.
In this model, the top surface of slurry is assumed to be
higher than that of the groundwater surface (i.e., ℎ𝑠 > ℎ𝑤 ),
and the trench walls were considered to be impermeable
after the excavation, because there existed a layer of gradually thickened filter cake-like bentonite, which results in
independency between the pore pressure in the soil and
slurry pressure in the trench. It is worth mentioning that the
shear strength due to soil suctions above the groundwater
surface can be included by specifying an appropriate value
for 𝑐1 , which is called effective stress cohesion intercept above
groundwater surface, according to the total cohesion method
[18, 20]. Besides, the wedge was assumed to be rigid, and
temporary loads were considered uniformly distributed, and
the geometric parameters 𝑙1 , 𝑙2 , 𝑎, 𝑏, and 𝑐 in Figure 1 satisfy
𝑙1 = (cos𝛽/ sin(𝜃 − 𝛽))ℎ, 𝑙2 = ℎ𝑤 csc𝜃, 𝑎 = 𝑙1 cos𝜃 − ℎcot𝜃,
𝑏 = 𝑙1 cos𝜃, and 𝑐 = ℎcot𝜃, in which 𝜃 and 𝛽 are angles made
by the failure plane and inclined ground with respect to the
horizontal plane, respectively, and ℎ is the depth of the trench.
Considering the three-dimensional case different from
the two-dimensional case by Li et al. [19], the shear resistance
force 𝑆 acting on end planes of the wedge is treated to be
parallel to the failure plane (see Figures 1(b) and 1(c)). The
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shear resistance force is assumed to be uniformly distributed
along the failure plane, and its magnitude proportionally
varies; thus, the progressive failure effect can be neglected and
the safety factor with respect to shear failure of each end plane
is equal to that of the failure plane [18]. The total shear force
on each end plane of the wedge is calculated as
𝑆 = 𝑆1 + 𝑆2 ,

(1)

where 𝑆1 and 𝑆2 are shear resistant forces acting on two
portions of each end plane of the wedge, respectively, that
is, above (I) and below (II and III) the horizontal plane; see
Figure 1(c).
For the portion (I) above the horizontal plane of the
wedge, through the force analysis, 𝑆1 can be expressed as
𝑆1 =

𝑏 0
1
(𝑐 + 𝜎 tan 𝜙 ) 𝑑𝑧 𝑑𝑥
(∫ ∫
𝐹 0 − tan 𝛽𝑥 1 ℎ1,1
𝑏

0

𝑐

(−𝑏 tan 𝛽/𝑎)(𝑥−𝑐)

−∫ ∫
=
⋅ℎ


(𝑐1 + 𝜎ℎ2,1
tan 𝜙 ) 𝑑𝑧 𝑑𝑥)

cot 𝜃
ℎ2
1
2
(𝑐 tan 𝛽
+ 𝐾𝛾 tan 𝜙 (tan 𝛽) (2)
2𝐹 1
tan 𝜃 − tan 𝛽 4 1
cot 𝜃
2

(tan 𝜃 − tan 𝛽)

+ 𝐾𝑞 tan 𝜙 (

1
tan 𝜃 − tan 𝛽

− cot 𝜃)) ,

where 𝑞 is the uniformly distributed temporary load on the
inclined ground surface, 𝐹 is the safety factor, 𝛾1 and 𝑐1 are the
unit weight and effective stress cohesion intercept of the soil
above the groundwater surface, respectively, 𝜙 is the effective
stress friction angle of the entire soil profile, 𝐾 taken as the
at-rest lateral earth pressure coefficient 𝐾0 = 1 − sin𝜙 is the
average lateral earth pressure coefficient for the end planes of
the failure wedge, and the horizontal effective stresses are

= 𝐾 (𝑞 + 𝛾1
𝜎ℎ1,1

𝑥
(𝑧 + 𝑥 tan 𝛽)) ,
𝑏
𝑥 ∈ [0, 𝑏] , 𝑧 ∈ [− tan 𝛽𝑥, 0] ,


= 𝐾 (𝑞 + 𝛾1
𝜎ℎ2,1

𝑏 tan 𝛽
𝑥−𝑐
(𝑧 +
(𝑥 − 𝑐))) ,
𝑎
𝑎

𝑥 ∈ [𝑐, 𝑏] , 𝑧 ∈ [−

(3)

𝑏 tan 𝛽
(𝑥 − 𝑐) , 0] .
𝑎

For the shear resistance force 𝑆2 acting on the portion (II
and III) below the horizontal plane, it can be calculated as
𝑆2 =

𝑧𝑤 −𝑐𝑧/ℎ+𝑐
1

(𝑐1 + 𝜎ℎ1,2
tan 𝜙 ) 𝑑𝑥 𝑑𝑧
(∫ ∫
𝐹 0 0
ℎ

−𝑐𝑧/ℎ+𝑐

𝑧𝑤

0

+∫ ∫
=


(𝑐2 + 𝜎ℎ2,2
tan 𝜙 ) 𝑑𝑥 𝑑𝑧)

cot 𝜃 𝐾 tan 𝜙
{
[3𝑞ℎ2 + 𝛾2 ℎ3
2𝐹
3
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Figure 1: Three-dimensional failure wedge. (a) Schematic model of failure wedge, (b) definitions of geometric parameters, and (c) force
analysis.

+ 𝑧𝑤 (𝛾1 − 𝛾2 ) (𝑧𝑤2 − 3ℎ𝑧𝑤 + 3ℎ2 )] + 𝑧𝑤 (𝑐1 − 𝑐2 )

Substituting (2) and (4) into (1), the total shear resistance
force applied on each end plane is

⋅ (2ℎ − 𝑧𝑤 ) + 𝑐2 ℎ2 } ,

𝑆=
(4)

𝑐2

where 𝛾2 and
are the unit weight and effective stress
cohesion intercept of the soil below the groundwater surface,
respectively, 𝑧𝑤 is the distance between the horizontal plane
and groundwater surface, and the horizontal effective stresses
are

= 𝐾 (𝑞 + 𝛾1
𝜎ℎ1,2

𝑥2 tan 𝛽
+ 𝛾1 𝑧) ,
𝑏


𝜎ℎ2,2
= 𝐾 (𝑞 + 𝛾1

𝑥2 tan 𝛽
+ 𝛾1 𝑧𝑤 + 𝛾2 (𝑧 − 𝑧𝑤 )) ,
𝑏

𝑧 ∈ [0, 𝑧𝑤 ] ,

𝑧 ∈ [𝑧𝑤 , ℎ] .

Φ
,
𝐹

where
Φ=

cot 𝜃
1
[𝑐1 (tan 𝜃 − tan 𝛽)
tan 𝛽ℎ2
2
2
(tan 𝜃 − tan 𝛽)

𝐾 tan 𝜙
3𝑞ℎ2
1
+ 𝐾𝛾1 tan 𝜙 tan 𝛽ℎ] +
[
4
6
tan 𝜃 − tan 𝛽
+ 𝛾2 ℎ3 cot 𝜃

(5)

(6)

+ 𝑧𝑤 (𝛾1 − 𝛾2 ) (𝑧𝑤2 − 3ℎ𝑧𝑤 + 3ℎ2 ) cot 𝜃]
+

cot 𝜃
[𝑧𝑤 (𝑐1 − 𝑐2 ) (2ℎ − 𝑧𝑤 ) + 𝑐2 ℎ2 ] .
2

(7)

4
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For the entire wedge, the force equilibrium in the directions normal and tangential to the failure plane yields
∑ 𝐹𝑁 = 𝑁 + 𝑈 − (𝑊 + 𝑄) cos 𝜃 − 𝑃𝑆 sin 𝜃 = 0,
(8)
∑ 𝐹𝑇 = 2𝑆 + 𝑇 − (𝑊 + 𝑄) sin 𝜃 + 𝑃𝑆 cos 𝜃 = 0,

ℎ𝛾
𝑊+𝑄
ℎ
=Γ=
(𝑞 + 1 )
𝑙
tan 𝜃 − tan 𝛽
2



𝑁 tan 𝜙
+ (𝑐2 − 𝑐1 ) ℎ𝑤 csc 𝜃 +
),
𝑙

(9)

2
𝛾 csc 𝜃ℎ𝑤
𝑈
=Λ= 𝑤
,
𝑙
2

cot 𝜃
1
1
2
Π = 𝐾𝛾1 (tan 𝛽) ℎ3
+
2
8
6
(tan 𝜃 − tan 𝛽)
⋅𝐾[

(12)

3𝑞ℎ2
tan 𝜃 − tan 𝛽

in the expression of 𝑃𝑆 /𝑙, and 𝛾𝑠 and ℎ𝑠 are unit weight and
the height of the filled slurry, respectively.
Solving (8) for the safety factor of the wedge, the following
is obtained:
2Φ
Ψ
+
(Γ sin 𝜃 − Ω cos 𝜃) 𝑙 Γ sin 𝜃 − Ω cos 𝜃
Γ
Ω
+
Γ tan 𝜃 − Ω Γ − Ω cot 𝜃

(10)

Λ
) tan 𝜙 .
Γ sin 𝜃 − Ω cos 𝜃

The critical angle 𝜃cr of the failure plane that corresponds to
the minimum safety factor 𝐹𝑆 for the failure wedge is found
by taking 𝑑𝐹/𝑑𝜃 = 0, and the equation can be solved by an
iterative method. It is noted that the solution of 𝜃cr should
locate in the range 45∘ ≤ 𝜃cr ≤ 90∘ ; otherwise 𝐹𝑆 will be less
than zero if 𝜃cr < 45∘ [18].
Considering a peculiar case of cohesionless soils (i.e., 𝑐1 =
𝑐2 = 0), the expression of 𝐹 reduces to
𝐹 = 𝑓 (𝜃) tan 𝜙 ,

Equation (11) indicates that 𝜃cr is independent of 𝜙 , which is
consistent with the analytical result for the horizontal ground
by Fox [18]. The proposed analytical method is also applicable
when the ground is sloping away from the trench (i.e., 𝛽 < 0).
Under this condition, the intersection point of the inclined
ground surface and the failure plane should be above the
groundwater surface (i.e., 𝑙1 > 𝑙2 ).

3. Example

𝛾 ℎ2
𝑃𝑆
=Ω= 𝑠 𝑠
𝑙
2

−

Ω
Λ
−
,
Γ − Ω cot 𝜃 Γ sin 𝜃 − Ω cos 𝜃

+ 𝑧𝑤 (𝛾1 − 𝛾2 ) (𝑧𝑤2 − 3ℎ𝑧𝑤 + 3ℎ2 ) cot 𝜃] .

cos 𝛽
𝑁 tan 𝜙
𝑇 1
1
= (Ψ +
) = (𝑐1 ℎ
𝑙
𝐹
𝑙
𝐹
sin (𝜃 − 𝛽)

+(

+

Γ
2Π
+
(Γ sin 𝜃 − Ω cos 𝜃) 𝑙 Γ tan 𝜃 − Ω

+ 𝛾2 ℎ3 cot 𝜃

2
(𝛾 − 𝛾1 ) ℎ𝑤
+ 2
,
2 tan 𝜃

𝐹=

𝑓 (𝜃) =

Π = Φ cot 𝜙 ,

where 𝑊 is the soil weight, 𝑄 is the equivalent concentrated
force by 𝑞, 𝑃𝑆 is the lateral force by filled slurry, 𝑈 is the
hydrostatic groundwater force, 𝑁 is the effective normal
force, and 𝑇 is the shear force on the failure plane. Through
the calculations of the forces in (8), they are expressed



where

(11)

Here, we investigate the influences of different ground
inclinations and trench lengths on the trench stability. The
geometric and physical parameters of the trench, soil, and
slurry are from Fox [21], namely, ℎ = 20 m, ℎ𝑠 = 20 m,
𝑧𝑤 = 3 m, 𝛾𝑠 = 11.8 kN/m3 , 𝛾1 = 19.0 kN/m3 , 𝑐2 = 0 kPa,
𝛾2 = 20.0 kN/m3 , 𝜙 = 37∘ , and 𝑞 = 0 kN/m2 . Moreover,
𝑐1 = 10 kPa is used for the soil above the groundwater surface
to consider the soil suction effect.
Figure 2 shows the relationships of the minimum safety
factor 𝐹𝑆 or critical angle 𝜃cr versus inclined angle 𝛽 for the
two-dimensional case. In Figure 2(a), we can see that 𝐹𝑆 is
negatively relevant with 𝛽, and 𝐹𝑆 decreases from 1.48 to 1.19
as 𝛽 varies from 0∘ to 15∘ . This indicates that the assumption
of a horizontal ground (i.e., 0∘ ) for the inclined ground results
in an overestimation of the trench stability, which may result
in sliding failure of the excavated panel. When the inclined
angle 𝛽 comes down into negative value for a specific case
𝛽 = −10∘ , 𝐹𝑆 equals 1.74, which is greater than 1.48 for
𝛽 = 0∘ . And more, the present prediction is comparable
to that based on Rankin’s earth pressure theory (the dashed
line in Figure 2(a), Morgenstern and Amir-Tahmasseb, 1965
[11]), which validates our derived theory, and is also equal to
the calculated values with the method proposed by Li et al.
[19]. With the given 𝜃cr , engineers can calculate the size of
the potential failure mass, and reinforcement design can be
made if the trench stability is not satisfactory; for example,
when 𝛽 = 0∘ and 𝜃cr = 58.56∘ , the area of the end crosssection is 22.6% greater than that for 𝜃cr = 45∘ + 𝜙 (= 63.5∘ ).
In Figure 2(b), it is readily seen that 𝜃cr decreases and then
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Figure 2: Influences of the inclined angle 𝛽 on (a) 𝐹𝑆 and (b) 𝜃cr .
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increases as 𝛽 changes from −10∘ to 35∘ , and the minimum
value 𝜃cr = 56∘ is obtained when 𝛽 = 25∘ . This again shows
that it is necessary to determine 𝜃cr instead of using 𝜃cr =
45∘ + 𝜙 . Plus, Figure 2(b) also shows that increasing 𝑐1 tends
to a reduced value of 𝜃cr .
The influences of the trench length 𝐿 on 𝐹𝑆 and 𝜃cr are
plotted in Figure 3. It shows that 𝐹𝑆 is obviously affected by
the trench length 𝐿, and the results of the present threedimensional case move toward the two-dimensional case as
𝐿 tends to infinity. Figure 3(a) shows that increasing 𝑐1 and
𝛽 results in increasing and decreasing 𝐹𝑆 , respectively. For
this example, values of the trench length 𝐿 which correspond
to 𝐹𝑆 equalling 1.8 are 39.3 m, 34.8 m, 29.3 m, and 22.6 m for

𝑐1 = 10 kPa (𝛽 = 0), 𝑐1 = 0 kPa (𝛽 = 0), 𝑐1 = 10 kPa (𝛽 = 5),
and 𝑐1 = 0 kPa (𝛽 = 5), respectively, whereas, corresponding
to 𝑐1 and 𝛽, 𝐹𝑆 is calculated as 1.48, 1.44, 1.37, and 1.32 for the
two-dimensional case, respectively. Figure 3(b) shows that 𝜃cr
decreases with increasing trench length 𝐿, and increasing
both 𝑐1 and 𝛽 results in decreasing 𝜃cr , and 𝜃cr is apparently
affected by 𝛽. For this example, values of 𝜃cr that correspond
to 𝐿 = 40 are 59.8 m, 58.4 m, 60.1 m, and 58.5 m for 𝑐1 =
10 kPa (𝛽 = 0), 𝑐1 = 10 kPa (𝛽 = 5), 𝑐1 = 0 kPa (𝛽 = 0),
and 𝑐1 = 0 kPa (𝛽 = 5), respectively.
Finally, based on the parameters 𝐿 = 40 m and 𝛽 = 5∘ ,
the influence of the rising groundwater on the safety factor is
shown in Figure 4. It is noticed that larger 𝑧𝑤 represents lower
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groundwater surface. Then, Figure 4 shows that increasing
both 𝑧𝑤 and 𝑐1 produces an increasing safety, and this can be
easily understood.

4. Conclusions
In this paper, we have presented an analytical solution
of the safety factor for the three-dimensional model of a
slurry trench with an inclined ground surface. The solution
includes several parameters, such as the inclined angle of
the inclined ground surface, trench length and depth, slurry
depth, temporary load, and groundwater surface elevation.
The results showed that increasing inclined angle 𝛽 and
trench length 𝐿 results in decreasing the safety factor, but
increasing the depth to groundwater 𝑧𝑤 and suction effect
𝑐1 produces an increase in the safety factor; meanwhile, the
existing two-dimensional model was conservative compared
to the present three-dimensional model. The study could be
useful to assess the trench stability for both 2D and 3D cases
with inclined ground surface.
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In marine and coastal environments, penetration of chloride ions is one of the main mechanisms causing concrete reinforcement
corrosion. Currently, most of experimental investigations about submerged penetration of chloride ions are started after the
four-week standard curing of concrete. The further hydration of cement and reduction of chloride diffusivity during submerged
penetration period are ignored. To overcome this weak point, this paper presents a numerical procedure to analyze simultaneously
cement hydration reaction and chloride ion penetration process. First, using a cement hydration model, degree of hydration and
phase volume fractions of hardening concrete are determined. Second, the dependences of chloride diffusivity and chloride binding
capacity on age of concrete are clarified. Third, chloride profiles in hardening concrete are calculated. The proposed numerical
procedure is verified by using chloride submerged penetration test results of concrete with different mixing proportions.

1. Introduction
The ingress of chloride ions constitutes a major source of
durability problems affecting reinforced concrete structures
which are exposed to marine environments. Once a sufficient
quantity of chloride ions has accumulated around the embedded steel, pitting corrosion of the metal is liable to occur
unless the environmental conditions are strongly anaerobic.
In the design of concrete structures, the influence of chloride
ingress on service life must be considered [1].
The literature is rich in papers dealing with modeling
of chloride attack of concrete. Papadakis [2, 3] proposes
chemical reaction equations for silica fume, low calcium fly
ash, and high calcium fly ash blended concrete. Using the
volumetric relations calculated chemical reaction equations,
porosity and chloride diffusivity of hardened concrete are
determined. Han [4] proposes a modified diffusion coefficient that considers the effect of chloride binding and
evaporable water on the diffusion coefficient. Based on the
modified diffusion coefficient, numerical methods are used to
estimate chloride concentration according to concrete depth
and external and internal conditions. Spiesz [5, 6] analyzed
chloride penetration profiles during rapid chloride migration
tests. The diffusion flux during migration tests is shown to
be insignificant compared to the electrical migration flux.

However, it should be noticed that current models [2–6] focus
on chloride penetration into fully hardened concrete.
Currently, most of experimental investigations about
submerged penetration of chloride ions are started after the
four-week standard curing of concrete [7–9]. After concrete
with four-week initial curing, cement hydration reaction will
proceed continuously [10, 11]. Hence four-week initial cured
concrete is not fully hardened concrete, but slowly hardening
concrete. After four-week initial curing of concrete, chloride
diffusivity continuously decreases with the prolongation of
curing period [7–9]. For chloride penetration into hardening
concrete, cement hydration and chloride ingress will occur
simultaneously, and current chloride penetration models [2–
6] are not valid for hardening concrete.
To overcome the weak points of current models [2–
6], this paper presents a numerical procedure to analyze
simultaneously cement hydration reaction and chloride ion
penetration process. By combining hydration model with
chloride ingress model, the dependences of chloride diffusivity and chloride binding capacity on age of concrete
are clarified. Furthermore, chloride profiles in hardening
concrete are determined.
The original contributions of this paper are shown as
follows: first, evaluate the phase volume fractions of hardening concrete by using a kinetic hydration model; second,
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predict the evolution of chloride diffusivity by using capillary
porosity in cement paste; third, consider interactions between
cement hydration and chloride penetration. The influences of
curing ages on chloride attack durability are clarified.

2. Cement Hydration Model
Tomosawa [12] proposed a shrinking-core model to model
the hydration of Portland cement. However, Tomosawa’s
original model does not consider the effects of capillary water
on cement hydration and is only valid for low strength or
ordinary strength concrete with higher water to binder ratios.
Recently, to overcome weak points of Tomosawa’s model,
Wang [10, 11] revised Tomosawa’s model to consider effects
of water to binder ratio, mineral compositions, and capillary
water concentrations on cement hydration process. The
revised model is valid for concrete with different strengths,
different cement mineral compositions, and different curing
methods.
The proposed blended cement hydration model by Wang
[10, 11] is valid for not only blended cement but also Portland cement. Using the hydration model, hydration degree
of cement and reaction degree of mineral admixtures are
determined. Furthermore, the age dependent properties of
hardening concrete are evaluated using reaction degrees of
binders.
The proposed blended cement hydration model by Wang
[10, 11] consists of two parts, that is, cement hydration model
and mineral admixtures reaction model. Because this paper
mainly focuses on hydration related properties of Portland
cement concrete, only cement hydration model is shown.
Mineral admixtures reaction model is not shown in this
paper.
This revised Portland cement hydration model by Wang
[10, 11] is expressed as a single equation consisting of three
coefficients: 𝑘𝑑 the reaction coefficient in the induction
period; 𝐷𝑒 the effective diffusion coefficient of water through
the C–S–H gel; and 𝑘𝑟𝑖 a coefficient of the reaction rate
of mineral compound of cement as shown in the following
equations:
𝑑𝛼𝑖 3 (𝑆𝑤 /𝑆0 ) 𝜌𝑤 𝐶𝑤−free
=
𝑑𝑡
(V + 𝑤𝑔 ) 𝑟0 𝜌𝑐
⋅

𝛼=

(1a)

1
−1/3

(1/𝑘𝑑 − 𝑟0 /𝐷𝑒 ) + (𝑟0 /𝐷𝑒 ) (1 − 𝛼𝑖 )
∑4𝑖=1 𝛼𝑖 𝑔𝑖
∑4𝑖=1 𝑔𝑖

,

surface area of the cement particles in contact with water;
and 𝑆0 is the total surface area if the surface area develops
unconstrained.
The reaction coefficient 𝑘𝑑 is assumed to be a function of
the degree of hydration as shown in (2), where 𝐵 and 𝐶 are
the coefficients determining this factor; 𝐵 controls the rate of
the initial shell formation and 𝐶 controls the rate of the initial
shell decay:
𝑘𝑑 =

𝐵
+ 𝐶𝛼3 .
𝛼1.5

The effective diffusion coefficient of water is affected by
the tortuosity of the gel pores as well as the radii of the gel
pores in the hydrate. This phenomenon can be described as
a function of the degree of hydration and is expressed as
follows:
1
𝐷𝑒 = 𝐷𝑒0 ln ( ) .
𝛼

+ (1/𝑘𝑟𝑖 ) (1 − 𝛼𝑖 )

(1b)

where 𝛼𝑖 (𝑖 = 1, 2, 3, and 4) represents reaction degree of
mineral compounds of cement C3 S, C2 S, C3 A, and C4 AF,
respectively; 𝛼 is the degree of cement hydration and can be
calculated from the weight fraction of mineral compound
𝑔𝑖 and reaction degree of mineral compound 𝛼𝑖 ; V is the
stoichiometric ratio by mass of water to cement (= 0.25); 𝑤𝑔
is the physically bound water in C–S–H gel (= 0.15); 𝜌𝑤 is the
density of water; 𝜌𝑐 is the density of the cement; 𝐶𝑤−free is
the amount of water at the exterior of the C–S–H gel; 𝑟0 is
the radius of unhydrated cement particles; 𝑆𝑤 is the effective

(3)

In addition, free water in the capillary pores is depleted
as hydration of cement minerals progresses. Some water
is bound in the gel pores, and this water is not available
for further hydration, an effect that must be taken into
consideration in every step of the progress of the hydration.
Therefore, the amount of water in the capillary pores 𝐶𝑤−free
is expressed as a function of the degree of hydration in the
previous step as shown in the following:
𝐶𝑤−free =

𝑊0 − 0.4 ∗ 𝛼 ∗ 𝐶0
,
𝑊0

(4)

where 𝐶0 and 𝑊0 are the mass fractions of cement and water
in the mix proportion.
The effect of temperature on these reaction coefficients is
assumed to follow Arrhenius’s law as shown in
𝐵 = 𝐵20 exp (−𝛽1 (

1
1
−
))
𝑇 293

𝐶 = 𝐶20 exp (−𝛽2 (

1
1
−
))
𝑇 293

𝐸 1
1
𝑘𝑟𝑖 = 𝑘𝑟𝑖20 exp (− ( −
))
𝑅 𝑇 293

−2/3

(2)

𝐷𝑒 = 𝐷𝑒20 exp (−𝛽3 (

(5)

1
1
−
)) ,
𝑇 293

where 𝛽1 , 𝛽2 , 𝐸/𝑅, and 𝛽3 are temperature sensitivity coefficients and 𝐵20 , 𝐶20 , 𝑘𝑟𝑖20 , and 𝐷𝑒20 are the values of 𝐵, 𝐶, 𝑘𝑟𝑖 ,
and 𝐷𝑒 at 20∘ C.
Using reaction degree of cement, the phase volume
fractions of hardening cement paste (sealed curing) can be
determined as follows:
𝑉1 =

𝐶0
(1 − 𝛼)
𝜌𝑐

(6)
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Table 1: Coefficients of cement hydration model.
𝐵20
(cm/h)
8.09 ×
10−9

𝐶20
(cm/h)

𝑘𝑟𝐶3 𝑆20
(cm/h)
9.03 ×
10−6

0.02

𝑘𝑟𝐶2 𝑆20
(cm/h)
2.71 ×
10−7

𝑘𝑟𝐶3 𝐴20
(cm/h)
1.35 ×
10−6

𝑉2 = 𝑊0 − 0.4 ∗ 𝛼 ∗ 𝐶0

(7)

𝑉3 = 0.15 ∗ 𝛼 ∗ 𝐶0

(8)

𝑉4 = 𝑊0 − 0.4 ∗ 𝛼 ∗ 𝐶0 + 0.15 ∗ 𝛼 ∗ 𝐶0

(9)

𝑉5 = 0.0625 ∗ 𝛼 ∗ 𝐶0

(10)

𝑉6 = 𝑊0 − 0.4 ∗ 𝛼 ∗ 𝐶0 + 0.0625 ∗ 𝛼 ∗ 𝐶0

(11)

𝑉7 = 𝑊0 − 0.4 ∗ 𝛼 ∗ 𝐶0 + 0.0625 ∗ 𝛼 ∗ 𝐶0 + 0.15 ∗ 𝛼
∗ 𝐶0 ,

(12)

where 𝑉1 , 𝑉2 , 𝑉3 , 𝑉4 , 𝑉5 , 𝑉6 , and 𝑉7 are the volume of
anhydrous cement, capillary water, gel water, evaporable
water (the sum of capillary water and gel water), chemical
shrinkage, capillary porosity (the sum of capillary water and
chemical shrinkage), and total porosity (the sum of capillary
porosity and gel water), respectively.
On the basis of degree of reactions of mineral compounds
of cement, the parameters of hydration model are calibrated
and shown in Table 1. Using this Portland cement hydration
model, Wang [10, 11] evaluated the heat evolution rate, adiabatic temperature rise, compressive strength development,
and thermal stress development in both ordinary strength
concrete and high strength concrete.

3. Chloride Penetration Model
3.1. Governing Equation of Chloride Diffusion. Due to the
existing concentration gradient between the exposed surface
and the pore solution of the cement matrix (diffusion driving
force), chloride ions enter the concrete by ionic diffusion.
This process is often described by Fick’s 1st law of diffusion
as follows [13–16]:
𝐽𝑐 = − 𝐷𝑐

𝜕𝐶𝑓
𝜕𝑥

,

(13)

where 𝐽𝑐 is the flux of chloride ions due to diffusion (kg/m2 ⋅s);
𝐷𝑐 is the effective diffusion coefficient when the concentration is expressive in kilograms per cubic meter of pore
solution (m2 /s); 𝐶𝑓 is free chloride concentration (kg/m3 of
pore solution) at depth 𝑥 (m).
The chloride mass conservation in saturated concrete can
be described by Fick’s second law, as follows [15–20]:
𝜕𝐶𝑡
= − ∇ ⋅ 𝐽𝑐 ,
𝜕𝑡

(14)

where 𝐶𝑡 is the total chloride concentration (kg/m3 of
concrete) and 𝑡 is time (s).

𝑘𝑟𝐶4 𝐴𝐹20
(cm/h)
6.77 ×
10−8

𝐷𝑒20
(cm2 /h)
8.62 ×
10−10

𝛽1
(K)

𝛽2
(K)

𝛽3
(K)

𝐸/𝑅
(K)

1000

1000

7500

5400

Chlorides present in concrete are generally classified
into free chloride and bound chloride. Free chlorides are
dissolved in the pore liquid and exist in a freely mobile
form. Bound chlorides consist of adsorbed chloride and solid
phase chloride. Bound chlorides do not move at ordinary
concentration gradient. The total, bound, and free chloride
concentrations in concrete are related as follows [15, 16]:
𝐶𝑡 = 𝐶𝑏 + 𝑉4 ∗ 𝐶𝑓 ,

(15)

where 𝐶𝑏 is the concentration of bound chlorides (kg/m3 of
concrete). The evaporable water contents 𝑉4 can be determined from hydration model using (9).
By substituting (15) into (14), the following modified
Fick’s second law equation can be obtained as follows [15, 16]:
𝜕𝐶𝑓
𝜕𝑡

=

𝜕𝐶𝑓
𝐷𝑐
𝜕
(
),
𝜕𝑥 𝑉4 + 𝜕𝐶𝑏 /𝜕𝐶𝑓 𝜕𝑥

(16a)

where 𝜕𝐶𝑏 /𝜕𝐶𝑓 is the binding capacity of the concrete binder
(m3 of pore solution/m3 of concrete). As shown in (16a),
chloride penetration process relates to chloride diffusivity,
binding capacity, and evaporable water contents of concrete.
Equations (15) and (16a) consider the mass conservation
among total chloride, bound chloride, and free chloride.
The initial and boundary conditions used for the analysis
are shown as follows:
For 𝑡 = 0: 𝐶𝑓 = 𝐶0

at 𝑥 > 0

For 𝑡 ≥ 0: 𝐶𝑓 = 𝐶𝑠

at 𝑥 = 0

𝐶𝑓 = 𝐶0

(16b)

at 𝑥 = 𝐿,

where 𝐶0 is the concentration of chlorides present in the pore
solution before concrete is exposed to a salt solution, 𝐶𝑠 is
the chloride concentration of salt solution in contact with the
outer surface, and 𝐿 is the thickness of the member.
3.2. Chloride Diffusion Coefficient and Binding Isotherm.
At the macroscopic level, concrete is a composite material
consisting of discrete aggregates dispersed in a continuous
cement paste matrix. The diffusion of chloride ions mainly
through capillary pore of cement paste and diffusivity of
aggregate particle inclusions is assumed to be zero [15, 16].
For hardening concrete, the effective diffusion coefficient 𝐷𝑐
can be determined from capillary porosity of paste phase and
aggregate contents in concrete as follows:
𝐴2

𝐷𝑐 (𝑡) = 𝐴 1 ∗ (𝜙paste )
𝜙paste =

𝑉6
,
𝐶0 /𝜌𝑐 + 𝑊0

2 (1 − 𝑉𝑎 )
2 + 𝑉𝑎

(17a)
(17b)
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𝐹2

𝐶𝑏 = 𝐹1 ∗ (1 − 𝑉7 ) ∗ (𝐶𝑓 ) ,

(18)

where 𝐹1 and 𝐹2 are relation coefficients between free chloride
and bound chloride. The total porosity of concrete 𝑉7 in (18)
can be determined from hydration model using (12). The item
(1 − 𝑉7 ) in (18) means the volume of solid phase in concrete.
For OPC concrete, the relation coefficients between free
chloride and bound chloride, that is, 𝐹1 and 𝐹2 , are assumed
as 2.5 and 0.5, respectively [8]. These relation coefficients

14
Bound chloride (kg/m3 concrete)

where 𝐴 1 and 𝐴 2 are relation coefficients between capillary
porosity and chloride diffusivity, 𝜙paste is the capillary porosity in paste, and 𝑉𝑎 is the volume of aggregate in concrete.
The former item 𝐴 1 ∗ (𝑉6 )𝐴 2 considers effect of hydration
of cement paste on chloride diffusivity and the latter item
2(1−𝑉𝑎 )/(2+𝑉𝑎 ) considers effect of additions of aggregate on
chloride diffusivity. As shown in (17b), the capillary porosity
in paste 𝜙paste can be determined from capillary porosity in
concrete and paste volume in concrete. It should be noticed
that (17a) and (17b) are original works of authors.
Diffusing chloride ions are bound physically and chemically onto pore surfaces within cement matrix [8, 11]. Due
to the reactions between chloride ion and C3 A or C4 AF,
resulting in the formation of Friedel’s salt and its analogues,
the contents of C3 A and C4 AF in cement dominate chemical
binding of chloride ion. On the other hand, calcium silicate
hydrate (CSH) gel is the main hydration product of C3 S
and C2 S. Due to the adsorption of chloride ion to the CSH,
chloride ions will be physically bound in CSH. Hence, C3 S
and C2 S dominate physical binding.
Chloride binding isotherms describe the relationships
between free and bound chlorides in concrete at a given
temperature. They are unique to each cementitious system
since they are influenced by the components making up
that system, such as C3 A content, supplementary cementing materials, and pH of the pore solution. They are also
influenced by the environmental conditions surrounding the
system such as temperature.
Langmuir isotherm and Freundlich isotherm are frequently used to describe the nonlinear binding essence of
chloride ions [9, 11]. The Langmuir isotherm, derived from
physical chemistry, is assuming monolayer adsorption, which
explains that the slope of the isotherm curve at high concentrations approaches zero. LuPing et al. [9] suggested that
monolayer adsorption occurs at low concentrations (which is
described better by Langmuir isotherm), but that adsorption
becomes more complex at concentrations higher than 0.05 M
and is described better by the Freundlich isotherm. The
difference between the Freundlich and Langmuir isotherms is
their behavior at high concentrations. It was found by LuPing
et al. [9] that the Freundlich equation fits the data very well in
a range of free chloride concentrations from 0.01 to 1 M. This
range covers the two most important magnitude orders of free
chloride concentration in sea water. Considering the wide
concentration range of Freundlich isotherm, in this paper,
Freundlich isotherm is used to describe the nonlinear binding
essence of chloride ions.
The equation of Freundlich binding isotherm (nonlinear
binding isotherm) is shown as follows [8, 15, 16]:

12
10
8

Curing age
increasing

6
4
2
0

0

5
10
15
20
25
Free chloride concentration (kg/m3 pore solution)
Porosity = 0.2
Porosity = 0.15

30

Porosity = 0.05

Figure 1: Influence of curing age on binding isotherm of concrete.

do not vary with mixing proportions or curing ages. The
influence of porosity on chloride binding isotherm is shown
in Figure 1. As shown in this figure, with the proceeding of
cement hydration, hydration products will be produced, the
porosity of concrete will decrease, and chloride ions binding
capacity will be enhanced.
3.3. Summary of Proposed Cement Hydration-Chloride Penetration Model. The proposed numerical procedure considers
the interactions between cement hydration and chloride
penetrations. The flowchart of numerical procedure is shown
in Figure 2 and summarized as follows.
First, using a cement hydration model, degree of hydration and phases volume fractions of hardening concrete,
such as evaporable water content, capillary porosity, and total
porosity, are determined.
Second, the dependences of chloride diffusivity and
chloride binding capacity on age of concrete are clarified.
Chloride diffusivity of hardening concrete is calculated considering capillary porosity evolution in cement paste and
aggregate dilution effect. Chloride binding is described using
nonlinear binding isotherm.
Third, chloride profiles in hardening concrete are calculated. Governing equation of chloride diffusion ((16a) and
(16b)) in space is a boundary-value problem and in time is
an initial-value problem. In this paper, a one-dimensional
finite element method is adopted to solve this equation. For
numerical time integration part, the Galerkin method is used
to confirm the stability of numerical integration [10, 11].

4. Verification of Proposed Model
Experimental results about chloride diffusivity and total
chloride concentrations in [8] are used to verify the proposed
model. Chloride diffusivity and chloride concentration profiles of concrete specimens with different mixing proportions
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Table 2: Chemical compositions of cement.
Chemical composition (mass %)
SiO2

Al2 O3

Fe2 O3

CaO

MgO

SO3

Lg.loss

21.96

5.27

3.11

63.41

2.13

1.96

0.79

Physical properties
Specific
Blaine
gravity
(cm2 /g)
3
(g/cm )
3.16

3214

Table 3: Mixing proportions of concrete.
Water to
cement ratio
0.37
0.42
0.47

Water
(kg/m3 )

Cement
(kg/m3 )

Sand
(kg/m3 )

Gravel
(kg/m3 )

Super plasticizer
(% of binder)

168
168
168

454
400
357

767
787
838

952
976
960

1%
0.9%
0.85%

are measured at different curing ages. Normal Portland
cement was used to make concrete specimens. The chemical
compositions and physical properties of cement are shown
in Table 2. Using Bogue equations, the mineral compositions
C3 S, C2 S, C3 A, and C4 AF of used cement are determined
as 45.33%, 28.76%, 8.14%, and 10.46%, respectively. Concrete
specimens with different water to cement ratios, that is, 0.47,
0.42, and 0.37, were prepared. The mixing proportions of
concrete are shown in Table 3. The sand to aggregate ratio of
concrete specimens is about 0.45.
Experimental program for chloride diffusion coefficient
[8]: concrete cylinder specimens are cured in submerged
conditions. At the age of 28 days, 90 days, 180 days, and
270 days, chloride diffusion coefficients are measured using
electrical accelerate method. The sizes of cylinder specimens
of chloride diffusion coefficients tests are 100 mm ∗ 50 mm.
The diffusion cell and experimental setup are provided in
ASTMC 1202. The cathode of electrolyte is 0.5 Mole NaCl
solution and the anode electrolyte is saturated Ca(OH)2 .
The applied voltage is 30 V and duration time is 8 hours.
After accelerated test, silver nitrate solution (0.1 N, AgNO3 )
is used as an indicator to measure penetration depth and the
diffusion coefficient is calculated through penetration depth
of chloride ions.
Experimental program for chloride penetration profile [8]: after 28 days of curing, the specimens are submerged in 3.5% NaCl solution for 6 months. The specimens
were coated with resin except for upside surface for 1dimensional intrusion of chloride ions. Acid-soluble chloride
contents (total chloride contents) are measured for different
depths.
Using the proposed hydration model, the hydration
related properties of concrete are shown in Figure 3. As
shown in Figure 3(a), with the decreasing of water to binder
ratio, due to limitation of capillary water and available space
for deposition of hydration products, the reaction degree of
cement will decrease. As shown in Figure 3(b), because of
filling effect of cement hydration products, capillary porosity
of cement paste decreases with the proceeding of cement
hydration. As shown in Figure 3(c), due to the consumption
of mixing water, the evaporable water content in concrete
decreases with the prolongation of curing age. At a given

Mixing proportion and curing
condition of concrete

Hydration model

Evolution of degree of hydration,
porosity, evaporable water with ages

Chloride diffusivity, chloride binding
isotherm, and chloride diffusion equation

Chloride ion concentration profiles in
concrete

Figure 2: Flowchart of proposed numerical procedure.

curing age, concrete with a lower water to cement ratio shows
lower capillary porosity and evaporable water content.
Figure 4 presents the phase volume fractions of cement
paste with water to binder ratio 0.37. As shown in this figure,
with the proceeding of hydration reaction, the volumes of
cement decrease, and the volumes of reaction products from
cement hydration increase. Because of losses in the capillary
water, decreasing of available deposition spaces for hydration products, and changing of hydration rate determining
process to a diffusion-controlled stage, the rate of hydration
becomes slower.
The relation between capillary porosity in cement paste
and chloride diffusion coefficients is shown in Figure 5(a).
As shown in this figure, for concrete with different water
to cement ratios and at different curing ages, the relation
between chloride diffusion coefficients and capillary porosity
is similar. This is because, compared with gel pore in calcium
silica hydrate, the pore size of capillary pore is much larger,
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Figure 3: Hydration related properties of concrete.

and capillary pore is main penetration path of chloride ions.
Chloride diffusion coefficients almost linearly increase with
the increase of capillary porosity in paste. Hence, capillary
porosity in paste is an effective index to determine chloride
diffusion coefficient. The regression coefficients of 𝐴 1 and
𝐴 2 in (17a) are given as 3.63𝑒 − 10 and 1.15, respectively. As
shown in Figure 5(b), from 28 days to 270 days, with the
increasing of curing age, due to the reduction of capillary
porosity, the chloride diffusion coefficients decease almost
40%. The proposed model can reflect the dependences of
chloride diffusion coefficients on curing age and water to
cement ratios.
The calculated total chloride concentration profiles are
shown in Figure 6. The calculated results generally agree with

experimental results. With the increasing of water to cement
ratios, at the same depth, due to the reductions of chloride
diffusion coefficients, the chloride ions concentration will
decrease.

5. Conclusions
This paper presents a numerical procedure to analyze chloride penetration into hardening concrete. The simultaneous
cement hydration reaction and chloride ion penetration
process are modeled. First, using a cement hydration model,
degree of hydration and phases volume fractions of hardening concrete, such as evaporable water content, capillary
porosity, and total porosity, are determined. Second, the
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Figure 4: Phase volume fractions of hydrating paste (water to cement ratio 0.37).
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coefficients
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Figure 5: Evaluation of chloride ions diffusion coefficients.

dependences of chloride diffusivity and chloride binding
capacity on age of concrete are clarified. Chloride diffusivity
of hardening concrete is calculated considering capillary
porosity evolution in cement paste and aggregate dilution
effect. Chloride binding is described using nonlinear binding isotherm. Third, by using numerical analysis method,
chloride profiles in hardening concrete are calculated. Analysis results generally agree with experimental results of
concrete with different curing ages and different mixing
proportions.
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The use of recycled aggregates in structural concrete production has the inconvenience of increasing the fluid transport properties,
such as porosity, sorptivity, and permeability, which reduces the resistance against penetration of environmental loads such as
carbon dioxide and chloride ion. In this paper, behavior of ten concrete mixtures with different percentages of coarse aggregate
replacement was studied. The recycled material was recovered by crushing of concrete rubble and had high absorption values. The
results showed that it is possible to achieve good resistance to carbonation and chloride penetration with up to 50% replacement
of recycled coarse aggregate for 0.5 water/cement ratio. Finally, new indexes for porosity and sorptivity were proposed to assess the
quality of concrete.

1. Introduction
Concrete is a fully recyclable material, provided it is not
contaminated. Recycled concrete has been used in many nonstructural forms, even for treatment of acidic groundwater
[1]. It can be used as structural material as long as it complies
with the specifications for normal concrete. However, the
manufacture of concrete elements with recycled aggregate
from construction and demolition debris can have the drawback of high porosity and permeability, which facilitates the
penetration of environmental loads such as chloride ions
and carbon dioxide, causing chemical reactions that lead to
corrosion of reinforcing steel, thus affecting its durability.
The durability of concrete is defined as the ability to
withstand the effects of time, chemical attack, abrasion, or
other degradation process. Durable concrete must retain its
original shape, quality, and service conditions when exposed
to the environment [2].
A variety of tests are available for the study of the
durability of concrete, which require specialized equipment

and methods of study, as well as long periods of exposure to
observe deleterious effects. In the case of recycled aggregate
concrete, several researches have been focused on the study
of mechanical properties, often omitting durability aspects.
In this work, three fluid transport properties were determined in concrete indirectly related to durability, such as
porosity, sorptivity, and air permeability. Two direct indicators were also analyzed, carbonation, and chloride penetration. Results are compared with indexes reported in the
literature to determine the amount of coarse aggregate that
may be replaced.

2. Porosity
The deterioration of concrete by non-mechanical causes is
mainly due to the presence of water with dissolved harmful
substances. Penetration and transport of water into the
concrete takes place through the pores and cracks in the
material and depends on the type, size and distribution
of such voids. When using recycled aggregates in concrete
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Table 1: Suggested ranges for sorptivity in recycled aggregate
concrete.
Sorptivity (mm/h0.5 )
<6.0
6.0–10.0
10.0–15.0
>15.0

Durability class
Excellent
Good
Poor
Very poor

production, an increment in porosity, permeability, and water
absorption values can be expected.
Porosity has a great influence on the mechanical and
durability properties of concrete. It represents the total voids
in the material (cement paste plus aggregates). Porosity of
the cement paste is the sum of the capillary and gel pore
volume and represents the voids from solid components of
the hydrated cement paste. In aggregates, the pore size varies
in a wide range, but even the smallest pores are greater than
gel pores in cement paste. Some pores are totally immersed
within the particle, but others are open to the surface allowing
the entry of water and other aggressive agents [4]. Given
that the aggregate represents three quarters of the concrete
volume, the rock’s quality would be an important factor
in porosity. However, it is the capillary porosity the one
that influences the concrete durability as the cement paste
surrounds the aggregate particles. According to CEB [5], the
quality of the concrete in terms of porosity is classified as
good if it is below 15%, moderate if it is between 15 and 17%,
and poor if it is over 17%.

3. Sorptivity
Sorptivity in a concrete sample gives a value of the effective
porosity. It represents the increase in mass of the specimen
as a result of water absorption by the capillary pores. It
can be an important parameter to measure performance
of concrete to the effect of environmental loads. Ho and
Lewis [6] recommend a value less than or equal to 3 mm/h0.5
for up to 30 mm coatings in severe conditions and up to
6 mm/h0.5 in less aggressive environments. Other authors
such as Olorunsogo and Padayachee [7] have rated sorptivity
for recycled aggregate concrete in ranges shown in Table 1.

4. Permeability
Permeability tests on concrete are made to determine a
coefficient describing the flow of liquids or gases through
the pores of the material. A method available is the air
permeability, included in the Swiss Standard SIA 262/1-GB:
2003 [8]. It is based on creating a vacuum within a double
chamber cell which is placed on the concrete surface and
measuring the speed with which the pressure returns to the
atmospheric value. The application of this method allows to
obtain the air permeability coefficient (𝑘𝑇) describing the
quality of the concrete surface according to the ranges given
in Table 2.

Table 2: Quality of permeable concrete surface [3].
−16

𝑘𝑇 (10 m2 )
<0.01
0.01−0.1
0.1−1
1−10
>10

Quality
Excellent
Very good
Normal
Poor
Very poor

5. Carbonation
In concrete structures, a major cause of deterioration is the
reaction between the hydrated products of the cement paste
and the carbon dioxide present in the atmosphere. This
reaction reduces the pH of the pore solution, thus resulting
in corrosion of the reinforcing steel bars which in the end
decreases the service life of the structure. The resistance to
a reduction in pore solution pH depends on the cementitious
binder and it is strongly related to its acid neutralization
capacity [9]. Since carbonation process can be very slow, for
research purposes, the use of an acceleration chamber with
controlled internal environment was chosen [10]. Carbonation depth are usually determined by colorimetry spraying
an acid-base indicator on a freshly cut sample. According
to literature [11] carbonation coefficient must not exceed the
critical value of 6 mm/año0.5 ; coefficients above this value
denotes low carbonation resistance.

6. Chloride Penetration
Chloride ion (Cl− ) is the principal agent capable of causing
corrosion process on steel reinforcement embedded in concrete elements and thereby reducing its durability. Chloride
penetration in concrete can occur by diffusion if the element
is submerged in salt water or by capillary suction if it is
exposed to marine aerosol. In laboratory, the effect can be
induced by immersion of the samples in synthetic sea water,
by exposure in a salt spray chamber or by migration of
chlorides, forcing its entry under the action of an external
electric field. For durability purposes, the accepted Cl−
concentration should not exceed 0.4% by weight of cement
[11].

7. Materials and Methods
7.1. Materials. The experiment consisted of a study of ten
concrete mixtures combining two water/cement ratios (w/c)
with five replacement rates of recycled coarse aggregate (%𝑅).
The w/c ratios were chosen to represent the highest w/c
suitable for durability (0.5) and the highest w/c suitable for
strength (0.7). The materials used were OPC, water, coarse
aggregate and fine aggregate, obtained by crushing limestone
from a local quarry, and recycled coarse aggregate recovered
by cutting and grinding heterogeneous structural concrete
rubble. Aggregate properties were determined according to
ASTM Standards [12]. They can be seen in Table 3.
Highlights are the low specific gravity of all aggregates,
as well as the high absorption values (above 6%). However,
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Material
Normal coarse
aggregate

Recycled coarse
aggregate

Normal fine
aggregate

Property
Maximum size
Specific gravity
Loose unit weight
Compact unit weight
Absorption
Maximum size
Specific gravity
Loose unit weight
Compact unit weight
Absorption
Specific gravity
Fineness modulus
Absorption

Value
19 mm
2.33
1187 kg/m3
1401 kg/m3
6.7%
19 mm
2.31
1102 kg/m3
1235 kg/m3
7.2%
2.38
2.4
6.2%

according to Solı́s-Carcaño and Moreno [13], these properties
for normal and recycled aggregates can be located in the
boundary between limestone materials of good and poor
quality.
7.2. Mixture Design. Mixture design was performed based on
the ACI method [14]. Each concrete mixture was designated
with NC (normal concrete) or RC (recycled concrete) followed by %𝑅 (25, 50, 75, or 100). The last digit was added
to define w/c (5 for 0.5 and 7 for 0.7). Effective absorption
of 80% for the mixing water correction was considered. The
relative amounts of the materials for each mixture, before
daily moisture corrections, are indicated in Table 4.
7.3. Test Specimens. The concrete batches were 120 liters
made in 8 minutes. Cylindrical specimens of 10 × 20 cm
were cast for porosity and sorptivity tests and 7.5 × 15 cm
for carbonation tests. Also, prismatic beams of 10 × 15 ×
60 cm were cast for testing air permeability and penetration of
chlorides. The specimens were subjected to a process of moist
curing by immersion for 28 days and then conditioned at lab
environment (80% RH and 28∘ C) for 90 days before carrying
out tests for porosity, sorptivity, and air permeability.
7.4. Porosity, Sorptivity, and Air Permeability Tests. Porosity
was determined using dry weight, saturated weight, and submerged weight of five test specimens following ASTM C 64206 [15]. For each sorptivity test 3 slices, 5 cm thick, were cut. In
each slice a layer of epoxy paint was applied on all sides except
for the exposed face to allow the entry of water by capillary
suction in one direction. Norwegian method purposed by
Fagerlund [16] was used. The air permeability tests were
performed with double vacuum chamber equipment on three
beams for each mixture and in three areas for each exposed
face.
7.5. Carbonation and Chloride Penetration Tests. The specimens were exposed to carbonation for ten weeks in an
acceleration chamber with 65% relative humidity and 4%
CO2 . The specimens were removed progressively from the
chamber after 14, 35, 56, and 70 days of exposure and cut with

Porosity (%)

Table 3: Aggregate properties.

27.5
25.0
22.5
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

0

25

50

75

100

%R
0.5 w/c
0.7 w/c

Figure 1: Porosity versus %𝑅.

a chisel and hammer. Carbonation depth measurements were
performed using a digital caliper after spraying an acid-base
indicator (1% phenolphthalein solution) according to RILEM
procedure [17].
The specimens for chloride penetration were immersed
for ten weeks in synthetic seawater, prepared in a similar
manner as specified in ASTM D 1141-98 [18]. Except for the
exposed face, all specimens were precoated with epoxy paint,
to allow entry of chloride in only one way. After that period
the specimens were drilled on the exposed face in eight layers,
to extract concrete dust at different depths up to 6 cm. The
obtained powder was subjected to digestion with nitric acid
for the total chloride extraction. The amount of chloride
by weight of cement was determined following the FDOT
method [19].

8. Results and Discussion
Results of porosity and sorptivity for each mixture according
to %𝑅 are shown in Figures 1 and 2. All porosity values
were very similar and above the limit of 17%, which indicates
a poor quality concrete. These results are higher than the
12.5% reported by Buyle-Bodin and Hadjieva-Zaharieva [20]
but similar to the 18–20% reported by Gómez-Soberón [21]
for 0.5 w/c. However, in the case of aggregates with high
absorption, porosity is not a conclusive indicator of the
concrete quality, and the use of other direct and indirect
evidence is necessary to determine its performance in terms
of durability [22].
Sorptivity was calculated with the following [16]:
𝑆=

1
,
𝑚0.5

𝑡
𝑚 = 2,
𝑧

(1)

where 𝑆 is the sorptivity (mm/h0.5 ); 𝑚 is the resistance to
water penetration (s/m2 ); 𝑡 is the required time for capillary
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Table 4: Mixture design (kg/m3 ).
w/c

%𝑅

Water

Cement

NC5
RC25-5
RC50-5
RC75-5
RC100-5
NC7
RC25-7
RC50-7
RC75-7
RC100-7

0.5
0.5
0.5
0.5
0.5
0.7
0.7
0.7
0.7
0.7

0
25
50
75
100
0
25
50
75
100

205
205
205
205
205
205
205
205
205
205

410
410
410
410
410
293
293
293
293
293

22.5
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

Coarse aggregate
Normal
Recycled
987
0
719
240
465
465
226
677
0
874
987
0
719
240
465
465
226
677
0
874

Fine aggregate
527
556
580
609
635
615
644
669
698
723

2.5
2.0
kT (m2 × 10−16 )

S (mm/h0.5)

Mixture

0

25

50
%R

75

1.5
1.0
0.5

100

0.0

0

25

0.5 w/c
0.7 w/c

50

75

100

%R
0.5 w/c
0.7 w/c

Figure 2: Sorptivity versus %𝑅.

ascension (s); and 𝑧 is the water penetration depth at time 𝑡
(m).
The sorptivity values increased slightly when %𝑅
increased. NC5 control concrete was the only below
10 mm/h0.5 . The remaining results for 0.5 w/c and those with
0 and 25%𝑅 for 0.7 w/c were in the range of 10–15 mm/h0.5 ,
classified as poor quality. The others were rated as very poor,
above this range. Other researchers [7] have found similar
results for equivalent conditions (15–20 mm/h0.5 ).
In Figures 3 and 4 the air permeability coefficients (𝑘𝑇)
and carbonation coefficients converted to atmospheric values
(𝐾𝑐 ) for the different %𝑅 are shown. In both tests the
difference between the values from concrete specimens with
0.5 w/c to those with 0.7 w/c is noteworthy.
The model developed for the air permeability coefficient
is based on the Hagen-Poiseuille law for elastic fluids, as
shown in the following [23]:
2

𝑘𝑇 = (

ln ((𝑃𝑎 +Δ𝑃𝑖 ) / (𝑃𝑎 − Δ𝑃𝑖 ))
𝑉𝑐 2 𝜇
(
) ,
)
𝐴 2𝜀𝑃𝑎
√𝑡𝑓 − √𝑡𝑜

(2)

Kc (mm/y0.5 )

Figure 3: Air permeability versus %𝑅.
9.0
8.5
8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0

0

25

50
%R

75

100

0.5 w/c
0.7 w/c

Figure 4: Carbonation versus %𝑅.

where 𝑘𝑇 is the coefficient of air permeability (m2 × 10−16 );
𝑉𝑐 , the volume of the inner cell system (m3 ); 𝐴, the crosssectional area of the inner cell (m2 ); 𝜇, the viscosity of
air at 20∘ C (2 × 10−5 N s/m2 ); 𝜀, the estimated porosity of

5

𝐶
𝐾𝑐 = 𝐾𝑎 √ 𝑎 ,
𝐶𝑐
Σ𝑘 (𝑥 − 𝑥0 )
𝐾𝑎 = 𝑖 𝑖
,
Σ𝑥𝑖 − 𝑖 ⋅ 𝑥0

(3)

where 𝐾𝑐 is the carbonation coefficient converted to atmospheric value (mm/y0.5 ); 𝐾𝑎 is the average of accelerated carbonation coefficients (mm/y0.5 ); 𝐶𝑎 is the CO2 concentration
outside the chamber (0.051%); 𝐶𝑐 is the CO2 concentration
in the chamber (4%); 𝑘𝑖 is the coefficient for the progress
of carbonation depth (mm/y0.5 ); 𝑥𝑖 is the carbonation depth
(mm); 𝑥0 is the initial carbonation depth (mm); and 𝑖 is
thenumber of tests performed during the exposure period.
𝐾𝑐 values increased according to the increase of %𝑅.
0.5 w/c concretes with 0 to 75%𝑅 achieved acceptable values
between 4 and 6 mm/y0.5 ; for the other mixtures, 𝐾𝑐 was
above that range which shows poor resistance to carbonation.
When comparing outcomes between 0 and 100%𝑅, a
variation of 35% for 0.5 w/c (although only 20% for 75%𝑅)
and 23% for 0.7 w/c is observed. Other researchers have
reported differences of 23% for 0.43 w/c [24], 17% for 0.6 w/c
[25], 25% for 0.7 w/c [26], and 11% for 0.7 w/c [27]. An
effective comparison of 𝐾𝑐 values is not possible, because the
experimental procedures were different.
In Figures 5 and 6 the progress of carbonation depth
versus time is modeled. For 0.5 w/c concretes, the worst result
was for RC100-5, where at 25 years, carbonation depth would
be 32.5 mm. For 0.7 w/c concretes, carbonation depth at the
same age would reach much higher values. These figures
highlight the similarity between the carbonation behavior of
mixtures RC100-5 and CN7; thus the worst 0.5 w/c mixture
equals the best 0.7 w/c mixture.
In Figures 7 and 8, the relationship between the 𝐾𝑐
values with 𝑆 and 𝑘𝑇 is analyzed, respectively. The correlation
coefficients (𝑅) were greater than 0.9 indicating a relatively
strong dependence between the studied variables in both
cases.

45
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35
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20
15
10
5
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

Time (y0.5 )
NC5
RC25-5
RC50-5

RC75-5
RC100-5

Figure 5: Calculated progress of carbonation depth versus time for
0.5 w/c.

Carbonation depth (mm)

the cover concrete; 𝑃𝑎 , the atmospheric pressure (N/m2 ); Δ𝑃𝑖 ,
the pressure rise in the inner cell at the end of the test (N/m2 );
𝑡𝑓 , the time at the end of the test (s); and 𝑡0 , the time at the
beginning of the test (60 s).
Since the used equipment in these tests was calibrated
by default to constant values of porosity equal to 0.15, it was
necessary to adjust the results provided by the device using
actual porosity values that were previously determined.
The air permeability coefficients increased from 24 to
64% as the %𝑅 increased. 0.5 a/c concretes with 0, 25, and
50%𝑅 were in the range of 0.1 < 𝑘𝑇 < 1.0 m2 × 10−16 , that
is considered normal quality. All other mixtures had values
above 1.0𝑘𝑇, indicating poor quality of the concrete surface.
Carbonation coefficients (𝐾𝑐 ) were obtained following
the simplified model shown in the following [10]:

Carbonation depth (mm)
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Figure 6: Calculated progress of carbonation depth versus time for
0.7 w/c.

In Figures 9 and 10, chloride profiles by weight of cement
at several depths are presented. The calculation was made
from the following:
%Cl =

35.453𝑉𝑁
,
10𝑊

(4)

where %Cl is the chloride concentration by weight of concrete, 𝑉 is the intersection point of the potential’s regression
line with the 𝑥-axis of a Gran plot (mV), 𝑁 is the silver nitrate
normality, and 𝑊 is the sample weight (g). The results were
multiplied by the concrete/cement ratio to obtain the Cl−
concentration by weight of cement.
Mixtures with 0, 25, and 50%𝑅 reached chloride concentrations below permissible limit of 0.4% for 0.5 w/c. Mixtures
with 75 and 100%𝑅 and all the 0.7 w/c mixtures were well
above the limit of 0.4%. In all cases, a change in slope was
observed at 2.5 cm depth, where there is a significant increase
in the chlorides concentration.
The diffusion coefficients were calculated with (5), which
gives solution to Fick’s 2nd law in nonsteady state. Consider
𝑥
𝐶𝑠 − 𝐶𝑥
= erf (
),
𝐶𝑠 − 𝐶𝑜
2𝐷𝑡

(5)
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Figure 11: Chloride diffusion versus %𝑅.
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Figure 7: Carbonation versus sorptivity.
9.0
8.0
y = −1.948 + 3.20x
7.0
R = 0.966
6.0
𝜎 = 0.44
5.0
4.0
3.0
2.0
0.25
0.75

1.0

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

y = −1.26 + 0.147x
R = 0.931
𝜎 = 0.17

1

6

11

16

21

S (mm/h0.5 )

0.8

Figure 12: Chloride diffusion versus sorptivity.
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Table 5: New suggested indexes for porosity and sorptivity in
recycled aggregate concrete.
Property
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Porosity (%)

Figure 9: Chloride profiles for 0.5 w/c.
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<15
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6–13
13–18
>18

Class
Good
Moderate
High
Good
Moderate
Poor
Very poor

Chloride (%)

1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

0.5

1

NC7
RC25-7
RC50-7

1.5

2

2.5 3 3.5
Depth (cm)

4

4.5

RC75-7
RC100-7

Figure 10: Chloride profiles for 0.7 w/c.

5

5.5

6

where 𝐷 is the chloride diffusion coefficient (cm2 /s); 𝐶𝑠 is
the chloride surface concentration; 𝐶𝑜 is the initial chloride
concentration in concrete; 𝐶𝑥 is the chloride concentration
at depth 𝑥; and 𝑡 is the exposure time.
The results for each mixture can be compared in Figure 11,
which shows that the diffusion coefficients were increasing
according to %𝑅. The difference between 0 and 100%𝑅 was
very strong (89%) for 0.5 w/c, while in concretes with 0.7 w/c
it was only 10%, which is attributed to poor quality concrete
where %𝑅 do not have significance for these mixtures. Otsuki
et al. [27] had reported differences of 17% for 0.55 w/c and 5%
for 0.7 w/c.
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Table 6: Durability indicators in recycled aggregate concrete.
w/c

%𝑅

Porosity

Sorptivity

Air
permeability

Carbonation
resistance

Chloride
penetration
resistance

CN5
CR25-5
CR50-5
CR75-5
CR100-5
CN7
CR25-7
CR50-7
CR75-7
CR100-7

0.5
0.5
0.5
0.5
0.5
0.7
0.7
0.7
0.7
0.7

0
25
50
75
100
0
25
50
75
100

Moderate
Moderate
High
High
High
High
High
High
High
High

Moderate
Moderate
Moderate
Poor
Poor
Poor
Poor
Poor
Poor
Very poor

Normal
Normal
Normal
High
High
High
High
High
High
High

Moderate
Moderate
Moderate
Moderate
Poor
Poor
Poor
Poor
Poor
Poor

Moderate
Moderate
Moderate
Poor
Poor
Poor
Poor
Poor
Poor
Poor

D (cm2 /s × 10−7 )

Mixture

1.6
1.4
y = −0.307 + 0.875x
1.2
R = 0.982
1.0
𝜎 = 0.087
0.8
0.6
0.4
0.2
0.0
0.25
0.75
1.25
kT (m2 × 10−16 )

(i) The durability of concrete was reduced by the use of
high absorption recycled coarse aggregate.
(ii) Concrete made with up to 50% aggregate replacement
for 0.5 w/c had moderate resistance to carbonation
and chloride penetration; higher replacement of
coarse aggregate or mixtures with higher w/c ratio are
not recommended in terms of durability.
1.75

2.25

Figure 13: Chloride diffusion versus air permeability.

(iii) Carbonation and chloride diffusion in recycled aggregate concrete have strong statistical dependence with
air permeability and sorptivity properties.
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air permeability, where 𝑅 reaches the value of 0.98.
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limits have been suggested in Table 5.
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different %𝑅 and w/c, could be classified according to that
indicated in Table 6.
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aggregate or mixtures with higher w/c ratio are not recommended.
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Copyright © 2015 Xiang-yu Shang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
In order to investigate the mechanism underlying the reported nonlinear at-rest coefficient of earth pressure, 𝐾0 of clays at high
pressure, a particle-scale model which can be used to calculate vertical and horizontal repulsion between clay particles has been
proposed. This model has two initial states which represent the clays at low pressure and high pressure, and the particles in this
model can undergo rotation and vertical translation. The computation shows that the majority of particles in a clay sample at high
pressure state would experience rotation during one-dimensional compression. In addition, rotation of particles which tends to
form a parallel structure causes an increase of the horizontal interparticle force, while vertical translation leads to a decrease in it.
Finally, the link between interparticle force, microstructure, and macroscopic 𝐾0 is analyzed and it can be used to interpret well
the nonlinear changes in 𝐾0 with both vertical consolidation stress and height-diameter ratio.

1. Introduction
The coefficient of earth pressure at rest, 𝐾0 , defined as
the ratio of horizontal effective stress to vertical effective
stress under the condition of zero horizontal deformation
representing the in situ stress state of the ground, is a fundamental parameter in the analysis and design of geotechnical
structures.
Numerous studies in the past have indicated that 𝐾0 of a
given soil is a constant depending on its strength parameter
[1]. However, accumulated evidence over recent two decades
demonstrated that 𝐾0 is not necessarily a constant but
generally a function of void ratio, stress level, and critical
state friction angle even for given normally consolidated clay
[2–5]. In particular, 𝐾0 of clay increases nonlinearly with
consolidation stresses over a wide range of pressures [6–9].
In addition, previous investigation has indicated that,
during one-dimensional compression, the distance between
clay particles decreases continuously and the orientations of
clay particles tend to be parallel to each other with their
normal line pointing to the vertical direction [3, 10, 11].

It is well known that there exist noncontact forces such
as repulsion between clay particles due to the electric charge
on the surface of clay particle, and these interparticle forces
usually dominate the mechanical behaviors of clayey material. In addition, interparticle forces, which are balanced with
macroscopic stress in the clays, determine the arrangements
and orientations (i.e., microscopic structure) of clay particles.
The macroscopic stress and deformation can be readily
measured during mechanical tests on the clay specimens,
but the information related to microscopic structure such as
pore size, arrangement, and orientation of clay particles only
can be analyzed after stopping the mechanical tests. Since
the evolution of microscopic structure of clay during tests
is usually unknown, it is difficult to establish the relation
between macroscopic mechanical behavior and microscopic
structure. Moreover, it is almost impossible to measure the
interaction forces between clay particles during macroscopic
tests. Therefore, the studies on the links between microscopic
structure, interparticle forces, and macroscopic behavior,
which is important for the thorough understanding of the
intrinsic mechanism of macroscopic mechanical properties
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of clayey material, are seldom reported. It is not surprising
that the micromechanism relating above nonlinear 𝐾0 of
clay to its microscopic structure during high pressure onedimensional compression has not been exploited.
This study aims to reveal the links between microscopic
structure, interparticle forces, and macroscopic 𝐾0 using
numerical method and get insight into the micromechanism
underlying the reported nonlinear 𝐾0 of clay at high pressure.

2. Numerical Study on the Links
between Interparticle Forces and
Microscopic Structure

determined by solving the following well-known PoissonBoltzmann equation:
𝜕 2 𝜙 𝜕2 𝜙
+
= sinh (𝜙)
𝜕𝜁2 𝜕𝜂2
𝜙=

(2)

where x is the position vector, 𝑐𝑖 is the concentration of 𝑖th ion
in the electrolyte, 𝑅 = 8.3114 J/(mol⋅K) is the universal gas
constant, 𝑇 is the absolute temperature, 𝜀 is the permittivity
of the electrolyte, and E is electric field intensity. The repulsive
pressure between two clay particles is
F = [Π (x1 ) − Π (x2 )] − [𝑇𝑒 (x1 ) − 𝑇𝑒 (x2 )] ,

(3)

where x2 is placed at any position between two particles and
x1 is an arbitrary position outside the region between these
two particles.
Both 𝑐𝑖 in (1) and E in (2) are related to the electric
potential:
𝑐𝑖 = 𝑐0 cosh (
E = − ∇𝜓

V𝑒𝜓
)
𝑘𝑇

(8)

𝜂 = 𝐾𝑦,

(9)

(4)
(5)

in which 𝑐0 is the concentration of background electrolyte,
𝑒 is the electronic unit charge, V is the valence of ion in
the electrolyte, 𝑘 = 1.3806505 × 10−23 J/K is Boltzmann’s
constant, ∇ denotes the gradient operator, and 𝜓 is the electric
potential. It should be noted that (4) only applies to binary
monovalent electrolytes which is the common case in the
study of saturated clay.
In order to calculate the repulsion between clay particles,
it is necessary to obtain the potential distribution in the
clay-electrolyte system. Dimensionless potential 𝜙 can be

2𝑛 (V𝑒)2
𝜖𝑘𝑇

(10)

is the reciprocal of double-layer thickness in which 𝑛 = 𝑐0 ×
Avogadro’s number.
Combined with the following boundary conditions, the
particular solution of (7) in a given domain Ω can be
determined. Consider
𝑎𝜙 + ℎ

𝜕𝜙
= 𝑏 on Γ1
𝜕𝑛
𝜙=𝑔

(1)

𝑖=1

1
E (x) ⋅ E (x)) I − 𝜀E (x) E (x) ,
2𝜀

(7)

𝜁 = 𝐾𝑥

𝐾=√

𝑁

𝑇𝑒 (x) = (

V𝑒𝜓
𝑘𝑇

where

2.1. Repulsive Forces between Clay Particles. Since it has been
revealed that the calculated relations between void ratio and
vertical pressure, based on the double layer repulsive forces
between clay particles, agree well with the measured results
of both low and high pressure one-dimensional compression
tests [12, 13], the noncontact forces between clay particles in
this study are limited to the repulsive forces. The repulsion
consists of osmotic pressure Π and electrical stress 𝑇𝑒 . Π and
𝑇 at arbitrary positon 𝑥 in a system of clay-electrolyte are
given as follows [14]:
Π (x) = 𝑅𝑇∑𝑐𝑖 (x)

(6)

(11)

on Γ2

in which Γ = Γ1 + Γ2 is the boundary enclosing the domain Ω
and 𝑎, 𝑏, 𝑔, and ℎ are constant parameters used to determine
the boundary conditions.
There are few analytical solutions of (6) due to its strong
nonlinearity, and it is necessary to solve it using numerical method. Using a partial differential equation solver
FreeFem++ which is open finite element software [14], (6)
can be solved numerically. The first step to solve (6) in this
software is to derive its weak form as follows:
𝐽 (𝜙, 𝑤) = ∬ (

𝜕𝑤 𝜕𝜙 𝜕𝑤 𝜕𝜙
+
) 𝑑Ω
𝜕𝜁 𝜕𝜁 𝜕𝜂 𝜕𝜂

+ ∫ (𝑤𝑎𝜙 − 𝑤𝑏) 𝑑Γ1 + ∫ (𝑤 sinh (𝜙)) 𝑑Γ

(12)

= 0,
in which 𝑤 is an arbitrary weight function which is forced to
be zero on the boundary Γ2 . Equation (12) is nonlinear and
can be solved using iterative method. Assuming that there
is only Dirichlet boundary condition, the following linear
iterative equation based on Newton method can be obtained:
𝐽 (𝜙𝑖 , 𝑤) + ∬ (

𝑖

𝑖

𝜕𝑤 𝜕 (𝛿𝜙 ) 𝜕𝑤 𝜕 (𝛿𝜙 )
+
) 𝑑Ω
𝜕𝜁 𝜕𝜁
𝜕𝜂 𝜕𝜂

+ ∫ (𝑤𝛿𝜙𝑖 cosh (𝜙𝑖 )) 𝑑Γ = 0,

(13)

𝜙𝑖+1 = 𝜙𝑖 + 𝛿𝜙𝑖 ,
where the superscript 𝑖 denotes the number of iteration steps.
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Figure 1: Finite element mesh and corresponding potential nephogram.

Vertical displacement

1

2

3
(a)

Lateral

𝜃

dH1
dV1

constraint
4

(b)

Figure 2: Diagram of numerical model.

Figure 1 presents the finite element mesh used for computation of potential around two inclined charged plates with
finite length and the corresponding potential nephogram.
Substituting the calculated potential into (4), the repulsion
between clay particles can be solved.
2.2. Numerical Model for Analysis. Actual microstructure of
clay is complex and the amount of particles in a clay sample
is huge as shown schematically in Figure 2(a). Because the
very fine mesh near the particle surface as shown in Figure 1
is required to accurately calculate the electrical repulsion, it
is impractical to simulate actual saturated clay samples. The
numerical model shown in Figure 2(b) can be seen as a local
point in the clay sample. This particle-scale model consists
of four clay particles. Each particle can feel both the vertical
and horizontal forces from the neighbor particles. At the same
time, the effects of macroscopic vertical compression and
lateral constraint on the motion of particles can be considered
in this model.
The particle is 100 nm long and 1 nm thick and the
potential on the surface of particle is 248.2 mV, which are
the properties of typical montmorillonite clays [15]. The pore

space is occupied by binary monovalent electrolyte solution,
and the background electrolyte concentration is 1 mol/m3 .
According to (7)–(10), the corresponding dimensionless
length of clay particle and surface potential are 10 and 9.94,
respectively.
Two kinds of initial states of the numerical model will
be used in this study. The first one represents the clays
consolidated at low pressure, and the second is corresponding to the compacted clays at high pressure. According to
the reported microscopic structure of clays during onedimensional compression [3, 11], edge-to-edge distance dH1
and face-to-face distance dV1 between clay particles shown
in Figure 2(b) at high pressure are smaller than those at
low pressure and the orientation of clay particle 𝜃 shown
in Figure 2(b) at high pressure is also smaller than that at
low pressure. 𝜃 corresponding to high and low pressure
is assumed to be 10∘ and 30∘ , respectively. Based on the
following relation between pore size and void ratio [16], dH1
and dV1 can be determined. Consider
𝑡=2

𝑒
,
𝑆𝑑𝑠

(14)

4
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Figure 3: Possible configurations of numerical model.

where 𝑆 is the specific surface area, 𝑑𝑠 is the relative density
for deep clay, 𝑡 is the average distance between two neighbor
parallel clay plates which represents the pore size, and 𝑒 is void
ratio. It is assumed that 𝑆 = 120 m2 /g and 𝑑𝑠 = 2.7 g/m3 [13].
Initial void ratios related to high and low pressure are 0.49 and
0.97, respectively, and the calculated initial distances between
clay particles using (14) are 3 nm and 6 nm.
The basic models of motion of rigid clay particles are
translation and rotation. Due to the effects of macroscopic
vertical compression and lateral constraint on the motion of
particles, the initial configuration of numerical model shown
in Figure 2(b) can change into the two new configurations.
The first one is shown by the dotted lines in Figure 3(a), which
results from the rotation of particles. The second as shown
by the dotted lines in Figure 3(b) results from the vertical
translation of particles.
2.3. Numerical Results. In order to investigate the microscopic mechanism underlying the difference in 𝐾0 of clays at
high and low pressure, it is necessary to study the incremental
repulsion between particles resulting from the same amount
of vertical displacement of clays at both low and high pressure
during one-dimensional compression. Table 1 presents such
numerical results of both vertical and horizontal interparticle
repulsion.
It can be seen from Table 1 that, experiencing the same
amount of vertical compression in the case of low pressure,
the required increase in vertical external forces for pure
rotation is 0.3 which is comparable with that for pure
translation (0.38). However, in the case of high pressure the
required increase in vertical external forces for pure rotation
(1.51) is much smaller than that for pure translation (3.89).
Therefore, in the case of low pressure, the amount of rotating
particles in clay specimens is comparable with that of pure
translation. But, in the case of high pressure, the amount of
rotation should be larger than that of pure translation.
Another observation from Table 1 is that pure rotation
leads to an increase in horizontal interparticle force, but
pure translation leads to a decrease in horizontal interparticle
force. This holds true for low and high pressure. According

Table 1: Changes in repulsion between clay particles due to the
change of configuration.
Initial state
Low pressure
High pressure

Repulsion
Δ𝐹𝑥
Δ𝐹𝑦
Δ𝐹𝑥
Δ𝐹𝑦

Configuration
After rotation
After translation
+45.95
−4.91
+0.30
+0.38
+37.37
−26.97
+1.51
+3.89

to the definition of 𝐾0 , it can be deduced that pure rotation would cause an increase in 𝐾0 , while pure translation
would lead to a decrease in 𝐾0 . Apart from the numerical
simulations shown above, we carried out a great number
of calculations with variables dV1, dH1, and 𝜃, and similar
observations have been obtained.

3. Micromechanism Underlying Nonlinear 𝐾0
of Clays over a Wide Range of Pressures
According to the numerical results described in Section 2.3,
rotation and translation would cause an increase and a
decrease in 𝐾0 , respectively, and in the case of low pressure,
the amount of clay particles rotating during one-dimensional
compression is comparable with that of translating particles.
Accordingly, the increase in 𝐾0 caused by rotation is almost
counterbalanced by the decrease in 𝐾0 caused by translation. Therefore, the measured 𝐾0 during low pressure onedimensional compression of clays largely remains unchanged.
However, in the case of the high pressure, the amount of
rotating particles is larger than that of translating particles,
and so the increase in 𝐾0 caused by rotation is more
significant than the decrease in 𝐾0 caused by translation.
Consequently, the measured 𝐾0 should increase with the
vertical pressure during high pressure one-dimensional compression of clays. This is consistent with the reported test
results shown in Figure 4.
Apart from the nonlinear 𝐾0 of clays as shown in Figure 4,
it has been observed by Min [9] using triaxial testing system
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Figure 4: Nonlinear 𝐾0 of reported clays at a wide range of
pressures.

only subjected to vertical stress, the inclined clay particles
subjected to both vertical stress and shear stress are more
inclined to rotate themselves. According to the early analysis
in this section, the increase in 𝐾0 during one-dimensional
compression test with end friction will be more significant
than that without end friction. As a result, a higher 𝐾0 was
observed in the tests with end restraints.

1

0.9

K0

Figure 6: Schematic of the effect of end friction.
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4. Conclusions
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0.6

0

1
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3
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Figure 5: 𝐾0 at various pressures versus ℎ/𝑑 (min, 2010).

that 𝐾0 of deep clay in East China at high pressure increases
with the decreasing ratio of height to diameter of clay
specimens as shown in Figure 5. This test result can also be
interpreted well based on the above analysis.
Although it was usually thought that the ideal onedimensional compression tests do not have the problem
of end friction, the small lateral deformation of specimens
during such tests using triaxial apparatus and so a nonignorable end friction is unavoidable. If there were not such end
frictions, 𝐾0 of clay specimens in these tests with different
height-diameter ratio would be the same.
The end friction will exert a horizontal shear stress on
the ends of the clay specimens as shown in Figure 6 and
induces shear stresses inside the specimens. The shear stresses
which would produce a torque on clay particles may make it
easier to rotate the particles. Therefore, in contrast to those

In order to explore the micromechanism underlying the
reported nonlinear 𝐾0 of clays at high pressure, a particlescale numerical model is established and the analysis on the
links between particle-scale interaction forces, structure, and
macroscopic 𝐾0 is carried out. The main conclusions of this
study are as follows.
(1) In the case of low pressure, the amount of purely
rotating particles in a clay sample is comparable to
that of purely translating particles. But the number of
purely rotating particles is larger than that of purely
translating particles in the case of high pressure.
(2) Pure rotation which tends to make clays reach a
parallel configuration would cause an increase in 𝐾0
while pure translation which causes smaller face-toface distance between clay particles would lead to a
decrease in 𝐾0 .
(3) Based on the above observations, the links between
interparticle forces, microstructure, and macroscopic
𝐾0 have been investigated. The links can be used to
well interpret the nonlinear changes in 𝐾0 of clays at
high pressure with both vertical pressure and heightdiameter ratio of clay specimens.
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The present study looks for the feasibility of preparing UHPC with iron ore tailings (IOT for short) as fine aggregate. To enhance
outstanding high performances, some influences on UHPC mortars were investigated such as different kinds of sands, different
mix ratio of sands, and different largest particle size of fine aggregate. The results show that IOT have negligible poorer aggregate
performance than silica sands but better than river sands. The strength of UHPC reaches the highest point when silica sands were
instead 60% by IOT. As the largest particle size of fine aggregate is decreasing, the strength and frost resistance of UHPC were
improved, but the liquidity was decreased. Micropowder of IOT affects the strength and the optimal content was 4%.

1. Introduction
Reactive Powder Concrete (RPC for short) was a new type
of concrete which came forward by French scholars named
Richard and Cheyrezy [1] in the 1990s; academic admiral calls
it ultra-high performance concrete (UHPC for short) for RPC
is a kind of invention patent. It has ultra-high strength, high
toughness, and low porosity. In order to get high strength and
high durability, the basic principle of preparation is reducing
materials’ internal defects (porosity and microcracks) to the
minimum by improving the composition of fineness and
activity. Active components are composed of cement, silica
powder, and fly ash; the particle size of them is 0.1 𝜇m∼1 mm.
In recent years, UHPC has been successfully applied to
many special structures; Frenchmen have reformed cooling
towers of a nuclear power plant by UHPC [2], Americans
have used it in sewage works [3], and Canadians have built
a footbridge by adopting UHPC prefabricated structures [4].
However the high cost of UHPC and the shortage resource of
silica sands are the disadvantages restricting its wider usage;
looking for a kind of ecological recycle resource to replace
silica sands as aggregate is necessary.
IOT is a class of castoff after mineral processing and
composite mineral raw material; in addition to containing
a small amount of metal, its main mineral components are

the gangue minerals such as quartz, pyroxene, feldspar,
garnet, hornblende, and alteration minerals. China as ironmaking powers after the reforming and opening to the
outside world, rapid development of mining leading to
the deposition of IOT which was nearly 5 billion tons till
2010, accounts for 50% of the total tailings [1, 5–9]. The
management of iron ore tailings not only needs a lot of money,
but also can cause serious impacts on the environment; how
to turn it into treasure is imminent. At present, the IOT has
been widely used in building materials in China but does not
solve the low level utilization.
In this paper, IOT are investigated as a potential fine
aggregate replacing silica sands and a recycling resource to
ensure the greenness, mechanical performance, and working
performance of UHPC. The researches focus on how some
important aspects of IOT as fine aggregate affect UHPC.

2. Experimental Program
2.1. Raw Materials. Ordinary Portland cement has a strength
class of 52.5 MPa at 28 d. Fly ash has a specific surface area of
6000 cm2/g. Slag powder has a specific surface area of 4500 cm2/g
and silica fume has a specific surface area of 224000 cm2/g. The
chemical properties of the materials are given in Table 1.
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Table 1: Chemical component (%).

Name
Cement
IOT
Fly ash
Slag powder
Silica fume

SiO2
20.71
68.44
55.77
32.69
94.32

Al2 O3
4.97
8.27
31.77
15.50
0.14

CaO
59.88
4.46
2.59
38.14
0.06

MgO
2.33
3.04
0.61
9.14
0.05

SO3
3.72
0.35
0.60
1.73
0.43

Fe2 O3
3.26
7.46
3.88
1.70
1.29

Na2 O
/
2.29
/
0.10
/

K2 O
/
1.90
/
0.43
/

Loss
3.62
2.73
1.03
2.3
3.40

Robustness
7.8
5.8
6.2

MB
0.3
0
0.8

Table 2: Physical properties of three kinds of sands (%).
Name
IOT
Silica sands
River sands

Clay lump
0
0
0.7

Water absorption
0.9
0.6
0.8

Roughness
14.2
10.7
12.4

Crushing value
11
10
13

10

20

30

40

50

60

70

2𝜃 (∘ )

Quartz
Albite
Potash feldspar
Anorthite

Hematite
Mica
Dolomite

Figure 1: XRD of IOT.

IOT, silica sands, and natural sands were used as fine
aggregate whose size range is from 0.075 mm to 4.75 mm
without micropowder. The apparent density of cleaned IOT is
2.62 g/cm3 , the apparent density of silica sands with the same
grading as IOT is 2.64/cm3 , and the apparent density of river
sand is 2.61 g/cm3 . The XRD pattern of IOT is given in
Figure 1, their grading curve is given in Figure 2, and their
physical properties are given in Table 2.
A polycarboxylate-based superplasticizer was used whose
solid content is 30% and water reducing rate is about 30%.
The mixing water was potable tap water. The steel fiber coated
by copper has a diameter of 0.22 mm, length of 12∼14 mm,
tensile strength about 2900 MPa, elastic modulus of 200 GPa,
and density of 7.8 g/cm3 .
2.2. Mix Proportions and Specimen Preparation. The mix of
UHPC is given in Table 3. Cementitious materials were mixed
at a low speed for 3 min in forced mortar mixing pot; then
IOT were added and mixed for 3 min; after that water and

The cumulative percent of pass (%)

100

80

60

40

20

0

0

1

2
3
Screen size (mm)

4

5

Natural sands
Iron ore tailings

Figure 2: Grading curve of sands.

steel fiber were poured into the pot and mixed at a high speed
for 3 min; at last, water reducing agent was added and mixed
at the high speed for another 3 min and then put into molds
with a size of 40 × 40 × 160 mm and on a high-frequency
vibration machine for about 90 s to eliminate the inner air.
All the UHPC mortars were demolded after curing in a
standard room with about 20∘ C and relative humidity 95%
or more for 24 h. Then the specimen was cured in the 100∘ C
hot water for 48 h (heating and cooling velocities are below
20∘ C/h); at last the specimen was cured in 20∘ C water for a
certain time.
2.3. Test Methods. The fresh UHPC mortars were tested for
the flowability according to Chinese Standard GB/T24192005. The strength was tested by Chinese Standard GB/T17671-1999. Aggregate and cement paste transition zone were
observed by Germany’s field emission scanning electron
microscope named Zeiss Ultra Plus.
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Table 3: The mix of UHPC (kg).

Sand
1111

Cement
667

Fly ash
167

Slag powder
167

200

40

195

38

190

36
Flexural strength (MPa)

Compressive strength (MPa)

Water
178

185
180
175
170
165

30
28
26

155

22
28
Curing time (d)

90

River sand
Iron tailing sand
Quartz sand

Steel fiber
120

32

24

7

Water reducer
22

34

160

150

Silica fume
111

20

7

28

90

Curing time (d)
River sand
Iron tailing sand
Quartz sand

(a) Compressive strength

(b) Flexural strength

Figure 3: The influence of different sands on strength.

3. Results and Discussion
3.1. Influence of Different Sands on the Strength of UHPC.
The influences of different sands on the strength of UHPC
mortars are presented in Figure 3. The result shows that the
strength increased with curing age for the specimen, the 7 d
strength of concrete was nearly 90% to the 90 d strength, and
the 28 d strength decreased no more than 8% for all the 90 d
specimen. It can be explained by the fact that the heat water
curing accelerates the hydration of cementing materials and
the activity of volcanic material which leads to the fact that
UHPC can have a very high strength.
It also can be seen that UHPC of silica sands had the
highest strength and the river sands were the lowest. The
surface of silica sand is clean and particle shape is spherical,
particle shape of IOT is not better than natural sands because
they are made by crusher, and they have smaller particles
which can be seen in Figure 2. The small particles play a role
of “microfilling” effect which can increase the compactness
of UHPC and make up for the inadequacy of particle shape.
UHPC with river sands, IOT, and quartz sands has an appearance density of 2459 kg/m3 , 2471 kg/m3 , and 2503 kg/m3 ,
respectively, according to tests, showing the same result as
strength.
3.2. Influence of Different Size on the Strength of UHPC.
Figure 4 is about the influence of aggregate size of IOT against
strength and the biggest size is decreased from 4.75 mm
to 0.6 mm. It can be seen that intensity had an obvious

increase with the decrease of aggregate size for the same
curing age; the growth ratio was small with the increase of
curing time. It is well known that the concrete is composed
of aggregates, cement slurry, and the transition zone; the
transition zone is the weakest part in concrete; Akçaoğlu et
al. [10] research has shown that the difference of elasticity
modulus between aggregate and cement paste matrix is
bigger with the increase of aggregate size leading to stress
concentration in the transitional zone and causing more
microcracks near aggregate.
However, the bigger the aggregate size, the lower the
strength of transition zone and it results in the decrease of
strength of concrete as a whole. Figures 5(a)–5(d) present
SEM images expanded 1000 times with maximum particle
size of IOT decreasing from 4.75 mm to 0.6 mm for curing
28 d. Aggregate and cement paste transition zone can be seen
from the diagram; there are obvious and broad connecting
cracks in Figure 5(a); Figure 5(b) also has a very long crack
but the width is significantly less than Figure 5(a); there is a
very short narrow crack and the crack is disconnected which
can be seen in Figure 5(c); in Figure 5(d), the aggregate and
cement paste well bond together as a whole; the fracture of
transition zone cannot be seen nearly.
From above results, the compressive strength is nearly
five times the flexural strength no matter which aggregate
was used. However, UHPC is famous for its high compressive
strength and excellent work performance; the rest of the
paper only shows the compressive strength and regards the
flexural strength which is 20% of the compressive strength.
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210
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200
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180
175
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160
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140
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Figure 4: The influence of aggregate size on strength.

Hydration
Sand

(a) 4.75 mm

(b) 2.36 mm

(c) 1.18 mm

(d) 0.6 mm

Figure 5: SEM of interfacial transition zone ×1000.

210
205
Compressive strength (MPa)

3.3. Influence of Different Replacement on the Strength of
UHPC. From above results, the aggregate performance of
IOT is poorer than silica sands at the same particle size distribution, 84% of the quality of IOT particles distributes
in 0.075∼1.18 mm, and of course compressive strength of
concrete is higher with particles decreased; it is necessary
and valuable to study the feasibility using IOT distributed in
0.075∼1.18 mm to replace silica sands and prepare UHPC.
Figure 6 shows the influence of different replacement
against UHPC mortars using 0∼1.18 mm IOT instead of silica
sands under different curing time. From the three lines we can
see that they have the same changing trend; their top points
all appear in the area of 60%.
When the replacement content was lower than 60%,
strength of UHPC mortars increased with the higher replacement content. This is because IOT contain smaller particles;
the small particles can reduce the proportion of the larger
aggregate to reduce the number and volume of interface
transition zone between aggregate and hydration; on the
other hand some smaller particles can have a very good filling
effect at the same time.

200
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180
175

0
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100

Replacement (%)

7d
28 d
90 d

Figure 6: IOT of 0.075∼1.18 mm instead of silica sands.
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Figure 7: Influence of micropowder content on UHPC.

The strength of replacement by 80% was lower than 60%
which can be explained by the fact that smaller particles
need more water to package them which leads to having no
enough water for active materials to hydrate. The strength
of replacement by 80% was lower than 100% which can be
explained by the fact that larger quartz sands increase the risk
of weak area. However, the micropowder, aggregate size, and
grinding of sands work together in concrete; they get the best
relationship when replacement content is 60%.
3.4. Influence of Micropowder in IOT on UHPC. Figure 7
shows the influence of micropowder content against the
strength and fluidity of UHPC mortars; it shows that at first
mountain flour content was low (no more than 4%); the
strength and fluidity of UHPC mortars increased with higher
mountain flour content; the strength and fluidity reached the
top point when mountain flour content was 4%; the strength
and fluidity were promoted by about 7 MPa and 35 mm,
respectively. When the content was 6% the strength became
lower but fluidity was constant; the strength and fluidity were
lower with higher micropowder content.
It can be explained by the fact that micropowder has
several advantages in concrete [11, 12]; A grading effect: it
can act as microfilling effect; it also can work with cement
and fly ash to reduce the pore of concrete and release more
free water. B Its morphology appearance effect: most of the
particles are irregular or sharp-edged; to a certain extent,
it can support strength as fine aggregates. C Microcrystal
effect: reasonable content can accelerate cement hydration.
Especially in UHPC, ultra-low water bind ratio and high
content of active powder cause less free water and very ropy
performance; mountain flour can well release free water for
binding and improving its fluidity. At the same time it also
has some negative effects, such as too much micropowder
content; it sure needs more free water to package it which
would lead to reducing the free water of cement hydration.

It also would undermine its effect on optimization of grading;
there are studies that have shown that mountain flour is
more likely to absorb carboxylic high range water reducing
agent than cement which of course affects its performance.
On the other hand, micropowder brings some clay powder
into UHPC and the clay powder content will be increased
with more micropowder; as we know, clay powder is so little
and can stick to the surface of aggregates to block the bond
of aggregates and set cement which becomes weak link in
concrete. The strength of clay is low and its volume will
expand after its hardening; it also has a very strong adsorption
for carboxylic high range water reducing agent leading to less
effective water reducing agent, and the influence is deadly
especially in low water bind ratio [13]. Therefore, its disadvantages work as a more important role in UHPC with increasing
content of micropowder.

4. Conclusions
This paper studied the feasibility of using IOT as fine aggregate to prepare UHPC; the experimental results show that
cleaned IOT had negligible poorer performance than silica
sands but better performance than river sands at the same
grading. The strength of UHPC became higher when the
largest particle size of aggregate decreased. When 60% silica
sands were instead by 0∼1.18 mm IOT as mixed fine aggregate,
the UHPC got the best performance and was better than
only using silica sands as aggregate. The micropowder was
good for the strength and fluidity of UHPC when the content
was no more than 4% but had negative influences with
higher content; the content of micropowder of IOT must be
controlled strictly in UHPC.
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In the recent concrete industry, high-fluidity concrete is being widely used for the pouring of dense reinforced concrete. Normally, in
the case of high-fluidity concrete, it includes high binder contents, so it is necessary to replace part of the cement through admixtures
such as fly ash to procure economic feasibility and durability. This study shows the mechanical properties and field applicability of
high-fluidity concrete using mass of fly ash as alternative materials of cement. The high-fluidity concrete mixed with 50% fly ash was
measured to manufacture concrete that applies low water/binder ratio to measure the mechanical characteristics as compressive
strength and elastic modulus. Also, in order to evaluate the field applicability, high-fluidity concrete containing high volume fly ash
was evaluated for fluidity, compressive strength, heat of hydration, and drying shrinkage of concrete.

1. Introduction
With concrete structures becoming larger, higher, and longer
lately, the application of high-performance concrete with improved constructability, strength, and durability is required.
Thus, various types of high-performance concrete are now
being used in many countries around the world and have
improved the performance of conventional concrete. In
particular, the high-fluidity concrete, which fills forms only
with the self-weight of concrete and with no compaction, is
gaining recognition for its applicability to the placement of
reinforced concrete structures with an overcrowded arrangement of bars due to the complex sections and seismic design
of the structures.
On the other hand, with the rapid progress of global
warming due to greenhouse gases (GHGs), many countries
around the world are making diverse efforts to reduce their
GHG emissions. To reduce GHG emissions in the concrete
industry, various types of concrete are being developed and
utilized using industrial byproducts as cement substitute
materials. The recycling of such industrial byproducts is
emerging as a sustainable construction technique because
it preserves the environment and conserves energy, besides
reducing GHG emissions. In this respect, interest is rising

in the high volume fly ash concrete (HVFAC), which uses
the fly ash (FA) generated after the combustion of pulverized
coal in thermal power plants as an admixture for concrete.
In other countries, since Malhotra developed HVFAC mixed
with 50% or more FA in the 1980s, HVFAC has been used in
various types of structures. In Europe, where the performance-centered design concept is used, the application scope
of FA has been expanded by specifying the mixing ratio of
36–55% for the FA in the CEM IV of EN 197.
The use of FA as an admixture for concrete has been
reported to improve the performance of concrete by reducing
its unit water content, increasing its fluidity and viscosity,
controlling its drying shrinkage cracks, reducing its heat of
hydration, and controlling its alkali-aggregate reaction. In the
field, however, quality control for concrete is difficult using
FA due to the quality variations of FA, inappropriate mixing
ratios, and insufficient curing. High volume FA particularly
has such problems as reduced early strength and delayed
strength manifestation due to its low reactivity to Ca(OH)2
at the normal temperature. Thus, the early strength must be
examined to allow the actual use of HVFA concrete. Basically,
there are two methods of accelerating the pozzolan reaction
of FA: physical and chemical methods.

2
Payá et al. reported that the strength of mortar mixed with
15–60% physically pulverized fly ash increased in buildings
aged three to 365 days [1]. However, Shi and Saraswathy et al.
reported that the chemical method was more effective than
the physical method [2, 3].
The pozzolan stimulants used in this chemical method are
classified into sulfate activators and alkali activators.
For the sulfate activators, which accelerate the pozzolan
reaction, CaSO4 ⋅2H2 O, CaSO4 , Na2 SO4 , and K2 SO4 are used.
Xu and Sarkar reported that the sulfate ions contributed to
the improvement of early strength by destroying the vitreous,
reacting with the aluminate components, and generating
ettringite [4]. However, Poon and Ma et al. claimed that even
though the sulfate activator improved the early strength, it
did not contribute to the improvement of the strength of
the long-term aged concrete [5, 6]. Fraay et al. reported that
the vitreous structure of fly ash was more brittle due to the
alkalinity of the pore solution and the high-alkaline water
solution, which activated the pozzolan reaction [7]. For the
alkali activators to accelerate the pozzolan reaction of fly
ash, high-density Ca(OH)2 , NaOH, KOH, and water glass are
used.
However, these methods are difficult to apply in the field
due to their low fluidity and the high concrete unit prices
when the high-fluidity HVFA concrete is produced.
Therefore, in this study, to achieve early strength at the
normal temperature, a high-fluidity HVFA concrete with a
50% fly ash mixing ratio and a changed unit water content
and binder content was produced, and its mechanical characteristics and field applicability were evaluated.

2. Experimental Work
2.1. Materials Used and Mix Proportions
2.1.1. Cement and Admixture. For the cement, ordinary Portland cement (hereinafter referred to as “OPC”) with a density
of 3.15 g/cm3 and a fineness of 3,540 cm2 /g was used. For
the admixture, fly ash (hereinafter referred to as “FA”) with
a density of 2.20 g/cm3 and a fineness of 3,480 cm2 /g was
used. Table 1 shows the chemical compositions and physical
properties of the cement and the FA.
2.1.2. Aggregates and Chemical Admixtures. For the fine aggregates, river sand (hereinafter referred to as “S”) from
the Nakdong River was used; and for the coarse aggregates,
granitic crushed aggregates (hereinafter referred to as “G”)
with a maximum size (𝐺max ) of 20 mm were used. The physical properties of S and G are shown in Table 2. For the
chemical admixtures for the fluidity and air content control of
the high-fluidity HVFA concrete, a polycarboxylic superplasticizer (hereinafter referred to as “SP”) and an air-entraining
agent (hereinafter referred to as “AE”) were used.
2.2. Experiment Method
2.2.1. Concrete Mix. To evaluate the mechanical characteristics of the high-fluidity HVFA concrete, a 50% FA mixing
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Table 1: Chemical compositions and physical properties of cement
and FA.
Type
CaO (%)
SiO2 (%)
Al2 O3 (%)
MgO (%)
Fe2 O3 (%)
SO3 (%)
L.O.I (%)
Surface area (cm2 /g)
Density (g/cm3 )

Cement
61.60
19.80
4.50
3.01
3.57
2.10
1.20
3,450
3.15

FA
6.49
48.30
25.50
1.67
8.50
0.40
3.80
3,480
2.20

Table 2: Physical properties of aggregates.
Type

𝐺max
(mm)

Density
(g/cm3 )

Absorption
(%)

F.M.

Bulk
density
(kg/m3 )

—
20

2.58
2.68

1.37
0.77

2.57
6.78

1,603
1,601

S
G

Table 3: The proportion of high volume fly ash HFC.
Type
A
B
C
D
E
F
G
H
I
J
K
L

OPC
FA 50
W 110
W 120
W 130
W 140
W 150
B 522
B 480
B 446
B 414
B 388

W/B
(%)
35
35
23
25
27
29
31
23
25
27
29
31

W

Unit mass (kg/m3 )
OPC
FA
S

167
167
110
120
130
140
150
120
120
120
120
120

480
240
240
240
240
240
240
261
240
223
207
194

0
240
240
240
240
240
240
261
240
223
207
194

806
763
834
822
809
797
784
802
822
836
853
866

G
900
852
931
916
904
890
876
896
918
936
953
967

ratio, based on the OPC proportioning strength of 50 MPa,
was used as the plain condition. To improve the mechanical
characteristics of the 50% FA mixing ratio, concrete mixing
was performed for five levels of the unit water content and five
levels of the binder content. Furthermore, concrete mixing
was performed to satisfy the slump flow of 650 ± 50 mm and
the air content of 3.5 ± 1.5%. The concrete mix experimented
on is shown in Table 3.
2.2.2. The Fluidity. To evaluate the fluidity of the high-fluidity
HVFA concrete, the slump flow was measured with ASTM C
1611, and the air content was tested with STM C 231.
2.2.3. The Mechanical Properties. The compressive strength
test of concrete was performed in accordance with ASTM

2
1
0
A

B

C

4
3
SP (B × %)

SP (B × %)

3

850
800
750
Slump ﬂow 650 ± 50 mm
700
650
600
550
500
450
D
E
F
G
Type

Slump flow (mm)

4

3

2
1
0
A

B

H

850
800
750
Slump ﬂow 650 ± 50 mm
700
650
600
550
500
450
I
J
K
L
Type

Slump flow (mm)
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SP
Slump flow

SP
Slump flow
(a) The change of the water content

(b) The change of the binder content

Figure 1: The fluidity of high volume fly ash HFC with superplasticiser content.

Table 4: Mixing proportion of concrete in site.
Type
Plain
OPC
FA 50%
W 110
W 120
W 130

3

W/B
(%)

W

Unit mass (kg/m )
OPC
FA
S

35

167

480

0

806

900

25
25
25

110
120
130

216
240
257

216
240
257

857
822
793

957
918
886

G

C 39, and the test specimen was produced with a ⌀100 ×
200 mm cylindrical mold with no compaction. The specimen
was cured through standard curing in a curing water tank at
20 ± 2∘ C until it was 28 days old, the compressive strength
was measured at each age, and the static modulus of elasticity
was measured at 28 days of age.
2.2.4. Field Mock-Up Test. To evaluate the field applicability
of the high-fluidity HVFA concrete, concrete was produced
with an on-site ready-mix truck based on the plain mix with
a design strength of 50 MPa and a 25% W/B ratio at the unit
quantities of 110, 120, and 130 kg/m3 . Then experiments were
conducted on the compressive strength, adiabatic temperature rise, and length change. The field mock-up concrete mix
is shown in Table 4.

3. Results and Discussion
3.1. Fluidity
3.1.1. Slump Flow. Figures 1(a) and 1(b) show the used quantities of SP according to the changing unit water content and
binder content to satisfy the 650 ± 50 mm target slump at
the 50% FA mixing ratio. As shown in Figure 1(a), the used
quantity of SP tended to decrease as the unit water content
increased; and as shown in Figure 1(b), the used quantity

of SP tended to decrease as the binder content decreased.
Furthermore, the used quantity of SP ranged from 1.2 to 2.2
times the used quantity of the OPC high-fluidity concrete as
the unit water content decreased and from 1.6 to 2.2 times
as the binder content increased. It seems that grain shape and
packing effect increased the fluidity of fly ash, but the decrease
in the unit water content reduced the fluidity and increased
the use of high-performance water reducing agent. The L mix
did not satisfy the 650 ± 50 mm target slump criterion. This
was seemingly because viscosity was not achieved due to the
lack of the binder content needed to achieve the required
viscosity in the production of high-fluidity concrete. The
minimum binder content needed to produce high-fluidity
HVFA concrete is about 400 kg/m3 .
3.1.2. Air Content. Figures 2(a) and 2(b) show the used
quantities of AE according to the changing unit water content
and binder content to satisfy the 3.5 ± 1.5% target air content
at the 50% FA mixing ratio. As shown in Figures 2(a) and 2(b),
the air content tended to increase as the unit water content
increased and as the binder content decreased. Furthermore,
the AE range needed to satisfy the target air content was
about twice that of the OPC high-fluidity concrete. This was
seemingly due to the air adsorption of the combustible carbon
in FA.
3.2. Mechanical Characteristics
3.2.1. Compressive Strength. Figures 3(a) and 3(b) show the
compressive strength according to the changing unit water
content (at the 480 kg/m3 fixed binder content) and the
changing binder content (at the 120 kg/m3 fixed unit water
content) at the 50% FA mixing ratio. As shown in Figure 3(a),
the strength at 1 day of Mix B with a 50% FA mixing ratio
decreased by about 86% compared to Mix A. Furthermore,
for Mixes C, D, E, F, and G, in which the unit water content
was varied at a fixed binder content, the strength at 1 day
increased as the unit water content decreased. The strength
at 1 day of Mix C increased by about 3.2 times that of Mix B.
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Figure 2: The air content of high volume fly ash HFC with air-entraining agent content.
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Figure 3: The compressive strength of high volume fly ash HFC.

When the form removal time was considered, Mixes C,
D, and E satisfied the form removal strength of 5 MPa at 1
day. When 50% of the FA was mixed, the unit water content
of about 130 kg/m3 was expected to decrease to achieve the
compressive strength at the early age. At the age of 28 days,
the compressive strength increased as the unit water content
decreased.
As shown in Figure 3(b), for Mixes H, I, J, K, and L, in
which the binder content was varied at a fixed unit water
content, the strength at 1 day increased as the binder content
increased. At day 1, the strength of Mix H increased by about
4.5 times compared to that of Mix B. In the case of the
mixture according to the unit water content, the remaining
free water that was not consumed by hydration in the concrete
because of the decrease in the unit water content with the
same amount of binder content seemingly increased the
compressive strength. In the case of the mixture according to
the binder content, the increase in the binder content with the
same unit water content seemingly increased the hydration
products, and the packing effect of FA made the inside denser,
thus increasing the compressive strength.

When the form removal time was considered, Mixes H,
I, J, and K satisfied the form removal strength of 5 MPa at 1
day. When 50% of the FA was mixed, a binder content of at
least 400 kg/m3 was expected to be required to achieve the
compressive strength at the early age [8].
In addition, the compressive strength of the high-fluidity
HVFA concrete increased with age, seemingly because the
inside became denser due to the pozzolan reaction (as shown
in the comparison between 3 days and 28 days in Figure 4).
On the 28th day, however, the pozzolan reaction products
did not completely fill the pores around the FA, and there
were pores that were not close to the matrix, as shown in the
magnified picture of the FA.
3.2.2. Modulus of Elasticity. Figures 5(a) and 5(b) show the
relationships between the compressive strength and the static
modulus of elasticity of the high-fluidity HVFA concrete
according to the changing unit water content and binder
content. As shown in Figures 5(a) and 5(b), the results were
similar to the prediction values at all levels according to
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Figure 4: The SEM of high volume fly ash HFC.
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Figure 5: The relationship with the compressive strength and coefficient of elasticity of high volume fly ash HFC.

the concrete elasticity prediction formulas presented in CEBFIP CODE and ACI 318. These results indicate that the
relationship between the compressive strength and the static
modulus of elasticity of the high-fluidity HVFA concrete can
stabilize its elasticity, as with conventional concrete.
3.3. Field Application Characteristics
3.3.1. Fluidity. The field fluidity of the high-fluidity HVFA
concrete achieved both the 650 ± 50 mm target slump and
the 3.5 ± 1.5% target air content.

3.3.2. Compressive Strength. Figure 6 shows the results of the
measurement of the compressive strength of the high-fluidity
HVFA concrete when the unit water content was varied to
three levels (130, 120, and 110 kg/m3 ) at the water-binder
ratio of 25% for the plain high-fluidity concrete. As shown
in Figure 6, the compressive strength tended to decrease as
the unit water content and the binder content decreased. At
the unit water content of 130 kg/m3 , the strength at 7 days
was about 45% lower than that of the plain high-fluidity
concrete, but the strength at 28 days satisfied the target
strength.
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Figure 6: The compressive strength of high volume fly ash HFC in
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3.3.4. Drying Shrinkage. Figure 8 shows the drying shrinkage
of the high-fluidity HVFA concrete when the unit water
content was varied to three levels (130, 120, and 110 kg/m3 )
at the water-binder ratio of 25% for the plain high-fluidity
concrete. As shown in Figure 8, the drying shrinkage of the
plain high-fluidity concrete was about 972 × 10−6 mm at 30
days, and the maximum drying shrinkage of the high-fluidity
HVFA concrete was about 482 × 10−6 mm. Furthermore, the
shrinkage tended to decrease as the binder content decreased.
These results indicate that when at least 50% FA is mixed, an
approximately 50% or higher reduction effect of the drying
shrinkage can be achieved.
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Figure 7: The heat of hydration of high volume fly ash HFC in field.

3.3.3. Heat of Hydration. Figure 7 shows the rising curve of
the field heat of hydration of the high-fluidity HVFA concrete
when the unit water content was varied to three levels (130,
120, and 110 kg/m3 ) at the water-binder ratio of 25% for the
plain high-fluidity concrete. As shown in Figure 6, the heat
of hydration of the plain high-fluidity concrete rose to about
80∘ C and that of the high-fluidity HVFA concrete rose to
about 48∘ C. The increase in the heat of hydration decreased as
the binder content decreased. These results indicate that when
at least 50% FA is mixed, an approximately 40% or higher
reduction effect of the heat of hydration can be achieved due
to the decrease in the heat of hydration at the early age.

4. Conclusions
This study was a basic research on the field application of
the high-fluidity HVFA concrete that contains 50% FA. The
following results were obtained.
(1) Large quantities of the superplasticizer and the airentraining agent will be required to satisfy the
required fluidity as the unit water content decreases
and the binder content increases to attain the early
strength of the high-fluidity HVFA concrete.
(2) The early strength of the high-fluidity HVFA concrete
increased as the unit water content decreased and
the binder content increased. For the compressive
strength, the rate of the strength development seemed
to have increased due to the pozzolan reaction
through the mixing of large quantities of FA according
to the age.
(3) When 50% FA is mixed, the unit water content of
130 kg/m3 or less and the binder content of 400 kg/m3

Advances in Materials Science and Engineering
or higher will be required to achieve the early
strength.
(4) For the field applicability of high-fluidity HVFA
concrete, the compressive strength can achieve a performance similar to that of the general case, through
the adjustment of the unit water content and the
binder content. The hydration rise and the drying
shrinkage improved compared to the general OPC.
Therefore, the high-fluidity HVFA concrete would
effectively reduce the heat of hydration and shrinkage
when applied in the field.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment
This work was supported by the research fund of Korea
institute of Energy Technology Evaluation and Planning
(KETEP) (20111010100030).

References
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The effectiveness of a hybrid fiber reinforced polymer- (FRP-) fabric reinforced cementitious matrix (FRCM) for shear strengthening was investigated though an experimental study. FRP materials of FRCM are usually fabricated in the form of a fabric to
enhance the bond strength between the FRP material and the cementitious matrix. The hybrid FRP fabric used in this study
consisted of carbon FRP (CFRP) and glass FRP (GFRP) in warp and weft directions, respectively. A total of 11 beams were fabricated
and 8 beams among them were strengthened in shear with externally bonded hybrid FRP-FRCM. The number of plies, the bond
types, and the spacing of the hybrid FRP fabric were considered as experimental variables. Additionally, a shear capacity model for
a FRCM shear strengthened beam was proposed. The values predicted by the proposed model were compared with those by the
ACI 549 code and test results. It was confirmed from the comparison that the proposed model predicted the shear strengthening
performance of the hybrid FRP-FRCM more reliably than the ACI 549 code did.

1. Introduction
FRP has been widely used as a strengthening material
to strengthen deteriorated reinforced concrete (RC) structures all over the world [1]. As a strengthening material,
FRP possesses excellent material properties including being
lightweight and noncorrosive and providing high tensile
strength [2]. On this basis, FRP has been applied for strengthening RC structures in various forms such as sheets, plates,
and strips since the early 1990s [3]. Many studies on FRP
have validated the effectiveness of its use as a strengthening
material [4]. However, FRP is accompanied by several distinct
disadvantages. The performance of FRP strengthening for
RC structures, which may be exposed to sunlight or high
temperature conditions, is degraded due to the low glass
transition temperature of epoxy resin, a bonding agent.
FRP strengthening using epoxy resin is also vulnerable to
fire. Additionally, epoxy resin cannot be used under a wet
condition due to its low hardening property.
In order to solve these problems, a strengthening method
using a fabric-reinforced cementitious matrix (FRCM) was
developed [5]. FRCM consists of FRP fabric and a cementitious matrix. The mineral cementitious matrix can solve

various problems caused by using epoxy resin as a bonding agent. FRCM was first introduced as textile reinforced
concrete (TRC) in a report published by RILEM Technical
Committee 201 [6]. It has since then been widely reported
on in the literature with various names including textile
reinforced mortar (TRM) [7], fiber reinforced concrete (FRC)
[8], and mineral based composites (MBC) [9].
Research using FRCM as a shear strengthening material
has been performed by researchers worldwide. Baggio et al.
performed experimental research on RC beams strengthened
in shear with CFRP, GFRP, FRCM, and FRP anchors [10]. The
effectiveness of each material in terms of shear strengthening
was evaluated and test results were compared with predicted
values by the Canadian design code. Beams strengthened
by using FRCM with and without anchors showed a 31%
and 34% increase in shear capacity relative to the Control
specimen, respectively. The Canadian design code appropriately predicted the shear capacity of beams strengthened
with FRP sheets but overestimated those of FRCM strengthened beams. Triantafillou and Papanicolaou carried out an
experimental study to investigate the effectiveness of CFRPFRCM shear strengthening [7]. Although the effectiveness
of FRCM shear strengthening was relatively lower than FRP

2
shear strengthening, the applicability of FRCM as a shear
strengthening material was validated. Ombres experimentally examined the effectiveness of polyparaphenylene benzobisoxazole (PBO) FRCM for shear strengthening [11]. Its
shear strengthening performance was predicted by a model
based on Ritter-Morsch criteria failure. He reported that the
PBO-FRCM strengthening system significantly improved the
shear capacity of reinforced concrete beams and prediction
by the model based on the Ritter-Morsch criteria failure is
effective to predict the PBO-FRCM performance. Brückner
et al. experimentally explored the effectiveness of GFRPFRCM for shear strengthening [12, 13]. The number of
GFRP plies, the use of mechanical anchors, and anchorage
methods were considered as experimental variables in their
study. Their test results showed that FRCM is effective for
shear strengthening and the mechanical anchor improves
the FRCM shear strengthening performance by 200%. AlSalloum et al. also reported that FRCM is effective in
increasing the shear capacity of beams subjected to a fourpoint load [14]. Recently, a design code for strengthening RC
structures and masonry walls with externally bonded FRCM
was issued by ACI Committee 549 [15].
Nevertheless, the applicability of existing design codes
should be established by experimentally exploring the influence of various experimental parameters such as concrete
strength, cementitious matrix type, and FRP material type
on shear strengthening. Experimental research on RC beams
strengthened in shear with externally bonded FRCM, which
was made from a hybrid fabric and a cementitious matrix,
was performed in this study. The number of plies, the bond
type, and the spacing of a hybrid FRP fabric were considered
as experimental variables. The effect of test variables on
the shear strengthening capacity was evaluated through test
results and a shear strength prediction model for a hybrid
FRP-FRCM strengthened beam was proposed. The values
predicted by the proposed model were compared with those
by ACI 549 [15] and test results.

2. Test Program
2.1. Used Materials. Type I ordinary Portland cement (OPC)
was used in the mixture. Crushed gravel was used as
the coarse aggregate and the maximum aggregate size was
25 mm. In addition, AE water-reducing admixture and a vibrator were used to improve the workability and consolidation
of the concrete. Table 1 shows the mixture properties of the
used concrete.
Concrete compressive strength was determined from
a compression test for six cylinders with dimensions of
ø100 mm × 200 mm according to ASTM C39/C39M [18]. The
average concrete compressive strength was 28.0 MPa at the
age of 28 days. The mechanical properties of each used rebar
were determined from tension tests for three coupons according to ASTM A370 [19] and the results are given in Table 2.
The cementitious matrix and the hybrid FRP fabric used
for shear strengthening of RC specimens in this study are
shown in Figures 1(a) and 1(b), respectively. Cementitious
matrix consisted of microcement, fine aggregate, polypropylene staple fiber, and admixtures. The compressive strength
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Table 1: Mixture properties of the concrete.
W/C (%)
48.4
(a)

S/a (%)
48.1

W
168

Unit weight (kg/m3 )
C
S
G
345
860
949

Ad(a)
2.07

AE water-reducing admixture.

of the cementitious matrix was determined from a compression test for five cubes of 50 mm size according to ASTM
C109/C109M [20] and taken as 45 MPa at the age of 28 days.
As shown in Figure 1(b), the hybrid FRP fabric consisted of
CFRP and GFRP strips. Black CFRP and white GFRP strips
were laid in the warp direction and weft direction, respectively, at spacing of 17 mm and 33 mm. Mechanical properties
of the FRCM composite made from the hybrid FRP fabric and
the cementitious matrix were determined by a direct tensile
test in accordance with AC 434 [16], as shown in Figure 2.
Table 3 presents the mechanical properties of the hybrid FRP
fabric and the cementitious matrix offered by manufacturers
and those of the FRCM composite obtained from the direct
tensile test.
2.2. Test Variables. As shown in Table 4, specimens were
classified into four groups. Specimens in Group I consisted
of nonstrengthened specimen and steel stirrup-strengthened
specimens to evaluate the relative shear-strengthening performance of the hybrid FRP-FRCM.
The nonstrengthened specimen was designated as Control, and the specimens reinforced with steel stirrups at
spacing of 200 mm and 300 mm were denoted by S200 and
S300, respectively. Specimens in Group II consisted of specimens strengthened in shear by side-bonding. The specimens
were named according to the width and the number of plies of
the used hybrid FRP fabric. The specimens strengthened with
1-ply and 2-ply 600 mm hybrid FRP fabric were designated as
W600-L1 and W600-L2, respectively. Specimens in Groups
III and IV consisted of specimens strengthened by Ujacketing. The specimens strengthened by U-jacketing were
named according to the width and number of plies of hybrid
FRP fabric. For example, W50-N5 was strengthened with 5
pieces of 50 mm wide hybrid FRP fabric. The sixth column of
Table 4 shows hybrid FRP fabric attached on the shear span
according to experimental variables.
2.3. Specimen Fabrication and Strengthening. As shown in
Figure 3, a total of 11 specimens having a length of 2,000 mm
with a rectangular cross-section 150 mm wide and 300 mm
high and a net span of 1,800 mm were fabricated for the tests.
All specimens were reinforced with two rebars with a nominal diameter of 15.9 mm as tension reinforcement and two
rebars with a nominal diameter of 9.53 mm as compression
reinforcement.
Specimens S200 and S300 were reinforced by rebars with
a nominal diameter of 9.53 mm with spacing of 200 mm
and 300 mm as shear reinforcement, respectively. After curing of 28 days, the shear strengthening specimens were
strengthened with the hybrid FRP-FRCM as follows. First,
the specimen surface was cleaned with tap water to remove
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CFRP
GFRP

(a) Cementitious matrix

(b) Hybrid FRP fabric

Figure 1: Components of hybrid FRP-FRCM system.

Failure point

Stress (MPa)

ffu

Ef

fft

Ef ∗
𝜀ft

𝜀fu
Strain (mm/mm)

(a) Test setup for direct
tensile testing of a flat
hybrid
FRP-FRCM
coupon

(b) Idealized tensile stress-strain curve for FRCM

Figure 2: Direct tensile testing by AC 434 [16].

FRCM composite materials

P (load)

2-D10 mm

P (load)

270 mm
30 mm
R (support)
600 mm

R (support)
600 mm

600 mm

2000 mm

Strain gages

Figure 3: Test specimen layout.

150 mm

2-D16 mm
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Table 2: Mechanical properties of rebar.

Nominal diameter
(mm)

Modulus of elasticity
(MPa)

Yield strength
(MPa)

Tensile strength
(MPa)

Elongation
(%)

2.0 × 105

480

590

17.1

515

610

16.6

9.53
15.9

Table 3: Hybrid FRP-FRCM mechanical properties.
Nominal thickness

Elastic modulus

(mm)

Ultimate tensile strength Ultimate tensile strain Compression strength

(GPa)

(MPa)

(%)

(MPa)

0.107

240

4,300

1.75

—

Cementitious matrix

—

40

—

—

45

FRCM composite

—

160
(cracked specimen)

800

0.5

—

Hybrid fabric

W600-L2

Figure 4: Test setup.

cell. The vertical displacement at the midspan was measured
by two linear variable differential transformers (LVDTs).
As shown in Figure 3, the strain of the hybrid FRP fabric
was measured by eight strain gauges attached on the CFRP
fabric strips at both the left and right sides of the shear
span. The CFRP strip of the hybrid FRP fabric was grinded
and cleaned with acetone before attachment of strain gauges.
Load and strains were recorded by using a data logger. Crack
propagation and FRCM composite damage were visually
monitored and recorded during all tests.

3. Test Results and Discussion
impurities before strengthening. In order to keep the humid
condition, the specimen surface was then covered with damp
cloth until strengthening work. Specimens strengthened by
U-jacketing were reversed and then chamfered to a radius of
10 mm to avoid damage to the hybrid FRP fabric due to stress
concentration during the tests. Specimens were strengthened
with hybrid FRP-FRCM according to the test variables. The
strengthening procedure of the FRCM composite was as
follows: (1) the first layer of cementitious matrix with a
nominal thickness of 2 mm was applied on the side surface of
the specimen; (2) the precut hybrid FRP fabric was laid on the
cementitious matrix; and (3) the second layer of cementitious
matrix with a nominal thickness of 2 mm was applied on
the hybrid FRP fabric. In the case of strengthening with 2ply hybrid FRP fabric, the above procedure was repeated
two times. The nominal thickness of hybrid FRP-FRCM with
1-ply hybrid FRP fabric was taken as approximately 5 mm.
Tests were performed after 28 days of strengthening for the
cementitious matrix to develop sufficient strength.
2.4. Test Setup. The shear tests for 11 specimens were performed by four-point loading, as shown in Figure 4. The
specimens were simply supported and the load was applied
at two points 300 mm apart at both the left and right sides of
the midspan. The load was applied by stroke control loading
at a rate of 0.4 mm/min with a hydraulic actuator with a maximum capacity of 2,000 kN. The load was measured by a load

3.1. Shear Resisting Capacity. The test results, the maximum
load, the displacement corresponding to the maximum load,
the gain of the maximum load, and the failure mode are
presented in Table 5.
The specimen Control failed due to a diagonal shear
crack at the maximum load of 105 kN (see Figure 5(a)), while
specimens S200 and S300 strengthened with steel stirrup
failed due to the yielding of the tensile steel followed by
the crushing of concrete at maximum load of 168 kN and
172 kN, respectively (see Figure 5(b)). Specimens W600-L1
and W600-L2 strengthened by side-bonding failed due to
debonding of the FRCM composite at maximum load of
132 kN and 152 kN, respectively (see Figure 5(c)). The maximum loads of specimens W600-L1 and W600-L2 increased
by 36.2% and 44.8%, respectively, when compared with the
Control specimen. Although the maximum load increased
with an increasing number of plies of hybrid fabric, it did not
increase in proportion to the amount of the hybrid fabric.
Specimens in Group III failed due to debonding of
the FRCM composite at the maximum load from 117 kN
to 127 kN according to the amount of hybrid FRP fabric.
The maximum loads of specimens W50-N4, W50-N5, and
W50-N6 increased by 11.4%, 17.1%, and 21.0% relative to the
unstrengthened specimen, respectively. The maximum loads
of specimens W100-N3 and W100-N4 in Group IV were
121 kN and 144 kN, respectively, and their strength increased
by 15.2% and 37.1% relative to the unstrengthened specimen,
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Table 4: Test variables.
Group
I

II

Specimen ID

Strengthening type

Layer

Width × number

Installation

Control
S300
S200

None

None

None

None

Steel stirrup

None

None

None

W600-L1

1

Side-bonding

III

W50-N4

50 mm × 4

W50-N5

50 mm × 5

W50-N6

50 mm × 6
U-jacketing

IV

600 mm × 1

2

W600-L2

1

W100-N3

100 mm × 3

W100-N4

100 mm × 4

W600-N1

600 mm × 1

Table 5: Summary of test results.
Specimen ID

Maximum load
(kN)

Displacement corresponding to maximum load
(mm)

Gain of maximum load
(%)

Failure mode

Control

105

7.2

—

Shear

S300
S200

172
168

20.2
19.2

63.8
60.0

Flexure

W600-L1
W600-L2
W50-N4
W50-N5
W50-N6
W100-N3
W100-N4
W600-N1

143
152
117
123
127
121
144
162

8.3
10.2
6.7
5.3
7.4
6.2
8.6
9.2

36.2
44.8
11.4
17.1
21.0
15.2
37.1
54.3

Control

S300

(a) Control

W600-L2

(b) S300

W600-N1

(c) W600-L2

(d) W600-N1

Figure 5: Specimens after test.

Debonding
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180

180

160

160

140

140

120

120
Load (kN)

Load (kN)

6

100
80

100
80

60

60

40

40

20

20
0

0
0

2

4

6
8
10
Displacement (mm)

12

14

0

Control
S300
S200

respectively. All specimens in Group IV failed due to debonding of the FRCM composite, similar to specimens in Group
III. The maximum load of specimen W600-N1 was 162 kN
and increased by 54.3% relative to the Control specimen
(see Figure 5(d)). The difference in the maximum load of
specimens W50-N6 and W100-N3 with the same amount of
hybrid FRP fabric was about 6 kN. This resulted from the
difference in the spacing of the hybrid FRP with specimens
W50-N6 and W100-N3. The difference in the maximum loads
of W600-L1 and W600-N1 with the same amount of hybrid
FRP fabric was 30 kN. It can be confirmed from this result
that U-jacketing is more effective than side-bonding.

4

6
8
Displacement (mm)

10

12

14

Control
W600-L1
W600-L2

Figure 7: Load-displacement curves of specimens in Group II.
180
160
140
120
Load (kN)

Figure 6: Load-displacement curves of specimens in Group I.

2

100
80
60
40
20
0

3.2. Load-Displacement Relationship. The load-displacement
curves of specimens in Group I are presented in Figure 6.
For the specimen Control, the load started to decrease
with the occurrence of diagonal shear cracks at displacement
of 4.4 mm and it failed due to a shear crack at displacement
of 7.2 mm. For specimens S200 and S300 reinforced with
steel stirrups, the maximum load increased over that of
specimen Control and they failed due to the yielding of tensile
reinforcement followed by the crushing of concrete. The loaddisplacement curves of specimens in Group II are shown
in Figure 7. This figure shows that specimen W600-L2 has
higher shear capacity and ductility than specimen W600-L1.
The load-displacement curves of specimens in Group III are
presented in Figure 8.
Figure 8 shows that although the load-displacement
curve of specimen W50-N5 is different from those of W50N4 and W50-N6, the shear capacity increases with a higher
amount of hybrid FRP fabric. The load-displacement curves
of specimens in Group IV are presented in Figure 9. The load
of specimen W100-N3 started to decrease at a displacement
of 6.2 mm and it failed due to debonding of the FRCM
composite at a displacement of 8.4 mm. For specimens W100N4 and W600-N1, although their stiffness decreased at a
displacement of 5 mm, at which a shear crack of specimen

0

2

Control
W50-N4

4
6
8
Displacement (mm)

10

12

14

W50-N5
W50-N6

Figure 8: Load-displacement curves of specimens in Group III.

Control occurred, the load continued to increase. In particular, the maximum load of specimen W600-N1 was similar
to that of specimen S300. Therefore, it can be confirmed that
U-jacketing is more effective for FRCM shear strengthening,
and hybrid FRP-FRCM is applicable for shear strengthening
of RC beams.
3.3. Strain of Hybrid FRP Fabric. Strains of hybrid FRP fabric
obtained from specimens W600-L1 and W600-L2 are, respectively, presented in Figure 10. The strains were measured from
strain gauges on the hybrid FRP fabric installed at the center
of the shear span. The hybrid FRP fabric strain of specimens
W600-L1 and W600-L2 did not increase before the initial
shear crack occurred. The strain of W600-L1 started to move
after the initial diagonal shear crack and increased sharply
after a load of 80 kN, at which the shear crack was completely

7

180

160

160

140

140

120

120

100

100

Load (kN)

Load (kN)
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80
60

80
60
40

40

20

20

0

0
0

2

4
6
8
Displacement (mm)

Control
W100-N3

10

12

14

0

200

400

600
800
Strain (𝜇𝜀)

1000

1200

1400

W600-L1
W600-L2

W100-N4
W600-N1

Figure 9: Load-displacement curves of specimens in Group IV.

Figure 10: Load-strain curves of hybrid FRP-FRCM system.

formed. The strain of specimen W600-L2 with 2 plies of
hybrid FRP fabric started to increase at a higher load than
specimen W600-L1 with 1 ply of hybrid FRP fabric. The
maximum strains of the hybrid FRP fabric of these specimens
were much smaller than 0.0175, the strain corresponding to
rupture of the CFRP fabric strip. This result indicates that the
failure of the specimen strengthened in shear with the hybrid
FRP-FRCM composite is not due to rupture of the hybrid FRP
fabric but rather due to debonding between concrete and the
FRCM composite.

The contribution of FRCM to the nominal shear strength
is calculated according to the following equation proposed by
ACI 549 [15]:
𝑉𝑓 = 𝑛𝐴 𝑓 𝑓𝑓V 𝑑𝑓 ,

(3)

where 𝑛 is the number of layers of mesh reinforcement; 𝐴 𝑓 is
the area of mesh reinforcement by unit width; and 𝑑𝑓 is the
effective depth of the FRCM shear reinforcement.
The design tensile strength of the FRCM composite, 𝑓𝑓V ,
is calculated from the following:

3.4. Prediction of Shear Capacity

𝑓𝑓V = 𝐸𝑓 𝜀𝑓V ,

(4)

3.4.1. ACI Code. In order to predict the shear capacity of
beams strengthened with FRCM, ACI Committee 549 [15]
has proposed the following equation:

𝜀𝑓V = 𝜀𝑓𝑢 ≤ 0.004,

(5)

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑓 ,

(1)

where 𝑉𝑛 is the nominal shear strength and 𝑉𝑐 , 𝑉𝑠 , and 𝑉𝑓
are the contribution of concrete, existing steel reinforcement,
and FRCM composite material to the nominal shear strength,
respectively.
The contribution of concrete and steel reinforcement to
the nominal shear strength is calculated according to the
following equation proposed by ACI 318 [21]:
𝑉𝑐 = 0.17√𝑓𝑐 𝑏𝑤 𝑑,
𝑉𝑠 =

𝐴 V 𝑓yt 𝑑
𝑠

(2)
,

where 𝑓𝑐 is the specified compressive strength of concrete;
𝑏𝑤 is the web width and 𝑑 is the distance from the extreme
compression fiber to the centroid of longitudinal tension
reinforcement; 𝐴 V is the area of shear reinforcement; 𝑓yt is
the specified yield strength of transverse reinforcement; and
𝑠 is the center-to-center spacing of transverse reinforcement.

where 𝐸𝑓 , 𝜀𝑓V , and 𝜀𝑓𝑢 are the tensile modulus of elasticity
of FRCM, the design tensile strain of FRCM shear reinforcement, and the ultimate tensile strain of FRCM, respectively.
The design tensile strain of the FRCM composite, 𝜀𝑓V , is
limited to 0.004 according to ACI 549 [15].
3.4.2. Proposed Equation. All beams strengthened with the
hybrid FRP-FRCM in this study failed due to debonding
of the FRCM composite. The debonding failure mode is
governed by the bond strength between the concrete surface
and the FRCM composite. Therefore, a prediction model
of the contribution of the FRCM composite to the shear
strength was proposed based on the bond strength between
the concrete surface and the hybrid FRP-FRCM in this study.
When the bond stress at the free end of FRCM reaches the
ultimate bond stress, the distribution of the bond stress at the
interface can be described as in Figure 11 [17].
The average bond stress of side-bonding and U-jacketing
can be calculated from the following equations, respectively
[22]:
ℎ /2

𝜏𝑝.Side-bonding =

∫−ℎ𝑓

𝑓 /2

(4𝜏ult /ℎ𝑓2 ) 𝑥2 𝑑𝑥
ℎ

,

(6)
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h

h

𝜏ult

𝜏ult
hf
2

𝜏

−

hf

hf
2

𝜏p

𝜏p

(a) Side-bonding type

𝜏

(b) U-jacketing type

Figure 11: Distribution of shear stress in each strengthening method [17].

ℎ

𝜏𝑝.U-jacketing =

∫0 𝑓 (𝜏ult /ℎ𝑓2 ) 𝑥2 𝑑𝑥
ℎ

,

(7)

where ℎ is the height of the beam, ℎ𝑓 is the height of
the FRCM composite, 𝜏ult is the ultimate bond stress, and
𝜏𝑝.Side-bonding and 𝜏𝑝.U-jacketing are the average bond stress for
side-bonding and U-jacketing, respectively.
Meanwhile, the average bond stress can be expressed as
follows regardless of the FRCM bond type as the ultimate
bond stress is the same:
𝜏𝑝 = 𝜏𝑝.Side-bonding = 𝜏𝑝.U-jacketing .

(8)

Therefore, the contribution of the hybrid FRP-FRCM to the
nominal shear strength can be defined as follows:
𝑉𝑓 = 2𝑇𝑓 = 2𝜏𝑝 ℎ𝑓

𝑤𝑓
𝑤

𝑑cot𝜃,

Figure 12: Setup of direct shear test.

(9)

where 𝑇𝑓 is the bond strength of FRCM, 𝑑 is the distance from
the extreme compression fiber to the centroid of longitudinal
tension reinforcement, 𝜃 is the inclination of the shear crack,
𝑤 is the length of the shear span, and 𝑤𝑓 is the width of the
hybrid FRP fabric bonded on the shear span.
In (9), the average bond stress, 𝜏𝑝 , was determined from
direct shear tests according to variation of the bond length,
as shown in Figure 12. Bricks with dimensions of 100 mm
× 100 mm × 200 mm were produced with concrete used in
the beam manufacture process, and hybrid FRP-FRCM was
bonded on both sides of the brick in the same manner as the
beams were strengthened. The average bond stress according
to the bond length was measured, and the test results are
presented in Figure 13. The average bond stress tends to
decrease with an increase of bond length until 140 mm and
thereafter converges to 0.28 MPa. Therefore, the average shear
stress, 𝜏𝑝 , was defined as 0.28 MPa in the proposed model. In
addition, the inclination of the shear crack, 𝜃, was defined as
45∘ . 𝑉𝑐 and 𝑉𝑠 were calculated by the ACI 318 code [21].

3.4.3. Comparison between Experimental and Analytical
Results. The shear strengths of FRCM shear strengthened
beams predicted by ACI 549 [15] and the proposed model are
tabulated in Table 6. Also, the ratios of the test results to the
shear strengths predicted by ACI 549 [15] and the proposed
model are presented in Table 6.
The ratios by ACI 549 [15] for specimens W600-L1 and
W600-L2 strengthened by side-bonding were 0.98 and 0.69,
respectively. It can be confirmed from these results that ACI
549 [15] overestimates the shear strength of FRCM shear
strengthened beams by side-bonding and the prediction error
increases with an increase of the amount of hybrid FRP. In
contrast, the ratios by ACI 549 [15] for shear strengthened
beams by U-jacketing ranged from 1.10 to 1.22. Namely,
ACI 549 [15] underestimates the shear strength of shear
strengthened beams by U-jacketing.
The ratios by the predicted model for specimens W600L1 and W600-L2 strengthened by side-bonding were 0.88
and 0.94, respectively. Although the proposed model also
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Table 6: Comparisons between predicted values and experimental results.
Specimen ID

𝑃EXP
(kN)

Control
S300
S200
W600-L1
W600-L2
W50-N4
W50-N5
W50-N6
W100-N3
W100-N4
W600-N1

105
172
168
143
152
117
123
127
121
144
162

𝑉𝑐
(kN)

𝑉𝑠
(kN)

36

ACI 549 [15]
𝑉FRCM
𝑃ACI
(kN)
(kN)

—
51
77
—
—
—
—
—
—
—
—

—
—
—
37
74
12
15
19
19
25
37

72
174
226
146
220
96
102
110
110
122
146

Mean

𝑉𝑠
(kN)

36

—
51
77
—
—
—
—
—
—
—
—

—
—
—
45
45
15
19
23
23
30
45

𝑃EXP /𝑃Prop.

72
174
226
162
162
102
110
118
118
132
162

1.46
0.99
0.74
0.88
0.94
1.15
1.12
1.08
1.03
1.09
1.00
1.04

is obtained from direct tensile test for the FRCM, to calculate
the shear capacity of FRCM strengthened beams. However,
the references in Table 7 did not present the tensile modulus
of elasticity for the FRCM. Thus, the comparison between
ACI 549 [15] and the existing experimental results has been
excluded in the present study.
From Table 8, it can be confirmed that the proposed
model predicts the existing experimental results well: the
mean of the ratio between the proposed model and corresponding experimental results is 0.99 and its coefficient variable (COV) is 0.16. Accordingly, it can be concluded that the
shear prediction model from this study could be widely used
for shear capacity estimation of FRCM strengthened beams.

0.7
Average bond stress (MPa)

1.46
0.99
0.74
0.98
0.69
1.22
1.21
1.15
1.10
1.18
1.11

𝑉𝑐
(kN)

1.08

0.8

0.6
0.5
0.4
0.3
0.2
0.1
0.0

𝑃EXP /𝑃ACI

Proposed model
𝑉FRCM
𝑃Prop.
(kN)
(kN)

0

20

40

60 80 100 120
Bond length (mm)

140 160

180

200

Figure 13: Average bond stress according to bond length.

overestimates the shear strength of the beams strengthened
by side-bonding, the prediction error was smaller than that of
the ACI 549 code [15]. Moreover, the ratios by the proposed
model for the shear strengthened beams by U-jacketing
ranged from 1.00 to 1.15, which are smaller than those given
by the ACI 549 code [15]. This validates that the proposed
model predicted the shear strength of beams strengthened by
U-jacketing more reliably than ACI 549 [15] did.
3.4.4. Comparison between the Proposed Model and Existing Experimental Results. The performance of the proposed
model was evaluated through a comparison between the
numerically predicted values and existing experimental
results [4, 10, 11, 14]. The geometry and material properties
of RC beam specimens of the existing tests are presented
in Table 7. Table 8 shows comparisons between the proposed model and existing experimental results. ACI 549 [15]
requires the tensile modulus of elasticity for the FRCM, which

4. Conclusion
Conclusions obtained from this study are as follows.
(1) It was validated that the maximum load of shear
strengthened beams with hybrid FRP-FRCM increased from 11.4% to 54.3% according to the amount
of hybrid FRP, and the effectiveness of hybrid FRP for
shear capacity is not proportional to the amount used.
(2) It was confirmed from test results that U-jacketing
was more effective than side-bonding for FRCM shear
strengthening.
(3) ACI 549 [15] overestimated the shear strength of
beams strengthened by side-bonding with hybrid
FRP-FRCM and the prediction error increases with
an increase of the amount of hybrid FRP. In addition,
ACI 549 [15] underestimated the shear strength of
shear strengthened beams by U-jacketing.
(4) Although the proposed model also overestimated
the shear strength of beams strengthened by sidebonding with hybrid FRP-FRCM, the prediction error
was smaller than that of ACI 549 [15]. Moreover,
for shear-strengthened beams by U-jacketing, the
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Table 7: Geometry and material properties of RC beam specimens of experimental test database.
Reference

[4]

[10]

[11]

[14]

Specimen ID

𝑏

𝑑

ℎ𝑓

𝑓 𝑐

𝐴V
2

𝑓𝑦𝑡

𝑠

𝑤

𝑤𝑓

(mm)

(mm)

(mm)

(MPa)

(mm )

(MPa)

(mm)

(mm)

(mm)

𝑎/𝑑

SB-GT

150

307.5

350

37.5

—

—

—

1000

1000

3.25

UW-GT
SB-CT1

150
150

307.5
307.5

350
350

37.5
37.5

—
—

—
—

—
—

1000
1000

1000
1000

3.25
3.25

UW-CT1
SB-CT2
UW-CT2

150
150
150

307.5
307.5
307.5

350
350
350

37.5
37.5
37.5

—
—
—

—
—
—

—
—
—

1000
1000
1000

1000
1000
1000

3.25
3.25
3.25

Beam 4

150

295

350

50.1

56.55

384

180

900

675

3.05

TRA1
TRA2

150
150

225
225

250
250

30.76
30.76

100.53
100.53

446.06
446.06

292
260

675
675

675
345

3.00
3.00

TRB1
TRB2
TRB3

150
150
150

225
225
225

250
250
250

45.02
29.16
29.16

100.53
100.53
100.53

442.25
442.25
442.25

210
210
210

625
625
625

625
625
295

2.78
2.78
2.78

TRB4
TRB5

150
150

225
225

250
250

38.26
38.26

100.53
100.53

442.25
442.25

210
210

625
625

295
295

2.78
2.78

BS2
BS3

150
150

175
175

200
200

20
20

—
—

—
—

—
—

400
400

400
400

2.29
2.29

BS4
BS5

150
150

175
175

200
200

20
20

—
—

—
—

—
—

400
400

400
400

2.29
2.29

Table 8: Comparisons between the existing experimental results and proposed model.
Reference

[4]

[10]

[11]

[14]

𝜌𝑓

𝑃Exp

𝑉𝑐

𝑉𝑠

𝑉FRCM

𝑃Prop.

(%)

(kN)

(kN)

(kN)

(kN)

(kN)

G
G

0.297
0.297

146.3
180.2

48.02
48.02

—
—

60.27
60.27

216.6
216.6

0.68
0.83

S
U
S

C
C
C

0.229
0.229
0.516

155.5
151.8
245.4

48.02
48.02
48.02

—
—
—

60.27
60.27
60.27

216.6
216.6
216.6

0.72
0.70
1.13

UW-CT2

U

C

0.516

253.4

48.02

—

60.27

216.6

1.17

Beam 4

U

G

0.096

294.0

53.25

35.59

43.37

264.4

1.11

TRA1
TRA2

S
U

P
P

0.135
0.034

188.7
170.4

31.82
31.82

34.55
38.81

31.47
16.10

195.7
173.5

0.96
0.98

TRB1
TRB2

S
S

P
P

0.202
0.202

279.1
191.7

31.82
31.82

38.81
38.81

47.02
39.47

235.3
220.2

1.19
0.87

TRB3
TRB4
TRB5

U
U
U

P
P
P

0.095
0.095
0.095

191.9
200.0
199.8

31.82
31.82
31.82

38.81
38.81
38.81

22.87
27.37
27.37

187.0
196.0
196.0

1.03
1.02
1.02

BS2
BS3

S
S

B
B

0.195
0.195

82.7
83.5

19.96
19.96

—
—

19.6
19.6

79.1
79.1

1.05
1.06

BS4
BS5

S
S

B
B

0.390
0.390

88.7
92.5

19.96
19.96

—
—

19.6
19.6

79.1
79.1

1.12
1.17

Specimen ID

Type of bond

Type of fiber

SB-GT
UW-GT

S
U

SB-CT1
UW-CT1
SB-CT2

𝑃Exp /𝑃Prop.

Mean

0.99

Coefficient of variation

0.16

Note. S = side-bonding; U = U-jacketing; G = glass; C = carbon; P = PBO; B = basalt.
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proposed model predicted the shear strength more
reliably than ACI 549 [15] did.
(5) The agreement between the proposed model and the
existing experimental results was very good. Accordingly, it can be concluded that the shear prediction
model from this study could be widely used for shear
capacity estimation of FRCM strengthened beams.
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Reinforcement corrosion resulting from chloride attack is one major mechanism that compromises concrete durability. Numerical
methods were commonly used for tackling Fick’s diffusion equations. In this paper, we developed a Crank-Nicolson based finite
difference scheme suitable for circular concrete structures. Both a time-dependent surface chloride model and diffusivity were
considered. The impact of an ideal sealer on chloride redistribution was further investigated. Results suggested that the chloride
threshold depth in a concrete structure is greatly affected by the radius of curvature, environment severity, and diffusivity. For
sealable concrete structures, both the sealer application timing and location are of great importance.

1. Introduction
The reinforcement steel in concrete structures is protected
from adverse environments by a thin layer of passive oxide
film. Exposure to aggressive species, for example, chloride
anions, may result in the breakdown of the naturally formed
oxide [1, 2]. The volume expansion due to corrosion products
causes an excessive stress state. In severe cases, cracking and
even spalling of the concrete cover occur. The durability of a
concrete structure is thus compromised due to the possible
strength degradation of rusted reinforcements [3].
A threshold level of chlorides (CTL) is one of the
necessary conditions for reinforcement corrosion [4]. The
specific values defined for the CTL, however, vary from one
another in the literature. For example, a threshold value of
0.594 kg/m3 was used by Kassir and Ghosn [5] and Phurkhao
and Kassir [6]. Moriwake [7] defined a larger value of
2.0 kg/m3 for crack initiation due to steel corrosion. Song et
al. [3] used both values as well as an intermediate CTL of
1.2 kg/m3 for predicting the service life of repaired concrete
structures. As Alonso et al. [8] summarized, the CTL of
a concrete structure is affected by many factors such as
the oxide condition of reinforcements, concrete quality, and
environmental severity.

Chloride ingress in concretes is primarily associated
with two mechanisms: diffusion [9] and hydraulic solution
diffusivity [10]. Concentration gradient and capillary suction
would be the driving force of these two mechanisms in
absence of pressure in unsaturated concrete. Under pressure phenomena would be even more complex. For each
mechanism, a certain extent of chloride binding may occur,
depending on the microstructural porosity and the moisture
state of a concrete structure [11, 12]. Nonetheless, quantitative
models are still being developed [13, 14] and the detailed
mechanism of chloride binding on the durability of concrete
structures remains unclarified [4].
Without considering the effect of chloride binding, chloride diffusion in concrete is relatively a well-understood
mechanism, benefitted from Fick’s fundamental diffusion
laws [15]. A large amount of literature studies was devoted to
this line of research. Analytical solutions have been developed
for simple geometric domains, boundary conditions, initial
chloride distribution, and diffusivity [5, 6, 15]. They are often
used as benchmark examples for calibrating the reliability of
more complicated solutions.
A large portion of the relevant literature studies is concerned with one-dimensional diffusion problems [3, 14, 16,
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17]. More recently, considerable efforts have also been made
to numerically resolve two-dimensional problems of different
domains. The numerical methods that were employed include
finite difference method [18], finite element method [13, 19,
20], finite point (meshless) method [21], cellular automata
[22], and boundary element method [23]. Analytical solutions were also being under development for cases with an
apparent diffusion constant [24, 25].
Less effort has been directed towards the study of circular
columns, even though they form a very common type of
structural elements in civil infrastructures, as opposed to
rectangular and elliptic ones. The chloride diffusion inside a
two-dimensional circular domain remains elusive. This is the
goal of the present study.
When compared to analytical solutions, one distinct
advantage of a numerical method is its capability to accommodate complex diffusivity model, surface chloride model,
and initial chloride distribution. Experimental data from field
studies has revealed that both the diffusivity [26] and surface
chloride concentration [27] vary with concrete age. In the
present work, we borrowed the time-dependent diffusivity of
Song et al. [3], which was slightly adapted from Bentz and
Thomas [28].
For surface chloride evolution, the situation is more complicated. Environmental factors that affect the evolutionary
history of the surface chloride include geographic location
of a concrete structure, accessibility to rinsing precipitations,
relative location inside an infrastructure, season, and wetting and drying cycles. A few regression models, including
exponential [5], ramp-type [6], logarithmic [3, 29], and
power functions [30], have been proposed in the literature
by fitting to experimental measurements in the least squares
fashion. While each of these surface chloride models can be
incorporated into the present study, we specifically focused
on the ramp-type [6] and log-type [31]. They represent
a deicing salt induced chloride and marine environment,
respectively.
Among all available solution strategies, the finite difference method is the simplest one in terms of the easiness in
mathematical implementation [3, 23, 32]. In this work, we
developed in detail a Crank-Nicolson based finite difference
scheme to numerically solve the axially symmetric diffusion
equation defined in a circular domain. The CTL value of
1.2 kg/m3 [3] was used. In addition to the chloride diffusion
in an original unpolluted concrete, numerical experiments
were also performed for the chloride redistribution following
a sealer application. The sealer was applied at either the outer
surface or at a certain depth.
Simulation results indicated that the chloride distribution
strongly depends on concrete size, surface chloride evolution,
diffusivity, initial chloride distribution, and sealer application
timing and location. The most effective means for slowing
down chloride diffusion is to elevate concrete quality. To prevent chlorides from further penetrating, a sealer application
is the best option. In this case, the sealer should be applied
early and as close to the outermost reinforcements as possible.
The remainder of this paper is structured as follows. In
Section 2 the numerical scheme that we proposed for the
analysis of chloride diffusion in circular concrete structures
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is presented in detail. In Section 3 a variety of numerical
experiments detailing the chloride diffusion in both unsealed
and sealed concretes are reported and discussed and finally,
in Section 4, conclusions are provided and future works
described.

2. Method of Solution
2.1. Crank-Nicolson Scheme for Chloride Diffusion in a Circular Domain. According to Fick’s first law [15], the concentration gradient of chlorides serves as the driving force to their
spatial diffusion in concrete structures:
J (x, 𝑡) = − 𝐷 (𝑡) ∇𝐶 (x, 𝑡) ,

(1)

where J is the diffusion flux of chloride anions, 𝐶 the chloride
concentration, and 𝐷 the diffusivity. Generally, both J and 𝐶
are functions of space and time whereas 𝐷 is typically treated
as a time-dependent variable only.
In the absence of chloride binding the conservation of
mass inside a differential volume dictates that the rate of
change of chlorides must be balanced by the divergence of
the diffusion flux. The resultant partial differential equation
is referred to as Fick’s second law of diffusion:
𝜕𝐶 (x, 𝑡)
= 𝐷 (𝑡) ∇2 𝐶 (x, 𝑡) .
𝜕𝑡

(2)

In this work, we focused on circular and homogeneous
concretes. From the practical point of view, it seems reasonable to assume that the chloride diffusion process is also symmetric about the centroidal axis. Under these assumptions,
(2) can be rewritten as
𝜕2 𝐶 (𝑟, 𝑡) 1 𝜕𝐶 (𝑟, 𝑡)
𝜕𝐶 (𝑟, 𝑡)
+
= 𝐷 (𝑡) (
).
𝜕𝑡
𝜕𝑟2
𝑟 𝜕𝑟

(3)

Unlike the one-dimensional diffusion problem, the analytical solution to (3) is unavailable in the literature. Numerical alternatives are employed instead. For the reasons stated in
Section 1, we decided to employ the finite difference method
and aimed to develop a numerical model on the basis of
Crank-Nicolson scheme [32, 33].
We divided the radius 𝑅 of a circular domain into 𝑀
segments, each with the same length. As a result, there are a
total number of (𝑀 + 1) spatial nodes. The central idea of the
Crank-Nicolson scheme is to consider the diffusion equation
(3) at an arbitrary nonboundary node and halfway between
two adjacent temporal steps:
𝜕𝐶𝑖,𝑗−1/2
𝜕𝑡

= 𝐷𝑗−1/2 (

𝜕2 𝐶𝑖,𝑗−1/2
𝜕𝑟2

+

𝜕𝐶𝑖,𝑗−1/2
1
) , (4)
(𝑖 − 1) ℎ 𝜕𝑟

where the subscripts 𝑖 (= 1, 2, . . . , 𝑀 + 1) and 𝑗 (= 1, 2, . . .)
denote the spatial and temporal indices, respectively. They
are related to the real coordinates through 𝑟 = (𝑖 − 1)ℎ and
𝑡 = (𝑗 − 1)𝜏, where ℎ and 𝜏 are the spatial and temporal step
increments. The temporal derivative is approximated by the
centered difference scheme:
𝜕𝐶𝑖,𝑗−1/2
𝜕𝑡

=

𝐶𝑖,𝑗 − 𝐶𝑖,𝑗−1
𝜏

.

(5)
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The first- and second-order spatial derivatives in (4) are
approximated by temporally averaging a one-sided and centered difference scheme over two contiguous temporal steps,
respectively,
𝜕𝐶𝑖,𝑗−1/2
𝜕𝑟

=

𝜕2 𝐶𝑖,𝑗−1/2
𝜕𝑟2
+

1 𝐶𝑖+1,𝑗−1 − 𝐶𝑖,𝑗−1 𝐶𝑖+1,𝑗 − 𝐶𝑖,𝑗
(
+
),
2
ℎ
ℎ

=

1 𝐶𝑖−1,𝑗−1 − 2𝐶𝑖,𝑗−1 + 𝐶𝑖+1,𝑗−1
(
2
ℎ2

𝐶𝑖−1,𝑗 − 2𝐶𝑖,𝑗 + 𝐶𝑖+1,𝑗
ℎ2

(6)

Substituting (5) and (6) back into (4) and solving for the
concentrations at the 𝑗th temporal step, we have

= − 𝑎𝑖 𝐶𝑖−1,𝑗−1 + (2 − 𝑏𝑖 ) 𝐶𝑖,𝑗−1 − 𝑐𝑖 𝐶𝑖+1,𝑗−1 ,

(7)

where 𝑎𝑖 , 𝑏𝑖 , and 𝑐𝑖 are functions of the diffusivity (𝐷𝑗−1/2 ),
the Courant number (𝜏/ℎ2 ), and the spatial node index (𝑖 =
2, 3, . . . , 𝑀). For brevity, they are tabulated in Appendix A.
This numerical scheme is implicit since at an arbitrary
temporal step the concentrations at three neighboring nodes
are always coupled. Thus, care should be practiced for the
boundary nodes. The chloride concentration at the outer
boundary is governed by the temporal evolution of surface
chlorides:
𝐶𝑀+1,𝑗 = 𝐶𝑠 ((𝑗 − 1) 𝜏) ,

(8)

where 𝐶𝑠 (𝑡) represents a time-dependent surface concentration model. As a result, the 𝑀𝑡ℎ equation of (7) must be
reformulated to reflect this condition:
𝑎𝑀𝐶𝑀−1,𝑗 + 𝑏𝑀𝐶𝑀,𝑗 = − 𝑎𝑀𝐶𝑀−1,𝑗−1
+ (2 − 𝑏𝑀) 𝐶𝑀,𝑗−1

(9)

− 𝑐𝑀 (𝐶𝑀+1,𝑗−1 + 𝐶𝑀+1,𝑗 ) .
Given the symmetry property of the present problem, the
concentration gradient vanishes at 𝑟 = 0. In mathematical
context, this represents a Neumann boundary condition [32]:
𝜕𝐶 (0, 𝑡)
= 0.
𝜕𝑟

(10)

At 𝑟 = 0 (𝑖 = 1), we may start from a centered
approximation for both spatial derivatives
𝜕𝐶1,𝑗−1/2
𝜕𝑟
𝜕2 𝐶1,𝑗−1/2
𝜕𝑟2
+

=
=

1 𝐶2,𝑗−1 − 𝐶0,𝑗−1 𝐶2,𝑗 − 𝐶0,𝑗
(
+
) = 0,
2
2ℎ
2ℎ
1 𝐶0,𝑗−1 − 2𝐶1,𝑗−1 + 𝐶2,𝑗−1
(
2
ℎ2

𝐶0,𝑗 − 2𝐶1,𝑗 + 𝐶2,𝑗
ℎ2

).

𝜕2 𝐶1,𝑗−1/2
𝜕𝑟2

).

𝑎𝑖 𝐶𝑖−1,𝑗 + 𝑏𝑖 𝐶𝑖,𝑗 + 𝑐𝑖 𝐶𝑖+1,𝑗

The equality to zero in the first-order derivative is obviously a
result of the Neumann boundary condition (10). To proceed,
those concentrations that correspond to the undefined node
(𝑖 = 0) need to be eliminated. Multiplying the first equation
by 2/ℎ and adding to the second one, we managed to derive
a new finite difference approximation for the second-order
spatial derivative at 𝑟 = 0:

(11)

=

𝐶2,𝑗−1 − 𝐶1,𝑗−1
ℎ2

+

𝐶2,𝑗 − 𝐶1,𝑗
ℎ2

.

(12)

Now consider the original diffusion equation (3) for 𝑟 =
0. The term involving the first-order spatial derivative is
addressed by limit analysis. Upon application of L’Hôpital’s
rule for 𝑟 → 0, this term’s limit turns out to be another
second-order spatial derivative. Replacing in (3) the temporal
derivative with (5) and the second-order spatial derivatives
with (12), an evolutionary scheme for 𝑟 = 0 can be developed:
1 𝜏
𝑏1 𝐶1,𝑗 + 𝑐1 𝐶2,𝑗 = ( − 2 𝐷𝑗−1/2 ) 𝐶1,𝑗−1
2 ℎ
𝜏
+ 2 𝐷𝑗−1/2 𝐶2,𝑗−1 ,
ℎ

(13)

where 𝑏1 and 𝑐1 are functions of the diffusivity and the
Courant number. Both are tabulated in Appendix A.
Up to the present, we constructed 𝑀 linear equations
regarding the chloride concentration at an arbitrary temporal
step, that is, (𝑀−2) equations from (7), equations (9) and (13).
The total number of unknowns is the same; that is, 𝐶1,𝑗 ∼
𝐶𝑀,𝑗 . Recall that the chloride concentration at the largest
node number (𝑀 + 1) is dictated by the surface chloride
evolution. To facilitate the solution procedure, this system of
linear equations was reformulated into conventional matrix
form. The reader is kindly invited to refer to Appendix A for
further details.
2.2. Sealer Application. In engineering practice, sealers,
coating, and membranes are often employed as means of
maintenance. The idea is to prevent or at least to slow
down chloride ingress toward reinforcement steels inside a
concrete structure. In physical context, the prevention of
chloride transport denotes that the diffusion flux is zero
across a sealing interface. In view of (1), a sealer application
annihilates the concentration gradient of chloride ions in
position. Such a condition is mathematically identical to
Neumann boundary condition that was applied at the center
of a circular concrete.
Therefore, the approximation schemes used for the concrete center 𝑟 = 0, that is, (11) through (13), can be adapted for
a sealing interface. If a sealer is applied at the outer surface
of the concrete, only a single spatial interval needs to be
considered. Otherwise, two separate regions must be taken
into account. As a result, the numerical scheme designed
for an original concrete structure must be revised to reflect
Neumann boundary condition associated with the sealing
interface. For conciseness, the revised scheme is outlined in
Appendix B.
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2.3. Time-Dependent Surface Chloride Evolution. To implement the numerical scheme developed in the previous section, we first need to quantify an evolution model for the surface chloride concentration, an initial chloride distribution,
and a time-dependent diffusivity model. As briefly discussed
in Section 1, several regression models have been proposed
in the literature to simulate the temporal evolution of surface
chloride ions [3, 5, 6, 29, 30]. Although any of them can be
implemented, we specifically focused on two surface chloride
models. The first is a ramp-type surface concentration model
[6]:
𝐶𝑠 (𝑡) = 𝐶0

𝑡
,
𝑡0

𝐶𝑠 (𝑡) = 𝐶0 ,

𝑡 ≤ 𝑡0 ,

(14)

𝑡 > 𝑡0 .

This model predicts that surface concentration increases
linearly as exposure time for the first (𝑡0 = 5) years of a fresh
concrete structure, beyond which the surface concentration
remains saturated (𝐶0 = 5.343 kg/m3 ). The two parameters
were extracted by fitting the proposed function to the
measured surface chloride data from 15 bridge decks in the
snow belt region of the United States [27]. The source of
chloride ions is due primarily to deicing salts applied on the
bridges during snow seasons. Given the initially increasing
and subsequently fluctuating nature of experimental surface
chloride measurements [27], (14) seems to represent an
improved regression over its exponential counterpart [5].
For comparison purpose, the logarithmic model designed
for concrete structures under marine environment was also
employed [3, 31]:
𝐶𝑠 (𝑡) = 𝛼 ln (𝛽𝑡 + 1) ,

(15)

where 𝛼 and 𝛽 are fitting parameters that are functions of the
distance from seawater. For the case of zero distance, 𝛼 =
1.52 kg/m3 and 𝛽 = 3.77 year−1 . The surface concentration
predicted by (15) monotonically increases as exposure time
but at a decreasing rate, for example, d𝐶𝑠 /d𝑡 ∼ 1/𝑡. Such
a model is appropriate for concrete structures subjected to
wetting and drying cycles.
2.4. Initial Chloride Distribution and Time-Dependent Diffusivity. For concretes free of sealer applications, an initially
chloride-free condition was always assumed. The chloride
distribution immediately prior to a sealer application action
was undoubtedly treated as the initial condition of the
subsequent chloride evolution.
As evidenced by Fick’s laws (1) and (2), the evolution
of chloride concentration interior of a concrete structure is
governed by the time-dependent diffusivity. Mathematically,
diffusivity is the linear proportionality between diffusion flux
and concentration gradient. In physical terms, it means how
difficult or how easy chlorides can spatially redistribute. It is
proposed by Bentz and Thomas [28] that chloride diffusivity
decays as a power function for the first 25 years and stays
constant afterwards. Such a dependent pattern is believed to
be a result of the void growth and coalescence in a concrete
structure due to cement hydration [31].

In this work, a slightly modified version [3] of the timedependent diffusivity [28] is used:
𝑡𝑅 0.2
) ,
𝑡

𝑡 ≤ 30 years,

𝑡 0.2
𝐷𝑤/𝑐 (𝑡) = 𝐷𝑤/𝑐 ( 𝑅 ) ,
30

𝑡 > 30 years,

𝐷𝑤/𝑐 (𝑡) = 𝐷𝑤/𝑐 (

(16)

where 𝐷𝑤/𝑐 is the reference diffusivity when 𝑡 = 𝑡𝑅 = 28/365
years and a function of the water to cementitious material
ratio 𝑤/𝑐 [3]:
𝐷𝑤/𝑐 = 10(−12.06+2.4𝑤/𝑐) .

(17)

Typical range of 𝑤/𝑐 is between 0.3 and 0.5. In the absence of
fly ash and slag, the decaying rate of diffusivity was assumed
as 0.2 [3].

3. Results and Discussion
Based on the finite difference scheme developed in the previous section, we performed a variety of numerical experiments
for investigating the influential factors on chloride diffusion
in circular concrete structures. These factors include curvature of radius, water to cement ratio, surface concentration
model, and sealer application timing and location.
To proceed, numerical examples were first implemented
to examine the reliability of the proposed numerical scheme
with respect to both spatial and temporal step sizes. Figure 1
reports chloride concentration as a function of spatial step for
two distinct temporal steps. Concentrations were all sampled
at the perimeter 0.1 m distant from the outer surface of a
column of radius 0.4 m, after 20 years of exposure to chloride
environment. The ramp-type surface concentration model
(14) was employed. Spatial steps considered range from 10 𝜇m
to 0.1 m. For both temporal steps, that is, 𝜏 = 1 day and
10 days, the chloride concentration remains convergent for
ℎ ≤ 5 mm. For larger spatial steps, the chloride concentration
diverges and eventually becomes unbounded.
The ideal overlapping between the two curves (Figure 1)
seems to suggest that the solution is nearly insensitive to
temporal steps. This conjecture is confirmed by the concentration variation as a function of temporal step (Figure 2).
For a reasonably small spatial step (ℎ = 1 mm), the chloride
concentration becomes slightly diverged when 𝜏 > 10 days. In
view of these arguments, steps ℎ = 1 mm and 𝜏 = 1 day were
used throughout the subsequent numerical experiments.
3.1. Chloride Diffusion in Unsealed Circular Concretes. As
commented by Yang et al. [23], previous studies were primarily concerned with chloride diffusion in one-dimensional
concrete. Nonetheless, the size of all real-world concrete
structures is finite. A large class of concrete structures, such
as viaduct piers, is circular. To investigate the effect of column
radius, we monitored the time taken to reach the CTL
(1.2 kg/m3 ) at the perimeter that is 80 mm distant from the
outer surface of a series of columns. Such a depth (80 mm)
is the minimum value of concrete covers for structures
serving under marine environment [34]. For comparison
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Figure 1: The sensitivity of chloride concentration with respect
to spatial step (ℎ) for two temporal steps (𝜏 = 1 and 10 days).
Concentrations were sampled at 𝑟 = 0.3 m of a concrete column
of radius 0.4 m, after 20 years of exposure to chloride environments
[6]. 𝑤/𝑐 = 0.5.
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Figure 2: The sensitivity of chloride concentration with respect to
the temporal step (𝜏) for ℎ = 1 mm. Concentrations were sampled
under the exact same condition as that of Figure 1.

purpose, years taken to reach the CTL were evaluated for
two surface concentration models and three water to cement
ratios (Figure 3). For all 6 combinations, the length scale
effect is significant for small column sizes and gradually
levels off. If the column size were large enough, the column
durability converges to its one-dimensional counterpart.
The effect of column radius shows strong dependence
on the water to cement ratio and the surface concentration
model. As reflected by (17), the water to cement ratio strongly
affects the reference diffusivity 𝐷𝑤/𝑐 (Figure 2 of Song et al.
[3]). For the same category of surface concentration model,
the smaller the water to cement ratio is, the more years
taken to reach the CTL at the concrete cover depth are. The
appreciable gaps among the three curves for each surface
concentration model suggest the great significance of concrete quality on chloride diffusion. The concrete durability

(without taking the residual life of a reinforced concrete
structure into account) is roughly doubled for each decrease
of the three water to cement ratios; that is, 𝑤/𝑐 = 0.5 →
0.4 → 0.3.
The durability predictions due to different surface concentration models, that is, (14) and (15), are functions of
column radius and water to cement ratio too. For each
water to cement ratio, the discrepancy between two curves
increases as a function of column size and reaches the
maximum as the curvature of radius approaches infinity.
In other words, small columns are less sensitive to surface
concentration models. This observation can be explained by
the smaller area lying between the outer surface and the
concrete cover depth (80 mm). Given the same column size,
the discrepancy due to different surface concentration models
behaves as a decreasing function of the water to cement ratio.
The durability predictions deviate the most for the highest
concrete quality 𝑤/𝑐 = 0.3. In their one-dimensional solution, Song et al. [3] predicted a service life slightly less than 40
years using 𝑤/𝑐 = 0.3 and the log-type surface chloride model
(15). With the ramp-type surface concentration model, this
service life can be prolonged for more than 5 years (Figure 3).
This durability improvement is obviously a consequence of
the less severe chloride environment associated with the
ramp-type model.
To investigate the spatial distribution and temporal evolution, Figure 4 shows a three-dimensional surface plot of
the chloride concentration as a function of both exposure
time and the radial coordinate of a concrete column of
radius 0.4 m. The intermediate level of water to cement ratio
(𝑤/𝑐 = 0.4) was assumed. Given the ramp-type surface
concentration model (14), it takes exactly five years for the
surface concentration to linearly evolve to the saturated level.
The surface concentration subsequently remains at this level.
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Figure 4: The evolution of chloride concentration inside a concrete
column of radius 0.4 m. The chloride concentration at the outer
surface increases linearly for the first five years of exposure and
subsequently remains at the saturated level of 5.343 kg/m3 [6]. 𝑤/𝑐 =
0.4.

Although the chloride concentration monotonically
increases with exposure time at an interior radial coordinate
𝑟 < 𝑅, the whole evolutionary process can be divided into two
distinct stages, in accordance with the two temporal scales
of the surface concentration model (14). The concentration
evolution curve experiences an inflection point at 𝑡 = 5
years and changes from being concave upwards to concave
downwards. Should the exposure time be long enough,
chloride concentration at any radial coordinate will converge
to the saturated surface concentration (𝐶0 = 5.343 kg/m3 ).
To better illustrate the spatial distribution of chloride
concentrations, Figure 5 shows 13 concentration profiles at
different exposure levels. These curves were all extracted from
the surface concentration plot (Figure 4). It is seen that for all
exposure scales the chloride concentration is a strong function of the radial coordinate 𝑟. Chloride anions are primarily
confined to the area that is close to the outer surface of a
circular column for the beginning years and gradually diffuse
toward the column center due to the drive of concentration
gradient. Due to the implementation of Neumann boundary
condition (10), the concentration gradient is always zero at
𝑟 = 0.
For convenience, the CTL (1.2 kg/m3 ) for corrosion initiation is also plotted in Figure 5. The coordinates of the points
of intersection between the CTL and concentration profiles
represent the years taken to reach the CTL at various concrete
depths. For the minimum concrete cover depth 80 mm [34],
less than 24 years is required to reach the CTL. For lower
graded concrete materials, for example, for 𝑤/𝑐 = 0.5, the
time to reach the CTL at the minimum concrete depth can
be even lower. Such a short time scale greatly threatens the
normal functioning of concrete structures and thus proper
maintenance strategies must be enforced.
3.2. Chloride Diffusion after Sealer Application. One ideal
means to prevent chloride anions from further penetrating

Figure 5: The spatial distribution of chloride concentration for 13
exposure scales, extracted from Figure 4. Also plotted in the figure
is the CTL (1.2 kg/m3 ) required for corrosion initiation.

in concrete structures is to remove the concrete covering
the top reinforcing layer, to protect the core structure with
a sealing membrane, and to restore the concrete cover with
fresh concrete. Once a core concrete structure is sealed, no
mass transport of chloride anions occurs across the sealer.
The diffusion process inside the core structure only involves
the redistribution of previously entrapped chloride concentration. A steady state (even distribution over the entire sealed
volume) can eventually be expected. The effectiveness of a
sealer application is determined by both when and where
the strategy is performed. In the worst scenario, the chloride
concentration may reach the CTL at the reinforced elements
even at the steady state. The corrosion is thus only subjected
to the availability of oxygen and moisture in the vicinity of
the reinforcements.
In most cases, a sealer application helps reduce the
corrosion susceptibility of reinforcements by prohibiting new
external chloride ingress and by redistributing entrapped
chloride accumulations. Figures 6 and 7 highlight the concentration profiles for a sealer application that is applied at
the outer surface and at the minimum concrete cover depth
(80 mm), respectively. For both cases, the sealer was applied
after 40 years of exposure to chloride environment. The sealer
has a nominal thickness of 5 mm and is presumably both
chloride-free and chloride-proof.
Immediately following the application of a sealer, the
passage of external chloride anions was shut down. Mathematically the closure is represented by a Neumann boundary
condition. A careful examination on the surface grids of
Figure 6 reveals that the chloride concentration for the area
between the sealer and approximately the minimum cover
depth (𝑟 = 0.32 mm) continuously decreases over the
simulation period. The chloride concentration in 𝑟 < 0.32 m,
on the other hand, continues to increase in spite of the sealer
application. This effect is obviously due to the high chloride
concentrations near the sealer. As can be read from Figure 5,
the CTL depth prior to the sealer application (𝑡 = 40 years) is
already 0.104 m.
Similar to Figure 5, Figure 7(a) reports the spatial distribution of chloride concentration for 10 exposure scales
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Figure 6: The evolution of chloride concentration with a sealing
membrane applied at the outer surface of a concrete column, after
40 years. The surface chloride evolution and diffusivity assume the
same conditions as those of Figure 4. A nominal thickness of 5 mm
was reserved for the sealing membrane. 𝑅 = 0.4 m. 𝑤/𝑐 = 0.4.

after a sealer was applied at the outer surface (Figure 6).
The crossovers among the 10 curves around 𝑟 = 0.32 m
confirm the above argument that the chloride concentration
in the core region still increases with exposure time. When,
in terms of the CTL depth, a direct comparison between
Figures 5 and 7(a) suggests that the sealer application at
the outer surface results in only marginal improvement on
concrete durability. As can be seen from Figure 8, the CTL
depths due to an unsealed and sealed column differ from
each other only after 25 years after the sealer application.
Even after 60 years of the seal application, the relative
improvement in CTL depth is less than 9% (0.157 m versus
0.172 m). The chloride concentration at the minimum cover
depth (𝑟 = 0.32 m), however, shows a better improvement
(Figure 8). This improvement, unfortunately, does not help
much on reducing the CTL depth as reflected in Figures 5
and 7(a). The reason can be attributed to the large amount of
entrapped chloride content and Neumann boundary conditions enforced at both ends of the radial interval.
To further investigate the impact of sealer application
location, Figure 9 reports the chloride profile due to a sealer
that was applied at the minimum concrete cover depth (𝑟 =
0.32 m). The rest of simulation conditions remain the same
as those of Figure 6. Due to the fact that most of the chloride
accumulations are confined to the near-surface region, the
chloride concentration inside the sealer rapidly evolves below
the CTL and stays at a low level. The redistribution of
chloride concentration in the core concrete follows a similar
pattern as that of Figure 6. The overall magnitude of chloride
concentrations, however, is much lower than those of a sealer
applied at the outer surface. The sealer application location
strongly affects the amount of chloride anions that will be
entrapped inside the sealer. These anions are the source of the
subsequent redistribution.
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Figure 7: The spatial distribution of chloride concentration for 10
exposure scales, extracted from (a) Figure 6 and (b) Figure 9. Also
plotted in each of the two figures is the CTL (1.2 kg/m3 ) required for
corrosion initiation.

As one cost to apply the sealer at a certain concrete depth,
the concrete cover replacement was severely susceptible to
chloride penetration. This is due to the shutdown of the
penetration passage toward the interior of the concrete
column. As a result, chloride anions accumulate at a much
faster rate in the concrete cover replacement than in the
unsealed concrete columns. Figure 7(b) shows the spatial
distribution of chloride concentrations in both the concrete
cover replacement and the core structure for 10 temporal
scales after the sealer application. Neumann boundary conditions were enforced at both ends of the sealer. It is important
to note that, in less than 10 years after the sealer application,
the chloride concentration anywhere in the sealed region
evolves below the CTL.
Recall that the sealer application in Figure 9 was performed after 40 years of exposure to chloride environment.
For a sealer applied at the minimum cover depth, less than 10
years was required to redistribute the chloride concentration
below the CTL (Figure 10). Should a sealer application be
applied earlier, even less recovering years are required. In the
most ideal scenario, a sealer application should be performed
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Figure 10: Time taken to redistribute chloride concentrations inside
a sealer to be less than or equal to the CTL (1.2 kg/m3 ). For all
samples, the sealer application was applied at the minimum cover
depth (80 mm). 𝑅 = 0.4 m.
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We analyzed the axially symmetric diffusion problem in a
circular domain by developing and implementing a CrankNicolson based finite difference scheme. Particularly, sealer
applications were explored as an ideal and somewhat naive
protection means for preventing chloride anions from further
penetrating in a salt-polluted concrete structure. A few
conclusions can be drawn:

100

Figure 9: The evolution of chloride concentration under the same
simulation condition as that of Figure 6, except that the sealer was
applied at the minimum cover depth (80 mm). The sealer application
is instantaneously followed by a concrete cover replacement.

when the CTL depth is right about to reach the sealing
location (23 and 1/2 years). Sealers applied later than this
limit cost more and more years to recover. As can be seen
from Figure 10, the functional relationship is nonlinear. For
lower quality concrete, for example, 𝑤/𝑐 = 0.5, the situation
becomes even worse. If the same recovering time is needed, a
sealer application must be performed at least 10 years earlier
(Figure 10).

(i) In the framework of Fick’s laws, chloride diffusion in a
(two-dimensional) circular domain is a deterministic
process that is governed by the surface concentration
model, diffusivity, and initial chloride distribution.
(ii) The significance of size dependency is an inverse
function of column radius. For concrete columns
large enough (𝑟 ≥ 1 m), the present solution for a
circular domain, as expected, converges to its onedimensional counterpart.
(iii) An ideal sealer prevents corrosive chlorides from
penetrating toward the reinforcements of a concrete
structure. Inside the sealer, the amount of chlorides
that are available for redistribution is a strong function of the sealer application timing and depth.
(iv) In all cases, a sealer application is advised to be
performed early and as close to the outermost reinforcements as possible.
Despite the completeness of this work in the context of
an ideal sealer application, future work should attempt to
address the following: (1) the incorporation of practical sealers, membranes, and coatings; (2) chloride diffusions across
a practical sealer; and (3) the influence of reinforcements on
chloride diffusion.
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Appendices

B. Numerical Solution for a Circular Domain
with Sealer Application

A. Numerical Solution for an Unsealed
Circular Domain
For an unsealed circular concrete, the proposed finite difference scheme can eventually be reduced to the following
system of linear equations:
𝐶1,𝑗
𝑏1 𝑐1
}
{
}
{
}
]{
[
}
{
𝐶
}
{
2,𝑗
]{
[𝑎2 𝑏2 𝑐2
}
}
{
]{
[
}
}
{
]
[
.
d
] { .. }
[
}
]{
[
}
{
}
[
{
}
𝑎𝑀−1 𝑏𝑀−1 𝑐𝑀−1 ]
}
]{
[
{
𝐶
}
{
𝑀−1,𝑗
}
{
}
{
𝑎
𝑏
[
𝑀
𝑀 ] { 𝐶𝑀,𝑗 }
𝑓1

𝑏𝑝1
(A.1)

𝑓𝑝1 =

(B.1)

𝜏
𝜏
𝐷
𝐶
+ (1 − 2 𝐷𝑗−1/2 ) 𝐶𝑝1,𝑗−1 .
ℎ2 𝑗−1/2 𝑝1−1,𝑗−1
ℎ

On the other hand, if the node lies on the inner boundary
of a spatial interval, that is, (𝑝2 − 1)ℎ ≤ 𝑟 ≤ (𝑀 − 1)ℎ, only
the parameters participating in the first equation of the new
system need to be modified:
𝜏
𝐷
,
ℎ2 𝑗−1/2
𝜏
= − 2 𝐷𝑗−1/2 ,
ℎ

𝑏𝑝2 = 1 +

where

𝑐𝑝2

1 𝜏
𝑏1 = + 2 𝐷𝑗−1/2 ,
2 ℎ
𝜏
𝑐1 = − 2 𝐷𝑗−1/2 ;
ℎ
𝜏
𝑎𝑖 = − 2 𝐷𝑗−1/2 ,
2ℎ

𝑓𝑝2 = (1 −

𝑖 = 2, . . . , 𝑀;

(B.2)

𝜏
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𝐷
)𝐶
+ 𝐷
𝐶
.
ℎ2 𝑗−1/2 𝑝2,𝑗−1 ℎ2 𝑗−1/2 𝑝2+1,𝑗−1

The remaining (𝑀 − 𝑝2 ) equations are identical to the last
(𝑀 − 𝑝2 ) equations of (A.1). These two new systems of linear
equations can be independently resolved by using the same
solution strategy as that of (A.1).

𝜏
1
(1 +
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𝑏𝑖 = 1 +

We may apply Neumann boundary condition at an arbitrary
internal node 𝑝 whose spatial coordinate is 𝑟 = (𝑝 − 1)ℎ. If
this node is the outer boundary of a spatial interval, that is,
0 ≤ 𝑟 ≤ (𝑝1 − 1)ℎ, the number of equations reduces from 𝑀
in (A.1) to 𝑝1 . In the new system of linear equations, the first
(𝑝1 − 1) equations are identical to those of (A.1). However, the
three parameters involving the last equation must be revised
to reflect Neumann boundary condition:

Conflict of Interests
(A.2)

1 𝜏
𝜏
𝑓1 = ( − 2 𝐷𝑗−1/2 ) 𝐶1,𝑗−1 + 2 𝐷𝑗−1/2 𝐶2,𝑗−1 ,
2 ℎ
ℎ
𝑓𝑖 = − 𝑎𝑖 𝐶𝑖−1,𝑗−1 + (2 − 𝑏𝑖 ) 𝐶𝑖,𝑗−1 − 𝑐𝑖 𝐶𝑖+1,𝑗−1 ,
𝑖 = 2, . . . , 𝑀 − 1,
𝑓𝑀 = − 𝑎𝑀𝐶𝑀−1,𝑗−1 + (2 − 𝑏𝑀) 𝐶𝑀,𝑗−1 − 𝑐𝑀𝐶𝑀+1,𝑗−1
− 𝑐𝑀𝐶𝑀+1,𝑗 .
The solution procedure to a system of linear equations
should be standard in a textbook focusing on numerical
analysis. Since only three diagonal lines of the matrix are
nonzero in the present case, we decomposed this matrix into
the product of a lower and an upper triangular matrix. For
each of them, only two diagonal lines are nontrivia. The
solution can therefore be derived by simple forward and
backward substitutions.
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In recent years, the sandwich bridge decks with GFRP face sheets and light weight material core have been widely used in the world
due to their advantages of low cost, high strength to weight ratios, and corrosion resisting. However, as the bridge decks, most of
them are used in foot bridges rather than highway bridges because the ultimate bending strength and initial bending stiffness are
relatively low. To address this issue and expand the scope of use, a simple and innovative sandwich bridge deck with GFRP face
sheets and a foam-web core, manufactured by vacuum assisted resin infusion process, is developed. An experimental study was
carried out to validate the effectiveness of this panel for increasing the ultimate bending strength and initial bending stiffness under
two-way bending. The effects of face sheet thickness, foam density, web thickness, and web spacing on displacement ductility and
energy dissipation were also investigated. Test results showed that, compared to the normal foam-core sandwich decks, an average
approximately 657.1% increase in the ultimate bending strength can be achieved. Furthermore, the bending stiffness, displacement
ductility, and energy dissipation can be enhanced by increasing web thickness, web height, and face sheet thickness or decreasing
web spacing.

1. Introduction
In recent years, composite sandwich decks have been used
increasingly in the bridge engineering due to their advantages
of low cost, high strength to weight ratios, and corrosion
resisting. In sandwich decks, low density materials, such as
polyurethane foam, paulownia wood, and honeycombs, have
been usually employed to be the cores, which are combined
with high stiffness face sheets to resist applied loads. The
composite face sheets provide major contribution to the
bending stiffness while the core provides the major shear
stiffness of sandwich decks.
A great number of experimental and analytical studies
of sandwich bridge decks with composite face sheets and
a foam core under bending have been conducted in the
past twenty years. Sharaf et al. [1] tested sandwich wall
panels with GFRP face sheets and a foam core under fourpoint bending. The test results indicated that a higher foam
density can generate a larger ultimate bending strength and
stiffness. Meanwhile, the horizontal slip was affected by foam
core toughness. However, the horizontal slip between face

sheet and foam core can accelerate the occurrence of interfacial delamination. Romanoff and Varsta [2, 3] proposed
an analytical model based on the plane frame analysis to
predict the bending strength of a web-core sandwich beams
and panels. The Clebsch’s method was adopted to calculate
the deformation of face sheets. Compared to the existing
homogenized beam analysis method, the proposed model
can achieved more accuracy results. Russo and Zuccarello
[4] carried out three-point bending, four-point bending,
shear, and flatwise compressive and tensile tests of sandwich
decks with PVC foam and polyester mat cores. The test
results showed that the ultimate bending strength of decks
depended on the failure mode. A numerical model was also
established to study the influences of transverse stress on
failure modes. In other words, the local buckling failure
and delamination failure restrict the practical application
of the proposed sandwich decks. Steeves and Fleck [5, 6]
conducted the experimental and analytical investigations on
the collapse mechanisms for simply supported sandwich
beams with GFRP face sheets and a PVC foam core loaded
in three-point bending. The test results demonstrated that
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failure mode was determined by the beam geometry and the
density of the foam core. But the ultimate bending strength
and initial stiffness of sandwich panels are small because
there are no lattice web or fiber insertions to improve the
stiffness of core. Tagarielli et al. [7] investigated the collapse
modes of sandwich beams with clamped and simple supports
under three-point bending. The results demonstrated that
the simply supported beams exhibit a softening postyield
response, while the clamped beams perform a hardening
behavior due to membrane stretching of the face sheets.
Reis [8] and Reis and Rizkalla [9] developed a new type
of panels that consisted of GFRP face sheets, foam cores,
and through-thickness GFRP insertions. The delamination
between GFRP face sheets and core did not occur due
to the use of the fiber insertions. Meanwhile, the flatwise
compressive strength of proposed panels can be improved
sharply. The strength was mainly affected by fiber insertion
density, face sheets thickness, and panel height. However, this
kind of sandwich decks is used as the foot bridge deck since
the ultimate bending strength and initial bending stiffness
of sandwich decks are relatively small, which did not satisfy
the design requirements of highway bridges. Zi et al. [10]
carried out a bending test to study the performance of
a polyurethane foam-filled GFRP bridge deck. The GFRP
bridge decks with rectangular holes were manufactured by
pultrusion process. The results showed that the bending
strength and stiffness were improved significantly compared
to the control decks, in which the holes were not filled with
foams. In order to avoid the web-flange joint failure, Zi et
al. [11] developed the construction of the web-flange joints
during the pultrusion process, in which the fibers of the lattice
web were extended to half width of the flanges. Thus, the
failure mode was determined by the adhesive strength of
interface. Nevertheless, the size of this kind of bridge deck can
be restricted due to the use of the pultrusion process. In the
meantime, the pultrusion process is not allowed to arrange
the GFRP webs in the two directions.
Furthermore, besides the shortcomings summarized in
the above literature review, almost all of existing studies
focused on investigating the behavior of sandwich panels
loaded under one-way bending rather than two-way bending;
hence the effects of concentrated loading on the mechanical
performance were ignored.
Dawood et al. [12] studied the performance of 3D GFRP
sandwich decks with fiber insertions loaded in two-way
bending. The results demonstrated that the performance of
the decks was governed by the deck height and the shear
stiffness of the core. The main failure mode of the decks
was local buckling of the deck at the support positions. The
influences of face sheet thickness, fiber insertion density, deck
height, and aspect ratio on the bending performance of the
decks were also investigated. However, the bottom face sheet
of deck cannot bring into full play the tensile resistant to the
applied loads because of the presence of local buckling effects.
In order to address the mentioned issues, a kind of sandwich bridge deck with GFRP face sheets and foam-web core
(GFFW deck), manufactured through vacuum assisted resin
infusion process, was developed, as shown in Figure 1. The
detailed manufacture procedure, axial compression tests, and
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one-way bending tests were introduced in our companion
papers [13–15]. The test results indicated that, compared to
normal sandwich decks, the ultimate bending strength and
initial bending stiffness of GFFW decks loaded in four-point
bending were enhanced significantly due to the presence of
GFRP web. Moreover, this kind of sandwich bridge decks
has been applied in some projects, as shown in Figure 2.
Figure 2(a) shows a truss bridge with GFFW bridge decks
in Shanghai harbor, which allowed the fork lift trucks on
the bridge; and Figure 2(b) shows that the GFFW bridge
decks were paved on the muddy road as the backing board.
In order to thoroughly understand the mechanical behavior
of GFFW decks, there is a need to investigate the bending
behavior of GFFW decks through experimental evaluation,
which is the motivation of this investigation. In this paper,
to simulate the two-way bending effects on a deck by a
single vehicle tie, the two-way bending test was conducted to
study the ultimate bending strength, initial bending stiffness,
displacement ductility, and failure modes of the GFFW decks.

2. Experimental Program
2.1. Description of Test Specimens and Parameters. In this
study, all decks were manufactured by means of vacuum
assisted resin infusion process in the Advanced Composite Structures Research Center at Nanjing Tech University.
Table 1 shows a summary of the test matrix and designed
dimension of decks. Fourteen specimens, involving two
control decks (CON60 and CON100) and twelve GFFW
decks, were subjected to concentrated load. All decks have
identical length (𝑙) and width (𝑤), which were equal to
1000 mm. The other specimens were strengthened by GFRP
webs with varying face sheet thickness (𝑡𝑠 ), foam density (𝜌),
web thickness (𝑡𝑤 ), and web spacing (𝑠):
(1) Foam density with either 40 kg/m3 , 60 kg/m3 , or
100 kg/m3 , designated as P4, P6, and P1, respectively.
(2) Decks with either 75 mm or 125 mm web spacing,
designated as S7 and S1, respectively.
(3) Webs with either 1.6 mm or 3.2 mm thickness, designated as W1 and W3, respectively.
(4) Face sheets with either 1.6 mm or 3.2 mm thickness,
designated as T1 and T3, respectively.
2.2. Material Properties. The composite face sheets were
fabricated using E-glass mat and HS-2101-G100 unsaturated
polyester resin. The tensile and compressive tests were conducted by the authors in accordance with ASTM D3039/D
3039 M-08 [16] and ASTM D695-10 [17], respectively. The
average tensile strength and tensile modulus were 52.7 MPa
and 4.9 GPa, respectively. The average compressive strength
and compressive modulus were 313.7 MPa and 21.7 GPa,
respectively. Table 2 lists the material properties of the GFRP
face sheets.
The PU foams with three different densities (40 kg/m3 ,
60 kg/m3 , and 100 kg/m3 ) were employed in this study. For
each of PU foams, total twelve cubic foam core coupons
of 50 mm thick were tested by the authors in compression
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GFRP face sheet

GFRP web

Foam

Figure 1: The sandwich bridge deck with GFRP face sheets and a foam-web core.

(a)

(b)

Figure 2: Practical applications of GFFW decks: (a) a truss bridge with GFFW decks and (b) GFFW bridge decks used as the backing board.

Table 1: Details of specimens.
Specimen

𝑙
(mm)

𝑑
(mm)

𝜌
(kg/m3 )

𝑠
(mm)

𝑡𝑤
(mm)

𝑡𝑠
(mm)

CON60
CON100
P4S7W1T3
P6S7W1T3
P1S7W1T3
P6S7W1T1
P6S7W1T4
P6S7W3T3
P4S1W1T3
P6S1W1T3
P1S1W1T3
P1S1W1T1
P1S1W1T4
P6S1W4T3

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

60
60
40
60
100
60
60
60
40
60
100
100
100
60

—
—
75
75
75
75
75
75
125
125
125
125
125
125

—
—
1.6
1.6
1.6
1.6
1.6
3.2
1.6
1.6
1.6
1.6
1.6
4.8

3.2
3.2
3.2
3.2
3.2
1.6
4.8
3.2
3.2
3.2
3.2
1.6
4.8
3.2

Table 2: Material properties of GFRP face sheet.

based on ASTM C365-03 [18] and in shear based on ASTM
C273/273M-07 [19], using six cubic foam core coupons
for each case. Table 3 summarized the measured material
properties of foams.
2.3. Test Setup and Instrumentation. The tests were conducted in the Structural Engineering Laboratory at Nanjing
Tech University. The decks were supported around all four
edges by a stiff steel support which was welded by four
steel channels, as shown in Figure 3. A concentrated load
was applied using a 500 kN hydraulic actuator acting on a
100 mm × 100 mm square area at the center of the decks. A 3
mm thick steel shim and a 2 mm thick neoprene pad with 100
mm length and 100 mm width were placed between actuator
and loading area. The load was applied in displacement
control at a rate of 2 mm/min.
To measure the bending deflections of the tested deck,
five linear variable displacement transducers (LVDTs) with a
stroke of 100 mm were installed. The arrangement of LVDTs
was shown in Figure 4(a). In the meantime, for each deck, five
electric resistance strain gauges were pasted on the bottom
face sheet to analysis the strain distribution, as shown in
Figure 4(b). Moreover, the readings of strain gauges were also
used to identify the failure mode of decks.

Face sheets
Compressive strength (MPa)

52.7

Compressive modulus (GPa)
Tensile strength (MPa)
Tensile modulus (GPa)

4.9
313.7
21.1

3. Experimental Results and Discussion
The test results, involving the observed failure modes, yield
bending strength (𝑃𝑦 ), ultimate bending strength (𝑃𝑢 ), yield
midspan deflection (Δ 𝑦 ), ultimate midspan deflection (Δ 𝑢 ),

4
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Loading cell

Neoprene pad

Steel channel
Support

Panel
750

125

125

Figure 3: Test setup.

LVDT
250

125

125

260

250

80

80

80

80

80

80

260

Strain gauge
(b)

(a)

Figure 4: Instrumentation of Specimen P6S7W1T3: (a) LVDT and (b) strain gauge arrangements.

Table 3: Material properties of foam.
Foam
40 kg/m3
Compressive strength (MPa)
0.4
Compressive modulus (MPa)
5.5
Shear strength (MPa)
0.4
Shear modulus (GPa)
51.2

60 kg/m3
0.7
9.2
0.6
66.2

100 kg/m3
1.3
14.5
0.9
81.9

initial bending stiffness (𝐾𝑒 ), displacement ductility factor
(𝜂), and energy dissipation factor (𝜇), are presented in
Table 4.
3.1. Failure Mode. According to the readings of the strain
gauges attached to the face sheets, the failure modes of all
specimens can be categorised as two types: (1) delamination failure, which occurred in control decks, as shown in
Figure 5(a); (2) top face sheet compressive failure, which
occurred in GFFW decks, as shown in Figure 5(b). For the
first failure mode, when the shear stress in the interface

between face sheet and foam core was larger than adhesive
shear stress, the delamination phenomenon can be observed.
While for the GFFW decks, the delamination failure did
not occur because the webs can improve adhesive strength
between face sheets and foam cores. For the second failure
mode, because the GFRP webs can provide the displacement
and rotation restricts for the face sheets, based on the classic
elastic stability theory, the calculated critical buckling stress
of face sheet is larger than yield stress. Hence, the local
buckling failure did not occur. For all GFFW decks, the
foam core shear failure and indentation failure did not occur,
because the webs can provide resistance to the shear force and
meanwhile improve the bending stiffness of GFFW decks.
3.2. Ultimate Bending Strength. Compared with the control
decks, the GFFW decks show various degrees of strengthening, which are summarized in Table 4. Compared to
Specimens CON60 (𝜌 = 60 kg/m3 ), the ultimate bending
strength of Specimens P6S7W1T3 and P6S7W3T3 increased
by 351.1% and 657.1%, respectively. Compared to Specimen
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Table 4: Two-way bending test results.
Specimen
CON60
CON100
P4S7W1T3
P6S7W1T3
P1S7W1T3
P6S7W1T1
P6S7W1T4
P6S7W3T3
P4S1W1T3
P6S1W1T3
P1S1W1T3
P1S1W1T1
P1S1W1T4
P6S1W4T3

𝑃𝑦
(kN)
18.2
32.1
34.6
79.6
88.5
31.8
111.2
130.1
37.2
58.2
71.4
32.3
102.3
105.7

𝑃𝑢
(kN)
18.2
32.1
53.2
82.1
108.4
38.9
144.2
137.8
48.5
63.6
86.7
40.9
130.9
126.9

Δ𝑦
(mm)
16.49
20.43
14.2
17.5
12.3
14.5
18.9
10.2
16.7
15.9
13.9
17.5
9.78
11.2

Δ𝑢
(mm)
16.49
20.43
40.9
32.5
21.4
32.1
28.2
15.7
33.2
28.1
23.1
31.9
14.3
16.5

𝐾𝑒
(kN/mm)
1.10
1.57
2.44
4.55
7.20
2.19
5.88
12.75
2.23
3.66
5.14
1.85
10.46
9.44

𝜂
1.00
1.00
2.88
1.86
1.74
2.21
1.49
1.54
1.99
1.77
1.66
1.82
1.46
1.47

𝐸𝑦
(kN∗mm)
150.1
327.9
245.7
696.5
544.3
230.6
1050.8
663.5
310.6
462.7
496.2
282.6
500.3
591.9

𝐸𝑢
(kN∗mm)
150.1
327.9
1417.8
1909.3
1440.2
852.7
2238.5
1400.2
1017.7
1205.7
1223.5
809.7
1027.3
1208.3

𝜇

Failure mode

1.00
1.00
5.77
2.74
2.65
3.70
2.13
2.11
3.28
2.61
2.47
2.86
2.05
2.04

D
D
C
C
C
C
C
C
C
C
C
C
C
C

Note: “D” is delamination failure and “C” is top face sheet compressive failure.

(a)

(b)

Figure 5: Failure modes (a) delamination of Specimen CON60 and (b) face sheet rupture of Specimen P6S7W1T1.

CON100 (𝜌 = 100 kg/m3 ), the ultimate bending strength of
Specimens P1S7W1T3 and P1S1W1T3 increased by 237.7% and
170.1%, respectively. Hence, it is evident that the improvement
in ultimate bending strength of GFFW decks is significantly
due to the presence of GFRP webs.
Figures 6(a) and 6(b) show the influence of face sheet
thickness (𝑡𝑠 ) on the ultimate bending strength of GFFW
decks. As shown in Figure 6(a), under the same foam density
(𝜌 = 60 kg/m3 ), web spacing (𝑠 = 75 mm), and web thickness
(𝑡𝑤 = 1.6 mm), when the face sheet thickness was 1.6 mm, the
ultimate bending strength of Specimen P6S7W1T1 was the
smallest, which was equal to 38.9 kN. While the face sheet
thickness increased to 4.8 mm, the ultimate bending strength
of Specimen P6S7W1T4 was the largest, which increased
by 270.7% compared to that of Specimen P6S7W1T1. As
shown in Figure 6(b), under the same foam density (𝜌 =
100 kg/m3 ), web spacing (𝑠 = 125 mm), and web thickness
(𝑡𝑤 = 1.6 mm), when the face sheet thickness was 1.6 mm,
the ultimate bending strength of Specimen P1S1W1T1 was the
smallest, which was equal to 40.9 kN. While the face sheet

thickness increased to 4.8 mm, the ultimate bending strength
of Specimen P1S1W1T4 was the largest, which increased by
220.0% compared to that of Specimen P1S1W1T1.
Figures 7(a) and 7(b) show the influence of foam density (𝜌) on the ultimate bending strength of GFFW decks.
Compared to specimens P4S7W1T3 (𝑡𝑠 = 3.2 mm, 𝑠 = 75 mm,
and 𝑡𝑤 = 1.6 mm) and P4S1W1T3 (𝑡𝑠 = 3.2 mm, 𝑠 = 125 mm,
and 𝑡𝑤 = 1.6 mm) with 40 kg/m3 foam density, the ultimate
bending strength of specimens P6S7W1T3 (𝑡𝑠 = 1.6 mm,
𝑠 = 75 mm, and 𝑡𝑤 = 1.6 mm) and P6S1W1T3 (𝑡𝑠 = 1.6 mm,
𝑠 = 75 mm, and 𝑡𝑤 = 1.6 mm) with 60 kg/m3 foam density
increased by 54.3% and 103.8%, respectively, and the ultimate
bending strength of specimens P1S7W1T3 (𝑡𝑠 = 1.6 mm,
𝑠 = 75 mm, and 𝑡𝑤 = 1.6 mm) and P1S1W1T3 (𝑡𝑠 = 1.6 mm,
𝑠 = 75 mm, and 𝑡𝑤 = 1.6 mm) with 100 kg/m3 foam density
increased by 31.1% and 78.8%, respectively.
Figures 8(a) and 8(b) show the influence of web thickness
(𝑡𝑤 ) on the ultimate bending strength of GFFW decks.
Compared to Specimen P6S7W1T3 (𝑡𝑠 = 3.2 mm, 𝑠 = 75 mm,
and 𝜌 = 60 kg/m3 ) with 1.6 mm thick web thickness,
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Figure 6: The influence of face sheet thickness: (a) 𝑡𝑤 = 1.6 mm, 𝑠 = 75 mm, and 𝜌 = 60 kg/m3 and (b) 𝑡𝑤 = 1.6 mm, 𝑠 = 125 mm, and 𝜌 =
100 kg/m3 .
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Figure 7: The influence of foam density: (a) 𝑡𝑠 = 3.2 mm, 𝑠 = 75 mm, and 𝑡𝑤 = 1.6 mm and (b) 𝑡𝑠 = 3.2 mm, 𝑠 = 125 mm, and 𝑡𝑤 = 1.6 mm.

the ultimate bending strength of Specimen P6S7W3T3 with
3.2 mm web thickness increased by 67.8%. Compared to
Specimen P6S1W1T3 (𝑡𝑠 = 3.2 mm, 𝑠 = 125 mm, and 𝜌 =
60 kg/m3 ) with 1.6 mm thick web thickness, the ultimate
bending strength of Specimen P6S1W4T3 with 4.8 mm web
thickness increased by 99.5%.
Figures 9(a) and 9(b) show the influence of web spacing
(𝑠) on the ultimate bending strength of GFFW decks. Under
the conditions of 𝑡𝑠 = 3.2 mm, 𝑡𝑤 = 1.6 mm, and 𝜌 = 60 kg/m3 ,
the ultimate bending strength of Specimen P6S7W1T3

(𝑠 = 75 mm) was 83.3 kN, which was 29.1% larger than that
of Specimen P6S1W1T3 (𝑠 = 125 mm). Under the conditions
of 𝑡𝑠 = 3.2 mm, 𝑡𝑤 = 1.6 mm, and 𝜌 = 100 kg/m3 , the ultimate
bending strength of Specimen P1S7W1T3 (𝑠 = 75 mm) was
83.3 kN, which was 25.0% larger than that of Specimen
P1S1W1T3 (𝑠 = 125 mm).
Hence, a larger face sheet thickness, foam density, and
web thickness can lead to a higher ultimate bending strength
of the GFFW decks, while a larger web spacing can lead to a
lower ultimate bending strength of the GFFW decks.
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3.3. Initial Bending Stiffness. The initial bending stiffness of a
deck (𝐾𝑒 ) is determined by
𝐾𝑒 =

𝑃𝑦
Δ𝑦

,

(1)

where 𝑃𝑦 and Δ 𝑦 are the yield strength of a deck and
corresponding yield deflection, respectively (see Figure 10).
Figure 11(a) shows the influences of GFRP face sheet
thickness on the initial bending stiffness of GFFW decks.
Compared to Specimen P6S7W1T1 (𝐾𝑒 = 2.19 kN/mm) with

1.6 mm face sheet thickness, 𝐾𝑒 of Specimens P6S7W1T3 (𝑡𝑠 =
3.2 mm) and P6S7W1T4 (𝑡𝑠 = 4.8 mm) increased by 107.7%
and 168.7%, respectively. Compared to Specimen P1S1W1T1
(𝐾𝑒 = 1.85 kN/mm) with 1.6 mm face sheet thickness, 𝐾𝑒
of Specimens P1S1W1T3 (𝑡𝑠 = 3.2 mm) and P1S1W1T4 (𝑡𝑠 =
4.8 mm) increased by 97.9% and 465.4%, respectively. Thus,
using thicker GFRP face sheet can improve the initial bending
stiffness of decks significantly.
Figure 11(b) shows the influences of foam density on
the initial bending stiffness of GFFW decks. Compared to
Specimen P4S7W1T3 (𝐾𝑒 = 2.44 kN/mm) with 40 kg/m3
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3.4. Improvements in Displacement Ductility. The displacement ductility factor (𝜂) is adopted to evaluate the ductility
performance of the specimens, which is given by
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Δ
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Figure 10: The idealised load-midspan deflection curve.

foam density, 𝐾𝑒 of Specimens P6S7W1T3 (𝜌 = 60 kg/m3 )
and P1S7W1T3 (𝜌 = 100 kg/m3 ) were 4.55 kN/mm and
7.20 kN/mm, respectively, which were 86.4% and 194.9%
greater than that of Specimen P4S7W1T3. Compared to
Specimen P4S1W1T3 (𝐾𝑒 = 2.23 kN/mm) with 40 kg/m3
foam density, 𝐾𝑒 of Specimens P6S1W1T3 (𝜌 = 60 kg/m3 )
and P1S1W1T3 (𝜌 = 100 kg/m3 ) were 3.66 kN/mm and
5.14 kN/mm, respectively, which were 64.1% and 130.3%
greater than that of Specimen P4S7W1T3. The foam with
larger density also behaves stiffer. Therefore, a larger foam
density can generate a larger bending stiffness.
Figure 11(c) shows the influences of web thickness on the
initial bending stiffness of GFFW decks. Compared to specimens P6S7W1T3 (𝑡𝑠 = 3.2 mm, 𝑠 = 75 mm, and 𝜌 = 60 kg/m3 )
and P6S1W1T3 (𝑡𝑠 = 3.2 mm, 𝑠 = 125 mm, and 𝜌 = 60 kg/m3 )
with 1.6 mm web thickness, 𝐾𝑒 of specimens P6S7W3T3
with 3.2 mm web thickness and P6S1W4T3 with 4.8 mm
web thickness increased by 180.4% and 157.8%, respectively,
which were equal to 12.75 kN/mm and 9.44 kN/mm. Because
increasing the web thickness can result in a larger ratio of the
volume of web to foam, which can increase the equivalent
Young’s modulus according to (3), a larger ultimate bending
strength of GFFW deck can be achieved.
Figure 11(d) shows the influences of web spacing on the
initial bending stiffness of GFFW decks. For Specimens
P6S7W1T3 and P1S7W1T3 with 75 mm web spacing, 1.6 mm
web thickness, 3.2 mm face sheet thickness, and 60 kg/m3
foam density, 𝐾𝑒 of them were 4.55 kN/mm and 7.20 kN/mm,
respectively, which were 24.3% and 40.1% greater than those
of Specimens P6S1W1T3 and P1S1W1T3 with 125 mm web
spacing, 1.6 mm web thickness, 3.2 mm face sheet thickness,
and 60 kg/m3 foam density. Decreasing web spacing can
increase the ratio of the volume of web to foam, which was
the same as the thicker webs. Hence, the equivalent Young’s
modulus can be improved. Furthermore, the larger ratio of
the volume of web to foam can enhance the shear capacity and
face sheet/core adhesive strength of panels. Therefore, smaller
web spacing leads to a higher ultimate bending strength.

Δ𝑢
,
Δ𝑦

(2)

where Δ 𝑢 is the ultimate deflection corresponding to the
ultimate bending strength (see Figure 12).
As summarized in Table 4, the displacement ductility
factors range from 1.0 (for control specimens) to 2.88 (for
Specimen P4S7W1T3). As shown in Figure 12(a), compared
to Specimens P6S7W1T1 (𝜂 = 2.21) and P1S1W1T1 (𝜂 = 1.82)
with 1.6 mm face sheet thickness, 𝜂 of Specimens P6S7W1T3
(𝜂 = 1.86) and P1S1W1T3 (𝜂 = 1.66) with 3.2 mm face sheet
thickness decreased by 18.8% and 9.6%, respectively; 𝜂 of
Specimens P6S7W1T4 (𝜂 = 1.49) and P1S1W1T4 (𝜂 = 1.46)
with 4.8 mm face sheet thickness decreased by 48.3% and
24.7%, respectively. Hence, using thinner GFRP face sheet
can effectively improve the displacement ductility of GFFW
decks.
In terms of the influence of foam density on the displacement ductility (see Figure 12(b)), compared to Specimen P1S7W1T3 (𝜂 = 1.46) with 100 kg/m3 foam density, 𝜂
of Specimens P4S7W1T3 with 40 kg/m3 foam density and
P6S7W1T3 with 60 kg/m3 foam density increased by 65.5%
and 6.7%, respectively, which were equal to 2.88 and 1.86.
Compared to Specimen P1S1W1T3 (𝜂 = 1.66) with 100 kg/m3
foam density, 𝜂 of Specimens P4S1W1T3 with 40 kg/m3 foam
density and P6S1W1T3 with 60 kg/m3 foam density increased
by 19.8% and 6.5%, respectively, which were equal to 1.99 and
1.77. Therefore, the displacement ductility factor can become
smaller with the increase in the foam density.
As shown in Figure 12(c), using thicker web 𝑡𝑤 = 3.2 mm
for strengthening Specimen P6S7W3T3 and 𝑡𝑤 = 4.8 mm for
strengthening Specimen P6S1W4T3 instead of thinner web
(𝑡𝑤 = 1.6 mm) for Specimens P6S7W1T3 and P6S7W1T3, 𝜂 of
P6S7W3T3 and P6S1W4T3 were almost 85% when compared
with their counterpart. Hence, the thinner web can result in
better ductility of decks. For the influence of web spacing
on the displacement ductility (see Figure 12(d)), compared
to Specimens P6S7W1T3 and P1S7W1T3 (𝑠 = 75 mm), 𝜂
of Specimens P6S1W1T3 and P1S1W1T3 with 125 mm web
spacing decreased by 4.8% and 4.5%, respectively. Thus, the
displacement ductility of GFFW decks can be affected by web
spacing slightly.
3.5. Energy Dissipation. The energy ductility coefficient (𝜇)
was much more reasonable to evaluate the postyield deformation of the decks [14], which can be expressed as
𝜇=

𝐸𝑢
,
𝐸𝑦

(3)

where the yield energy 𝐸𝑦 is the triangular area under the
load-midspan deflection curve and the ultimate energy 𝐸𝑢 is
the total area under the load-midspan deflection curve (see
Figure 10).
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Figure 11: Initial bending stiffness: (a) the influence of face sheet thickness, (b) the influence of foam density, (c) the influence of web thickness,
and (d) the influence of web thickness.

As summarized in Table 4, the energy ductility coefficients of control specimens are the smallest, which were
nearly equal to 1.0. Figure 13(a) shows the influence of face
sheet thickness on the energy ductility coefficient of decks.
Comparison of the values of 𝜇 of Specimens P6S7W1T1,
P6S7W1T3, and P6S7W1T4 indicates that increasing the skin
thickness from 1.6 mm to 4.8 mm decreased the energy ductility coefficient of the deck by 25.9% and 42.4% relative to 𝜇 of
Specimen P6S7W1T1. Similarly, comparison of the values of
𝜇 of Specimens P1S1W1T1, P1S1W1T3, and P1S1W1T4 shows
that increasing the skin thickness from 1.6 mm to 4.8 mm
decreased the energy ductility coefficient of the deck by 13.8%
and 28.2% relative to 𝜇 of Specimen P1S1W1T1. Figure 13(b)
shows the influence of foam density on the energy ductility
coefficient of decks. Compared to Specimen P1S7W1T3 (𝜇 =
2.65) with 100 kg/m3 foam density, 𝜇 of Specimens P4S7W1T3
with 40 kg/m3 foam density and P6S7W1T3 with 60 kg/m3
foam density were equal to 5.77 and 2.74, which increased

by 117.8% and 3.4%, respectively. Compared to Specimen
P1S1W1T3 (𝜇 = 2.47) with 100 kg/m3 foam density, 𝜇 of Specimens P4S1W1T3 with 40 kg/m3 foam density and P6S1W1T3
with 60 kg/m3 foam density were equal to 3.28 and 2.61,
which increased by 32.6% and 5.5%, respectively. Turning
to the influence of web thickness on the energy ductility
coefficients, as shown in Figure 13(c), compared to Specimens
P6S7W1T3 (𝜇 = 2.74) and P6S1W1T3 (𝜇 = 2.61) with 1.6 mm
web thickness, 𝜇 of Specimens P6S7W3T3 with 3.2 mm web
thickness and P6S1W4T3 with 4.8 mm web thickness were
equal to 2.11 and 2.04, which slightly decreased by 23.0%
and 21.8%, respectively. As shown in Figure 13(d), Although
the web spacing of Specimens P6S1W1T3 and P1S1W1T3
was nearly 1.7 times of that of Specimens P6S7W1T3 and
P1S7W1T3 (s = 75 mm), the energy ductility coefficients were
4.9% and 6.8% smaller than that of Specimens P6S7W1T3 and
P1S7W1T3, which were equal to 2.74 and 2.65, respectively.
Therefore, the test results indicate that the energy ductility
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Figure 12: Displacement ductility factor: (a) the influence of face sheet thickness, (b) the influence of foam density, (c) the influence of web
thickness, and (d) the influence of web thickness.

coefficients of GFFW decks were mainly affected by face sheet
thickness, foam density, and the web thickness. The thinner
face sheet, smaller foam density, and thinner web can provide
better energy dissipation.

4. Conclusions
This paper presents the experimental study on the sandwich
bridge decks with GFRP face sheets and a foam-web core
loaded under two-way bending. The main findings of this
study are summarized as follows:
(1) A new type of sandwich bridge decks with GFRP
face sheets and a foam-web core was developed by
means of vacuum assisted resin infusion process.
These decks had the characteristics of high ultimate
bending strength and initial bending stiffness.
(2) The experimental results show that, compared to
the normal foam-core sandwich decks, a maximum
of an approximately 657.1% increase in the ultimate

bending strength of GFFW decks can be achieved due
to the use of GFRP webs.
(3) The thicker GFRP face sheets, the smaller web spacing, the larger foam density, and the thicker GFRP
webs can significantly enhance the ultimate bending
strength and initial bending stiffness of GFFW decks.
But the displacement ductility of GFFW decks can be
affected by face sheet thickness slightly.
(4) The test results indicated that the displacement ductility of GFFW decks was mainly affected by the
face sheet thickness, foam density, and web thickness,
while the displacement ductility of GFFW decks
decreased with the increase in web spacing slightly.
(5) The test results demonstrated that the energy ductility coefficient of GFFW decks decreased with the
increase in face sheet thickness, foam density, and web
thickness, while the energy ductility coefficient was
not mainly affected by the web spacing.
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Figure 13: Energy ductility coefficient: (a) the influence of face sheet thickness, (b) the influence of foam density, (c) the influence of web
thickness, and (d) the influence of web thickness.

(6) This new type of sandwich bridge decks with GFRP
face sheets and a foam-web core is still under development; the corresponding numerical and analytical
model will be developed to calculate the ultimate
bending strength and deflection, and the minimum
weight design procedure will also be proposed after
carrying out more tests and simulation of GFFW
decks.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The research described here was supported by the National
Natural Science Foundation for the Youth of China (Grant
no. 51408305) and Natural Science Foundation of Jiangsu
Province (Grant no. BK20140946).

References
[1] T. Sharaf, W. Shawkat, and A. Fam, “Structural performance of
sandwich wall panels with different foam core densities in oneway bending,” Journal of Composite Materials, vol. 44, no. 19, pp.
2249–2263, 2010.
[2] J. Romanoff and P. Varsta, “Bending response of web-core
sandwich beams,” Composite Structures, vol. 73, no. 4, pp. 478–
487, 2006.
[3] J. Romanoff and P. Varsta, “Bending response of web-core
sandwich plates,” Composite Structures, vol. 81, no. 2, pp. 292–
302, 2007.
[4] A. Russo and B. Zuccarello, “Experimental and numerical
evaluation of the mechanical behaviour of GFRP sandwich
panels,” Composite Structures, vol. 81, no. 4, pp. 575–586, 2007.
[5] C. A. Steeves and N. A. Fleck, “Collapse mechanisms of
sandwich beams with composite faces and a foam core, loaded
in three-point bending. Part I. Analytical models and minimum
weight design,” International Journal of Mechanical Sciences, vol.
46, no. 4, pp. 561–583, 2004.

12
[6] C.-A. Steeves and N.-A. Fleck, “Collapse mechanisms of sandwich beams with composite faces and a foam core, loaded
in three-point bending. Part II: experimental investigation
and numerical modelling,” International Journal of Mechanical
Sciences, vol. 46, no. 4, pp. 585–608, 2004.
[7] V.-L. Tagarielli, N.-A. Fleck, and V.-S. Deshpande, “Collapse of
clamped and simply supported composite sandwich beams in
three-point bending,” Composites B: Engineering, vol. 35, no. 6–
8, pp. 523–534, 2004.
[8] E.-M. Reis, Characteristics of innovative 3-D FRP sandwich
panels [Ph.D. thesis], North Carolina State University, Raleigh,
NC, USA, 2005.
[9] E. M. Reis and S. H. Rizkalla, “Material characteristics of 3-D
FRP sandwich panels,” Construction and Building Materials, vol.
22, no. 6, pp. 1009–1018, 2008.
[10] G. Zi, B. M. Kim, Y. K. Hwang, and Y. H. Lee, “An experimental
study on static behavior of a GFRP bridge deck filled with a
polyurethane foam,” Composite Structures, vol. 82, no. 2, pp.
257–268, 2008.
[11] G. Zi, B. M. Kim, Y. K. Hwang, and Y. H. Lee, “The static
behavior of a modular foam-filled GFRP bridge deck with a
strong web-flange joint,” Composite Structures, vol. 85, no. 2, pp.
155–163, 2008.
[12] M. Dawood, E. Taylor, and S. Rizkalla, “Two-way bending
behavior of 3-D GFRP sandwich panels with through-thickness
fiber insertions,” Composite Structures, vol. 92, no. 4, pp. 950–
963, 2010.
[13] Z.-M. Wu, W.-Q. Liu, L. Wang, H. Fang, and D. Hui, “Theoretical and experimental study of foam-filled lattice composite
panels under quasi-static compression loading,” Composites B:
Engineering, vol. 60, pp. 329–340, 2014.
[14] L. Wang, W.-Q. Liu, L. Wan, H. Fang, and D. Hui, “Mechanical
performance of foam-filled lattice composite panels in fourpoint bending: experimental investigation and analytical modeling,” Composites Part B: Engineering, vol. 67, pp. 270–279, 2014.
[15] L. Wang, W.-Q. Liu, H. Fang, and L. Wan, “Behavior of sandwich
wall panels with GFRP face sheets and a foam-GFRP web
core loaded under four-point bending,” Journal of Composite
Materials, vol. 49, no. 22, pp. 2765–2778, 2015.
[16] ASTM International, “Standard test method for tensile
properties of polymer matrix composite materials,” ASTM
D3039/D3039M-08, ASTM International, West Conshohocken,
Pa, USA, 2008.
[17] ASTM International, “Standard test method for compressive
properties of rigid plastics,” ASTM D695-10, ASTM International, West Conshohocken, Pa, USA, 2010.
[18] ASTM International, “Standard test method for flatwise compressive strength of sandwich cores,” ASTM C365-03, ASTM
International, West Conshohocken, Pa, USA, 2004.
[19] ASTM International, “Standard test method for shear properties for sandwich cores materials,” ASTM C273/273M-07, ASTM
International, West Conshohocken, Pa, USA, 2007.

Advances in Materials Science and Engineering

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2015, Article ID 239365, 9 pages
http://dx.doi.org/10.1155/2015/239365

Research Article
Performance Evaluation of Semiplastic Recycled Cold
Asphalt Using Noncement Binders
Byung Jae Lee,1 Jin Wook Bang,2 Jeong Su Kim,3 and Young Il Jang4
1

R&D Center, JNTINC CO. Ltd., 9 Hyundaikia-ro 830 beon-Gil, Bibong-Myeon, Hwaseong, Gyeonggi-do 445-842, Republic of Korea
Department of Civil Engineering, Chungnam National University, 99 Daehakro, Yuseong-gu, Daejeon 305-764, Republic of Korea
3
Research Institute of Technology, Hanwha Engineering & Construction Co. Ltd., Seoul 150-881, Republic of Korea
4
Department of Construction Engineering Education, Chungnam National University, 99 Daehakro, Yuseong-gu,
Daejeon 305-764, Republic of Korea
2

Correspondence should be addressed to Young Il Jang; jang1001@cnu.ac.kr
Received 3 April 2015; Accepted 7 July 2015
Academic Editor: Robert Cerný
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The optimal mixing conditions for semiplastic recycled cold asphalt, which recycled waste asphalt and used noncement binders
(NCB), were assessed through verification of the performance. The NCB of 6% desulfurization gypsum mixing was found to have
the most outstanding properties. For the Marshall stability, 4% (NCB) filler mixing brought about a 1.92-time strength increase
effect compared to OPC (2%) and was improved when using modified asphalt and SBR. The flow test results showed that although
an increase dosage of filler and SBR decreased the flow value of the semiplastic recycled cold asphalt, an increase dosage of asphalt
emulsion improved the flow value. The indirect tensile strength and liquid immersion residual stability for the condition with
greatest Marshall stability were most outstanding with 0.95 MPa and 83.6%, respectively. Evaluation of the recycled cold asphalt
abrasion durability revealed that for the case of mixing more than 4% NCB the mass loss rate was lower than 20%. The abrasion
durability was found to improve when using modified emulsified asphalt and SBR substitution. From the test results, it was found
that the optimal mixing proportion of semiplastic recycled cold asphalt satisfied mechanical properties and durability is NCB with
4%, emulsified asphalt with 3%, and SBR substitution with 20%.

1. Introduction
The total length and percentage of paved roads in Korea are
105,931 km and 80.4% (9.0% unpaved and 10.6% unopened),
respectively. Among the paved roads, a significant portion
(86.8% or 73,874 km) used asphalt pavement [1]. Such asphalt
paved roads have the disadvantage of having a short service
life in contrast to concrete pavement and repair work is
frequent. In addition, the reconstruction of asphalt pavement
is required due to installation and replacement work for
infrastructure such as electric, gas, water supply, and sewage.
The amount of resulting waste asphalt concrete is currently
on the rise, resulting in demand for by-product recycling
research [2].
Among types of construction waste, waste concrete has
typically been recycled into secondary concrete products,
subbase layer materials, and structural backfill materials

as the quality standard for recycled aggregates has been
established. However, because asphalt emulsion is attached
to the aggregate surface in the case of reclaimed asphalt
pavement, unlike waste concrete, reclaimed asphalt pavement
cannot be used for structural backfill and subbase layer
materials. In order to increase the effective recycling of
reclaimed asphalt pavement, it has to be used as hot-mixed or
cold temperature recycling asphalt [3–5]. Hot-mixed asphalt,
which requires high degrees of heat, is targeted for having
high CO2 emissions. Thus, efforts to lower the temperature
have recently been made. Specifically, research on warm
asphalt pavements is actively being pursued as a part of the
goal towards low-carbon environmentally friendly roads, and
interest in recycled cold asphalt which can be constructed at
room temperature is increasing [4–6].
These recycled cold asphalt application studies reported
the application of Ordinary Portland Cement (OPC) as
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Table 1: Reclaimed asphalt pavement recycled aggregate properties.

Density Water
(g/cm3 ) absorption (%)

Contents of reclaimed
asphalt (%)

Penetration of reclaimed
asphalt (1/10 mm)

Loss content of
washing test (%)

2.62

4.43

21

1.0

1.45

Amount of foreign material (%)
Organic

Inorganic

0.07

0.11

Table 2: Reclaimed asphalt pavement recycled aggregate size distribution.
Type
Recycled aggregate
13∼25 mm
8∼13 mm
≤8 mm
Aggregate gradation (≤25 mm)

25 mm

20 mm

13 mm

10 mm

55
28
15
98

46.8
28
15
89.8

39.9
28
15
82.9

30.0
22.8
15
67.8

Percentage passing (%)
5.0 mm 2.5 mm 0.6 mm
21.8
8.65
14
44.4

15.0
6.64
11.18
32.8

8.75
4.28
6.29
19.3

0.3 mm

0.15 mm

0.08 mm

6.33
3.28
4.44
14.0

4.02
2.18
2.87
9.06

1.54
0.95
1.04
3.53

Table 3: Emulsified asphalt MSC-2 properties.
Sieve fraction
(1.18 mm, wt%)

Charge of
particle

Mass of evaporation
residue (wt%)

7.6

0.02

Positive (+)

60.1

the filler material to partially supplement the ductility disadvantage of asphalt and facilitate the binding of the mixture at
low temperatures. However, OPC produces a large amount
of CO2 during production, so research to find a suitable
alternative material is called for [7].
Therefore, in this study, the optimal mixing conditions for semiplastic recycled cold asphalt using noncement
binders (NCB) and recycled reclaimed asphalt pavement were
derived and the performance was evaluated.

2. Materials and Testing Methods
2.1. Materials
2.1.1. Reclaimed Asphalt Pavement Recycled Aggregate. The
reclaimed asphalt pavement recycled aggregate used in this
study was processed and manufactured by company G of
Korea and Table 1 shows the product specifications. Table 2
and Figure 1 show the size distribution results.
2.1.2. Noncement Binder (NCB). In order to secure strength
of recycled cold asphalt, mixing conditions such as blast
furnace slag, high-calcium fly ash, desulfurization gypsum,
quicklime, hydrated lime, and high range water-reducing
AE agent were derived. Additionally, this research aimed to
deduce optimal mixing conditions for noncement binders by
adjusting desulfurization gypsum substitution ratio [8–11].
2.1.3. Asphalt Emulsion. In this study, modified emulsified
asphalt (HS-S.P COAT) was used, which is improved from
the emulsified asphalt (MSC-2) commonly used in the
conventional asphalt fabrication process in terms of plastic
deformation and crack resistance [12–16]. Tables 3 and 4 show
the properties of the modified emulsified asphalt.

Evaporation residue
Ductility Toluene solubility
Penetration
(wt%)
(25∘ C, 1/10 mm) (25∘ C, cm)
128

120 over

99.7

Settlement
(24 hr, wt%)
0.39

100
80
Passing (%)

Viscosity
(25∘ C)

60
40
20
0
0.08

0.6

2.5

5

10

20

40

Sieve size (mm)

Figure 1: Reclaimed asphalt pavement recycled aggregate size
distribution curve.

2.1.4. Polymer (SBR). In this study, SBR latex (Synthetic
Rubber Latex) was used to improve adhesion, tensile strength,
flexural strength, and waterproofing. Table 5 shows the properties of SBR latex.
2.2. Method
2.2.1. Noncement Binder (NCB) Performance Evaluation. In
order to assess the optimal mixing conditions for the binder
to be used as the filler, mortars were fabricated in accordance
with KS L ISO 679 and compressive strength, flow, and setting
tests were conducted [17].
2.2.2. Marshall Stability and Flow Value. The Marshall stability and flow value tests of the semirigid pavement were
measured and analyzed according to ASTM D6927 “Standard
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Table 4: Modified emulsified asphalt HS-S⋅P COAT properties.
Viscosity Sieve fraction
(1.18 mm, wt%)
(25∘ C)

Charge of
particle

Mass of evaporation
residue (wt%)

3.4

Positive (+)

55.2

0.00

64

Table 5: SBR latex properties.
Viscosity (Engler degree, 25∘ C)
62.0

pH (25∘ C)
9.86

Solid content (%)
46.15

Test Method for Marshall Stability and Flow of Bituminous
Mixtures.”
2.2.3. Porosity. The porosity testing for the recycled cold
asphalt was measured according to ASTM D3203 “Standard
Test Method for Percent Air Voids in Compacted Dense and
Open Bituminous Paving Mixtures” and calculated using
Porosity (%)
= (1 −

bulk specific gravity
)
Theoretical maximum specific gravity

Evaporation residue
Ductility
Softening
Penetration
(25∘ C, 1/10 mm) (25∘ C, cm) point (∘ C)

(1)

× 100.
2.2.4. Indirect Tensile Strength. Tensile strength was evaluated according to ASTM D6931 “Standard Test Method for
Indirect Tension (IDT) Strength of Bituminous Mixtures”
with the load applied at a rate of 50 mm/min, and measurement was conducted until the load was reduced after reaching
the maximum load.
2.2.5. Liquid Immersed Residual Stability. The liquid
immersed residual stability testing for the recycled cold
asphalt was conducted according to KS F 2369 “Cold Mix
Asphalt for Patching Materials” and the test specimen
was manufactured in accordance with ASTM D6927. The
specimens were immersed in a 25 ± 1∘ C constant temperature
water tank for 48 hours and then the Marshall stability testing
was performed.
2.2.6. Abrasion Resistance. Abrasion resistance of the test
specimen according to the mixing condition was measured
and evaluated following KS F 2492 “Standard Test Method of
Cantabro Test for Porous Asphalt Mixtures” where the test
specimen for Marshall stability testing was used in the LA
abrasion test which measured the rate of mass change after
300 rotations using a steel ball.
2.3. Mixing. For the optimal mixing condition and performance evaluation of the recycled cold asphalt using noncement binders, this study was conducted in two parts depending on the test condition. In Series I, compressive strength,
flow, and setting tests were conducted according to the
desulfurization gypsum substitution ratio with regard to the
ground granulate blast furnace slag with the aim of crack

≥150

51.8

Settlement Toughness
(24 hr, wt%) (N⋅cm)
0.4

1,109

reduction at the optimal mixing condition presented in
literature during noncement binder fabrication. In Series II,
the mechanical properties and durability of the recycled cold
asphalt for each mixing condition were verified. The mixing
conditions are shown in Tables 6 and 7.
In Series I, mixing was conducted with the binder and
fine aggregate ratio of 1 : 3 and W/B of 50% in order to derive
the optimal mixing condition of the noncement binder for
recycled cold asphalt. Setting, flow, and strength tests were
conducted for the mortar [17].
To analyze the flow value, Marshall stability, and indirect tensile strength of the recycled cold asphalt mixture,
a cylindrical test specimen with dimensions of Ø101.6 ×
63.5 mm was manufactured in accordance with ASTM D6927
“Standard Test Method for Marshall Stability and Flow of
Bituminous Mixtures.” The specimen was mixed into 1 mold
at a time followed by compaction on both surfaces 50 times
each and then curing for 24 hours in a 60∘ C thermostatic bath
and finally demolding. Testing for each specimen was conducted after an additional curing under room temperature
and moisture environment. Figure 2 shows the base recycled
cold asphalt mixing, compaction, and demolding.

3. Test Results
3.1. Noncement Binder Mixing Ratio Evaluation
3.1.1. Setting Time according to the Desulfurization Gypsum
Mixing Ratio. Figure 3 shows the setting test results for
the ground granulated blast furnace slag according to the
substitution ratio of the desulfurization gypsum. It was found
that there was a tendency for the initial and final setting
times to become shorter as the substitution ratio of the
desulfurization gypsum increased, which acts as an expansive
admixture for shrinkage reduction. This was thought to be
due to the increased quicklime content, which constitutes
desulfurization gypsum, resulting in early setting and the
reduction of the initial and final setting times.
3.1.2. Flow Value and Compressive Strength according to the
Desulfurization Gypsum Mixing Ratio. Figure 4 shows the
mortar flow and compressive strength results according to
the desulfurization gypsum content. Investigating the mortar
flow according to the desulfurization content, which is used
as a shrinkage reducing admixture, determined that an
increase of the desulfurization gypsum substitution ratio
resulted in a decrease of the flow, similar to the setting test
results. In particular, for the case of mixing ratio of 8% where
the amount of quicklime increased significantly due to the
excessive mixing of desulfurization gypsum, the flow was
reduced drastically [9].

4

Advances in Materials Science and Engineering
Table 6: Noncement binder mixing ratio.

Mix number

Mixing condition

I-1
I-2
I-3
I-4
I-5

BFS
66
64
62
60
58

DG: 0%
DG: 2%
DG: 4%
DG: 6%
DG: 8%

Mixing weight (wt.%)
DG
QL
0
8
2
8
4
8
6
8
8
8

FA
20
20
20
20
20

SL
6
6
6
6
6

SP
0.002
0.002
0.002
0.002
0.002

BFS: blast furnace slag, FA: high-calcium fly ash, DG: desulfurization gypsum, QL: quick lime, SL: slaked lime, and SP: superplasticizer.

Table 7: Recycled cold asphalt mixing ratio chart.
Mix
number

Mixing condition

Mixing weight (wt.%)
Aggregate
8∼13 mm

Filler

Emulsifier

Water

Filler

Emulsifier

Water

II-1
(plain 1)

OPC

Normal

W-100

2

1.5

3.5

55

28

II-2

NCB

Normal

W-100

2

1.5

3.5

55

28

15

II-3
II-4
(plain 2)

NCB

Normal

W-100

3

1.5

3.5

55

28

14

NCB

Normal

W-100

4

1.5

3.5

55

28

13

II-5

NCB

Normal

W-100

4

1.5

3.5

55

28

13

II-6

NCB

Modified

W-100

4

3.0

3.5

55

28

13

II-7

NCB

Modified

W-90, SBR-10

4

1.5

3.5

55

28

13

II-8

NCB

Modified

W-80, SBR-20

4

1.5

3.5

55

28

13

II-9

NCB

Modified

W-80, SBR-20

4

3.0

3.5

55

28

13

Also, when the desulfurization gypsum substitution rate
increased to 6%, the compressive strength increased, but for
8%, the strength decreased. This decrease in compressive
strength was thought to be due to overexpansion, which
reduces the compactness of the composition. This was due
to the increase in products produced from the transition of
quicklime to hydrated lime through hydration and reaction
with C3 A among the minerals that compose the binder due to
the minerals constituting the desulfurization gypsum being
composed of CaO-CaSO4 combinations.
3.2. Property Evaluation of Recycled Cold Asphalt
according to the Mixing Condition
3.2.1. Marshall Stability and Flow Value. The Marshall stability test results for each mixing condition of the base recycled
cold asphalt mixture are shown in Figure 5. Looking at the
results for the noncement binder and conventional OPC
according to the mixing condition, it can be observed that the
Marshall stability increases with increase in content regardless of the type of filler. This increase in Marshall stability was
thought to be due to the enhancement of cohesion with the
reclaimed asphalt pavement, caused by the increase in filler
content which has strong cohesion. The Marshall stability
for the recycled cold asphalt using noncement binders was
similar to or slightly lower than that of OPC.
However, mixing noncement binders with more than 3%
as a filler resulted in a Marshall stability greater than that of

13∼25 mm

≤8 mm
15

the OPC 2% content mixture, and the Marshall stability for
4% mixture showed an increase of approximately 1.92 times.
The Marshall stability according to the asphalt emulsion
condition showed that the Marshall stability increases by
approximately 8.0∼18.8% when regular modified emulsified
asphalt is used, in comparison to when regular emulsified
asphalt is used, regardless of the emulsion mixing content.
This was thought to be due to the improvement of segregation
resistance, aggregate scaling resistance, and crack resistance
produced by the increase in interfacial adhesion between
aggregates when mixing a polymer into the modified emulsified asphalt more so for asphalt than regular emulsified
asphalt, resulting in a shorter curing time needed than
hardening. The Marshall stability somewhat increased with
the increase of emulsion mixing and the increase of emulsion
mixing reduced delamination of the binder during failure of
the test specimen.
When the substitution ratio of SBR increased, for the case
of noncement binder and modified emulsified asphalt, the
Marshall stability also increased. This behavior was deduced
to be caused by the SBR resin polymer, which has become
a functionalized polymer composition, filling the air gaps
between the aggregates by forming a reticular structure
[15]. This results not only in the suppression of expansion
cracks by enhancing adhesion and tensile strength but also
in the improvement of low temperature tolerance and binder
(asphalt emulsion) strength [16]. It also enhances elasticity by
being distributed evenly within the asphalt mixture.
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Figure 2: Fabrication process and final manufactured test specimen.

400
300
200
100
0
I-1 (plain)

I-2

I-3
Mix number

I-4

I-5

Initial set
Final set

20

150

15
100
10
50

5

Flow value (mm)

200

25
Compressive strength (MPa)

Setting time (min)

500

0

0
I-1 (plain)
3 days
28 days

I-2

I-3
Mix number

I-4

I-5

7 days
Flow value

Figure 3: Setting time.
Figure 4: Compressive strength and flow value.

The flow value test result for the base recycled cold asphalt
mixture according to the filler, asphalt emulsion and SBR
substitution ratios, and mixed amount was measured to be
approximately 20.3∼31.4 mm.
Inspection of the flow value test results of the base recycled cold asphalt mixture according to each mixing condition
revealed contrasting trends for the Marshall stability depending on the filler and SBR conditions. However, the flow value
according to the amount of mixed asphalt emulsion showed
an increase when the mixed amount was increased, regardless
of the asphalt type. The observed decrease in flow value for the
mixing condition of increasing Marshall stability was thought
to be due to the improvement of the internal cohesion of
the recycling asphalt and aggregate adhesion. The increase
in asphalt emulsion mixed amount, which is a binder that

facilitates plastification of the asphalt mixture, increases both
the Marshall stability and the flow value.
Overall inspection of the above discussed Marshall stability and flow value test results reveal that they satisfy the
requirements for the base mixture quality regulations of KS
F 2369 (Cold Mix Asphalt for Patching Materials) and GR F
4026 (Recycled Cold Asphalt Paving Mixtures) for all mixing
conditions.
3.2.2. Porosity. The asphalt mixture porosity affects the pavement sliding effect which is due to the asphalt pavement
plastic deformation and penetration of water and air, so
the porosity is a critical factor that influences the quality
of the asphalt mixture. In this study, to further investigate
the properties of the base recycled cold asphalt mixture,
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Figure 7: Indirect tensile strength.

Figure 5: Marshall stability and flow value.

Subbase standard

12

Porosity (%)

10
8
6
4
2
0
II-1 II-2
(plain 1)

II-3

II-4 II-5
(plain 2)

II-6

II-7

II-8

II-9

Mix number

Figure 6: Porosity.

the porosity of the base recycled cold asphalt mixture was
measured according to the substitution ratio and mixed
amount of the used filler, asphalt emulsion, and SBR. The test
results are shown in Figure 6.
The porosity results for each mixing condition show that
although the difference depending on the filler type is not
significant, the effect of the mixed amount is quite apparent.
In particular, when 4% filler and 3% emulsion were mixed
simultaneously, the porosity was 8.15%. The increases in the
filler and emulsion mixed amounts were thought to have
filled the air gaps of the mixture, thereby making the internal
matrix structure denser, reducing the porosity. Moreover,
when mixing latex, the porosity was superior, with a maximum 7.1%, to when modified asphalt was used. When implementing the optimal mixing condition within the scope presented in this study, the porosity was reduced down to 6.3%.
In the current domestic KS and GR standards, the base
recycled cold asphalt porosity is given as 3∼12% and the
results of this study show a porosity near the maximum 12%
when the filler mixed amount is 2%, but all the other mixing
conditions were found to satisfy the regulation.

3.2.3. Indirect Tensile Strength. In order to evaluate the applicability and possibility of crack formation in recycled cold
asphalt, the indirect tensile strength of the asphalt mixture
was measured for each mixing condition and the results
are shown in Figure 7. The results showed that the indirect
tensile strength of the recycled cold asphalt had similar
trends with Marshall stability for all conditions (Figure 9).
The highest strength of approximately 0.95 MPa was obtained
for the condition with the most superior Marshall stability.
This trend can be attributed to increased mixing of the
filler leading to increased adhesion between the binders and
emulsion as the modified emulsified asphalt and SBR resin
polymer are included. This resulted in an enhanced resistance
to compressive loading, which is applied parallel along the
plane perpendicular to the test specimen.
On the other hand, while the increase in filler content
increases the indirect tensile strength, there were cases where
the pressure from the loading head caused splitting at the
center of the test specimen. However, when the asphalt emulsion mixed amount was greater than 3.0%, this splitting phenomenon did not occur, due to improvement of the cohesion
between the aggregate particles by the increased emulsion.
In the current domestic KS and GR standards, there is
no standard regarding the indirect tensile strength of base
recycled cold asphalt. This study set the goal of indirect tensile
strength value at 0.11 MPa in order to fabricate mixtures with
superior performance in comparison to the conventional
recycled cold asphalt being manufactured today. This regulation was satisfied for all mixing conditions conducted in this
study.
3.2.4. Liquid Immersed Residual Stability. The liquid
immersed residual stability test results of the recycled
cold asphalt are shown in Figure 8. The results for each
mixing condition reveal similar trends for all conditions to
that of the Marshall stability test results, which evaluated
mechanical performance (Figure 9). This result is affected
by the cohesion of the internal structure and between the
mixtures of the recycled cold asphalt. It was found that as the
stability value increased, the reduction in stability measured
after 48 hours of immersion at 25∘ C value decreased.
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Figure 10: Abrasion resistance.

Figure 8: Liquid immersion residual stability.
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Figure 9: Correlation between Marshall stability, indirect tensile
strength, and liquid immersion residual stability.

Currently, the domestic GR F 4026 standard only presents
a standard for surface layer recycled cold asphalt, but KS
F 2369 (Cold Mix Asphalt for Patching Materials) requires
the liquid immersion residual stability target to be above
75%. In this study, the liquid immersion residual stability
target was satisfied for the mixing conditions with filler
mixing above 3%, and the liquid immersion residual stability
was found to be highest at 83.6% for the condition of 4%
noncement binder, 1.5% modified emulsified asphalt, and
20% SBR substitution.
3.2.5. Abrasion Resistance. Abrasion resistance was evaluated using the Cantabro test which evaluates the aggregate
resistance towards scattering, due to automobile traffic over
recycled cold asphalt. The fabricated Marshall test specimen
was placed in the LA abrasion test equipment which rotated
300 times at a rate of 30∼33 rpm and then measured the rate
of mass loss.
The evaluation results, as shown in Figure 10, showed that
the mass loss rates were 15.4∼26.2% for all mixing conditions,
while the mass loss rate for noncement binder and 4%
filler was below 20%. When using the modified asphalt with
asphalt emulsion, there was an abrasion resistance increase
effect of about 3∼15% compared to that of the regular asphalt.

Also, the mass loss rate was found to decrease for the 20%
substitution mixture of SBR resin polymer compared to the
mixing condition without the mixture, which led to the determination that the use of SBR resin polymer has an increasing
effect on the cold pavement durability of abrasion [12, 15].
For the II-9 condition, which was set as the optimal test
condition for this study, the mass loss rate was 15.4%, which
was a 70% decrease compared to that of the regular recycled
asphalt (II-1).
Although there is no regulation regarding the evaluation
standard on abrasion durability for recycled cold asphalt,
when compared to the Cantabro loss rate quality standard
of less than 20% for porous asphalt pavement, the abrasion
durability of recycled cold asphalt can be considered outstanding.

4. Discussions
4.1. Optimal Mixing Ratio of Noncement Binders. Setting
time, flow value, and compressive strength were estimated for
optimal mixing ratio of noncement binders under the conditions of this research. As a result, appropriate desulfurization
gypsum substitution ratio for blast furnace slag was indicated
as about 6% [10].
4.2. Optimal Mixing Condition of Recycled Cold Asphalt.
From the overall test results regarding marshal stability, flow
value, porosity, indirect tensile strength, and liquid immersed
residual stability of recycled cold asphalt, it was found that
the optimal mixing proportion satisfied quality requirements
are NCB with 4%, emulsified asphalt with 3%, and SBR
substitution with 20%.

5. Conclusion
In this study, optimal mixing conditions were derived, and
the performance was validated, of semiplastic recycled cold
asphalt with recycled waste asphalt and noncement binders.
These evaluations were conducted as basic tests for a field
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applicability investigation. The following are the conclusions
obtained from this study.
(1) Regarding the noncement binder mixing ratio, the
physical and mechanical properties results based
on the substitution ratio of desulfurization gypsum
revealed that blast furnace slag provided the most
superior properties with 6% desulfurization gypsum
substitution ratio.
(2) Regarding Marshall stability as a function of mixing
condition, results showed that 4% mixing of filler
brought about a 1.92-fold strength increase effect
compared to that of OPC. Modified asphalt and
SBR 20% substitution ratio resulted in a Marshall
stability improvement. For the flow value testing,
the increase in asphalt emulsion usage resulted in
an increase of the flow value, while the flow value
showed a decreasing trend with increasing filler and
SBR substitution rate.
(3) With regard to the porosity testing, increasing the
mixed amount led to a decrease in porosity and
the lowest porosity of 6.3% was obtained for the
mixing condition of 4% filler, 3% asphalt emulsion,
and 20% SBR substitution. However, the domestic and
international standards were satisfied.
(4) The indirect tensile strength and liquid immersion
residual stability for recycled cold asphalt showed
trends similar to the Marshall stability for all conditions. The correlation was found to be above 95%.
For the condition of highest Marshall stability, the
indirect tensile strength and liquid immersion residual stability were highest, at 0.95 MPa and 83.6%,
respectively.
(5) Evaluation of the recycled cold asphalt abrasion
durability revealed a mass loss rate lower than 20%
when mixing more than 4% noncement binders, and
the abrasion durability was improved when using
modified emulsified asphalt and SBR substitution.
(6) For the test conditions assessed in this study, the
condition of 4% filler mixing, 3% emulsified asphalt
usage, and 20% SBR substitution was found to be
appropriate as the optimal mixing condition to satisfy
mechanical performance and durability.
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The correlation of the wettability of different lithology aggregates and the drying shrinkage of concrete materials is studied, and some
influential factors such as wettability and wetting angle are analyzed. A mercury porosimeter is used to measure the porosities of
different lithology aggregates accurately, and the pore size ranges that significantly affect the drying shrinkage of different lithology
aggregate concretes are confirmed. The pore distribution curve of the different coarse aggregates is also measured through a
statistical method, and the contact angle of different coarse aggregates and concrete is calculated according to the linear fitting
relationship. Research shows that concrete strength is determined by aggregate strength. Aggregate wettability is not directly
correlated with concrete strength, but wettability significantly affects concrete drying shrinkage. In all types’ pores, the greatest
impacts on wettability are capillary pores and gel pores, especially for the pores of the size locating 2.5–50 nm and 50–100 nm two
ranges.

1. Introduction
Concrete drying shrinkage is important in crack and deformation generation. For hydraulic structures, such as dams
and hydropower stations, cracks caused by drying shrinkage
are the main causes of leakage [1]. Previous study shows that
concrete drying shrinkage does not only refers to traditional
theoretical phenomena, such as moisture loss, cementitious
materials shrinkage, and aggregate limitation. Aggregate
constitutes approximately 70%–90% of concrete volume.
Moreover, aggregate strength directly determines concrete
strength; thus, under capillary tension theory, aggregate
water absorption is the main factor that affects concrete
strength and drying shrinkage [2–5]. Numerous studies have
been conducted on lithology aggregates and the effect of
aggregates on concrete strength and drying shrinkage [6–
8]; reliable physical models have been established according
to different theories [9]. Further research has shown that
aggregate wettability is closely correlated to concrete drying
shrinkage; according to the capillary bundle model based
on capillary tension theory, the complex effect of internal

capillary strength on aggregate absorbance has been initially
solved. Based on previous research, the porosities of different
lithology aggregates are measured accurately in this study
using a mercury porosimeter, the pore sizes that significantly
affect the drying shrinkage of different lithology aggregate
concretes are verified, and the effects of different lithology
aggregates on concrete drying shrinkage are summarized
[10, 11].

2. Experimental
2.1. Materials. Cement P.O 42.5, superplasticizer (FDN),
quartzite, marble, basalt, sandstone, and waste concrete were
obtained from Wanzhou District, China. Samples from four
rocks and waste concrete were collected, some cylindrical
specimens with 50 mm diameter and 100 mm height were
made, and wettability of the specimens was tested. Rocks
and waste concrete were crushed and processed into coarse
aggregates. Table 1 shows the performance parameters of
the aggregate (tested in accordance with the standard of
“Test Methods of Aggregate for Highway Engineering (JTG

2
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Table 1: Test results of coarse aggregate quality.

Types of coarse
aggregate

Number of
specimens

Size/mm

Apparent
density/kg/m3

Crush Index/%

Water absorption of
the dry saturation
surface/%

6
6
6
6
6

5–20
5–20
5–20
5–20
5–20

2700
2720
2710
2950
2420

9.4
4.0
8.9
4.1
11.12

0.62
0.17
0.22
0.28
0.69

Sandstone
Quartzite
Marble
Basalt
RCA

Table 2: Mix proportion and compressive strength.
Project
SC
QC
MC
BC
RAC

Types of coarse
aggregate

Mix proportion/(kg⋅m−3 )
Sand ratio 𝑚𝑤 /𝑚𝑐
Cement NA RAC Sand Water FDN
426
426
426
426
426

Sandstone
Quartzite
Marble
Basalt
RCA

1,000 0
1,000 0
1,000 0
1,000 0
0 1,000

560
560
560
560
560

200
200
200
200
200

E42—2005)”). The aggregates were processed into quartzite
concrete (QC), marble concrete (MC), basalt concrete (BC),
sandstone concrete (SC), and recycled aggregate concrete
(RAC). The mix design of the cylindrical specimens is shown
in Table 2. The curing is in accordance with “Standard for
Test Method of Mechanical Properties on Ordinary Concrete
(GB/T 50081-2002).”
2.2. Principles and Methods. The Washburn equation was
essential to calculate the contact angle and create the ℎ2 -𝑡
curve (ℎ is water rising height in cm over time 𝑡), but measuring height “ℎ” accurately was difficult because of irregular
internal pore distribution. Thus, the ℎ2 -𝑡 curve was converted
to the relationship between 𝑚2 and 𝑡, and the effective radius
𝑅𝑚 was introduced according to capillary tension theory;
thus, concrete contact angle can be calculated according to
linear fitting relationship and the following formulas.
The specimens were dried to a constant weight and
placed in a self-made contact angle testing equipment [7].
Wettability was analyzed through the Washburn method;
thus, the relationship between the wettability of aggregates
and that of aggregate concrete was determined, along with
the relationship between the strength of aggregates and that
of aggregate concrete. The same grain sizes for QC, MC,
BC, SC, and RAC were considered. The aggregate porosity
𝜀 of these concretes could be measured using an AutoPore
9500 mercury porosimeter; the 𝜀 of QC, MC, BC, SC,
and RAC were measured similarly. The 28 d strength and
drying shrinkage value of the different aggregates were tested.
Finally, the pore distribution curve of the different coarse
aggregates and coarse aggregate concretes was summarized
according to (1)–(3), and the contact angle was calculated:
2

𝑚2 = (𝜀 ⋅ 𝜌𝑊 ⋅ ∑ 𝑠𝑖 ) ⋅ (

𝛾𝑅 cos 𝜃
) 𝑡,
2𝜂

(1)

0.85
0.85
0.85
0.85
0.85

0.36
0.36
0.36
0.36
0.36

Compressive strength (28 d)/MPa

0.47
0.47
0.47
0.47
0.47

33.9
40.2
35.4
38.1
34.6

where 𝑚 is the weight in g of the water sunk into RAC over
time 𝑡, 𝜀 is the porosity of RAC to the decimal meter, 𝜌𝑊 is
the water density, 𝑠𝑖 is the 𝑖th sectional area of the cylindrical
capillary tube, 𝛾 is liquid surface tension in dyne/cm, 𝜂 is the
viscosity of the liquid in Pa⋅s, 𝑅 is the effective capillary radius
in cm, and 𝜃 is contact angle in ∘ . Slope 𝑘 is computed with
(2) and is used to obtain contact angle 𝜃 in (3):
2

𝑘 = (𝜀 ⋅ ℎ ⋅ 𝜌𝑊 ⋅ ∑ 𝑠𝑖 ) ⋅
𝜃 = arccos (

2𝑘𝜂
).
𝛾𝑅𝑚

𝛾𝑅𝑚 cos 𝜃
,
2𝜂

(2)
(3)

The 𝑚2 -𝑡 curve is almost a straight line according to these
formulas.
Experimental methods of the mechanical properties testing are in accordance with “Standard for Test Method of
Mechanical Properties on Ordinary Concrete (GB/T 500812002)”; experimental methods of the drying shrinkage test
are in accordance with “Standard for Test Method of Mechanical Properties on Ordinary Concrete (GB/T 50081-2002).”

3. Results and Discussion
3.1. Strength of Different Coarse Aggregate Concretes. The C30
natural concrete mix proportion is used as reference. Table 2
shows the mix design and 28 d compressive strength of the
concrete.
In Table 1, “NA” is natural aggregates. As shown in Table 1,
the order of the compressive strength of the concrete from
the strongest to the weakest is QC, BC, MC, SC, and RAC.
According to Table 2, the strength of the different lithology
aggregates of concrete in descending order is QC, BC, MC,
RAC, and SC. Therefore, the concrete strength is determined
by the aggregate strength. The water absorption of different

Advances in Materials Science and Engineering

3

Table 3: Pore distribution ratios of different coarse aggregates.
Pore radius/nm

Sandstone
18.1
19.9
18.4
42.4
1.2
62.0

>10,000
10,000–100
100–50
50–5
5–3
3–100 sum

Quartzite
75.0
25.0
0
0
0
0

3

5

10000
100
50

Pore size (nm)

Distribution value/%
Marble
63.3
29.0
7.7
0
0
7.7

Basalt
15.1
27.0
6.4
45.9
5.6
57.9

radius is between 𝑟 and 𝑟 + 𝑑𝑟 is expressed as 𝑑𝑉; thus the
pores size distribution function (in volume) can be shown in
the following equation:

1.0

𝑓 (𝑟) =

(V−Vr )/V

0.8

RAC
4.0
31.8
14.0
41.5
8.7
64.2

𝑑𝑉
.
𝑉𝑑𝑟

(4)

In formula 𝑃𝑟 = −(2𝜎 cos 𝜃), 𝜎 and 𝜃 are constant, so
𝑃𝑑𝑟 + 𝑟𝑑𝑃 = 0, where 𝑃 is applied pressure, Pa, 𝑟 is radius of
pore, nm, 𝜎 is surface tension of mercury, N⋅m−1 , the surface
tension of mercury is 0.48 N⋅m−1 at 20∘ C, 𝜃 is the wetting
angle of mercury solid surface, ∘ , and the wetting angle of
mercury-cement material is 125∘ . Therefore

0.6

0.4

0.2

𝑓 (𝑟) = −

0.0
0

5000

Sandstone
Quartzite
Marble

10000
15000
20000
Pressure (psia)

25000

30000

RCA
Basalt

Figure 1: Curve of the pore distribution ratios of different coarse
aggregates.

lithology aggregates from the largest to the smallest is RAC,
SC, BC, MC, and QC, which illustrates that the aggregate
strength is closely correlated with water absorption, and both
are inversely proportional.
3.2. Distribution Value and Curve of Different Coarse Aggregates. Pores with a size of 3–100 nm significantly affect
concrete drying shrinkage according to the physical model
established in previous research [12]. Table 3 shows the pore
distribution ratios of different lithology aggregates, which are
tested using a mercury porosimeter and are summarized via
a statistical method. The curve is shown in Figure 1.
As shown in Table 3 and Figure 1, the distribution ratio
of the pore size 3–100 nm of the different coarse aggregates
in descending order is RAC, SC, BC, MC, and QC. Water
absorption has the same descending order; therefore, pore
size distribution is the main factor that affects water absorption, given the 3–100 nm pore size.
3.3. Distribution Value and Curve of Different Coarse Aggregate Concretes. Open-pore volume of the specimen whose

𝑃 𝑑𝑉
.
𝑟𝑉 𝑑𝑃

(5)

Because of the pore volume what is measured directly
with the instrument is the volume whose radius is greater
than 𝑟, which can be expressed as 𝑉 − 𝑉𝑟 , where 𝑉 is total
open-pore volume, and 𝑉𝑟 is open-pore volume whose radius
is smaller than 𝑟 in specimen. If pushed mercury-content
curve depicted the function of 𝑉 − 𝑉𝑟 versus 𝑃, then the
curve slope 𝑑(𝑉 − 𝑉𝑟 )/𝑑𝑃 = −𝑑𝑉/𝑑𝑃 can be measured by
the experiment, so the above formula can be written as
𝑓 (𝑟) =

𝑃 𝑑 (𝑉 − 𝑉𝑟 )
.
𝑟𝑉
𝑑𝑃

(6)

The right-hand side value in (6) is known or can be
measured, and the derivative in (6) can be solved by graphic
differentiation to obtain 𝑓(𝑟). Finally, the pore size distribution curve can be obtained by drawing point 𝑟 corresponding
to the 𝑓(𝑟) value.
For convenience, directly measured data can be plotted in
the cumulative pore volume variation diagram of (𝑉 − 𝑉𝑟 )/𝑉
versus 𝑃 (as shown in Figure 2), and the corresponding 𝑟
values are attached to the 𝑃-axle. Thus, taking several Δ𝑑
intervals according to need in the figure and finding the
increment of (𝑉 − 𝑉𝑟 )/𝑉 in each corresponding interval, the
pore size distribution table can be listed [12], as shown in
Table 4. The curve is illustrated in Figure 2.
As shown in Table 4 and Figure 2, for the different
lithology aggregate concretes, the 3–100 nm pore distribution
ratio of RAC is the largest. The distribution ratios of SC, QC,
and BC are equal, and MC has the lowest ratio. According to
Tables 2 and 4, pore porosity and concrete strength are closely
correlated, and both are usually inversely proportional.
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Table 4: Pore distribution ratios of different coarse aggregate concretes.

Pore radius/nm

MC
33.4
29.6
13.4
23.6
0
37

>10,000
10,000–100
100–50
50–5
5–3
3–100 sum

Distribution value/%
BC
13.1
20.5
9.5
47.3
9.6
66.4

SC
17.0
14.5
14.1
52.6
1.8
68.5

10000
100
50

Pore size (nm)

QC
7.1
24.1
12.0
50.0
6.8
68.8

RAC
6.7
22.1
13.5
49.1
8.6
71.2

900
3

5

800
700

1.0

600
m2 (g2 )

(V−Vr )/V

0.8

0.6

500
400
300
200

0.4

100
0.2

0
0

5000

0.0
0

5000
MC
SC
BC

10000
15000
20000
Pressure (psia)

25000

30000

Figure 2: Curve of pore distribution ratios of different coarse aggregate concretes.

15000

20000

MC
QC
SC
BC
RAC

Marble
Quartzite
Sandstone
Basalt
RCA

QC
RAC

10000
t (min)

Figure 3: Wettability curve of different coarse aggregates and concretes.
Table 5: Contact angle of different coarse aggregates and concretes.

3.4. Wettability Curve of Different Coarse Aggregate Concretes
and Contact Angle of the Curve. According to the tested
pore distribution ratio and (1)–(3), the 𝑚2 -𝑡 curve can be
summarized, as shown in Figure 3.
Figure 3 shows that the different lithology aggregates and
concrete moisture absorption performance can be divided
into two stages; moisture content is large at the prophase,
moisture content and time have a rough logarithmic relation,
and moisture and time are inevitably correlated. The curve
flattens in the later period. This phenomenon is mainly
caused by the large pore, and connected capillary bundles
form in the previous hydration process stage of concrete,
during which both water absorption and water loss are large.
Along with the hydration process of concrete, both pore
and capillary bundle shrink gradually, and concrete drying
shrinkage stabilizes.
The contact angle of the different coarse aggregates
and concretes can be calculated according to Figure 3 and
the theoretical formulas (the method is according to the
document [7]).

Name
Marble
Sandstone
Quartzite
Basalt
RAC
MC
SC
QC
BC
RAC

𝑘

cos 𝜃

𝜃/∘

0.0222
0.1620
0.1280
0.1438
0.1616
1.0276
1.6245
1.6056
1.3619
0.9869

0.0090
0.1745
0.0889
0.0271
0.0642
0.3745
0.7682
0.6916
0.5201
0.2724

89.5
80.0
84.9
88.4
86.3
68.0
39.8
46.2
58.7
74.2

Table 5 shows the aggregates in descending order according to the contact angle: MC, BC, RAC, QC, and SC. When
the moisture absorption ratios of the aggregates and the
𝑚2 -𝑡 curve are combined, the aggregate contact angle and
moisture absorption become inversely proportional, which
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×10−5
40

rate of different lithology aggregates are roughly directly
proportional to concrete drying shrinkage.
Concrete drying shrinkage shows obvious periodic regularity, which is closely related to the concrete hydration
process.
The ingredients and characteristics of recycled concrete
materials are complex and difficult to compare with other
different lithology aggregates to obtain the regularity. However, this study shows that the pore porosity of recycled
aggregates determines drying shrinkage, which is consistent
with general regularity.

Drying shrinkage value

35
30
25
20
15
10

Conflict of Interests

5
0

0

20

RAC
SC
BC

40
60
Time (day)

80

100

QC
MC

Figure 4: Curve of drying shrinkage of different coarse aggregate
concretes.

are influenced by shape, and the RAC ingredient can be
disregarded. The different coarse aggregate concretes are
arranged in descending order based on the contact angle
as follows: MC, BC, QC, and SC. Concrete contact angle is
directly determined by the aggregate contact angle.
3.5. Drying Shrinkage Characteristics of Different Lithology
Aggregates and Concretes. The drying shrinkage value of
prepared concrete at different stages is tested on the basis
of the drying shrinkage characteristics of different lithology
aggregate concretes, as indicated by the curve in Figure 4.
Figure 4 shows the drying shrinkage from the largest to
the smallest as RAC, SC, BC, QC, and MC; thus, the 3–
100 nm pore distribution and wettability are roughly directly
proportional to concrete drying shrinkage.
As can been seen from Figures 2 and 4 and Table 4, in all
types’ pores, the greatest impacts on wettability are capillary
pores and gel pores, especially for pores with sizes ranging
from 2.5 nm to 50 nm and from 50 nm to 100 nm.

4. Conclusions
The main physical factors that affect concrete drying shrinkage are wettability, contact angle, aggregate water absorption,
and pore distribution. The following conclusions are drawn.
Concrete strength is determined by aggregate strength,
and both types of strength are directly proportional. Aggregate wettability is determined by contact angle and the 3–
100 nm pore size distribution; thus, surface water absorption
is also influenced.
Aggregate contact angle and surface water absorption
are inversely proportional, and concrete drying shrinkage is
significantly affected by contact angle, wettability, and water
absorption rate. Thus, the wettability and water absorption
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As polymer composites, the stress-relaxation behaviors of membrane materials have significant effects on the pattern cutting design,
the construction process analysis, and the stiffness degradation of membrane structures in the life cycle. In this paper, PTFE coated
fabric is taken as the research object. First, the stress-relaxation behaviors under different temperatures (23∘ C, 40∘ C, 50∘ C, 60∘ C, and
70∘ C) are studied, and the variations of main mechanical parameters are got. Then, a simple review of several current viscoelastic
models is presented. Finally, several common models for the material viscoelasticity are used to compare with the test results.
Results show PTFE coated fabric is typically viscoelastic. The stress relaxation is obvious in the initial phase and it decreases with
time increasing. The stress decreases significantly and then tends to a stable value. With temperature increasing, the decrease rate
of membrane stress decreases and the final stable value increases. This material performs obvious hardening with temperature
increasing. Most of the current models can make good prediction on the stress-relaxation behaviors of PTFE coated fabrics under
different temperatures. The results can be references for the determination of pattern shrinkage ratio and construction process
analysis of membrane structures.

1. Introduction
At the beginning of the 1970s, glass fibers coated with
PTFE (polytetrafluoroethylene) developed by the NASA were
first used in civil engineering. Among the commonly used
membrane materials, the glass fibers coated with PTFE are
welcomed by the designers for their good durability and stiffness [1]. Many famous landmark membrane structures are
built with PTFE coated fabrics, for example, membrane roof
of EXPO Axis in Shanghai, China (Figure 1), and Shenzhen
Baoan Stadium in Guangdong, China (Figure 2). The PTFE
coated fabric is obviously nonlinear, anisotropic, and viscoelastic plastic under tensile loading. Its mechanical properties
are affected by the loading history, as well as the woven structure and coating type. Significant viscoelastic characteristics
including creep and stress relaxation can be observed in the
material tests [2–4]. Besides, as a typical polymer composite,
the viscoelastic characteristics should be considered in the
design and analysis of membrane structures [5, 6].

The overall stiffness of membrane structures is supported
by the prestress and the curvature form of membrane
surfaces. The process of pattern cutting and the joining of
separate parts are carried out under the zero stress state.
Then, the membrane materials are stretched to the initial
state during the forming process and the prestress is the
main loading. Therefore, the membrane materials should be
transformed from the initial state to the zero stress state,
which is also called “the cutting pattern design” [1]. Due
to the nonlinear and viscoelastic properties of membrane
materials, the shrinkage compensation should be considered
in the pattern cutting design, as shown in Figure 3. Obviously,
the shrinkage ratio is related with the membrane stress state
and the improper value will affect the forming of membrane
structures [7–11].
The determination of shrinkage ratio is a key and complex
technology and there are few published references about this
aspect. In actual engineering, the determination of shrinkage
ratio is always got by experience or simple tests and it is always
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Figure 1: Membrane roof of Shanghai EXPO Axis.

Figure 2: Shenzhen Baoan Stadium, China.

the secret technology of many companies. The European
design guide for tensile surface structures proposed that the
long-term strain curves of membrane material can be got
through the biaxial cyclic tests by incorporating the effects
of temperature and time [1]. The shrinkage ratio can be got
according to the curves of long-term strain. The Japanese
researchers also conducted the biaxial cyclic tests to get
the shrinkage ratio, but the corresponding test protocols
are different from that of the European recommendations
[12]. Some researchers used the viscoelastic models to get
the shrinkage ratio and the parameters in the viscoelastic
models can be got by uniaxial creep tests [13]. Besides, after
stretched forming, significant stress relaxation will appear
in the membrane surface under the interaction of wind
and snow, which may lead to the reduction and redistribution of membrane stress [14–16]. Therefore, the viscoelastic
properties of membrane materials should be considered in
the cutting pattern design and construction process analysis
[11].
Nowadays, the viscoelastic constitutive models are built
by adding the viscous components to the elastic constitutive
models. Actually, plastic strains can be observed under a
very low stress state and they perform significant memory
characteristics subject to the loading history. There are two
principal methods to get the constitutive relations, macroscopic models and microscopic models. The microscopic
models are built by the properties of yarns, coatings, and
interfaces [11, 17]. They can reflect the deformation mechanisms of internal structures, but there are always too many
unknown parameters. They may decrease the application

efficiency and increase the computation complexity. Therefore, many researches choose the macroscopic mathematical
models to describe the viscoelastic properties of coated
fabrics. The mathematical models are always composed
of elastic components and viscous components, such as
Maxwell model, Kelvin model, and generalized viscoelastic
model [18, 19]. Besides, some researchers conduct the threecomponent model, four-component model, multicomponent
model, fractional Maxwell model, fractional exponential
model, and others to describe the viscoelastic behavior of
materials. The studies show that with the prediction accuracy
increases with parameter number increasing, but too many
unknown parameters are also not convenient to the engineering application. As shown in the existing references, the linear
viscoelastic models are always used in the current analysis,
and the prediction accuracy needs to be improved.
As polymer composites, the mechanical properties of
coated fabrics should be sensitive to temperature and loading
protocols [5, 6]. Recently, many scholars studied the effect of
temperature on the mechanical properties of polymer materials. Minte carried out a series of tests on the materials and
connections and proposed the corresponding temperatures
influence factors [20]. Zhang et al. proposed the temperature
influence coefficient of tensile strength for coated fabrics by
experimental researches [21]. Wang et al. used the regression
method to fit the test data under two different temperatures
[22]. Ambroziak and Kosowski described the test method
to study the effect of temperature on mechanical properties
of PVC-coated polyester fabric used in tensile membrane
structures and proposed two nonlinear models for constitutive relations, the piecewise linear model and the Murnaghan
model [23]. From above, the current researches are mainly
imposed on the variations of tensile strength and breaking
strain under different temperatures. However, there are few
references on the stress relaxation of PTFE coated fabrics
under different temperatures. The effects of temperature on
the material viscoelastic behaviors should be considered,
which may be important for the cutting pattern analysis and
construction process analysis of membrane structures.
First, this paper studied the stress relaxation of PTFE
membrane materials under different temperatures by uniaxial tests. Then, a simple review of several current viscoelastic
models is presented. Finally, several viscoelastic models are
used to describe the variation law of relaxation modulus, and
the fitting accuracies are compared.

2. Materials and Test Setup
In this study, the Sheerfill-II manufactured by the Saint Gobain Company is taken as the research object. The specimens
are with the length of 300 mm and the width of 50 mm,
and the gauge distance is 200 mm. The thickness is 0.8 mm.
The tests are carried out by the electronic tensile machine
with temperature test box, as shown in Figure 4. During the
experiment, the specimens should be put in the temperature
box at least 1 hour before the tests. The temperatures are
23∘ C, 40∘ C, 50∘ C, 60∘ C, and 70∘ C, respectively. The initial
prestress is 4 kN/m and the test time of stress relaxation is
72 hours.
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Figure 3: Shrinkage compensation from the initial state to the zero stress state.

strain. From (2), the decrease rate of stress relaxation is
related with 𝜂/𝐸 and the relaxation time 𝜏𝑖 is related with
material properties. With the viscous value 𝜂 decreasing, the
relaxation time decreases and the relaxation rate increases. If
𝜂 → ∞, the stress relaxation will end, which is the horizontal
section of the stress-relaxation curves.
3.2. Generalized Viscoelastic Models (Three-Component
Model, Five-Component Model, and Seven-Component
Model). The Maxwell models are composed of spring and
viscous components. The generalized Maxwell model is composed of several Maxwell models, as shown in Figures 5(a)
and 5(b). The constitutive relation of Maxwell model is
𝜀1̇ = 𝜎1̇/𝐸 + 𝜎1 /𝜂 and the constitutive relation of the spring
model is 𝜎2 = 𝐸2 𝜀2 .
Based on the balance equation and deformation coordinate equation, the constitutive relation of three-component
model is as follows:
Figure 4: Uniaxial tensile machine with temperature box.

𝜀 ̇= 𝜀1̇=

3. Current Viscoelastic Constitutive Models
Several common viscoelastic constitutive models are introduced and the corresponding expressions for stress relaxation
are listed.
3.1. Classic Maxwell Model. The classic Maxwell models are
composed of one spring and one viscous component. At
constant initial stress, total strain of elastic component and
the viscous component is shown as follows:
𝜀 = 𝜀1 + 𝜀2 ,

(3)

By introducing the unit jump function, the expression for
relaxation modulus is shown as follows:
𝑛

𝑌 (𝑡) = 𝐸𝑒 + ∑𝐸𝑖 𝑒−𝑡/𝜏𝑖 ,

(4)

𝑖=1

where the 𝐸𝑒 is the final relaxation modulus and 𝜏𝑖 = 𝜂𝑖 /𝐸𝑖
is the relaxation time of the ith Maxwell component. 𝜀0 is the
initial strain.

(1)

where 𝜎1 = 𝐸𝜀1 is the expressions of the spring component
and 𝜎2 = 𝜂𝜀2̇ is the expressions of the viscous component.
The balance equation is 𝜎1 = 𝜎2 = 𝜎 and the deformation
coordination equation is 𝜀 = 𝜀1 + 𝜀2 .
At a constant strain, the differential equation can be
obtained; the stress-relaxation expression of classic Maxwell
models is shown as follows:
𝜎 (𝑡) = 𝐸𝜀0 𝑒−𝑡/𝜏𝑖 ,

𝜎1̇ 𝜎1
1
1
+
(𝜎̇− 𝜎2̇) + (𝜎 − 𝜎2 ) .
=
𝐸1 𝜂
𝐸1
𝜂

(2)

where 𝜏𝑖 = 𝜂𝑖 /𝐸𝑖 is the relaxation time of the Maxwell
component, 𝐸 is the elastic modulus, and 𝜀0 is the initial

3.3. Fractional Maxwell Model. The fractional Maxwell models are mathematically composed of the spring and viscous
components. The classic Maxwell model is composed of
spring and viscous components [24, 25]. If we replace the
spring and viscous components by two fractional viscoelastic
models, then a fractional Maxwell model is created, as shown
in Figure 5(c).
The constitutive relations can be described as follows:
𝜎 (𝑡) +

𝛼
𝐸1 𝜏1𝛼 𝑑𝛼−𝛽 𝜎 (𝑡)
𝛼 𝑑 𝜀 (𝑡)
=
𝐸
𝜏
.
1
1
𝛽
𝛼−𝛽
𝑑𝑡𝛼
𝐸2 𝜏2 𝑑𝑡

(5)
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Figure 5: Several viscoelastic models.

The expressions of fractional Maxwell relaxation modulus
can be got by the Fourier transform and Mellin inverse
transform.
If 0 ≤ 𝛽 < 𝛼 < 1, the relaxation modulus can be got as
follows:
𝑡 −𝛽
𝐸
( )
𝑌 (𝑡) ≅
Γ (1 − 𝛽) 𝜏
𝑌 (𝑡) ≅

𝑡
𝐸
( )
Γ (1 − 𝛼) 𝜏

−𝛼

(𝑡 ≪ 𝜏)
(6)
(𝑡 ≫ 𝜏) ,

the balance and deformation coordination conditions are 𝜎 =
𝜎1 = 𝜎2 and 𝜀 = 𝜀1 + 𝜀2 .
Therefore, the differential expressions of Burgers model
are got as follows:
𝐸2 𝜀 ̇+ 𝜂2 𝜀 ̈=

𝜎 (0+ ) = 𝐸1 𝜀 (0+ )
𝜎̇(0+ ) = 𝐸1 𝜀 ̇(0+ ) − 𝐸12 (

where 𝛼 is the attenuation index, 𝜏 is the attenuation characteristic time, 𝐸 is the modulus, and Γ(𝑥) is the complete
Gamma function.
3.4. Fractional Exponential Model. Due to the similarity
of constitutive relations of elastic and viscoelastic bodies,
the answer of the correspondence principle in viscoelastic
problems can be got, according to elastic problems. In order
to achieve the relationship between the nonlinear viscoelastic
constitutive relation and the nonlinear elastic constitutive
relationship, the viscoelastic constitutive theory of the elasticity recovery correspondence principle is proposed by Zhang
[26]. Then, the fractional exponential model is proposed, as
shown in
1−𝛼

},

(7)

where 𝑌∞ is the long-term relaxation modulus, 𝑌0 is the transient relaxation modulus, and 𝛼, 𝛽, and 𝛾 are the parameters.
3.5. Burgers Model. The Burgers model is a combination
model composed of a Maxwell model and a Kevin model.
It is always called “four-component model,” due to the
four components in its expression. The Burgers model is a
common model that can describe the material viscoelastic
behaviors.
The constitutive relation of Maxwell model is 𝜀1̇ = 𝜀1̇ +

𝜀1̇ = 𝜎1̇/𝐸1 + 𝜎1 /𝜂1 and the constitutive relation of Kevin
model is 𝜎2 = 𝜎 + 𝜎 = 𝐸2 𝜀2 + 𝜂2 𝜀2̇. The expressions of

(8)
1
1
+ ) 𝜀 (0+ ) .
𝜂1 𝜂2

The expressions of Burgers model for the material stressrelaxation behaviors are shown in
𝑌 (𝑡) =

𝑌 (𝑡) = 𝑌∞ + (𝑌0 − 𝑌∞ ) exp {−𝛽 [(𝛾 + 𝛼) 𝑡]

𝜂2
𝐸
𝐸
𝐸
𝐸𝐸
[𝜎̈+ ( 1 + 1 + 2 ) 𝜎̇+ 1 2 𝜎]
𝐸1
𝜂1 𝜂2 𝜂2
𝜂1 𝜂2

𝐸1
𝐸
𝐸
[( 2 − 𝛽) 𝑒−𝛽𝑡 − ( 2 − 𝛼) 𝑒−𝛼𝑡 ] ,
𝛼−𝛽
𝜂2
𝜂2

(9)

where 𝛼 = (𝑝1 + √𝑝12 − 4𝑝2 )/2𝑝2 ; 𝛽 = (𝑝1 − √𝑝12 − 4𝑝2 )/2𝑝2 ;
𝑝1 = 𝜂1 /𝐸1 + (𝜂1 + 𝜂2 )/𝐸2 ; and 𝑝2 = 𝜂1 𝜂2 /𝐸1 𝐸2 .

4. Results and Discussions
4.1. Experimental Results of Stress-Relaxation Tests. The
stress-strain curves of PTFE coated fabrics under different
temperatures are shown in Figure 6. The relaxation modulus
can be got by dividing the stress by the strain and the
relaxation curves under different temperatures are shown
in Figure 7. The stress-time curves are nonlinear, and there
is a linear relationship between the logarithm of relaxation
modulus and time. In the first three hours, the stress relaxation has completed 80% of the total relaxation value. In
the following, the stress gradually reaches a stable value. The
changing of temperature has few effects on the curves of
stress relaxation and relaxation modulus. With temperature
increasing, the rate of stress relaxation is faster, and it is easy
to reach the stable state. The stable value increases with temperature increasing, which is different from other traditional
materials (e.g., PVC-coated fabrics). The material performs
obvious hardening with temperature increasing, which is
consistent with the material behaviors in cyclic loading tests
[27, 28].
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Figure 6: Stress-relaxation curves of PTFE coated fabrics under different temperatures.
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Figure 7: Relaxation modulus of PTFE coated fabrics under different temperatures.

4.2. Comparisons of Experimental Results of Stress-Relaxation
Tests. The above constitutive models are used to analyze the
stress-relaxation behaviors of PTFE coated fabrics and the
prediction accuracy of several models is compared.
4.2.1. Classic Maxwell Model. The classic Maxwell models are
fitted by (2) and the fitting results are shown in Figure 8. The
results show that the classic Maxwell models cannot be used
to analyze the stress-relaxation behaviors of PTFE coated
fabrics.

4.2.2. Generalized Maxwell Model (Three-Component Model,
Five-Component Model, and Seven-Component Model). The
generalized Maxwell models (three-component model, fivecomponent model, and seven-component model) are used
to fit the relaxation modulus of PTFE coated fabrics under
different temperatures. All three models are got by selfdefined formulas. The fitting results are compared with
the test data and the corresponding prediction accuracy is
compared, as shown in Figures 9, 10, and 11, respectively. The
fitted parameters of three models are listed in Tables 1, 2, and
3, respectively.
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Figure 8: Prediction results of the classic Maxwell model.
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Figure 9: Predictions of the generalized Maxwell model (three-component model).

4.2.3. Fractional Maxwell Model. In order to express the
stress-relaxation behaviors directly, the stress-relaxation
behavior can be described as follows:

Here, if 𝑘1 = 𝐸𝜏𝛽 /Γ(1 − 𝛽), the above function can be simplified as follows:
lg 𝑌 (𝑡) = lg 𝑘1 − 𝛽 lg 𝑡.

𝑌 (𝑡) ≅

𝑡 −𝛽
𝐸
( ) .
Γ (1 − 𝛽) 𝜏

(10)

(11)

The fractional Maxwell models are fitted by (11) and the
fitting results are shown in Figure 12 and Table 4.
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Figure 10: Predictions of the generalized Maxwell model (five-component model).
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Figure 11: Predictions of the generalized Maxwell model (seven-component model).

4.2.4. Fractional Exponential Model. The fractional exponential models are fitted by self-defined formulas and the fitting
results are shown in Figure 13 and Table 5.
4.2.5. Burgers Model. The Burgers model is fitted by selfdefined formulas and the fitting results are shown in Figure 14
and Table 5.

From the above, all the above viscoelastic models can
describe the stress-relaxation behaviors of PTFE coated fabrics under different temperatures. However, the expressions
of classic Maxwell models are relatively simple, compared
with the other models. They have strict guidelines for
the application of the ordinary differential equations in
describing the complex constitutive relations. They can only
describe the simple trend of stress relaxation and cannot
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Table 1: Parameter results of the generalized Maxwell model (three-component model).

𝐸𝑒
𝐸1
𝐸2
𝐸3
1/𝜏1
1/𝜏2
1/𝜏3

23∘ C
56.83
14.43
13.21
16.74
0.05
3.78𝐸 − 5
1.75𝐸 − 3

40∘ C
53.54
11.69
9.69
12.32
5.63𝐸 − 2
4.16𝐸 − 5
2.05𝐸 − 3

Warp
50∘ C
57.94
11.09
11.87
11.39
7.43𝐸 − 2
1.98𝐸 − 3
4.03𝐸 − 5

60∘ C
57.33
12.51
11.90
10.74
4.37𝐸 − 5
2.37𝐸 − 3
0.087

70∘ C
58.92
9.83
12.37
11.03
3.13𝐸 − 5
2.29𝐸 − 3
0.082

23∘ C
59.75
13.94
13.83
18.31
3.62𝐸 − 5
1.27𝐸 − 3
0.041

40∘ C
54.33
11.50
13.20
14.02
3.43𝐸 − 5
5.53𝐸 − 2
1.86𝐸 − 3

Weft
50∘ C
53.63
12.41
9.73
11.44
2.19𝐸 − 3
4.48𝐸 − 5
0.059

60∘ C
57.78
11.16
10.12
13.31
0.081
5.42𝐸 − 5
3.76𝐸 − 3

70∘ C
61.11
10.83
8.72
12.33
7.78𝐸 − 2
1.04𝐸 − 4
3.68𝐸 − 3

60∘ C
52.59
2.74
8.59
8.11
11.82
9.06
0.41
2.82𝐸 − 8
6.20𝐸 − 5
0.023
0.0019

70∘ C
60.86
2.07
8.00
8.13
6.27
6.24
0.31
0.040
0.0055
7.11𝐸 − 4
5.79𝐸 − 5

Table 2: Parameter results of the generalized Maxwell model (five-component model).

𝐸𝑒
𝐸1
𝐸2
𝐸3
𝐸4
𝐸5
1/𝜏1
1/𝜏2
1/𝜏3
1/𝜏4
1/𝜏5

23∘ C
54.66
3.13
11.52
8.74
8.71
12.21
0.21
0.019
1.31𝐸 − 4
1.0𝐸 − 5
0.0017

40∘ C
52.81
2.49
6.29
7.25
7.96
8.64
0.22
2.96𝐸 − 4
1.96𝐸 − 5
0.0028
0.024

Warp
50∘ C
56.56
2.60
7.94
7.27
8.14
8.20
0.34
0.002
2.02𝐸 − 4
1.45𝐸 − 5
0.029

60∘ C
56.92
2.33
7.43
10.55
6.68
7.31
0.43
0.0045
2.99𝐸 − 5
4.87𝐸 − 4
0.043

70∘ C
58.66
2.17
7.59
7.11
6.58
8.92
0.44
0.047
0.0049
7.36𝐸 − 4
2.42𝐸 − 5

give a more accurate description. This aspect can also be
seen in the application of Burgers model. The Burgers model
can reflect the stress-relaxation behaviors of PTFE coated
fabrics, because it is composed of the Maxwell model and
the Kevin model. To a certain extent, it should reflect
both the stress-relaxation behavior and the creep behavior.
However, as we know, the Kevin model can only reflect
the material creep behaviors and the Maxwell model can
only reflect the material stress-relaxation behaviors. When
predicting the stress-relaxation behaviors, the Burgers model
can be degenerated into the classic Maxwell model. Therefore,
it cannot make good prediction for the material stressrelaxation behaviors. For the generalized Maxwell models,
the equations are composed of classic Maxwell models and
spring components. More parameters make it easy to describe
the stress-relaxation behaviors accurately. Besides, the final
modulus is given, which is the stable modulus when the
time is the infinity. Therefore, it can reflect the “memory”
characteristics of coated fabrics and can predict the stressrelaxation behaviors. The fractional Maxwell models and
the fractional exponential models can solve the prediction
limitation of ordinary differential equations. They can achieve
the interpolation calculation between elastic behaviors and
viscous behaviors. Therefore, the fractional Maxwell models
and the fractional exponential models are more suitable for
describing the stress-relaxation behaviors of PTFE coated
fabrics.

23∘ C
59.28
2.87
14.27
8.94
7.07
11.70
0.24
0.024
3.64𝐸 − 4
0.0026
2.50𝐸 − 5

40∘ C
52.49
3.26
9.02
10.04
7.59
8.14
0.18
0.0019
0.018
1.57𝐸 − 4
9.86𝐸 − 6

Weft
50∘ C
52.63
2.61
8.92
5.91
6.76
8.44
0.21
0.022
2.09𝐸 − 4
1.70𝐸 − 5
0.0022

5. Conclusions
(1) The PTFE coated fabrics are typically viscoelastic. The
stress decreases obviously in the initial state and it has
completed 80% of the total relaxation in the first three
hours. The decrease rate decreases with time increasing, and
finally the stress gradually reaches a stable value. The stresstime curves are nonlinear, and there is a linear relationship
between the logarithm of relaxation modulus and time. There
are no significant differences between the behaviors of warp
and weft.
(2) The changing of temperature has few effects on the
curves of stress relaxation and relaxation modulus. With
temperature increasing, the rate of stress relaxation is faster,
and it is easy to reach the stable value. With temperature
increasing, the relaxation modulus increases and the final
stable value increases. This is consistent with the behaviors
under cyclic loading in previous references, which may be
related with the properties of glass fibers.
(3) The classic Maxwell model cannot make good prediction for the material stress-relaxation behaviors, due to fewer
parameters. From the expressions, it can be seen that the
Burgers model can reflect the stress-relaxation behaviors of
PTFE coated fabrics, because the Burgers model is composed
of the Maxwell model and the Kevin model. However, when
using the Burgers model to predict the stress-relaxation
behaviors, its expression is very close to the classic Maxwell
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Table 3: Parameter results of the generalized Maxwell model (seven-component model).
∘

𝐸𝑒
𝐸1
𝐸2
𝐸3
𝐸4
𝐸5
𝐸6
𝐸7
1/𝜏1
1/𝜏2
1/𝜏3
1/𝜏4
1/𝜏5
1/𝜏6
1/𝜏7

Warp
50∘ C
55.47
1.46
5.35
6.77
5.97
5.51
5.26
6.31
0.69
0.10
7.61𝐸 − 6
0.0025
6.37𝐸 − 5
4.07𝐸 − 4
0.016

∘

23 C
53.63
1.77
6.80
4.94
9.51
8.45
7.17
8.23
0.37
0.060
3.98𝐸 − 4
0.0019
0.012
7.11𝐸 − 5
6.49𝐸 − 6

40 C
53.80
2.11
7.60
3.57
6.46
7.62
6.73
9.59𝐸 − 8
0.26
0.0048
4.19𝐸 − 7
4.59𝐸 − 5
0.034
6.02𝐸 − 4
−5.93

∘

60 C
52.19
2.24
7.16
5.78
7.10
6.48
8.42
3.95
0.45
0.0053
−1.6𝐸 − 7
0.048
6.33𝐸 − 4
2.01𝐸 − 5
7.17𝐸 − 5

∘

∘

70 C
35.41
2.19
11.24
7.63
11.48
6.49
7.21
9.36
0.44
−1.1𝐸 − 7
0.046
−1.1𝐸 − 7
7.01𝐸 − 4
0.0048
2.22𝐸 − 5

23 C
33.56
2.87
8.82
14.24
6.91
11.13
13.01
13.58
0.24
3.88𝐸 − 4
0.024
0.0027
2.86𝐸 − 5
1.70𝐸 − 7
1.72𝐸 − 7

lg(𝜎/(kN/m))

lg(𝜎/(kN/m))

40 C
33.13
2.05
5.58
6.49
6.98
21.84
7.21
8.60
0.29
1.36𝐸 − 5
1.28𝐸 − 4
0.0011
3.92𝐸 − 7
0.047
0.0073

Weft
50∘ C
51.13
1.41
6.10
5.64
6.56
5.23
5.02
5.49
0.37
0.0025
0.066
0.013
5.83𝐸 − 6
4.83𝐸 − 4
5.61𝐸 − 5

60∘ C
33.71
2.74
8.07
8.39
8.56
8.53
9.06
11.82
0.41
6.24𝐸 − 5
4.21𝐸 − 7
4.12𝐸 − 7
4.07𝐸 − 7
0.0019
0.023

70∘ C
33.27
1.95
6.41
5.86
7.81
0.72
7.68
8.00
0.33
8.83𝐸 − 4
7.68𝐸 − 5
6.68𝐸 − 8
2.47𝐸 − 5
0.044
0.0065

0.6

0.6

0.5

0.5

0.4

0.4

0.3

∘

0

−2

2

4

6

0.3

2
lg(t/s)

0

lg(t/s)
23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

(a) Warp

4

6

23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

(b) Weft

Figure 12: Prediction of the fractional Maxwell model.

Table 4: Parameter results of the fractional Maxwell model.
Temperature
23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

Warp

Weft

𝑘1

𝛽

𝑘1

𝛽

4.0214
3.9836
3.9389
3.9452
3.9006

0.04896
0.04176
0.03832
0.03903
0.03639

3.9919
3.9996
3.9811
3.9033
3.9312

0.04798
0.04512
0.04183
0.03990
0.03751

model. Therefore, it cannot make good prediction of stressrelaxation behaviors of PTFE coated fabrics under different
temperatures.
(4) For the generalized Maxwell models, all three models
including three-component model, five-component model,
and seven-component model can make good predictions
for the material stress-relaxation behaviors. Among them,
the prediction accuracy of the seven-component model is
the best, which indicates that, with equation parameter
increasing, the prediction accuracy of fitting results increases.
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Table 5: Parameter results of the Burgers model.
𝛼
0.0048
0.0062
0.0054
1.11𝐸 − 6
0.0066

23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

𝛽
1.21𝐸 − 6
9.60𝐸 − 7
1.11𝐸 − 6
0.0052
8.86𝐸 − 7

Warp
𝜂2
17.24
14.71
15.63
15.87
14.24

𝐸1
93.33
80.26
88.41
89.36
80.31

𝐸2
0.058
0.067
0.064
0.062
0.071

𝛼
0.0074
0.0059
1.08𝐸 − 6
8.63𝐸 − 7
6.46𝐸 − 7

Weft
𝜂2
13.89
15.38
14.93
−12.99
13.70

𝛽
1.42𝐸 − 6
1.05𝐸 − 6
0.0062
0.0081
0.0071

𝐸1
80.63
84.41
84.97
89.88
90.48

𝐸2
0.072
0.064
0.067
−0.077
0.072

110

Relaxation modulus (MPa)

Relaxation modulus (MPa)

100
90
80
70
60
50

100
90
80
70
60
50

0

100000

200000

0

300000

100000

Time (s)
23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

200000

300000

200000

300000

Time (s)
23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

23∘ C
40∘ C
50∘ C
60∘ C
70∘ C

(a) Warp

(b) Weft

Figure 13: Prediction of the fractional exponential model.
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Relaxation modulus (MPa)
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0
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0
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40∘ C
50∘ C
60∘ C
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40∘ C
50∘ C
60∘ C
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Time (s)
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40∘ C
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Figure 14: Prediction of the Burgers model.
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(5) The fractional Maxwell model and the fractional
exponential model are all built by self-defined formulas, and
the fitting results are good. They can make good prediction
of the final relaxation modulus and make worse prediction
of the initial phase of the stress relaxation. Further research
should be imposed on proposing a more accurate model to
describe the whole phase of the stress relaxation.
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Reinforced concrete dapped-end beams (RC-DEBs) are mainly used for precast element construction. RC-DEBs generally are
recessed at their end parts and supported by columns, cantilevers, inverted T-beams, or corbels. The geometric discontinuity of
dapped-end beams evokes a severe stress concentration at reentrant corners that may lead to shear failure. Therefore, stress analysis
is required at the reentrant vicinity for design requirement of these beams. Four large-scale RC-DEBs specimens were prepared,
cast, and tested up to failure. Three parameters were investigated: amount of nib reinforcements, main flexural reinforcements, and
concrete type at the dapped-end area. Finite element analysis using Vec2 was also conducted to predict the behavior of RC-DEBs.
It has been found that highest stresses concentration factors occur at the reentrant corners and its vicinity. By using engineered
cementitious composite (ECC) in the dapped-end area, the failure load has increased by 51.9%, while the increment in the failure
load was 62.2% and 46.7% as the amount of nib reinforcement and main flexural reinforcement increased, respectively. In addition,
Vec2 analysis has been found to provide better accuracy for predicting the failure load of RC-DEBs compared to other analysis
approaches.

1. Introduction
The reinforced concrete dapped-end beams (RC-DEBs) are
usually used for precast elements construction of bridge
girders [1]. RC-DEBs are recessed at end parts and supported
by columns, cantilevers, inverted T-beams, or corbels. The
advantages of using these beams are, firstly, to increase the
lateral stability of the structure elements at the support and,
secondly, to decrease the overall height of the precast concrete
floor [2, 3]. However, due to recessing of RC beam at end
parts, there are two main problems related to designing RCDEBs. Firstly, if the nib section height is less than 0.45 times
total height of the beam (undapped section) then the beams
exhibit a very small shear strength capacity. According to
Wang et al. [4], it was recommended that the nib height
should not be less than 0.45 times total beam height which
is in agreement with the suggestion by Mattock and Chan
[5]. Secondly, the geometric discontinuity leads to high
stress concentrations at the reentrant corners. If appropriate
reinforcements are not prepared close to reentrant corner,

diagonal cracks can appear rapidly and failure can occur
immediately or without early warning [6]. Strut-and-Tie
Models are widely used in analysis of RC-DEBs and many
models available in the codes of practice (such as ACI
code, FIP, Eurocode2, Canadian code) which can provide
significantly different results for the same specimen. This
condition can be attributed to the use of different truss model
to capture the stress flow at the dapped-end area.
Based on available experimental results, the failure of RCDEBs commonly occurs at the reentrant corners or dappedend area. The applied load is usually positioned at a distance
in which shear span-depth ratio (𝑎V /𝑑) is less than 2, where 𝑎V
is the shear span (distance from the load point to the support)
and 𝑑 is the effective depth of RC-DEB. However, limited
research works have been carried out to determine the structural behavior of the RC-DEBs. Yang et al. [7] investigated
the shear strength of RC-DEBs using failure mechanism or
yield line theorem and found that their proposed analysis
provides adequate predicted shear strength. Lu et al. [3]
have experimentally investigated the shear strength capacity
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of the RC-DEBs and they reported that the shear strength
of dapped-end beams increases with increase of concrete
compressive strength and nib flexural reinforcement area.
The shear strength capacity of RC-DEBs also increases with
decrease of nominal shear span-depth ratio. Mattock [8]
demonstrated that dapped-end beams exhibit different shear
capacity with variation of the nib height and nominal shear
span-depth ratio, while Peng [9] suggested that, by using
a proper anchorage and adequate hanger reinforcements,
RC-DEBs exhibit higher shear strength capacity and good
ductility even after yielding of hanger reinforcements. Wang
et al. [4] have showed that the shear strength capacity of RCDEBs is enhanced by increasing the nib height, nominal shear
span, or amount of hanger reinforcements. It was also noted
that, by using diagonal reinforcement through the reentrant
corners, shear strength capacity can be increased.
Different strengthening techniques have been employed
to enhance the shear strength capacity of RC-DEBs such
as the use of external steel angle, unbounded inclined steel
bolts, steel plate jacketing, and CFRP [1]. It has been reported
that all the strengthening methods are enhancing the shear
strength capacity of RC-DEBs; however, the unbounded
inclined steel bolts method has yielded better results. In
addition, experimental results reported by Huang and Nanni
[6] and Nagy-György et al. [10] showed that the shear strength
capacity of the RC-DEBs can be significantly increased by
using CFRP strengthening. Other approaches by focusing
on different types of concrete to enhance the shear strength
capacity of RC-DEBs have been investigated by Mohamed
and Elliot [11]. They investigated the shear capacity of RCDEBs made of self-compacting steel fiber concrete and
reported that the shear capacity has been enhanced, which
can lead to reduction in the amount of dapped-end reinforcements.
Fukuyama et al. [12] reported that a new ductile engineered cementitious composite (ECC) has been developed
based on the micromechanical principles by V. C. Li. The ECC
mixtures exhibit wide range of strain hardening with up to 7%
strain capacity and show steel-like behavior. Further details
on ECC properties and behavior have been reported by other
researchers [13–18].
Therefore, the main objective of the research work
reported in this paper is to predict the failure load and loaddeformation response of RC-DEBs, as well as to investigate the stress concentration at the dapped-end area. Three
parameters were considered: concrete type at the nib area,
amount of nib reinforcement, and amount of main flexural
reinforcement. In this study, the steel reinforcements requirement of RC-DEBs were designed using the PCI Design
Handbook [19], whereas the failure load of RC-DEBs was
predicted using available codes, Strut-and-Tie Model (STM),
and finite element modeling (FEM). All these analysis results
were compared to experimental results to gain the accurate
analysis.

2. Experimental Works
For this study, four large-scale RC-DEBs were prepared and
cast in accordance with the requirements of PCI code. All
beams were tested up to failure.
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Table 1: Mix proportions.
Ingredients
Cement (OPC)
Fly ash
Water
Fine aggregate
Coarse aggregate
Superplasticizer
PVA fiber

NSC
1.00
—
0.57
1.64
2.00
—
—

ECC
1.00
1.20
0.32
0.80
—
1%
2%

P

2𝜙8
A  = 2𝜙8

Welded by using
a cross rebar

A h = 2𝜙8

St = 𝜙8-100
NFR = 3𝜙10

A sh = 3𝜙8
BMFR = 3𝜙10

Strain gage for steel reinforcement

Figure 1: Reinforcement details.

2.1. Test Specimens. The overall length of each RC-DEB
was 1800 mm. The nib dimensions were 110 mm length,
140 mm height, and 120 mm width. The undapped portion
dimensions were 120 mm width and 250 mm height. The
beams were labeled as DEB-1, DEB-2, DEB-3, and DEB-4.
Normal strength concrete (NSC) was used in DEB-1, DEB3 and DEB-4. While ECC mixture was used only in the
dapped-end area of DEB-2. Only longitudinal reinforcement
was used (without shear reinforcement) for DEB-1 and
DEB-2. Steel reinforcement for DEB-3 and DEB-4 was in
accordance with the requirements of PCI code. However,
main flexural reinforcement for DEB-4 was decreased by
36%. The mix proportions for normal concrete and ECC are
shown in Table 1. Concrete cover of 15 mm is provided for all
reinforcement bars. NSC and ECC compressive strength and
the reinforcement details are shown in Table 2 and Figure 1.
All main longitudinal reinforcements either in extended end
or undepth portion of beams were welded at the ends of the
beams using cross steel bars to provide sufficient anchorage in
accordance with the requirements of ACI code [22] as shown
in Figure 1.
2.2. Instrumentations. All beams were tested with nominal
shear span (𝑎) of 102 mm and nib depth (𝑑) of 112 mm. The
selected nominal shear span-depth ratio (𝑎/𝑑) was 0.91 (less
than 1) to fulfill the PCI requirements. Four rosette strain
gages were attached to the surface of each beam to study
the principal stresses and stress concentration at points A,
B, C, and D as shown in Figure 2. Uniaxial strain gages
were attached to main flexural reinforcement, nib flexural
reinforcement, and hanger reinforcement as well as nib
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Table 2: The compressive strength and reinforcement details.
Specimen
DEB-1
DEB-2
DEB-3
DEB-4

𝑓𝑐

𝐴ℎ
mm
—
—
2𝜙8 (U)
2𝜙8 (U)

Concrete type

MPa
27
27; 79
27
27

NSC
NSC; ECC
NSC
NSC

𝐴V
mm
—
—
2𝜙8 (St)
2𝜙8 (St)

HR
mm
—
—
3𝜙8 (St)
3𝜙8 (St)

𝑓𝑦𝑠
MPa

387

NFR
mm
3𝜙10
3𝜙10
3𝜙10
3𝜙10

BMFR
mm
3𝜙10
3𝜙10
3𝜙10
3𝜙8

𝑓𝑦
MPa
470

U = U bar (2 legs); St = stirrup (2 legs); 𝐴 ℎ = nib horizontal reinforcement, 𝐴 V = nib vertical reinforcement; HR = 𝐴 𝑠ℎ = hanger reinforcement; NFR = nib
flexure reinforcement; BMFR = beam main flexure reinforcement; 𝑓𝑐 = concrete compressive strength; and 𝑓𝑦 = yield stress of reinforcement.

Table 3: Experimental and analysis results.
Failure load (kN)
Number
DEB-1
DEB-2
DEB-3
DEB-4

Test
𝑃𝑢 𝐸
64.87
98.56
105.26
95.16

PC
𝑃𝑢 PC

Failure load ratio (analysis-experimental)

STM
𝑃𝑢 STM

Vec2
𝑃𝑢 Vec2

𝑃𝑢 PC /𝑃𝑢 𝐸

𝑃𝑢 STM /𝑃𝑢 𝐸

𝑃𝑢 Vec2 /𝑃𝑢 𝐸

56.25
96.34
83.27
96.34
96.67
96.34
96.67
50.71
Mean (M)
Standard deviation (S)
Coefficient of variation (CoV)

58.00
95.80
107.80
107.00

0.87
0.84
0.92
1.02

1.49
0.98
0.92
0.53

0.89
0.97
1.02
1.12

0.91
0.05
0.06

0.98
0.34
0.35

1.00
0.09
0.08

Figure 2: Layout of the rosette strain gages.

vertical and horizontal reinforcement to evaluate the strains
values in these reinforcements as shown in Figure 1. Linear
Variable Differential Transducer (LVDT) was positioned at
the soffit of the beam below the loading point to measure the
vertical deflection. The test setup of the beams is shown in
Figures 3(a) and 3(b). To study the localized effect of shear
failure of the RC-DEBs, the shear span-depth ratio (𝑎V /𝑑) was
taken as 1.43 (less than 2).

3. Results and Discussion
3.1. Failure Load. The failure loads for all RC-DEBs are shown
in Table 3. Different analytical methods were used to predict
the failure load of RC-DEBs. To explore the accuracy of
analytical methods, the analytical results were compared to
the experimental results. Analytical results based on available

codes are labeled as 𝑃𝐶. Results from Strut-and-Tie Model
were labeled as 𝑃STM and lastly, results from finite element
modeling by package Vector2 were grouped and labeled as
𝑃Vec2 . In first group (𝑃𝐶): DEB-1 was analyzed according to
ACI code [22] for singly reinforced concrete without stirrups,
DEB-2 was analyzed according to RILEM provision for fiber
reinforced concrete [20, 21], and DEB-3 and DEB-4 was
analyzed according to Section 5.6.3 of PCI code. It is worth
noting that no single code is suitable for analyzing all the
beams; therefore three codes were used in the analysis.
Stress-strain relationship of steel fiber reinforced concrete
with ordinary reinforcing bars based on RILEM provision is
shown in Figure 4.
According to Figure 4,
𝑎
𝑀𝑛 = 𝐴 𝑠 𝑓𝑦 (𝑑 − ) + 𝑓𝑓𝑡 (ℎ − 𝑥) 𝑏𝑧,
2

(1)

where 𝐴 𝑠 and 𝑓𝑦 are area and yield strength of steel reinforcements, respectively, 𝐹𝑓𝑐,𝑡 = 𝑓𝑓𝑡 (ℎ − 𝑥)𝑏 is tensile force of
fiber reinforced concrete, 𝑓𝑓𝑡 = 0.33√𝑓𝑐𝑡 is tensile strength

of concrete [23], 𝑓𝑐𝑡 is compressive strength of concrete, 𝑧 =
0.5(ℎ − 𝑥) + 𝑥(1 − 𝛽1 /2) is internal lever arm, ℎ is total
height of beam, 𝑑 is effective depth, 𝑥 is neutral axis position
measured from the top of beam, 𝑐 is distance between center
of flexure rebar and bottom side of beam, 𝛽1 is coefficient of
compressive stress block, 𝑎 = 𝛽1 𝑥, and 𝑏 is width of beam.
Five potential failure modes of RC dapped-end beam are
suggested by PCI code as shown in Figure 5. These failure
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modes are (1) flexure and axial tension in extended end,
(2) direct vertical shear between nib and undapped portion,
(3) diagonal tension initiating from reentrant corner, (4)
diagonal tension in the nib area, and (5) diagonal tension
in undapped portion. According to the empirical method
specified in the PCI code, the smallest value of strength
capacity which was calculated is taken as the predicted failure
load of RC dapped-end beams:
(1) the flexure and axial tension in the nib
𝐴𝑠 =

[𝑉𝑢 (𝑎/𝑑) + 𝑁𝑢 (ℎ/𝑑)]
,
𝜑𝑓𝑦

(2)

where 𝑉𝑢 = reaction force; 𝜑 = strength reduction
factor = 0.75; and 𝑁𝑢 = 0 (no bearing pad),

(2) direct shear
𝐴𝑠 =

(2𝑉𝑢 )
(3𝜑𝑓𝑦 𝜇𝑒 )

+

𝑁𝑢
(𝜑𝑓𝑦 )

(1000𝜑𝜆𝑏ℎ𝜇)
𝜇𝑒 =
,
𝑉𝑢

,
(3)

where 𝜇𝑒 ≤ 3.4; 𝜆 = concrete coefficient = 1 for normal
weight; 𝜇 = shear-friction coefficient = 1.4 ∗ 𝜆,
(3) hanger reinforcement for diagonal tension at reentrant corner
𝐴 𝑠ℎ =

𝑉𝑢
(𝜑𝑓𝑦𝑝 )

,

(4)

where 𝑓𝑦𝑝 = the yield stress of hanger reinforcement,
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(4) diagonal tension in the nib
𝐴V =

(𝑉𝑢 /𝜑 − 2𝜆𝑏𝑑√𝑓𝑐 )
(2𝑓𝑦V )

,
(5)

𝑓𝑦V
= the yield stress of vertical reinforcement in the nib.

The analysis results for the group of 𝑃𝐶 using ACI code,
RILEM provision, and PCI code are compared as shown in
Table 3. According to failure load comparison, analysis using
PCI code were found to be more accurate than ACI code and
RILEM provision in predicting the failure load of RC-DEBs.
The common beams theory based on Bernoulli’s theorem
can not be applied to nonlinear condition and nonprismatic
members in RC structures such as pile caps, deep beams,
corbels, and dapped-end beams. STM provides an acceptable
analysis and design solution for the nonlinear condition
and disturbed regions subjected to high stress flow in RC
structures [24, 25]. Many codes facilitate analysis using
STM provisions. However, for STM analysis in this study,
Eurocode2 [26] has been utilized.
As suggested by Mattock, trial and error has been conducted to select the most appropriate STM. The selected STM
is consistent with the observed behavior of dapped-ends [8].
For DEB-1 and DEB-2, single node truss model has been used
which consisted of one node-one strut-one tie at the support
(CCT) as shown in Figure 6. For DEB-3 and DEB-4, truss
model based on FIP provision has been used [27, 28].
For DEB-1 and DEB-2, node 𝐴 is CCT. According to EC2
obtained,
𝜎𝑅𝑑,max = 𝑘2 𝜐𝑓𝑐𝑑 ,

(6)

where 𝜎𝑅𝑑,max is maximum design stress of RC beam, 𝑘2 = 0.85
for CCT, 𝜐 = 1 − 𝑓𝑐𝑘 /250, 𝑓𝑐𝑑 = 0.567𝑓𝑐𝑘 , 𝑓𝑐𝑘 is characteristic
concrete compressive strength, and 𝑓𝑐𝑑 is design concrete
compressive strength.

The analysis procedure is in accordance with the requirements of EC2. For DEB-1 and DEB-2, the single node truss
model can accommodate their condition in which each DEB
has no stirrup but only available nib flexure reinforcements
(NFR). For DEB-3 and DEB-4, truss model established by
FIP provision was used. Structure analysis of this truss model
showed that internal force of hanger reinforcement is almost
equal to the reaction force. This condition is in agreement
with Mattock [8] suggestion. Results of analysis using STM
are shown in Table 3.
For DEB-1, by using STM, the strength of strut is higher
than tie so the failure load is determined by strength of
tie (96.34 kN). Nib flexure reinforcements (tie) fail first. By
comparing to experimental result, it can be seen that ACI
code yields better result than STM for DEB-1 (56.25 kN). For
DEB-2, by using STM, the failure load was also determined
by strength of tie (96.34 kN). Meanwhile, by using RILEM
provision, the failure load was 83.57 kN, so STM analysis
provides better result than RILEM provision. For DEB-3 and
DEB-4 as shown in Table 3, it can be seen that analysis results
by using PCI code provide better results compared to STM
analysis, ACI code, and RILEM provision.
Based on experimental results and by comparing to
control beam (DEB-1), it had been found that the failure
load increased by 51.93% by using engineered cementitious
composite (ECC) in the dapped-end area, and the failure
load increased by 62.26% and 46.69% as the amount of nib
reinforcement and main flexural reinforcement increased,
respectively.
The FEM analysis in this study was carried out by using
Vec2. Each model uses a total of 687 elements which consist
of rectangular element of 220, triangular element of 343, and
truss element of 124 with total nodes of 452. For the analysis
requirement, Vec2 uses elastic modulus of 28.6 KN/mm2 and
22 KN/mm2 for NSC and ECC, respectively. Poisson’s ratio
value of 0.15 and other parameters were used in accordance
with the test specimen data. Analysis results are presented in
Table 3.
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Figure 8: Mohr’s circle.

3.2. Stress Concentration. The intensity of a stress concentration is usually expressed by the ratio of the maximum stress
to the nominal stress, called the stress concentration factor, 𝑘:
𝑘=

𝜎1
,
𝜎nom

A
B

91.66
1.57

0.48

33.42

0.22

22.24

1.39

0.43

28.56

DEB-2
DEB-3
Rosette strain gage

0.7

79.62

85.55

138.31

DEB-1

5.9

66.86

160
140
120
100
80
60
40
20
0

0.87

As shown in Table 3 and Figure 7, Vector2 analysis yields
more accurate results than other methods as the finite
element model in Vec2 can simulate the behavior of the
RC-DEBs more realistically. All parameters related to the
test specimen used were facilitated in Vec2 which involves
concrete, steel reinforcements, the steel reinforcement configuration, section size of the test specimen, applied load and
support position, and so forth. Based on input data, Vec2 had
simulated all actual condition of the test specimens.

Stress concentration factor

Figure 7: Dissemination of failure load values for experimental and
analysis results.

DEB-4

C
D

Figure 9: Stress concentration factor of RC-DEBs.

(7)

where 𝜎nom = 80% 𝑃𝑢 /𝐴 𝑐𝑠 and 𝐴 𝑐𝑠 is vertical shear plane
area of dapped-end (same direction with reaction force).
Figure 8 shows Mohr’s circle, 𝜎1 denotes maximum principal
stress, and 𝜎2 represents the minimum principal stress. The
procedure on calculation of principal stresses is referred to
Gere and Timoshenko [29].
The maximum principal stresses and stress concentration
factor are shown in Table 4 and Figure 9. It is worth noting
that the calculation is based on strain readings at 80% of
the failure load to avoid any missing data due to damage of
strain gage, suggested by Mohammed et al. [30]. From Table 4
and Figure 9 it can be observed that stress concentration
factor for DEB-1 is higher than other beams and also stress
concentration at point C is higher than other points of all
beams. DEB-1 has the lowest failure load compared to other
beams. Meantime stress concentration factor for DEB-3 is
smaller than other beams and its stress concentration at
point C is lower than other points of all beams. DEB-3 has
the highest failure load compared to other beams. These
observations presented that the value of stress concentration

factor can indicate the failure load capacity of RC-DEBs.
The highest stress concentration was found to occur at the
reentrant corners.
3.3. The Failure Mode and Crack Pattern. The existence of
recess (geometric discontinuity) in the end part of RC-DEB
evokes the load path flow and raises the stress concentration
at the vicinity of the reentrant corners leading to initiate
cracks. According to experimental result, it showed that the
first crack appears at the reentrant corner for all RC-DEBs. As
the applied load increased, the principal tensile (maximum)
stresses increased and the crack width also increased until
final failure. It clearly indicates that the reentrant corner is
the most susceptible to fail due to the applied load compared
to another location of dapped-end area. Reentrant corner is
the weakest point of RC-DEBs. This failure basically caused
by the first crack initially propagates faster from the corner
of the recess. As shown in (8), the strength capacity (moment
capacity) of the nib is reduced due to the recessing in which
the nib height is reduced and also the rigidity modulus (𝐸𝐼) of
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Table 4: The principal stresses and stress concentration factor at each RC-DEB (for all types of strain gages).
DEB

DEB-1

DEB-2

DEB-3

DEB-4

Strain gage

80% of 𝑃𝑢
KN

𝐴 𝑐𝑠
mm2

𝜎nom
MPa

𝜎2
MPa

𝜎1 (𝜎max )
MPa

𝑘𝑖 =
𝜎1 /𝜎nom

A
B
C

51.78
51.78
51.78

16,800
16,800
16,800

3.08
3.08
3.08

(5.82)
(147.62)
(193.67)

2.67
206.08
426.29

0.87
66.86
138.31

D

51.78

16,800

3.08

(12.88)

18.17

5.90

A
B
C

79.47
79.47
79.47

16,800
16,800
16,800

4.73
4.73
4.73

(5.26)
(98.22)
(171.14)

2.03
135.11
404.70

0.43
28.56
85.55

D

79.47

16,800

4.73

(4.68)

6.57

1.39

A

84.07

16,800

5.00

(2.67)

1.12

0.22

B
C

84.07
84.07

16,800
16,800

5.00
5.00

(79.30)
(197.08)

111.29
398.42

22.24
79.62

D

84.07

16,800

5.00

(0.64)

3.52

0.70

A

76.17

16,800

4.53

(5.17)

2.17

0.48

B
C
D

76.17
76.17
76.17

16,800
16,800
16,800

4.53
4.53
4.53

(95.86)
(160.55)
(2.14)

151.54
415.56
7.12

33.42
91.66
1.57

DEB-1

DEB-2

(a)

(b)

DEB-3

DEB-4

(c)

(d)

Figure 10: Failure mode and crack pattern of test specimens.
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Table 5: The deformation ratio between experimental and Vec2 analysis results.
Experimental

Vector2

Vec2/Exp

𝛿𝐸 max

𝛿𝐸 rupt

𝛿𝑉 max

𝛿𝑉 rupt

𝛿𝑉 max /𝛿𝐸 max

𝛿𝑉 rupt /𝛿𝐸 rupt

mm

mm

mm

mm

—

—

DEB-1
DEB-2

15.4
18.7

18.3
32.6

14.9
16.7

22.8
32.9

1.0
0.9

1.2
1.0

DEB-3
DEB-4

18.2
17.6

29.6
26.5

18.1
20.8

34.4
35.1

1.0
1.2

1.2
1.3

1.0

1.2

Specimen

Mean
𝛿max = deflection of RC-DEB at maximum load condition; 𝛿rupt = deflection of RC-DEB at rupture condition.

(a) Stress flow

(a) Stress flow

(b) Shear failure mode and crack pattern

(b) Shear failure mode and crack pattern

DEB-1

DEB-2

(a) Stress flow

(a) Stress flow

(b) Shear failure mode and crack pattern

(b) Shear failure mode and crack pattern

DEB-3

DEB-4

Figure 11: The high stress flow and crack pattern based on Vec2 analysis.

the nib between the reentrant corner and support is reduced
as well [29]:

𝑀 = −𝐸𝐼

𝑑𝑦2
𝑑𝑥2

,

(8)

where 𝑀 = nominal moment capacity, 𝐸 = elastic modulus, 𝐼
= inertia moment, and 𝑑𝑦2 /𝑑𝑥2 = the second-order differential
of deflection.
Experimental results by Mohammed et al. [31] also
demonstrated that presence of discontinuity leads to high
stress concentrations at the corners of the opening which
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initiates the cracks and leads to final failure. Mansur and Tan
[32] stated that plastic hinges (yielding) also can occur at the
region near the geometric discontinuity and it may cause the
failure at this area.
Figure 10 shows the crack patterns of the tested beams.
Unlike DEB-2, the bonding between concrete and steel reinforcements was weaker so that the shear crack propagating
along the nib flexure reinforcement for DEB-1. ECC has
the strong bonding with the steel reinforcement, so the
crack propagation was not along the side of nib flexure
reinforcements, but the cracks were propagating toward the
loading point as shown in Figure 10. The tailoring of ECC
(mechanical interactions between the fibers, matrix, and
interface) can provide high performance of ECC even if the
cracks width was wider. Therefore, ECC enhances strength
capacity and ductility of RC-DEBs. For comparison, FEM
Vec2 analysis which includes high stress flow and crack

pattern of DEB models can be seen in Figure 11. Generally, the
high stress flow and failure of RC-DEBs occur at the reentrant
corners.
3.4. Load-Deformation Relationship. Comparison of loaddeformation relationship between experimental and Vec2
analysis results was shown in Figure 12 and Table 5. The Vec2
analysis results are in good agreement with experimental
results for all RC-DEBs. The mean value of the deformation
ratio at maximum and rupture condition also present a good
accuracy, where the ratio is close to 1. To obtain similar
structural behavior of test specimen, Vec2 facilitates the
appropriate model which involves concrete models, reinforcement models, and bond models. The concrete models
cover compression prepeak and postpeak response, compression softening, tension stiffening and softening, tension
splitting, confined strength, crack, and so forth, whereas
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the reinforcement models cover hysteretic response, dowel
action, and buckling. All these conditions had supported
Vec2 for providing better accuracy of results than other
analyses.
For requirement of tension stiffening model, in this Vec2
analysis uses modified Bentz 2003 [23]. Modified Bentz
model proposes a tension stiffening formulation that involves
the bond characteristics of the steel reinforcement, provided
that the effect of tension stiffening relies upon dowel action
after concrete cracked. The Vec2 models basically formulated
for sectional analysis of reinforced concrete elements have
been adapted by Vecchio and Wong [23] to consider for twodimensional stress conditions and disposition of smeared
and discrete reinforcement. All these conditions had supported Vec2 to provide better accuracy in predicting loaddeformation than other analyses.
According to experimental results and by comparing to
control beam (DEB-1), it had been also found that the failure
deflection enhanced by 78.14% by using ECC in the dappedend area, and the failure deflection enhanced by 61.75%
and 44.81% as the amount of nib reinforcement and main
flexural reinforcement increased, respectively. DEB-2 (the
beam that uses ECC at the nib area) yields larger deflection
capacity (32.6 mm) than other beams. Moreover, the failure
load capacity of DEB-2 increased by 51.93% compared to
DEB-1. So ECC provides better enhancement for strength
capacity and ductility of RC-DEBs.

4. Conclusion
The following conclusions can be made from this study:
(1) Vec2 analysis provides better accuracy for predicting
the failure load of RC-DEBs compared to other
analysis approaches.
(2) The largest principal stress and the highest stress concentration factor of RC-DEBs occur at the reentrant
corner and its vicinity, which potentially may indicate
that the dominant cracks and failure occur at the
reentrant corner of dapped-end.
(3) RC-DEBs which have the largest value of principal stress and stress concentration factor were the
weakest as well as providing the lowest failure load
capacity. RC-DEBs which have the smallest value of
principal stress and stress concentration factor were
the strongest as well as providing the highest failure
load capacity.
(4) Vec2 analysis results are in good agreement with
the experimental results in predicting the loaddeformation response of the RC-DEBs.
(5) Using ductile engineered cementitious composite
(ECC) at the dapped-end area of the beams will
increase the strength capacity and plastic deformation.
(6) Reinforced dapped-end beams made of normal concrete usually fail in shear at the nib area. However,
increasing the reinforcement ratio will enhance the
strength capacity of these beams.
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As one-dimensional (1D) nanofiber, carbon nanotubes (CNTs) have been widely used to improve the performance of
nanocomposites due to their high strength, small dimensions, and remarkable physical properties. Progress in the field of CNTs
presents a potential opportunity to enhance cementitious composites at the nanoscale. In this review, current research activities
and key advances on multiwalled carbon nanotubes (MWCNTs) reinforced cementitious composites are summarized, including
the effect of MWCNTs on modulus of elasticity, porosity, fracture, and mechanical and microstructure properties of cement-based
composites. The issues about the improvement mechanisms, MWCNTs dispersion methods, and the major factors affecting the
mechanical properties of composites are discussed. In addition, large-scale production methods of MWCNTs and the effects of
CNTs on environment and health are also summarized.

1. Introduction
Concrete has been widely used in the field of civil engineering, and it has been reported that 3.3 billion tonnes of
cement was produced worldwide in 2010 [1]. Generally, the
main disadvantage of traditional cement-based materials is
low tensile strength and being easy to crack, which seriously
affects the strength, durability, and safety of concrete structures [2, 3]. According to previous studies, the tensile strength
of plain concrete lies in the range of 2–8 MPa [4]. Therefore,
many kinds of fibers were used to improve the toughness
of cement-based materials by delaying the transformation of
cracks. These fibers increased tensile strength and diffused
large cracks into a dense of macrocracks, but there was little
effect in delaying microcrack initiation [5–9].
With the development of nanotechnology, concrete can
be modified by the incorporation of nanosized additives to
improve material behavior and add some special properties
[10]. For example, as zero-dimensional (0D) nanomaterials,
nanoparticles can act as nuclei for cement hydration and
densify the microstructure of hydration products due to
their high reactivity. Although the ultimate strength of
nanocomposite is improved by these nanoparticles, they
offer little resistance to microcrack propagation [11–13]. As

one-dimensional (1D) fiber [14], the research on mechanical, chemical, electrical, and other properties of CNTs has
acquired remarkable advances. The CNTs consist of one or
up to dozens of graphitic shells seamlessly wrapped into a
cylindrical tube; thus, it can be divided into two groups:
multiwalled carbon nanotubes (MWCNTs) and single-walled
carbon nanotubes (SWCNTs) [15, 16]. Van der Waals force
holds sheets of hexagonal networks parallel with each other
with a spacing of 0.34 nm, and the diameters of CNTs are
between 2 and 100 nanometers [17]. Figure 1 shows TEM
images of homogeneous nanotubes of hexagonal network.
The strength, toughness, and specific surface area of CNTs
are far superior to those of traditional fibers that may improve
the toughness of cementitious materials at nanoscale [17–
20]. Research achievements indicate that CNTs have provided
exciting opportunity to improve the performance of cementbased materials [1, 10, 21–25]. However, SWCNTs are rarely
used to reinforce cement-based materials due to their high
price. So this paper mainly reviews the developments in the
field of MWCNTs research in cement-based materials, along
with their key findings and applications. Meanwhile, the
properties of the fresh and hardened nanocomposites including microstructure, dispersion, workability, and mechanical
properties are also discussed.
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Table 1: Material properties of typical fibers.

Material
Carbon fiber
Polymeric fiber
Glass fiber
Steel fiber
CNTs

(a)

Diameter/thickness
(nm)

Elastic
modulus
(GPa)

Tensile
strength
(GPa)

Rupture
Elongation
(%)

Density
(kg/m3 )

6000–20,000
18,000–30,000
5000–10,000
50,000–900,000
10–60

7–400
3–5
72
200
1000

0.4–5
0.3–0.9
3.45
1.5
11–63

1.7
18
4.8
3.2
12

1770
900
2540
7800
1330

(b)

(c)

3 nm

Figure 1: Homogeneous nanotubes of hexagonal network: TEM
images (a), (b), and (c) for three multiwalled nanotubes (MWNTs)
[17].

2. Properties of CNTs
2.1. Mechanical Properties. Microfibers, such as carbon and
steel fibers, are widely used in the construction industry
owing to their high elastic modulus and tensile strength, and
the material properties of typical fibers are summarized in
Table 1. It can be concluded that CNTs possess superior tensile
strength and elastic modulus when compared to traditional
fibers. The strength of fiber-reinforced composites is greatly
affected by fiber aspect ratio, which is expected to be more
than 20. The aspect ratio of CNTs ranges from 1000 to 10000,
which make it an ideal choice as a fiber-reinforced material.
CNTs also have very high strength, toughness, and Young’s
modulus because of the carbon-carbon sp2 bonding. The
density of CNTs is only one-sixth of steel, but the tensile
strength is estimated at tens of GPa, which is 100 times
higher than that of steel [26]. Young’s modulus of CNTs is
around 1 TPa and the fracture strain is as high as 280%; for
comparison, Young’s modulus of high strength steel is around
200 GPa and the fracture strain is less than 30%. Although the
tensile strength of CNTs with the ideal structure can reach
800 GPa, weak shear interactions between adjacent tubes lead
to significant reductions in the effective tensile strength of
MWCNTs [27, 28].

Surface area Aspect ratio Reference
(m2 /g)
0.134
0.225
0.3
0.02
70–400

100–1000 [145, 146]
160–1000 [147, 148]
600–1500 [149, 150]
45–80
[151, 152]
1000–10000 [26, 38]

2.2. Number of Walls, Diameter, and Length. MWCNTs
consist of up to several tens of graphitic shells, and they
have diameters of 2–100 nm and lengths ranging from tens
of nanometers to several microns. The length of MWCNTs
is particularly important for multiscale hybrid composites,
since they are expected to improve mechanical properties.
Delmas et al. [29] reported the growth of well-aligned and
long MWCNTs, and tube length could easily be tuned
between 100 and 350 𝜇m. Recently, the final growth length
of MWCNTs was found to be about 10 mm, and the growth
length of the arrays increased linearly with the increase
of growth time followed by an abrupt termination [30].
However, the millimeter long MWCNTs arrays represented
a significant advance in the development of multiscale composite properties [31, 32].
The density of MWCNTs changes along with the diameter, number of walls, and the length. Therefore, both the
weight and density of MWCNTs vary over a very wide range
depending on the number of walls, inner diameter, or outer
diameter. Kim et al. [33] have reported that the measured
density of MWCNTs is equal to 1.74 ± 0.16 (outer diameter
about 22 nm). Laurent et al. [34] established the relations
between the weight and the density of CNTs and their
geometrical characteristics (inner diameter, outer diameter,
and number of walls), which were useful to other researchers.
A MWCNT consists of concentrically nested cylinders with
an interlayer spacing of 3.4 Å and a diameter typically on the
order of 10–20 nm [35]. The wall count in MWCNT basically
depends on their size. Chiodarelli et al. [36] proposed an
empirical law correlating the average number of walls and
the average diameter in a population of MWCNTs grown by
catalytic chemical vapor deposition. Based on this approach,
it is easy to estimate the number of walls most likely present
in a population of nanotubes only from the measurement of
their average diameter.
2.3. Specific Surface Area. Owing to its particular structure,
a CNT has a very large SSA (specific surface area) as high
as 790 m2 /g, and high SSA can remarkably enhance the
activity of CNTs [37]. The theoretical SSA of MWCNTs
mainly depended on the diameter and number of walls;
moreover, the SSA of CNTs bundle decreases when the
number of CNTs is increasing. However, most of MWCNTs
have much lower surface area than the theoretical value.
Peigney et al. calculated the theoretical external SSA of
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MWCNTs as a function of their characteristics (e.g., diameter,
number of walls, and number of nanotubes in a bundle), and
SAA measurements can be efficiently used to optimize the
synthesis of CNTs [38].
2.4. Defects and Cutting. Although a lot of methods have
been used for preparation of CNTs, defects inevitably exist
on the surface of CNTs. The appearance of these defects
leads to the decrease in mechanical properties of CNTs and
thus affects the performance of the nanocomposite. Most
attempts have concentrated on the role of defects in limiting
peak strengths and the Stone-Wales (SW) defect [39]. The
aggregations of SW defects could be followed by a ringopening mechanism that would permit the nucleation of a
crack [40]. It was observed that the defect produced stress and
strain concentration effects in the vicinity of the defect due
to changes in the geometric configuration and concomitant
force fields. The local stiffness dropped by around 40 percent
in the defected region, and this decrease could be attributed
to the changes in the kinetics and kinematics in the vicinity
of the defects [41]. This explains why the fracture strain of
CNTs obtained by molecular dynamics (10%–13%) is much
higher than the experimental results (13%) [42]. Moreover,
vacancy fraction, eccentricity, orientation, and interaction of
defects are also found to be the key parameters influencing
the stiffness degradation [43, 44]. Mielke et al. [45] explored
the role that vacancy defects in the fracture of CNTs and
one- and two-atom vacancy defects were observed to reduce
failure stresses by as much as 26% and markedly reduce
failure strains; moreover, large holes greatly reduced strength.
The aggregation of long MWCNTs in the matrix is a
critical behavior affecting the mechanical performance of
composites. Generally, better dispersion of MWCNTs in
matrix can be achieved by cutting of long MWCNTs [46].
Adopting this method, MWCNTs can be greatly reduced in
length and disentangled, being straighter with open ends
[47]. There have been three methods of cutting MWCNTs,
including physical methods (ball grinding and ultrasonic
degradation), chemical methods (liquid-phase oxidation and
solid-phase oxidation), and combined methods (electronic
induction cutting, ball grinding, and liquid-phase oxidation
of cutting method and multistep control method) [48–52].
2.5. Electrical Properties. CNTs can be classified into metallic
and semiconducting types based on different electronic
properties. Because CNTs are rolled-up sheets of graphite,
electricity experiment shows that they have very little resistance. Therefore, it is an ideal material for the electrodes of
double electric layer capacitors due to its lightweight, large
effective specific surface area, and high conductivity. For
example, researchers have applied the feature of CNTs such
as large specific surface area and excellent conductivity into
the field of electrochemistry and produced a lot of electrochemical sensors, super capacitors, and so on [53]. MWCNTs
composed of carbon atoms can be considered approximately
as one-dimensional systems with nanostructures; moreover,
MWCNTs can pass a very high current density from 106 to
2.4 × 108 A/cm2 without adverse effects [54, 55]. The intrinsic
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mobility can exceed 105 cm2 V−1 s−1 at room temperature,
which is greater than any other known semiconductors [56].

3. Dispersion of MWCNTs
MWCNTs have an extremely high specific surface area
up to 200 m2 /g, and they are prone to reunite and form
MWCNT bundle structures because of their high surface
energy. Dispersion of MWCNTs in cementitious materials is
a critical issue, which strongly influences the performance of
cement-based nanocomposites [57, 58]. If the initial bundles
are not separated into single roots, then these MWCNTs
aggregations may emerge later as matrix defects in the
composites. In addition, it has been proved that the conventional concrete mixers cannot be used to disperse MWCNTs
into cement paste directly [59]. To improve the dispersivity,
MWCNTs are usually dispersed into water firstly, and then
MWCNTs/water solution and cement particles are mixed
using a conventional mixer. Currently, physical modification
and chemical modification are two main methods commonly
used for the dispersion of MWCNTs in water.
3.1. Physical Methods. Uniform dispersion is attainable using
various types of mechanical methods, including ultrasonication, ball milling, and rubbing [60]. A 120-litre-capacity
basket mill filled with 0.8 mm zirconium oxide beads was
operated at 900 rpm to disperse 3.0 wt% MWNT for 7 h,
and the dispersion of MWNTs was achieved in the form of
condensed solution [61]. It was also observed that MWCNTs
were damaged in different ways during ball milling, and a
large amount of amorphous carbon was created [62]. Compared with the ball milling method, the rubbing process that
introduces cuts and bends in MWCNTs is more destructive.
Ultrasonication is another classic physical debundling
method for MWCNTs dispersion [63, 64]. Liquid particles
vibrate and produce small cavities when the ultrasonic wave
transmits through liquid. Rapid swelling and closing of
these small cavities result in liquid particles dashing against
each other violently with pressures of tens of thousands of
atmospheres produced at microscopic scales. Carbon nanotube bundles are gradually dispersed with such cavitation.
In order to make MWCNTs disperse better in the water,
ultrasonication process may take a few minutes or even
hours [65, 66]. Bryan et al. used a liquid processor ultrasonic
mixer (Vibra-Cell, model VC-505) to disperse the MWCNTs
which were sonicated for 30 min. Figure 2 shows the TEM
image of CNTs after dispersion which indicate that ultrasonic
can debond MWCNTs [67, 68]. Constant ultrasonication
energy is usually applied to disperse MWCNTs by using high
intensity ultrasonic processor [69]. Metaxa et al. studied the
effect of different ultrasonication energies (2100, 2800, and
3500 kJ/L) on the strength of the nanocomposite and found
that 2800 kJ/L was the best choice [70]. In another study,
the sonicator was operated at amplitude of 50% so as to
deliver energy of 1900–2100 J/min at cycles of 20 s in order to
prevent overheating of the suspensions [71, 72]. However, low
ultrasonic energies cannot ensure homogeneous distribution
of MWCNTs whereas high-energy input shortens the length
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150 nm

Figure 2: TEM image of CNTs dispersed in an aqueous solution
[67].

growing MWCNTs on the cement admixture particles [81–
83]. Ludvig et al. employed CVD method to grow CNTs on
the cement clicker, and the results showed that the clinkerCNTs composite contained high purity MWCNTs and a
CNTs yield of 4.03% in mass of particles-CNTs composite
was obtained [84]. However, further research is needed to
understand the influences of CNTs-grown cement particles
on the hydration, mechanical performance, and modification
mechanism of composites [85]. Generally, the dispersion of
MWCNTs in cement-based material is still a critical issue,
and it is necessary to find an easy, large-scale, and low energy
method to distribute MWCNTs in cement. Currently, the
combination of ultrasonication and surface modification of
MWCNTs appears as the most promising method.

4. Effect of CNTs on Cement-Based Material
of MWCNTs, as shown in Figure 3. Therefore, the duration
and power of sonication must be strictly controlled, in order
to avoid physical damage and fracture of the MWCNTs. In
addition, since MWCNTs will reagglomerate due to the van
der Waals forces over time, centrifuge is employed to solve
this problem. The high-speed rotation yields strong forces
which accelerate the settling of MWCNTs at the bottom of the
container, and the upper fraction of the fluid contains welldispersed MWCNTs [73, 74].
3.2. Chemical Methods. Surface chemical modification technology of MWCNTs is an important way to influence the
interaction between the tubes and the surroundings, and
these methods improve the hydrophilic behavior of MWCNTs while reducing their tendency to form agglomerates [24].
One of the common methods is acid treatment that is used to
oxidize MWCNTs and produce carboxylic acid and hydroxyl
groups. In a study by Li et al., MWCNTs were added into the
mixed solution of sulfuric acid and nitric acid (3 : 1 by volume,
resp.), and the FT-IR spectrum result indicated the treatment
by strong oxidizing acid which caused the attachment of
oxygen-containing groups to the surfaces of MWCNTs [66].
Polycarboxylate, which is commonly used as water reducer
within concrete, is also found to be an effective dispersant
of MWCNTs [75, 76], and it can disperse the MWCNTs to
a uniformly black opaque solution that remained unchanged
when observed at 9 days [77]. Besides acid treatment, various
surfactants are also employed to obtain a proper dispersion
of MWCNTs in water and subsequently within cement, such
as gum arabic (GA), sodium deoxycholate (NaDC), sodium
dodecyl benzene sulfonate (SDBS), triton X-100 (TX10), and
cetyl trimethyl ammonium bromide (CTAB) [65, 74, 78–
80]. Luo et al. used five surfactants to enhance solubilization/dispersion of MWCNTs in aqueous solution and cement
matrix, and the results showed that the capability of superficial active agents (SAAs) in dispersing MWCNTs roughly
decreases in the order as SDBS&TX10, SDBS, NaDC&TX10,
NaDC, AG, TX10, and CTAB [78].
Researchers used chemical vapor deposition method
and microwave irradiating conductive polymers method to
make MWCNTs and cement admixture a whole by in situ

The size of Portland cement particles is usually between 7
and 200 micrometers, and calcium silicate hydrate (C–S–
H) is the main hydration product of Portland cement that
is responsible for its mechanical properties [86]. Hydration
products include amorphous crystals and crystal water from
nanometer to micrometer scale, and 70% of the products
from the hydration of C–S–H gel particles are nanomaterials
[87]. C–S–H gels are a kind of colloidal material which
are held together mainly by van der Waals’ forces, and
the mechanical properties of cement are affected by microand nanoscale properties of C–S–H gels [88, 89]. Therefore,
MWCNTs can be used effectively to control concrete properties, performance, and degradation processes for a superior
concrete and to provide the material with new functions
[10, 90]. The following summarizes the effects of the addition
of MWCNTs to cement.
4.1. Mechanical Properties. Mechanical properties of
MWCNTs-reinforced cement composites are influenced by
length, proportion, and dispersion method of MWCNTs.
Table 2 summarizes different method and proportion used for
MWCNTs dispersion in cementitious matrix and resulting
improvement in strength. At present, most researchers take
MWCNTs-reinforced cement paste as object of study for two
major reasons: first, MWCNTs have favorable dispersibility
in the matrix of cement paste with high-speed stirring and
second, compared with the concrete and mortar matrix, the
porosity of cement paste is lower which is advantageous in
studying the enhancement mechanism of MWCNTs. As seen
from Table 2, cement paste matrix tends to highlight the
enhancement effect of MWCNTs.
Concerning different kinds of dispersion method and the
length of MWCNTs, there is an optimal value for proportion of MWCNTs in composites. In the early studies, high
content of CNTs powder (2 wt%) was added to cement particles and dispersed by sonication in isopropanol. Although
microstructure photographs reveal that CNTs can affect
early-age hydration and hydration products are connected by
CNTs, high amount of CNTs lead to aggregation and decrease
the mechanic strength of the cementitious composites [91].
Moreover, Chaipanich et al. [92] studied the effect of adding
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Figure 3: The effect of ultrasonication on dispersion of MWCNTs [80].

MWCNTs on the mechanical properties of composite, and
the compressive strength of mortars with 1 wt% MWCNTs
addition at 28 days became very close to that of the control.
Agglomerates and bundles of MWCNTs lead to the formation
of many defect sites in the nanocomposite [93]. Therefore,
both the appropriate dispersion method and proportion
of MWCNTs are very important. By using centrifugation,
MWCNTs have better dispersing ability and stability [70,
73, 94], and the flexural and compressive strength can be
improved by 40% and 15%, respectively, with only 0.1 wt%
addition [73]. By adopting highly efficient surfactant, the
flexural strength can even be increased by 71% [79]. KonstaGdoutos et al. studied the effect of different lengths (10–
30 𝜇m, 10–100 𝜇m) and different mixing amounts (0.048 wt%,
0.08 wt%) of MWCNTs on the flexural strength of cement
composites [71, 72]. As shown in Figure 4, MWCNTs appear
poorly dispersed in cement paste without the use of surfactant. Figure 5(a) shows the effect of different types (short
and long) of MWCNTs and concentration on the flexural
strength, and the flexural strength increased by 25% with
0.08 wt% of short MWCNTs. Compared to short MWCNTs,
longer MWCNTs achieve the same level of mechanical
performance at lower concentrations. Similarly, Abu Al-Rub
et al. investigated the effect of different concentrations of long
MWCNTs (aspect ratios: 1250–3750) and short MWCNTs
(aspect ratio: 157) in cement paste, and results show that low
concentrations of well-dispersed MWCNTs lead to the largest
enhancement [95]. However, the longer the MWCNTs are,
the more difficult it is to disperse them.
Functional groups on the MWCNTs, such as carboxylic
groups (–COOH) and hydroxyl groups (–OH), affect the
mechanical behavior of cement composite. Presently, studies
have shown that MWCNTs treated by H2 SO4 /HNO3 mixture
solution lead to the formation of –COOH groups [96, 97],
and the reaction scheme between carboxylated nanotube
and hydrated production is shown in Figure 6. MWCNTs
optimize the pore size distribution and enhance both the
compressive and flexural strengths. Moreover, the treated

MWCNTs are tightly coated with C–S–H gels [66]. Another
study by Habermehl-Cwirzen et al. indicated that stable
and homogeneous water dispersions of MWCNTs can be
obtained by using MWCNT-COOHs and the highest increase
in the compressive strength is nearly 50% in cement paste
incorporating only 0.045% of MWCNTs [80]. Musso et al.
analyzed three different kinds of MWCNTs: pristine (asgrown), annealed, and carboxyl functionalized. The compressive strength of composites was increased by 10–20%
with as-grown and annealed MWCNTs, while functionalized
MWCNTs induced deterioration in the mechanical properties [75]. These results indicate that there is a chemical
reaction between the MWCNT-COOHs and the C–S–H gels,
which improves the load transfer between MWCNTs and
cementitious matrix. It should be noted that functionalized
MWCNTs could absorb water due to their hydrophilic
nature. The cement paste containing carboxyl functionalized
MWCNTs leads to formation of lower amount of tobermorite
gel and significantly decreases the strength [75]. However,
surface functionalization should be used carefully, and further research is needed to obtain more stably and uniformly
MWCNTs dispersion to enhance the bond strength between
MWCNTs and cement hydration products.
4.2. Young’s Modulus and Porosity. Young’s modulus is a
measure of the stiffness of an elastic material and is a quantity
used to characterize materials [22, 98]. The space in C–S–H
is called “gel porosity,” and previous studies show that the
additional MWCNTs can fill in the pores and lead to a denser
matrix. By applying nanoindentation test, Konsta-Gdoutos
et al. investigated Young’s modulus of 28-day cement paste
(w/c = 0.3) and cement paste reinforced with 0.025 wt% long,
0.048 wt% long, and 0.08 wt% short MWCNTs, as shown
in Figures 5(b) and 7 [71, 72]. Cement paste reinforced
with MWCNTs exhibits higher Young’s modulus than plain
sample in all cases, and the amount of high stiffness C–
S–H is increased by the incorporation of MWCNTs. It can
be deduced that MWCNTs are effective in filling the areas
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Table 2: Enhancement of CNTs to strength of cementitious composites.

Dispersion method

Matrix

CNTs (wt%)

Strength increase (%)
Compressive

Flexural

Researcher

Sonication and
polycarboxylate

Paste

0.2

—

20

Tyson et al. [67]

Sonication and gum arabic

Paste

0.08

—

71

Wang et al. [79]

Sonication, surfactant, and
centrifugation

Paste

0.08

—

36

Metaxa et al. [153]

Sonication and acetone

Paste

0.5

11

—

Musso et al. [75]

Sonication and polymers

Paste

0.024–0.042

35

14

Cwirzen et al. [80, 154]

Sonication

Paste

1

10

—

Nochaiya and Chaipanich [102]

Sulfuric and nitric acid,
SDS

Paste

0.1

7

—

Yu and Kwon [126]

Sonication and surfactant

Paste

0.5

−8

—

Collins et al. [77]

Sonication and surfactant

Paste

0.04–0.08

—

25

Konsta-Gdoutos et al. [71, 72]

Sonication and stirring

Paste

0.1

22

—

Bharj et al. [155]

Sonication, surfactant, and
centrifugation

Paste

0.1

15

40

Xu et al. [73]

Sonication, NaDDBS, and
800 rpm stirring

Paste

0.5

15

—

Zuo et al. [156]

Silica fume
Sonication and
superplasticizer
Ultrasonication and
superficial active agents

Paste

0.15

30

—

Kim et al. [157]

Paste

0.1

—

60

Abu Al-Rub et al. [95]

Paste

0.2

29.5

34.5

Luo et al. [78]

Sulfuric and mixed acid

Mortar

0.5

19

25

Li et al. [66]

Sonication and surfactant

Mortar

0.02

15.9

20.7

Xu et al. [94]

Sonication and SDBS

Mortar

0.08

18

19

Liu et al. [158]

Polycarboxylate

Mortar

0.3

12

—

Melo et al. [76]

Conventional stirring

Mortar

0.01

10

24

Hamzaoui et al. [159]

Sonication and gum arabic

Mortar

0.08

20

38.5

Wang et al. [160]

Mortar

0.02

11

—

Morsy et al. [161]

No information

Concrete

0.05

65

—

Yakovlev et al. [162]

Sonication
Sonication and chemical
treatments

Concrete

0.02

2

—

Wille and Loh [163]

Concrete

1.25

72

—

Wang et al. [164]

Stirring 350 rpm

Concrete

0.02

24

24

Kerienė et al. [165]

Dry mixing

in C–S–H [24, 99]. Recently, three-point flexural bending
tests were performed to evaluate Young’s modulus of the
cement/CNTs composites at ages of 7, 14, and 28 days, and
Young’s modulus increased as the short-MWCNTs’ concentration is increasing; moreover, low concentrations of longMWCNTs could lead to a much higher increase in Young’s
modulus as compared to higher concentrations of short
MWCNTs [95].
Mercury intrusion porosimetry (MIP) has been widely
used to characterize the distribution of pore size in cementbased materials and determine the quality of concrete
material [100, 101]. Pores can be classified into two groups

depending on size distribution: macropores (𝑑 ≥ 50 nm)
and mesopores (𝑑 < 50 nm). The pore size tends to reduce
with increasing MWCNTs content, with the number of
pores larger than 50 nm reducing significantly [73]. Another
study also revealed that the total porosity of the mixes with
MWCNTs is found to decrease with increasing CNTs content,
as shown in Figure 8. Moreover, the addition of MWCNTs
at 1 wt% was found to result in the lowest total intruded
volume (0.1422 cm3 /g) compared to the plain cement paste
(0.1717 cm3 /g) [102]. According to Li et al., when containing
0.5% CNTs, PCNT (cement mortar containing treated CNTs)
has a total porosity of 10.8%, about 64% lower than that of
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PCC (control Portland cement composites); moreover, the
pores with a size 𝑑 ≥ 50 nm in PCNT are 1.47%, about 82%
lower than that of PCC [66].
4.3. Enhancement Mechanism. CNTs are expected to resolve
the brittleness problem when they are added into the
composites [103–106]. The features of fracture mechanics of ceramic-matrix composites are similar to those of
the cement-based material that provided new insight into

the fracture mechanisms for MWCNTs-cement composites.
Earlier studies have found that the bending strength and
fracture toughness of the SiC ceramic are increased by the
introduction of CNTs [107–109], and three hallmarks of
toughening are found in micron-scale fiber composites: crack
deflection at the CNT-matrix interface, crack bridging by
CNTs, and CNT pullout on the fracture surfaces [110, 111]. For
CNTs-cement composites, the enhancement of mechanical
properties achieved has been found to be much higher than
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that predicted using theoretical equations [72]. Here, we will
discuss the related mechanism from the following aspects.
The first aspect is the network structure of MWCNTs in
the matrix. Compared with short MWCNTs, long MWCNTs
can provide the similar mechanical properties even at very
low concentrations due to network effect. If MWCNTs are
uniformly distributed in the matrix, MWCNTs will form an
intertwined mesh distribution and the hydration products
will be connected as a whole [112], as shown in Figure 9.
The formation of homogeneous network of MWCNTs fillers
throughout the matrix is one of the most important factors to
improve the macroperformances of the composite [78].
The second aspect is the nucleation effect of MWCNTs.
MWCNTs can act as nuclei for cement hydration due to

their high surface energy, and the hydration products of
cement are attracted to grow around the MWCNTs. So the
existence of the MWCNTs affects the chemical reaction of
the hydrated cement, which improve the cement matrix
by increasing the amount of high stiffness C–S–H [72].
Moreover, the addition of MWCNTs fills the voids between
the larger cement particles and decreases the porosity of
cement composites. In particular, MWCNTs refine the pore
size distribution by reducing the amount of harmful pores
that is defined as pore sizes greater than 50 nm in diameter.
It is also observed that even when MWCNTs are poorly
dispersed, they can also prevent the formation of shrinkage
cracks and improve the mechanical performance [68].
Finally, crack bridging of MWCNTs is the main reason
for the enhancement of cement matrix toughness. Similarly,
uniformly dispersed MWCNTs contribute to effectively and
homogeneously dissipating the fracture energy by crack
deflection and frictional pullout from the alumina ceramic
[113, 114]. Pullout of inner wall from outer walls of the
fractured MWCNTs showed contribution of even inner walls
to carrying the load. Pullout tests reveal that the MWCNTs,
rather than pulling out from the alumina matrix, broke in the
outer shells and then the inner core is pulled away, leaving
fragments of the outer shells in the matrix [115]. The TEM
images (Figure 10(a)) show clear embedment of MWCNTs
within the cement hydration products and bridging of neighboring hydration products by long MWCNTs [95]. The tensile
strength of MWCNTs is much higher than that of cement
matrix. Therefore, MWCNTs will be pulled out inevitably
when a crack develops to a certain degree.
Interfacial sliding also plays a key role in determining the
strength and toughness of brittle composites [116–119]. If the
load bearing ability of MWCNTs is possibly reduced during
the processing, the MWCNTs will act as a defect and thus
lower the mechanical properties even if they are uniformly
dispersed within the matrix with intimate interfaces [120].
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According to a study by Wang et al. [121], pullout of MWCNTs
at interfaces was efficient in transferring the load from the
mullite matrix to nanotubes. Furthermore, Pavia and Curtin
[117] studied the interface behavior during nanotube pullout
by using molecular dynamics models. The effective friction
stresses were quite high for interstitial areal densities of 0.72–
2.18 nm−2 , and “friction-like” behavior could emerge from
nonsmooth interfaces. However, understanding the reinforcing ability of MWCNTs embedded in the ceramic matrix
would greatly help to study the mechanism of MWCNTs in
a cement material. MWCNTs with higher aspect ratios are
more effective reinforcements if well dispersed. As shown in
Figure 10(b), a CNT slips in the cement matrix and the groove
can be seen clearly. The interaction leads to a strong covalent
force on the interface between the reinforcement and matrix
in the composites and therefore increases the load-transfer
efficiency from cement matrix to MWCNTs [122].

5. Piezoresistive Properties
The special semiconductive electrical and metallic properties
of MWCNTs are much different from those of traditional
fiber, and these excellent properties represent a potential
for investigating the piezoresistive properties of MWCNTscement composite [123, 124]. Li et al. developed piezoresistive
MWCNTs-cement composites and measured the piezoresistivity of these composites under uniaxial compression [125].
According to Yu and Kwon, the electrical resistance of the
MWCNTs-cement composite changed with the compressive
stress level, which indicated the possibility of using the
MWCNTs-cement composite as a stress sensor for civil structures [126]. Han et al. investigated the effect of water content
on the piezoresistivity of MWNTs-cement composites, and
experimental results indicated that the piezoresistive sensitivities of MWNTs-cement composites with 0.1, 3.3, 7.6, and
9.9% of water content were 0.60, 0.73, 0.34, and 0.06 kΩ/MPa,
respectively [127]. They also investigated the effects of MWCNTs concentration level on the piezoresistivity of MWCNTscement composites. The results showed that the piezoresistive
sensitivities of MWCNTs-cement composites with 0.05, 0.1,
and 1.0 wt% of MWNTs first increase and then decrease with
the increase of CNT concentration levels [128].

6. Large-Scale Production
MWCNTs have built broad interest in most areas of engineering, and chemical vapor deposition (CVD) has been widely
used to synthesize MWCNTs because of the flexible control of
reaction parameters [129, 130]. However, a wide compatibility
and a high rate of performance to price are key determining
factors in whether or not MWCNTs will be used. In order
to achieve low cost and mass production of MWCNTs,
several methods have been reported, and the improvements
in manufacturing MWCNTs have also been matched by
significant price reductions. Qiu et al. [131] reported that
the synthesis of MWCNTs could be produced by one-step
annealing of polyacrylonitrile microspheres (PANMSs) at
low temperature (1000∘ C). This method can produce MWCNTs in large-scale quantity because PANMSs can be prepared
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in large-scale quantity at low cost production. In another
study, MWCNTs were effectively synthesized by arc discharge
process with iron as a catalyst and sulfur as a promoter, and
this approach presented an effective, low-cost synthesis of
MWCNTs using low-pressure flowing air as buffer gas [132].
Although many problems about industrialization of CNTs
need to be solved, the development of synthesis routes for the
large-scale mass production of MWCNTs is highly desirable.

7. Toxicity and Environmental Impact
The peculiar toxicity associated with nanomaterials that are
different from bulk materials of the same chemical composition has been a concern [133]. In particular, MWCNTs
with a high aspect ratio have also attracted notoriety for
their possible environmental and health effects [134]. As
colloids in water, MWCNTs can be easily transported to
virtually anywhere on the earth. When the surface properties
of MWCNTs change, their ability to bind heavy metals
increases. Experimental results indicated that MWCNTs
settle more rapidly than carbon black and activate carbon
particles, suggesting sediment as the ultimate repository. The
presence of functional groups slows the settling of MWCNTs,
especially in combination with natural organic matter [135].
Schierz and Zänker studied the behavior of MWCNTs as
potential carriers of pollutants in the case of accidental
MWCNT release to the environment, and results showed that
transport of heavy metals (uranium) bound to MWCNTs
through natural aquatic systems and even into biological
systems is at least conceivable [136]. Thus, understanding the
fate of CNTs in the natural environment is very important to
humans [137].
After 2008, the number of reports on the toxicity of
MWCNTs increased, as they were industrially useful. However, the toxicity of MWCNTs is a very complicated issue, and
the variation in shape, dimensions, and surface conditions
of MWCNTs affects their effect on the cells. Some studies
have shown that purified and surface oxidized MWCNTs with
acid treatment suppress cell viability, and MWCNTs with
smaller diameters show less cytotoxicity [138–140]. Many
studies also found that MWCNTs have toxicity similar to
or higher than asbestos because of their similarity in shapes
[141, 142]. Poland et al. [143] reported the effect of fiber length
on toxicity, and the results indicated that long MWCNTs
and amosite induce inflammation and granulomas in the
abdominal cavity. Although further research is required,
the available data suggest that, under certain conditions,
MWCNTs can pose a serious risk to human health [144].
Therefore, people should avoid direct contact with CNTs
during processing, and it is essential for proper development
of regulations for the use of CNTs.

8. Summary and Conclusion
With excellent properties, MWCNTs have enormous development potentials in the field of construction. In this review,
the literatures on MWCNTs reinforced cement composites
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are comprehensively reviewed, and the effects of MWCNTs
on the cement-based material were summarized.
The extraordinary strength, Young’s modulus, and unique
chemical properties of MWCNTs have stimulated extensive
research activities across the world since their discovery.
MWCNTs composite systems are being investigated in the
fields of metal, polymer, and ceramic, so MWCNTs can play a
significant role in improving the strength, fracture toughness,
Young‘s modulus, and porosity of cementitious materials.
Dispersion of MWCNTs into cementitious composites
is a major issue. MWCNTs are prone to reunite and form
MWCNT bundle structures because of high surface energy.
Although various dispersing methods are in action, the
combination of ultrasonication and surface modification
of MWCNTs appears as the most promising method. The
dispersion mechanism of MWCNTs still needs to be studied
in further researches.
MWCNTs affect the hydration process of cement by
providing attachment sites for the C–S–H gels which acts as
filler resulting in a higher strength and denser microstructure
of matrix. The strengths are found to be increased with the
inclusion of MWCNTs, and they are influenced by the type,
length, and concentration of MWCNTs. In addition, good
interaction between MWCNTs and the cement hydration
productions has been observed. Debonding and crack bridging of MWCNTs are the main reason for the enhancement of
matrix toughness.
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Modularized prefabricated steel structures have become the preferred design in the industrialization of steel structures due to
their advantages of fast construction speed, high degree of industrialization, low labour intensity, and more. Prefabricated steel
structures have some engineering applications, but all are low-rise structures with few applications in the field of high-rise buildings.
Using finite element analysis with line and solid elements, full-scale experiments were conducted to study the single-span frame,
which is the core load-bearing part of a modularized prefabricated high-rise steel frame structure with inclined braces. The
mechanical mechanisms, computation methods, and design formulas of truss girders were obtained by comparing the finite element
and model experiments and building a theoretical and experimental basis for the compilation of design codes. The mechanical
characteristics under design load, the deformation and stress state, the elastic-plastic law of development, and the yield failure
mode and mechanism under horizontal ultimate load were also obtained. Based on theoretical analysis, finite element analysis, and
experiments, the design method of this frame was summarized and incorporated into the design code.

1. Introduction
The prefabricated steel structure is a new type of steel
structure system. Compared with traditional reinforced concrete structures, the prefabricated steel structure has many
advantages, including fast construction, minimal weight, low
labour intensity, and high degree of industrialization; it is
also a type of environmentally friendly “green” building
[1, 2]. In Europe, Japan, the United States, Canada, and
other developed countries and regions, the prefabricated steel
structure has been widely used [3–7] and has become the
standard design for building structures, factory production,
mechanized construction, and series supply [8]. However,
steel structure systems are only adopted in mid- and especially low-rise buildings; they were not used in high-rise
building [9–12].
In view of the fact that China has a large population
and less building land, the high-rise structure is more suited
to the needs of Chinese economic development, but, to

the best of our knowledge, no research has been conducted
on the prefabricated steel structure in high-rise buildings
[13]. Recently, in China, steel overcapacity has resulted in
a price advantage for steel, which is a great opportunity
for the development of steel structures. The comprehensive
development of prefabricated steel structures may help solve
the contradiction between land resource scarcity and high
housing prices in China; change a large number of rural
migrant workers to industrial workers; and revolutionize
building construction. The development of new and practical
prefabricated steel structures has more important practical
significance in realizing the industrialization of steel building
and leading the development of the construction industry
in a green, eco-friendly direction to save energy and reduce
emissions. In conclusion, compared with the traditional
structure, the prefabricated steel structure system has incomparable advantages in the aspects of building performance,
construction speed, engineering quality, and environmental
protection [14].

2
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Figure 2: Main floor.
Figure 1: Modularized prefabricated steel frame structure with
inclined braces. 1: column; 2: inclined brace; 3: column stiffening
ribs; 4: single-side brace column; 5: three-side brace column; 6:
double-side brace column; 7: four-side brace column; 8: hanging
box; 9: main floor; 10: column base; and 11: truss.

This paper presents a new modularized prefabricated steel
frame structure with inclined braces that is suitable for highrise prefabricated building. It has advantages such as fast
construction speed, high degree of industrialization, and low
labour intensity; in one case, a 30-story building was built in
15 days, except for the foundation and basement. This paper
presents finite element analysis and full-scale experiments
conducted on the single-span frame, which is the core loadbearing part. The frame is different from the normal one
which is familiar to us and has been studied, but the research
method may provide some references for the research of
this frame [15–17]. The mechanical mechanism, computation
methods, and design formulas of truss girders were obtained
and verified by the results of finite element and model
experiments. The mechanical characteristics under design
load, the failure modes under ultimate load, the deformation
and stress state, the elastic-plastic development law, and the
yield failure mode and mechanism under horizontal ultimate
load were also obtained. Based on theoretical analysis, finite
element analysis, and experiments, the design method of this
frame was summarized and written into the design code.

2. Structure System
The modularized prefabricated steel frame structure with
inclined braces is mainly composed of two assembly modules:
the main floor and the inclined brace column, as shown
in Figure 1. Factory weld connections are used inside the
modules, and high strength bolts are used to connect modules
on the construction site. As shown in Figure 2, the main
floor consists of column bases, profiled steel sheet-concrete
composite slabs, and truss girders; in fact it also includes
some nonstructural members such as water pipes, air ducts,
electric wires, fan coils, air conditions, and other facilities.
It is like the mainboard of computer, so it is called main
floor here. The steel truss beam is welded with channel steel,
angle steel, and steel plate, which is convenient for installing
pipes. The profiled steel sheet-concrete composite slabs and
truss are joined in the factory to form the main floor, which

Figure 3: Inclined brace column.

is the assembly module for water, heating, electricity, and
other utilities. Before main floors leave the factory, the floor
surface decoration, ceiling, pipelines of water, heating, airconditioning, and electrical wires have been installed, and
the connection interfaces between modules have also been
prepared.
As shown in Figure 3, the inclined brace columns are
composed of columns, column stiffening ribs, and inclined
braces, which are welded together. The inclined brace only
connects with the column at approximately 1/3 the length of
the column, and the inclined support connects with girders at
a 45-degree angle, working together with the framework. As
shown in Figure 4, the inclined braces of upper- and lowerlevel floors, along with the column base and truss, constitute
a reinforced inclined brace joint. Columns use square tubular
steel, and the inclined braces can be set in four ways (singleside brace columns, double-side brace columns, three-side
brace columns, and four-side brace columns) or there may
be no-brace column too.
The main floors and diagonal brace columns fabricated
in the factory are connected by high strength bolts at the
construction site, using the two flanges at the end of the
column base and columns. After assembly, it has the following
characteristics and mechanics: the brace only crosses at
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Figure 4: Inclined brace joint.

3

Figure 6: Assembly of modules.

Connection

Figure 7: Installation of outer wall.

Figure 5: Foundation and connection.

approximately 1/3 the length of the column and does not
pass through the floor, making the assembly very convenient
and enabling more flexible architectural design with regard
to indoor layout and the position of doors and windows. The
inclined braces make beam-column connections stronger,
enabling the inclined support and beam-column to resist
loads together and avoid joint failure in large earthquakes.
This structure follows the general trend in building industrialization, with characteristics such as design standardization, fabrication industrialization, on-site assembly, and fast
construction speed; modularized prefabricated steel frame
structures have broad market prospects.

3. Construction Process and Method
The construction of the modularized prefabricated steel
frame structure with inclined braces mainly includes four
steps. The first step is the construction of foundation. Some
of the steel structure members are imbedded in the foundation during its construction, as shown in Figure 5; the

connections for column are above the foundation. Figure 5
shows the example of a pile foundation. The second step is
the installation of inclined brace columns and main floors,
as shown in Figure 6. The flange of column is bolted to the
flange of column base in the main floor and the inclined
brace is bolted to upper or lower chord of truss. In this way,
the structure is constructed one floor by one floor. The third
step is the installation of outer wall. As shown in Figure 7,
the outer wall is a large piece including the inner skin, heat
insulation, window, and outer cover, which are fabricated in
factory. It is integral hanged and bolted to the joint on the
truss. The last step is the construction of interior wall and
indoor decoration.

4. Calculation and Test Model
The inclined brace frame is the core part of the structure. To
study the design method, one single-span frame is chosen
as the research object for finite element analysis and design
formula derivation, and two frames are chosen for the model
experiment verification. As shown in Figure 8, the frame
columns are cut between the upper and lower inflection
points and hinged at the bottom inflection points. The frame
is upside down to compare it with the model test. The outof-plane instability of the top chords of the truss is restricted
by the concrete slab; out-of-plane constraints are applied on
the nodes of the top chord, so only the strength calculation
is needed. The out-of-plane restrictions of the lower chords

4
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Figure 8: Element model and member number.

Table 1: Member sizes.
Member
Chord members of truss girders
Web members of truss girders
Column
Support foot
Inclined brace

Size
C160 × 80 × 8
2L50 × 5
200 × 200 × 30
C135 × 135 × 12
C160 × 90 × 10

are applied by the secondary beam at the intersection. Both
ends of the web member are restricted by the upper and
lower chords, respectively, in the in-plane and out-of-plane
directions. To research the mechanical characteristics of the
frame in the actual structure, the maximum axial force of
the column under the equivalent gravity load in structural
integral analysis, 3000 kN, is applied at the top of each
column, with an axial compression ratio of 0.474. Horizontal
forces are applied on each column to simulate the wind
load and horizontal seismic action. Finite element simulation
models and component numbers are shown in Figure 4. The
section sizes of members are shown in Table 1.
The BEAM189 element of ANSYS is used as the line
element and the SOLID187 element as the solid element

in simulation. The BEAM189 element is suitable for analyzing slender to moderately stubby/thick beam structures.
The element is based on Timoshenko’s beam theory which
includes shear-deformation effects. The element provides
options for unrestrained warping and restrained warping of
cross-sections. The element is a quadratic three-node beam
element in 3D. Six degrees of freedom occur at each node;
these include translations in the 𝑥-, 𝑦-, and 𝑧-directions and
rotations about the 𝑥-, 𝑦-, and 𝑧-directions. The element
is well suited for linear, large-rotation, and/or large-strain
nonlinear applications. The element includes stress-stiffness
terms. The provided stress-stiffness terms enable the elements
to analyze flexural, lateral, and torsional stability problems.
The elasticity, plasticity, creep, and other nonlinear material
models are supported. The BEAM189 element can simulate
the C-type and Box section of the frame by section definition
very well. The SOLID187 element is a higher-order 3D, 10node element. It has a quadratic displacement behavior and
is well suited to modeling irregular meshes. The element is
defined by 10 nodes having three degrees of freedom at each
node: translations in the nodal 𝑥-, 𝑦-, and 𝑧-directions. The
element has plasticity, hyperelasticity, creep, stress stiffening,
large deflection, and large strain capabilities.
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5. Stiffness Calculation Hypothesis of
Chord Connection
To study the effect of the connection stiffness of web members, chords, and inclined braces, it is assumed that the
connections are rigid and hinged, respectively, and the actual
member stresses are obtained using ANSYS finite element
analysis, as shown in Figure 10. As shown in Figure 10, the
actual stresses in web members, chords, and inclined braces
differ significantly between the rigid and hinged connection
assumptions, which indicates that the stress induced by the
end bending moment cannot be ignored. Moreover, the chord
is continuous steel channel at the joint, and the web member
is inserted into the channel and welded with the flange
and web of the channel; therefore, the connections between
web members and chords should be rigid connection in the
calculation. The stress on the inclined brace with the two endconnection assumptions differed immensely, up to 66.84%.
Moreover, one end of the brace is welded with the column, the
other end is bolted to truss, and each end can resist enough
moment; therefore, the connections at both ends of the braces
should be rigid connection in the calculation model.

6. Member Design
6.1. Design of Upper Truss Chords. The upper chords of the
truss are made of channel steel and are the compressionbending members subjected to the axial force and biaxial
bending moment. The upper chords are reliably connected
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Figure 9: Stress-strain curve.
400
350
300
Max stress (MPa)

For both line element model and solid element model, the
inclined brace and top chord are rigidly connected together.
The chord and web are rigidly connected too. The bottom
point of the columns is fixed pin support. The vertical and
horizontal loads are applied on the top of the columns. The
out-of-plane degree of freedom of joints in top chord is
constrained, and the out-of plane degree of freedom of points
which are connected with secondary beam is constrained;
the boundary conditions are the same as that of the frame in
integral structure. The max length of line element is 19.7 cm;
the max volume of solid element is 33.2 cm3 .
The initial bending defect of 2/1000 length of the members was introduced to the members for the global stability
analysis of members by ANSYS software. First the 𝑥, 𝑦, and
𝑧 degrees of freedom of the joints between all members
are constrained and the static analysis is performed on
the model under dead weight. Then the modal analysis is
performed under the stress of static analysis. The maximum
deformation of every member is got by modal analysis. The
model is revised according to the modal shape and the
maximum deformation of every member is 2/1000 length
of the members. At last, the integral stability analysis is
performed on the model. On this way, the initial geometry
defection is considered.
The material for the truss, inclined brace, and column is
Q345B, which is used in the Chinese standard [18], the elastic
modulus is 2.06 × 105 N/mm2 , the Poisson ratio is 0.3, and
the density is 7.85 × 10−3 g/mm3 . After the transformation, the
true stress-strain relationship is shown in Figure 9.
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Figure 10: Member maximum stress comparative analysis.

to the concrete slab by studs, which are welded along the top
of the upper chords at constant intervals. The slab restricts
the out-of-plane and in-plane instability of the upper chords,
so only the chord strength should be calculated, regardless
of the stability calculation. Without concrete slabs, the upper
chords’ in-plane effective length is the length between the
joints, and the out-of-plane effective length is the distance
between lateral supporting joints. The strengths of points 1
to 4, shown in Figure 11, are calculated according to formulas
(1) to (4), and stability around the 𝑥- and 𝑦-axes is calculated
according to formulas (5) to (10) [19].
When both moments produce pressure at point 1,
0.9𝑀𝑦
𝑓
0.9𝑀𝑥
𝑁
−
+
≤
.
𝐴 𝑛 𝛾1𝑥 𝑊1𝑛𝑥 𝛾1𝑦 𝑊1𝑛𝑦 𝛾RE

(1)

When both moments produce pressure at point 2,
0.9𝑀𝑦
𝑓
0.9𝑀𝑥
𝑁
+
+
≤
.
𝐴 𝑛 𝛾2𝑥 𝑊2𝑛𝑥 𝛾2𝑦 𝑊2𝑛𝑦 𝛾RE

(2)
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Figure 11: Upper chord.

x

When both moments produce pressure at point 3,
y
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Figure 13: Web member.

When both moments produce pressure at point 4,
When both moments produce pressure at point 4,

0.9𝑀𝑦
𝑓
0.9𝑀𝑥
𝑁
−
−
≤
.
𝐴 𝑛 𝛾4𝑥 𝑊4𝑛𝑥 𝛾4𝑦 𝑊4𝑛𝑦 𝛾RE

(4)

𝑁
−
𝜑𝑥 𝐴

When both moments produce pressure at point 1,
𝑁
−
𝜑𝑥 𝐴

𝛽𝑚𝑥 ⋅ 0.9𝑀𝑥
𝛾1𝑥 𝑊1𝑥 (1 − 0.8

𝛽 ⋅ 0.9𝑀𝑥
𝑁
+
− 𝜂 𝑡𝑥
𝜑𝑦 𝐴
𝑊1𝑥

≤

𝑁
)

𝑁𝐸𝑥

+𝜂

𝛽𝑡𝑦 ⋅ 0.9𝑀𝑦
𝑊1𝑦

𝑓
≤
𝛾RE

≤
(5)

𝛽𝑚𝑦 ⋅ 0.9𝑀𝑦
𝑁
𝛾1𝑦 𝑊1𝑦 (1 − 0.8  )
𝑁𝐸𝑦

(6)

𝑓
.
𝛾RE

𝑁
+
𝜑𝑥 𝐴

𝛽𝑚𝑥 ⋅ 0.9𝑀𝑥
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𝛽 ⋅ 0.9𝑀𝑥
𝑁
+
+ 𝜂 𝑡𝑥
𝜑𝑦 𝐴
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𝑁
)

𝑁𝐸𝑥

+𝜂

𝛽𝑡𝑦 ⋅ 0.9𝑀𝑦
𝑊2𝑦
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𝑁
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≤

𝑓
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𝑓
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When both moments produce pressure at point 3,
𝑁
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𝛽𝑚𝑥 ⋅ 0.9𝑀𝑥
𝑁
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)
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𝑊4𝑦
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𝛽𝑚𝑦 ⋅ 0.9𝑀𝑦
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𝑁
)

𝑁𝐸𝑦
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𝛾4𝑥 𝑊4𝑥 (1 − 0.8

−𝜂

𝑓
𝛾RE


𝑁𝐸𝑥
=

When both moments produce pressure at point 2,

𝛽𝑚𝑥 ⋅ 0.9𝑀𝑥

𝜋2 𝐸𝐴
(1.1𝜆2𝑥 )
𝜋2 𝐸𝐴
(1.1𝜆2𝑦 )

(11)
.

(12)

6.2. Design of Lower Truss Chords. The lower chords of the
truss are made of a steel channel and are the compressionbending members subjected to axial force and biaxial bending
moment. The in-plane effective length is the length between
the joints, and the out-of-plane effective length is the distance
between lateral supporting joints. The strengths of points 1 to
4, shown in Figure 12, are calculated according to formulas
(1) to (4), and stability around the 𝑥- and 𝑦-axes is calculated
according to formulas (5) to (10).
6.3. Design of Truss Web Member. The web member of the
truss is made of two L-shaped steel angles and is simplified as
the individual component subjected to axial force and biaxial
bending moments. The in-plane and out-of-plane calculation
lengths are 0.8 times the length between the joints. The
strengths of points 1 to 4, shown in Figure 13, are calculated
according to formulas (1) to (4), and the stability around the
𝑥- and 𝑦-axes is calculated according to formulas (5) to (10).
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Table 2: Comparison between stability formulas and finite element
analysis (positive load).
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Table 3: Comparison between stability formulas and finite element
analysis (negative load).
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Figure 14: Comparison of results between strength formulas and
finite element analysis.

6.4. Component Strength Design. Temporarily disregarding
defects, the results of the ANSYS finite element analysis
using line elements are compared with the results of strength
calculations using (1)–(4) above. To accurately compare
results, the plastic development coefficient is temporarily
assumed to be 1.0 in the formulas. A 3000 kN vertical force
and a 59 kN horizontal force are applied at the top of each
column. The results are shown in Figure 14.
Because line elements were used in the design software,
the joint between the members was a point without size.
However, the members in the actual structure overlapped at
the joint, which was a region rather than a point. The maximum bending moment occurred at the end of member in
real structure, but the maximum bending moment calculated
by line elements occurred at the joint, which was a region in
the real structure. Due to the overlap of members in the joint
region and additional components of the joint, the strength
and stiffness of joint were larger than those of members. Thus,
the bending moment in the joint region did not affect the
member strength. The maximum bending moment outside
of the joint region should be the design moment of the
members. According to the structure characteristics, the
member length is rather small, and the joint is approximately
8 cm, so 0.9 is used as the reduction factor for the end
moment of chord and web members. Because the column
section is larger and the joint region is relatively small
compared to the column, there is no reduction for the end
moment of the column. As shown in Figure 14, the equivalent
column stresses obtained by the design formulas and by
second-order analysis with ANSYS are almost equal. The
other components, due to the reduction of the end moment,
differ by less than 8%. The result of finite element analysis is
very close to that of the strength calculation formulas above,
which proves the strength calculation formulas.
6.5. Design of Member Stability. The global stability analysis
was conducted using the finite element software ANSYS,

Member number
7
31
9
8
18
20

Equivalent stress by
stability formulas
(5)∼(10)

Equivalent stress by
finite element analysis
considering defects

311
298
275
310
339
314

345
345
345
345
345
346

which considers geometric nonlinearity and material nonlinearity of the member with an initial bending defect of
2/1000 length of members. Based on the marginal fibre yield
criterion, when the stress of the marginal fibre of the member
with the initial defect reaches a yield strength of 345 MPa,
the member reaches the stability limit state. The horizontal
load under the stability limit state is applied on the structure
without defects, and the internal force of the member is
used for the stability calculation with the formulas above.
The stability calculation and finite element analysis results for
compression members when the frame is loaded in the positive direction are listed in Table 2. The stability calculation
and finite element analysis results for compression members
when the frame is loaded in the negative direction are listed
in Table 3. If the calculated equivalent critical stress is equal
to the design strength, 310 MPa, the calculated result is in
accord with that of finite element analysis, which verifies the
formulas.
As shown in Tables 2 and 3, due to the differences
in position, length, and section forms, the members had
varying degrees of sensitivity to defects. However, when the
equivalent stress by second-order analysis reaches 345 MPa,
that is, the margin fibre yield state, the equivalent stress
yielded by the stability calculation is approximately 310 MPa.
So the above formulas (5)–(10) can be used for the stability
design of frame members.

7. Static Testing and Comparison
7.1. Layout of Load and Displacement. To verify the strength
and stability calculation formulas, static loading tests were
conducted on two identical single-span frames. The geometric model and loading conditions in the test are the same as
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Figure 15: Sketch of test setup.
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Figure 17: Load-displacement curves at column tops.

Figure 16: Test setup.

those in the finite element analysis above. Because the specimen hung upside down in the test device, the vertical load F1
is applied upward at the bottom of the columns to simulate
the load of the upper structure; the horizontal load F2 is
applied at the bottom of the columns, in the positive direction, as shown in Figure 15. The loads, major strain gages, and
displacement meters are arranged as shown in Figure 15, and
the test setup is shown in Figure 16.
7.2. Experimental Phenomena and Results. The load-displacement curves of the column tops are shown in Figure 17; the
curves of the finite element analysis using line elements and
solid elements are close to the test curves when the load
is very small, but the deviation increases as the horizontal
load increases. According to the load-displacement curve of
line elements where web members have rigid connections
to the chord, when the horizontal load is less than 110 kN,
the curve is straight; when the load increases a little more,
the curve becomes almost horizontal, and the structure is
destroyed. According to the load-displacement curve for line
elements where web members have hinge connections to
the chord, when the horizontal load is less than 159 kN, the
curve is straight and the structure is destroyed when the load
continues to increase. According to the load-displacement
curve for solid elements, when the horizontal load is less
than 70 kN, the curve is straight and then begins to bend,
and, finally, the frame is destroyed when the horizontal load

reaches 90 kN. However, the model test indicates that when
the horizontal load is less than 60 kN, the curve is basically
straight; when the horizontal load is over 60 kN, the curve
begins to bend, which indicates that the frame is in the
elastic-plastic state; when the horizontal load reaches 105 kN,
the horizontal displacement reached 28 mm, the second web
members near the inclined brace failed to bend, and the
frame could not be loaded continuously, meaning that it had
reached the ultimate limit state. The differences between the
four pair curves show that the simulated stiffness of line
elements is greater than the real stiffness. The main reason for
this is that the truss uses thin-wall open sections, and the high
local stress on the open section induced local out-of-plane
deformation, which reduced the member stiffness. If 59 kN is
used as the design load, the standard value of the design load
is 59/1.3 = 45.4 kN, and the corresponding displacements of
the three methods are 5.83 mm, 6.97 mm, and 8.61 mm, which
indicates that the line element analysis displacements are 50%
smaller. This deviation should be considered in the design;
the displacement calculated using line elements should be
magnified 1.5 times, and the stiffness reduction factor is
0.68. The ultimate bearing capacity obtained by line element
analysis with web members having hinge connections to the
chord is large and deviates from test results, which shows that
the ends of the web members are rigid connected instead of
being hinge connected.
As shown in Figures 18, 19, and 20, when the horizontal
load is 24 kN, the structure maximum stress is quite small and
occurred at columns. As shown in Figure 21, the number 42
strain exceeded the yielding strain. This is because the stress
concentration exists in the joints of web members and chord
members. When the horizontal load exceeded 59 kN and

Advances in Materials Science and Engineering

9

351

312.398

273.355

234.313

195.271

156.228

117.186

78.1434

39.101

.058625

174

Figure 20: Stress when horizontal load is 105 kN.
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Figure 18: Stress when horizontal load is 24 kN.

−12000

155.074

135.691

116.309

96.9265

77.5441

58.1618

38.7794

19.3971

.014715

MX

360

320.297

280.265

240.232

200.199

160.166

120.133

80.1

40.0671

.034197

Micron strain
Strain 12
Strain 25
Strain 28
Strain 29

Strain 31
Strain 42
Strain 50

Figure 19: Stress when horizontal load is 59 kN.

Figure 21: Load-strain curve.

the horizontal displacement exceeded 11 mm, the experimental load-displacement curve began to bend, indicating that
the frame entered the elastic-plastic state. The finite element
analysis shows that the stress of the end of the web members
in the mid-span of the truss exceeds yielding strength, which
corresponds with the number 28 and number 29 strains in
tests exceeding yielding strain. Both tests and FEM analysis
demonstrate that the frame enters the elastic-plastic state, so
this state is used as the design limit state. Using formulas
under this state, the design shows that the equivalent stress
ratios of the web members number 19 and number 20 are 0.99
and 1.01, respectively, which are exactly at the design limit
state. Under the load, the yielding area mainly focuses on

an area at the end of web members, and some plasticity
develops in the frame. Thus, taking the 59 kN horizontal load
as the design load is economical and safe.
According to the test results, when the horizontal load
reached 105 kN, the horizontal displacement reached 28 mm
and the second web member near the inclined brace failed;
the failure mode is shown in Figure 22. The FEM analysis
indicates that although the member does not lose stability,
most regions of the web member section yield, showing
almost full plasticity, and the calculated ultimate load is
118 kN, which is higher than that of the experiment. This
is because the finite element analysis does not include the
impact of the initial geometric defect, residual stress, stress
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(a) Picture 1

(b) Picture 2

Figure 22: Failure mode under ultimate load.

Table 4: Comparison of mechanical performance under three load states.
Horizontal load
Specimen 1

Specimen 2

Finite element analysis using line
elements
Equivalent stress ratio using
design formulas

24 kN
There are small yielding zones in
the connections between web
members and chord members
There are small yielding zones in
the connection between web
members and chord members
The maximum stress 177 MPa
occurred on the column
Numbers 19 and 20 members are
0.46 and 0.45

concentration, and local buckling on the integral stability of
the member. The ultimate load of the frame is 105 kN, and
the ratio to the design load 59 kN is 1.78, which has a certain
safety margin. According to the above analysis, taking the
load 59 kN as the design load is reasonable.
As shown in the load-displacement curve for the experiment, the story drift angles of horizontal load 59 kN are 1/282
and 1/309, while those of the finite element analysis are 1/439
and 1/450 using line elements and 1/364 and 1/375 using solid
elements. As shown in Table 4, the maximum ultimate story
drift angle of the experiment is 1/101 and 1/115 when the web
members failed by buckling and lost their bearing capacity.
Thus the inclined brace can enhance the lateral stiffness of
the frame but reduce the lateral deformability.

59 kN

105 kN
Number 20 web member
Strain gages 25 and 29 yield; the
buckles, and story drift angles
ends of web members yield
are 1/101 and 1/116
Number 20 web member
Strain gages 28 and 29 yield; the
buckles, and story drift angles
ends of web members yield
are 1/102 and 1/115
The axial average stress of
numbers 19 and 20 web members
The maximum stress of web
reaches design strength, and
members is 360 MPa
story drift angles are 1/169 and
1/170
Numbers 19 and 20 members are Numbers 19 and 20 members are
0.99 and 1.01
1.14 and 1.24

(2) For the plastic development of materials, the truss
stiffness calculated by line element FEM should be
reduced by a factor 0.68, and the story drift angle
calculated by line element FEM should be enlarged
by a factor of 1.50. The maximum ultimate story drift
angle is better limited to 1/100.
(3) Throughout the test process, the columns are working
in the elastic state. When the horizontal load is large,
the plastic strain is mainly distributed at the middle
of the truss, and the ultimate failure position is at this
location, which indicates that the frame obeyed the
design principle of “strong column and weak beam.”

Taking the finite element analysis of line elements and solid
elements and two model tests and comparing these with the
design formulas, the following conclusions have been drawn.

(4) Because inclined braces change the load transmission
path, the failure position occurs in the middle segment of the truss. The strains of beam-column joint
are quite small, according to the test and finite element
analysis, and the inclined braces play an important
role in protecting joints, which shows that the frame
obeys the design principle of “strong joint and weak
member” [20].

(1) Some plastic development can be considered in the
elastic design of the frame truss. The strength and
stability design formulas suggested in this paper are
reasonable and are verified using tests.

(5) The frame failure mode is the flexural buckling of
web members in the middle of the truss, which are
the compression-bending members subjected to axial
force and biaxial bending moments; good plasticity

8. Conclusions
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develops at the ends of web members before they lose
stability, so this failure mode is reasonable.

Notations
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The corrosion resistance of steel in alkali-activated slag (AAS) mortar was evaluated by a monitoring of the galvanic current and halfcell potential with time against a chloride-contaminated environment. For chloride transport, rapid chloride penetration test was
performed, and chloride binding capacity of AAS was evaluated at a given chloride. The mortar/paste specimens were manufactured
with ground granulated blast-furnace slag, instead of Portland cement, and alkali activators were added in mixing water, including
Ca(OH)2 , KOH and NaOH, to activate hydration process. As a result, it was found that the corrosion behavior was strongly
dependent on the type of alkali activator: the AAS containing the Ca(OH)2 activator was the most passive in monitoring of the
galvanic corrosion and half-cell potential, while KOH, and NaOH activators indicated a similar level of corrosion to Portland cement
mortar (control). Despite a lower binding of chloride ions in the paste, the AAS had quite a higher resistance to chloride transport
in rapid chloride penetration, presumably due to the lower level of capillary pores, which was ensured by the pore distribution of
AAS mortar in mercury intrusion porosimetry.

1. Introduction
Reducing the CO2 emission in cement industry has achieved
an increasing attention for the last several decades, due to a
large margin of CO2 emitted in process of producing ordinary Portland cement, accounting for about 800–1000 kg/ton
cement [1]. Thus, a mixture with noncarbon emitting binder,
for example, ground granulated blast-furnace slag (GGBS)
and pulverized fuel ash (PFA), has been used in a concrete
mix. However, when it comes to the global warming impact,
GGBS and PFA have adversely increased allocation to the
warming impact rather than Portland cement [2]. Despite
debates on pozzolanic materials and their environmental
impact, the pozzolanic materials have been thoroughly
studied as noncarbon emitting materials [3–5]. As these
pozzolanic materials can moreover enhance properties of
concrete, their replacement was limited by a very low
hydraulic reactivity. For example, the replacement with GGBS
has been often in the range of 40–60% to binder and 20–
30% for PFA. Thomas studied PFA concrete resulting in
better protection to steel due to its increased resistance to

chloride ion penetration [6]. The GGBS concrete had the
lowest level of the apparent diffusion coefficient compared to
OPC concrete as discussed by Ryou and Ann [7]. To increase
a portion of carbon-free binder, a chemical activator must
seemingly be accompanied. Representatively, alkali-based
chemical activators have been used to enhance hydraulic
reaction in the matrix of pozzolanic binder, which had shown
that a rapid development of concrete strength was achieved
by a formation of dense C-S-H gel, in particular, GGBS
concrete, so-called alkali-activated slag (AAS). The use of
AAS combined with various activators has been currently
reported about their properties in particular a development
of strength in the majority of previous studies [8–11].
Despite increased strength of concrete, properties of AAS
concrete are still subjected to debate. For AAS concrete to
apply for a structural material in concrete structures, its
compatibility with concrete properties must be ensured. In
particular, AAS concrete is intuitively suspected to a lower
resistance to chloride-induced corrosion of steel embedment,
because the alkalinity of AAS is relatively lower compared to
Portland cement; the corrosion resistance of steel embedment
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Table 1: Oxide composition of GGBS and OPC.

Binder type

CaO
60.0
41.2

OPC
GGBS

SiO2
23.0
34.2

Oxide composition (%)
Al2 O3
FeO
5.0
2.0
11.7
1.4

MgO
1.0
3.7

SO3
2.0
1.7

Ignition loss
(%)

Fineness
(cm2 /g)

2.1
1.29

3120
4290

Table 2: Mix proportion for AAS mortar and control specimens.
Activator (kg/m3 )
NaOH
Ca(OH)2

W/B

OPC
(kg/m3 )

GGBS
(kg/m3 )

Water
(kg/m3 )

Control

0.40

581.6

—

232.7

—

—

—

1425.0

AAS

0.40
0.40
0.40

227.8
220.8
220.8

28.1
—
—

—
20.1
—

—
—
18.6

1395.5
1395.5
1395.5

—
—
—

569.6
569.6
569.6

is usually determined by the alkalinity of pore solution, as the
steel is protected by the passive film on the surface formed in a
very alkaline environment as discussed by Ann and Song [12].
Moreover, a reduction of the alkalinity of the pore solution
could lead to less binding of chlorides, and in turn more free
chlorides can increase the corrosiveness. When it comes to
ionic transport, AAS concrete may be susceptible to external
ionic percolation at a given time for curing of concrete, as a
lower degree of hydration in the AAS matrix may produce an
open pore structure, which would substantially form further
hydration products in a latent hydration.
In this study, GGBS was used as an AAS. To activate the
chemical reaction in terms of hydration process, alkali-based
chemical activators (i.e., KOH, NaOH, and Ca(OH)2 ) were
admixed in mixing water. To evaluate the resistance of AAS
to chloride-induced corrosion, the galvanic current of steel
in chloride-contaminated AAS mortar was monitored. For
ionic transport, rapid chloride penetration was examined,
and chloride binding capacity was determined at a given
chloride cast in paste specimens.

2. Experimental Works
2.1. Specimen Preparation. To assess the corrosion resistance
of alkali-activated slag (AAS) concrete, ground granulated
blast-furnace slag (GGBS) was used as a binder, while
ordinary Portland cement (OPC) was simultaneously used to
produce control specimens. The oxide composition of binders
which was measured by the X-ray fluorescence analysis is
given in Table 1. The specific gravity of GGBS and OPC was
2.84 and 3.15, respectively. To activate the hydration process
in the GGBS matrix, alkali activators were admixed in mixing
water, including KOH, NaOH, and Ca(OH)2 . The activator
content was determined by OH− ion concentration in the
mixing solution.
AAS mortar specimens were cast for a measurement of
the pore volume, chloride permeability, and corrosion behavior. Three different activators were added in the variation of
OH− ion concentration. Mix proportion for binder, water,
and sand was 1.00 : 0.40 : 2.45 as given in Table 2. For chloride

KOH

Sand
(kg/m3 )

binding capacity, paste specimen was cast, assuming that
aggregate has no chemical reactivity in concrete.
2.2. Chemistry at Chlorides in AAS. For testing of chloride binding capacity, AAS paste was cast in a mould
(20 × 20 × 20 mm) at 0.4 of W/B. Five levels of chloride
ions were admixed in the form of NaCl, ranging from 0.5
to 3.0% by weight of binder. After demoulding, the samples
were wrapped in a polythene film and cured at 25 ± 1∘ C to
avoid leaching out of hydroxyl and chloride ion from AAS
paste. After 90 days of curing, the specimens were dried in
the oven at 50∘ C for 48 hours to remove the pore water in the
matrix and avoid a chemical change in matrix. The powder
sample was obtained by crushing, grinding, and sieving with
a 300 𝜇m sieve. Then the powder sample was placed in a
beaker with 50 mL at 50∘ C distilled water. The samples were
stirred for 5 min and stood for 30 min to extract chloride
ions. Then, the samples were filtered through the filter paper
to measure concentration of water-soluble chloride ions, of
which information can be used to determine the chloride
binding capacity at a concentration of total chloride.
The X-ray diffraction (XRD) analysis was used to characterize hydration products and bound chloride in the AAS
paste. After 90 days of curing, the specimens were dried in
the oven at 50∘ C for 48 hours to remove the pore water in the
paste. Then the powder sample obtained was used for XRD
analysis, which was conducted by a device D/MAX RINT
2000 with an analyzing range (2𝜃): 5–70∘ ; scan rate: 4∘ /min;
voltage: 40 kV; current density: 100 mA; tube target: Cu; and
wave length: 1.5405 Å (Cu/K-𝛼1), respectively.
2.3. Ionic Permeability. Rapid chloride ion penetrability test
was performed to evaluate the ionic transport in AAS mortar.
This test procedure was well explained elsewhere [13]. In
present study, the mortar specimen was used to minimize the
influence of gravel, rather than concrete. The AAS cylindrical
mortar (Ø100 × 50 mm) was connected to two chambers
for an electric circuit as shown in Figure 1: one was filled
with 0.3 M sodium hydroxide and the other with 3% sodium
chloride. Mesh electrode was connected to a DC supplier in
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−

DC power supplier

3
Table 3: Chloride ion penetrability based on charge passed for
concrete specimen [9].

+

Charge passed
(coulombs)
>4000
2000–4000
1000–2000
100–1000
<100

Mortar
specimen

Chloride ion penetrability
High
Moderate
Low
Very low
Negligible

G

V
0.3 M NaOH
solution

3.0% NaCl
solution

10 kΩ
Resin
coated

Mesh electrode
25 mm
cover

Figure 1: Set-up for rapid chloride ion penetration test.

condition of 60 V for 6 hours. The current flowing through
the mortar specimen was monitored every 30 minutes.
Then, the total current passed was calculated to determine
the permeability. Thus, the higher level of charge passed
indicated the higher ionic transport in terms of penetrability
permeability. Its advised guideline is given in Table 3.
The mercury intrusion porosimetry (MIP) was used to
investigate the pore distribution and pore volume of the
AAS paste. A fragment was obtained from the middle of
the paste specimen, followed by the drying process at 50∘ C
for 48 hours. Then the sample was placed in a glass tube
filled with mercury. The sample was subsequently imposed by
mercury filling pressure ranging from 3.7 × 10−3 to 413.7 MPa,
so that the mercury intrusion volume was recorded at a
corresponding pressure. The pore diameter was derived from
the pressure using the Washburn equation as given in
𝑑=

−4𝛾 cos 𝜃
,
𝑃

(1)

where 𝑑 is the pore diameter (𝜇m); 𝛾 is the surface tension
(dynes/cm); 𝑃 is the pressure (MPa); and 𝜃 is the contact angle
(∘ ) in which the present study took this value as 130∘ .
2.4. Corrosion Monitoring. To assess the corrosion resistance
of AAS, the galvanic current and half-cell potential of the steel
in AAS mortar were monitored. AAS mortar was cast with
a centrally located steel rebar. The specimen was subjected
to a wet and dry cyclic condition (3 days wet and 4 days
dry), and 1.5% of chlorides were admixed in mixing water to
accelerate the steel corrosion. The current flowing between
the embedded steel and the titanium mesh was monitored
by measuring the potential drop across a 10 kΩ resistor, as
shown in Figure 2. The galvanic current was measured twice

Steel

RE
Titanium mesh
Mortar specimen

Figure 2: Set-up for galvanic and half-cell monitoring of steel in
mortar.

a week until 25 weeks. Simultaneously half-cell potential was
measured using a standard calomel electrode.

3. Results and Discussion
3.1. Binding of Chlorides in AAS Matrix. As both free and
bound chlorides are simultaneously present in the pore
solution and cement matrix, one of them must be defined
to binding capacity of chloride ions at a given total chloride.
In this study, concentration of free chlorides in AAS paste
was measured by the water extraction method for a given
total chloride, which was subsequently used to render the
binding capacity. Figure 3 gives the relation between free and
bound chlorides by using the equation form of the Langmuir
isotherm, as shown in
𝐶bound =

𝛼𝐶free
,
1 + 𝛽𝐶free

(2)

where 𝐶bound is the concentration of bound chloride; 𝐶free is
the concentration of free chloride; and 𝛼 and 𝛽 are constants.
For control (Portland cement paste), half of chlorides were
mostly bound at a lower level of total chlorides. Then, it is
evident that an increase in the total chloride concentration
resulted in an increase in the bound chlorides. However,
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3.0

Bound chloride (%, binder)

CH

CH
CSH

2.0

CH CH

Equated line
FS

*FS

CAH

CH
Control

CSH
1.0

0.0
0.0

CAH

AAS (KOH)

CAH

AAS (NaOH)

CAH

AAS (Ca(OH)2 )

CSH
CSH
1.0
2.0
Free chloride (%, binder)

3.0

Control: Cb = 2.01Cf /(1 + 0.95Cf )
AAS (NaOH): Cb = 0.22Cf /(1 − 0.095Cf )
AAS (KOH): Cb = 0.73Cf /(1 + 1.19Cf )
AAS (Ca(OH)2 ): Cb = 0.27Cf /(1 + 0.16Cf )

Figure 3: Langmuir isotherms between free and bound chlorides
depending on activator type.

CSH

CO

5

15

CO

25

CH: portlandite
FS: Friedel’s salt
CO: calcium oxychloride

35
45
2𝜃 (deg)

55

65

CSH: C-S-H phase
CAH: C-A-H phase

Figure 4: XRD curves for AAS paste admixed with 1.5% chlorides.

the ratio of bound chloride chlorides to total was adversely
reduced, presumably due to limited binding capacity of
Portland cement paste. It is seen that the chloride binding
capacity for AAS was significantly lower than for Portland
cement paste. At a given total chloride concentration, even
higher levels of free chloride were present in the cement paste.
This may be attributed to a marginal concentration of C3 A in
AAS. Glass and Buenfeld [14] showed that binding capacity of
chloride ions was strongly dependent on the content of C3 A
in cement clinker, which is reactive with chlorides to form the
crystallized Friedel’s salt (i.e., bound chlorides). The role of
chloride binding at steel corrosion in concrete is subjected to
debate. For example, Kim et al. [15] suggested that there was
no clear-cut relation between chloride binding and corrosion
risk on the stage of corrosion initiation, although the rate of
corrosion propagation might be affected by concentration of
free chlorides, in turn binding capacity of chlorides. Glass et
al. [16] support this hypothesis that no influence of chloride
binding on the corrosion risk is given, as the bound chloride
chlorides could be released to be free in the vicinity of steel
due to a pH fall from the electrochemistry on the steel surface.
However, in a number of previous studies, an increase in the
chloride binding in terms of C3 A resulted in an increase in the
corrosiveness, determined by the corrosion rate, potential,
and even visual examination [14]. Hydration products, for
example, C-S-H gel and precipitated Ca(OH)2 , may bind
chloride ions in the cement matrix. Unlike C3 A binding of
chlorides, hydration products can adsorb chloride ions on the
surface of hydrates layer, which may therefore be released into
free or/and mobile ones at a diluted condition.

To observe chloride binding at chemistry, the XRD
for AAS paste containing 1.5% of chloride was analysed
as seen in Figure 4. Irrespective of the alkali activator, it
seems that the C-S-H gel was mainly produced together
with C-A-H as hydration products at a low Ca/Si ratio,
while portlandite and C-S-H gel were mainly produced in
Portland cement paste. In Portland cement paste, Friedel’s
salt (3CaO⋅Al2 O3 ⋅CaCl2 ⋅10H2 O) was often observed at different locations, and in turn chlorides were much bound
presumably by C3 A and C4 AF [17–19]. However, in AAS
paste, only C-S-H gel and C-A-H were formed, implying
that chlorides could be less bound. In AAS paste containing
the Ca(OH)2 activator, in particular, calcium oxychloride
(Ca(ClO)2 ) was formed. It may suggest that Ca(OH)2 might
have reacted with chlorides, seemingly physical adsorption.
Precipitated Ca(OH)2 can usually adsorb chloride ions by
physically surrounding chloride ions in the matrix and then
remove free chlorides, of which adsorbed chlorides may
be subsequently dissolved in acidic solution. This binding
of chlorides is substantially attributed to the presence of
precipitated Ca(OH)2 , which was presumably provided by the
activator. Thus, it can be said that the Ca(OH)2 activator may
enhance chloride binding capacity and thus the resistance to
chloride-induced corrosion.
3.2. Ionic Permeability and Pore Structure. The current passed
through the AAS cell for 6 hours is given in Figure 5, together
with converted value of charge. The ionic penetrability of
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Figure 6: Cumulative intrusion of AAS and control mortars.

Figure 5: Charged current with time depending on activator type.

was always in the similar range, irrespective of binder and
activator, accounting for 20.1–23.3%.
the control specimen had the highest current and charge,
accounting for 8175 C, while the charge passed for AAS
specimens ranged from 3600 to 6477 C. A reduction of the
charge passed, in terms of ionic transport, in AAS mortar
may result from a denser pore structure arising from GGBS,
which was finely further grained to admix in concrete and
then to block ionic paths in the specimens [20]. Moreover, the
AAS mortar containing the Ca(OH)2 activator produced the
greatest resistance to ionic transport, which may be attributed
to precipitation of Ca(OH)2 in the cement matrix. Formation
of precipitated Ca(OH)2 could lead to a further hydration, socalled a latent hydration, and thus the pore structure might
be modified to denser one. When it comes to the guided
values for the ionic transport, all specimens were ranked in
“moderate,” due to the absence of gravel in the specimen,
which would otherwise form an electric barrier and then
reduce the charge passed through the cell.
The pore structure examined by the mercury intrusion
porosimetry is given in Figure 6, in terms of cumulative
pore volume with the decreasing pore diameter. It is evident
that the pore volume and pore distribution are dependent
of binder and the activator. For control specimen, the total
pore volume was equated to 0.102 mL/g and 0.121–0.137 mL/g
for AAS specimens. The high level of pore volume for AAS
specimens is ascribed to a sharp increase in the gel pores
(<0.01 𝜇m), which might have been mainly formed in the CS-H gel [21–23]. However, this range of pores is not open
to ionic transport; ions and molecules are mobile only in
the range of capillary pores. Thus, it can be said that a
reduced value of the charge passed for AAS specimen could
be achieved by a modified pore structure, encompassing the
lower level of capillary pore and higher gel pore. Notwithstanding, the porosity converted from the pore distribution

3.3. Resistance to Chloride-Induced Corrosion. To assess the
corrosion resistance of AAS, the galvanic current of steel in
AAS mortar was monitored for 25 weeks, subjected to a wet
and dry cyclic condition to accelerate the corrosion process.
The obtained galvanic current for AAS is given in Figure 7.
It is evident that the galvanic current was sharply increased
to high at the state of corrosion, whilst an even lower value
was kept at the passive state. For control, the galvanic current
was jumped to 10 mA/mm2 or beyond at 13 weeks, indicating
the onset of corrosion. However, the steel in AAS mortar
containing the KOH and NaOH activators was presumed
to be corrosive after 5 weeks, of which the galvanic current
was significantly increased to 15–25 mA/mm2 , implying the
lower corrosion resistance, compared to Portland cement
concrete. However, in AAS containing the Ca(OH)2 activator,
the galvanic current was always mostly nullified for 25 weeks,
as being passive to corrosion. Again, the higher corrosion
resistance of AAS with the Ca(OH)2 activator is attributed to
precipitated Ca(OH)2 , which could enhance the capacity of
chloride binding at chloride adsorption to remove from the
pore solution and then to mitigate the corrosion risk.
Simultaneously, half-cell potential was monitored for
an equated duration, as given in Figure 8. Considering the
critical potential for the corrosion initiation (i.e., −275 mV
versus SCE), the passivity of steel in AAS containing the
Ca(OH)2 activator was again confirmed. For the first 10–
12 weeks, the half-cell potential was much fluctuated for
all specimens, due to the high sensitivity of electrode to
the concrete resistivity. Then, propagation of the half-cell
potential was clearly different from the binder and activator
in AAS mortars. For control specimen, the half-cell potential
was dramatically decreased, after 12 weeks, to the corrosive
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In this study, the corrosion resistance of steel embedment in
AAS mortar was assessed by a monitoring of the galvanic
current and half-cell potential in chloride-contaminated AAS
mortar. To ensure the chemistry of chlorides in AAS, chloride
binding was determined by the water extraction method and
formation of chlorides in the AAS matrix was confirmed
by the XRD analysis. Finally, the pore structure and ionic
transport were examined by the rapid chloride penetrability
test and mercury porosimetry. The conclusion derived from
the experimental works is as follows:
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Figure 7: Monitoring of galvanic currents of steel in AAS mortar.
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(1) The corrosion resistance of AAS was strongly dependent on the activator. For KOH and NaOH, the
corrosion behavior was mostly similar to Portland
cement mortar, but the Ca(OH)2 activator increased
the corrosion resistance; the galvanic current always
indicated the passive state for 25 weeks and simultaneously the half-cell potential exceeded the threshold
voltage for the onset of corrosion (−275 mV versus
SCE).
(2) The higher resistance of AAS containing the Ca(OH)2
activator to chloride-induced corrosion may be
attributed to precipitation of Ca(OH)2 in the matrix,
which might have reacted with chlorides to physically
form Ca(ClO)2 to remove free chlorides from the pore
solution, although the binding capacity of chlorides
was lower than for Portland cement paste. However,
AAS containing the KOH and NaOH activators had
no benefit in binding chlorides in the cement matrix.
(3) The AAS mortar had a higher resistance to ionic
transport in testing of rapid chloride penetrability
test, presumably due to the use of finely grained
GGBS, which may fill up the voids in concrete/mortar.
Moreover, a modification of the pore structure may
reduce the openness to external ions and molecules:
in fact, the capillary pores were reduced and the gel
pore was increased.
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Figure 8: Monitoring of half-cell potential of steel in AAS mortar.

state, while the AAS containing KOH and NaOH activators
indicated the corrosive state mostly from the beginning
of monitoring. Again the AAS containing the Ca(OH)2
activator showed the highest half-cell potential, indicating
no corrosion formation. Substantially, it can be said that the
AAS can be beneficial with the Ca(OH)2 activator against
chloride-induced corrosion, arising from increased binding
of chlorides in the form of Ca(ClO)2 and modified pore
structure.
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This paper investigated bond-slip characteristics of chloride-induced corroded reinforced concrete incorporating different levels of
recycled concrete aggregates (RCA). Pullout tests were adopted to evaluate the bonding and debonding behaviors of the embedded
rebar experiencing different corrosion levels. Both high- and low-strength concrete were considered. Bond-slip curves were
recorded to determine the influences of rebar corrosion levels and RCA replacements on the bond strength and debonding energy
of the specimens. Test results indicate that increasing rebar corrosion level gradually weakens the antisliding ability of reinforced
recycled aggregate concrete (RAC) except for a small level corrosion and the degradation rate of ultimate bond strength increases
with a decrease of compressive strength at 0.5% rebar corrosion. The results also demonstrate that the ultimate bond strength of
reinforced RAC slightly decreases with an increase of RCA replacement. However, the relative bond strength between uncorroded
rebar and RAC is little affected by RCA content, while it decreases with an increase of RCA replacement in high-strength specimens
after rebar corrosion. The debonding energy between deformed rebar and RAC is found decreasing with the increment of the rebar
corrosion level and increasing with an increase of RAC content.

1. Introduction
Modern constructions require the conservation of natural
resources and the preservation of environment due to the
gradual depletion of natural resources and the disposal crisis
of growing wastes, for example, demolition and construction wastes. One of most common ways to mitigate these
problems is to incorporate demolished wastes like recycled
aggregates in new concrete for construction uses. So far,
recycled aggregates have been primarily limited to lowvalue applications such as road filler materials or backfill
for retaining wall in China [1]. It is recently advocated that
recycled aggregates have to find their outlets in structural
usages to minimize the disposal of demolished construction
wastes [1, 2]. Furthermore, RCA-containing concrete is found
technically suitable for structural applications, especially if
the mixture is accompanied with modifications of the mix
dosage such as increase of the cementitious content [2–6].
Incorporation of recycled aggregates in structural members has to guarantee a tight bond between the rebar and the

surrounding concrete so that external loadings are carried
effectively. Bond behavior between RAC and the rebars has
raised wide attention in the structural engineering world [7–
13]. These previous studies focus mainly on the bond strength
of RAC embedded with the deformed and plain rebars in
uncorroded states; few studies were conducted on the behavior of reinforced RAC considering steel corrosion [14, 15]. In
particular, the bond behaviors between high-strength RAC
and corroded rebar remain an untapped subject, although
bond-slip characteristics of normal reinforced concrete under
different corroded states have been extensively studied [16–
20]. Considering that RCA-containing concrete is innate with
a higher permeability compared to normal concrete, the rebar
embedded in the field-exposed reinforced RAC is prone to
corrosion during its lifetime [21, 22]. It is thus necessary to
examine the bond behavior of RAC under different corrosion
levels.
This paper aims to test the bond behavior of reinforced
RCA-containing concrete under different levels of chlorideincurred corrosion. Both low- and high-strength concrete
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Table 1: Physical properties of coarse aggregates.

Aggregate type
Recycled
Natural

Gradation
5–31 mm
5–31 mm

Observed density (kg/m3 )
2430
2760

Bulk density (kg/m3 )
1260
1429

Absorptivity (%)
5.96
1.35

Crushed index (%)
19.5
13

A
PVC
pipe

Steel

20

A
70

20

100

30

120

150

150
Section A-A

Figure 1: Geometry of the fabricated specimens; all units in mm.

samples were prepared with different w/c ratios. Bond-slip
curves were recorded to determine the influences of RCA and
corrosion levels on bond behavior.

2. Experimental Program
2.1. Specimens Preparations. Demolished old concrete pavement slabs in the urban area of Nanning, China, were jaw broken and then sieved for 5–31 mm coarse recycled aggregates,
while natural aggregates (crushed limestone) were bought
from a local commercial aggregate plant. Both aggregates
were compliant with the Chinese standard GB50152-92. Basic
physical properties of these aggregates were tabulated in
Table 1. The normal Portland cement type 42.5 was used
in this test. Medium-sized natural sand was utilized as fine
aggregate in the mixture.
Two series of specimens were prepared. One was targeted
as high-strength concrete with a designed water-to-cement
(w/c) ratio of 0.28 (HRC), in which some amounts of the fly
ash and ground granulated blast-furnace slag were added as
cementitious binder. For comparison, the other was objected
as low-strength concrete specimens with a designed w/c ratio
of 0.50, in order to evaluate the specimen strength on the
bond behavior of corroded reinforced concrete containing
RCA. For both, 0%, 50%, and 100% of natural aggregate
were replaced by the RCA, referred to hereafter as HRC1,
HRC2, and HRC3 for high-strength concrete specimens,
respectively, and as RC1, RC2, and RC3 for low-strength
concrete samples, respectively. It should be noted that the
mixture water contained 5% weight of NaCl in order to disseminate uniform chloride seeds in the concrete specimens.
All ingredients were mixed in a concrete mixer for about
5 min and were then poured into 150 mm3 cubes wooden
moulds (Figure 1).
The embedded rebar typed HRB335 was the quenched
steel bar with a yield stress of 420 MPa and a diameter of
20 mm. Before being placed into the moulds, the reinforcing

bars were cleaned with a 12% hydrochloric acid solution,
cleaned by pure water, neutralized by calcium hydroxide
solution, and finally cleaned by pure water again. Rebars were
then dried for 4 hrs in a dryer cabin and were weighed with
a resolution of 0.1 g. The embedment length of the rebar
was adopted as 5𝑑 (Figure 1), and only its bonded zone was
designed to be corroded, while both ends of the steel bar were
insulated with epoxy rinse during the accelerated corrosion
tests.
In total, six groups of concrete were casted with detailed
mixtures tabulated in Table 2. All the demolded specimens
were cured in a humid cabin with 20∘ C and 95% relative
humidity for 28 days. After 28-day curing, for each sample
group, 3 cubic specimens were submitted to compressive
strength test while the remaining 4 reinforced RAC specimens were designed to be 0%, 0.5%, 1.5%, and 2.5% rebar
corrosion levels, respectively.
2.2. Corrosion Tests. Specimens prepared for corrosion tests
were further immerged in 5% NaCl solution for 3 days and
then were corroded to the targeted corrosion level using
electrochemical method. In the artificial corroded setup,
parallel circuits were adopted during the corrosion process
(Figure 2). Rebar corrosion level was evaluated according to
Faraday’s law. It was calculated according to the weight loss
percentage of the corroded rebar at the bonding section.
The designed corrosion amount in terms of the mass loss
of corroded rebar was estimated by [23]
𝜂=

𝑀𝐼𝑡
,
2𝑁𝑚𝑒

(1)

where 𝜂 is a dimensional scale standing for the designed level
of corrosion, 𝑡(𝑠); the signification of 𝑀, 𝐼, 𝑁, 𝑚, and 𝑒 is listed
in Nomenclature.
The actual corrosion of a rebar may deviate somewhat
from the designed one. Upon completion of pullout tests, the
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Table 2: Mixtures of specimen.

Number

w/c

HRC1
HRC2
HRC3
RC1
RC2
RC3

0.28
0.28
0.28
0.5
0.5
0.5

RA
0
525
1050
0
575
1150

NA
1050
525
0
1150
575
0

+

KF
90
90
90
0
0
0

S
670
670
670
750
750
750

W
168
168
168
210
210
210

Slump (cm)
21.8
16.5
9.3
12.0
4.1
2.8

Regulated DC −
power supplies

2

1
5% NaCl
solution

Ingredients (kg/m3 )
C
FA
420
90
420
90
420
90
420
0
420
0
420
0

Sample
4

3

Pillow

Copper
(a)

(b)

Figure 2: Parallel circuits used to accelerate the corrosion of the rebars.

Indentor
Round rod
Plane 1
Plane 2

Specimen
Rebar

Displacement sensor
Plane 2
Platform
Pushing up

Figure 3: Pullout test system.

corroded rebar was dismantled from the specimen. Corrosion products were scrapped from the rebar and weighted to
evaluate the actual corrosion level, which was expressed as
𝑚 − 𝑚1
𝜂𝑟 =
,
(2)
𝑚
where 𝑚1 (kg) is the weight of the rebar after the corrosion
products were scrapped and 𝑚 (kg) is the weight of the rebar
before the reinforcement corroded.
2.3. Load Procedures. Bond-slip behavior of the rebar was
tested by use of pullout tests. Loading frames were imposed

by a RMT-201 testing machine as shown in Figure 3. Load
and displacement of the rebar were logged automatically by a
computer. For all the tests, strains of rebars were maintained
at very low level to minimize dynamical momentum occurring at the rebar-concrete interface.
The bond stress was assumed to be uniform along the
anchorage length, and the average bond stress at each loading
level was calculated as follows:
𝜏=

𝑃
,
𝜋𝑑𝑙

(3)
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Table 3: Corrosion of different specimens.

Specimen number
HRC1-0
HRC1-1
HRC1-2
HRC1-3
HRC2-0
HRC2-1
HRC2-2
HRC2-3
HRC3-0
HRC3-1
HRC3-2
HRC3-3
RC1-0
RC1-1
RC1-2
RC1-3
RC2-0
RC2-2
RC2-3
RC3-0
RC3-1
RC3-2
RC3-3

Current (A)
—
0.03
0.02
0.02
—
0.04
0.06
0.02
—
0.04
0.05
0.05
—
0.09
0.10
0.13
—
0.12
0.12
—
0.10
0.12
0.17

Time (h)
—
35.0
123.0
256.6
—
26.0
52.4
256.6
—
26.0
62.9
102.6
—
12.0
24.4
38.0
—
20.3
41.0
—
11.0
20.3
29.0

Crack (mm)
0
0
0.2
0.65
0
0.1
0.2
0.6
0
0
0.2
0.7
0
0.25
0.60
1.35
0
0.50
1.30
0
0.15
0.60
1.40

Measured corrosion (%)
0
0.57
1.96
2.90
0
0.75
1.71
2.54
0
0.67
1.37
2.7
0
0.44
1.42
2.63
0
1.70
2.54
0
0.73
2.10
2.90

Designed corrosion (%)
0
0.50
1.50
2.50
0
0.50
1.50
2.50
0
0.50
1.50
2.50
0
0.50
1.50
2.50
0
1.50
2.50
0
0.50
1.50
2.50

Note: the specimen labeled RC2-1 was broken.

where 𝑃 is the load reading from the RMT-201; 𝑑 is the diameter of the uncorroded rebar; and 𝑙 is the embedded length of
the rebar.

3. Test Results and Discussion
3.1. Test Results
3.1.1. Corrosion Levels and Crack Width. Although corrosion
of some specimens was occasionally less than the designed
one due to the heterogeneousness of concrete materials,
measured corrosion was in most cases greater than designed
corrosion levels (Table 3). This finding was different from a
previous study, which used the same corrosion-computing
approach and found that measured corrosion was slightly
lower than the designed one [20]. The only difference in
the experimental setup was that the previous literature chose
natural water as the mixture water while this study used
5% NaCl solution. It is easy to understand that, for those
specimens prepared with NaCl solution as the mixture water,
the speed of rebar corrosion would be faster because enough
free chloride ion can be used to transport electron charge.
Table 3 demonstrates that the crack width increases with an
increment of corrosion level, and greater cracking openings
were observed at those specimens with lower compressive
strength (HRC and RC). The reason may be that lowstrength concrete has relatively larger pore and lower tensile

strength so that once the anchored rebar was corroded,
corrosion products escaped preferentially from those big
pores; the corrosion-induced expansive pressure introduced
hoop tensile stress to the specimen. In the absence of stirrups,
the specimen was susceptive to crack especially for lowstrength concrete.
3.1.2. Bond versus Slip Curves. The measured bond-slip
curves of different corrosion levels and different RCA containments are shown in Figure 4, while the 𝐺 values in
Figure 4 are the debonding energy of specimens which will
be discussed in Section 3.4. Several specimens failed to test
the descending branch of bond-slip curve due to steel yield
and sudden break. The characteristic values of bond-slip are
summarized in Table 4.
3.2. Influence of Corrosion Levels on Bond Behavior. The
relationships of ultimate bond strength versus corrosion level
are drawn in Figure 5. It is easy to be found in Table 4 and
Figure 5 that, for the HRC1-1 specimen (high-strength RCAfree concrete under a 0.5% corrosion level), the ultimate bond
strength was higher slightly than the uncorroded sample,
a finding that agreed with some previous studies [16, 20,
24–26]. This might be that minor corrosion products had
generated in the interface but had not been transported
sufficiently, densifying the local matrix and subsequently
increasing the bond strength. Therefore, small amounts of
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Table 4: Bond-slip parameters of specimens under the pullout tests.
𝑓𝑐 (MPa)

Number
HRC1-0
HRC1-1
HRC1-2
HRC1-3
HRC2-0
HRC2-1
HRC2-2
HRC2-3
HRC3-0
HRC3-1
HRC3-2
HRC3-3
RC1-0
RC1-1
RC1-2
RC1-3
RC2-0
RC2-2
RC2-3
RC3-0
RC3-1
RC3-2
RC3-3

61.8

64.9

52.6

39.7

40.6

32.0

𝜏0 (MPa)
16.50
19.63
12.96
5.31
16.4
13.64
11.04
6.57
14.30
12.33
9.87
7.63
13.01
7.98
6.19
4.80
12.31
5.31
4.79
11.61
5.75
5.02
4.49

𝜏1 (MPa)
10.50
—
7.94
3.16
11.41
9.83
6.31
2.37
9.49
10.46
6.01
3.53
9.75
5.59
4.39
2.83
7.93
2.13
2.35
7.98
3.90
2.95
2.14

20
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15

10
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0

0
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Figure 5: 𝜏0 versus corrosion level.

corrosion were beneficial to the bond performance of steel
reinforcing bars.
Except for HRC1-1 specimen, similar to reinforced normal aggregate concrete, it can be observed that the ultimate
bond strength of RAC decreases with an increase of corrosion
level (Figure 5). Furthermore, the degradation rate of bond

𝑠𝑓 (mm)
0.0979
—
0.0944
0.0696
0.0575
0.0913
0.1448
0.1345
0.0429
0.1525
0.1575
0.1600
0.3451
0.1540
0.2397
0.0535
0.0743
0.0406
0.0144
0.0677
0.2528
0.2272
0.1107

𝜏1 /𝜏0
0.64
—
0.61
0.59
0.70
0.72
0.57
0.36
0.66
0.85
0.61
0.46
0.75
0.7
0.71
0.59
0.64
0.4
0.49
0.69
0.68
0.59
0.47

Crack style
Splitting
Yield
Splitting
Splitting
Splitting

Splitting

Splitting

Splitting

Splitting

strength is greater in RC series than in HRC series when
corrosion rate is 0.5%, while a contrary result is observed
as the corrosion rate increased to 1.5% and 2.5%. This
result illustrates that bond degradation rate increases with a
decrease of compressive strength at a relative minor corrosion
(such as 0.5% corrosion rate in all the specimens except
for HRC1) but decreases until corrosion increases towards a
certain level. To analyze the antisliding ability of reinforced
RAC, we define 𝐾 as 𝜏1 /𝜏0 and plot 𝐾 versus corrosion rate
in Figure 6. All series of RAC in Figure 6 show a descending
tendency of 𝐾 value with an increase of corrosion level,
which demonstrates that increasing corrosion rate gradually
weakens the antisliding ability of reinforced RAC. The main
reason is that corrosion-induced cracks reduce the mechanical interlock between corroded rebars and RAC, and it finally
makes rebar more likely to slip from RAC.
3.3. Influence of RCA on Bond Behavior. The ultimate bond
strength decreased with an increase of RCA containment
before and after rebar corrosion (Figure 7(a)), as expected.
The ultimate bond strength comprises adhesive force,
mechanical interlock, and friction between the rebar and the
surrounding concrete. The adhesive force and mechanical
interlock decreased with an increase of the RCA replacement
ratio because of the innate microcrack of the RCA. When
the RCA replacement level increased from 0% to 100%,
ultimate bond strengths of uncorroded specimens declined
from 16.4 MPa to 14.3 MPa for high-strength specimens
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Table 5: 𝐺 values of uncorroded specimens with different RCA content (unit: MPa⋅mm).
Specimens
HRC in this study
RC in this study

Rebar type
Deformed
Deformed
Deformed
Plain

Xiao and Falkner, 2007 [7]

0% RCA
8.7
12.0
36.9
33.9

50% RCA
9.8
4.8
71.7
30.3

100% RCA
11.0
7.5
76.0
29.9

Note: integral of the debonding energy from Xiao and Falkner work was evaluated from the reported load-slip spectrums; some minor errors may happen
during the data reproducing process.

reducing the bond strength for high-strength RAC after rebar
corrosion, but less sensitive for low-strength RAC. A probable
reason is that a greater brittleness is performed in highstrength RAC than low-strength RAC. Once the corrosioninduced crack occurred, the mechanical interlock accounted
for major proportion of bond strength losses faster in highstrength RAC, even though the maximum crack width in
high-strength RAC is less with the same corrosion level.

1.0
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0.8

0.6

0.4

0.2

0.0
0.0

0.5

1.0
1.5
2.0
Corrosion rate (%)
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∞
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RC3
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HRC3

𝐺 = ∫ 𝜏 (𝑠) 𝑑𝑠.
0

Figure 6: 𝐾 versus corrosion level.

and from 13.0 MPa to 11.6 MPa for low-strength samples.
The reductions were relatively small, roughly agreeing with
findings in previous studies [7, 8, 11]. As the compressive
strength of RCA-containing plain concrete declined with the
increase of the RCA levels, it was reasonable that the RCAcontaining concrete compromised some levels of the ultimate
bond strength.
Because the compressive strength of concrete with different RCA ratio is not uniform for a specific w/c ratio, it seems
reasonable to compare the relative bond strength of RAC to
analyze the influence of RCA replacement on ultimate bond
strength. The relative bond strength is defined as follows [27]:
𝜏𝑟 =

𝜏0
.
√𝑓𝑐

3.4. Debonding Energy of Specimens. Although the bond
behavior between uncorroded rebar and RAC is wildly
researched in previous studies, the debonding energy is seldom considered as a surrogate of the bond performance of
reinforced RAC [7–15]. 𝐺 (MPa⋅mm) values in Figure 4
which represent the debonding energy of specimens are
calculated as follows:

(4)

The relationship between 𝜏𝑟 and RCA replacement is
shown in Figure 7(b). 𝜏𝑟 remained nearly unchanged with an
increase of RAC replacement before rebar corrosion (HRC,
𝜂 = 0%, and RC, 𝜂 = 0%, in Figure 7(b)), a correlation
inferring the minimal effect of RCA level on relative bond
strength. However, once the steel is corroded, 𝜏𝑟 declines with
an increase of RAC replacement in high-strength specimens
except for 𝜂 = 2.5% but still has a negligible fluctuation as the
increase of RAC replacement in low-strength specimens. This
result illustrates that RCA replacement is more sensitive to

(5)

Due to the increase of the corrosion level that discounted
the ultimate bond strength, the 𝐺 values thus declined with
corrosion levels as well (shown in Figure 4), which demonstrated that debonding a corroded rebar required a lower
energy than pulling out an uncorroded rebar did.
Though incorporating RCA in reinforced concrete sacrificed the ultimate bond strength somewhat, energies required
to debond rebars fully from RCA-containing concrete
increased with RCA replacement, as indicated on the 𝐺 values
(comparison of Figures 4(a), 4(b), and 4(c)). This is because
the descending branch of the RCA-containing concrete
decreases in a relatively softer manner compared to RCAfree concrete. This indicates that the frictions between rebar
and surrounding concrete increase with RCA contents. One
possible reason may be that, after overcoming the adhesion,
the residual mortar originally attached in the RCA is detached
and resided at the concrete-rebar interface, increasing the
interfacial friction and subsequently the debonding energy.
Similar findings had been reported by Xiao and Falkner [7].
Table 5 compares the 𝐺 values in Xiao and Falkner work with
those in this study; the result for RC series can be deemed
to be the dispersion of test data, while debonding energies in
Xiao and Falkner work were larger than those in this study,
possibly because the embedded length, rebar diameter, and
the concrete mixture are different in two experiments.
The interpretation mentioned above seems plausible
because Xiao and Falkner work demonstrated that the
debonding energy decreased with the increase of RCA contents when the plain rebar was embedded (Row 5 in Table 5)
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Figure 7: Bond strength versus RCA replacement.

but a contrary trend was observed when the deformed rebar
was anchored (Row 4 in Table 5). This interpretation also
held true in the case that the embedded rebar was corroded.
Although some corrosion products oozed to the pore of the
RCA residual mortar and densified the bonding interface,
there was no evidence that the corrosion fastened or loosed
the attached residual mortar on the RCA surface. The
detached debris was thus expected to increase with the RCA
contents after the bonding adhesion was overcome.

4. Summary and Conclusions
The experimental conditions herein may be somewhat different from those conditions in other studies. The mix proportion and raw materials may be different and will affect the
results. As our study represents typical experimental parameters for the correction of reinforcing concrete with different
level of RCA, the authors believe any variations of the concrete mixture, pullout tests procedure, and others will challenge the reproduction of the experiment and will not cause
substantially different or reverse conclusions.
(1) High-strength RAC tends to crack in a smaller scale
due to its relatively higher tensile strength. Corrosion
products at the low-strength RAC may ooze preferentially through those big-scale pores and cause larger
surface cracking width at the concrete surface.
(2) A small level corrosion in the reinforced RAC first
increases the ultimate bond strength of the rebar, and
then, with the increment of rebar corrosion, the ultimate bond strength decreases, while the degradation
rate increases with a decrease of compressive strength
at a 0.5% rebar corrosion but decreases until corrosion

level increases towards 1.5% and 2.5%. Additionally,
increasing corrosion rate gradually weakens the antisliding ability of reinforced RAC.
(3) The ultimate bond strength of reinforced RAC slightly
decreases with an increase of RCA replacement. However, the relative bond strength between uncorroded
rebar and RAC is little affected by RCA containment, while it decreases with an increase of RCA
replacement in high-strength specimens after rebar
corrosion.
(4) The debonding energy is found decreasing with an
increase of the rebar corrosion level and increasing
with an increase of RCA content; however, this type
of increase vanishes when a RCA-containing concrete
embedded with plain rebars.

Nomenclature
𝜂, 𝜂𝑟 :

Designed and measured corrosion level of
rebar, respectively
𝑀:
Molar mass of rebar, 56 g/mol
𝐼:
Average current
𝑁:
Avogadro constant, 6.02 × 1023 mol−1
𝑒:
Electron charge, 1.6 × 10−19 C
𝑚, 𝑚1 : Weight of rebar before and after corrosion,
respectively
𝜏, 𝑃: Bond stress and applied load
𝐺:
Debonding energy
𝑑, 𝑙:
Diameter and embedded length of
uncorroded rebar
𝜏0 , 𝑠𝑓 : Peak bond stress and corresponding slip
𝑓𝑐 :
Cubic compressive strength of concrete
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𝜏1 : Bond stress corresponding to first slip occurring
𝐾: 𝜏1 /𝜏0
𝜏𝑟 : Relative bond strength (𝜏/√𝑓𝑐 ).

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The authors would like to appreciate the funding from
Natural Science Foundation of China (no. 51308135) and
the Program of Guangxi Natural Science Foundation (no.
2014GXNSFBA118242).

References
[1] X. Li, “Recycling and reuse of waste concrete in China. Part I.
Material behaviour of recycled aggregate concrete,” Resources,
Conservation and Recycling, vol. 53, no. 1-2, pp. 36–44, 2008.
[2] M. Etxeberria, A. R. Marı́, and E. Vázquez, “Recycled aggregate
concrete as structural material,” Materials and Structures, vol.
40, no. 5, pp. 529–541, 2007.
[3] I. S. Ignjatović, S. B. Marinković, Z. M. Mišković, and A. R.
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The objective of this study is to propose a vision-inspection system that improves the quality management for ready-mixed concrete
(RMC). The proposed system can serve as an alternative to the current visual inspection method for the detection of residues in
agitator drum of RMC truck. To propose the system, concept development and the system-level design should be executed. The
design considerations of the system are derived from the hardware properties of RMC truck and the conditions of RMC factory,
and then 6 major components of the system are selected in the stage of system level design. The prototype of system was applied to
a real RMC plant and tested for verification of its utility and efficiency. It is expected that the proposed system can be employed as
a practical means to increase the efficiency of quality management for RMC.

1. Introduction
Quality assurance of RMC is inevitably a major concern in
any construction activity involving use of reinforced concrete.
Due to its direct impact on structural safety, time, and cost,
the quality of RMC is a critical factor required for achieving
successful project outcomes. Therefore, it is essential that the
RMC manufacturer has to ensure the quality of the RMC by
inspecting the RMC delivery process.
Previous researches have been conducted on various
aspects of quality control of RMC, which include provision
of manuals for general management of concrete in batching
plants and construction sites [1], RMC truck dispatch for
transporting concrete to the site on time intended by the
customer with high quality [2, 3], and optimal scheduling
of transport of RMC [4, 5]. Considering that controlling
quality and time are the most essential factors for RMC,
these previous studies contribute to providing framework

for maintenance of quality and scheduling of RMC during
procurement process.
However, improvement considerations are still detected
in actual construction sites regarding quality and time management of RMC during procurement process. Generally,
RMC manufactured in batching plant is mounted in RMC
truck to be delivered to the construction site. The interior
and exterior of RMC truck should be inspected by the
manufacturer for any cleaning residues from the previously
used RMC, including concrete waste and washing water, by
visual inspection prior to loading the fresh RMC. Despite
the effort to remove what can affect the quality of the fresh
RMC, such residues cannot be easily detected from the deep
and dark interior of the agitator drum. The current visual
inspection method consumes more construction time than
intended and results in delay in loading fresh RMC into the
truck.
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Figure 1: Research scope and process.

Therefore, this study aims to propose a vision-inspection
system as an alternative to the current visual inspection
method to ensure the quality and facilitate the scheduling of
RMC. In order to present the system, design considerations
during the system-level design process are first examined.
Subsequently, structural elements of the system are determined from the derived design considerations. Finally, the
prototype of the system is developed based on the concept
development and system-level design processes. Through a
field application, the operation performance and its efficiency
are verified.

2. System Design for Vision-Inspection System
2.1. Design Process. This study presents a vision-inspection
system that can serve as an alternative to the current visual
inspection method for the detection of residues in agitator
drum of RMC truck. The system is developed in accordance
with the procedure for product development proposed by
Ulrich and Eppinger (1999), which provides a systematic
process that can minimize trial-and-errors in development
stage [6]. The five major processes for product development
include concept development, system-level design, detailed
design, integration and improvement, and release. This study
aims to develop the prototype after the system-level design
and extend its scope to the application of the developed
system on actual field, as shown in Figure 1.
First, the concept development stage can be divided into
property identification of RMC and analysis of the design
considerations of the inspection system. Property identification is executed by dividing the environmental considerations
of vision-inspection system into hardware properties of RMC
truck and the environmental conditions of RMC factory.
Design requirement factors are subsequently derived from
the previously identified properties in order to be utilized
for the component specification of the vision-inspection
system. Extensive interviews with managers of the batch
plant and development engineers were conducted in order
to derive the components. Second, system-level design stage
includes analysis of the design considerations for selection of
the components of vision-inspection system. Comprehensive
understanding of the system is required in this stage, which

thereby leads to the deduction of the optimal design plan by
considering the feedback from the interviewed professionals.
2.2. Concept Development. As previously mentioned, concept
development is classified into property identification and
deduction of design considerations. First, the properties
of RMC truck and conditions of RMC factory are first
examined through the site surveys and consultations with
experts from RMC manufacturers and managers. From these
examinations, the properties and the design considerations
were derived as follows.
(1) The properties of RMC truck and conditions of RMC
factory are as follows.
(i) Opening diameter of agitator drum is 450 mm.
(ii) Depth of the agitator drum is 3,500 mm.
(iii) There is no lighting on the interior of the agitator
drum.
(iv) Loading part of RMC and hopper of the agitator
drum are located along the vertical line.
It is observed that the opening diameter of the agitator
drum of the RMC truck is 450 mm with its depth as 3,500 mm
in general, and its interior requires additional lighting to
facilitate the visual inspection. Therefore, a digital camera
with low light level and additional lamp with high intensity
is necessary in the dark interior of the agitator drum for the
system. Also, the loading part of RMC and hopper of the
agitator drum are located along the vertical line during the
supply of RMC, as shown in Figure 2. Therefore, automatic
transfer equipment is needed for location movement of the
camera during procurement and release processes of RMC.
Second, the properties of environmental conditions of
the RMC plant are examined. From these examinations,
the properties of environmental conditions and the design
considerations are derived as follows.
(2) Environmental conditions of the RMC factory are as
follows.
(i) A large quantity of dust and washing water of
RMC is created, which accompanies continuous
water-cleaning in the factory.
(ii) Noise and vibration should be under consideration.
(iii) Loading of fresh RMC should be executed in a
short period of time.
A large amount of dust and washing water of RMC is
created in the plant, which accompanies a substantial amount
of water for cleaning and requires a system design in response
to this factor. Furthermore, noise becomes a disturbance
during the work where the RMC supply spot is located at
a far distance from the control room, which demands for
communication devices such as speaker and warning lights.
These types of equipment will facilitate communication
between the two places and expedite the inspection process.
Figure 3 shows the link between the properties and the design
considerations.
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Figure 2: The shape of RMC truck and cleaning residues in the agitator drum.

Hardware properties of RMC truck

Design consideration

Depth of the agitator drum:
3500 mm

Low light level digital camera

Opening diameter of agitator drum:
450 mm

High intensity lamp

Dark interior of the agitator drum
Automatic transfer equipment of
camera and lamp
Condition of RMC factory
A large amount of dust and
washing water
Noise and vibration
A short interval time for loading the
fresh RMC into the truck

Protection against dust and water
Communication between RMC factory
and management office
Image storing device

Figure 3: The major design considerations of the proposed system.

2.3. System-Level Design. In the stage of system-level design,
design considerations of vision-inspection system are considered to select the components of the system. The following
major components can be deduced: (1) image inspection
device, (2) main system, (3) controller, (4) monitor, (5)
image storing device, and (6) communication device. The
configuration of six major components is shown in Figure 4.
The image inspection device is specifically designed to
replace traditional visual inspection by workers. Low light
level digital camera and lamp high intensity lamp are installed
in the image inspection devices for observation of residues.
Also, automatic transfer equipment is installed for the protection of camera within the housing and its temporary
release during inspection process. Furthermore, housing
is installed for the protection of inspection devices from
cleaning residues of RMC. Figure 5 shows each component
part of the image inspection device in the system.

Main system controls the power and operation of the
entire system, while the site manager is in control of the
controller for the management of transfer equipment in the
control room. Also, the residues from the image inspection
device are detected and then conveyed to the monitor. The
images from the monitor are automatically saved in the image
inspection device. Lastly, speaker, microphone, and warning
lights are installed to facilitate communication between the
control room and RMC supply spot.

3. Development of the Prototype
Prototype of the system is developed by considering the
components derived from the concept development and
system-level design processes. The image inspection device
consists of a camera part and body portion, as shown
in Figure 6. The camera part includes a wide angle lens
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Figure 4: Configuration of the proposed system.

Cover

Camera

Housing

Automatic transfer equipment

Opening of agitator drum

Figure 5: The sharp of image inspection device.

and two 1.2 W light-emitting diode (LED) lamps. This part
achieves better image quality in the dark interior of the
agitator drum. The body portion includes a cover, automatic
transfer equipment with a worm gear to minimize vibration,
and housing, as described in Section 2.3. The body portion
has a waterproofing function to prevent malfunction and
maximize its performance. Figure 6 shows each component
of the prototype assigned to the configuration.

4. Field Application
4.1. Description of the Field Application. To verify the operation performance and the efficiency of the developed prototype by this research, a typical RMC plant, which has
a control room, and one loading part were selected, and
visual inspection was executed faithfully by workers. The
total period of the application was 58 days excluding holidays
(from March 1, 2014, to June 30, 2014). Figure 7 shows the
image inspection device installed next to the loading part of
RMC in plant.
4.2. Results and Discussion. The installed prototype performed a total of 415 inspections during 58 days, and residues

have been detected in 103 cases, which is about 25% of the
total. In particular, while it took 45 seconds to perform
the conventional visual inspection, the proposed system
performed the task within 11 seconds on average. This result
showed that the inspection efficiency improved by about 76%
(= 45 − 11 seconds/45 seconds).
To evaluate utility and efficiency of the prototype, questionnaires were distributed to RMC manufacturer and operations managers. The users of the proposed system (two RMC
manufacturers and nine operating managers) were asked
to grade the satisfaction of reducing inspection time and
accuracy, compared with the visual inspection, on the fivepoint Likert scale. The Likert scale is a scale of one to five:
“1 = Highly Ineffective, 2 = Useless, 3 = Moderately Useful,
4 = Highly Useful, and 5 = Highly Effective.” The results
of the questionnaire indicated a remarkable improvement in
inspection time by scoring an average of 4.5 points and also
in accuracy improvement by scoring an average of 4.0 points.
These results show that the system proposed in this study can
be employed as a practical means to increase the efficiency of
quality management for RMC.

5. Conclusion
This paper proposes the development of vision-inspection
system for detection of residues in agitator drum of RMC
truck that can serve as an alternative to the current visual
inspection. To verify its performance and feasibility, it was
applied to an actual RMC plant. The proposed system showed
stable performance for inspection as well as a high level of
satisfaction with its feasibility.
Further application of the improvement considerations,
which are derived from continuous field management to
the proposed prototype, can be achieved. In addition, future
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Figure 6: System diagram of the prototype.

Standby status
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Figure 7: Operating status of the prototype.

research is expected to conduct cost-effectiveness analysis
of the system based on long-term field observation and
management.
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Problems related to water inflow during tunnel construction are challenging to designers, workers, and management departments,
as they can threaten tunneling project from safety, time, and economic aspects. Identifying the impacts on groundwater
environment resulting from tunnel drainage and making a correct assessment before tunnel construction is essential to better
understand troubles that would be encountered during tunnel excavation and helpful to adopt appropriate countermeasures to
minimize the influences. This study presents an indicator system and quantifies each indicator of Tongluoshan tunnel, which is
located in southwest China with a length of 5.2 km and mainly passes through carbonate rocks and sandstones, based on field
investigation and related technological reports. Then, an evaluation is made using fuzzy comprehensive assessment method, with
a result showing that it had influenced the local groundwater environment at a moderate degree. Information fed back from
environmental investigation and hydrologic monitoring carried out during the main construction period proves the evaluation,
as the flow of some springs and streams located beside the tunnel route was found experiencing an apparent decline.

1. Introduction
Nowadays, more and more tunnels are constructed for the
reason that efficient transport strongly relies on road and railway tunnel, both in long-distance traffic and in metropolitan
areas [1, 2]. However, when a tunnel interferes with groundwater in complex geological media, especially in carbonate
karstic rocks, serious problems can arise during the excavation because of groundwater inflow, which is known as one of
the most common but challenging problems faced by tunnel
designers and constructors, leading to unsafe conditions,
high construction costs, and delays, not to mention the risk to
life and damage to property [1, 3–7]. Yuanliangshan tunnel on
Chongqing-Huaihua railway in China came across three large
filled caves at Maoba syncline carbonate strata, and a volume
of approximately 4200 m3 of clay erupted within 30 seconds
in one cave of them, causing casualties and severe damage
to the equipment in tunnel [8]. During the construction of
Pinglin tunnel in Taiwan, the major difficulties encountered
are caused by sudden high-pressure groundwater inflow, with

a yield of approximately 180 L/s in the pilot tunnel as an
example, leading to the TBM being trapped and damaged
and construction progress being greatly impacted [9]. Due
to fluid drainage and pore pressure changes following tunnel
construction, vertical settlements with magnitudes reaching
12 cm were measured in fractured crystalline rock several
hundred meters above the Gotthard highway tunnel in
central Switzerland [10]. A series of hydrogeological problems
with geotechnical and environmental impacts, causing spring
discharges drying up and leading to a public protest, occurred
during the construction of one of the high-speed railway
tunnels between Malaga and Córdoba in south Spain [11].
Similar phenomena can also be observed during the drilling
of the Firenzuola tunnel in Italy, water inrushes resulting
in water table dropping below the level of the valleys and
the gaining streams being transformed into losing streams
or running completely dry, as did many springs, leading to
severe damage to the aquatic fauna and other elements of the
ecosystem [12].
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Historically, groundwater studies associated with the
design and construction of large underground structures
have focused primarily on methods for control of groundwater inflows during excavation and for keeping the completed
structure free of water. However, within the last several
decades, the impacts of such activities on environment have
become a major consideration. Though the impacts on
groundwater resources of an area by underground excavation
may be minimized by such planned constraints as preexcavation grouting and installation of an impermeable lining of the
final excavation, such measures may not be efficient for avoiding claims of environmental impacts, particularly in areas of
existing water shortages and/or marginal supplies [13]. As any
groundwater drawdown alters the natural hydrogeological
flow system and can consequently impact groundwaterdependent vegetation, surface streams, lakes, wetlands, and
associated aquatic ecosystems, as well as springs and wells,
the wise approach is to assess the potential hydrological and
ecological impact of a tunnel before building it and take
appropriate measures to minimize the impact [12].
As mentioned above, groundwater inflow is one of the
most complicated problems which can pose a serious risk
and induce impacts on groundwater environment during the
tunnel excavation. Accordingly, a number of measures must
be adopted to minimize these effects. Appropriate measures
can only be taken once the impacts are correctly identified,
but it is a difficult task to obtain the correct identification [14].
Fortunately, some relative researches are trying to do this.
For instance, a quantitative evaluation of hydrogeological
impacts produced by a tunnel of 3 m in diameter and over
7 km in length in the surroundings of the city of Ferrol, NW
of Spain, was assessed by means of calculating the hydrogeological behaviors before and after the tunnel excavation
using water balance models, and then a comparison was made
to allow for the quantitative evaluation of the changes in
groundwater flow and the variation in the amount of water
corresponding to each component of the model [14]; Tracer
tests using uranine and sulforhodamine G and hydrological
observations consisting of springs and streams were adopted
to evaluate the effects of tunnel drainage on groundwater
and surface waters in the Northern Apennines, Italy [12];
Yang et al. [15] utilized a numerical method and MODFLOW
codes to simulate groundwater flow pattern in the tunnel
area and determine the impact of tunneling excavation on
hydrogeological environment in a regional area around the
tunnel and a local hot springs area, at the “Tseng-Wen
Reservoir Transbasin Diversion Project,” in Taiwan.
Since the hydrologic and geologic system are very rare
to be completely understood due to their complexity and
heterogeneity, there are many difficulties and uncertainties
existing in identifying the impacts caused by tunnel excavation on groundwater environment. Compared to problems,
such as time delay and increase in costs, and losses to
ecosystem and society, induced by drainage from tunnel, it
is very essential to make an assessment of the negative effects
caused by tunnel excavation prior to constructing it. Despite
the fact that some efforts have been made to try achieving
this goal, more works should be done to enrich the related
researches.

Advances in Materials Science and Engineering
This study presented in this paper focuses on evaluating
the influence resulting from tunnel excavation on groundwater environment, by means of employing an indicator system
proposed by Liu [16]. The procedure presented in this paper is
applied to a case study of the Tongluoshan tunnel constructed
in southwest China, where the karstification is well developed
[17]. In order to completely understand the impacts caused by
the excavation of Tongluoshan tunnel, some representative
hydrological points and drainage from tunnel as well as
precipitation in the tunnel area have been observed during
most of the construction period.

2. Methodology
2.1. Indicator System for Assessment of the Influence Caused
by Tunnel Construction. Water inflow is known as one of the
most challenging problems during the tunnel construction,
and many other hydrological and geological troubles such as
regional water table drawdown, surface subsidence, and wells
and springs drying up are induced by it. In order to assess
the impacts caused by tunnel excavation on groundwater
environment, indicators that closely related to water inflow
into tunnel should be firstly taken into consideration. As both
mining and tunneling are subsurface activities encountering
the risk and damage produced by water inflow [1, 18], the
same attention should be paid to the factors controlling water
inrush to mine.
As concluded by Liu [16], the factors affecting water
inflow during tunnel excavation can be classified into three
categories including physical geography, geology and hydrogeology, and tunnel engineering. Each category can also be
subdivided into several indicators which extremely explain
how this category impacts tunnel inflow. In the category of
physical geography, seven indicators such as average annual
rainfall, average annual evaporation, area of catchment zone,
coefficient of rainfall infiltration, relationship between the
tunnel and geomorphology, capacities of reservoirs and lakes
on the ground, and flow of surface rivers are included. It
is necessary to note that catchment area does not always
refer to the whole area of the hydrogeological unit that
tunnel is located in but means a zone which collects water
from precipitation and contributes to water inflow. Another
source of water inflow is surface water, which should not
be ignored because of its powerful ability to supply tunnel
with abundant water. All the surface water contributing
to water inflow should be taken into consideration when
quantifying the indicators including capacities of reservoirs
and lakes on the ground and flow of surface rivers. The
category of geology and hydrogeology is composed of seven
indicators too, which are carbonate rocks exposure ratio,
water yield properties of the aquifers, water pressure on the
tunnel, development of folds, development of fracture zones,
formation lithology, and location of tunnel in horizontal
and vertical hydrodynamic zoning of groundwater. The last
category, tunnel engineering, consists of length of tunnel,
area of disturbed range, construction method, burial depth of
tunnel, and measures for prevention of groundwater flowing
into tunnel. It is worth noting that water inflow does not
always increase or decrease over burial depth of tunnel, but
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a special range of depths may be suitable for groundwater
flowing toward tunnel.
The structure of the indicator system constructed by Liu
[16] aiming at assessing the negative effects caused by tunnel
excavation can be seen in Table 1.
2.2. Fuzzy Comprehensive Assessment. The concept of fuzzy
sets describing imprecision or vagueness was introduced
by Zadeh [19]. Fuzzy logic where an element can belong
partially to several subsets may be regarded as an extension
of classical Boolean logic where belonging or not to a set
is mutually exclusive. It simplifies the process of taking
decisions by simulating the way of reasoning of a human
expert in environments characterized by uncertainty and
imprecision. Fuzzy evaluation methods process all the components according to predetermined weights and decrease
the fuzziness by using the membership function; therefore,
the sensitivity of fuzzy evaluation is quite high compared to
other index evaluation techniques [20–22].
The following procedure describes fuzzy comprehensive
assessment [21].
(a) Selection of Factor Set 𝑈. Consider
𝑈 = {𝑢𝑖 } ,

𝑖 = 1, 2, . . . , 𝑛,

(1)

where 𝑛 is the number of selected evaluation factors. In this
study, 19 indicators listed in Table 1 are selected to build the
factor set; in other words, 𝑛 = 19.
(b) Construction of Evaluation Criteria Set 𝑉. Consider
𝑉 = {V𝑗 } ,

𝑗 = 1, 2, . . . , 𝑚,

(2)

where 𝑚 is the number of evaluation criteria categories
and V𝑗 is the threshold of the 𝑗th criteria category. In the
present study, outputs of the assessment are classified into
five grades shown in Table 2, along with corresponding
evaluation criteria of each indicator. From grade 1 to grade 5,
the extent of groundwater environment influenced by tunnel
construction ranges from very weak to very strong.
(c) Establishment of Membership Functions. In fuzzy logic, the
set 𝐴 is defined in terms of its membership function by
𝐴 = {(𝑓𝐴 (𝑥)) , 𝑥 ∈ 𝑋, 𝑓𝐴 (𝑥) ∈ [0, 1]} ,

(3)

where 𝑋 is a domain, with a generic element of 𝑋 denoted by
𝑥, 𝑓𝐴 is the membership function of the set 𝐴, which maps
the domain 𝑋 onto the interval [0 1], and 𝑓𝐴(𝑥) represents
the degree that 𝑥 belongs to set 𝐴. 𝑥 is a full member of 𝐴
when 𝑓𝐴(𝑥) = 1, not member of 𝐴 when 𝑓𝐴(𝑥) = 0, and a
partial member of 𝐴 when 𝑓𝐴(𝑥) = (0, 1).
The membership function of each factor to the assessment
criteria at each grade can be described quantitatively by a set
of formulae as follows (4) (Note: if a big value represents a
small contribution to water inrush and problems induced by

it, then the direction of the inequality in the conditions should
be reversed):
{0
{
{
{
{
{ (V
− 𝑥𝑖 )
𝑓𝑖𝑗 (𝑥𝑖 ) = { 𝑖(𝑗+1)
{
{ (V𝑖(𝑘+1) − V𝑖𝑘 )
{
{
{
{1
0
{
{
{
{
{
{
(𝑥𝑖 − V𝑖(𝑗−1) )
{
{
{
{
𝑓𝑖𝑗 (𝑥𝑖 ) = { (V𝑖𝑗 − V𝑖(𝑗−1) )
{
{
{
{
{
{ (V𝑖(𝑗+1) − 𝑥𝑖 )
{
{
{
{ (V𝑖(𝑗+1) − V𝑖𝑗 )

𝑥𝑖 > V𝑖(𝑗+1) ,
V𝑖𝑗 ≤ 𝑥𝑖 ≤ V𝑖(𝑗+1) ,

𝑗 = 1,

𝑥𝑖 < V𝑖𝑗 ,
𝑥𝑖 > V𝑖(𝑗+1) , 𝑥𝑖 < V𝑖(𝑗−1) ,
V𝑖(𝑗−1) ≤ 𝑥𝑖 ≤ V𝑖𝑗 ,
(4)
V𝑖𝑗 ≤ 𝑥𝑖 ≤ V𝑖(𝑗+1) ,
𝑗 = 2, 3, 4,

0
{
{
{
{
{
{ (𝑥 − V𝑖(𝑗−1) )
𝑓𝑖𝑗 (𝑥𝑖 ) = { 𝑖
{
{ (V𝑖𝑗 − V𝑖(𝑗−1) )
{
{
{
{1

𝑥𝑖 < V𝑖(𝑗−1) ,
V𝑖(𝑗−1) ≤ 𝑥𝑖 ≤ V𝑖𝑗 ,

𝑗 = 5,

𝑥𝑖 > V𝑖𝑗 ,

where 𝑖 is the number of evaluation factors (𝑖 = 1, 2, 3), 𝑗 is
the number of assessment criteria levels (𝑗 = 1, 2, 3, 4, 5), 𝑥𝑖 is
the actual value of evaluation factor 𝑖, V𝑖𝑗 , V𝑖(𝑗−1) , V𝑖(𝑗+1) is the
assessment criteria threshold of the 𝑖th assessment factor at
level 𝑗, 𝑗 − 1, 𝑗 + 1, respectively, and 𝑓𝑖𝑗 (𝑥𝑖 ) is the membership
degree of assessment factor 𝑖 at level 𝑗.
(d) Calculation of Fuzzy Relation Matrix 𝑅. Substituting the
data of each indicator and the gradation criteria into the
membership function listed above, the fuzzy matrix 𝑅 can be
expressed as
𝑟11 𝑟12 ⋅ ⋅ ⋅ 𝑟1𝑚
[𝑟 𝑟 ⋅ ⋅ ⋅ 𝑟 ]
[ 21 22
2𝑚 ]
]
[
𝑅=[ . . .
,
.. ]
]
[ . . .
. ]
[ . . .

(5)

[𝑟𝑛1 𝑟𝑛2 ⋅ ⋅ ⋅ 𝑟𝑛𝑚 ]
where 𝑟𝑖𝑗 (𝑖 = 1, 2, . . . , 𝑛; 𝑗 = 1, 2, . . . , 𝑚) is the membership
degree of the 𝑖th assessment parameter at the 𝑗th level.
(e) Determination of Weight Set 𝑊. Consider
𝑊 = {𝑤𝑖 } ,

𝑖 = 1, 2, . . . , 𝑛,

(6)

where 𝑛 is the number of selected evaluation factors and 𝑤𝑖 is
the weight of 𝑖th factor indicating the relative importance.
Determination of the relative weight of each indicator is
important for making an appropriate assessment. 10 experts
and professors engaged in hydrological and environmental
studies coming from home and broad were invited to identify the relative importance of each category and indicator
according to their knowledge and experience. After obtaining
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Table 1: Indicator system for assessment of the negative effects caused by tunnel excavation on groundwater environment [16].
Objective layer

Rule layer

Indicator layer
[C11 ] average annual rainfall (mm)
[C12 ] average annual evaporation
(mm)
[C13 ] area of catchment zone (km2 )

[B1 ] physical
geography

[C14 ] coefficient of rainfall infiltration
[C15 ] spatial relationship between the
tunnel and geomorphology
[C16 ] capacities of reservoirs and lakes
on the ground (m3 )
[C17 ] flow of surface rivers (m3 /s)
[C21 ] carbonate rocks exposure ratio
(%)
[C22 ] water yield property of aquifers

[A] assessment of the
negative effects caused by
tunnel excavation on
groundwater environment

[C23 ] water pressure on the tunnel
(Mpa)
[B2 ] geology and
hydrogeology

[C24 ] development of folds

[C25 ] development of fracture zones
[C26 ] formation lithology

[C27 ] location of tunnel in horizontal
and vertical hydrodynamic zoning of
groundwater

[C31 ] length of tunnel (km)

Hydrostatic pressure on tunnel
Characteristics and scale of folds, as well as
the development of water passages formed
during folds formation
Development of fracture zones which may
become water channels primarily including
faults-fracture zone, joints concentrated
zone, and contact zone of different lithology
Strata lithologic and its proportion
Location of tunnel in horizontal
hydrodynamic zone of groundwater
including recharge zone, runoff zone and
discharge zone, and in vertical
hydrodynamic zone of groundwater,
consisting of epikarst zone, aeration zone,
seasonal fluctuation zone, shallow saturation
zone, stressful saturation zone and deep
circulation zone
Length along the tunnel axis

2

[C32 ] area of disturbed range (m )

[B3 ] tunnel
engineers

Definition and explanation
Average value of annual precipitation in the
previous five to ten years
Average value of annual evaporation in the
previous five to ten years
Area of the catchment zone that collects
water contributing to water inrush into
tunnel
The proportion of atmospheric precipitation
contributing to groundwater recharge
Spatial relationships between tunnel and
geomorphology on cross and longitudinal
section
Capacities of reservoirs and lakes, located on
the ground, which may become water
sources of tunnel inflow
Flow of surface rivers which may supply
tunnel with water
Areal ratio of outcropping carbonate rocks
to the catchment zone contributing to water
inflow in the plane
Water yield property of aquifers that may
provide tunnel with water

[C33 ] construction method

[C34 ] burial depth of tunnel (m)
[C35 ] measures for prevention of
groundwater flowing into tunnel

Area of the zone that may be disturbed by
tunnel excavation
Methods used to excavate tunnel, mainly
including drilling and blasting method, New
Austrian Tunneling Method, and tunnel
boring machine method
Vertical distance from ceiling of the tunnel
to ground surface
Ideas and technologies adopted to prevent
and treat groundwater flowing into tunnel
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Table 2: Criteria for assessment of the negative effects caused by tunnel excavation on groundwater environment [16].
Indicator

Criteria
Very weak

Weak

Moderate

Strong

Very strong

600∼800

800∼1000

1000∼1600

>1600

600∼800

500∼600

400∼500

<400

5∼10

10∼30

30∼50

>50

0.05∼0.15

0.15∼0.30

0.30∼0.50

>0.50

Flat and
basin-shaped

Angular space and
river crossing

Side below the
valley and river
crossing

Right below the
valley and river
crossing

1∼10

10∼50

50∼300

>300

0.1∼0.5

0.5∼2.0

2.0∼10.0

>10.0

30∼50

50∼70

70∼90

>90

5∼10

10∼15

15∼20

>20

0.5∼1.0

1.0∼3.0

3.0∼5.0

>5.0

No folds

Folds with
undeveloped
fissure

Folds with
developed fissure

Folds with
developed faults

Rarely developed

Poorly developed

Folds with
moderately
developed fissure
Moderately
developed

Developed

Well developed

Metamorphic rock

Soluble rocks
including
limestone,
dolomite, and so
forth

Runoff area in
horizontal and
stressful saturation
zone in vertical
zoning

Discharge area in
horizontal zoning

10.0∼30.0

>30.0

250∼350

>350

Benching
tunneling using
drilling and
blasting method
Good for water
inflow

Full face
excavation using
drilling and
blasting method
Extremely good for
water inflow

Structural
self-waterproof

Drainage

[C11 ] average annual rainfall
<600
(mm)
[C12 ] average annual
>800
evaporation (mm)
[C13 ] area of catchment
<5
zone (km2 )
[C14 ] coefficient of rainfall
<0.05
infiltration
[C15 ] spatial relationship
Other (such as flat,
between the tunnel and
protruding)
geomorphology
[C16 ] capacities of
<1
reservoirs and lakes on the
ground (m3 )
[C17 ] flow of surface rivers
<0.1
(m3 /s)
[C21 ] carbonate rocks
<30
exposure ratio (%)
[C22 ] water yield property
<5
of aquifers
[C23 ] water pressure on the
<0.5
tunnel (Mpa)
[C24 ] development of folds
[C25 ] development of
fracture zones

[C26 ] formation lithology

Mudstone, shale,
or clay

Sandstone or fine
sandstone

Granite or igneous
rock

[C27 ] location of tunnel in
horizontal and vertical
hydrodynamic zoning of
groundwater

Recharge area in
horizontal and
unsaturated zone
in vertical zoning

Recharge area in
horizontal and
seasonal
fluctuation zone in
vertical zoning

[C31 ] length of tunnel (km)
[C32 ] area of disturbed
range (m2 )

<1.0

1.0∼3.0

Runoff area in
horizontal and
shallow saturation
zone or deep
circulation zone in
vertical zoning
3.0∼10.0

<50

50∼120

120∼250

[C33 ] construction method

Tunnel boring
machine method

New Austrian
Tunneling Method

Partial excavation
using drilling and
blasting method

[C34 ] burial depth of tunnel
(m)

Extremely bad for
water inflow

[C35 ] measures for
prevention of groundwater
flowing into tunnel

Composite lining
and pregrouting

Bad for water
inflow
Composite lining
and exterior
waterproof (or
postgrouting)

Moderate for water
inflow
Composite lining

6

Advances in Materials Science and Engineering
Table 3: Comprehensive weights of the indicators included in the indicator system [16].

Indicator
Weight
Indicator
Weight

C11
0.0535
C24
0.0617

C12
0.0251
C25
0.0834

C13
0.0387
C26
0.0781

C14
0.0386
C27
0.0681

C15
0.0539
C31
0.0554

C16
0.0419
C32
0.0362

C17
0.0419
C33
0.0477

C21
0.0679
C34
0.0445

C22
0.0705
C35
0.0538

C23
0.0393

N

Tongluoshan tunnel

China

Beijing

Guang’an
Chengdu
Chongqing

0

(km)

5

Figure 1: Location map of Tongluoshan tunnel.

the sequence and its score representing the relative importance of each factor, weight set (Table 3) is calculated using
G1-rank correlation analysis method proposed by Guo [23].
(f) Fuzzy Matrix Composition and Determination of the
Final Evaluation Result. Fuzzy composition evaluation can be
performed as follows:
𝑟11 ⋅ ⋅ ⋅ 𝑟15
]
[
]
[
𝐸 = 𝑊 ∗ 𝑅 = (𝑤1 , 𝑤2 , . . . , 𝑤𝑛 ) [ ... d ... ]
]
[
𝑟
⋅
⋅
⋅
𝑟
𝑛5 ]
[ 𝑛1

(7)

= (𝑒1 , 𝑒2 , . . . , 𝑒5 ) ,
where 𝑊 and 𝑅 are the weight set and the fuzzy relationship
matrix determined above, respectively, and ∗ is a fuzzy
composite operator which is very critical to final evaluation
results. In this study, average fuzzy composite operator is
chosen.

3. Case Study of Tongluoshan Tunnel
3.1. General Description
3.1.1. Project Profile. Tongluoshan tunnel, with a length about
5.2 km, located in Guang’an, Southwest China (Figure 1), is
a key project of Dianjiang-Linshui expressway. This project
consists of two parallel tunnels, between which the distance
is 30 m (from the adjacent walls). The thickest overburden
of Tongluoshan tunnel is approximately 280 m, while the
minimum value is less than 40 m. In order to save time, excavations were executed simultaneously from the northwest
portal and southeast portal to the center during 2005 to 2008.

3.1.2. Climatic and Hydrological Features of the Tunnel Area.
The tunnel area belongs to subtropics monsoon climate
region, where precipitation is abundant but distributing
unevenly throughout the year with the majority (70%) falling
from May to September. Annual precipitation in the tunnel
area oscillates between 836.6 mm and 1529.8 mm with an
average of 1215.5 mm. Mean annual temperature in the tunnel
area is 16.9∘ C, with the highest and lowest daily temperature
40.4∘ C and −3.8∘ C, respectively.
Tongluoshan tunnel is located in the middle of Tongluoshan anticline, where Yulin River and Zhonghe River,
belonging to the secondary and first branch of Yangtze River
respectively, are the main regional surface water bodies. The
major river in the tunnel area is Qingshuixi River, which
originates from Jinzhong reservoir northeast of Tongluoshan
tunnel and flows approximately 8.8 km along the axis of
Tongluoshan anticline and then turns to southeast. After
about 2.5 km, it becomes a part of Zhonghe River. As is
recorded, the average annual flow rate of Qingshuixi River is
about 0.355 m3 /s before tunnel construction.
3.1.3. Geological and Hydrogeological Characteristics of the
Tunnel Area. Ground surface elevation ranges from 156 m to
1053 m in a regional scale while the northern part is higher
than the southern part which Yangtze River goes through.
In the tunnel area, elevation in the valley along the route
of Tongluoshan anticline oscillates between 400 m to 550 m,
which is much smaller than that in the anticlinal flanks
ranging from 600 m to 750 m.
According to the preliminary geological survey undertaken by Sichuan Institute of Coal Field Geological Engineering Exploration and Design [24] and other information about
tunnel design, few except a small fault (𝐹1 ) and Tongluoshan
anticline are the major geological structures developing in
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Figure 2: Geological profile of Tongluoshan tunnel.

the tunnel area. And the stratigraphic sequence consists of
carbonate rocks of lower to middle Triassic (𝑇2 , 𝑇1 ), coal
measure strata of upper Triassic (𝑇3 ), mudstone interbedded
with siltstone of lower to middle Jurassic (𝐽2 , 𝐽1 ), and unconsolidated sediments in Quaternary (𝑄). The geological profile
along the route is shown in Figure 2.
Tongluoshan tunnel is located in the southern part
of Qingshuixi secondary hydrogeological unit, which is
bounded by Yujiayakou watershed in the south, Shengouzigou watershed in the north, Yulin River in the west,
and Zhonghe River in the east. This hydrogeological unit has
an area about 95 km2 , stretching 11.9 km from the southern
boundary to the northern boundary, and 7 to 9 km in the
west-east direction. According to the topography, geological
structure, water-bearing medium and recharge, runoff, and
discharge condition of groundwater in this hydrogeological
unit, it can be divided into four aquifer systems, composed of
pore water in the unconsolidated formation of Quaternary,
pore and fissure water in the clasolite of Jurassic, pore and
fissure water in the clasolite of upper Triassic, and carbonate
water in the carbonate rocks of lower to middle Triassic.
Precipitation is believed to be the primary source of recharge
to the aquifers. Groundwater recharge occurs mainly from
infiltration of precipitation into outcropping carbonate rocks,
including stratum of lower to middle Triassic principally distributed in the core area of Tongluoshan anticline. Controlled
by the coal-bearing strata and mudstone interbedded with
siltstone located in the anticlinal flanks, karst groundwater
generally flows towards the south and mainly discharges in
terms of springs along Qingshuixi River, which is viewed as
local base level of erosion.

related to the project such as geological survey undertaken
by Sichuan Institute of Coal Field Geological Engineering
Exploration and Design [24] and so on. As some indicators,
for example, lithology of the formation and relation between
tunnel and topography and burial depth of tunnel, are unique
and of great importance to the evaluation result that may play
a vital role in decision making, the work of quantification of
the indicators should be done as carefully as it can be, aiming
at assessing the influence as accurate as possible. Specific
value representing quantification of each indicator is listed in
Table 4.
3.2.2. Data Preprocessing. Data preprocessing for comprehensive evaluation is to choose an appropriate membership function which determines the membership of each
indicator according to given criteria. In this case study,
trapezoidal function and semitrapezoidal function (4) are
chosen, because of their advantage in simple processing and
smooth linking. It is noted that the standard of an indicator
at each level can be described as an interval like [𝑎, 𝑏], which
may have existed or will be built. And it is reasonable for
determining the membership of 𝑥 as 1.0 when 𝑥 = (𝑎 + 𝑏)/2,
so V𝑖𝑗 in the equations (e.g., (4)) may be valued as (𝑎 + 𝑏)/2.
If difficulties existing in finding an upper or lower limit of
some indicators, 𝜂 = 3∼5 or 𝜂 = 1/5∼1/3 can be multiplied to
achieve this goal. After substitution of actual value quantified
in Table 4 and criteria listed in Table 2 into the membership
function, membership of each indictor at every level (Table 5)
can be gotten, which will directly be transferred into a fuzzy
matrix 𝑅.

3.2. Fuzzy Comprehensive Evaluation of the Influence Caused
by Tunnel Excavation on Groundwater Environment

3.2.3. Fuzzy Comprehensive Evaluation. When prepared,
evaluation set 𝑊 and fuzzy matrix 𝑅 can be composed using
average fuzzy composite operator according to (7):

3.2.1. Quantification of the Indicators. In order to assess the
negative effects caused by Tongluoshan tunnel construction
on groundwater environment, the value of each indicator
included in the indicator system should be previously quantified based on field investigation and technological reports

𝑟1,1 ⋅ ⋅ ⋅ 𝑟1,5
]
[
]
[
𝐸 = 𝑊 ∗ 𝑅 = (𝑤1 , 𝑤2 , . . . , 𝑤19 ) [ ... d ... ]
]
[
[𝑟19,1 ⋅ ⋅ ⋅ 𝑟19,5 ]
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Table 4: Quantification of each factor included in the indicator system.

Category

Indicator

Value of Tonluoshan tunnel

[C11 ] average annual rainfall (mm)

According to rainfall records from local meteorological station, the
average annual precipitation is 1215.5 mm in the tunnel area.

[C12 ] average annual evaporation
(mm)

[C13 ] area of catchment zone (km2 )

[B1 ] physical
geography

[C14 ] coefficient of rainfall infiltration

[C15 ] spatial relationship between the
tunnel and geomorphology

[C16 ] capacities of reservoirs and lakes
on the ground (m3 )

[C17 ] flow of surface rivers (m3 /s)

[B2 ] geology and
hydrogeology

[C21 ] carbonate rocks exposure ratio
(%)

As mentioned above, this ratio is about 44% in the tunnel area.

[C22 ] water yield property of aquifers

Based on the longitudinal profile of Tongluoshan tunnel, area of rocks
with poor water yield property occupies 62.37%, with middle standing
30.14%, while the left (7.5%) is considered as aquifer with very good
water yield property.

[C23 ] water pressure on the tunnel
(Mpa)

Average water pressure on the tunnel is estimated as 1.0 MPa.

[C24 ] development of folds
[C25 ] development of fracture zones
[C26 ] formation lithology

Tongluoshan anticline is the main fold developed in the tunnel area with
fractures coming from geological and karstic process.
Fracture zone passed through by tunnel excavation is found moderately
developed.
Based on outcrops in the tunnel area, mudstone, shale, and clay stand for
21% and sandstone and siltstone stand for 35%, while carbonate rocks
occupy 44%.

[C27 ] location of tunnel in horizontal
and vertical hydrodynamic zoning of
groundwater

From a regional scale, Tongluoshan tunnel is located in runoff area in
horizontal and stressful saturation zone in vertical zoning.

[C31 ] length of tunnel (km)

About 5.2 km.
2

[C32 ] area of disturbed range (m )
[B3 ] tunnel
engineers

According to evaporation records from local meteorological station, the
average annual evaporation is 959.6 mm in the tunnel area.
Tongluoshan tunnel passes through strata consisting of carbonate rocks
of high permeability in the core and clastic rocks of low permeability in
the flanks of Tongluoshan anticline. When calculating the catchment
zone of tunnel inflow, a region composed of local watershed around the
route of tunnel in the flanks and the entire karst valley are included.
Total area of the catchment zone of Tongluoshan tunnel then is
determined to 38.4 km2 .
Based on the geological investigation report, infiltration coefficient of
rainfall in the outcropping carbonate rocks (𝑇1 and 𝑇2 ) reaches 0.55,
with 0.20 in the coal measure strata (𝑇3 ), while it is only 0.054 in the
Jurassic clastic rocks (𝐽1 and 𝐽2 ). Due to statistics of outcrop in terms of
different lithology, 44% of them are carbonate rocks, while 32% are coal
bearing strata, and 24% are clastic rocks.
Length consisting of the section between 32 K + 700 and 34 K + 200 and
that between 35 K + 800 and 36 K + 300 is about 2 km, belonging to the
type of side below the valley and river crossing, while the rest belongs to
other type.
There are no reservoirs and lakes within 2 km from the tunnel axis
except Jinzhong reservoir, which is about 9 km far from the tunnel axis,
storing approximately 300 thousand cubic meters. Since karstification is
well developed in the tunnel area and Jinzhong reservoir is the origin of
Qingshuixi River, it is taken into consideration from a safe point of view.
Qingshuixi River is the main surface river which may have hydraulic
connection with the water inflow into tunnel.

[C33 ] construction method

[C34 ] burial depth of tunnel (m)
[C35 ] measures for prevention of
groundwater flowing into tunnel

About 185 m2 including two tunnels.
About 80% of the tunnel excavated by full face excavation using drilling
and blasting method, while the others adopt benching tunneling using
drilling and blasting method.
Burial depth between 100 m and 300 m stands for 50%, while the others
have a value less than 100 m. From some statistic data and
hydrogeological condition in the tunnel area, moderate level is given.
Composite lining is the prevailing waterproof used by Tongluoshan
tunnel, while 20% of which adopts external pregrouting.
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Table 5: Membership of each indictor at every level calculated from quantification of Tongluoshan tunnel and the evaluation criteria.
Indicator
[C11 ] average annual rainfall (mm)
[C12 ] average annual evaporation (mm)
[C13 ] area of catchment zone (km2 )
[C14 ] coefficient of rainfall infiltration
[C15 ] spatial relationship between the tunnel
and geomorphology
[C16 ] capacities of reservoirs and lakes on
the ground (m3 )
[C17 ] flow of surface rivers (m3 /s)
[C21 ] carbonate rocks exposure ratio (%)
[C22 ] water yield property of aquifers
[C23 ] water pressure on the tunnel (Mpa)
[C24 ] development of folds
[C25 ] development of fracture zones
[C26 ] formation lithology
[C27 ] location of tunnel in horizontal and
vertical hydrodynamic zoning of
groundwater
[C31 ] length of tunnel (km)
[C32 ] area of disturbed range (m2 )
[C33 ] construction method
[C34 ] burial depth of tunnel (m)
[C35 ] measures for prevention of
groundwater flowing into tunnel

Very weak

Weak

Grades
Moderate

Strong

Very strong

0
0.288
0
0.158

0
0.712
0
0.146

0.211
0
0.080
0.256

0.789
0
0.920
0.330

0
0
0
0.110

0.600

0

0

0.400

0

0

0

1.000

0

0

0
0
0.624
0
0
0
0.210

1.000
0.800
0
0.800
0
0
0.350

0
0.200
0.301
0.200
0
1.000
0

0
0
0
0
1.000
0
0

0
0
0.075
0
0
0
0.440

0

0

0

1.000

0

0
0
0
0

0.289
0
0
0

0.711
1.000
0
1.000

0
0
0.200
0

0
0
0.800
0

0.200

0

0.800

0

0

= (0.117, 0.195, 0.355, 0.251, 0.082) .

(8)

Maximum membership principle [25, 26] is a simple and
widely used principle on the membership degree matrix.
The elements in the vector of evaluation result stand for
the membership degree to assessing level. According to this
principle, it can be determined that the assessment result of
Tongluoshan tunnel is moderate, as 0.355 is the maximum
member in the evaluation result vector. Meanwhile, another
weighted mean method [27] which allocates a relative rating
(1, 2, 3, 4, and 5, resp.) to the five levels and uses accelerations
composition method to calculate the total value is employed
to perform calculations:
𝑇 = 1 × 𝑒1 + 2 × 𝑒2 + 3 × 𝑒3 + 4 × 𝑒4 + 5 × 𝑒5
= 1 × 0.117 + 2 × 0.195 + 3 × 0.355 + 4 × 0.251 + 5
× 0.082

(9)

= 2.99.
Based on the result calculated by weighted mean method,
middle level tends to be accepted because 𝑇 is very close to
3. Therefore, from arithmetically speaking, moderate grade is
recommended as the influence level of Tongluoshan tunnel,
indicating that the local groundwater environment might

have suffered a medium degree of impact from the tunnel
excavation.
Although the indicator system supplying us with a convenient way to evaluate the influence resulted from tunnel
construction on groundwater environment, field work such
as environmental investigation and hydrological monitoring is important and essential to help judge whether the
assessment is appropriate or not. Some details about the
procedure and result of environmental investigation and
hydrological monitoring carried out in Tongluoshan tunnel
area are described in the next section.
3.3. Environmental Investigation and Hydrologic Monitoring.
Environmental investigation and hydrologic monitoring in
the project area that may be affected was implemented for
the early detection of environmental impacts caused by
tunnel excavation. More than fifty springs, wells, and streams
were found in the tunnel area during the first investigation
carried in July 2005, and fifteen of them including twelve
springs, one well, and two streams, which either supply
people with drinking water or flow at a notable rate, were
finally selected to perform a long term monitoring program.
In addition, discharge from tunnel and rainfall in the project
area were monitored together. Figure 3 shows the location
of the observation points included in the frequent sampling
protocol.
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Figure 3: Map showing hydrogeological features and observation points in the project area. 1: anticline; 2: fault; 3: stratigraphic boundary;
4: attitude of strata; 5: lower Triassic; 6: middle Triassic; 7: upper Triassic; 8: lower Jurassic; 9: upper Jurassic; 10: river and its flow direction;
11: watershed; 12: limestone and dolomite; 13: carbonate rocks interbedded with mudstone; 14: sandstone; 15: mudstone interbedded with
siltstone; 16: flow direction of groundwater; 17: tunnel; 18: spring; 19: well; 20: drainage from tunnel.

The monitoring process, lasting about 15 months from
May 2006 to July 2007, was executed within the main
construction period, during which daily discharge rate of
tunnel and springs, flow of streams, and water table in well BJ1
were observed. In general, almost all the springs and streams
as well as BJ1 respond to rainfall, with more responses from
BJ1, BQ7, BQ27, AQ23, AQ37, Qingshuixi, and Liaojiagou,
followed by BQ12, BQ25, AQ9, and AQ26. Another type
including AQ21 and AQ35 shows evident time lag between

discharge of springs and the precipitation, indicating that the
fracture network recharging from rainfall and transferring
groundwater to the emergence place does not work efficiently.
More surprising, there are some springs which become nearly
of no interest in precipitation, such as BQ17 and BQ26.
From a water balance point of view, it is believed that
groundwater discharge from tunnel acting as a new flow out
pattern will reduce the amount of other flow-out patterns
such as springs and wells, supposing no changes happening
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Figure 4: Hydrographs of the principal springs in the project area. (a) Discharge of AQ23, BQ25, and BQ27 versus time. (b) Discharge of
AQ21 and AQ35 versus time. (c) Discharge of BQ26 and BQ27 versus time.

to the flow in patterns. Consequently, hydrograph of surface
water and groundwater can help us to identify the influence
caused by tunnel construction.
AQ23, BQ25, and BQ27 are karst springs which have
never dried up in the past according to local residents,
appearing in 𝑇1 𝑗 stratum. It is obviously described in
Figure 4(a) that these springs respond quickly to rainfall,
especially in some periods with sufficient recharge. However,
unfortunate things happen to AQ23 and BQ25 during the
monitoring period. AQ23 completely dried up during June
27 to 30, 2006, July 29 to September 4, 2006, September
16 to 27, 2006, December 22, 2006, to January 11, 2007, and
March 15 to April 1, 2007. BQ25 had no discharge during
July 23 to September 27, 2006, October 15 to November 28,
2006, December 10, 2006, to January 10, 2007, January 18 to
February 12, 2007, February 23 to April 1, 2007, and May 1 to
31, 2007. These phenomena indicate that Tongluoshan tunnel
may drain groundwater which could have come to surface
from AQ23 and BQ25. Compared to them, BQ27 has more
luck because it had never dried up despite the fact that the
minimum flow rate was about 0.1 L/s, far below the normal
average 0.8 L/s.

AQ21 flowed out from an abandoned mine, which settled
in 𝑇3 𝑥𝑗 coal bearing layer. It continuously supplied people
around with groundwater for drinking prior to tunnel excavation. According to the records shown in Figure 4(b), the
flow came to zero during June 22, 2006, to January 9 and
July 1 to 31, 2007, in spite of adequate rainfall during January
10 to June 30, 2007. AQ35 is an epikarst spring situated in
higher elevation, as is recorded in Figure 4(b); its discharge
declined from 0.3 L/s to zero using approximately 4 months
and maintains this status for a long time regardless of whether
rainfall occurred. Based on the situation described above,
it is doubted that AQ21 and AQ35 may had been linked to
tunnel construction. According to Figure 4(c), BQ17 flowed
throughout the period recorded with modest discharge, even
during rainy periods. This phenomenon can be attributed to
the abundant storage capacity of fractures that feeding BQ17.
Liaojiagou is a branch of Qingshuixi, which is the major
stream in the project area. According to Figures 5 and 4(a),
both Qingshuixi and Liaojiagou bear much resemblance to
AQ23, BQ25, and BQ27 in response to rainfall. But Liaojiagou, as with AQ23, did not escape influences from both
local meteorological condition and tunnel excavation. They
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Figure 6: Drainage from tunnel versus time.

dried up quickly after being recharged from precipitation and
continued this state for a long period. However, Qingshuixi
showed strong vitality during the whole monitoring period,
flowing in quite accordance with precipitation recorded in
the project area without any appearance of external leakage,
demonstrating that Qingshuixi has not been affected by
construction of Tongluoshan tunnel.
Drainage from Tongluoshan tunnel is depicted in
Figure 6, from which we can find a quick increase from
20 L/s to 64 L/s before June 28, 2006, and drastic oscillation
between 32 L/s and 69 L/s in the next three months, followed
by pediocratic changes between 30 L/s and 40 L/s. In general,
tunnel inflow had an obvious ascending tendency when
encountering carbonate rocks and performed a slow downtrend after drainage of groundwater stored in the fracture
network around tunnel and grouting to prevent water inrush.
3.4. Determination of an Impact. While employing the indicator system to assess the negative effects caused by Tongluoshan tunnel construction on groundwater environment,
maximum membership principle method makes an assessment result of medium level as 0.355 is the maximum member
in the evaluation result vector, and weighted mean method
gives nearly the same result because T is very close to 3. From

a mathematic point of view, moderate grade is recommended
as the influence level of Tongluoshan tunnel.
In order to verify whether the assessment is reasonable
or not, environmental investigation and hydrological monitoring program was carried out in the tunnel area. Twelve
springs, one well, and two streams, which either supply
people with drinking water or flow at a notable rate, were
selected to perform a 15-month-long monitoring process
and so were the discharge from tunnel and rainfall in the
project area. During the main construction period, some of
the monitoring points near the tunnel axis, such as AQ21,
AQ23, AQ35, and BQ27, have been strongly impacted by
tunnel construction and lasting drainage of groundwater.
Most of them have never dried up and maintained base
flow even in the dry season, but an obvious decline was
found throughout the monitoring period. Though strong
relation exists between most of the monitoring points and
precipitation, it seems that groundwater drainage from tunnel
plays a nonnegligible role because some of the monitoring
points repeatedly ran dry during the main construction
period despite being recharged by precipitation. Based on
the information fed back from environmental investigation
and hydrologic monitoring carried out during the main
construction period, approximately 1 km from the tunnel
axis (not including BQ25 which is partly fed by upstream
surface water) is inferred as the sphere of influence in the
middle karst section of Tongluoshan tunnel, which is less than
other typical karst tunnel, such as Yuanliangshan tunnel and
Geleshan tunnel [8, 16].
As is analyzed above, moderate grade influence on
groundwater system is considered to be an appropriate result
for Tongluoshan tunnel construction for the reason that
(a) assessment made from the indicator system and fuzzy
comprehensive method falls into middle level; (b) some of
the monitoring points near the tunnel axis which have never
dried up and maintained base flow even in the dry season
experienced an obvious decline throughout the monitoring
period, revealing that the local groundwater environment
might have been impacted by the tunnel excavation; (c) the
sphere of influence in the middle karst section of Tongluoshan tunnel approaches approximately 1 km from the tunnel
axis, which is less than other typical karst tunnels. So, there is
no doubt that the local groundwater environment had been
impacted by the excavation of Tongluoshan tunnel, but the
influence level is moderate.

4. Conclusion and Outlook
Making an assessment on how the construction would affect
local groundwater environment before excavation is of vital
importance to line selection of tunnel. This study adopted
an indicator system and fuzzy comprehensive evaluation
method to identify the influence caused by Tongluoshan
tunnel construction on groundwater environment. It was
shown that maximum membership stood in the middle
of the evaluation result set and 3.2 was scored by relative
rating weighted calculation, indicating that excavation of
Tongluoshan tunnel had influenced the local groundwater
environment at a moderate degree. Based on the information
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fed back from environmental investigation and hydrologic
monitoring carried out during the main construction period,
flow of some springs and Liaojiagou stream located beside
the tunnel route was found experiencing an apparent decline;
even worse, AQ21, AQ23, AQ35, and BQ25 had dried up for
a relatively long time because of lower precipitation during
2006 than that in the past and drainage from tunnel resulting
in reduction of other flow-out patterns in water balance.
Through this practice, it can be concluded that making an
assessment using the indicator system and fuzzy comprehensive evaluation method would supply us with a simple way
to understand the situation that may happen to groundwater
environment during tunnel construction and can help us to
choose an optimized channel through which less disruption
related to water inflow may occur. Once the tunnel location
is determined and prepared to construction, we can also use
the indicator system to evaluate the potential groundwater
environmental impact before building it and take appropriate
measures to minimize the impact. The major differences
between a building tunnel and a built tunnel focus on two
indicators including “construction method” and “measures
for prevention of groundwater flowing into tunnel.” Taking
Tongluoshan tunnel as an example and setting “boring
machine method” and “drainage with composite lining” as
the initial condition, a result vector of 0.106, 0.195, 0.312,
0.242, and 0.145 indicates that the influence level partly tends
to be strong, because the gap between the maximum member
and the second maximum member falls to 0.07, smaller than
0.1. In order to minish the potential impact, measurements
such as previous and postgrouting from tunnel, pregrouting
from surface, and partial excavation using drilling and
blasting method were taken at some sections with high risk
of water irruption, reducing the influence level and impact
on groundwater environment to some extent.
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Evaluations of both macroscopic and mesoscopic strengths of materials have been the topic of a great deal of recent research. This
paper presents the results of a study, based on the Walraven equation of the production of a mesoscopic random aggregate structure
containing various rubber contents and aggregate sizes. On a mesoscopic scale, the damage mechanism in the rubber concrete
and the effects of the rubber content and aggregate-mortar interface on the rubber concrete’s compressive resistance property were
studied. The results indicate that the random aggregate structural model very closely approximates the experimental results in terms
of the fracture distribution and damage characteristics under uniaxial compression. The aggregate-mortar interface mechanical
properties have a substantial impact on the test sample’s strength and fracture distribution. As the rubber content increases, the
compressive strength and elastic modulus of the test sample decrease proportionally. This paper presents graphics of the entire
process from fracture propagation to structural failure of the test piece by means of the mesoscopic finite-element method, which
provides a theoretical reference for studying the damage mechanism in rubber concrete and performing parametric calculations.

1. Introduction
Rubber concrete is a concrete-based composite material that
uniformly blends rubber powder or rubber particles into a
cemented material. Compared with conventional concrete,
rubber concrete is lightweight, durable, and better at damping
shocks, resists impacts and spalling well, and displays good
heat insulation qualities due to the rubber particles [1–3].
Studies [4–7] have shown that the compressive resistance
of rubber concrete decreases significantly as the rubber
content increases, whereas the rubber particle size is not
significant. However, recent studies of rubber concrete have
been primarily based on experiments [2–8], which demand a
large amount of manpower and resources, and the results are
somewhat inconclusive due to changes in experimental and
environmental conditions and the complexity of the material
itself. Moreover, macroscopic experiments have not revealed
the mechanism of damage to rubber concrete.
Finite-element mesoscopic analysis of concrete-type
materials can clearly reveal the entire process of fracture
initiation and propagation to damage in the various internal

constituents under stress. Scholars have performed many
meaningful numerical mesoscopic-scale studies of analogous
concrete materials. For example, Kwan et al. [9] used zerothickness interface elements to simulate the uniaxial cracking
process in a random aggregate concrete model. Ma et al. [10]
performed a numerical uniaxial compression simulation and
three-point loaded-beam bending experiment on a random
concrete aggregate model based on plastic damage. Du et al.
[11] used an extended finite-element method to numerically
simulate the uniaxial tensile strength and Winkler L plate
mesoscopic fracture process. However, mesoscopic numerical studies of rubber concrete are relatively scarce. Liu et
al. [12] treated rubber concrete as a dual-phase composite
material composed of concrete and rubber and calculated its
uniaxial compressive strength on a mesoscopic scale. Their
results indicate that errors in the bearing capacity values
range from 2.6% to 21.1% compared to the experimental
values, and thus the simulation results may be considered
to be representative and valid. Rubber absorbs a relatively
small force during the damage process and behaves elastically. Wang et al. [13] viewed rubber asphalt concrete as a

2

Advances in Materials Science and Engineering
Table 1: Rubber concrete mix ratio.

Test sample designation
NCR0
NCR10
NCR20

Added water
195
195
195

Unit volume material content (kg/m3 )
Concrete
Sand
Natural aggregate
375
658.8
1171
375
593
1171
375
527
1171

dual-phase composite material composed of coarse aggregate
and rubber mixed with asphalt mortar. They simulated the
cracking process using an extended finite-element method
with the assistance of X-ray CT. The results indicate that the
numerical values are very close to the experimental ones.
These numerical analyses of rubber concrete focused on its
strength, and no studies of its damage mechanism have been
reported.
In this paper, rubber concrete is viewed as a fourphase composite material composed of rubber, coarse aggregate, mortar, and aggregate-mortar interfaces. The twodimensional random aggregate composition was modeled
using the Monte-Carlo method. Mesoscopic numerical calculation of the uniaxial compressive strength and damage
mechanism of a cubic, random aggregate sample of rubber
concrete was performed based on a plastic damage model.
The study of the damage mechanism in rubber concrete
and the impacts of the rubber content and aggregate-mortar
interfaces on the compressive strength of rubber concrete was
conducted on a mesoscopic scale.

2. Computation Analysis Model
2.1. Random Rubber Particle Concrete Construct. For simplicity, the rubber particles in the model were assumed
to be spheres. Based on the Walraven formula, the threedimensional distribution of rubber particles was converted
to a two-dimensional distribution. The Walraven formula is
based on the Fuller formula, which is used to convert threedimensional grading curves into the aggregate diameter of
𝑑 (mm) < 𝑑0 (mm), with a probability of 𝑃𝑐 (𝑑 < 𝑑0 ) at any
point along a cross section through the test sample [14]:

8
𝑑0 6
𝑑
) − 0.045 ( 0 )
𝑑max
𝑑max

(1)

10
𝑑
+ 0.0025 ( 0 ) ] .
𝑑max

In (1), 𝑑max is the maximum aggregate particle diameter, and
𝜑𝑘 is the ratio of the aggregate (including coarse rubber and
fine aggregate) volume to the total volume. The number of
corresponding aggregate particles, 𝑛𝑖 , along the test sample
cross section is
𝑛𝑖 = (𝑝𝑐𝑖 − 𝑝𝑐𝑗 )

𝐴
,
𝐴𝑖

where 𝐴 is the sample cross-sectional area and 𝐴 𝑖 is the crosssectional area of a particular aggregate particle, expressed
in units of mm2 . After applying this function to a concrete
mixture, as shown in Table 1, the number of aggregate
particles in a cross section was calculated. These aggregates
were randomly generated in the test sample cross section by
means of the Monte-Carlo method.
The cubic test samples used in this study measured
150 mm on each side. Their cross-sectional area measured
22,500 mm2 . The rubber density was 1020 kg/m3 , and the
rubber particle diameter was 1–3 mm. The coarse aggregate
was first divided into five ranges: 5–10 mm, 10–15 mm, 15–
20 mm, 20–25 mm, and 25–30 mm. The average within each
range was taken as the representative aggregate diameter,
and the rubber-mortar particle diameter was assigned a
value of 2 mm. According to (2) and in combination with
Table 1, the number of rubber particles in each cross section
corresponding to various rubber contents was calculated; the
results are shown in Table 2. After determining the numbers
of aggregate particles of various diameters, the corresponding
numbers of particles were inserted into the two-dimensional
test sample cross section. Coordinates of the centers of the
circles (𝑥, 𝑦) of these particles were randomly generated
using the Monte-Carlo method. Circular aggregates without
overlaps were ensured in the test sample, as required by (3).
The random rubber particle model is shown in Figure 1. The
rubber concrete was thus composed of a four-phase material
consisting of aggregate, rubber, mortar, and aggregate-mortar
interfaces:
2

2

√ (𝑥𝑖 − 𝑥𝑗 ) + (𝑦𝑖 − 𝑦𝑗 ) ≥ 𝜂 (𝑟𝑖 + 𝑟𝑗 )

(3)

(𝑖, 𝑗 = 1, 2, 3, . . . , 𝑛; 𝑖 ≠𝑗) .

0.5
4
𝑑
𝑑
𝑃𝑐 (𝑑 < 𝑑0 ) = 𝜑𝑘 [1.065 ( 0 ) − 0.053 ( 0 )
𝑑max
𝑑max

− 0.012 (

Rubber content
0
27.7
55.4

(2)

In the equation, 𝜂 is the aggregate region of influence coefficient, which was assigned a value of 1.05, and 𝑟𝑖 and 𝑟𝑗 are the
radii of spherical rubber aggregates 𝑖 and 𝑗, respectively.
2.2. Constitutive Relations of Phases of Rubber Concrete and
Damage Evolution Model. The rubber concrete elements are
viewed as being consisting of rubber, aggregate, mortar, and
aggregate-mortar interface elements. The thicknesses of the
actual interfaces are very small, based on the literature [9,
15, 16], and we assigned the interface elements a thickness of
1 mm. Material properties such as strength and stiffness were
assigned to the various elements shown in Figure 2.
The mesoscopic finite elements of the rubber concrete
in this study were used to analyze deformation, damage,
and failure processes in various material components on a
mesoscopic scale; continuum mechanics, damage mechanics,
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Table 2: Number of rubber particles under different rubber content.
Specimen

Content of rubber (kg/m3 )

𝜑𝑘

0
27.7
55.4

0.74
0.74
0.74

NCR0
NCR10
NCR20

27.5
2
2
2

Diameter of particles (mm)
22.5
17.5
12.5
3
7
18
3
7
18
3
7
18

7.5
66
66
66

Number of
2 mm rubber particles
—
68
138

Note: the meaning of the specimen designation (e.g., NCR10) is as follows. NRC is crumb rubber concrete, and the number 10 means that the rubber content
is 10% (volume of sand-size fraction).

NCR0

NCR10

NCR20

(a) Without bonding interfaces

NCR0

NCR10

NCR20

(b) With bonding interfaces

Figure 1: Rubber concrete random-distribution model.
Rubber
Coarse aggregate

Interface

Rubber

Coarse aggregate

Mortar

Mortar

Figure 2: Element material property assignments.
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Table 3: Material properties [12].

Material
Mortar
Interface
Aggregate
Rubber aggregate

Elastic modulus (MPa)
35,380
30,000
50,000
80

Poisson’s ratio
0.2
0.2
0.16
0.499

Compressive strength (MPa)
54.0
36.0
160

Tensional strength (MPa)
4.3
2.9
6.0

a linear elastic stage before the tensile stress reaches its peak
value. The damage variable is determined using [17]

60
50

𝜎 (MPa)

40

𝐷𝑘 =

(1 − 𝛽) 𝜀in 𝐸0
,
𝛼𝑘 + (1 − 𝛽) 𝜀in 𝐸0

(𝑘 = 𝑡, 𝑐) .

(5)

30

In this equation, 𝑡 and 𝑐 represent tension and compression,
respectively; 𝛽 is the ratio of plastic to nonplastic strain, which
is 0.35–0.7 under compression and 0.5–0.95 under tension;
and 𝜀in is the nonelastic strain of the concrete under tensile
or compressive conditions.

20
10
0
0.000

0.002

0.004

0.006

0.008

𝜀

Figure 3: Mortar uniaxial compressive stress-strain constitutive
curve.

and computational mechanics were used in combination. The
degradation of the stiffness of various components is reflected
by the tensile and compressive failure criteria and the damage
model. The entire failure process of the rubber concrete test
sample can be characterized using the finite-element method
to simulate the compression failure mode.
(1) Mortar. Similar to concrete, mortar is also a type of quasibrittle material. Its stress-strain behavior displays nonlinear
characteristics. In addition to plastic deformation, structural
damage is primarily caused by the initiation and propagation of microfractures. Therefore, an elastic-plastic damage
mechanical constitutive relation can be used to describe the
mechanical properties of the concrete in the mesoscopic
model. According to the Lemaitre strain equivalence principle, the constitutive relation of the damaged material can be
expressed as the relationship between the normal stress 𝜎 and
normal strain 𝜀:
𝐸 = (1 − 𝐷) 𝐸0 ,
𝜎 = 𝐸𝜀,

(4)
(0 ≤ 𝐷 ≤ 1) .

In this equation, 𝐸0 is the initial elastic modulus, 𝐸 is the
elastic modulus after damage, and 𝐷 is the damage variable.
The experimentally measured stress-strain curve is used
as the mortar’s compression constitutive relation in this paper,
as shown in Figure 3. The mortar’s uniaxial tension is in

(2) Coarse Aggregate. Both compressive strength and elastic
modulus of the coarse aggregate are relatively high; typically,
the compressive strength of coarse aggregate is in the range
of 150–200 MPa. Numerical computation reveals that the
impact on the test sample’s compressive strength is small
when the compressive strength of the coarse aggregate is
within this range. Based on the values for coarse aggregate
in the relevant literature [9–11, 16], the mechanical parameter
values that were used in this study are listed in Table 3.
(3) Rubber Particles. According to [12, 18], the elastic modulus
of the rubber in rubber concrete is low, and the allowable
deformation is high. The stress exerted on the rubber during damage to rubber concrete is small, and none of the
rubber particles were damaged. Therefore, the rubber can
be assumed to be an isotropic linear elastic material (see
Table 3). It is assumed that the bonding of rubber particles
to the concrete base is robust and will not separate during the
computation process.
(4) Interface. In general, the coarse aggregate-mortar interface has the characteristics of relatively large porosity and
relatively low density and strength. Therefore, the mechanical
properties of the interface elements are associated with a
certain degree of strength reduction. Due to the difficulty
of measuring the interface layer mechanical properties, the
researchers generally take 1/3 to 1 times the mortar base
strength as the strength of the interface. In this paper, the
interface layer strength was taken to be 2/3 to 1 times (i.e.,
interface layer not taken into account) the base strength.
The purpose of using both of these values is to ascertain the
impact of the interface layer’s mechanical properties on the
test sample’s strength and to compare this with experimental
data to develop values for the interface mechanical parameters (see Table 3 for parameter list).
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(a) Numerical computation model

(b) Loading experiment apparatus

Figure 4: Uniaxial compression of concrete cubic standard test sample.

NCR0

NCR10

NCR20

(a) Bond interface not taken into account

NCR0

NCR10

NCR20

(b) Bond interface taken into account

Figure 5: Enlarged finite-element meshes of various rubber contents.

3. Computational Analysis of Cubic Rubber
Concrete Standard Test Sample
To evaluate the fracture initiation, propagation, and damage
mechanism of the rubber concrete on a mesoscopic scale,
the function of the rubber and interface layer in the concrete
damage process and the effect of the rubber content and

interface layer strength on the compressive strength were
investigated. Three random aggregate rubber particle content
distributions (0%, 10%, and 20%) were developed, both with
and without consideration of the interface. While holding
other parameters constant, the damage to the test sample
under compression was simulated.
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60

60

50

50
Compressive strength 𝜎 (MPa)

Compressive strength 𝜎 (MPa)

6

40

30

20

40

30

20

10

10

0
0.0

0.1

0.2

0
0.0

0.3

0.1

Deflection (mm)

0.3

NCR0-2
NCR10-2
NCR20-2

NCR0
NCR10
NCR20

Figure 6: Load displacement 𝑃-𝛿 curve for various rubber contents
without taking into account the interface layer.

0.2
Deflection (mm)

Figure 7: Load displacement 𝑃-𝛿 curve for various rubber contents
taking into account the interface layer.

Compressive strength 𝜎 (MPa)

60

The computational analysis model was a plane stress
model, and the test sample measured 150 mm on each side.
Mesoscopic elements were used to simulate the four-phase
material consisting of rubber, coarse aggregate, mortar, and
interface elements and to then assign them corresponding
material properties. The mesh element size was assigned a
value of 2 mm. According to Ma et al. [10], the computational results with this mesh size tend to be stable and
fully reflect the nonuniformity of the mesoscopic character
of the concrete. Figure 5 shows an enlarged view of the
local finite-element mesh with various rubber contents. The
boundary conditions include a hinged mount for the bottom
plate, and horizontal constraints are exerted on the center
of the upper and lower interfaces of the test sample to
prevent horizontal movement. The steel plate is connected
to the test sample in the form of interface contact, and the
friction coefficient between the two is assumed to be 0.5.
Displacement-controlled loading is exerted on the center
of the top steel plate. The numerical computation model is
shown in Figure 4(a).
Figure 6 shows the uniaxial compressive load displacement curve for different rubber contents without taking into
account the aggregate-mortar interfaces (i.e., the interface
strength is equal to the base strength). The plots show that
as the rubber content increases the compressive strength of
the concrete and its peak strain value decrease, although
the degree of strength reduction decreases in a nonlinear
fashion. The elastic modulus displays a slight decreasing
trend. After the peak load is applied, the slope of the strength
reduction decreases with increasing rubber content. These
results indicate that the rubber concrete exhibited strong
ductility after the peak loading.

50
40
30
20
10
0

NCR0

NCR10

NCR20

Experimental value
1x mortar substratum strength
2/3x mortar substratum strength

Figure 8: Comparison of various computational and experimental
values.

Figure 7 shows the concrete uniaxial compressive load
displacement curve for various rubber contents while taking
into account the aggregate-mortar interfaces (i.e., interface
strength is 2/3 of the base strength). The results indicate that
as the rubber content increases the compressive strength,
peak strain, and elastic modulus all decrease roughly proportionally. After the peak loading, the slope of the reduction
decreases with increasing rubber content.
Figure 8 shows the compressive strengths of the mesoscopic modeling and experimental measurement. The three
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0.1 mm

7

0.15 mm

0.2 mm

(a) NCR0

0.1 mm

0.15 mm

0.2 mm

(b) NCR10

0.1 mm

0.15 mm

0.2 mm

(c) NCR20

Figure 9: Fracture distribution in rubber concrete, taking into account the bonding interfaces.

curves in the figure are the experimental and computational results when the interface strength is set to 1x and
2/3x the substratum strength, respectively. As the rubber
content increases from 0 to 20%, the experimental values
of the compressive strength decrease roughly proportionally. With every 10% increase in the rubber content, the
compressive strength decreases approximately 5 MPa. In the
mesoscopic computation, when the interface strength is 2/3
of the substratum strength, the rubber concrete’s compressive
strength also decreases roughly proportionally. The degree

of reduction, however, is less than that of the experimental
values: every 10% increase in the rubber content produces a
decrease in the compressive strength of approximately 2 MPa.
At a constant rubber content, the difference between the
computed and experimental values is 10–23%. When the
interface strength is assumed to be equal to the substratum
strength (i.e., interface not taken into account), the rubber
concrete’s compressive strength is reduced, but to a lesser
degree. When the rubber content is 0% and 20%, the
computed compressive strength is very close to the actual
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Figure 10: Fracture distribution in rubber concrete without taking into account the bonding interfaces.

experimentally measured value, with approximately a 3%
difference.

4. Entire Uniaxial Compression and
Damage Process of Rubber Concrete
Cubical Test Sample
Figure 9 shows the fracture propagation in the rubber concrete under uniaxial compression while taking into account

the bonding interface. The loading displacement reached
0.1 mm, 0.15 mm, and 0.2 mm. Fractures first appeared along
the relatively weak interfaces; these were dispersed and
discontinuous. As the pressure increased, only a few fractures
connected by extending around the coarse aggregate. At a
constant displacement, as the rubber content increases, the
number of fractures along the interfaces and the total number of fractures decreased slightly. The eventual connected
fractures were concentrated primarily near rubber particles.
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Figure 11: Actual measured fracture distribution in rubber concrete.

Therefore, the inclusion of rubber particles increased the ductility of the concrete and improved the concrete’s deformation
performance.
Figure 10 shows the fracture propagation in rubber
concrete without taking into account the bonding interface. When the displacement was 0.15 mm, many fractures
appeared in the concrete without rubber. As the load
increased, fractures extended around the coarse aggregate
and became connected. As rubber content increased the
number of fractures increased slightly, while the width of
the fractures decreased slightly; that is, the fractures became
narrower and denser. The fractures extended around the
coarse aggregate and connected and also propagated towards
the rubber particles.
A comparison of Figures 9 and 10 indicates that there is a
relatively large difference in the concrete damage mechanism
depending on whether the bonding interface is taken into
account. When a weak bonding interface is assumed, the fractures first appear along the interfaces, and only a few fractures
are connected at the time of eventual failure. In other words,
the fractures near the interfaces tend to be discontinuous
due to the relatively strong mortar substratum between the
fractures. The weaker the interface is, the more evident this
phenomenon becomes. When the bonding interface is not
taken into account, the fractures propagate and connect;
fewer, wider fractures develop; and the brittleness is evident.
Figure 11 shows the actual fracture propagation distribution. As the rubber content increases, the fractures in the test
sample surface are few and are connected, which is similar
to the fracture distribution in rubber concrete without taking
into account the bonding interface.

5. Conclusions
The damage to a cubic rubber concrete sample under load
was numerically simulated on a mesoscopic scale, based
on a plastic damage model. The following conclusions were
developed.
(1) A direct view of the entire process of microfracture initiation, propagation, and connection can be
achieved using mesoscopic numerical computation
on rubber concrete with a random aggregate model.
Under uniaxial loading, the damage to the random

aggregate model is similar to that obtained experimentally.
(2) As the rubber content increases from 0 to 20%, the
compressive strength of rubber concrete decreases. At
a constant rubber content, the calculated compressive
strength is very close to the experimentally measured
value, within an error of 3%, when the interface
strength is set equal to the substratum strength (i.e.,
the interface is not taken into account). This error
increased and reached 10–23% when the interface
strength was assigned a value of 2/3 of the substratum strength. Therefore, the computational results
reductions in the interface strength are not taken into
account being closer to the experimental results.
(3) Fractures in rubber concrete first appear along the
interfaces between the aggregate and rubber-mortar
elements. When the interface strength reduction is
taken into account, the fractures along the interfaces
tend to be discontinuous due to the relatively highstrength mortar in between; the deformation of the
test sample is concentrated primarily in the interface
layer. When the interface strength is not taken into
account, fractures produced along the interfaces tend
to propagate and connect as the load is applied, and
the eventual damage mode is consistent with the
experimental observations.
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The grouted precast buildings have great economic superiorities and application potentials. With excessively utilized confinement
steels, connecting steels, and steel sleeves, their mechanical properties satisfied the strength requirements. But the capacity
calculation approach still remains uncertain due to the complexity caused by the joint interface slip and joint gap opening
displacement, which can hardly be avoided and lead to an excessive steel configuration. In order to make the design approach
of precast grouted shear wall convenient and to achieve economic superiorities and properties advances, this paper proposed
a new flexural capacity calculation approach considering joint interface displacements influences and properties improvement
by confinement steels. The calculated capacities of example precast shear wall are 553.8 kN, 501.0 kN, and 536.4 kN when only
considering confinement improvement, interface slip reduction, and both the improvement and reduction, respectively. By
comparing the calculated results with the experimental tested results of 589.4 kN, the accuracy and reasonability of this new
calculation approach were verified. Afterward, some requirements on application conditions of this new calculation approach were
suggested depending on different precast structure type and seismic area.

1. Introduction
The industrialization and standardization are the basic characteristics of modern civil engineering; as a result, precast
structure became an irreversible developing trend. The shear
wall structure, whose capacity and lateral stiffness are both
high, is an ideal lateral force resisting structure in highrise building. So, combining the precast concrete technology
with the shear wall structure, to adapt the industrialization
and standardization requirements, the precast grouted shear
wall structure has been developed and researched by many
scholars. This kind of precast structure is characterized by the
grouted connected steel bars as the core factor relating to the
structure properties.
Overall, the precast shear wall connecting joints can be
divided into two different types based on their deformation
properties: the flexible connecting joints and the strong
connecting joints [1, 2]. The flexible connecting joints allow
larger lateral and gap opening displacements and utilize these
larger displacements cooperating with dampers to dissipate

earthquake energy, such as the hybrid unbonded posttension
precast shear wall developed by Kurama in the PRESSS
research program [3, 4]. On the other hand, the strong
connecting joints require that the mechanical properties of
precast joint should be not weaker than that of the castin-situ joint, meaning that the joint deformation should be
limited. Some early researches indicated that both the flexible
and strong connecting joints expressed good mechanical
properties, while the application fields of the two connectors
are different. Taking the hybrid unboned posttension precast
shear wall as an example, which was firstly developed in
the PRESSS program in 1990’s and by further improvements
expresses good energy dissipation and repair ability, due to
its large deformation, it is not suitable in high-rise precast
buildings because large lateral displacement will cause large
second-order moment. On the contrast with the flexible
connecting joints, the strong connecting joints’ application
field is wide, but the mechanical requirements are stricter and
the expenses are higher. So, in the precast high-rise shear wall
structures, the strong connecting joints will be more suitable.
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Figure 1: A typical grouting connected steel bar using steel sleeve.
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Figure 2: The bond shear stress distribution on connecting steel bar surface under gap opening displacement.

The steel bar grouted precast shear wall joint is a typical strong
connecting joint.
Ever since the first invention of steel grouting connector
by Yee in the late 1960s [5], numerous researches had
been carried out to develop new effective connector and
various types of steel grouting connectors have been invented
subsequently. Figure 1 shows one typical grouting connected
steel bar using steel sleeve [6]. While even utilizing steel
sleeves can realize the connecting mechanical properties
not less than that of the intact steel bar, one vital factor
cannot be ignored, which has dramatic effects on the joint
properties: the precast joint interface displacements. Some
of the experimental test of the precast shear wall carried
out by Smith et al. [2], Jiabin et al. [7], and Kang et al.
[8] indicated that even in strong connecting joint the joint
interface slip and the gap opening displacement hardly can
be avoided, especially for the precast shear wall with low axial
force. Till now, most of the precast strong connecting joints
utilized an enlarged amount of connecting steels to reduce
the harmful effects of the joint interface slip and gap opening.
But, how many amounts of steels should be enlarged still
remains uncertain and sometimes depends on experiences.
So understanding the effect law of joint interface slip and gap

opening displacement to connecting steel bars and proposing
an accurate and reliable capacity calculation approach for
precast shear wall connecting joints will be very critical in the
future precast shear wall research.

2. The Effect of the Joint Displacements on
the Steel Stresses
2.1. Simplifications on the Precast Joint Interface Interactions.
In precast shear walls, precast joint interface can be considered as an original crack crossing the whole precast shear wall
section. And on this original crack, the stress distribution
of connecting bars and the interactions are complex. Soltani
et al. [9] concluded the interactions of the cast-in-situ crack
that the reinforced concrete panel is modeled as a multicomponent structural system composed of reinforcing bars and
concrete as well as their interaction. Structural nonlinearity
and local stress field comprise deferent size dependent stress
transfer mechanisms and phenomena. Figure 2 is the bond
shear stress distribution on connecting steel bar surface
caused by gap opening displacement and Figure 3 is the bending of connecting steel bar caused by joint interface slip. But,
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Figure 4: Connecting steel bar group crossing precast shear wall joint and forces and strain distribution.

in precast shear wall joints, the “original crack” is a special
crack whose surface is straight and the bonded strength is
very low comparing to frictional force and the stress on
connecting steel bars. So, the stress transfer mechanisms can
be simplified as the following: (1) dowel action and kinking
of connecting steel bars at the joint interface location, (2)
frictional force related with the axial force and carried by the
concrete interface.
2.2. The Relationship of Gap Opening Displacement and the
Axial Stress. Ling et al. [10] studied the relationship of joint
gap opening displacement and the axial force on a single
connecting steel bar with steel sleeve and concluded that the
preyield and postyield load-displacement behaviors of the
grouted splice are expressed as the following when the gap
opening displacement ranges are 0 ≤ 𝛿V < 2.33 (mm) and
𝛿V > 2.33 (mm), respectively:
𝑃 = 47.1𝛿V

0 ≤ 𝛿V < 2.33,

𝑃 = −0.0484𝛿V2 + 2.45𝛿V + 104

𝛿V ≥ 2.33,

(1)

where 𝑃 is the tension load (N) and 𝛿V is the displacement of
the spliced bar (mm), which equals the interface gap opening
displacement on the steel bar location.
For the connecting steel bar group locating on precast
shear wall joint, the strain distribution on different connecting steel bars satisfied the plane section assumption as shown
in Figure 4.
2.3. The Relationship of the Joint Interface Slip and the Dowel
Action Shear Stress. The joint interface slip will cause the
bend and dowel action on the connecting steel bars. The
connecting bars under coupled axial load and transverse
displacement are bent in vicinity of the interface. Due to
localization of curvature in the connecting steels close to the
joint interface, the axial stiffness and the main yield strength
of the connecting steels are reduced. In order to consider
this effect, the curvature-influencing zone close to the precast
joint interface 𝐿 𝑐 is considered. Based on the experiments, the
curvature-influencing zone was observed to be between 4𝑑𝑠
and 5𝑑𝑠 initially with a small increase in large displacement.
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In small displacement when both the connecting bar and
concrete are in elastic range, the size of curvature zone can be
derived from modeling of bars as a beam resting on an elastic
foundation as [9]
𝐿 𝑐0 =

3𝜋 4 4𝐸𝑠 𝐼𝑠
√
,
4
𝐾𝑑𝑠

150𝑓𝑐0.85
𝐾=
(Unit: MPa/mm) .
𝑑𝑠

(2)

𝛿
𝛿
3𝜋 4 4𝐸𝑠 𝐼𝑠
√
(1 + 150 V ) 𝑠 .
4
𝐾𝑑𝑠
𝑑𝑠 2𝑑𝑠

(4)

By the experimental test [9], the shape of curvature
distribution 𝜙(𝑥), within 𝐿 𝑐 , can be mathematically modeled
by a skew parabolic form as follows:
𝜙 (𝑥) =

2
3𝜙max
𝐿𝑒
[𝑥
−
(
)]
,
−
𝐿
𝑐
𝐿2𝑐
2

𝐿𝑒
𝐿
𝐿
− 𝐿𝑐 ≤ 𝑥 < 𝑒 − 𝑐 ,
2
2
2
𝜙 (𝑥) =

−3𝜙max
𝐿
𝐿
{3 [𝑥 − ( 𝑒 − 𝑐 )]
𝐿2𝑐
2
2

− 𝐿 𝑐 [𝑥 − (

𝐿 𝑒 3𝐿𝑐
−
)]}
2
4

2

(5)

𝐿𝑒 𝐿𝑐
𝐿
−
≤ 𝑥 < 𝑒,
2
2
2

𝐿 𝑒 /2

𝜙 (𝑥) d𝑥.

32𝛿𝑠
.
11𝐿2𝑐

(6)

Therefore, the shear stress carried by connecting bar, socalled “dowel action shear stress,” is directly calculated:
𝜏 (𝑥) =

𝑉 (𝑥)
.
𝐴𝑠

(10)

2.4. Parametric Study. The precast joint can be treated as a
special straight original crack, whose interface slip will cause
the dowel action shear stress in the connecting steel bars,
while this special crack also has its special characteristics
differing from a cast-in-situ crack. (1) The interface slip can
be considered as equal at any place in the compression region
of precast joint section; (2) the gap opening displacement
only exists in the tension region of the joint interface section
and the gap opening displacement in the compression region
remains zero; (3) for the gap opening displacement in the
tension region, the gap opening displacement distribution is a
liner plane section distribution starting from the natural axis.
Assuming that the stress-strain relationship of steel bars
is the elastic-plastic relationship:
Elastic stage: 𝜎𝑠 = 𝐸𝑠 𝜀𝑠 .
Plastic stage: 𝜎𝑠 = 𝑓𝑦 .

4𝐸𝑠 𝜉ℎ
4
0.85 )
11 ((3𝜋𝜂/4) √𝜋𝐸
𝑠 /2400𝑓𝑐

(8)

where 𝑦 is the local coordinate of steel fiber measured from
the center of the bar cross section, 𝜀𝑠 (𝑥) is the averaged

,

(11)

𝜉ℎ + 150𝜉ℎ 𝜉V < 0.02,
0.85

(7)

3

𝜂 = 1,

𝜂 = 1 + 3 (𝜉ℎ + 150𝜉ℎ 𝜉V − 0.02)

Based on assumed distribution profiles of bond stress and
curvature along the curvature zone (5), the sectional averaged
mean stress and strain along this region can be computed. The
strain for each fiber of cross section is calculated as follows:
𝜀𝑓 = 𝜀𝑠 (𝑥) + 𝜙 (𝑥) 𝑦,

(9)

d𝑀 (𝑥)
𝑉 (𝑥) =
.
d𝑥

𝜏=

Therefore, the maximum curvatures are as follows:
𝜙max =

𝜎𝑓 (𝜙 (𝑥) , 𝑦) 𝑦 d𝐴 𝑠 (𝑦) ,

The maximum shear stress in the connecting steel bar can
be obtained as follows:

where the maximum curvatures can be calculated to satisfy
the compatibility condition as
𝛿𝑠 = 2 ∬

𝑑/2

(3)

Finally, the curvature zone is expressed as follows:
𝐿𝑐 =

𝑀 (𝑥) = ∫

−𝑑/2

In large deflection, the connecting bars and supporting
concrete show nonlinear behavior and consequently the
curvature zone increases. This effect will be considered by
proposing an empirical nondimensional damage parameter
as follows:
𝛿 𝛿
𝜇 = (1 + 150 V ) 𝑏 .
𝑑𝑠 𝑑𝑠

tensile strain of the section, and 𝜀𝑓 is the fiber strain of
connecting steel bar. For any fiber strain, the stress will be
obtained from the uniaxial stress-strain relationship of bare
steel bar. Therefore, the internal cross section force, including
the bending moment 𝑀(𝑥) and shear force 𝑉(𝑥), along the
steel bar axis, is also computed as follows:

,

𝜉ℎ + 150𝜉ℎ 𝜉V ≥ 0.02,
where 𝜉𝑠 and 𝜉V are two nondimensional parameters considered to eliminate the effect of steel bar diameter. 𝜉𝑠 is the
interface slip-diameter ratio and 𝜉V is the vertical gap opening
displacement-diameter ratio:
𝜉𝑠 =

𝛿𝑠
,
𝑑𝑠

𝛿
𝜉V = V .
𝑑𝑠

(12)
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Taking the HRB 400 steel as a calculating example, the
yield stress 𝑓𝑦 is 400 MPa and the elastic modulus 𝐸𝑠 is
200 GPa. The calculated results are presented in Figures 5–8.
Figure 5 is the space curved surface of the lateral shear
stress, the gap opening displacement-diameter ratio, and the
lateral joint interface slip-diameter ratio. The space curved
surface indicates that both the gap opening displacement
and the joint interface slip will influence the lateral shear
stress of steel bar dramatically, while the influence of the two
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Figure 8: The curve of 𝜉V to shear stress with different 𝜉𝑠 .

parameters varies in trend and amount. For the gap opening
displacement, the dowel action shear stress will decrease with
the gap opening displacement-diameter ratio increasing. On
the contrast, the interface slip’s increasing will firstly increase
the dowel action shear stress and then decline it. The gap
opening displacement-diameter ratio influences the dowel
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action shear stress more dramatically than the interface slipdiameter ratio, indicating that, in tension region of precast
shear wall joint section, the dowel action shear stress may be
very low due to a larger gap opening displacement.
Figure 6 is the curve of the steel bar shear stress and
lateral interface slip-diameter ratio when the gap opening
displacement is zero. Also, this illustrates the relationship
between steel bar shear stress and interface slip-diameter
ratio in compression region. The curve in Figure 4 indicated
that the steel bar shear stress will increase with the interface
slip-diameter ratio increase and then decrease after the
interface slip-diameter ratio reached 0.575. The maximum
shear stress is 320.7 MPa, which is a very high value and 80.2%
of the yield stress (400 MPa). But usually, the maximum shear
stress is difficult to be reached because the 0.575 interface slipdiameter ratio means a very large interface slip; for example,
it will be a 4.6 mm interface slip for steel bar with diameter of
8 mm.
Figure 7 is the curve of the lateral interface slip-diameter
ratio to the steel bar shear stress with different gap opening
displacement-diameter ratios. It indicated that, with the gap
opening displacement-diameter ratio increasing, the maximum shear stress and the related interface slip-diameter ratio
decrease, but the development trend of the curve is similar
to the curve in Figure 6, increases, and then decreases with
the increasing of interface slip-diameter ratio. Figure 8 is the
curves of the shear stress to the gap opening displacementdiameter ratio when the interface slip-diameter ratios are 0.1,
0.2, 0.4, 0.6, and 0.8, respectively. Both curves in Figures 7
and 8 show that the gap opening displacement-diameter ratio
influences the steel bar shear stress more dramatically than
interface slip-diameter ratios.

3. Flexural Capacity Calculation Equations for
Precast Grouted Shear Wall
3.1. The Calculation Model for Precast Grouted Shear Wall.
Figure 4 is the simplified precast grouting shear wall calculation model. This model adopted the following assumptions:
(1) No matter what kind of steel bar connector is utilized,
the connector can completely achieve the connection
of the steel bars with the upper or lower precast concrete elements. The failure of the steel bar connector
will be neglected in order to focus on the influences
of joint interface displacements on the joint interface
mechanical properties.
(2) Assume that the concrete strain distribution on the
joint interface is the plant section distribution as
shown in Figure 4.
(3) Neglect the grouted bond force on joint interface and
the tension capacity of concrete.
(4) Neglect the dowel shear stress of connecting steel
bars in tension region. For the connecting steel bars
in the compression region, the lateral shear force
acting on the precast wall is carried by the concrete
interface frictional force and connecting steel bar
dowel action. Therefore, because the interface slip in

any compression position of the precast joint section
is a constant, the dowel action shear stress of steel bars
will be as follows:
𝜏=

(𝑉 − 𝜇𝑓 𝑁)
𝐴𝑠

.

(13)

3.2. The Calculation Equations for Cast-In-Situ Shear Walls.
For the cast-in-situ shear wall, most of the design rules
have given out the actual design approach [11, 12]. Chapter
9.4.3 of the “Code for Design of Concrete Structure” [11]
gives out the calculation equations for cast-in-situ shear
wall under lateral and axial loads: the design of cast-insitu shear wall should consider the eccentric compression
or eccentric tension strength for the forward section and
the diagonal shear strength. Chapters 6.2.17 and 6.2.19 give
out the eccentric compression or eccentric tension strength
calculation equations for rectangular, I shape, and T shape
forward section of cast-in-situ shear wall with uniform steel
bars in wall panel:
𝑁𝑓
≤ 𝛼1 𝑓𝑐 [𝜉𝑏ℎ0 + (𝑏𝑓 − 𝑏) ℎ𝑓 ] + 𝑓𝑦 𝐴𝑠 − 𝜎𝑠 𝐴 𝑠 + 𝑁𝑠𝑤 ,

(14)

𝑁𝑓 𝑒
≤ 𝛼1 𝑓𝑐 [𝜉 (1 − 0.5𝜉) 𝑏ℎ02 + (𝑏𝑓 − 𝑏) ℎ𝑓 (ℎ0 −

ℎ𝑓
2

)] (15)

+ 𝑓𝑦 𝐴𝑠 (ℎ0 − 𝑎𝑠 ) + 𝑀𝑠𝑤 ,
𝑒 = 𝑒𝑖 +
𝑒𝑖 =
𝑁𝑠𝑤

𝑀𝑓
𝑁𝑓

ℎ
− 𝑎,
2
+ 𝑒𝑎 ,

𝜉 − 𝛽1
= (1 +
)𝑓 𝐴 ,
0.5𝛽1 𝜔 𝑦𝑤 𝑠𝑤

𝑀𝑠𝑤 = [0.5 − (

(16)

𝜉 − 𝛽1 2
) ] 𝑓𝑦𝑤 𝐴 𝑠𝑤 ℎ𝑠𝑤 .
𝛽1 𝜔

Chapter 6.3.21 gives out the diagonal shear strength
calculation equation for the cast-in-situ shear wall under
eccentric compression or eccentric tension loads:
𝑉𝑓 ≤

𝐴
𝐴
1
(0.5𝑓𝑡 𝑏ℎ0 + 0.13𝑁 𝑤 ) + 𝑓𝑦V sh ℎ0 ,
𝜆 − 0.5
𝐴
𝑠V

(17)

where 𝑁 is the axial force acting on shear wall and when 𝑁 is
larger than 0.2𝑓𝑐 𝑏ℎ, 𝑁 will be equal to 0.2𝑓𝑐 𝑏ℎ.
But for the precast shear wall, all the equations should
be modified considering the characteristics of precast shear
wall: the gap opening displacement and joint interface slip.
Apart from that, there are usually more confinement steels
or steel sleeves in the vicinity area of the joint comparing
to cast-in-situ shear wall, leading to the concrete properties
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improved rapidly, concluded by Deng and Qu [13]. So, the
improvement of the confinement steels to the concrete should
also be considered.
3.3. The Constitutive Equations of Confined Concrete. Samani
and Attard [14] proposed one of the most important stressstrain constitutive equations for confined concrete as the
following:

𝑓𝑟 is the confining stress acting on the concrete caused by
confinement steel; the confining stress of rectangular section
can be determined as follows:
𝑓𝑟 = 0.26 [

𝜌𝑠𝑥 + 𝜌𝑠𝑦
𝑠 (𝑏𝑐𝑥 + 𝑏𝑐𝑦 )

𝜌𝑠𝑥 = ∑ 𝐴 𝑠𝑥 𝑓𝑦𝑡 √ (

Increasing stage is as follows:
𝐴 ⋅ 𝑋 + 𝐵 ⋅ 𝑋2
𝜎
=
,
𝑓0 1 + 𝐶 ⋅ 𝑋 + 𝐷 ⋅ 𝑋2

0 ≤ 𝑋 ≤ 1.

(18)

Descending stage is as follows:
2

𝑓
𝑓
𝑓 ((𝜀−𝜀0 )/(𝜀𝑖 −𝜀0 ))
𝜎
= residual + (1 − residual ) ( 𝑟 )
,
𝑓0
𝑓0
𝑓0
𝑓𝑐𝑘

(19)

𝑋≥1
𝑋=

𝜀
,
𝜀0

𝐴=

𝐸𝑡𝑖 𝜀0 𝐸𝑐 𝜀0
=
,
𝑓0
𝑓0

𝜌𝑠𝑦 = ∑ 𝐴 𝑠𝑦 𝑓𝑦𝑡 √ (

𝑏𝑐𝑦
𝑠

],

)(

𝑏𝑐𝑥

)(

1
),
𝑓𝑦𝑡

(25)

𝑏𝑐𝑥
𝑏
1
) ( 𝑐𝑥 ) ( ).
𝑠
𝑏𝑐𝑦
𝑓𝑦𝑡

3.4. The Constitutive Equations of Connecting Steels considering Shear Stress Influence. The dowel action shear stress
caused by joint interface slip will reduce the yield strength of
the connecting steels. The effect of shear stress due to bending
curvature (10) on the yield stress of the bar can be taken
into consideration by applying the Von Mises yield criterion.
The reduced steel stress-strain constitutive equations are as
follows and the curves are in Figure 10.
Elastic stage is as follows:
𝜎 = 𝐸𝑠 𝜀,

(20)

(𝐴 − 1)2
𝐵=
− 1,
0.55


(𝜎 < 𝑓𝑦𝑐
).


𝜎 = 𝑓𝑦𝑐
= √ 𝑓𝑦 −

(𝑉 − 𝜇𝑓 𝑁)

𝐷 = 𝐵 + 1,
where 𝑓0 is the maximum stress of confined concrete, which
can be determined by (21). 𝜀0 is the strain at the maximum
stress of confinement concrete, which can be determined
by (22). For the secant modulus of concrete 𝐸𝑐 , the secant
modulus from zero stress point to 0.45𝑓0 stress point is
usually taken. 𝑓residual is the residual strength of confined
concrete, which can be determined by (23):
1.25(𝑓𝑐𝑘 )−0.21 (1+0.062(𝑓𝑟 /𝑓𝑐𝑘 ))

𝑓𝑟
+ 1)
𝑓𝑡𝑘

𝜀0 = 𝜀𝑐 [1 + (17 − 0.006𝑓𝑐𝑘 ) (
𝑓residual = 𝑓0 [1 −

1
𝑘

𝛼 (𝑓𝑟 /𝑓𝑐𝑘 ) + 1

𝑓𝑟
)] ,
𝑓𝑐𝑘

],

𝐴𝑠

.

(27)

3.5. The Moment Calculation Equations for Precast Shear Wall.
For the value of 𝑉 in (27), it should be determined by (17),
considering that the shear capacity of the precast joint should
be not less than that of the whole shear wall. So this 𝑉 value
is larger than the actual shear force meaning that the yield
strength of the steel bars is lower than the actual strength and
thusly the design results will be safer.

to replace 𝑓𝑦 in (14),
Using 𝑓𝑦𝑐

𝑁𝑓 ≤ 𝛼1 𝑓𝑐 [𝜉𝑏ℎ0 + (𝑏𝑓 − 𝑏) ℎ𝑓 ] + 𝑓𝑦𝑐
𝐴𝑠 − 𝜎𝑠 𝐴 𝑠

,

(21)
(22)

(23)

𝛼 = 795.7 − 3.291𝑓𝑐𝑘 ,
𝑓 0.694
+ 1.301] ,
𝑘 = [5.79 ( 𝑟 )
𝑓0

(26)

Yield stage is as follows:

𝐶 = 𝐴 − 2,

𝑓0 = 𝑓𝑐𝑘 (

𝑏𝑐𝑦

(24)

+ (1 +

(28)

𝜉 − 𝛽1
) 𝑓 𝐴 .
0.5𝛽1 𝜔 𝑦𝑐 𝑠𝑤

By solving (28), the relative compression region height 𝜉
is as follows:
𝜉=


0.5𝛽1 𝜔𝑁𝑐 + 𝛽1 𝑓𝑦𝑐
𝐴 𝑠𝑤
 𝐴
0.5𝛽1 𝛼1 𝑓𝑐 𝑏ℎ𝑤 + 𝑓𝑦𝑐
𝑠𝑤

,


𝑁𝑐 = 𝑁𝑓 − 𝛼1 𝑓𝑐 (𝑏𝑓 − 𝑏) ℎ𝑓 − 𝑓𝑦𝑐
𝐴𝑠 + 𝜎𝑠 𝐴 𝑠

− 𝑓𝑦𝑐
𝐴 𝑠𝑤 .

(29)

(30)
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Table 1: Calculated and experimental tested results (kN).
Equations calculation
Design Standard
value
value

Cast-in-situ shear wall
Precast shear wall
Confinement effect
Shear stress reduction
Shear stress reduction
and confinement effect

Section integral calculation (standard value)
Yield capacity

Ultimate capacity

Experimental tested results
Yield
The Park
Ultimate
capacity yield capacity capacity

423.2

516.6

389.5

560.9

320

504.4

580.0

456.8
409.8

553.8
501.0

390.9
376.8

574.7
549.0

330

511.8

589.4

441.9

536.4

378.2

562.5

Stress 𝜎

Stress f

f0
fi

𝜎y
𝜎cy

f2i
fresidual
Ec

Ec
𝜀0

𝜀i

Strain 𝜀

𝜀2i

Figure 9: The stress-strain curve of confined concrete.
Es

Taking 𝜉 into (15), the eccentric distance can be obtained:
𝑒=

𝛼1 𝑓𝑐 𝐼𝑐𝑤 + 𝑓𝑦 𝐴𝑠 (ℎ0 − 𝑎𝑠 ) + 𝑀𝑠𝑤
𝑁𝑓

,

𝐼𝑐𝑤 = 𝜉 (1 − 0.5𝜉) 𝑏ℎ02 + (𝑏𝑓 − 𝑏) ℎ𝑓 (ℎ0 −

(31)
ℎ𝑓
2

).

(32)

𝑀𝑓
= 𝛼1 𝑓𝑐 [𝜉 (1 −

+

(𝑏𝑓

−

𝑏) ℎ𝑓

(ℎ0 −

 
𝐴 𝑠 (ℎ0 − 𝑎𝑠 ) + 𝑀𝑠𝑤 + 𝑁𝑓 (𝑎 −
+ 𝑓𝑐𝑦

Strain 𝜀
𝜀cs 𝜀s

Original stress-strain curve
Reduced stress-strain curve

And then, using (29) and (31), the moment strength will be
obtained (33). Use 𝑓0 obtained from (21) to replace 𝑓𝑐 in
(33) and the improvement of the confined concrete will be
considered:

0.5𝜉) 𝑏ℎ02

𝜀cy 𝜀y

ℎ𝑓
2

)] (33)

ℎ
− 𝑒𝑎 ) .
2

4. Verification on the Capacity Calculation
Equations for Precast Grouted Shear Wall
Using the equations obtained above and the section fiber
stress integral approach, one example was calculated to
verify the accuracy of the capacity calculation approach
for precast grouted shear wall. Apart from the numerical
calculations, one cast-in-situ specimen and two precast shear

Figure 10: The reduced steel stress-strain constitutive curve.

wall specimens, having the same size and parameter with
the calculated example, were tested. The specimen size and
parameter are shown in Figure 9. The calculated results and
the experimental tested results are presented in Table 1. The
calculated cast-in-situ capacities and the experimental tested
capacities of cast-in-situ specimen are close, while the calculated capacities are little lower than that of the experimental
specimen (Figure 11). After considering the reduction of the
precast joint interface slip, the calculated capacities of precast
specimens exhibit a further reduction than that of cast-in-situ
specimen, which indicates that the equations can reflect the
reduction of the precast joint to the properties of precast shear
wall. All the calculated results approved that the capacity
calculation approach can accurately and reasonably suit for
the precast shear wall capacity calculation and the calculated
results reflect a certain safety capacity.
The results in Table 1 also illustrated that when considering the confined concrete improvement, the calculated
capacity increased. When considering both the confined
concrete improvement and the joint interface slip reduction, the calculated precast shear wall capacities are lower
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1

A10@200
Horizontal steel bars

1720

A8@100
Confinement steels

A8@100
Confinement steels
6C12

200

A10@200
Horizontal steel bars
8C16
Vertical steel bars

650

16C16/12C16
Vertical steel bars

600

2500
1700

1-1

1

(a) The cross section of cast-in-situ specimen

(b) The steel arrangement of cast-in-situ specimen

240
250

2

1720

A10@200
Horizontal steel bars
A8@100/50
Confinement steels

8C16
Vertical steel bars

2500
1700

(c) The cross section of precast specimens

600

600

A8@100
Confinement steels
6C12

200

A10@200
Horizontal steel bars

650 20

16C16/12C16
Vertical steel bars

600
2-2

2

(d) The steel arrangement of specimens

Figure 11: The specimen size and steel configuration (mm).

than that only considering the improvement while they
are higher than that only considering the reduction. This
phenomenon indicated that even though the precast joint
interface slip reduced the yield strength of connecting steel
bars, this reduction can be completely eliminated by utilizing sufficient confinement steels to improve the concrete
properties.
But in some cases, especially for those precast structures
in high seismic areas, a higher safety capacity will be required.
So, this paper suggests that, for the normal precast structures
in low or medium seismic area, the capacity calculation
approach considering both the reduction of interface slip and
the improvement of confinement steels can be applied in
the design of precast shear wall. While for both the normal
precast structures in high seismic areas, and the special
and high-rise structures in medium seismic areas, in order
to have a higher safety capacity, the capacity calculation
approach should only consider the reduction of interface
slip.

5. Conclusions
Gap opening displacement and joint interface slip in the
precast joint hardly can be avoided and will cause dramatic
influences on the connecting steels’ mechanical properties.
The increasing of gap opening displacement will reduce the
dowel action shear stress while the increasing of joint interface slip will increase in a certain range and then decline the
dowel action shear stress. But the gap opening displacement
influence is more dramatic than the joint interface slip. As
a result, the shear stress carried by the tension connecting
steel bars will be low enough to be ignored due to the
large gap opening displacement influence. Therefore, only
the compression steel bars’ yield strength should be reduced
considering the dowel action shear stress effect (Equation
(30)).
Based on the properties of precast joint, a simplified
precast joint section calculation model was proposed. Considering the influence of joint interface slip and excessive
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confinement steels, the eccentric compression or eccentric
tension strength calculating equations for cast-in-situ shear
wall were verified to suit for precast shear wall. The comparison between calculated results and experimental tested
results of example of shear walls indicated that this capacity
calculation approach is accurate and reasonable for precast
shear wall.
From the calculated results of precast shear wall, this
paper suggests that the calculation approach should consider
both the interface displacements reduction and the confinement steels improvement in the design of normal precast
structures in low or medium seismic area. While when design
both the normal precast structures in high seismic areas
and the special and high-rise precast structures in medium
seismic areas, in order to achieve a higher safety capacity,
this calculation approach should only consider the steel yield
strength reduction and the confinement steels improvement
should be ignored.

Nomenclature
𝐴: Sectional area of shear wall
𝐴 𝑠 : Sectional area of connecting steels in
precast joint compression region
𝐴 sh : Sectional area of a single horizontal steel
bar section
𝐴 𝑠𝑥 : Sectional area of rectangular confinement
steels in 𝑥 direction
𝐴 𝑠𝑦 : Sectional areas of rectangular confinement
steels in 𝑦 direction
𝐴 𝑤 : Sectional area of web portion for T and I
shape shear wall
𝐴𝑠 : Sectional area of the steel bars in
compression region
𝑏𝑐𝑥 : Loop width of rectangular confinement
steels in 𝑥 direction
𝑏𝑐𝑦 : Loop width of rectangular confinement
steels in 𝑦 direction
𝑑𝑠 : Diameter of steel bar
𝐸𝑐 : Secant modulus of concrete
𝐸𝑠 : Elastic modulus of steel bar
𝐸𝑡𝑖 : Initial tangent modulus at zero stress of
confined concrete
𝑒𝑎 : Appending of eccentricity distance
𝑓𝑐𝑘 : Uniaxial compressive strength of concrete
𝑓𝑡𝑘 : Tensile strength of concrete
𝑓𝑦𝑡 : Yield strength of confinement steel bar
𝑓𝑦𝑤 : Yield strength of uniform configured
vertical steel bars
𝑓𝑦 : Initial yield strength of steel bars

𝑓𝑦𝑐
: Reduced yield strength of steel bars
ℎ0 : Whole sectional height of shear wall
𝐼𝑠 : Sectional inertia moment of steel bar
𝑀: Total moment acting on shear wall
forward section
𝑀𝑓 : Design moment capacity of shear wall
forward section
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𝑀𝑠𝑤 : Moment capacity of uniform configured
vertical steel bars to the center of margin
tension steels
𝑁: Total axial force acting on precast shear
wall
𝑁𝑓 : Design axial force capacity of shear wall
forward section
𝑁𝑠𝑤 : Axial compression capacity of uniform
configured vertical steel bars
𝑃:
Axial tension load on steel bar
𝑠:
Vertical distance of confinement steel
loops
𝑠V : Vertical distance of horizontal steel bars
𝑉: Total lateral shear force acting on precast
shear wall
𝑉𝑓 : Design shear force capacity of shear wall
forward section
𝛿𝑏 : Normal direction slip of steel bar which
equals half the joint interface slip
𝛿V : Axial slip of spliced steel bar which equals
the gap opening displacement
𝜀𝑐 : Strain at the maximum stress of concrete
under uniaxial compression
𝜆:
Shear span ratio of calculated critical
section
𝜇𝑓 : Frictional ratio between concrete surfaces
𝜔:
Distance ratio of uniform steel bars
portion’s height to whole section’s height
ℎ0 .
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Copyright © 2015 Drago Saje. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
The results of a laboratory investigation on the early autogenous shrinkage of high strength concrete, and the possibilities of its
reduction, are presented. Such concrete demonstrates significant autogenous shrinkage, which should, however, be limited in the
early stages of its development in order to prevent the occurrence of cracks and/or drop in the load-carrying capacity of concrete
structures. The following possibilities for reducing autogenous shrinkage were investigated: the use of low-heat cement, a shrinkagereducing admixture, steel fibres, premoistened polypropylene fibres, and presoaked lightweight aggregate. In the case of the use
of presoaked natural lightweight aggregate, with a fraction from 2 to 4 mm, the early autogenous shrinkage of one-day-old high
strength concrete decreased by about 90%, with no change to the concrete’s compressive strength in comparison with that of the
reference concrete.

1. Introduction
During the process of hardening of concrete, which follows
the mixing stage, water from the fresh concrete mix, during
mixing, accumulates in the voids, pores, and capillaries of
the mixture. Water binds itself onto the grains of the binder
as well as moving into the surroundings, whose relative
humidity is usually less than that of the concrete. In order
to move this water from the tiny voids, as well as the layers
of water on the walls of the voids, considerable forces are
needed to overcome the surface tension in the menisci as
well as the forces of adhesion which bind the water onto
the surface of voids. These forces act on the load-bearing
structure of the concrete which has, at this time, a relatively
low stiffness, causing large deformations of the concrete
element, which leads to damage to the latter. In order to
prevent such damage, to the greatest extent possible, it is
necessary to limit these deformations, which are known as
autogenous deformations or autogenous shrinkage. Excessive
autogenous deformations, which cause damage to structures,
are undesirable, and attempts need to be made to reduce their
intensity by means of appropriate measures.
Low hydration cement, which contain a predominant
amount of belite, can be used, in which case the cement

hydration process is less intense than that which occurs in
the case of alite hydration. This is expressed by a lower level
of released energy and lower water consumption [1, 2].
Shrinkage-reducing admixtures (SRA) can also be used,
which, at the typically recommended addition rates, are,
in general, able to reduce the surface tension of the pore
solution by 50% or even more [3, 4]. They mainly contain
hexylene glycol, but they do not contain chlorides and do not
cause corrosion to the reinforcement. The tensile forces which
occur during the movement of water inside the concrete are
reduced due to the reduced surface tension of the water in the
capillaries.
In the case of concrete with low water-binder ratios, the
amount of water is relatively small, so that inside the finest
capillary pores it is soon used up, resulting in the occurrence
of large forces inside a relatively flexible structure. For this
reason, concrete frequently exhibits, already within the first
24 hours after mixing, very rapid shrinking [2]. With the aim
of reducing this high level of shrinkage, attempts can be made
to cure the concrete internally. The relatively large surface
tension forces inside the menisci of the fine capillaries, as well
as the large forces which occur due to the removal of surface
layers of water from inside the pores, have to be reduced,
although at the same time care must be taken, when adding
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water to the concrete, not to weaken its structure and thus
also the load-bearing capacity of the concrete element.
If the concrete has internal reservoirs of water, then
the water from the fine capillary pores can be used up
later, in concrete that already has higher stiffness. Such
reservoirs can be provided by means of presoaked lightweight
aggregate, premoistened polypropylene fibres, and superabsorbing polymers [5, 6].
The results of experimental investigations and their
numerical simulations performed by various researchers [7–
10] have shown that, by adding short strengthening fibres
to the concrete, it is possible to improve the mechanical
properties, as well as some other important properties, in
comparison with comparable plain concrete. Bayasi and
Zeng [7], who investigated the influence of dry polypropylene fibers on the compressive strength of fiber-reinforced
normal-strength concrete, found that concrete compressive
strength increased by 15% when reinforced with 1.27 cm long
dry polypropylene fibers with a volumetric content of 0.1%
and by 19% in the case of a volumetric content of 0.3%,
whereas at a volumetric content of 0.50% it decreased by
2.5% compared with concrete having no reinforcing fibers.
Through the addition of steel fibres, according to Paillere et
al. [8], an increase of approximately 15% in the compressive
strength of the composite can be obtained, whereas according
to Thomas and Ramaswamy [9] a 10% increase can be
obtained, compared with the compressive strength of a
comparable concrete without fibres. Swamy [10] has indicated
that, as well as causing an increase in compressive strength,
the contained steel fibres also give rise to an important
increase in the deformation capacity of the composite when
compared to that of the equivalent concrete without fibres.

2. Basic Principles of Early Concrete Shrinkage
Volumetric changes in the form of shrinkage or swelling
begin as the cement starts to bind in the concrete, depending
on the curing conditions. In the case when, during the
hydration process, continuous supply of water is available to
all the pores of the cement paste, concrete swelling occurs.
Otherwise, if no such water is available, the concrete begins
to shrink.
The shrinkage of concrete consists of chemical and
autogenous shrinkage, as well as shrinkage due to drying,
plastic shrinkage, shrinkage due to temperature changes,
and shrinkage due to carbonation. Autogenous shrinkage of
concrete is caused by self-desiccation in the pore system of the
hardened cement paste, when water is consumed during the
cement hydration process. Chemical shrinkage of the cement
paste consists of a reduction in the volume of the cement paste
which occurs due to the chemical binding of water which
occurs in the same process. During the chemical reaction
between the cement and the water, heat is released, which
causes an increase in the temperature of the concrete and thus
deformation of the latter due to this temperature change.
During the cement hydration process, water is consumed
for the formation of the hydration products. As this process
proceeds, the volume of the pores increases as a result of the
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Table 1: The mineral composition of the used types of cement
clinker (Bogue).
Cement

Blaine
[m2 /kg]

CEM II/A-S 42.5R 355
CEM I 52.5R
440
CEM I 42.5LH
367

Clinker minerals
C2 S
C3 A C4 AF
(belite)
9%
9%
64%
15%
9%
9%
64%
15%
1.5%
15%
34%
46%

C3 S
(alite)

Figure 1: The steel fibre IRI 50/30. Steel fibres were added to some
of the concrete mixtures.

chemical shrinkage of the cement paste. According to Boyle’s
law, an increased volume of closed pores is associated with
a reduction in the air pressure inside the pores [11]. This
reduction in pressure has an indirect effect on the relative
humidity in the pores. After thermodynamic equilibrium
has been established in the pores of the cement paste, free
capillary water evaporates first, followed by the water from
the adsorption surface layers of the walls of the pores.
The reduction in the thickness of these adsorption layers
causes the occurrence of tensile stresses and significant
corresponding deformations in these layers, which is difficult
for the structure, with its still low stiffness, to resist. In the
initial period of the hardening process, when the modulus of
elasticity of the cement paste is still relatively low, these tensile
stresses can also cause large external deformations, known
as autogenous shrinkage. The autogenous shrinkage of high
strength concrete usually makes up about half of the total
shrinkage, with more than one half of the final autogenous
shrinkage occurring during the first 24 hours after mixing of
the concrete [2, 12].

3. Materials
3.1. Cement. Three different types of cement were used to
make the experimental concrete mixes: rapid hardening
Portland slag cement CEM II/A-S 42.5R, rapid hardening
Portland cement CEM I 52.5R, and the Portland cement with
a low heat of hydration, CEM I 42.5LH, all of which are
produced at the same cement factory. The composition of the
clinker in this cement is shown in Table 1.
3.2. Aggregates. The test specimens of all the investigated
concrete were prepared from washed and crushed limestone
aggregate, with a maximum nominal grain size of 16 mm,
with the addition of fine silica sand. The silica sand, the
aggregate fraction 0–2 mm, the aggregate fraction 2–4 mm,
the aggregate fraction 4–8 mm, and the aggregate fraction 8–
16 mm represent 15%, 18%, 27%, 15%, and 25% of the total
volume of the aggregate used, respectively. The densities of
limestone aggregate and silica sand amounted to 2700 kg/m3
and 2710 kg/m3 , respectively. The compressive strength and
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Table 2: Properties of the used steel fibres.
Steel fibres
IRI 50/30

Fibre length
[mm]
30

Equivalent fibre diameter
[mm]
0.5

Fibre tensile strength
[MPa]
900

Fibre class
(ASTM A 820)
Type 1

Table 3: Properties of the used polypropylene fibres.
Density
(g/cm3 )
0.91

Length
(mm)
12

(a) Moistening of fibres

Cross section
(𝜇m)
35 × (250–600)

Tensile strength
(MPa)
340–500

(b) Microimage of a fibre

Modulus of elasticity
(MPa)
8500–12500

(c) A furrowed fibre surface

Figure 2: The polypropylene fibres which were added to some other concrete mixes.

modulus of elasticity of the stone aggregate amounted to
178 MPa and 243 GPa, respectively.
3.3. Steel Fibres. The properties of the steel fibres which were
added to some of the concrete mixes are given in Figure 1 and
Table 2. The influence of steel fibres on the shrinkage of steel
fibre reinforced concrete, with a water-to-binder ratio of 0.36,
was investigated at a fibre volume content of 0.75%.
3.4. Polypropylene Fibres. Some of the other concrete mixes
were reinforced by previously moistened polypropylene
fibres, as shown in Figure 2. The properties of these fibres are
presented in Table 3.
3.5. Lightweight Aggregate. An internal reservoir of water,
contributing 12% of the total volume of the aggregate, that
is, presoaked natural lightweight aggregate “Lehnjak,” with
fractions from 0 to 2 mm or 2 to 4 mm, was used. The porosity
of this aggregate, which is of sedimentary origin, was between
10% and 15%. Its bulk density amounted to 1440 kg/m3 .
3.6. Chemical Admixtures. In order to ensure adequate workability F2 [13] at a relatively low water-to-binder ratio, a
naphthalene or polycarboxylate type of superplasticizer was
used. The naphthalene based superplasticizer was in a dry
state with a density of 2.2 kg/dm3 and the polycarboxylate
based superplasticizer was in a liquid state with its density of
1.05 kg/dm3 .

In order to reduce the early autogenous shrinkage of
the tested specimens, the shrinkage-reducing admixture in
a liquid state, which contains hexylene glycol, was used. Its
density amounted to 0.92 kg/dm3 .

4. Testing Procedures
The test specimens were made from six different mixtures
of high strength concrete, designated M1 to M6, and three
mixtures of a comparable concrete, designated C1 to C3.
The total content of the binder in each of the mixtures
was 400 kg/m3 of the composite, 90% of which was cement
(360 kg/m3 ) and 10% was silica fume (40 kg/m3 ). Mixture M1
contained the low-heat cement, mixture M2 the shrinkagereducing admixture, mixture M3 the steel fibres, mixture M4
the previously moistened polypropylene fibres (immersed for
24 hours in water), mixture M5 the presoaked lightweight
aggregate fraction 0–2 mm (immersed for 24 hours in water),
and mixture M6 the presoaked lightweight aggregate fraction
2–4 mm (immersed for 24 hours in water) and cement CEM
I 52.5R. The compositions and properties of the fresh and
hardened concrete are given in Table 4.
4.1. Preparation of the Specimens. Measurements of early
autogenous concrete shrinkage were performed on three
sealed prisms from each mix, each prism being of size
10 × 10 × 40 cm, whereas the compression strength of
the investigated concrete was determined on test cubes
with edges of 15 cm (at least three cubes for each mix).
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Table 4: Mix proportions of the composites.
C1

M1

C2

M2

M3

M4

M5

C3

M6

1130

1138

1138

1137

1126

1126

911

1138

911

752

758

758

757

750

750

758

758

758

—

—

—

—

—

—

121

—

—

—

—

—

—

—

—

—

—

121

Type of cement

RII

LH

RII

RII

RII

RII

RII

RI

RI

Steel fibres (% by volume)
Polypropylene fibres
(% by volume)
Shrinkage-reducing admixture
(% by weight of the binder)

—

—

—

—

0.75

—

—

—

—

—

—

—

—

—

0.75

—

—

—

—

—

—

5.00

—

—

—

—

—

0.40

0.40

0.36

0.36

0.36

0.36

0.36

0.36

0.36

—

—

2.05

2.05

2.05

2.05

2.05

2.05

2.05

3.70

3.70

—

—

—

—

—

—

—

Mixture
Fine aggregate 0–4 mm
(kg/m3 )
Coarse aggregate 4–16 mm
(kg/m3 )
Lightweight aggregate 0–2 mm
(kg/m3 )
Lightweight aggregate 2–4 mm
(kg/m3 )

Water-to-binder ratio
Naphthalene based superplasticizer
(% by weight of the binder)
Polycarboxylate based superplasticizer
(% by weight of the binder)

Key: CEM I 52.5R (RI), CEM II/A-S 42.5R (RII), CEM I 42.5LH (LH).

Polystyrene foam
Thermocouple

Sealed concrete specimen

10 mm
10 mm
Polytetrafluorethylene
Displacement
transducer

Steel mould
Measuring base 380 mm

Measuring pin

400 mm

Figure 3: Schematic representation of the method of measurement
of test specimen shrinkage.

The autogenous shrinkage measurements were performed in
a climatic chamber at a constant temperature of 22 ± 3∘ C and
at a relative humidity of 70 ± 5%.
4.2. Autogenous Shrinkage Tests. Computer-controlled measurements of the early autogenous shrinkage of the sealed test
specimens were performed, from the beginning of concrete
hardening onwards, in accordance with the provisions of
the corresponding Japanese standard [14, 15], by means
of an electronic displacement transducer with a precision
of 10−3 mm (Figure 4). A polytetrafluorethylene sheet was
inserted between the test specimen and the base in order to
reduce the friction between the two surfaces (Figure 3).
The moulds for the preparation of the test specimens for
the measurement of autogenous shrinkage, over the first 24
hours, were adapted so that holes were bored through their
front steel plates for the insertion of shrinkage measurement

Figure 4: Measurement of the autogenous shrinkage of a test
specimen.

pins. The latter were inserted in such a manner that the
length of the measuring base was 380 mm. The temperature
in the middle of the specimen was measured by means of a
thermocouple.
The development over time of the autogenous shrinkage
of a test specimen (𝜀𝑐𝑎 ) is determined by the sum of the
development over time of the measured deformations (𝜀𝑐 =
Δ𝐿/𝐿) and the temperature expansion (𝜀(Δ𝑇) = 𝛼𝑇 ⋅ Δ𝑇) of
the specimens due to variations, over time, in temperature.
The temperature of the test specimens varied significantly
during the first 24 or 48 hours, that is, during the period of
rapid setting of the cement, but was later in equilibrium with
the ambient temperature of the environment. The variations
in the length of the test specimen over time, due to the
varying temperature during the period of rapid setting of
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Table 5: Comparison of the autogenous shrinkage of 24- and 48-hour-old concrete which differed according to the type of cement, and their
associated 28-day compressive strengths.
Concrete mix
C1
M1

Additional measure
/
Use of low-heat cement

𝜀𝑐𝑎, 24 hours
[‰]
−0.216
Below detection level

𝜀𝑐𝑎, 48 hours
[‰]
−0.205
−0.027

𝑓𝑐𝑚, 28 days
[MPa]
80.6
74.0

Table 6: Comparison of the autogenous shrinkage of 24- and 48-hour-old concrete, without and with a shrinkage-reducing admixture, and
their associated 28-day compressive strengths.
Concrete mix
C2
M2

Additional measure
/
Use of a shrinkage-reducing admixture

the cement, were determined analytically, taking into account
the temperature expansion coefficient of the concrete and
the measured variations, over time, of the temperature. A
value of 𝛼𝑇,𝑓 = 1.48 ⋅ 10−5 , which had been determined by
separate measurements [2], was assumed as the temperature
expansion coefficient of the fresh concrete, and a value of
𝛼𝑇,ℎ = 1.0 ⋅ 10−5 , was assumed as the temperature expansion
coefficient of the hardened concrete [15]. The concrete was
considered fresh until the temperature of the specimen began
to rise (𝛼𝑇 = 𝛼𝑇,𝑓 ), which roughly corresponded to the
start of the rapid hardening of the concrete. After rapid
hardening had been completed, that is, from around the
24th hour onwards, the concrete was regarded as hardened
(𝛼𝑇 = 𝛼𝑇,ℎ ). During the intermediate period of time, when the
temperature of the test specimens changed more rapidly, the
temperature expansion coefficient was determined by linear
interpolation between the values for fresh concrete (𝛼𝑇,𝑓 ) and
hardened concrete (𝛼𝑇,ℎ ).

5. Test Results and Discussion
In Tables 5 to 8, values of the autogenous shrinkage of the
high strength concrete measured at the age of 24 hours and
48 hours, 𝜀𝑐𝑎, 24 hours and 𝜀𝑐𝑎, 48 hours , and of the compressive
strength of the concrete at the age of 28 days, 𝑓𝑐𝑚, 28 days , are
compared.
After 24 hours, the contraction of concrete M1, which
contained the low-heat cement, could not be detected by
the used measuring technique. After 48 hours, this concrete
developed approximately one-eighth (13%) of the shrinkage
measured on the comparable concrete C1 (Table 5). The autogenous shrinkage of the comparable concrete C1 was, after
48 hours, even slightly less than that measured after 24 hours
due to thermodynamic effects. This physical phenomenon is
the result of the thermodynamic equilibrium in the pores
of the hardened cement paste. As the temperature in the
concrete begins to fall, the concrete shrinks because of its
linear coefficient of thermal expansion, resulting in a decrease
in the volume of the closed pores within the hardened cement
paste. Due to the reduction in the volume of the closed pores,
the relative humidity inside them increases according to the

𝜀𝑐𝑎, 24 hours
[‰]
−0.203
−0.050

𝜀𝑐𝑎, 48 hours
[‰]
−0.235
−0.030

𝑓𝑐𝑚, 28 days
[MPa]
81.4
77.9

laws of thermodynamics. Thus, if there is a reduction in the
tensile forces acting on the pore walls, then there is a decrease
in the autogenous shrinkage of the concrete. Because of the
drop in the air temperature inside the closed pores at thermal
equilibrium, the relative air humidity rises, which results in a
further decrease in the autogenous shrinkage of the concrete.
The measured 28-day compressive strength of concrete
M1, which contained the low-heat cement, represented 92%
of the 28-day compressive strength of the comparable concrete C1.
The autogenous shrinkage of the concrete containing lowheat, mainly belite cement, CEM I 42.5LH, was less than that
of the concrete containing rapid hardening, predominantly
alite cement, CEM II 42.5R, due to the fact that less water
is consumed in the hydration of belite [1, 2]. Reduced water
consumption means less self-desiccation in the cement paste
pores, and smaller forces acting on the pore walls, resulting
in lower autogenous shrinkage of the concrete.
In the case of the concrete M2, which contained the
shrinkage-reducing admixture, about quarter (25%) of the
shrinkage developed over a period of 24 hours compared to
that which was measured on the comparable concrete C2
(Table 6). The 28-day compressive strength of the concrete
containing the shrinkage-reducing admixture amounted to
96% of the 28-day compressive strength of the comparable
concrete C2.
The shrinkage-reducing admixture reduces the surface
tension of the pore solution. According to the Kelvin-Laplace
equation 𝜎cap = 2𝛾 cos 𝜃/𝑟, where 𝜎cap is the capillary stress,
𝛾 is the surface tension of the pore solution, and 𝜃 is the
wetting/contact angle between the pore solution and solids, it
follows that, in the case of a reduction in surface tension, the
capillary stresses decrease, so that the autogenous shrinkage
decreases, too.
In the case of the concrete M3, which contained steel
fibres, about four-fifths (81%) of the shrinkage developed over
a period of 24 hours compared to that which was measured on
the comparable concrete C2 (Table 7). The 28-day compressive strength of this steel-fibre reinforced concrete amounted
to 113% of the 28-day compressive strength of the comparable
concrete C2.
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Table 7: Comparison of the autogenous shrinkage of 24- and 48-hour-old non-reinforced and fibre-reinforced concretes, and their associated
28-day compressive strengths.
Concrete mix
C2
M3
M4

𝜀𝑐𝑎, 24 hours
[‰]
−0.203
−0.165
−0.064

Additional measure
/
Added steel fibres
Added premoistened polypropylene fibres

𝜀𝑐𝑎, 48 hours
[‰]
−0.235
−0.192
−0.117

𝑓𝑐𝑚, 28 days
[MPa]
81.4
92.1
78.1

Table 8: Comparison of the autogenous shrinkage of 24- and 48-hour-old concretes, containing natural crushed stone aggregate or with
added presoaked lightweight aggregate, and their associated 28-day compressive strengths.
Concrete mix
C2
M5
C3
M6

Additional measure
/
Added presoaked lightweight aggregate, fraction 0–2 mm
/
Added presoaked lightweight aggregate, fraction 2–4 mm

In the case of young composites, the stiffness and loadbearing capacity of the steel fibres are relatively high in
comparison with those of the, as yet not hardened, cement
paste. For this reason, they affect the general properties of
the young steel-fibre reinforced concrete. The fibre forces are
transferred from the fibres into the concrete through the bond
along the stress transfer lengths and through the snubbing
zones at the cracks and additionally through the end-hooks
by the steel fibres [16]. This is the reason for the reduction in
autogenous shrinkage which occurs in the case of concrete
that is reinforced with steel fibres.
In the case of the concrete M4, which contained previously moistened polypropylene fibres, about one-third (32%)
of the shrinkage developed over a period of 24 hours
compared to that which was measured on the comparable
concrete C2 (Table 7). The 28-day compressive strength of the
concrete which was reinforced with saturated polypropylene
fibres amounted to 96% of the 28-day compressive strength
of the comparable concrete C2.
The polypropylene fibres, which had been previously
immersed in water for 24 hours, act in concrete as internal
reservoirs of water. Taking into account the fact that the
wetting angle of the propylene fibres is less than 90∘ [17], it can
be assumed that these fibres are not absolutely hydrophobic.
Apart from this, 3-dimensional pores are formed between
individual fibres within bunches of fibres [5]. Due to the
capillary osmotic pressure, these 3-dimensional pores or
channels between the fibres pick up the water due to soaking,
which causes significant attractive forces between the soaked
fibres, even in the case when the wetting angle is considerably
greater than 0∘ but less than 90∘ [18]. The attractive forces
between the fibres retain water during the mixing of the
concrete, but the cement hydration process starts to consume
this water as soon as the free water available for mixing is
consumed. If the hydrating binder continues to be supplied
with water, then the development of larger autogenous
shrinkage can be prevented.
In the case of the concrete M5, which contained natural
crushed stone aggregate to which a presoaked lightweight

𝜀𝑐𝑎, 24 hours
[‰]
−0.203
−0.186
−0.293
−0.028

𝜀𝑐𝑎, 48 hours
[‰]
−0.235
−0.185
−0.303
−0.053

𝑓𝑐𝑚, 28 days
[MPa]
81.4
89.1
83.0
84.4

aggregate of fraction 0–2 mm had been added, about tenelevenths (92%) of the shrinkage developed over a period
of 24 hours compared to that which was measured on
the comparable concrete C2, which contained only natural
crushed stone aggregate (Table 8). The 28-day compressive
strength of the concrete M5 amounted to 109% of the 28-day
compressive strength of the comparable concrete C2.
In the case of the concrete M6, which contained natural
crushed stone aggregate to which a presoaked lightweight
aggregate of fraction 2–4 mm had been added, about onetenth (10%) of the shrinkage developed over a period of 24
hours compared to that which was measured on the comparable concrete C3, which contained only natural crushed stone
aggregate (Table 8). The 28-day compressive strength of the
concrete M6 amounted to 102% of the 28-day compressive
strength of the comparable concrete C3.
The increased porosity of the lightweight aggregate of
fraction 2–4 mm made the capturing of larger amounts of
water than the lightweight aggregate of fraction 0–2 mm
possible. The finer lightweight aggregate contained fewer
appropriate capillaries and more dust particles.
In the case of concrete containing presoaked lightweight
aggregate, the formation of a better-quality transition zone
between the grains of the aggregate and the hardened cement
paste apparently makes it possible for this type of concrete to
be able to transfer compressive stresses which even slightly
exceed the load-carrying capacity of comparable concrete.
It is remarkable that the comparable concrete contains the
same proportion of aggregate as the investigated concrete and
that its aggregate consists of just natural crushed stone whose
strength exceeds that of the lightweight aggregate.

6. Practical Relevance and Potential
Applications
The antishrinkage measures which are mentioned in the
paper can be applied in the design and construction of
high strength concrete structures in cases where reduced
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shrinkage is a requirement. The degree of cracking of concrete
elements is less if the shrinkage coefficient of the concrete is
relatively low, so that, via reduced permeability, the durability
of structures such as industrial floors, as well as dams and
other structures located in marine environments, can be
ensured. In the case of prestressed concrete structures such
as bridges, since there is less shrinkage of the concrete, the
losses which can occur in the prestressing forces acting in the
cables are also reduced.

7. Conclusions
The conclusions resulting from the experimental research
analysed in this paper can be summarized as follows:
(i) In the case of high strength concrete, the development of autogenous shrinkage can be limited by
various measures. During the cement hydration process in concrete which is made from predominantly
belite cement, less water is consumed. The use of
a shrinkage-reducing admixture reduces the surface
tension of the water in the capillary pore system,
whereas the addition of steel fibres increases the
stiffness of the concrete matrix. The use of previously
moistened fibrillated polypropylene fibres or presoaked lightweight aggregate can provide reservoirs
of water during the cement hydration process.
(ii) The early autogenous shrinkage of the 48-hoursold investigated high strength concrete which was
internally cured by means of presoaked lightweight
aggregate was 21 to 83% less than that of the comparable concrete made with ordinary aggregate, and their
compressive strengths were between 2 and 9% higher
than that of the latter.
(iii) Inside the concrete, presoaked fibrillated polypropylene fibres occur in bundles, in which there is a
pore system which retains water. The autogenous
shrinkage of two-day-old concrete which contained
0.75% of previously moistened polypropylene fibres
was 50% less than that of the comparable concrete
without fibres.
(iv) Chemical admixtures for the reduction of shrinkage
in concrete, which contain hexylene glycol, reduce the
surface tension of the water in the pore system of the
cement paste. At an age of two days, the autogenous
shrinkage of the investigated concrete containing
such a shrinkage-reducing admixture was 87% less
than that of the comparable concrete without the
shrinkage-reducing admixture, and their compressive
strength at 28 days was 4% less than that of the
comparable concrete.
(v) Hooked steel fibres, due to their stiffness and good
bonding properties, strengthen the concrete and have
a favourable impact on autogenous shrinkage and
compressive strength. In the case of the investigated
concrete, which contained 0.75% steel fibres with a
length of 30 mm, the early autogenous shrinkage at an
age of two days was 18% less, and their compressive
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strength was 13% greater than that of the comparable
concrete without fibres.
(vi) The use of low-heat cement in concrete slows down
the process of hydration. The autogenous shrinkage of the investigated concrete, which contained
low-heat, mainly belite cement, was, after one day,
below the detection limit, whereas after two days
it was 87% less than that of the comparable concrete, which contained ordinary predominantly alite
cement. The compressive strength of the 28-day-old
concrete made with predominantly belite cement was
8% less than that of comparable concrete made with
predominantly alite cement.
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The corrugated webbed prestressed (CWPS) composite member was developed to improve the efficiency of the prestress introduced
into the steel beam, and experimental studies were performed to examine its structural behavior. Additionally, a unified analysis
model that can estimate the nonlinear flexural behavior of the composite member and the accordion effect of the corrugated webbed
steel beams at the prestressing stage was proposed. As a consecutive experimental series, in this study, the discontinuous-webbed
prestressed (DWPS) composite member was developed, and this innovative composite member can reduce the amount of steel
materials used, compared with the former CWPS composite member. Flexural tests were carried out to investigate their structural
performances, and their behaviors were analyzed in detail by a nonlinear finite element analysis.

1. Introduction
Many studies have been actively conducted to use steel
materials more effectively, and particularly studies on innovatively designed steel members have been conducted by
some research groups, as shown in Figure 1. For example,
the research group of the ATLSS Research Center at Lehigh
University proposed various types of innovative steel and
composite members [1–3], and some of them were actually
applied to bridge and building construction. As the steel
structure can be vulnerable to vibration, buckling, and fire,
steel-concrete composite systems are often used to overcome
such disadvantages [4, 5]. Among composite members, prestressed composite members can provide active control of
strength, ductility, and serviceability, and consequently, their
applications have recently grown on many construction sites
[6–8]. The introduction efficiency of prestress in a typical steel
beam is, however, very low due to its high axial stiffness, and
the large out-of-plane deformation along the weak axis of
the steel section during prestressing is another concern. In
authors’ previous studies [9, 10], as shown in Figure 2(a), the
corrugated webbed prestressed (CWPS) composite member

was introduced to overcome these disadvantages, which
improves the introduction efficiency of prestress using the
accordion effect. A mechanical analysis model was also
developed to estimate the accordion effect at the prestressing
stage and the flexural behavior of the CWPS member [9].
The fabrication of such a corrugated web, however, is
somewhat costly, leading us to modify it one step further.
In this study, therefore, the corrugated webs were replaced
with discontinuous steel plates, as shown in Figure 2(b),
which can also fully use the accordion effect. Flexural tests
were conducted on the discontinuous-webbed prestressed
(DWPS) composite members, and their flexural behaviors
were evaluated in detail by nonlinear finite element analysis
(NLFEA).

2. Experimental Program
2.1. Test Specimens. The dimensional details of the test
specimens before and after composite action are shown in
Figure 3, which are identical to the specimens in the authors’
previous study [11, 12] except for the shape of steel webs.
The section heights of the test specimens before and after
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Figure 2: Various types of steel beams with innovative steel plate webs.

composite were 373 mm and 470 mm, respectively. The steel
beam has an asymmetric section, and the width of the top and
bottom flanges was 200 mm and 300 mm, respectively. The
discontinuous steel web plates were welded on the bottom
flange first and, then, subsequently welded on the top flange.
The width and thickness of the concrete slab of the composite
section were 1100 mm and 140 mm, respectively. In total, two
specimens were tested in this study, and both test specimens
had the same dimensional and material properties except for
the web openings, as illustrated in Figures 3(b) and 3(c). The
test program was divided into two stages: the stage of prestress
introduction into the naked steel beam with discontinuous

webs before the composite action and the stage of flexural
tests on the simply supported DWPS composite beam specimens. As shown in Figure 3(c), there was no web opening
in specimen FP1, while three openings were intentionally
introduced in the FP2 specimen. The openings were located
at the center and 𝐿/4 (1430 mm) away from both end supports
of specimen FP2, and their dimensions were 150 mm and
100 mm in height, respectively, and 150 mm in width.
2.2. Material Properties and Test Procedures. The concrete
used for the test specimens was type 1 Portland cement, and
crushed granite stones with a maximum size of 25 mm were
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Figure 3: Details of test specimens and measurements.

used as the coarse aggregate. The concrete mix was designed
to achieve 30 MPa in compressive strength with a water-tocement (W/C) ratio of 44.2%, and the details of the concrete
mix proportions are summarized in Table 1. The flanges of
the steel beam were all 12 mm thick, and the discontinuous
webs were 12 mm thick for the one-plate section parts and
6 mm thick for the two-plate parts (Figure 3), respectively,

for which SS400 steel was used. Seven-wire low-relaxation
tendons of 12.6 mm in diameter were used for all specimens,
and their ultimate tensile strength (𝑓𝑝𝑢 ) was 1860 MPa. The
material tests on the prestressing tendons were carried out
in accordance with the ASTM Standard A370. The material
test results of the prestressing steels including the concrete
and the steel plates are summarized in Table 2. The average
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Table 1: Concrete mix proportion.

Design strength (MPa)
30

Gmax (mm)

W/C (%)

S/A (%)

25

44.2

46.9

Unit volume weight (kg/m3 )
C
S
G
373
837
966

W
165

AD2
1.87

Table 2: Material properties.
Steel plate (SS400)
Specimen
𝑓𝑦 (MPa)
FP1
FP2

6 mm
𝐸st (MPa)
2.0 × 105

268

𝑓𝑦 (MPa)

Concrete
12 mm
𝐸st (MPa)
2.0 × 105

273

1000 kN actuator

LVDT

1370

2172

553

Tendon

𝑓𝑐 (MPa)

𝐸𝑐 (MPa)

𝑓𝑝𝑢 (MPa)

𝐴 ps (mm2 )

34

26,994

1,860

98.2

considering the nonlinearity of the materials is explained in
detail together with the modeling strategies of the prestress
transfer mechanism and the composition of concrete with
the deformed steel beam due to prestress. Also, the structural
behaviors of the DWPS composite beams were analyzed, and
the analysis results were compared with the test results.

5714

Support

Figure 4: Test setup.

compressive strength of the concrete (𝑓𝑐 ) was 34.4 MPa, and
the strain at the compressive strength of concrete (𝜀𝑐 ) was
about 0.0025. The yield strengths of 6 mm and 12 mm steel
plates were 268 MPa and 273 MPa, respectively. As shown in
Figure 4, the DWPS composite beam specimens were tested
under two-point loading condition with a displacement
loading rate of 0.005 mm/s. The test specimens were simply
supported with a net span length of 5720 mm, and the
distance from the end supports to the loading points was
2860 mm.
2.3. Measurements. As illustrated in Figures 3 and 4, four
LVDTs were installed at the soffit of the test specimens
to measure the vertical deflections, and each LVDT was
also installed on both ends in the longitudinal direction to
measure the slippage between the concrete slab and the steel
beam. As shown in Figures 3(b) and 3(c), the strain gauges
were installed at the center, the loading point, and the midpoint between the support and the loading point of the test
specimens to measure the longitudinal strain distribution
along the member height, and additional strain gauges were
also installed on the prestressing tendons.

3. Nonlinear Finite Element Analysis
For the detailed evaluation of global and local behavior
of the test specimens, nonlinear finite element analyses
(NLFEA) were carried out using ABAQUS, commercially
available software, and the computational procedures are
summarized in Figure 5. In this section, the analysis method

3.1. Modeling and Material Properties. As shown in Figure 6,
a quarter of the test specimen was modeled because of its
symmetric geometry. The steel beam, the prestressing tendon,
and the concrete were modeled using 3D solid elements.
The mesh size-sensitivity checks were conducted, from which
the proper mesh size has been determined as 50 mm, corresponding to 1476 elements. Other detailed information on
the mesh size-sensitivity analysis of finite element modeling
can be found elsewhere [10]. Because the geometry of the
DWPS composite beam is quite complex, the eight-node
C3D8R element was selected among the hexahedron (brick)
3D solid elements to improve the convergence of the iterative
calculations and the accuracy of the nonlinear analysis [13].
It is noted that the initial stress or deformation in tendons
due to prestress could not be modeled by using the wire
elements in the ABAQUS platform because of the geometric
characteristics of draped tendon layout and the construction
sequences. Thus, the solid elements were inevitably adopted
in this study especially for the finite element modeling of the
prestressing tendons. For the reinforcing bars, a two-node
T3D2 3D truss element was adopted to simplify the modeling
and reduce the analysis time [14]. The elastoperfectly plastic
behavior was assumed for the constitutive relationships of the
reinforcing bars and the steel plates, as follows:
𝑓𝑠 = 𝐸𝑠 𝜀𝑠 ≤ 𝑓𝑦 ,
𝐹𝑠 = 𝐸st 𝜀st ≤ 𝐹𝑦 ,

(1)

where 𝑓𝑠 , 𝜀𝑠 , 𝐸𝑠 , and 𝑓𝑦 are the stress, the strain, the modulus
of elasticity, and the yield strength of the reinforcing bars,
respectively, and 𝐹𝑠 , 𝜀st , 𝐸st , and 𝐹𝑦 are the stress, the strain,
the modulus of elasticity, and the yield strength of the steel
plates, respectively. The modified Ramberg-Osgood model
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Figure 5: Summary of computational procedures.

was used as a constitutive model of the prestressing tendon
[15], which can be expressed, as follows:
{
}
0.975
𝑓ps = 𝐸ps 𝜀ps {0.03 +
≤ 𝑓𝑝𝑢 ,
0.1 }
[1
+
(118𝜀
)
10]
ps
{
}

concrete in compression and tension, respectively, as follows
[18]:
2

(2)

where 𝑓ps , 𝜀ps , 𝐸ps , and 𝑓𝑝𝑢 are the stress, the strain, the
modulus of elasticity, and the tensile strength of the prestressing tendons, respectively. The concrete damaged plasticity
(CDP) model, adopting the Drucker-Prager criterion, was
used to properly consider the confining effect, the material
nonlinearity of the concrete under compressive stress, and
biaxial tension-softening behavior of the concrete. The constant values of the dilation angle (𝜓), the eccentricity (𝑒), and
viscosity parameter (𝜇) were assumed to be 52.9∘ , 0.1, and 0,
respectively. Additionally, the ratio of the initial equibiaxial
compressive yield stress to initial uniaxial compressive yield
stress (𝑓𝑏0 /𝑓𝑐0 ) was applied as 1.16, based on Kupfer’s test
results [16] and Arab et al.’s study [17]. To determine the
damage properties and the inelastic strains on the concrete
in compression and tension, Vecchio and Collins’s model
was adopted as the uniaxial stress-strain relationship of the

𝜀
𝜀
𝑓𝑐 = 𝑓𝑐 [2 ( 𝑐 ) − ( 𝑐 ) ] ,
𝜀𝑐
𝜀𝑐
𝑓cr
𝑓𝑐1 =
,
1 + √200𝜀1

(3)

where 𝑓𝑐 and 𝜀𝑐 are the compressive stress and strain of concrete, respectively, and 𝑓𝑐 and 𝜀𝑐 are the compressive strength
and the corresponding strain of concrete, respectively. 𝑓𝑐1 and
𝜀𝑐1 are the tensile stress and strain of concrete, respectively,
and 𝑓cr is the biaxial cracking strength, taken to be 0.33√𝑓𝑐 .
The stress-strain curves of materials are shown in Figure 7.
3.2. Prestressing Stage before the Composite Action. The
DWPS composite members tested in this study were fabricated through three steps: (1) introduction of prestress into
the naked steel beam, (2) formwork on sides of the steel
beam, and (3) placement of the concrete on the initially
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deformed steel beam due to the prestress. Thus, the construction sequences need to be properly considered in modeling
for an accurate evaluation of the structural behaviors of
the DWPS composite beams. For the FE modeling of the
prestress transfer mechanism, the interaction between the
prestressing tendons and the steel beam should be taken
into account properly as well. As illustrated in Figure 6, the
nodes at the end of the prestressing tendons were constrained
on the anchorage plate by the node-to-surface condition.
The draped prestressing tendons were also constrained on

the steel saddle idealized by a spring element with infinite
stiffness. The prestresses and deformations induced in the
steel beam before the composite action were reflected on
the DWPS composite beams using the initial condition. The
initial condition option enables the user to give initial values
of stresses or strains to the specific element group in the
ABAQUS platform. By giving a certain magnitude of stress
to the prestressing tendons as an initial condition, then the
prestresses are automatically introduced into the steel beam
in the following loading stage. In Figure 6, the first line in
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3.3. Behavior after Composite Action. To properly reflect the
initial stresses and deformations induced in the steel beam
due to the prestress in the nonlinear finite element analysis
of the DWPS beam member after composite action, the
predefined field approach based on orphan mesh [14] was
used. The analysis result file with odb extension provided
by ABAQUS software, which was obtained from the analysis
of the prestress introduction to the naked steel beam with
discontinuous webs explained in the previous section, was
imported as the orphan mesh. Then, the imported stress and
strains were used as the predefined initial conditions of the
steel beam and the prestressing tendons in the subsequent
analysis of the DWPS beam after composite action. This
orphan mesh approach, using the predefined field, allowed
us to combine the steel beam or prestressing tendons with
the concrete without any stress or deformation in concrete,
as illustrated in Figure 8. Because the steel beam has axial
deformation and an initial upward camber due to the prestressing force (𝑃𝑒 = 𝑓pe 𝐴 ps ) and the eccentric moment
(𝑃𝑒 𝑒) before composite action, some parts of the deformed
steel beam may overlap with surrounding concrete, or the
inevitable gaps at contact surfaces between the concrete and
the steel beam would be formed. To prevent such problems,
the interaction condition of the contact surfaces between the
steel beam and the surrounding concrete was imposed using
the concept of a master-slave algorithm [12]. Also, the gaps
between the steel beam and the surrounding concrete were

373
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93
Compression tension
−500

−400

−300

Test_FP1
Test_FP2

−200 −100
Strain (𝜇)

0

100

Beam height (mm)

the input script represents the command to assign the initial
condition type, and in this study, the stress type was selected.
“Tendon,,,1500” in the second command line means the name
of the set to be considered, the directions of the initial
condition (𝑥, 𝑦, and 𝑧), and the corresponding magnitudes,
respectively. Considering the prestress loss due to the elastic
shortening of the steel beam, 1500 MPa of the initial stress
was applied to secure the level of the effective prestress (𝑓pe )
to be 70% of the tensile strength of tendons (0.7𝑓𝑝𝑢 ). The
magnitude of the effective prestress estimated by the finite
element analysis was about 1300 MPa, quite similar to the
measured value of 1264 MPa.

0
200

Analysis_FP1
Analysis_FP2

Figure 9: Strain distribution along the member heights.

resolved by controlling the tolerance with the adjustment
zone option, and the level of the allowable tolerance was set
to be capable of accommodating the maximum value of the
initial axial deformation and the vertical camber obtained
from the analysis results at the prestressing stage.

4. Comparison of Test and Simulation Results
4.1. Prestressing Stage of Steel Beam with Discontinuous Webs
before the Composite Action. As mentioned, the magnitude
of the effective prestress in the prestressing tendons was
initially intended to be 0.7𝑓𝑝𝑢 , and that measured from the
load cell was 0.68𝑓𝑝𝑢 due to the prestress loss caused by the
anchorage seating and the elastic shortening. The effective
prestressing force (𝑃𝑒 ) corresponding to the effective prestress
was 122.1 kN. In Figure 9, the strain distributions induced
by the prestress along the member heights measured at the
center section of the naked steel beam before composite
action and those estimated by FEA are compared. It was
confirmed that, due to the accordion effect, strains hardly
developed in the steel web plate, and the large strains were
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measured at the top and bottom flanges, which were the
main flexural resistance elements. However, small tensile
strains were measured in the web plate, although it was
subjected to the compressive force by the prestressing tendons, which seems to be due to the stress disturbance near
the mid-height of web plates. Similar behaviors were also
obtained from FEA results. When the compressive force is
introduced by the prestressing tendons, the compressive force
cannot be transferred continuously because the web plates
are distributed discontinuously, and the forces can only be
transmitted through the top and bottom flanges. Because of
this unique behavioral characteristic, the compressive stresses
introduced into the top and bottom flanges increase.
As explained in our previous report [11], the axial stiffness
and flexural stiffness of the steel beam with corrugated webs
are reduced by the accordion effect, and therefore, the stresses
introduced to the top and bottom steel flanges become larger
than those of the conventional wide flange steel beam. To
reflect the reduction in the axial and flexural stiffness by
the accordion effect, the concepts of the effective moment of
inertia (𝐼eff = 𝜂𝑓 𝐼𝑔 ) and the effective area (𝐴 eff = 𝐴 flange +
𝜂𝑎 𝐴 web ) were introduced, and the coefficients of the effective
moment of inertia (𝜂𝑓 ) and the effective web area (𝜂𝑎 ) were
proposed, respectively, as follows:
0.56
𝑑 0.19 𝑎 0.19 𝑏𝑓
𝜂𝑎 = 0.30 [( ) ( ) ( ) ] ,
𝑡𝑤
ℎ𝑤
ℎ𝑤
0.15
𝑑 𝑎 𝑏𝑓
) ,
𝜂𝑓 = 0.70 (
𝑡𝑤 ℎ𝑤 ℎ𝑤

(4)

where 𝑑, 𝑡𝑤 , 𝑎, ℎ𝑤 , and 𝑏𝑓 are the wave height, the web
thickness, the panel width, the web height, and the bottom flange width, respectively. To determine the effective
coefficients (𝜂𝑎 and 𝜂𝑓 ) for the discontinuous-webbed steel
beams, parametric studies were conducted here on a total of

24 FE models, as in Kim and Lee’s study [11]. The analysis
results showed that the coefficients of effective moment of
inertia (𝜂𝑓 ) and effective web area (𝜂𝑎 ) of the CWPS and
DWPS composite members were almost identical. On this
basis, the strain and stress behavior of the steel beam with
discontinuous webs at the prestressing stage can be estimated,
considering the accordion effect, as follows:
𝜀pe,𝑡 =
𝜀pe,𝑏

𝜎𝑡
𝑃𝑒
𝑃𝑒
𝑀𝑑
=−
+ 𝑒 𝑦𝑡 −
𝑦,
𝐸𝑠
𝐸𝑠 𝐴 eff 𝐸𝑠 𝐼eff
𝐸𝑠 𝐼eff 𝑡

𝜎
𝑃𝑒
𝑃𝑒
𝑀𝑑
= 𝑏 =−
+ 𝑒 𝑦𝑏 −
𝑦,
𝐸𝑠
𝐸𝑠 𝐴 eff 𝐸𝑠 𝐼eff
𝐸𝑠 𝐼eff 𝑏

(5)

where 𝜀pe,𝑡 and 𝜀pe,𝑏 are the effective prestrains in the top
and bottom flanges of the steel beam, respectively, 𝜎𝑡 and 𝜎𝑏
are the stresses on the top and bottom fibers of the section,
respectively, 𝑃𝑒 is the effective prestressing force, 𝐸𝑠 is the
elastic modulus of the steel plate, 𝐴 𝑔 and 𝐼𝑔 are the area
and the moment of inertia of gross section, respectively, 𝑒
is the eccentricity of the tendon from the centroid of the
gross section at the maximum moment region, 𝑀𝑑 is the dead
load moment, and 𝑦𝑡 and 𝑦𝑏 are the distances from the top
and bottom fibers of the section to the centroid of the gross
section, respectively.
4.2. Behavior of Composite Member with Discontinuous Webs.
Figures 10(a) and 10(b) show the load-displacement responses
of specimens FP1 and FP2 and those estimated by NLFEA.
For specimen FP1, the initial flexural cracks were observed at
58 kN (2 mm vertical deflection at mid-span of the specimen).
At the load level of 393 kN (13 mm deflection at mid-span),
the cracks propagated into the concrete slab, and, at a load
level of 589 kN (23 mm deflection at mid-span), the stiffness
of the load-displacement curve was reduced with shear
cracking at the support region. At a load level of 687 kN
(43 mm deflection at mid-span), horizontal shear cracks
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Figure 11: Strain distribution along the sectional heights of specimen FP1.

between the concrete slab and the top flange of the steel beam
were observed, and small pieces of the concrete slab near the
loading point were delaminated. Thereafter, the displacement
of the specimen increased rapidly due to yielding of the
bottom flange of the steel beam, and the maximum load
was measured as 785 kN, and the FP1 specimen failed at
a deflection of 147 mm in flexure, at which the concrete
in the compression zone was crushed. Similar behavioral
patterns of the load-deflection responses were observed in
specimen FP2 having the web openings. Flexural cracks were
observed at 68 kN (2 mm deflection at mid-span), and these
flexural cracks developed into the concrete slab at 539 kN
(20 mm deflection at mid-span) with shear cracks observed
in the shear span. Thereafter, with a large deformation, it
failed at a loading of 789 kN (152 mm deflection at midspan) showing the concrete crushed in the compression
side near the loading point. Several splitting cracks were
observed at the corner of the openings, but the FP2 specimen
showed almost similar load-deflection behavior to that of
specimen FP1 without web opening. The NLFEA evaluated
the behaviors of specimens FP1 and FP2 very similarly and
also provided accurate estimation on their yielding points and
strengths. In Figures 10(a) and 10(b), the horizontal lines are
the flexural capacities of specimens FP1 and FP2, respectively,
estimated in accordance with EC4 [12]. It is shown that the
proposed prestressed steel-concrete composite members with
discontinuous webs can be designed by the EC4 model with
a proper margin of safety.
4.3. Strain Distribution of Composite Section. The strain
behaviors of specimens FP1 and FP2 measured at mid-span
are compared with those estimated by NLFEA in Figures
11 and 12. The measured strains were obtained from strain
gauges mounted on the top and bottom surfaces of the
concrete slab and those from strain gauges attached to the
steel beam, as shown in the right side of Figures 11 and 12 in
red and black. As illustrated in Figure 11, the bottom flange of

the steel beam showed a yielding strain at a deflection level
of about 23 mm, which agreed well with the load-deflection
behavior shown in Figure 10. The strain distributions
obtained from the NLFEA showed similar behaviors to
those observed in the tests, and, in particular, the analysis
results well estimated the tensile strain behaviors measured
at the gauge mounted on the soffit of the concrete slab. In
Figure 13, the strain distribution of the DWPS composite
beam estimated by NLFEA is presented, in which the tension
zone below the neutral axis was expressed in the dark color
to clearly distinguish it from the compressive zone. As shown
in Figures 11(a) and 13(a), the strain distributions of both the
concrete slab section (B-B section) and the central section of
the composite beam (A-A section) were similar to each other;
this is because the neutral axis was located lower than the
soffit of the concrete slab before yielding of the bottom flange
of the steel beam. After the yielding of the bottom flange, as
shown in Figures 11(b) and 13(b), however, the neutral axis
was located above the soffit of the concrete slab, and tensile
strains also occurred in the concrete slab, while the top flange
of steel beam did not experience such tensile strains. This
deformation characteristic is caused by the accordion effect,
developed in the steel beam with discontinuous web plates,
which were captured by the NLFEA properly. The accordion
effect of the test specimens observed after the composite
action may have a negative effect on the flexural strength of
the DWPS composite beam. However, its actual influence
was insignificant; this is because the contributions of the top
flange and the web to the flexural strength were relatively
small compared with those of the bottom flange and the top
slab. As shown in Figure 12, the behavioral characteristic of
specimen FP2 with the opening was also very similar to that
of specimen FP1. It is, however, noted that the strain increase
measured at the soffit of the concrete slab of specimen FP2
was smaller than the F1 specimen. In contrast, the strains
measured at the bottom steel flange of specimen FP2 were
larger than that of specimen FP1 after its yielding, and this
tendency appeared in both the analysis and test results. It is
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Figure 13: Comparison of strain distributions of composite section.

considered that the section area of the steel web reduced by
the openings in the web plates caused the larger stresses in
the bottom flange of specimen FP2 compared with the FP1
specimen.

4.4. Vertical Distribution of Shear Stress. The shear strength
of the DWPS composite beam (𝑉𝑛 ) is provided mainly by
the webs of steel and concrete. Thus, it can be expected
that the web openings could have a significant influence
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Figure 14: Vertical shear stress distributions in transverse direction.

on its shear performance. To examine the effect of the web
opening on the shear performance of the DWPS composite
member, the distributions of shear stresses of specimens FP1
and FP2 at the maximum load estimated by the NLFEA
are presented in Figure 14. It is noted that the shear stress
distributions were calculated at the middle of shear span
between the support and the loading point. The maximum
shear stress values (𝑓V,max ) of specimens FP1 and FP2 were
56.3 and 76.7 MPa, respectively, and by assuming a parabolic
shear stress distribution, the ratio of the maximum shear
stress (𝑓V,max ) to the average shear stress of wide flange steel
beam (𝑓V,average ) can be approximated to 1.1. Then, the shear
resistance provided by the steel web plate (𝑉𝑠,FEA ) can be
estimated, as follows:
𝑉𝑠,FEA

𝑓V,max
=
𝐴 ,
1.1 𝑤

(6)

where 𝐴 𝑤 is the area of the steel web plate. On the other hand,
in the AISC specification, the shear strength of a typical wide
flange steel member is specified, as follows:
𝑉𝑠,AISC = 0.6𝐹𝑦 𝐴 𝑤 𝐶V ,

(7)

where 𝐶V is the ratio of the critical web stress to the shear
yield stress, which was taken to be 1.0 in this study. The shear
resistance provided by the steel web (𝑉𝑠,FEA ) of specimens FP1
and FP2 was calculated with (6) as 252.2 kN and 229.3 kN,
respectively, while their shear strengths estimated using (7)
were 1143.3 kN and 881.2 kN, respectively. Thus, it can be
confirmed that, regardless of the web openings, the shear
strengths of the DWPS composite members are sufficient.
4.5. Horizontal Distribution of Shear Stress. Figure 15 shows
the estimated distributions of the horizontal shear stresses
developed in the longitudinal direction of the DWPS composite members along the interface between the concrete slab
and the surface of top steel flange. At a small load level, below
589 kN, before yielding of the composite beam (i.e., at an

elastic state), the specimens showed almost constant shear
stress distributions, but after yielding of the composite beam,
the horizontal shear stress near the loading point increased
significantly. This is because the horizontal shear stresses
resisted by the interface between the concrete slab and the top
steel flange increased along with the moment increase and
the plastic region was gradually expanded from the loading
point (i.e., maximum moment region) after yielding of the
composite beam. By comparing Figures 15(a) and 15(b), it
can be seen that the influence of the web openings below the
interface on the distribution of horizontal shear stress was
insignificant.

5. Conclusions
In this study, the discontinuous-webbed prestressed composite beam was introduced, and its structural behaviors
were examined in detail through experimental tests and FE
analyses. Based on this study, the following conclusions were
reached:
(1) The nonlinear finite element analysis (NLFEA)
approach presented in this study was able to
properly evaluate the structural behaviors of the discontinuous-webbed prestressed (DWPS) composite
members, including the flexural strengths and the
stiffness as well as the local behaviors.
(2) From the results of both the tests and the finite element analyses, it was confirmed that the introduction
efficiency of prestress to the top and bottom flanges,
which are the main flexural resistance elements, was
greatly improved by using the accordion effect of the
steel beam fabricated with the discontinuous webs.
(3) With reduced cross section of the steel web due to the
openings, the shear stresses in the web steel plate are
likely to be partially increased. Its effect was, however,
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Figure 15: Horizontal shear stress distribution estimated by FEA.

marginal, and sufficient safety can be achieved by considering the reduced cross section in the calculation of
the shear strength of the DWPS composite member
according to the design specification.
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Compared with the traditional steel rigid connection, the beam-column connections with weakened beam end have better
ductility, but the local buckling in the weakened zone and the overall lateral deformation may occur in strong earthquake. The
replaceable steel connection with low yield point metal is proposed based on the concept of earthquake resilient structure. In this
connection, the weakened parts in the flange slab and web plate are filled with low yield point metal, and the metal firstly yields
and dissipates energy sufficiently in earthquake; hence, the main parts are intact and the yield point metal can be replaced. The
seismic performances of the three types of connections which include traditional connection, beam end weakened connection, and
replaceable connection with low yield point steel under low cycle reciprocating load are studied. In addition, the energy dissipation
capacity and damage characteristics of different connections are compared. The multiscale finite element models for the steel frames
with different connections are analyzed by time-history method; both the computational efficiency and the accuracy are assured.
The analysis results approve that the replaceable connection can confine the major damage in the replacement material and have
better energy dissipation ability, safety reserves, and resilient ability.

1. Introduction
Steel frames are commonly used in multistory and high-rise
buildings. In seismic design and maintenance of steel frames,
the construction form and energy dissipation capacity of
the beam-column connections are important and directly
affect the safety and reliability of the total steel structures.
At present, the usual type of beam-column connection is
column-through and the typical forms of rigid beam-column
connection include steel beam flange welded with column,
web plate welded with column, or high-strength bolts connection. In early design of steel connection, it is assumed
that the steel flanges bear all the bending moments and beam
web plates only withstand the total shear force. However,
the flexible capacity of this type of connection occupies only
about 80% of the total value of the beam, which violates the
basic principles of “strong node-weak component” in seismic
design.
In Northridge earthquake which occurred in 1994 and
Kobe earthquake which occurred in 1995, brittle fractures and

extensive nonrepairable damage appeared in the traditional
rigid beam-column connections of more than one hundred
multistory and high-rise steel frames, which warned the
designer that the traditional design could not fully achieve
the desired seismic design requirements. Researchers studied
various damaged structures following the above earthquakes
and concluded that there was only rare evidence of plastic zones which were formed on the beams. Therefore,
researchers proposed various improved methods, in which
the plastic hinge offset method became a focus topic [1, 2].
The plastic hinge offset method aims to offset the stress
concentration of the beam outward from connection nearby
in order to avoid brittle fracture and includes two ways which
are weakened on beam end and strengthened on beam end.
The idea of weakened beams was developed in the last
decade, based on the design technique of trimming away steel
parts from the region adjacent to the column connection
without reducing dramatically the beams’ load bearing
capacity [1–4]. Dog-bone connection and web opening
connection are the typical types of the weakened beam

2
connection [5], and both types are realized by weakening the
flange or the web on the steel beam in order to overcome the
initial defect that the plastic zone is small and to oversize the
length of plastic hinges so as to dissipate energy sufficiently
in earthquake and realize the ductility design. Weakening the
beam instead of reinforcing the connections has proved to be
more economical, as while reducing the cross-sectional properties, the demand in panel zone and achievement of strong
column and weak beam requirements has been minimized
[6–11].
However, beam weakened connection has the following
deficiencies. First, the integral stiffness of the component
will decrease once the flange or the web is weakened, and
security risks will occur if the design scheme is inadequate.
Secondly, the serious accumulated plastic strain and damage
will exist in severe earthquake and severe flexion and lateral
deformation will occur, and the beam maybe completely ruptures if there are some aftershocks. In addition, the renovation
technology of the weakened type connection is complex and
the construction cost is high. Hence, it is necessary to develop
new connection forms with more safety and reliability in
order to realize performance based seismic design. In recent
years, the conception about resilient structures emerged and
develops continuously [12, 13]. Resilient structures refer to
the structure which can regain the original function without
repair or with simple retrofitting after earthquake, and there
are several implementation methods for different structural
style. Practical applications of the resilient steel structure
are rare because of the complexity of structural design and
construction technology, and the research on the replaceable
steel components for severe damage is also less. Chou has proposed steel reduced flange plates (RFPs) to connect steel beam
flanges and the column without any other direct connection
[14]. Since the RFP connection is designed as strong columnstrong beam-weak RFPs, the RFP functions as a structural
fuse that eliminates weld fractures and beam buckling. Farrokhi has improved the form by drilling holes at cover plates
to create an intentional weak point [15]. The deficiency of this
approach is that the RFPs and the damaged beam parts are
difficult to be replaced after a severe earthquake. Castiglioni
et al. [16], Calado et al. [17], and Shen et al. [18] developed
new types of seismic resistant composite steel frames with
dissipative fuses, respectively. In case of strong seismic events,
damage will concentrate only in these fuses. The deficiency of
fuse method is that the beams are usually cut off so the redundant capacity may be inadequate once the fused are destroyed
in the mainshock and the aftershocks occur frequently.
In view of the backgrounds above, a new type of replaceable steel beam-column connection with low yield point
metal is proposed in order to overcome current deficiencies
of the beam end weakened steel connection. In this new
connection, the weakened parts in the flange slab and web
plate are filled with low yield point metal, and the low yield
point metal firstly yields and dissipates energy sufficiently
in earthquake; thus the integral seismic performance is
improved. In addition, the cumulative plastic deformation
can be confined in the zone of the low yield point metal
through rational design for the filling size, and the large
deformation in the beam is avoided. The retrofitting of
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the connection after the earthquake is quick and convenient,
which embodies the idea of resilient structures [19, 20].
The insightful information about the connection properties can be obtained from the quasistatic hysteretic curves
and the finite element simulation analysis, especially for
the performance evaluation and comparison for different
types of steel beam-column connections. Meantime, the
performance and dynamic characteristics of the total frame
need to be taken into account also. Limited by the difficulty
and the cost of the experiment about the global steel frame,
the dynamic responses of the total steel frame are usually
studied by nonlinear dynamic analysis methods. The most
commonly used nonlinear analysis methods include global
analysis based on macroelements and local analysis based
on solid elements [21, 22]. Macroscopic model mainly uses
the elements such as beams and shells; the computational
complexity is less while the microscopic mechanism and
damage phenomena such as local buckling, partial damage,
and contact problem cannot be revealed. On the other hand,
the finite analysis based on solid elements can simulate the
partial destruction process but the computational amount
is large and the nonconvergence may occurs for buckling
simulation, so it is not suitable for the design and analysis for
complex steel frames.
Multiscale model analysis focuses on simulating the different mechanical behavior in different scales with different
levels of elements simultaneously and then combining the
elements into a multiscale finite element model. Hence, the
multiscale analysis may establish a balance point between
accuracy and computational cost. In recent years, there
are extensive studies on the multiscale analysis using the
connection interface, constraints setting, and other issues; the
multiscale analysis on the static and dynamic characteristics
of engineering structures is carried out, and the validity and
the accuracy are verified [23].
In this paper, the low yield point steel LY160 and composition metal Zn-22Al are selected as the replaceable metals for
the new connection and the appropriate material constitutive
curves are obtained through the material performance tests.
The seismic performances of the three types of connections
which include traditional connection, beam end weakened
connection, and replaceable connection are studied with
low cycle quasistatic simulation, and the energy dissipation
capacity and damage characteristics of different connections
are compared. At last, the multiscale finite element models
for steel frames with different connections are analyzed by
inelastic time-history method. The superiority of replaceable
connection for seismic damping is verified.

2. Replaceable Steel Connection with
Low Yield Point Metal
The common beam end weakened connection includes beam
end flange weakened type and beam web plate weakened type,
and the specific construction details are shown in Figure 1.
The weakened parameters for flange slab can be determined
according to the corresponding study of [3, 4]. 𝑏𝑓 and ℎ𝑏 are
assumed as the flange width and the cross section height of
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Figure 1: (a) Flange slab weakened steel connection and (b) web plate groove weakened steel connection.

Common steel

Low yield point steel

Common steel

Low yield point steel
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Figure 2: (a) Side view of beam end weakened replaceable connection and (b) top view of connection.

the beam, respectively, and the distance 𝑎 from the starting
point of weakened zone to the column is set as 0.50 𝑏𝑓 ∼
0.75 𝑏𝑓 . The weakened length 𝑏 is 0.65 ℎ𝑏 ∼0.85 ℎ𝑏 , and the
weakened depth 𝑐 is 0.20 𝑏𝑓 ∼0.25 𝑏𝑓 ; the radius of the hole
𝑅 is 0.25 ℎ𝑏 ∼0.375 ℎ𝑏 .
To avoid the deficiencies of beam weakened connection,
such as partial serious buckling in the weakened parts and
lateral deformation in integral beam in strong earthquake,
a replaceable beam-column connection with low yield point
metal on beam end is presented, and the construction plan
is shown as Figure 2. This new type connection evolves
from the original beam end weakened connection, and the
flange and the web are weakened by cutting corresponding
parts simultaneously, but the low yield point mental is
subsequently added on the weakened parts by welding or
chemical bonding, in order to achieve better bearing capacity,
damping, and ductility.
To utilize damping and energy-dissipated capacity
entirely, the weakened size of the replaceable connection
is advised to select the maximum value of the traditional

weakened connection. The low yield point metal will
constantly deform and firstly yields in earthquake and then
the plastic hinges will occur on the weakened parts and the
energy will be dissipated constantly, while serious plastic
deformation will not emerge on the original part of the
connection and the total seismic performance is ensured.
After the mainshock, the damaged low yield point metal can
be quickly replaced so that the overall seismic performance
has been restored; hence, the steel connection and overall
steel frame have the ability to resist aftershocks, and the
conception about resilient structure can be realized finally.

3. Material Performances of
Low Yield Point Metals
One of the key technologies of dissipating energy of the
weaken connection is to select the metal material which
has lower yield strength and extensibility. The damping of
vibration in an earthquake with low yield point metals is
theoretically studied by many researchers, but the effective

4

4. Replaceable Steel Connection Seismic
Performance Simulations
In order to validate the seismic performance of replaceable
steel connection with low yield point metal, four models
which include traditional connection, beam end weakened
connection, replaceable connection with steel LY160, and
replaceable connection with alloy Zn-22Al are established
using FEM software ANSYS, based on the measured constitutive relationships [24]. All the models are analyzed with
the low cyclic loading by nonlinear analysis, and therefore
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experiments and engineering applications are less because
the engineering requirement for the low yield point metal is
strict.
In this study, steel LY160 and composition metal Zn-22Al
are selected as the low yield point metals. The yield stress
of steel LY160 is about 160 MPa, and it is verified that steel
LY160 and the similar steel with low yield point have superior
energy-dissipation capacity and it is suitable to be used as
damping devices and members in building structures. Zn22Al is made in aluminum in 22 percent, zinc in nearly 77
percent, and marginal iron and silicon, measuring as mass.
Zn-22Al is made by casting method in steelworks, and then
the metal blanks are subjected to heat treatment and are
formed by cold rolling technique. Recent research on the
material properties of composition metal indicates that Zn22Al also has attractive ductility, and it has the latent capacity
in vibration damping.
In order to measure and compare the actual properties
of different metals, four materials including steel LY160, alloy
Zn-22Al, carbon structural steel Q345 whose yield point is
about 345 MPa, and steel Q235 whose yield point is about
235 MPa are manufactured as four groups of specimens with
the same dimensions, respectively, for tensile test, and each
group has three specimens. The average measured value of
each group is viewed as the final results. It is worth noting
that steel Q345 and steel Q235 are produced in China and
the equivalent steel in ASTM standard is A572 and A36,
respectively.
The standard specimen shape and size are shown in
Figure 3. The specimen in tensile state and fracture state is
shown in Figures 4 and 5, respectively. The average constitutive curves of four types of specimens are shown in Figure 6.
It can be seen that the respective measured yield strength
of steel Q345, steel Q235, steel LY160, and alloy Zn-22Al
is 385 MPa, 275 MPa, 160 MPa, and 148 MPa. The measured
extensibility is 23%, 27%, 31%, and 24%, respectively.
It is evident that both the steel LY160 and the alloy Zn22Al have low yield point, superior ductility, and toughness;
both metals can yield earlier than the normal carbon steels
and fully dissipate energy at large deformation stage. The
stability and the bearing capacity of the structure can be
ensured if the proportion of the low yield point metal is
reasonably proposed. Hence, the seismic behavior of the
replaceable connections with the two types of metals is
studied in this paper.
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Figure 3: Specimen size.

Figure 4: Tensile test on site.

Figure 5: Fracture morphology.

the hysteretic energy dissipation capacities of the four connections are studied and compared.
H-shaped steel is used as the section steel of the beams
and the columns on the connections, and the main material
is steel Q345. The cross-sectional dimension of the columns is
450 mm × 300 mm × 20 mm × 12 mm, and the cross-sectional
dimension of the beams is 400 mm × 200 mm × 12 mm ×
12 mm. Steel LY160 and alloy Zn-22Al are adopted as low yield
point metal. The size parameters of weakened connection are
chosen as the median value in the value range as mentioned
above, and the details are listed in Table 1. Meanwhile, three
different sizes are chosen for replaceable connections in order
to evaluate the effect of the replaceable size on the structural
seismic performance, and the parameters are also shown in
Table 1.
The two ends of each column are fixed, and cyclical static
load is applied on the end of the beams. The loading is
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Table 1: Weakened and replacement size (unit: mm).
𝑅
125
100
125
150
125

MN

0.623E + 09

0.554E + 09

0.485E + 09

0.416E + 09

0.347E + 09

0.277E + 09

0.208E + 09

×108
5

0.139E + 09

MX

872466

𝑐
45
40
45
50
45

0.700E + 08

Parameters
Material
𝑎 𝑏
Beam weakened connection
Q345
125 280
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Replaceable connection 2
Q345 and LY160 125 280
Replaceable connection 3
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Replaceable connection 4 Q345 and Zn-22Al 125 280
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Figure 7: Stress of traditional beam-column connection.

Equivalent stress 𝜎 (N/m2 )

4
3.5
3
2.5
2

MN

1.5

MX

1

Q345
Q235

LY160
Zn-22Al

0.617E + 09

0.548E + 09

0.480E + 09

0.412E + 09

0.3

0.343E + 09

0.25

0.275E + 09

0.1
0.15
0.2
Equivalent strain 𝜀

0.207E + 09

0.05

0.138E + 09

0

0.701E + 08

0

0.181E + 07

0.5

Figure 8: Stress of beam weakened connection.

Figure 6: Constitutive curves of different metals.
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MX
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controlled by displacement and the loading increases by step
from the initial state. The displacement increment of each
level is 12 mm, two cycles are carried out for each level, and
12 levels are finally applied until the member damage with
severe buckling or obvious deformation. The equivalent stress
contours of the different connections when the displacement
of the beam end reaches 144 mm are shown in Figures 7–10,
respectively.
The above results show that the maximum stress of the
traditional connection converges on the joint of the beam
end and column when the ultimate displacement occurs; the
plastic hinge generates on the beam end with apparent local
buckling and it is inconvenient for repair after damage. The
plastic hinge of the beam weakened connection offsets to
the weakened zone but there exists serious local buckling in
the weakened zone and total lateral deformation, so severe
damage has occurred for the whole connection and the
seismic capacity cannot meet the requirements.
The deformation of the replaceable connection 2 is similar
to the traditional connection but the plastic hinge moves
to the replaceable metal zone, and the local buckling and
energy dissipation occur mainly in the low yield point metals
while the damage in the main material is minor. It is credible

Figure 9: Stress of replaceable connection 2.

that the capacity of the connection will be restored after the
damaged low yield point metal is replaced.
The deformation of replaceable connection 4 with alloy
Zn-22Al is similar to the connection with LY160 steel; the
plastic hinge also moves to the replaceable zone, but as the
yield strength of alloy Zn-22Al is lower, the yield deformation
occurs in earlier load stage and the alloy part will buckle at the
subsequent load stages. The buckling area will gradually scale
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(1)

where 𝐸𝐷 is the damping energy dissipated in one cyclic
loading and equals the area of the corresponding hysteresis
loop, and 𝐸𝑆 is the maximum strain energy.
The Park-Ang damage index DI can be calculated according to the following formula:
DI =

𝐸
𝑥𝑚
+𝛽 ℎ ,
𝑥𝑐𝑢
𝐹𝑦 𝑥𝑐𝑢

0.05

0.1

0.15

(2)

where 𝑥𝑐𝑢 is the limit displacement of members under
monotonous loading, 𝐹𝑦 is the yield strength of members,
𝑥𝑚 and 𝐸ℎ are the actual seismic maximum deformation
and cumulative hysteretic energy dissipation, and 𝛽 is the
energy dissipation factor of member, taken as 0.15 in this
study.
The curves of equivalent hysteretic damping ratio of
different connections are shown in Figure 12 and the damage
curves of Park-Ang of different connections are shown in

Replaceable connection 2
Replaceable connection 4

Figure 11: Hysteresis curves of different connections.
0.5
Equivalent damping ratio (𝜁)

out the expected replaceable zone and it is hard to replace
the alloy after earthquake though the whole deformation
and capacity of the connection is guaranteed. Thus, it is not
suitable to use the replaceable connection with alloy Zn-22Al
for the steel structures in meizoseismal area.
The hysteresis curves of different connections are shown
in Figure 11. It is apparent that the hysteresis loop of the
replaceable connections and the traditional connection are
fuller than the loop of the beam weakened connection. The
bearing capacity of the beam weakened connection decreases
rapidly in the last 5 cycles, and the capacity of energy
dissipation is also insufficient. On behalf of comparing the
energy dissipation capacity of different types of connections
in detail, the assessment indices such as equivalent hysteretic
damping ratio and Park-Ang damage index are used to
evaluate the performance of different connections under
cycle loading [25].
The equivalent hysteretic damping ratio 𝜉 can be calculated according to the following formula:
𝐸𝐷
,
4𝜋𝐸𝑆

0

Displacement (m)

Figure 10: Stress of replaceable connection 4.
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Replaceable connection 2
Replaceable connection 3
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Figure 12: Equivalent damping ratio of different connections.

Figure 13. It can be seen from the figures that the equivalent
hysteretic damping ratio of traditional connection increases
slowly and keeps stable in large deformation stage, but the
Park-Ang index increases rapidly. The results indicate that
the energy dissipation capacity and ductility of the traditional
connection are insufficient and the accumulated damage is
severe.
Although the equivalent hysteretic damping ratio of
the weakened connection is much larger than the traditional connection and the later values reach 0.45, the ParkAng index history demonstrates that the damage of the
weakened connection suffers the most serious damage and
the premature local buckling induces the loss of carrying
capacity.
The equivalent hysteretic damping ratios of the replaceable connection 2 are similar to the values of the weakened
connection, having superior energy dissipation capacity.
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Figure 14: Stress of replaceable connection 1.

Figure 13: Damage index of different connections.
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Furthermore, the damage index is less and increases slowly,
especially in the large deformation stages. The results above
prove that the low yield point steel firstly yields and dissipates
energy sufficiently and the damage degree keeps slight even
in large deformation due to the excellent extensibility of the
low yield point steel.
The equivalent hysteretic damping ratios and Park-Ang
damage index of the replaceable connection 4 are obviously
low, indicating the insufficient energy dissipation capacity,
and the damage degree is serious. It is proved that the alloy
cannot constantly dissipate energy for its excessive low yield
point though it has high extensibility. The destruction of the
connection is more and more serious in the large deformation
stage.
In summary, the replaceable connection with LY160 has
better ductility and energy dissipation capacity than the
traditional connection; the plastic hinge moves from the
center zone to the beam to avoid the brittle fracture failure.
Moreover, the inelastic deformation occurs in the low yield
point metal and the damage in main steel is controlled. In
addition, the low yield point metal can be replaced after main
earthquake or buckling deformation to prevent structural
damage under aftershocks.
In order to compare the influence of different replaceable sizes on the connection performance, three types of
replaceable beam-column connections are applied on cyclical
static load, and the results are shown in Figures 14–16. When
the inelastic deformation occurred on the beam end, the
local buckling arises in the replacement zones of all the
connections and the bearing capacities are nearly identical,
and the hysteresis curves of the replaceable connections with
different sizes are shown in Figure 17. The results show that
all the hysteresis curves have plump shapes and satisfactory
ductility, and the size of the replaceable parts has less
impact on the energy dissipation capacity of the connections.
Therefore, the replaceable connection 2 which has middle size
will be used in the later study.

Figure 15: Stress of replaceable connection 2.

5. Seismic Analysis of Steel Frame Based on
Multiscale Modeling
In order to study the dynamic performance of steel frame
with different types of connections under earthquake, one
steel frame with two stories is analyzed by inelastic timehistory method with finite element analysis software ANSYS.
The detailed size of the structure is shown in Figure 18. The
axial-load ratio of the column is 0.30 and the additional
mass is 1.6 t for each story. Since the computational efficiency
of the structure build-up with solid elements is low, the
multiscale model is also studied. In the solid model, SOLID95
element is adopted for both columns and beams. In the
multiscale model, beam-column connections are built with
SOLID95 element and other parts are built with beam
element BEAM188, and the actual connections between
different types of elements are simulated by establishing
constraint equations and defining rigid connections, so the
accuracy is assured.
On behalf of verifying the accuracy of the multiscale
model, the monotonic loading controlled with displacement
is firstly applied on the models, and the ultimate load
displacement is 48 mm. The nodal force and the displacement
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Figure 17: Hysteresis curve of different connections.
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Figure 18: (a) All solids models and section size and (b) multiscale
models and section size.

response of the top floor in different models are shown in
Figure 19. It can be seen that the error of the multiscale model
is less than 5% and the accuracy is acceptable. In seismic
analysis, El Centro waves are selected as the ground motion
input, and the peak acceleration amplitude is adjusted to
7.0 m/s2 , and the duration is taken as 16 s. In the same grid
scale division accuracy, the displacement history of the top
floor in the solid model and the multiscale model is shown in
Figure 20, and the results are approximate.
The comparison indicates that the accuracy of static and
dynamic analysis can be obtained by both multiscale model
and solid model. However, the computing time for the solid
model seismic analysis is 3417 min and only 1512 min for
the multiscale model; thus, the advantages of the multiscale
model are obvious.
In time-history analysis, the local stress contours of the
first floor of the frames with different connections are shown
in Figures 21–24. It can be seen that stress of frame with

traditional connection reaches maximum value in beamcolumn joint. In beam weakened connection, stress concentration occurred on the flange weakened zone and web plate
hole, and the lateral buckling deformation appears. The stress
distribution of the replaceable connections 2 and 4 is nearly
uniform and the stress of connection core zone effectively
decreases, which is beneficial to resist rare earthquake.
The displacement histories of top floor of different frames
are shown in Figure 25. The value of the frame with weakened
connection has maximum which reaches 0.028 m and the
extreme value of the traditional frame and the replaceable
frame both are 0.020 m. In general, the displacement and
the maximum stress values are all maximal in the frame
with weakened connections, and the behavior distinction
of the frames with traditional connections and replaceable connections is not obvious. However, the frame with
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Figure 19: Stress-strain curve of top connection.
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Figure 22: Stress of frame with weakened connection.

Figure 20: Displacement history of top floor.

replaceable connections has better emergency capacity and
resilient ability after strong earthquake, so it is suitable to
be promoted and applied in steel structural engineering. It
should be emphasized that the application of the connections
with Zn-22Al should be strictly considered especially in rare
earthquake because the damping capacity is not stable on
occasion.

6. Conclusion
The beam weakened connection can shift the plastic hinge
away from the beam end and dissipates energy sufficiently
when it is subjected to earthquake, so the ductility design can
be realized partially. However, the local buckling and lateral

shift will occur and the insufficient safety is the deficiency; the
repairs after earthquake are also difficult.
The replaceable steel connection with low yield point
metal is proposed in order to avoid the disadvantages in the
weakened connection. The low yield point metal in the flange
slab and web plate firstly yields and adequately dissipates
energy in earthquake, so the performance of the overall
connection and frame is improved. In addition, the yield
point metal can be replaced quickly and efficiently after the
earthquake, and the idea of resilient structure is embodied.
In this study, the low yield point steel LY160 and composition metal Zn-22Al is proposed to be used as the replaceable
metal. The constitutive relationships of different metals are
obtained by performance test. The seismic performances of
the three types of connections which include traditional
connection, beam end weakened connection, and replaceable
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Figure 23: Stress of frame with replaceable connection 2.
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enhanced and the energy is effectively dissipated by the low
yield point metals. Furthermore, the damaged connections
with low yield point steel can be easily repaired after the
main earthquake, which ensure the realization of the resilient
structures. Compared with the solid model, the multiscale
finite element model can simulate the stress state of connections and dynamic response of the overall structures, nearly
having the same accuracy, but the computational efficiency
is improved evidently. It is suitable to use multiscale finite
element model for steel structure design and analysis.
At present, the construction details, the design method,
and the maintenance technology of the replaceable connection still need improvement, and more intensive analysis and
experiments are required in further studies.

Figure 24: Stress of frame with replaceable connection 4.

connections are studied using FEM. The results show that the
replaceable connection with LY160 has superior and stable
energy dissipation capacity, avoiding the local buckling and
lateral deformation which might occur in the beam weakened
connections, and the replaceable connection is convenient
to be replaced and reconstituted. The replaceable connection
with Zn-22Al has moderate dissipation capacity in small and
medium earthquake but it is not advised to be used in highrise steel structures or structures in meizoseismal area.
For comparing and analyzing the damping capacity of
the whole structures, the finite element models of steel frame
with different types of connections are established based on
multiscale method and are analyzed by inelastic time-history
method. The analysis results approve that the displacement of
steel frame with replaceable type beam-column connection
is reduced, and the performance of the main structure is
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In recent years, the construction industry has been faced with a decline in the availability of natural sand due to the growth of the
industry. On the other hand, the metal casting industries are being forced to find ways to safely dispose of waste foundry sand (FS).
With the aim of resolving both of these issues, an investigation was carried out on the reuse of waste FS as an alternative material
to natural sand in concrete production, satisfied with relevant international standards. The physical and chemical properties of the
FS were addressed. The influence of FS on the behaviour of concrete was evaluated through strength and durability properties. The
test results revealed that compared to the concrete mixtures with a substitution rate of 30%, the control mixture had a strength
value that was only 6.3% higher, and this enhancement is not particularly high. In a similar manner, the durability properties of the
concrete mixtures containing FS up to 30% were relatively close to those of control mixture. From the test results, it is suggested that
FS with a substitution rate of up to 30% can be effectively used in concrete production without affecting the strength and durability
properties of the concrete.

1. Introduction
The rapid advance of globalization and the growth in the
population has resulted in a growth in building construction
that has consequently led to a higher demand for construction materials. River sand is one of the main ingredients used
as a fine aggregate in concrete production. A rising demand
for construction material has led to the overexploitation of
river sand, and this overexploitation has led to harmful consequences like increase in river bed depth, lowering of the
water table, and intrusion of salinity into the river. In addition, the restriction in the extraction of sand by government
organizations has increased the price of sand, severely affecting the stability of the construction industry [1]. For this
reason, finding an alternative material to sand has become
vital. Over the last several decades, an enormous amount
of research has been carried on the use of industrial waste,
including granite and marble waste [2–7], tire waste [8], palm

oil ash [9], timber waste [10], and also marine sand [11] as
a substitute/replacement material for fine aggregate. From
the research outcomes, it was suggested that the substitution
of industrial waste as an alternative material in concrete
making could improve the structural properties of concrete
and promote sustainable concrete development. Foundry
sand (FS) is a high silica content sand material which is
a by-product from the metal alloys casting industries [12].
In foundries, superior silica sands are bonded with clay or
chemicals and used for the material molding and casting
process. Foundries recycle the sand as many times as possible,
and when the sand is no longer recyclable, then it is disposed
of; this is called foundry sand [13]. About 15% of the sand
utilized in casting production is ultimately disposed of by the
foundry industry, amounting to millions of tons. In India,
many foundry industries are dumping this waste in nearby
vacant areas, which is creating an environmental problem.
In Coimbatore, Tamilnadu, India, many residential areas
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2. Experimental Program
2.1. Materials. Locally available ordinary/commercial Portland cement was used in this study as a binding material.
The specific gravity of the cement was tested according to
IS 8112:2013 [22] and the value obtained was about 3.14. The
chemical properties of the cement were tested according to IS
4032:1985 [23], and the results were summarized in Table 2.
The river sand passing through 4.75 mm was used as fine
aggregate. Locally available 20 mm size blue metal jelly was
used as a coarse aggregate. The specific gravity [24] of the sand
and the coarse aggregate was about 2.48 and 2.67, respectively.

Figure 1: Foundry industry dumping solid waste along Madurai to
Coimbatore highway in Tamilnadu, India, and foundry sand used in
this study.

100
Sand passing (%)

are established over landfills, which are basically composed
of FS from ferrous and nonferrous industries. Landfill is
an incorrect option, because the embodied energy in FS is
not used and will create soil contamination [14].
Over the last several decades, FS has been reused as
a subgrade material [15] in highway and soil stabilization
application [16]. However, the waste that is reutilized in
this way very is negligible, and the practice presents the
risk of leaching intrusion. Very recently, research has been
carried out on the reutilization of FS as substitute material in
concrete and concrete related products. A marginal increase
in the strength properties can be achieved by the inclusion
of UFS as partial replacement for fine aggregate in concrete
making [13]. The replacement of 10% aggregates with waste
foundry sand was suitable for asphalt concrete mixtures, and
the substitution did not significantly affect the environment
around the deposition [17]. FS is a viable means of producing
economical self-compacting concrete (SCC) by using FS
substitution; however, further research is needed to develop
the optimum FS proportion [18]. The substitution of foundry
sand in concrete reduces the voids in concrete and has
helped to spread the C–S–H gel widely in the concrete
[19]. The Inclusion of FS as a sand replacement significantly
improved the abrasion resistance of concrete at all ages
because of the formation of a denser matrix [20]. FS can be
effectively utilized in making good quality RMC as a partial
replacement for fine aggregates with no adverse mechanical,
environmental, and microstructural impacts; however, the
replacement should not exceed 20% [21].
It can be understood that a great deal of research has
been carried out on the reuse of FS in civil engineering
application. However, limited research has been focused on
the use of FS in concrete production, and more research is
also needed to develop the most favorable replacement of FS
in concrete production. With this aim, the main objective of
this experimental investigation is to examine the potential
reuse of FS obtained from an aluminium casting industry,
Coimbatore, in Tamilnadu, India, as a replacement for fine
aggregate in concrete production, at different substitution
rates. The effect of FS substitution on the mechanical properties of concrete was examined. In addition, the influence of
FS on the durability properties of concrete was also evaluated
in order to ensure the reliability of its usage in aggressive
environments. Based on the results of the mechanical and
durability tests, the most favorable proportion of FS in
concrete production was established.
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Figure 2: Sieve analysis results of natural and foundry sand.

According to IS 2386(1):1963 [25], sieve analysis was carried
out on both fine and coarse aggregate. Foundry sand (FS)
obtained from an aluminium casting industry, Coimbatore,
in Tamilnadu, India, was used in this study and the FS is
shown in Figure 1. It is a green sand (clay sand); clay was used
as a binder material. The physical and chemical properties of
the FS were tested according to Indian standards and they
were listed in Tables 1 and 2, respectively. The specific gravity
and density [24] of the FS were about 2.24 and 1576 kg/m3 ,
respectively. The water absorption [26] of the FS was about
1.13%, which is higher than that of normal sand due to the
presence of ashes and wood particles. Sieve analysis was
carried out to understand the grain size distribution of the
FS (see Figure 2), and it was observed that 8% of FS were
less than 75 𝜇m, which show that the FS is fineness material.
The chemical properties of the FS were tested according
to IS 4032:1985 [23], and the results obtained showed that
FS contains about 87.48% silica (SiO2 ) and 4.93% alumina
(Al2 O3 ). The results of the chemical analysis indicated that
FS is a very suitable material for concrete production.
2.2. Concrete. Concrete mix proportions were designed to
achieve the strength of M25, according to IS 10262:2009 [27].
The concrete mix proportion was 1 : 1.53 : 2.86. A constant
water to cement ratio (W/C) was followed for all mixtures,
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Table 1: Physical property of the foundry sand (FS).
Property
Specific gravity
Density (kg/m3 )
Water absorption (%)
Materials finer than 75 𝜇m

Foundry sand
2.24
1576
1.13
8

Table 2: Chemical property of the cement and foundry sand (FS).
Chemical composition
Lime (as CaO)
Soluble silica (as SiO2 )
Alumina (as Al2 O3 )
Iron oxide (as Fe2 O3 )
Magnesia (as MgO)
Sulphur calculated as
sulphuric anhydride (as SO3 )
Loss on ignition (LOI)

Cement
% by mass

FS
% by mass

62-63
20-21
5.2–5.6
4.4–4.8
0.5–0.7

0.22
87.48
4.93
1.31
0.18

2.4–2.8

0.07

1.5–2.5

5.81

and the value was about 0.44. Of the six mixtures, five
mixtures were prepared by replacing 10%, 20%, 30%, 40%,
and 50% of natural sand with FS, and the one remaining
mixture was a control mixture (CM) that did not use FS. The
detailed formulation of the proportions of six mixtures was
given in Table 3.
2.3. Specimen Preparation. The concrete mixtures were prepared with and without FS substitution. The FS substitution
rate was varied between 10% to 50%, in increments of 10%.
FS was washed with fresh water more than four times before
it was used in the concrete to remove the ashes and clay
particles. Then it was dried in atmospheric sunlight for the
duration of two days and then used in concrete mixtures.
For all mixtures, the aggregates such as cement, natural sand,
coarse aggregate, and FS were weighed in a dry condition
and were mixed together in a laboratory batch mixer in
order to avoid aggregate and water loss. The properties of
the fresh concrete, such as its workability, were measured by
the slump cone test. To determine the compressive strength
and tensile strength of the concrete, cubes and cylinders
with a size of 150 mm × 150 mm × 150 mm and 150 mm ×
300 mm were prepared. Beams having a size of 100 mm ×
100 mm × 500 mm were also prepared to evaluate the flexural
strength of the concrete. All the specimens were filled with
concrete in three layers, and each layer of the concrete was
effectively compacted by table vibrator [28]. After casting
all specimens, the specimens were covered with a plastic
sheet in order to avoid moisture loss. After that, specimens
were kept at room temperature for 24 hrs and thereafter
were demoulded and transferred to the curing tank until
their testing dates. After the required curing days, the cubes
were tested in a compression testing machine (CTM) having
a capacity of 2000 kN at the ages of 7, 28, 90, and 180
days. The cylinders and beams were tested in the CTM and

flexural testing machine, respectively, at the ages of 28, 90,
and 180 days to evaluate the tensile and flexural strength of
the concrete [28]. All specimens were tested according to the
Indian standards [29]. According to the procedure described
in ASTM C1202-97 [30], the chloride permeability test was
conducted on all concrete mixtures, and resistance to the
penetration of chloride ions was measured by determining
the electrical conductance of concrete. A concrete disc having
102 mm diameter and 51 mm thickness was prepared and
allowed to cure until the testing dates. Afterwards, both
ends of the disc were sealed with cell, one of which was
filled with 3% NaCl solution, while the other was filled with
0.3 N NaOH solutions. A potential difference of 60 V was
maintained across the two cells and the amount of charge
passed to the specimen was monitored for the duration of
6 hrs. The amount of chloride penetration was measured in
terms of Coulombs [11]. According to IS 3085:1965 [31], the
water permeability of the concrete was determined and the
concrete permeability test apparatus was used in this study
to determine the water permeability. By measuring the water
volume that passes through the specimen under constant air
pressure 10 kg/cm2 , the water permeability of the concrete
was obtained. Concrete cylinders having a size of 150 mm ×
300 mm were prepared for the carbonation test. After curing
days, all the specimens were air cured for the duration of 90
days and 180 days and then they were split. The split surface of
the concrete was thoroughly cleaned and the phenolphthalein
indicator was uniformly applied along the entire length using
a brush. The average depth was measured at three points to
the nearest 1 mm, from the external surface to the colorless
phenolphthalein region [11]. The electrical resistivity of the
concrete was determined using a concrete electrical resistivity
meter, under saturated condition. Concrete cubes having
a size of 150 mm × 150 mm × 150 mm were prepared in
all mixtures for sulphate resistance test. The cubes were
immersed in a solution containing 7.5% NaSO4 and MgSO4
by weight of water, for the duration of 180 days and 365
days. The sulphate resistance of the concrete mixtures was
evaluated by measuring the compressive strength of the
immersed cubes at the age of 180 days and 365 days. To
discuss the mixtures easily, names were given to the mixtures,
such as CM, FS 10%, FS 20%, FS 30%, FS 40%, and FS 50%.
For example, the name FS 20% indicated that the concrete
mixture contained 20% foundry sand.

3. Result and Discussion
3.1. Fresh Concrete Properties. The workability of the concrete
was measured through the slump cone test apparatus at times
ranging from immediate after mixing, after 30 minutes and
after 60 minutes. The results revealed that the substitution
of FS decreases the workability of the concrete; furthermore,
an increase in the substitution rate decreases the workability
of the concrete further [28], as shown in Figure 3. However,
close observation of Figure 3 shows that the influence of FS
on the workability of the concrete was profound when the
substitution rate was beyond 30%, and, in addition, the slump
value of the mixtures FS 30% was relatively equal to the
CM. The decrease in the workability of the concrete with
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Table 3: Different concrete mixtures and workability.

Water
(kg/m3 )
Control mixture (CM) 177
FS 10%
177
FS 20%
177
FS 30%
177
FS 40%
177
FS 50%
177
Mixture

Cement
(kg/m3 )
402.37
402.37
402.37
402.37
402.37
402.37

Sand Coarse aggregate Foundry sand (FS)
Slump values (mm)
(kg/m3 )
(kg/m3 )
(kg/m3 )
Imm. after mixing After 30 min After 60 min
616.52
1152.25
0
115
96
51
554.86
1152.25
61.652
112
91
37
493.26
1152.25
123.304
101
77
24
431.567
1152.25
184.96
92
64
7
369.91
1152.25
246.61
74
39
0
308.26
1152.25
308.26
63
21
0

Table 4: Experimental and computed compressive strength.
Mixtures designation

21.54
21.16
21.17
20.30
19.41
16.38

33.14
33.24
32.58
31.24
29.48
25.23

37.24
36.98
36.17
34.01
31.83
27.54

Compressive strength computed using ACI 209 (Type 1) (N/mm2 )
90 days
180 days

37.29
36.55
36.12
34.53
31.43
27.98

37.05
37.16
36.42
34.93
32.96
28.17

37.99
38.11
37.35
35.82
33.80
28.89

40.0

140
120
100
80
60
40
20
0

35.0

Imm. after mixing
CM
FS 10%
FS 20%

After 30 min
Duration

After 60 min

FS 30%
FS 40%
FS 50%

Figure 3: Workability of all concrete mixtures: comparision.

the substitution of FS may be attributed to the fineness and
high water absorption properties of the FS. The fineness and
high water absorption of the FS increases the water demand
of the concrete by water absorption, resulting in decreased
workability. The workability of the concrete was decreased
as time elapsed; however, the slump loss of FS mixtures was
high when compared to the CM. The fineness of the FS
increases the surface of hydration products, leading to greater
water absorption. From the observation, it was observed that
modification of the water content should be applied to the
mixtures based on the fineness of the substitution material
[28].
3.2. Mechanical Properties
3.2.1.Compressive Strength. The compressive strength of all mixtures was obtained at ages of 7, 28, 90, and 180 days, and the
values are summarized in Table 4 and presented in Figure 4.

Compressive strength (N/mm2 )

Slump loss value (mm)

CM
FS 10%
FS 20%
FS 30%
FS 40%
FS 50%

Experimental compressive strength (N/mm2 )
7 days
28 days
90 days
180 days

30.0

25.0

20.0

15.0

10.0
0

10

7 days
28 days

20
30
FS substitution rate (%)

40

50

90 days
180 days

Figure 4: Comparison of compressive strength value of all mixtures
at different ages.

The main objective of this research is to utilize FS as a substitute material in concrete production and not to enhance
the strength properties of the concrete. As expected, it was
observed that even though no improvement in strength was
observed in FS concrete, the compressive strength of the
concrete mixture FS 30% was probably equal to the strength
value of the control concrete (CM). Compared to mixture
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𝑡
(1)
),
4 + 0.85𝑡
where 𝑓cm (𝑡) is the mean compressive strength at the age
of 𝑡 days, 𝑓c28 is the mean compressive strength at 28 days,
and 𝑡 is the age of the concrete in days. The calculated compressive strength values of the concrete are listed in Table 4.
The correlation made between the measured and calculated
compressive strength of the linear regression line was shown
to be strong as shown in Figure 5.

39

Computed compressive strength (N/mm2 )

FS 30%, control mixture has shown 5.7% higher compressive strength at the age of 28 days; in addition the similar
difference was observed at the ages of 180 and 365 days.
However, mixtures FS 40% and FS 50% were shown to have
lower strength compared to the CM mixture at the age of
28 days, and, furthermore, showed a poor enhancement in
strength upon aging when compared to the other mixtures.
The certain properties of FS such as fineness and high water
absorption decrease the compressive strength of the concrete.
The fineness and high water absorption of the FS creates
water demand in the concrete, causing poor workability and
leading to a decrease in the compaction of the concrete,
resulting in the formation of higher number of small pores
close to the aggregate surfaces. The other possible factor is
that the presence of clay, sawdust, and wood flour results in
a reduction of the specific density of the material and also
decreases the density of the concrete by creating air voids in
the concrete [28]. The compressive strength of the concrete
upon aging was determined by using (1), recommended by
ACI 209 (ASTM Type 1) [32]. Consider the following:

36

33

30

27
27

𝑓ft = 0.70𝑥√𝑓ck ,

(2)

39

90 days
180 days

𝑓cm (𝑡) = 𝑓c28 (

Figure 5: Measured and computed compressive strength value of all
concrete mixtures: correlation.
4.3
4.2
Computed ﬂexural strength (N/mm2 )

3.2.2. Flexural and Split Tensile Strength. The flexural and
split tensile strength of all concrete mixtures were measured
at the ages of 28, 90, and 180 days. Like compressive strength,
up to a substitution rate of 30% the flexural and tensile
strength of the concrete mixtures was relatively equal to
the strength value of the CM. For instance, the flexural
strength of the mixtures FS 30% was about 3.879 N/mm2 ,
whereas the control mixtures achieved the strength of about
4.087 N/mm2 , which is only 3% higher than that of mixtures
FS 30%. At the age of 28 days, compared to FS 10%, FS
20%, and FS 30% mixtures, mixture CM showed tensile
strength that was 4.53%, 6.03%, and 7.08%, respectively,
higher and this difference in strength is not relatively high.
A similar difference was observed in both the flexural and
split tensile strength of the concrete at the ages of 180 and 365
days. The flexural and tensile strength of the mixtures with
the substitution rate up to 30% was increased upon aging;
however, this behaviour was not observed in the FS 40% and
FS 50%. This is a result of the increase in the continuous
porous system, resulting in a poor denser matrix due to the
fineness and the presence of dust particles of the FS [28].
Compared to FS 40% and FS 50% mixtures, the mixture CM
showed a tensile strength of 16.38% and 19.32%, respectively,
higher. Based on (2) suggested in IS 456:2000 [33], the flexural
strength of the concrete was estimated from the compressive
strength obtained. Consider the following:

30
33
36
Measured compressive strength (N/mm2 )

4.1
4.0
3.9
3.8
3.7
3.6
3.5
3.5

3.6

3.7

3.8

3.9

4.0

4.1

4.2

4.3

Measured ﬂexural strength (N/mm2 )
28 days
90 days

180 days
Series 4

Figure 6: Measured and computed flexural strength value of all
concrete mixtures: correlation.

where 𝑓ft is the flexural strength of the concrete and 𝑓ck
is the compressive strength of the concrete. The correlation
between the measured and computed flexural strength was
quite strong, as shown in Figure 6, and the mean 𝑅2 value
was 0.9799. The split tensile strength of the concrete was
evaluated from the obtained flexural strength value based on
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Figure 7: Measured and computed split tensile strength value of all
concrete mixtures: correlation.

Figure 8: Relation between elastic modulus calculated using IS
13311(1):1992 and IS 456:2000.

(3), recommended in the CEB-FIP Model Code:1990 [34].
Consider the following:

where 𝐸 is the dynamic Young’s modulus of elasticity (Mpa)
and 𝑓ck is the compressive strength of concrete, 𝜌 is the
density of concrete in kg/m3 , 𝑉 is the pulse velocity in m/second, and 𝜇 is the dynamic poissons ratio of the concrete.
The difference between the calculated elastic modulus values
was not great and the values were relatively close, as shown in
Figure 8.

0.7

𝑓st = 𝑓fl 𝑥

2.0 (ℎ/ℎ0 )

0.7

1 + 2.0 (ℎ/ℎ0 )

,

(3)

where ℎ is the depth of the beam in mm and ℎ0 has the value
of 100 mm. The strengths obtained are expressed in N/mm2 .
The correlation between the measured tensile strength and
the tensile strength calculated using linear regression analysis
was strong, as shown in Figure 7. Based on the experimental
split tensile strength obtained, the relation between the
compressive strength and tensile strength was found and
expressed in the following:
0.315

𝑓st = 0.85 (𝑓ck )

,

(4)

where 𝑓st is the split tensile strength of the concrete and 𝑓ck is
the compressive strength of the concrete.
3.2.3. Elastic Modulus. The dynamic elastic modulus of
the concrete was determined using (5), recommended in
13311(1):1992 [35] and IS 452:2000 [33], from the ultrasonic pulse velocity (UPV) and compressive strength values
obtained at the age of 28, 90, and 180 days. Consider the
following:
𝐸=

𝜌 (1 + 𝜇) (1 − 2𝜇) 2
𝑉,
1−𝜇
𝐸 = 5000𝑥√𝑓ck ,

(5)

3.3. Durability Properties
3.3.1. Rapid Chloride Ion Penetration (RCPT) Test. The service life of reinforced concrete structures generally depends
upon the capacity of the concrete to resist chloride ion
penetration. RCPT test was thus conducted on all mixtures
at the ages of 180 and 365 days, according to the procedure
described in ASTM C1202-97 [30], and the results were compared with the penetration limits suggested in ASTM C120297 [30]. The resistance of all mixtures to chloride penetration
is shown in Figure 9 and listed in Table 5. From Figure 9, it
can be understood that the substitution of FS in concrete
increases the chloride penetration value of the concrete,
and the increase in penetration was directly proportional
to the FS substitution rate. However, the penetration values
of the mixtures with a substitution rate of up to 30% was
moderately equal to the penetration value of the CM. The
penetration value of the FS 30% was 621 coulombs at the age
of 180 days, whereas the control mixture achieved a penetration value of 420 coulombs, which is only 32.36% lower
than that of mixture FS 30%. However the penetration value
of the FS 30% is much lower than the maximum value
recommended in ASTM C1202-97 [30]. The same difference
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Table 5: RCPT, permeability coefficient, and carbonation depth values of all concrete mixtures.
Mixtures designation
CM
FS 10%
FS 20%
FS 30%
FS 40%
FS 50%

RCPT values
(Coulombs)
180 days
365 days
420
580
468
598
516
654
621
728
816
991
1021
1218

Permeability coefficient
(10−12 m/s)
180 days
365 days
5.9
6.24
6.2
6.85
6.9
7.64
7.2
8.12
9.1
10.48
11.8
13.18

Carbonation depth
(mm)
180 days
365 days
1.21
2.64
1.28
2.96
2.01
3.18
3.12
3.71
4.85
5.45
6.2
8.41

Carbonation coefficient
(mm/year0.5 )
0.5 year
1 year
1.711
2.640
1.810
2.960
2.843
3.180
4.412
3.710
6.859
5.450
8.768
8.410
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Figure 9: RCPT values of all mixtures at various ages: comparision.

Figure 10: Relation between water permeability and RCPT values.

in penetration value was observed at the age of 365 days.
In general, the resistance to chloride penetration is higher,
when the formation C3 A in the binder is higher. The FS used
in this study contains 4.93% of Al2 O3 , which is relatively
equal to the cement. Even though the presence of SiO2 and
Al2 O3 in the FS may form the denser tricalcium aluminates
(C3 A), the poor workability of the concrete due to the fineness
of FS, resulting in poor compaction of the concrete, led
to a continuous porous microstructure. The other possible
factor was that the presence of the wood and flour particles
caused the formation of air voids in the concrete. In general,
penetration has occurred along the water paths or open pores.
The formation of this continuous pore system promoted the
penetration of chloride ions. Mixtures FS 40% and FS 50%
showed significantly higher chloride penetration compared
to the CM. On the whole, the substitution of FS in concrete
has a profound effect on the chloride penetration; however,
this effect was not significant up to a substitution rate of 30%
and the penetration value was confirmed as being “very low”
at both ages of concrete.

3.3.2. Water Permeability. According to the procedure
described in IS:3085-1965 [31], the water permeability test was
performed on all concrete mixtures at the age of 180 and 365
days. The test results obtained were presented in terms of
permeability coefficient (see Table 5) by using (6) suggested
in IS:3085-1965 [31]. Consider the following:
𝑄
,
𝐾=
(6)
𝐴𝑇 × (𝐻/𝐿)
where 𝑄 and 𝐴 represent the quantity of water in millimeters
and the area of the specimen face in cm2 , respectively. 𝑇 and
𝐻/𝐿 are the time in seconds and the ratio of the pressure
head, respectively. Like RCPT, the results revealed that the
permeability of the concrete increased when the substitution
rate was increased; however, the influence was significant
beyond the substitution rate of 30%. The correlation between
the water permeability and RCPT charges was shown to be
quite strong, as can be seen in Figure 10. ACI 301-89 [11]
recommended the maximum permeability coefficient value
of 15 × 10−12 m/s. The permeability coefficient value of CM
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Figure 11: Cabonation depth values of all mixtures at various ages:
comparision.

was about 5.9 × 10−12 m/s at the age of 180 days, whereas the
FS 30% mixture showed a coefficient value of 7.2 × 10−12 m/s,
which is significantly lower than the maximum permeability
coefficient value recommended in ACI 301-89 [11]. On the
whole, the substitution of FS does not have a significant effect
on water permeability up to a substitution rate of 30%.
3.3.3. Carbonation Depth. Carbonation of concrete is one
of the critical parameters associated with the corrosion of
steel reinforcements. For all mixtures, carbonation depth was
measured at the ages of 180 and 365 days and summarized
in Table 5. The obtained results in terms of carbonation
coefficient (𝐶) value using (7) [19] are presented in Figure 11.
To compare the carbonation resistance, (7) is generally used,
suggested by many researchers [19]. Consider the following:
𝐶=

𝑋
,
𝑇0.5

(7)

where 𝐶 is the carbonation coefficient (mm/year0.5 ), and
𝑋 and 𝑇 are the carbonation depth in mm and period of
exposure in years, respectively. The results demonstrated
that the carbonation depth of the concrete increases with
the increased substitution rate; in addition, the increase
in depth was significant beyond the substitution rate of
30%. Compared to mixture FS 30%, control mixture has
shown their resistance to carbonation by only 38.89%, higher,
which is not relatively high, and the difference is acceptable.
Similar behaviour was observed by Siddique et al., 2011 [19].
Close observation of Figure 11 shows that the increase in
carbonation depth with reference to the increase in the FS
substitution rate was not linear. For the substitution rate of
20%, the increase in carbonation depth value was 0.96 mm
with reference to FS 10%; however, for the substitution rate
of 40%, the increase in carbonation depth value was 1.73 mm
with reference to FS 30%. The increase in carbonation depth
when the FS substitution rate is increasing can be attributed
to the poor workability of the concrete, which resulted in
poor compactness and led to the continuous porous system.
The other reason is the presence of the carbon content in
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Figure 12: Electrical resistivity values of all mixtures at various ages:
comparision.

the FS. Usually, carbon does not react with water under
normal conditions. But under more forcing conditions, it may
react with the water and produce CO, and this reacts with
calcium from calcium hydroxide and calcium silicate hydrate
to form calcite (CaCO3 ). From Figure 11, it can be understood
that the increase in carbonation depth was proportional to
the age of the concrete. The carbonation depth value of
mixtures FS 40% and FS 50% were 5.45 mm and 8.41 mm,
respectively, at the age of 365 days, which was closer to
the cover of reinforcing steel bars and may cause corrosion.
From the above observation, it was concluded that concrete
with a substitution rate of up to 30% can be considered
as a good concrete, since the carbonation coefficient was
never exceeded the value of 6 mm/month0.5 [36] (see Table 5).
However, concrete with a substitution rate beyond 30% is not
advisable for structural concrete, since the carbonation depth
value of mixtures was closer to the cover of reinforcing steel
bars.
3.3.4. Electrical Resistivity Test. The electrical resistivity test is
one of the methods used to evaluate the durability properties
of the concrete, and the resistivity provided by the concrete
is directly proportional to the density and pore structures of
the concrete. The electrical resistivity provided by all concrete
mixtures was measured at the ages of 180 and 365 days and
are presented in Figure 12. Limeira et al. and Chao-Lung et
al. [11, 37] suggested that the minimum electrical resistivity
value beyond which corrosion that cannot occur is 20 kΩcm. The obtained results revealed that the resistivity value of
the concrete mixtures with a substitution rate of up to 30%

Compressive strength (N/mm2 )
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be concluded that the presence of reactive material in FS
affects the durability properties of the concrete.

30

4. Conclusion
The reuse of FS as a substitute for natural sand in concrete
production was evaluated based on the mechanical and
durability properties of the resulting concrete. Based on the
extensive tests carried out on the six mixtures, the following
conclusion has been made.

27

24

(i) The chemical analysis of FS indicated that FS can
be a very suitable material for concrete production.
However, the fineness and high water absorption of
FS increases the water demand of the concrete by
water absorption, decreasing the workability of the
concrete, although the effect was profound beyond
the substitution rate of 30%.
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Figure 13: Sulphate resistance values of all mixtures at various ages:
comparision.

were beyond 20 kΩ-cm in all ages, while the resistivity value
of the concrete mixtures decreased with the increase in the
FS rate, as shown in Figure 12. The CM showed an electrical
resistivity by only 10.37% and 14.62% higher when compared
to the FS 20% and FS 30% mixtures, respectively, at the age
of 180 days. As discussed above, this is a result of the fact that
the poor workability of the concrete due to the fineness of
the FS. The poor workability of the concrete decreases the
effective compaction of the concrete, leading to continuous
pore structures. It is concluded that the effect of FS with the
substitution rate of up to 30% has superficial effects on the
resistivity properties, but the influence was profound beyond
the substitution rate of 30%.
3.3.5. Sulphate Resistance. The sulphate resistance of the
concrete was tested at the age of 180 and 365 days, and the
results are presented in Figure 13. The test results revealed
that the presence of FS decreases the sulphate resistance of
the concrete, and this effect was further increased when the
substitution rate was increased. At the ages of 180 and 365
days, the CM showed 6.18% and 13.41% decrease in compressive strength, respectively, due to sulphate attack. However,
the mixtures containing FS showed a high reduction in compressive strength, and the effects were significant beyond the
substitution rate of 30%. The decrease in sulphate resistance
FS concrete is due to the presence of traces of sulphur in
the FS. The presence of SO3 may increase the strength of
the NaSO4 and MgSO4 solution and enhances the ettringite formation (Ca6 (Al(OH)6 )2 (SO4 )3 (H2 O)25.7 ), causing the
deterioration of concrete. From the above observation, it can

(ii) In all ages of concrete, the mechanical properties
of concrete mixtures containing FS up to 30% was
relatively equal to the strength value of the CM.
Compared to the mixture with FS 30%, the CM had
showed its mechanical properties by 6.3% higher on
average.
(iii) The chloride penetration value of the CM was 420
coulombs, whereas the mixture FS 30% achieved the
value of 621 coulombs at the age of 180 days, which is
much less than the maximum value recommended in
ASTM C1202-97.
(iv) Since the carbonation coefficient of the concrete
mixture with a substitution rate of up to 30% was
never exceeded the value of 6 mm/month0.5 , it can be
considered as a good concrete.
(v) The CM increased electrical resistivity by only 10.37%
and 14.62%, respectively, when compared to the FS
20% and FS 30% mixtures, at the age of 180 days.
(vi) The presence of sulphur traces in the FS increased
the strength of the NaSO4 and MgSO4 solution
and enhanced the ettringite formation, causing the
deterioration of concrete.
(vii) It is recommended that the FS with a substitution rate
up to 30% is favorable for the concrete production
without adversely affecting the strength and durability criteria.
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Understanding the time-dependent brittle deformation behavior of concrete as a main building material is fundamental for the
lifetime prediction and engineering design. Herein, we present the experimental measures of brittle creep failure, critical behavior,
and the dependence of time-to-failure, on the secondary creep rate of concrete under sustained uniaxial compression. A complete
evolution process of creep failure is achieved. Three typical creep stages are observed, including the primary (decelerating),
secondary (steady state creep regime), and tertiary creep (accelerating creep) stages. The time-to-failure shows sample-specificity
although all samples exhibit a similar creep process. All specimens exhibit a critical power-law behavior with an exponent of −0.51 ±
0.06, approximately equal to the theoretical value of −1/2. All samples have a long-term secondary stage characterized by a constant
strain rate that dominates the lifetime of a sample. The average creep rate expressed by the total creep strain over the lifetime (𝑡𝑓 −𝑡0 )
for each specimen shows a power-law dependence on the secondary creep rate with an exponent of −1. This could provide a clue
to the prediction of the time-to-failure of concrete, based on the monitoring of the creep behavior at the steady stage.

1. Introduction
When concrete is subjected to sustained loading, it exhibits
the phenomenon of creep. This phenomenon has been
recognized long time ago by both structural and material engineers. Creep behavior of concrete is an important
phenomenon to be taken into account for evaluating and
analyzing the behavior of concrete structures [1, 2]. General
creep trends of concrete have been established and are well
known [1, 3], and models have been proposed to predict creep
in the design of concrete structures [2]. However, despite
major successes, the phenomenon of creep is still far from
being fully understood, even though it has occupied some of
the best minds in the field of cement and concrete research
and materials science [3]. Particularly, most of the work that
has been pursued in the area of creep behavior was conducted
at low levels of stress [4–6] and early-age creep [7], and the
brittle creep behavior of concrete under sustained load levels
that are close to its short-term strength is not well known.

Concrete is brittle and under high-sustained loading,
creep failure can occur after a certain time [8, 9]. This
behavior is referred to as static fatigue in materials, and it
is thus important to understand the behavior of materials.
However, whilst this phenomenon has been studied extensively in metals [10], polymer plastic materials, and rocks [11],
the time-dependent failure of concrete has been investigated
only to a very limited extent. Because of the extensive range
of the variety of constituents entering a concrete mix, it is
often difficult to make definite comparisons. Efforts have
been made in micromechanics of the effect of concrete
composition on creep [12]. Viscoelasticity and crack growth
govern the long-term deformability of concrete and thus its
service behavior and durability [13]. For low-load levels, the
viscoelastic behavior appears quasi-linear, and crack growth
is inactive. On the other hand, for high-load levels, cracks
grow and interact with viscoelasticity [13]. Nevertheless, as
noted by researchers the best way to achieve good long-time
predictions is to conduct short-time tests on the concrete and
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Figure 1: The test set-up.

then extrapolate them on the basis of a good prediction model
incorporating as much as possible of the physics of creep
[3, 14]. Macroscopic scaling laws are necessary if we wish to
extrapolate the laboratory results in an attempt to understand
the process of brittle creep in concrete at the time-scales and
strain rates in practical engineering. The critical behavior of
the signals could be a basis for forecasting the time-to-failure
of materials [15].
The time-dependent brittle deformation of concrete usually causes concrete to fail under constant stress that is
well below its short-term strength over an extended period
of time, a process known as brittle creep. The process of
creep failure in other brittle materials, such as rock, is
typically classified by the following three consecutive stages:
primary creep, secondary creep, and accelerating tertiary
creep, which is a precursor to failure [16, 17]. The available
literatures [18–21] on creep failure of concrete focus mainly
on tensile and flexural creep failure. The creep curves for
concrete from tensile and flexural creep tests [8, 22] also
display a three-stage process, corresponding to the change in
creep rate. The current knowledge of the brittle creep failure
behavior of concrete under compression is comparatively
not well defined, and it lacks complete experimental results.
Nevertheless, it is particularly important for the design and
safety assessment of large concrete dams, concrete works in
underground engineering, and so on. In these engineering
applications, concrete materials are always loaded under
long-term compression. It has been shown that basic creep in
compression is significantly more important than basic creep
in tension [23].
In this paper, through constant uniaxial compression tests
for concrete, we discuss three regimes of concrete under
constant load and introduce the simple rule between the axial
deformation rate of the concrete and the rupture time. This
law has an important theoretical and practical significance for
predicting concrete creep damage.

2. Materials and Specimen Preparation
Each concrete specimen used was a rectangular block,
160 mm high, 40 mm × 40 mm in cross section. Each
specimen was cast in an accurately machined steel mold.
The components of the concrete were silicate cement (28day strength of 42.5 MPa), natural river sand (fine aggregate), and limestone coarse aggregate (4.75–16 mm in size).
The mixture proportion by weight of cement : water : fine

aggregate : coarse aggregate was 1 : 0.58 : 2.13 : 3.80. The specimens were cured for 28 days in a fog room at 20 ± 2∘ C and at
a relative humidity (RH) ≥95%. The age of loading concrete
is about half a year.

3. Experimental Methodology
All specimens were uniaxially compressed in the vertical
direction (along the 160 mm axis) at room temperature using
a universal electromechanical testing machine, equipped
with a load cell with a load step of 1 kN. The deformation 𝑢
of the tested specimens was measured using an extensometer
with a resolution of 1 𝜇m located on the sides of the specimens. The test set-up is shown in Figure 1.
Before brittle creep experiments, a series of monotonically increasing load experiments was conducted by controlling the monotonic increase of the crosshead displacement of
the testing machine in order to obtain the short-term failure
characteristics of the concrete. In these experiments, the
displacement of the crosshead was the governing displacement that combined the deformation of the loading apparatus
and the deformed concrete specimen. The displacement of
the crosshead was measured continuously using the linear
variable differential transformer (LVDT).
The stress used for the creep tests is determined to be
equal to approximately 90% of the peak stress of the shortterm failure tests. A series of conventional brittle creep
experiments were then performed at a predetermined stress.
Figure 2 shows the detailed loading process of a sample as
an example. We designed the procedure for the brittle creep
tests according to the definition of creep. During the tests, all
specimens were rapidly loaded to the predetermined stress
state with a rate of 5 MPa/s, which is shown in the initial
loading phase in Figure 2(a), for the subsequent creep test.
The loading was then stopped and the samples were allowed
to deform under constant stress (the parts of the creep phases
where forces were kept constant in Figure 2(a) until failure).
It is shown in Figure 2 that the strain of the samples increased
rapidly during the phase of the application of the initial stress.
It is clearly indicated that the force is kept constant during the
creep phase of the experiment.

4. Results and Discussions
4.1. Monotonically Increasing Displacement Experiments. The
initial calibration experiments were conducted in order to
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Figure 2: Force-time and strain-time plots of a typical creep experiment on concrete as an example of demonstration of the loading process.
(a) The curve of axial force versus time and (b) the curve of the axial strain versus time. It is clear that the load is kept constant during the
creep phase. The strain of the sample increases with time at an applied constant force and eventually leads to a sudden macroscopic failure.
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Figure 3: Dynamic rupture in concrete (samples are labeled as
MS1, MS2, MS3, and MS4) under monotonic loading at a constant
displacement rate (0.05 mm/min). The specimens fail suddenly in
the postfailure stage after the peak force is reached. Concrete exhibits
some scatter in the attained peak force and failure strain. In these
monotonic tests, the displacements in the brittle creep tests are
selected to be the same as those corresponding to the 80–90% peak
forces.

obtain the short-term failure characteristics of the tested
concrete materials, using 12 specimens that were compressed
by controlling the crosshead displacement, monotonically
increasing at a rate of 0.1 mm/min until failure (i.e., no-hold
step). The sizes and shapes of specimens were the same as
those chosen for the creep experiments. Figure 3 shows the
representative displacement-stress curves for four concrete
specimens as examples.

It can be seen that the concrete specimens exhibit typical
stress-strain curves of brittle heterogeneous material like
concrete and rock. At a very early stage of the compression test, the stress-displacement curve was slightly convex
upwards. Later, an almost linear stress-displacement relation
was elicited. The slope of the stress-displacement curve then
decreased and after some time it reached the peak stress.
Eventually, the specimens failed suddenly at some point
in the postfailure stage, after the peak stress. The failure
could be attributed to the accumulation and coalescence of
microcracks and microdefects. The average peak stress of
the 12 specimens was 52.67 ± 5.51 MPa, with a coefficient of
variation of 0.10.
4.2. Brittle Creep Experiments. Brittle creep failure experiments were performed on concrete specimens in order to
yield times-to-failure and creep strain rates. The applied
stresses in the brittle creep tests were selected to be between
80% and 90% of the peak stress in the monotonic tests
(Figure 3). As noted above, the detailed loading process of the
specimens is shown in Figure 1 as an example.
In brittle creep tests, 11 samples were loaded with different
initial stresses during the brittle creep tests. Some samples
failed immediately upon the application of the initial stress
(these experiments were discarded as they produced no data;
some samples did not fail during the available time window of
4 days) and these experiments were also discarded. Following
this calibration for the distribution of sample strengths, we
conducted four tests with prescribed initial stresses of about
90% of the peak stress. In order to show the load process and
the level of the predetermined stresses for each experiment,
curves of the axial stress against time for four samples are
shown in Figure 4. It is indicated that all samples failed
abruptly after the process of constant stress maintenance. The
photographs of failed samples shown in Figure 5 indicate that
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Figure 5: Photos of failed samples in brittle creep experiments.

localization occurred when samples evolved to macroscopic
failure.
During the phase where the samples were maintained
at a constant stress, concrete exhibited an obvious creep
behavior. Figure 4 shows the curves of strain against time
for all four samples during the creep phase. It is clear that
all curves exhibited the three typical stages of creep that
characterize brittle creep deformation. The strain-time curves
are characterized by the first stage of primary (transient)
creep, followed by the secondary creep and by a stage of
tertiary creep.
Each primary creep stage is characterized by an initially
high strain rate that decreased with time to reach an almost
constant, secondary stage strain rate that is often interpreted
as steady creep. Finally, samples entered a tertiary phase
that is characterized by an accelerated increase of strain.

This eventually resulted in macroscopic failure of the samples.
From Figures 6-7, it is clear that the secondary stage dominated the lifetime of samples.
Further investigation is needed to assess whether a
specimen developing steady state creep may fail if the load
is sustained for a sufficiently long time. Accelerated strain
rate in the tertiary stage can be attributed to the fact that the
concrete became weaker and increasingly fractured. In many
tests of brittle concrete, the tertiary stage creep was missed
owing to the rapid brittle failure of samples at this stage.
In order to further characterize the three stages of the
evolution of the properties of concrete’s creep failure, the first
derivatives of the strain-time curves, that is, the strain rate
against time, are calculated and shown in Figure 7. The plots
in Figure 7 demonstrate that there is a long and an almost
constant strain rate portion of the curves, as indicated by the
horizontal parts of the curves. The steady state creep strain
rate can be subsequently calculated within this portion of the
creep curve.
4.3. Power-Law Critical Behavior. The acceleration properties
that were considered could be used to obtain a short-term
prediction for the time-to-failure. Many material failure
phenomena, such as volcanoes [24, 25], landslides [26], and
laboratory samples [27–29], are preceded by clear accelerating rates of strain [30]. It has been widely suggested [30] that
these precursory signals could be the basis for forecasting the
time of failure.
The theoretical analysis [31] has shown that the acceleration behavior of the strain rate near failure can be described
as a power-law behavior 𝑑𝜀/𝑑𝑡 ≈ 𝐴(1 − 𝑡/𝑡𝑓 )−𝛼 with an
exponent 𝛼 = 1/2. In this paper, the log-log plots of the
axial strain rate versus [1 − (𝑡 − 𝑡0 )/(𝑡𝑓 − 𝑡0 )] for the four
specimens are shown in Figure 8, in order to show the critical
power-law behavior near failure. The symbol 𝑡𝑓 represents the
failure time, and as noted above, 𝑡0 is the start time of the
creep phase. Consequently, 𝑡𝑓 − 𝑡0 is the entire creep time
for each concrete specimen. The fitted results (see the red
lines in Figures 8(a)-8(b) and the solid blue lines in Figures
6(c)-6(d)) of the data near failure for each specimen are also
shown in Figure 8. It is shown that the creep strain rates near
failure for each specimen can be described well by a powerlaw relation; namely, strain rate = 𝐴[1 − (𝑡 − 𝑡0 )/(𝑡𝑓 − 𝑡0 )]−𝛼 .
The mean power-law exponent was −𝛼 = −0.51 ± 0.06, which
is almost equal to the theoretical value of −1/2 [31].
4.4. Dependence of Time-to-Failure on the Secondary Creep
Rate. In the brittle creep process, the secondary stage of
deformation dominates the entire lifetime of the specimen.
In the experiments, a steep creep slope in the secondary stage
implies a short lifetime with the lifetime represented by a
power-law relationship. The dependence of the lifetime on the
creep slope 𝜆 𝑠 of the secondary stage is shown in Figure 9. It is
indicated that has exhibited an almost linear relationship with
a secondary creep rate 𝜆 𝑠 . So, the lifetime (𝑡𝑓 − 𝑡0 ) for each
specimen shows a power-law dependence on the secondary
creep rate with an exponent of −1.
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Sample CS1; (b) sample CS2; (c) sample CS3; (d) sample CS4. The curves show the three typical stages of brittle creep: (1) primary (transient)
stage characterized by an increasing strain with deceleration, (2) secondary stage, and (3) tertiary stage characterized by accelerating creep.
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Figure 8: Log-log plots of axial strain rate against time for four specimens. The power-law fits (see the solid red lines in (a) and (b), and the
solid blue lines in (c) and (d)) to the experimental data near failure are indicated in the figures. The power-law exponent is equal to −0.51±0.06
and it is approximately equal to the theoretical value of −1/2 quoted in [31].

4.5. Discussions. Brittle failure in concrete is driven by microcrack growth. For low-load levels, crack growth would not
occur. However, for high-load levels, crack growth is active
and, coupled with viscoelasticity, governs the deformability of
concrete and thus its durability. It has been shown [13, 32] that
models taking crack evolution and the viscoelastic behavior
of concrete into consideration can reproduce the experimentally observed trends and explain the effects observed in creep
failure tests.
In essence, the evolution of the macroscopic response
depends on the microphysical properties and microdamage
process of the sample, which induces sample-specificity
of time-to-failure. The time-to-failure of concrete samples
depends on the sample’s microstructure evolution. Variability in the initial microstructures (such as crack density,

porosity, and their heterogeneous distribution) could lead
to diversification in both creep patterns and time-to-failure
among samples deformed under the same loading conditions.
Consequently, for a given concrete composition and loading
conditions, time-to-failure and creep curves can be highly
variable from one sample to another, because of the intrinsic
variability of concrete microstructures.
In the present experiments, the difference in the imposed
creep stresses was so small that it could not eliminate the
effect of sample variability on time-to-failure. Thus, the data
from the present creep experiments do not show a strong,
direct dependence of time-to-failure on the stress level. In
order to fully describe the differences in time-to-failure for
various samples as a function of applied stress, it is necessary
to perform a series of creep failure experiments over a wider
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The average creep rate expressed by the total creep strain over
the lifetime (𝑡𝑓 − 𝑡0 ) for each specimen showed a power-law
dependence on the secondary creep rate with an exponent of
−1. This could provide a clue to the prediction of the timeto-failure of concrete, based on the monitoring of the creep
behavior in the steady stage. Also, we can estimate the onset of
the third stage based on when the strain rate begins to deviate
from the fitted slope of the secondary stage.

10
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Figure 9: The log-log plot of the creep slopes 𝜆 𝑠 of the secondary
stage and (𝜀𝑓 −𝜀0 )/(𝑡𝑓 −𝑡0 ). It is indicated that there is an almost linear
relation; namely, the solid straight line is the fitted result. So, the
lifetime (𝑡𝑓 − 𝑡0 ) for each specimen shows a power-law dependence
on the secondary creep rate with an exponent of −1.

range of imposed creep stresses for which brittle creep failure
occurs that are different percentages of the peak stress of
the monotonic tests, yielding a range of different times-tofailure. Their eventual macroscopic failure patterns are also
different from each other, as shown in Figure 5.
However, the responses obtained do present scaling law
patterns, which allow the possibility of extrapolating the
laboratory results to understand the processes occurring
in actual structures. The reason that the concrete samples
exhibit the scaling law is that the sizes of the microdamage
events are usually much smaller than those of the eventual
macroscopic failure events.

5. Conclusions
The experimental data presented in this paper demonstrated
that the creep failure of concrete under compression exhibits
the three typical evolutionary stages that lead to an eventual
macroscopic failure. Samples exhibited sample specificities
of the time-to-failure and macroscopic failure patterns but
showed similarities in creep process and macroscopic scaling
laws.
Concrete specimens tested in the present experiments
showed an obvious tertiary stage before the macroscopic
failure. The strain rates in the tertiary creep stage of the
concrete increased rapidly and led to an acceleration creep.
The acceleration creep near failure exhibited a critical powerlaw behavior with an exponent of −0.51 ± 0.06 that was
approximately equal to the theoretical value of −1/2.
The curve of the strain rate against time indicated that
there existed a long-term stage where the strain rate sustained
a constant value. This implied that the secondary stage with
a constant strain rate dominated the lifetime of concrete.
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The present work tries to determine the factors that influence the crystallization of soluble salts in the stone material used in the
construction of buildings in Valencia (Spain). Samples are obtained from a building which has served to accomplish observations
and laboratory experiments necessary in order to determine the pathology of deterioration of the material. It was particularized in
the exposition conditions of the material as a base for determining the morphologies of deterioration caused by salts in the same
lithotype. The main contribution is the petrological study from the architectural point of view considering its orientation, sunlight
in façade, and so forth. This study proves that both material petrology (its mineralogy and texture) and the properties related to the
movement of water inside rocks play a decisive role in the conservation and development of elements in the alteration.

1. Introduction
To perform this studio we focus on the stone obtained from
the Church of Santos Juanes in Valencia. The Church of Santos
Juanes is situated, within its enclave, in the historic centre of
Valencia, in an area delimited by and known as the Barrio
del Mercat (market neighborhood). The group of dwellings
in this quarter, as with many others that form part of the city,
are characterized by belonging to, and forming part of, the
urban history of the city of Valencia [1].
During this time the church and its surroundings were
subjected to different transformations and reformations that
have characterized this site [2]. Because of the traditionally
commercial character of the Barrio del Mercat, from the
16th century, the church became the backdrop to the trading
centre, with typical itinerant market stalls propped up against
its façade. The sitting of the Central Market at the beginning
of the 20th century, together with the Lonja de Mercado (Market Exchange), caused the permanent presence of dampness
brought about by the daily washing routine.
The construction of this building transformed the public
character of the market square and transformed it into

a thoroughfare, with unending alterations in traffic circulation. One of the facades is located in a narrow street with
heavy traffic of cars and buses causing an accumulation of
smoke and air pollution. These causes, among others, are the
particular reasons that provoked the specific deterioration of
the building. The same material shows different pathologies
with different orientation conditions, sunlight, temperature,
and location in the building. These pathologies range from
alveolarization to salt formation with different morphologies,
scabs, efflorescence, and flakes. The average climatic conditions of the city of Valencia correspond to a relative humidity
of 65%, temperature 18.3∘ C, predominantly insolation on the
southwest façade, and prevailing winds of southeast.

2. Materials and Methods
The stone that characterizes the Church of Santos Juanes
(Figure 1) dates from the reconstruction work carried out in
1608. Various fires in the 13th, 14th, 16th, and 20th centuries
caused the destruction of many of the temples files, leaving
work contracts regarding the church and its extension as the
only documents available. These contracts found at that time
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Figure 1: Overview of the church of Santos Juanes.

required the stone used for the building to come from the
quarry of Tos Pelat, probably because that was the source of
the original stone used for the building.
The stone from this quarry is a type of limestone popularly known as tosca (coarse) and is the main material used in
many Valencia monuments [3].
We assume that this was the stone traditionally used in the
stonework building of this church. Since there is no historical
data on the construction of the church or on the quarries from
which the stone used in its different phases of construction
was obtained, we will base our classification of rocky material
on the building’s most important historical periods in which
building work was carried out. The first classification of stone
material refers to the most important historic periods of
works carried out in the building and from this classification
different samples were obtained corresponding, firstly, to the
work of Gothic masonry of the church (the 15th and 16th centuries) and, secondly, to Baroque works and reconstruction
(the 17th and 18th centuries).
The stone extracted belongs to a group of carbonated
rocks formed by precipitated chemical whose composition,
based on calcite, consists of almost invisibly variable concentrations of clay that are found. They are a lagoon limestone
with organic remains of plants and nodules and not very
significant variable concentrations of clay.
This limestone belongs to a type of rocks with a unique
structure with a significant strip.
2.1. Implementation of the Identification and Classification
Methodology of Stone Material. Following RILEMs [4], recommendations, sampling in both the quarry and the building, were carried out and suitable material fragments for
sampling were obtained.
In the samples obtained from quarries that are currently
unexploited, quality changes in quarry stratigraphy were
taken into account and the most representative fragments
from the areas that seemed more likely to have been previously exploited and based on historical documentation were
chosen.
In the samples obtained from the building, the different
types and morphologies of alteration were taken into account
according to their orientation and exposure to atmospheric
agents. The following plan shows the historical constructive
evolution of the building’s most relevant moments (Figure 2),
and the following samples were obtained as shown in Table 1.

Figure 2: The historical constructive evolution of the church of
Santos Juanes.

The pieces of equipment used were as follows:
(i) LEICA binocular loupe, model MZ APO, with
512x increase capacity and a resolution of 600 line
pairs/mm, belonging to the Electron Microscopy
Service of the Universitat Politècnica de València
(Spain),
(ii) Zeiss Axioskop petrographic microscope, belonging
to the laboratory of Research Technical Services of the
University of Alicante (Spain),
(iii) JEOL Scanning Electron Microscope model JSM 6300
with an accelerating voltage of 0.2 to 30 kV, 10x to
300000x magnification capacity (wd = 39 mm), and
secondary electrons resolution of 3.5 nm (30 Kv and
wd = 8 mm); further, it is equipped with a light elements microanalysis system of Oxford Instruments,
Inca energy 250 model, belonging to the Electron
Microscopy Service of the Universitat Politècnica de
València (Spain).
Philips PW 1404 spectrometer with Sc-Mo X-ray tube has
been used in the Geology Laboratory of the National Museum
of Natural Sciences (Madrid, Spain). Quantitative determinations were made using the Panalytical-Phillpes IQ+ software,
with the CNRS-France straight calibration standards.
Mercury injection analyses were carried out to determine
the porous system obtained from the fraction determined
through the analyses at the AICE institute (Research Partnerships of Ceramics Industries of Spain). The range of pores
explored was between 300 𝜇m and 0.07 𝜇m in diameter. The
purpose was to characterize the mother rock, whilst the
cavities or large pores of these stones, which can be easily
observed, are not determined following this technique.

3. Results and Discussion
The stone material used in the building is formed by calcite
limestone which leaves large pores or cavities and large secondary crystallinity. In turn it consists of banded carbonates
that arranged colorful different alternating bands creating
more and less porous parts which are arranged parallel to
the strata of the formation. Its pores are interconnected,
the gaps are of very variable sizes and can be attributed
firstly to primary intergranular porosity and secondly to
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Table 1: Position samples. Quarry samples: C-1, C-2, and C-3.

M-1 sample
M-2 sample
M-3 sample
M-4 sample
M-5 sample
M-6 sample
M-7 sample
M-8 sample
M-9 sample
M-10 sample
M-11 sample
M-12 sample
M-13 sample
M-14 sample
M-15 sample
M-16 sample

Building samples
Coating in a flaked off state from the right façade. Market square.
Sample from the molding of the right base in the right façade. Market square.
Central relief sample. Market square.
Left façade sample. Market square.
Fragment obtained from the statue at the foot of the exterior wall of the church. Market square.
Sample of the jamb post of one of the upper gaps affected by the fire. Market square.
Fragment obtained from the jamb post of an upper gap. Calle Vieja de la Paja.
Fragment obtained from the right column in the façade. Calle Vieja de la Paja.
Sample obtained from the upper pinnacle. Market street.
Fragment obtained from the buttress. Calle Vieja de la Paja.
Fragment obtained from the upper face. Calle Cementerio de San Juan 16th.
Fragment obtained from the upper face, partially covered by mortar. Calle Cementerio de San Juan.
Fragment from the upper ashlars. Calle Vieja de la Paja (Centuries).
Mortar for fixing ashlar.
Fragment from the base of the column in the street façade of Comunión de San Juan.
Fragment from the left column in the street façade of Calle Vieja de la Paja.

secondary porosity of modic type. This stone is a microgranulated limestone without predetermined structure with
a high porosity and large cavities. It has good cementing
recrystallization areas where perfect crystals (Figure 6(a))
and little stratification develop. In parts of fresh samples, we
can see how the recrystallization is massive, with just cement,
giving an aggregate of crystals. The calcite crystals are tabular
rhombohedra with perfect faces and growth planes around
the pores are observed.
One of the objectives of characterizing the porous system
of rock is to find out its susceptibility to the action of
soluble salts and, therefore, its morphology of deterioration.
The composition of materials is closely related to other salt
intrusion causes, wherein the porous structure performs a key
role in the mechanism of deterioration [5, 6]. It is a known
fact that a fluid’s capacity for movement inside stone depends
on its open porosity and therefore on its capillary structure,
pore diameter, and means of access. The amount of humidity
present in rocks, whether from capillary attraction or by
absorption of water vapor, depends on the characteristics of
the material itself as well as the ambient conditions.
The drying processes, to the same conditions of placement, are also conditioned by the structure of the material.
Evaporation from a surface also depends on external factors,
by which we mean the conditions adjacent to the surface, and
the internal factors related to the movement of water on the
surface [7] as well as the duration of wet/dry cycles [8].
Porous materials (stone and brick) have finer pores than
the terrain. This is important to determine the capillary
absorption properties of these materials and therefore the
capillary suction is proportionally greater and dominates the
fluid movement [9].
In materials in which water can move easily, drying
takes place from the surface through molecular migration
of the water which changes to the vapor state. This happens
in this way if the movement of water, depending on the
capillary structure, is fast enough to compensate for the loss

by evaporation. Then the surface can dry before all the pores
in the interior are empty. The water front withdraws to the
interior of the wall and the speed decreases, which tends to
stabilize the water content and critical dampness content [7].
3.1. Characterization of the Material’s Behavior: Testing for
Material Deterioration. The first area where we defined our
work introduces us to the characteristics of the material
regarding its porosity. Limestone porosity was measured with
mercury intrusion porosimetry (MIP). The analysis carried
out through mercury injection porosimetry determined the
characteristics of the matrix rock. An analysis was carried out
on the different samples collected at the monument and on
different points of the same sample where heterogeneity of
the mass could be clearly observed.
The averages of the tested samples were obtained and
divided into groups according to the date of construction and
the date they were quarried. Work was always carried out in
the inside part of the rock not affected by deterioration.
Table 2 shows the results obtained for each of the samples.
The graphic method represents the data of the analysis
porosimeter and allows seeing the diameter of the pore. The
graph of the accumulated distribution shows us the volume
of pores depending on the logarithm of the diameter of the
pores. By comparing the results of C-1 samples to the others
a difference in the values of the volume of open pores can
be observed. That difference also exists in the value of the
average radius of the pores (Table 2). This fact together with
other observations allows us to determine that, in terms of
the porous system, the quarry sample is not comparable to
the building samples.
The selected samples have been studied with a binocular
loupe and a petrographic microscope.
Figure 3 shows the main samples M-9, M-13, and M-12
correspond to parts of the building that historically belong
to the second most important building period of the temple.
The values are similar when comparing the volume of open
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Table 2: Mercury porosimeter results.
Sample
M-6
M-9
M-10 int.
M-10 ext.
M-12 int.
M-12 ext.
M-13 ext.
M-13 int.
C-1

𝑉Total

AT

0,0726
0,0252
0,0610
0,0723
0,0341
0,0939
0,0332
0,0214
0,0113

0,6177
0,9074
2,1220
1,3552
0,9121
1,5459
1,8967
1,1263
1,1768

PV

PS

SD/H

%CAP

30,8054 0,0136 2,8466 30,4158
39,7126 0,1191 3,0938 9,0743
32,8054 0,0087 3,2522 18,1487
63,5922 0,0129 3,1726 21,5095
24,9927 0,0090 3,0705 11,5950
25,8301 0,0114 3,2322 25,8787
30,8691 0,0103 3,2266 9,4104
36,9408 0,0119 3,2516 5,3774
11,8981 0,0105 3,0312 4,3691

𝑉Total : intrusion total volume cc/g.
At: porous total area m2 /g.
Fi PV: porous average diameter (volume) 𝜇m.
Fi PS: porous average diameter (area) 𝜇m.
SD/H: sample density with Hg filled porous. Sample density with closed
porosity g/cc.
% Cap: Hg volume % which has penetrated into the sample.

pores of the interior parts of the stones, as is the average
diameter of their pores, but are less than those obtained in
the M-10 samples which correspond to the first phase of the
construction of the building.
The M-6 sample also corresponds to the first stage of the
construction of the building, but the value it gave cannot
be considered representative or comparative to sample M-10

because it comes from the part of the building which suffered
many fires. However, the part of the sample does correspond
to an intermediate zone between the superficial and internal
one.
Of all the different samples obtained, parts corresponding
to the internal part of the stone as well as other parts
corresponding to the external part close to the surface crust
were selected from samples M-10, M-12, and M-13. The parts
extracted in the zone show an increase in the volume of open
pores in the external part, which in turn increases the average
diameter of the pores’ volume.
M-10 belongs to a sample extracted from the buttress of
building, in the upper part of the zone that corresponds to
Vieja de la Paja street which was subjected to the effects of
rain water. This corresponds to a part of the building made
up from a layer of crust formed by carbonatation and soluble
salts deposits caused by the flow of the water.
M-12 has a bigger increase in the volume of pores but
shows the same size of average diameter of the pores. M13 has a significantly lower volume increase of open pores
from the internal to the external parts and indeed the average
diameter of the pores is bigger in the internal part of the
sample. We should remember that the sample corresponds
to the high part of the building looking on to Vieja de la
Paja street, covered by a calcium sulfate crust which seals the
surface, as well as the carbonate which has accumulated in
the pores causing the surface to stagnate, as we can observe
in Figure 6(c), all of which can cause the reduction of the
average pores radius.

5

100

100

90

90

80

80

70

70

Absorption (%)

Degree of saturation (%)

Advances in Materials Science and Engineering

60
50
40
30

60
50
40
30

20

20

10

10

0

2

4

6

8 10 12 14 16 18 20 22 24 26 28
Time (hours)

0

10

20

30

(a)

40

50 60 70
Time (hours)

80

90

100

(b)

Figure 4: Absorption (a) and desorption (b) curves.

Parts of the sample that were not affected by the layer
of mortar were chosen from sample M-12. This stone, with
a considerable increase in open porousness, approximately
maintains the same diameter average of the pores and corresponds to the part of the building that was most subjected
to the effects of rain water, causing a decalcifying effect in the
most external part.
3.2. Conditions That Influence Crystallization in the Deposition
of Salts. The conditions related to crystallization and the
deposition of salts under study concern the nature and
concentration of salts, the texture of the material, and those
related to evaporation.
A sample of the building was taken by obtaining fragments of material, taking into consideration the different
types and morphologies of change depending on orientation
and exposure to atmospheric agents. From observations
made with a binocular magnifier, petrographic microscope,
and scanning electronic microscope as well as tests with
a mercury porosimeter we were able to characterize the
rock as very porous, the pores of which were found to be
interconnected.
The size of these empty spaces varies considerably and
can be attributed to primary intergranular porosity and secondary porosity of the modic type. The porous morphology
corresponds to minute channels with walls packed with
microcrystal making them irregular in shape, both in the
interior and exterior of the pores as well as the outer part of
the latter.
We also checked the water saturation and effusion capacity of the material, plotting their corresponding curves, which
confirm that we are dealing with a highly porous rock and
that the drying of the surface is slow and diffuse caused by
the flow of water to its interior (Figure 4). The stone has
high connectivity and variations in pore size or interpore
connections. The absorption curves for these rocks could
be broken down into two straight lines exhibiting a gradual
change of slope between the initial and final phase [10].
This pore distribution, with few large and numerous
small pores, promotes the formation of salt crystals. Their

desorption curve (Figure 4) showed that rock underwent
slow, on the whole, evaporation where moisture was retained
inside the pore system longer. Salts crystallization can occur
if the solution is saturated or supersaturated [5]; therefore, it
is possible that the concentration is constant and the temperature decreases, the solution reaches the saturation condition,
and a low crystallization occurs. If evaporation occurs at
a constant temperature, the concentration of the solution
increases rapidly at the end of the capillaries and saturation
is reached. The most common is that the combination of
decreased temperature and increased concentration of the
solution occur simultaneously.
3.3. Nature and Concentration of Salt. The influence of the
concentration of soluble salts as a condition for crystallization
is evident. The greater the concentration is, the bigger the
quantity of soluble salts can fill the pores. If there is a smaller
quantity, the salts can be absorbed by capillaries and carried
to the surface without causing too much harm [11]. The most
serious deterioration is originated by the salts that crystallize
for a given variable quantity of water of crystallization, when
the temperature which conditions this transformation is near
to ambient temperature. Thus, the deteriorating action of the
salts is manifested especially when this crystallization is in
anhydride form or in its weakest state of hydration, which can
occur at lower temperatures.
Depending on the temperature, the relative humidity,
and the relationship between the pressure of the water vapor
and the vapor pressure of the hydrated salt, a rhythmic
contraction and expansion on the walls of the pores develop
depending on the pressure of hydration. When this is higher
than the resistance of the surface of the wall, it breaks through
leaving the stone more porous and more sensitive to the
future action of dampness and salts.
Tests carried out on different samples (Table 3) regarding
the salt content show that those corresponding to stone
materials with the greatest volume of open pores contained
a higher percentage of sulphates.
Salts present in the stone samples were analyzed by
scanning electron microscopy with energy dispersive X-ray
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Figure 5: X-ray diffraction analysis.

Table 3: Salt content.
Number

−

Cl

Ca++

Mg++

SO4 −−

CO3 H−

Na+

C-1
M-9
M-6

7
28
7

23.0
59.0
29.6

3.6
3.0
3.6

19.2
24.0
24.0

79.3
126.8
85.4

9.2
4.6
5.29

M-12
M-10

28
2

158.0
32.0

5.6
3.0

384.0
33.6

68.3
122.0

20.7
6.9

Data in mg/liter with 10 gr of sample in 100 mL of distilled H2 O.

spectroscopy (SEM-EDX) to characterize the salt mixture
with surface damage. Analysis of the fresh, altered, and
mainly physical-chemical meteorized samples has been compared by X-ray diffraction. Sulfur peak presence has been
observed in monument samples. Pb and Na presence in
some samples are sporadic anomalies due to samples spatial
orientation in front of gas emulsions from combustion and
saline seaside environment; an example is shown in Figure 5
and Table 4.
Coal burning transforms sulfur into sulfur dioxide, one
of the main atmospheric pollutants during the past four
centuries. Limestones and calcareous sandstones are prone
to developing crusts of hydrated calcium sulfate from the
reaction of the moist stone (rich in calcium carbonates) with
sulfur dioxide gas that has been converted to sulfuric acid
or to an intermediate sulfite salt by an oxidation reaction
[12]. These stones surfaces develop a surface crust of gypsum,
blackened by incorporation of soot particles and organic
matter.

3.4. Texture of the Material. The formation of crystals is
linked to the texture of the material itself, regarding its morphology, shape, and size of its pores. Therefore, a crystalline
structure grows by adding layers of material to the external
surface when it is in contact with a solution which carries
the necessary material for its growth. When the crystals grow
in contact with the surface of the pores, there is always
a thin coating of solution due to capillary attraction and
absorption. We must take into consideration the fact that a
solution can become supersaturated with respect to a crystal
under low pressure, the case of crystal growth in large pores,
while the same tends to dissolve a crystal that is under high
pressure, the case of crystal growth in small pores [13]. For
this reason the process is more feasible in material made
up of many small pores that feed the growth of crystals
in their large pores; these are fewer in number. The stone
material under study fits this case. This fact can be seen in
the microphotographs taken of the different samples of stone
material extracted from the building where we can observe
the formation of geodes in the interior of the microspores
(Figure 6(a)).
3.5. Conditions of Evaporation. When evaporation takes
place through the pores on the surface, the soluble salts that
can crystallize on the surface form deposits that are commonly called efflorescence. The distribution of efflorescence
on the surface of a wall generally depends on its height above
ground level and the wall’s geometrical shape. It may be
concentrated in certain parts of the wall, often found in the
corners of a building between dry and damp areas, at the edge
of a damp area which has risen, below roofing and cornices
or below defective guttering.
The performance of the stone when exposed to environmental agents depends on the building’s orientation and the
building element involved: basement, columns, arches, and
cornices [14].
The evaporation rate in the crystallization of soluble salts
on the surface of badly ventilated areas is lower than the water
replacement rate by capillary migration in the interior of the
wall.
The street receives many hours of sunshine; thus it is
possible that the high solar irradiation influences transfer
via humidity, evaporation, and salt crystallisation, as well as
determining and increasing the frequency of salt crystallisation cycles [15].
One part of the salts may remain in the internal layers of
the stone. Crystallization of the salts takes place in the interior
if the surface evaporation takes place in a relatively short
period of time and most of the evaporation takes place below
the surface. The crystallization of salts is known in terms of
crypto-effloresce [16].
In many cases liquid does not form on external surfaces
in which the evaporation of water through the pores is very
rapid, and thus it remains dry since the water evaporates at a
greater rate than the interior water flow is refilled.
In these cases the migration of the solution towards the
external surface is slower and crystals form and grow in the
pores and fissures, along a plane at a certain distance below
the surface [17]. The subefflorescence formed in this way
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Figure 6: (a) View of thin section NP40X. Geologic process or natural process of pore filling by calcium cement. (b) View through a binocular
magnifier. Advance of the process of precipitation by formation of salts in a porous mass. (c) Transverse cut from the least affected part (interior
zone) to the most affected.
Efflorescence
V2 > V1
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Figure 7: Material deterioration morphology produced by the crystallization of salts.

exerts more pressure on the rest of the stone materializing
in the interior by a desegregation, exfoliation, of the acicular
type of the surface layer or by the formation of ampullae.
The thin layers which are formed are of secondary origin,
and they run parallel to the surface and are composed of
alternating bands of transforming minerals. These layers are
separated from the rest of the rock and if water is allowed
to enter, it can cause processes of gelling and the mass can
become detached, leaving the interior prone to rain erosion.
Maximum deterioration occurred when the top eroded and
the patches worked loose from the surface (spalling) [18].

When the stationary state is reached, that is to say, when
the rate of diffusion of water vapor from the dry stone surface
is dynamically balanced by the rate of capillary migration of
the solution from the dry and wet zone, a compact sheet of
material, known as scale, is formed on the external surface
(Figure 7).
Depending on evaporation rate (𝑉1 ) and the migration
speed of the water towards the surface (𝑉2 ) different morphology deterioration occurs by crystallization of the salts in the
material [5].
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Table 4: X-ray data of sample M13.
(a) Vert. = 1000 counts, disc = 1, preset = 100 secs, elapsed = 100 secs

Energy
1.28
1.51
1.76
2.33
2.65
3.33
3.71
4.03
5.40

Counts
960
1739
8100
28315
1069
2771
33672
4164
399

X-ray lines
Mg KA1, Mg KA2, Mg KB1
Al KA1, Al KA2
Si KA1, Si KA2
S KA1, S KA2, Pb MA1, Pb MA2
Cl KA1, Cl KA2, Pb M2N, Pb MG2, Pb MG1
K KA1, K KA2
Ca KA1, Ca KA2
Ca KB1, Ca KB3
Fe KA1, Fe KA2

Accelerating voltage: 22.0 KEV, incidence angle: 70.0 degrees.
X-ray emergence angle 36.1 degrees.
(b) Standardless EDS analysis (ZAF corrections via MAGIC V)

Element and
line

Weight
percent

Atomic
percent∗

Precision
2 sigma

𝐾-ratio∗∗
iter.

Mg KA
Al KA
Si KA
S KA
Cl KA
K KA
Ca KA
Fe KA
Pb KA
TOTAL

0.66
1.23
4.29
15.35
1.60
2.74
31.05
0.69
42.39
100.00

1.50
2.51
8.43
26.44
2.48
3.87
42.78
0.69
11.30

0.08
0.09
0.15
0.27
0.10
0.14
0.49
0.11
0.72

0.0041
0.0091
0.0360
0.1619
0.0141
0.0249
0.2920
0.0077
0.4484

∗

Note: atomic percent is normalized to 100.
Note: 𝐾-ratio = 𝐾-ratio × 𝑅, where 𝑅 = reference (standard)/reference (sample).
Normalization factor: 0.839.
∗∗

Efflorescence is the salts crystallization on the outer
surface of the material. Scab is a compact film on the outside
of the material and is identified by its hardness, its colour
(black scabs), or products containing carbonaceous pollution
(soot, dust, etc.). Flake is a sheet of a few millimetres thick that
emerges parallel to the surface.
(i) Efflorescences. Salt crystals, such as potassium and sodium
sulphates, are common in walls, especially in the summer
months. Efflorescent salts form a mark with the position of
the evaporation fronts, which may be on the surface of porous
materials with the same frequency or just below the surface
within the pores themselves.
The origin of the ions forming soluble salts is very diverse:
(a) By leaching of rocks, mortars, and other materials, and
restoration. (b) Pertaining to the subsoil. (c) By deposits of
natural products or anthropogenic atmospheric pollution. (d)
Generated by the metabolism of organisms. (e) Other origin.
The ion activity of the solutions that rise buildings walls by
capillary depends on the nature of the subsoil and activity in
the environment. In the atmosphere are suspended particles,
aerosols, and gases whose ions are able to form soluble salts
deposits on the stones [19].

Consequences of salt accumulation are as follows. Salts
can block pores and capillaries through water evaporation
and, therefore, drive up the wet front thereby increasing
humidity [20] and material damage occurs by a constant
dissolution and recrystallization of certain salts given by
humidity and temperature changes. The salts of sodium
sulfate deposited from groundwater can be particularly
destructive to buildings and monuments [21].
(ii) Black Scabs. In fact, black scabs are formed by gypsum (a
salt), but they have a high incidence in urban areas.
Black scab is a layer of black or dark grey composed of
gypsum and rock minerals.
Sometimes, scabs have spongy morphologies and a certain thickness, up to several centimeters. They cause sandification of rock overlain [22].
(iii) Flakes. A series of flakes occurs due to the deterioration
in the stone. The deterioration in the stone material is
exfoliation as we can observe. Lifting and separation of
one or more layers (altered or not) of uniform thickness
(several millimetres) are produced parallel to each other and
regarding structural or weakness sections of the stone.
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4. Discussion and Conclusions

Conflict of Interests

Checking the deterioration of the material showed that
depending on the conditions of exposure, in some zones
more surface layers were formed which took on crust, scale,
and other shapes, made up by deposits of air pollution, air
deposits, sulfate formations, and flows of calcium carbonate.
The porousness of these surface layers varies depending
on their initial parameters depending on possible stagnation
due to salt accumulation, mechanical deposits, calcium sulfate formations, or increasing this porosity due to decarbonatation and decementation of the material carried away by the
water.
The different morphologies of deterioration originated by
the formation of soluble salts were found to be distributed
throughout the building depending on its orientation. In
facades exposed to greater ventilation and more sun the
formation of internal crusts, exfoliation, and ampullae was
observed.
The formation of efflorescence was observed in less
exposed areas (Figure 6(b)) and where a balance between
the rate of evaporation and the flow of water to the surface
existed, the formation of scales was observed.
For different reasons the stone elements of the buildings
are covered by a more or less superficial coating, since it takes
the form of thicknesses and shapes which vary from simple
incoherent stratifications of dust to what can be called sticky
deposits of material in the form of scales, crusts, and so forth.
The formations of this coating are due in part to, and for this
reason are detectable by, the impoverishment of the interior
zones of the stone material and the resulting meteoric rate of
development that has taken place in the stone material of the
building where the formation of these layers culminates in the
different factors that produced them, which are formed by

The authors declare that there is no conflict of interests
regarding the publication of this paper.

(i) a layer made up of deposits of salt by the formation of
sulphates and by migration of carbonates,
(ii) an interior layer formed by deposits of carbonates and
soluble salts produced by the flow of water,
(iii) another layer where decarbonatation and the beginning of decementation have occurred.
The thickness of this layer varies depending on the content
and nature of the soluble salts, the reach of the water which
is directly related to the texture of the material, and the
evaporation conditions (Figure 6(c)).
Stone material presents different deterioration morphologies depending on its architectural elements. This element
makes up part of the building and its degree of alteration is
conditioned by its location and orientation—sun exposure,
rain, wind, and so on.
Moreover, the building is located in an urban enclave
where its particular location conditions, wide and narrow
streets, traffic, and pollution all contribute even more to
demonstrate the morphological diversity of the deterioration
that this stone material shows.
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los materiales del Patrimonio Arquitectónico, E.U. Arquitectura
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The presented paper deals with utilization of raw and treated coir pith as potential component of cementitious composites. The
studied material is coir pith originating from a coconut production. Its applicability as cement mixture component was assessed
in terms of the physical properties of concrete containing different amount of coir pith. Basic physical properties, compressive and
bending strength, and hygric transport characteristics as well as thermal properties belong among the studied characteristics. It
was proved that the concrete with 5% (by mass of cement) of this waste material shows appropriate physical properties and it gives
rise to an applicable material for building structures. Generally, the coir pith can be regarded as lightening additive. When 10% of
coir pith was added, it has led to higher deterioration of properties than what is acceptable since such dosing is greatly increasing
the total porosity. The influence of chemical treatment of coir pith was evaluated as well; both tested treatment methods improved
the performance of cementitious composites while the acetylation was somewhat more effective the treatment by NaOH.

1. Introduction
Concrete is conventionally produced from Portland cement,
water, and aggregates but nowadays virtually whole world
concrete production applies also other components (additives, admixtures) in order to improve the concrete properties, cut production costs, or reduce environmental impact—
that is, energy and natural resources consumption—of concrete production. One of the most widely studied and
used groups of concrete additives represents supplementary
cementitious materials (SCM). SCM can be used as a partial
cement replacement in concrete production [1]. Therefore,
the utilization of these kinds of materials can lead to a
decrease of cement consumption. Cement is one of the
most utilized building materials and its production is one
of the biggest producers of CO2 emissions. Approximately
1 ton of the greenhouse gas (according to the production
technology) per 1 ton of cement is generated [2]. Thus, the

reduction of cement consumption has an economical as well
as an ecological advantage. The most common representatives
of SCM are industrial byproducts. Their applications bring
another ecological advantage; waste material is reutilized
instead of being disposed. The most well-known byproducts
employed as a cement replacement are, for example, fly ash
[3], silica fume [4], blast furnace slag [5], or fine ground
brick [6]. Another group of SCM representatives is composed
of those materials, which have to be pretreated (usually
burned for its specific temperature) for obtaining pozzolanic
properties. It is, for example, metakaolin [7], some other
burned clays [8], or microsilica [9].
All mentioned SCM are artificial materials, originating in
a manufacturing process. However, as cement replacement
can be also used as natural materials, more common are
natural minerals such as zeolites [10], tuff, and diatomite;
however, also some organic materials show pozzolanic activity. During the last few decades, the application of agricultural

2
waste gains on importance. An agroindustrial economy of
many countries is frequently based on a production of
agricultural materials and their further treatments. A huge
problem, significantly affecting a sustainability of the process,
becomes a disposal of biomass. Although technologies for
its treatment (e.g., transformation into the energy) have
been already developed, a biomass is still not commonly
utilized. Unfortunately, it is mainly being disposal, left on
fields, or burned up. This usually happens in underdeveloped
countries, which have almost no regulatory possibilities for
changing these heavily polluting methods, spoiling environment. Agricultural biomass can be found, for example, in
form of stems, leaves, residual straw, roots, hulls, and shells,
and it originates from crop plants as sugar cane, wheat,
maize, coconut palm, oil palm, rice, cotton, bamboo, and
so forth. Recycling of this waste and its further application
in civil engineering could solve pollution problems, and it
could also lead to a conservation of natural resources. The
most common agricultural waste, utilized as SCM, is a rice
husk ash. Its application as Portland cement replacement
up to 30% was studied by Muthadhi and Kothandaraman [11]. They proved that a rice husk ash is a reactive
pozzolana, which improves mechanical strength as well as
other properties. Gastaldini et al. [12] also dealt with this
alternative pozzolana; they proved positive effect of a rice
husk ash on concrete shrinkage as well as its resistance against
chlorides. A corn cob ash can be used in form of cement
replacement also. According to the study of Adesanya and
Raheem [13], improvement of chemical resistance of concrete
was observed in all studied mixtures with a corn cob ash
up to 15%. Zhang et al. [14] studied the effect of a wheat
husk ash, and they reported improvement of workability and
compressive strength of concrete mixtures. Possibilities of
utilization of a bagasse ash as SCM were studied by Chi
[15] and also by Ganesan et al. [16]. According to Ganesan
et al., the best solution was found in 20% replacement,
while Chi reported 10% as the best ratio of cement replacement.
In this paper, the studied material is agricultural waste
originating in a coconut production. Very little attention was
paid to this topic and only few papers dealing with this topic
were found in common sources. Olanipekun et al. [17] performed the comparative study of concrete properties using
coconut shells and palm kernel shell as coarse aggregates.
They concluded that, by utilization of the coconut shells, costs
of a concrete production are reduced by 30%. Gunasekaran
et al. [18] did research dealing with coconuts shells also. They
tried to replace a part of a coarse aggregate by these shells and
they studied its influence on plastic shrinkage and deflection
characteristic of a concrete slab. They reported decrease of
plastic shrinkage thanks to the utilized coconut shells. In
their other study [19], they focused on a lightweight concrete
with coconut shells as a coarse aggregate and Gunasekaran
et al. studied its flexural properties. Mechanical strengths
showed similar values as in the case of other lightweight
concretes. Concrete with coconut fibres reinforcement was
the matter of the study performed by Ramli et al. [20]. They
studied influence of three types of aggressive environments
on strength and durability of the concrete. Ramli et al.
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[20] investigated 12-year-old mortar blocks reinforced by
coir fibers; they found them unaffected by the cementitious
environment. Abdullah et al. [21] studied mechanical properties and fracture behaviour of coconut fibre-based green
composites. They proved that the highest strength of modulus
of rupture and compressive strength were achieved in the
case of 9% of coconut fibres reinforcement. Utilization of coir
fibres as well as of a coir pith as cement replacement was
the matter of the study performed by Sonia and Dasan [22].
They focused on mechanical properties, water imbibing, and
microbial growth.
The utilization of a coir pith as concrete additive is the
matter of this study. Coir piths with three different chemical
treatments were used as additive in dosing of 5 and 10% of
Portland cement content in concrete mixtures. Its applicability was investigated by means of physical characteristics
determination. Among studied properties belong the basic
physical characteristic, mechanical strength, hygric transport
parameters, and thermal properties. Achieved results were
compared with the reference material, concrete with no coir
pith added.

2. Material and Samples
Compositions of studied concrete mixtures are presented in
Table 1. Portland cement CEM I 52.5 R was used as the main
binder component. Its chemical composition (obtained by
XRF methods) is presented in Table 2, while its mineralogical
composition according to Bogue is in Table 3. The utilized
coconut coir pith was obtained from the Gudiyattam consortium of the state Tamil Nadu (India). As a secondary
product of coir fibres extraction from outer protective peel of
a coconut, the coir pith was separated mechanically, cleaned,
and dried. The coir pith has a lignocellulose nature and it
is composed of 2-3% short fibres and cork. It contains high
amount of lignin (31%) and cellulose (27%) and a ratio of
carbon-nitrogen is around 100 : 1. Thanks to the high content
of lignin, the coir pith is resistant to a biological degradation.
The coir pith was treated in order to increase its durability in
cementitious matrix and also to reduce its negative effect on
the cement hydration course. Two different treatments were
tested and compared with untreated coir pith: acetylation by
help of acetic anhydride and alkaline treatment by sodium
hydroxide. The dosing of coir pith in composite was set as
5% and 10% of cement mass. Summary of the utilized coir
pith is shown in Table 4 and their granulometry is presented
in Figure 1. The granulometry of treated coir pith was somewhat coarser since the fine particles were lost during the
treatment. Other components of designed concrete mixtures
were four gradings of silica sand with 98.5% amount of SiO2
and plasticizer SIKA 1035 (based on polycarboxylate ether).
Water/cement ratio was set as 0.52 in all cases of studied
mixtures.
The measurements of material parameters of hardened
concrete specimens were performed after 28 days of standard
curing (100% RH). It took place in a conditioned laboratory at
the temperature of 22 ± 1∘ C and 25–30% of relative humidity.
List of utilized specimens for particular measurement is
presented in Table 5.
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Silica sand 0.1/0.6 mm
Silica sand
0.3/0.8 mm
Silica sand 0.6/1.2 mm
Silica sand 1/4 mm
Plasticizer SIKA 1035
CEM I 52.5 R
Coir pith A type
Coir pith B type
Coir pith C type
W/C ratio

Ref

A-5 A-10 B-5 B-10 C-5 C-10

500

500

500

500

500

500

500

321

321

321

321

321

321

321

250
179
5.4
563
0
0
0
0.52

250 250 250 250 250 250
179 179 179 179 179 179
5.4 5.4 5.4 5.4 5.4 5.4
563 563 563 563 563 563
26.8 53.6
0
0
0
0
0
0
26.8 53.6 0
0
0
0
0
0 26.8 53.6
0.52 0.52 0.52 0.52 0.52 0.52

Table 2: Chemical composition of cement CEM I 52.5 R.
Component
CaO
SiO2
Al2 O3
Fe2 O3
MgO
Na2 O
K2 O
SO3
P2 O5

Amount [% by mass]
64.9
18.1
6.4
2.4
1
0.3
1.2
4.9
0.2

Table 3: Mineralogical composition of cement CEM I 52.5 R.
Component
C3 S
C2 S
C3 A
C4 AF

Amount [% by mass]
66.1
2.3
12.9
7.3

Table 4: Chemical treatment of coir piths.
Treatment of coir pith
Coir pith A
Untreated
Coir pith B Sodium hydroxide treated
Coir pith C
Acetylation treated

Matrix density [kg m−3 ]
1535
1403
1341

3. Experimental Methods
3.1. Basic Physical Properties. Bulk density, matrix density,
and open porosity were measured using the water vacuum
saturation method [23]. Each sample was dried in a drier to
remove majority of the physically bound water. After that,
the samples were placed into a desiccator with deaired water.
During three hours, air was evacuated with a vacuum pump
from the desiccator. The samples were then kept under water
for not less than 24 hours.
Characterization of a pore structure was determined by
the mercury intrusion porosimetry. This method is based

Cumulative volume (%)

Table 1: Composition of concrete mixtures (kg/m3 ).

100
90
80
70
60
50
40
30
20
10
0
1

10

100
Particle size (𝜇m)

1,000

Coir pith A
Coir pith B
Coir pith C

Figure 1: Granulometry curves of three types of coir pith.
Table 5: List of specimens.
Measurement
Water vacuum
saturation method
Cups methods
Absorption
experiment
Thermal properties
Porosimetry
Mechanical
properties

Dimension [mm]

Number of
samples

50 × 50 × 50

3

ø115

3

50 × 50 × 50

3

70 × 70 × 70
50 × 50 × 50

3
2

40 × 40 × 160

3

on the determination of the external pressure needed to
force the mercury into a pore against the opposing force of
the liquid’s surface tension. The pore size is then calculated
from the measured pressure using Washburn’s equation. The
experiments were carried out using instruments PASCAL 140
and 440 (Thermo Scientific). The range of an applied pressure
corresponds to the pore radius from 10 nm to 100 𝜇m.
3.2. Mechanical Properties. Mechanical properties as compressive strength and bending strength were measured
according to standards [24]. A measurement of bending
strength was performed using the loading device MTS 100.
An arrangement of the experiment was the classical threepoint bending with 100 mm span length. For determination
of compressive strength, special loading device EU40 was
employed. The samples from the measurement of bending
strengths were used. In the actual experiment, samples were
put between two steel pressure plates with dimensions of 40
× 40 mm. Great emphasis was given to the centring of the
arrangement, since only simple compression should act.
3.3. Hygric Properties. Measurement of water vapour transport parameters was performed applying the cup methods
(dry-cup and wet-cup) [25]. The aim of this measurement is
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to make two environments with different water vapour partial
pressure. In dry-cup arrangement, cup contains silica gel,
which simulates 5% relative humidity. Specimens were water
and vapour proof insulated on four lateral sides. The aim of
the insulating was to reach one dimension transport. Then,
they were put on the cups with silica gel and there they were
air-sealed fixed. Cups were then placed into a climatic chamber which keeps temperature of 25∘ C and relative humidity
of 50%. For two weeks, cups were periodically weighted. The
steady state values of mass gain or mass loss determined
by linear regression for the last five readings were used for
the determination of water vapour diffusion resistance factor.
After two weeks, measurement cups were remade to the wetcup arrangement; it means that silica gel is exchanged for
water, which simulates relative humidity of 95%. Otherwise,
experimental process of wet-cup measurement is the same as
in the case of dry-cup.
The water liquid transport was characterized by the water
absorption coefficient. Specimens were insulated, as in the
case of water vapour transport, on four lateral sides. Then,
the face side of specimens was immersed 1-2 mm in the
water. Constant water level in the tank was achieved by a
Mariotte bottle with two capillary tubes. One of them, inside
diameter of 2 mm, was ducked under the water level. The
second one, inside diameter of 5 mm, was above water level.
The automatic balance allowed for recording the increase of
mass. The water absorption coefficient was calculated from
the sorptivity plot [26] which was set up from measured
data. Apparent moisture diffusivity was calculated from water
absorption coefficient by Kumaran equation [27], but this
is just for an approximation of the real values of apparent
moisture diffusivity. This value depends on moisture content,
which is disregarded in Kumaran relation.
3.4. Thermal Properties. Using the device ISOMET 2104
[28], thermal conductivity and specific heat capacity were
determined. This commercial device applies a dynamic measurement method so that time of a measurement reduces to
dozens of minutes. The measurement process is based on an
analysis of a temperature response of an analysed material
to heat flow impulses. The heat flow is induced in a resistor
of a probe by a distributed electric power. The temperature
is recorded and evaluated from the polynomial regression.
Both thermal properties were determined in dependence on
moisture content.

4. Results and Discussion
4.1. Basic Physical Properties. Results obtained from the water
vacuum saturation method are summarized in Table 6 while
the pore size distribution is shown in Figure 2. The highest
value of bulk density and also matrix density was obtained
by the reference material with no coir pith. Dosage of 5%
of the coir pith leads to the bulk density decrease by about
10% and dosage of 10% causes the fall by about 24% what
is obviously caused by low bulk density of coir pith. The
matrix density of pure coir pith (Table 4) is lower than
what is typical for silicates (about 2500 kg m−3 ); thus, the
values of matrix density of composites also go down with

Advances in Materials Science and Engineering
Table 6: Basic physical properties.
Material
Ref.
A-5
A-10
B-5
B-10
C-5
C-10

Bulk density
[kg m−3 ]
2072
1857
1602
1846
1564
1874
1588

Matrix density
[kg m−3 ]
2526
2307
2214
2287
2178
2303
2208

Open porosity
[%]
18.0
19.5
27.6
19.3
29.0
18.6
28.1

Table 7: Mechanical properties.
Material
Ref.
A-5
A-10
B-5
B-10
C-5
C-10

Compressive strength
[MPa]
63.1
40.1
15.2
47.6
12.8
48.3
14.5

Bending strength
[MPa]
9.8
9.3
4.3
8.5
4.1
9.5
4.5

growing amount of coir pith. In the case of 5% coir pith,
the matrix density decreases by 9% and in the case of 10%
it goes down by 13%. Changes of open porosities, calculated
from the above discussed values, are negligible when coir
pith dosing is just 5% of cement. Higher difference can be
observed in the higher amount of utilized coir pith. Changes
in pore structure of concrete material containing coir pith are
more obvious from measured pore size distribution curves
(Figure 2). The presence of coir pith caused increase of wide
range of capillary pores (diameter of 0.1 to 100 𝜇m) volume.
No distinct influence of chemical treatment of individual
types of coir pith can be observed, because achieved values
of basic physical properties of concrete with different treated
coir pith are almost equal.
4.2. Mechanical Properties. Compressive strength and bending strength of composites are presented in Table 7. The
utilization of coir pith always leads to the compressive
strength fall and the reference material shows the highest
value. Generally, it can be deduced that by replacing 10%
of cement by coir pith (regardless of chemical treatment)
compressive strength decreases by about almost 78%. However, in the case of 5% replacement, achieved results differ
and the influence of chemical treatment can be observed.
Concrete containing coir pith with no chemical treatment
achieved compressive strength by 36% lower; the chemical
treated coir pith (both sodium hydroxide and acetic acid
treatment) reduced the compressive strength just by about
24%. Bending strengths achieve almost similar values in the
case of the reference material and the concretes with 5% of
coir pith. When material contains 10% of studied coir pith, it
leads to the bending strength decrease by 56%. In the case of
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Table 10: Liquid water transport parameters.

Pore volume (cm3 g−1 )

0.12
0.10

Material
0.08
0.06
0.04
0.02
0.00
0.001

0.01

0.1

1

10

100

Pore diameter (𝜇m)

Ref.
A-5
A-10
B-5

B-10
C-5
C-10

Figure 2: Pore size distribution curve.
Table 8: Water vapour transport parameters: dry-cup arrangement.

Material

Water vapour
diffusion
permeability

Water vapour
diffusion
coefficient

Water vapour
diffusion
resistance factor

[s]

[m2 s−1 ]

[—]

Ref.

3.30𝐸 − 12

4.53𝐸 − 07

50.9

A-5

3.46𝐸 − 12

4.75𝐸 − 07

48.4

A-10

6.71𝐸 − 12

9.23𝐸 − 07

24.9

B-5

3.78𝐸 − 12

5.19𝐸 − 07

44.5

B-10

6.55𝐸 − 12

9.00𝐸 − 07

25.8

C-5

3.71𝐸 − 12

5.09𝐸 − 07

45.3

C-10

6.55𝐸 − 12

9.00𝐸 − 07

25.6

Table 9: Water vapour transport parameters: wet-cup arrangement.

Material

Ref.
A-5
A-10
B-5
B-10
C-5
C-10

Water vapour
diffusion
permeability
[s]

Water vapour
diffusion
coefficient
[m2 s−1 ]

Water vapour
diffusion
resistance factor
[—]

4.69𝐸 − 12
5.89𝐸 − 12
1.80𝐸 − 11
5.86𝐸 − 12
1.48𝐸 − 11
8.93𝐸 − 12
2.24𝐸 − 11

6.45𝐸 − 07
8.09𝐸 − 07
2.48𝐸 − 06
8.06𝐸 − 07
1.99𝐸 − 06
1.23𝐸 − 06
3.07𝐸 − 06

37.1
32.3
9.3
29.0
11.4
29.7
9.6

bending strength, the influence of chemical treatments was
not proved.
4.3. Hygric Properties. Measured water vapour transport
properties are presented in Table 8 (dry-cup arrangement)
and Table 9 (wet-cup arrangement). Both arrangements show
different results; values of water vapour diffusion resistance

Ref.
A-5
A-10
B-5
B-10
C-5
C-10

Water absorption
coefficient
[kg m−2 s−1/2 ]

Apparent moisture
diffusivity
[m2 s−1 ]

0.018
0.019
0.193
0.019
0.199
0.020
0.241

7.72𝐸 − 08
9.92𝐸 − 08
4.73𝐸 − 06
1.00𝐸 − 07
6.30𝐸 − 06
1.15𝐸 − 07
8.71𝐸 − 06

factor obtained by dry-cup are always higher than the values
from wet-cup. It is well-known phenomenon, which was
observed also in the case of other materials. It is caused
probably by a partial transport of capillary condensed water
at higher relative humidity [29]. Regarding influence of coir
pith admixture, when using 5% of this material, the water
vapour diffusion resistance factor decreases slightly. In the
case of materials with no chemical treatment, the fall is 5% in
dry-cup arrangement (13% in wet-cup arrangement). When
chemical treated coir pith is used, the decrease is 13% in
dry-cup arrangement (21% in wet-cup arrangement). Major
fall can be observed in the case of higher amount of coir
pith. All concretes containing 10% of coir pith show by about
50% lower water vapour diffusion resistance factor in dry-cup
arrangement, while in wet-cup arrangement the fall is about
73%.
In Table 10, values of water absorption coefficient and
apparent moisture diffusivity, which described water liquid
transport, are shown. 5% of coir pith replacement has (as in
the case of open porosity) almost no effect; measured data are
essentially equal. But when replacing 10% of concrete by coir
pith, the capability of water liquid transport increases rapidly;
it grows by more than 91% in all cases of studied concrete.
Achieved results correspond with changes of open porosity,
which is the main influencing characteristic for water liquid
transport.
4.4. Thermal Properties. Coefficient of thermal conductivity
𝜆 depending on the volumetric moisture content is shown in
Figure 3. In the case of concretes with 5% coir pith additive,
𝜆 falls about 20% in dry state. When the material contains
10% of coir pith, its thermal conductivity decreases by almost
56% in comparison with the reference concrete with no coir
pith. It is obvious that as the moisture content grows, the
thermal conductivity of concrete is increasing. This tendency
is a common phenomenon caused by different values of the
thermal conductivity of water and air in pores and voids.
In Figure 4, the dependency of specific heat capacity on
volumetric moisture content is presented. As in the case of
thermal conductivity, also these properties show growing
trend with increasing moisture content. The reason for this
behaviour is also the same like in the previous case; values
of specific heat capacity of water and air vary widely. The
reference concrete shows the lowest values of specific heat
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Thermal conductivity
coefficient (W m−1 K−1 )

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0

5
10
15
20
25
Volumetric moisture content (%m3 m−3 )

30

B-10
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C-10

Ref.
A-5
A-10
B-5

Figure 3: Influence of moisture and coir pith admixture on
coefficient of thermal conductivity.

Specific heat capacity (J kg−1 K−1 )
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Figure 4: Influence of moisture and coir pith additive on specific
heat capacity.

capacity. When coir pith is used, it always leads to specific heat
capacity increase. In the case of 5% cement replacement, the
growth is by about 9%. Concretes containing 10% of coir pith
reach values by about 13% higher than the reference material.
From achieved results of thermal characteristic, it can be
deduced that utilization of coir pith leads to improvement
of thermal insulating capabilities of concrete due to the
lightening of concrete; the specific heat capacity, that is, ability
of material to accumulate heat, is also improved by coir pith
admixing.

5. Conclusions
The matter of this paper was to determine possibilities of
utilization of coir pith as component of cementitious materials. Coir pith is agricultural waste originating in coconut

production. Its utilization in concrete production would have
both economic and ecologic advantages. The aims of this
study were to find out appropriate amount of coir pith dosing
and also to determine influence of chemical treatment of the
waste material on physical properties of concrete. Studied
coir pith had three different forms of chemical treatments:
no treatment, sodium hydroxide treatment, and acetylation
treatment by help of acetic anhydride. Six concrete mixtures
differed in amount of coir pith dosing (5% or 10% of cement
content) and in type of used coir pith. Achieved results were
compared with the reference material with no coir pith. The
influence of utilized coir pith can be summarized as follows:
(i) Utilization of 5% coir pith led to bulk density decrease
(by about 10%), matrix density decrease (by about
9%), and almost no changes in open porosity. When
10% of this waste material was used, bulk density
and matrix density went down more substantially
(by about 24%, resp., by 13%), while open porosity
decreased by 10%. No considerable influence of chemical treatment on porosity was observed.
(ii) Mechanical properties were also decreased by utilization of coir pith. Compressive strength of concrete
containing 10% of coir pith went down by almost 78%;
therefore, utilization of such amount of waste material
is not useful. However, utilization of 5% of SCM leads
to quite appropriate results. In this case, positive effect
of chemical treatment was proved. When chemical
treated coir pith was used, values of compressive
strength fell down by about 24%. Regarding bending
strength, 5% of coir pith led to comparable values
like in the case of reference material. When higher
percentage of the waste material was used, bending
strength decreased by about 56%.
(iii) Measured hygric properties can be divided into two
parts according to physical state of water. Water liquid
transport characteristic and water vapour transport
characteristic were measured. It was proved that by
utilization of 5% of coir pith ability of water transport
was comparable with reference concrete. However,
when 10% of cement was replaced, water transport
ability increases considerably.
(iv) Thermal properties show high dependency on moisture content. However, regarding the influence of coir
pith utilized as cement replacement, it was proved
that this waste material improved thermal insulating
abilities of final concrete. The higher amount of coir
pith material contains the better thermal insulator
concrete is.
The experimental results summarized above show that
although utilization of coir pith would be positive from
the economic as well as environmental point of view, its
applicability is limited by final physical properties of concrete.
In our study, 5% of coir pith dosage leads to appropriate
building material. When 10% of this waste material is used,
physical properties are deteriorated more than what is acceptable.
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Černý, “Durability properties of self compacting concrete produced using blast furnace slag,” in 2nd International Symposium
on Design, Performance and Use of Self-Consolidating Concrete,
vol. 65, pp. 343–350, RILEM Publications, 2009.
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“Effect of natural zeolite on the properties of high performance
concrete,” Cement Wapno Beton, vol. 18, no. 3, pp. 150–159, 2013.
[11] A. Muthadhi and S. Kothandaraman, “Experimental investigations of performance characteristics of rice husk ash-blended
concrete,” Journal of Materials in Civil Engineering, vol. 25, no.
8, pp. 1115–1118, 2013.

7
[12] A. L. G. Gastaldini, M. P. Da Silva, F. B. Zamberlan, and C. Z. M.
Neto, “Total shrinkage, chloride penetration, and compressive
strength of concretes that contain clear-colored rice husk ash,”
Construction and Building Materials, vol. 54, no. 3, pp. 369–377,
2014.
[13] D. A. Adesanya and A. A. Raheem, “A study of the permeability
and acid attack of corn cob ash blended cements,” Construction
and Building Materials, vol. 24, no. 3, pp. 403–409, 2010.
[14] J. Zhang, J. M. Khatib, C. Booth, and R. Siddique, “Possible
utilization of wheat husk ash waste in the production of
precast concrete elements,” in Proceedings of the International
Conference on Concrete Construction, pp. 517–521, September
2008.
[15] M.-C. Chi, “Effects of sugar cane bagasse ash as a cement
replacement on properties of mortars,” Science and Engineering
of Composite Materials, vol. 19, no. 3, pp. 279–285, 2012.
[16] K. Ganesan, K. Rajagopal, and K. Thangavel, “Evaluation of
bagasse ash as supplementary cementitious material,” Cement
& Concrete Composites, vol. 29, no. 6, pp. 515–524, 2007.
[17] E. A. Olanipekun, K. O. Olusola, and O. Ata, “A comparative
study of concrete properties using coconut shell and palm
kernel shell as coarse aggregates,” Building and Environment,
vol. 41, no. 3, pp. 297–301, 2006.
[18] K. Gunasekaran, R. Annadurai, and P. S. Kumar, “Plastic shrinkage and deflection characteristics of coconut shell concrete slab,”
Construction and Building Materials, vol. 43, no. 6, pp. 203–207,
2013.
[19] K. Gunasekaran, R. Annadurai, and P. S. Kumar, “Study on
reinforced lightweight coconut shell concrete beam behavior
under flexure,” Materials & Design, vol. 46, no. 4, pp. 157–167,
2013.
[20] M. Ramli, W. H. Kwan, and N. F. Abas, “Strength and durability
of coconut-fiber-reinforced concrete in aggressive environments,” Construction and Building Materials, vol. 38, pp. 554–
566, 2013.
[21] A. Abdullah, S. B. Jamaludin, M. M. Noor, and K. Hussin,
“Mechanical properties and fracture behaviour of coconut fibrebased green composites,” Romanian Journal of Materials, vol.
42, no. 1, pp. 23–29, 2012.
[22] A. Sonia and K. P. Dasan, “Mechanical, water imbibing and
microbial growth studies of coir fiber/pith substituted cement
blocks,” in Recent Trends in Advanced Materials, vol. 584 of
Advanced Materials Research, pp. 376–380, 2012.
[23] S. Roels, J. Carmeliet, H. Hens et al., “Interlaboratory comparison of hygric properties of porous building materials,” Journal
of Thermal Envelope and Building Science, vol. 27, no. 4, pp. 307–
325, 2004.
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water intake as means of material characterization,” Journal of
Building Physics, vol. 33, no. 1, pp. 29–44, 2009.
[27] M. K. Kumaran, “Moisture diffusivity of building materials from
water absorption measurements,” Journal of Thermal Envelope
and Building Science, vol. 22, no. 4, pp. 349–355, 1999.

8
[28] Applied Precision—ISOMET, ISOMET, Bratislava, Slovakia,
1999.
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The aim of the current study lies in the development of a reformative technique of image segmentation for Computed Tomography
(CT) concrete images with the strength grades of C30 and C40. The results, through the comparison of the traditional threshold
algorithms, indicate that three threshold algorithms and five edge detectors fail to meet the demand of segmentation for Computed
Tomography concrete images. The paper proposes a new segmentation method, by combining multiscale noise suppression
morphology edge detector with Otsu method, which is more appropriate for the segmentation of Computed Tomography concrete
images with low contrast. This method cannot only locate the boundaries between objects and background with high accuracy, but
also obtain a complete edge and eliminate noise.

1. Introduction
The concrete can be considered as a multiphase composite
material system, which consists of mortar matrix, aggregate,
and interfacial transition zone (ITZ), with various size pores
distributed inside the concrete. Pores play a crucial role in
strength and durability performance of concrete. For example, porosity is directly related to strength [1–4]. Mean pore
size and spacing factor have affected significantly the frost
resistance of concrete [5, 6]. Increasing pore connectivity
factor will lead to the permeability resistance decreasing of
concrete [7, 8]. In recent years, tremendous interests have
been aroused by people in pore characteristics, which are crucial for the profound understanding of concrete deterioration
mechanism and improving concrete performance.
Due to the diversity pore sizes and shapes distributed
in the microstructure of concrete, the analysis of pores
becomes difficult. Usually, the analysis of pore characteristics
is through the means of indirect methods like mercury
intrusion method (MIP) [2–4, 7–9]. However, the hypothesis
of MIP method that pore is cylindrical is not always the actual
situation and the predrying process of samples before testing

could result in the irreversible deformation of pore structure.
Some scholars [10–12] argue that MIP method for characterizing pore structure is not appropriate. With the nondestructive analysis technique developing, the Computed Tomography (CT) scanner is being introduced into the characterization of microstructure in materials science fields [13–15].
The computer-aided image processing method may be
used to extract a target object in CT images. The image
processing method that originated in the 1920s becomes an
increasingly powerful tool to solve the hot topic in the civil
engineering fields. Başyiğit et al. [16] evaluated the relationship between microstructure and compressive strength of
concrete based on the image analysis software (Image J);
Marinoni et al. [17] employed the threshold segmentation
algorithm and the filtering technique to investigate the
mortar morphology. Soroushian et al. [18] carried on the
quantification analysis on the microcrack and void in the
microstructure of concrete using the automatic thresholding
method. One can find that image segmentation methods
can mainly be classified into three categories: threshold
segmentation algorithm [19–25], edge-based algorithm [26–
28], and interdisciplinary application of algorithms [29–32]
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Table 1: Mixing proportion and compressive strength for pavement concrete specimens.

Code
C30
C40

Cement

Crushed stone

285
315

1185
1170

Water
(kg/m3 )
129
143

Sand

Slag

Fly ash

726
717

57
63

38
42

Superplasticizer
(%)
0.8
0.8

Compressive strength
(MPa)
35.8
47.9

Detector

X-ray source

Axis of rotation

Sample

Core beam

(a)

(b)

Figure 1: (a) Basic principle with cone beam and muhidetector for CT scanner. (b) Micro-CT scanning devices.

(e.g., mathematic morphology). However, there is no single accepted method of achieving the segmentation for all
images. So finding or matching a new effective segmentation
method is indispensable to obtain better segmentation results
for CT concrete image.
The paper is organized as follows. First, the preparation
of pavement concrete samples and CT testing method are
presented in Section 2. Section 3 presents the image methods
used in the segmentation and the comparative analysis of
these methods. It has been shown that the single traditional
method fail to perform segmentation for CT images with lowcontrast edge effectively. So a new method, a combination of
mathematic morphology and Otsu method, is developed in
Section 4. Section 5 draws the conclusions.

2.2. CT Testing Method. The X-ray image analysis of concrete
specimens is carried out nondestructively in the micro-CT
scanner, shown in Figures 1(a) and 1(b). As X-rays conduct
through the concrete specimens, they are attenuated due to
the absorption of objects with different material density. The
two-dimensional or three-dimensional image can be reconstructed based on X-ray attenuation information, which is
measured by an X-ray muhidetector. Concrete specimens are
scanned through micro-CT scanner with a 225 kv voltages,
0.6 mA current, cone beam scan mode, 0.5 micron detection
accuracy, and 0.12–0.13 millimeter scanning interval.

2. Experimental Preparation and
CT Testing Method

The aim of the segmentation for concrete specimens is
to separate objects from background image. However, the
segmentation of CT images with low contrast is not an easy
task. Traditional image segmentation methods are based on
the similarities and discontinuities in the gray images [22–
28]. In this section, the comparative analysis of threshold
algorithms and edge detecting techniques is carried out.

2.1. Sample Preparation. Pavement concrete with the workability slump of 20–40 mm and the strength grade of C30 and
C40 is prepared by mixing these raw materials with different
proportion. The basic materials are ordinary portland cement
42.5R, river sand, crushed stone (size range 5–26.5 mm),
and superplasticizer (0.6–1% recommended dosage and 30%
water reduction ratio). Six cube specimens of dimensions
100 × 100 × 100 mm consist of five cube specimens for testing
28-day compressive strength and one for CT scanning. The
mixing proportions of raw materials and the compressive
strength of specimen are presented in Table 1.

3. Traditional Methods for
Image Segmentation

3.1. Threshold Segmentation Methods. The threshold approach
based on the gray histogram is a simple practical image
segmentation technique, which only requires a gray threshold
value, but if the threshold value is not appropriate, the
segmentation performance of the method would be directly
affected. Common approaches founded on threshold method
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include two-mode algorithm, iterative algorithm, and Otsu
algorithm.
3.1.1. Two-Mode Threshold Algorithm. Prewitt [19] first proposes the two-mode method, which is a typical global
threshold approach. When two peaks appear in the histogram
of image, the threshold is generally located at the valley of
the gray histogram. So the approach strongly depends on the
image operator’s experience and is only applicable to such
kind of images that the obvious gray difference exists between
background and objects.
3.1.2. Iterative Threshold Algorithm. Iterative algorithm [20,
23] is an adaptive threshold method. The threshold is
obtained by optimizing an objective function. The main steps
are described as follows: step one, the initial threshold 𝑇1 is
determined according to formula (1); step two, the image is
divided into two regions based on the threshold 𝑇1 , and then,
the average gray for each region is calculated again; step three,
the threshold 𝑇1 is updated by a new threshold 𝑇2 according
to formula (2); repeat step two and step three until 𝑇𝑘+1 and
𝑇𝑘 are approximately equal:
𝑇1 =
𝜇1 =
𝜇2 =

(𝑓min + 𝑓max )
,
2
∑𝑇𝑖=0 𝑖𝑝𝑖
∑𝐿−1
𝑖=0 𝑝𝑖

(1)

𝑖=𝑇+1

𝑝𝑖
,
𝑝1 (𝑇)

𝑇

2

𝛿02 (𝑇) = ∑ (𝑖 − 𝜇0 (𝑇))
𝑖=0

𝐿

𝑃𝑖
,
𝑃0 (𝑇)
2

𝛿12 (𝑇) = ∑ (𝑖 − 𝜇1 (𝑇))
𝑖=𝑇+1

𝑃𝑖
,
𝑝1 (𝑇)

𝐿

𝜇 = ∑ 𝑖𝑝𝑖 ,
𝑖=0

𝛿𝑤2 (𝑇) = 𝑃0 (𝑇) 𝛿02 (𝑇) + 𝑃1 (𝑇) 𝛿12 (𝑇) ,
𝑇∗ = arg max {𝛿𝑏2 (𝑇)} ,
1<𝑇≤𝐿

(3)
where 𝑛𝑖 is the number of pixels at gray level 𝑖, 𝑁 is the
total number of pixels, 𝑝0 consists of pixels with gray levels
[1, . . . , 𝑇] and 𝑝1 consists of pixels with gray levels [𝑇 +
1, . . . , 𝐿], 𝑝0 (𝑇) and 𝑝1 (𝑇) are the cumulative probabilities,
𝛿02 (𝑇) and 𝛿12 (𝑇) are the variances of the classes 𝑝0 and 𝑝1 , 𝜇
is the average gray level, and 𝛿𝑤2 (𝑇) is the variance between
classes.

,

∑𝐿−1
𝑖=𝑇+1 𝑖𝑝𝑖
∑𝐿−1
𝑖=0 𝑝𝑖

,

(2)

(𝜇1 + 𝜇2 )
,
2
where 𝑓min is the minimum gray value of image. 𝑓max is the
maximum gray value. 𝜇1 and 𝜇2 are the average gray values of
1st region and 2nd region. 𝑝𝑖 is the frequency of occurrences
of gray 𝑖.
𝑇𝑘 =

3.1.3. Otsu Method. Otsu method also is known as the
maximal variance between-class method, which was put
forward in 1979. In most cases, Otsu method [21, 22, 24,
25] can obtain better segmentation results. Suppose that the
gray is a given image range from 1 to 𝐿; the threshold 𝑇
was determined by maximizing the variance between classes
according to formula (3). An image may be divided into two
classes (objects and background) by the threshold 𝑇:
𝑇

𝑝0 (𝑇) = ∑ 𝑃𝑖 ,
0

𝐿

𝐿

𝜇1 (𝑇) = ∑ 𝑖

3.1.4. Comparisons of Three Threshold Methods. The above
three threshold methods are used to implement segmentation of three C30 (a–c) and three C40 (d–f) CT concrete
images. The processed images are shown in Figure 2. Some
conclusions can be drawn: (1) using the two-mode algorithm,
the threshold value needs to be manually adjusted to obtain
better segmentation performance, so it is time-consuming;
(2) applying the iterative algorithm, the whole gray level in
the image is classified into the background since the final
iterative threshold is 0; (3) although the ideal segmentation
performance, Otsu method, can be obtained in many applications, Figure 2. shows that the CT concrete images with lowcontrast subject to inaccurate segmentation.
3.2. Traditional Edge Detection Algorithms. An edge is the
boundary between background and objects, in which the
materials density and the image intensity show abrupt
changes at edges. The popular edge detection techniques (e.g.,
Roberts, Prewitt, Sobel, Canny, and LOG operators) have
been widely applied to detect discontinuities in gray level. The
corresponding algorithms can be expressed by the following
formulae, respectively:
𝐺 (𝑓 (𝑥, 𝑦)) = {(√𝑓 (𝑥, 𝑦) − √𝑓 (𝑥 + 1, 𝑦 + 1))

𝑝1 (𝑇) = ∑ 𝑃𝑖 = 1 − 𝑝0 (𝑇) ,
𝑇+1

𝑝𝑖 =

𝑛𝑖
,
𝑁
𝑇

𝑝𝑖
𝜇0 (𝑇) = ∑ 𝑖
,
𝑝
0 (𝑇)
𝑖=0

2 1/2

+ (√𝑓 (𝑥 + 1, 𝑦) − √𝑓 (𝑥, 𝑦 + 1)) }

2

(4)
,

𝐺 (𝑓 (𝑥, 𝑦)) = √𝑓𝑥 (𝑥, 𝑦) + 𝑓𝑦 (𝑥, 𝑦),

(5)


 

𝐺 (𝑓 (𝑥, 𝑦)) = 𝑓𝑥 (𝑥, 𝑦) + 𝑓𝑦 (𝑥, 𝑦) ,

(6)
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2: Comparison of segmentation results for CT concrete images by three threshold methods. (a)–(c) denote the original C30 CT
images. (d)–(f) denote the original C40 CT images. From left to right column: results of original CT images, two-mode algorithm, iterative
algorithm, and Otsu method.

𝐺 (𝑓 (𝑥, 𝑦))

4. Image Segmentation Based on Mathematical
Morphology Method and Otsu Method
2

2

= √ [𝐺𝑥 (𝑥, 𝑦) ⋅ 𝑓 (𝑥, 𝑦)] + [𝐺𝑦 (𝑥, 𝑦) ⋅ 𝑓 (𝑥, 𝑦)] ,
𝐺 (𝑥, 𝑦) =

− (𝑥2 + 𝑦2 )
1
exp
(
),
2𝜋𝜎2
2𝜎2

𝜃 (𝑥, 𝑦) = arctan (

(7)

𝐺𝑥 (𝑥, 𝑦)
),
𝐺𝑦 (𝑥, 𝑦)

𝐺 (𝑓 (𝑥, 𝑦)) = ∇2 (𝐺 (𝑥, 𝑦) ∗ 𝑓 (𝑥, 𝑦)) ,
𝐺 (𝑥, 𝑦) =

𝑥2 + 𝑦2
1
exp
(−
).
2𝜋𝜎2
2𝜎2

(8)

Figure 3 shows the results of edge detection using the
different edge detectors. It can be detected that the traditional
edge operators have good performance in edge detection
and localization, but the question reported in the literatures
[26–28] remains: (1) these detectors may lead to the loss
of boundary information, so the severed edges need to be
connected by applying other theories; (2) removing noise
ability of the operators like Roberts, Prewitt, and Sobel
operators is poor; (3) although the Canny and LOG operators
have stronger ability to eliminate noise, part of boundaries are
still incomplete; and (4) the threshold of segmentation also
needs to be adjusted manually.

Mathematical morphology is an interdisciplinary theory for
the analysis and processing of digital images, based on set
theory. It was first introduced into image processing fields by
Matheron and Serra in 1964. As a powerful image processing
tool, now it has been widely used in many domains like
medical image processing [32], remote sensing image analysis
[33], industrial inspection [34], materials science [35], and
so forth. Morphological image processing consists of a set
of operators (e.g., erosion, dilation, opening, and closing)
that transform images according to the different geometrical
structures characterizations.
4.1. Mathematical Morphology Method. In morphology
method, erosion and dilation operators are the basic
structuring element sets. Many improved image processing
operators are formed by combining the basic operators for
obtaining many image processing tasks. For a gray image, let
𝐴(𝑥, 𝑦) and 𝐵(𝑥, 𝑦) be the original image (the domain 𝑍𝐴 )
and the structuring element (the domain 𝑍𝐴) respectively,
and (𝑠, 𝑡) denotes the translation parameters. The general
framework of erosion and dilation is given by
(𝐴Θ𝐵) (𝑠, 𝑡) = min {𝐴 (𝑠 + 𝑥, 𝑡 + 𝑦)
− 𝐵 (𝑥, 𝑦) | (𝑠 + 𝑥) , (𝑡 + 𝑦) ∈ 𝑍𝐴 ; (𝑥, 𝑦) ∈ 𝑍𝐵 } ,
(𝐴 ⊕ 𝐵) (𝑠, 𝑡) = max {𝐴 (𝑠 − 𝑥, 𝑡 − 𝑦)
+ 𝐵 (𝑥, 𝑦) | (𝑠 − 𝑡) , (𝑡 − 𝑦) ∈ 𝑍𝐴; (𝑥, 𝑦) ∈ 𝑍𝐵 } .

(9)
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(a) Original CT image

(b) Sobel operator

(c) Roberts operator

(d) Prewitt operator

(e) Canny operator

(f) LOG operator

(g) Original CT image

(h) Sobel operator

(i) Roberts operator

(j) Prewitt operator

(k) Canny operator

(l) LOG operator

Figure 3: Comparisons of edge detection performance using different edge operators for (a)–(f) original CT image of C30 concrete and the
edge image of different operators and (g)–(l) original CT image of C40 concrete and the edge image of different operators, respectively.

The erosion and dilation of the gray image 𝐴 by the
structuring element 𝐵 mean subtracting and adding 𝐵 from
and to center 𝐴(𝑥, 𝑦), respectively. Let us choose 3 × 3
window as the structuring element 𝐵; the erosion and dilation
processes of 𝐴 by 𝐵 are described individually in Figures 4
and 5. Suppose that “4” is the center; the erosion of 𝐴 by 𝐵
can be understood as the center of 𝐵 is moved to the point “4,”
and then let us subtract every element in window 𝐵 from 4 to
find the minimum in the new window 𝐵. Finally, the point “4”
is replaced by the minimum within the new window 𝐵 while
the dilation of 𝐴 by 𝐵 means that the point “4” is replaced
by returning the maximum value within the new window 𝐵.
The final processed images are obtained by implementing the
same process for every point in the gray 𝐴.

operators. Compared with the smoothing filter or the
sharpening filter, the morphological filter can better filter
noise and protect the image details [36–38]. The opening
operator and the closing operator are the basic ones in the
morphological filter method. A random filter approach is
also generated by combinations of the basic operators. The
opening operator and the closing operator may be expressed
by the formula (10). The opening operator can often filter the
peak noise, while the closing operator can filter the valley
noise. So one can obtain a new algorithm by combining these
basic operators for removing various noise in an image:

4.2. Morphological Filters. The morphological filter is a nonlinear filter approach based on a series of morphological

To verify the performance of the morphological filter, in
this paper we considered the following morphological filter

𝐴 ∘ 𝐵 = (𝐴Θ𝐵) ⊕ 𝐵,
𝐴 ∙ 𝐵 = (𝐴 ⊕ 𝐵) Θ𝐵.

(10)
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Figure 4: Example of an erosion (the red box represents the erosion of center 𝐴).
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Figure 5: Example of a dilation (the red box represents the dilation of center 𝐴).

operators including the single opening filtering, the single
closing filtering, and the mixed filtering. Experiment results
are shown in Figures 6(a)–6(f), in which (a) denotes the original image, (b) is an artificial image added the salt-and-pepper
noise, and (c)–(f) are the filtered images. Some conclusions
can be drawn: the opening operator can only filter the white

point and the closing operator can only filter the black point
in the image, while the combinations of opening and closing
can remove both the white noise and the black noise.
4.3. Proposed Segmentation Method by Combining Multiscale Noise Suppression Morphology Edge Detector with Otsu
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(a) Original CT image

(b) Image with adding noise

(c) Single opening filter

(d) Single closing filter

(e) Opening followed by closing

(f) Closing followed by opening

Figure 6: Comparisons of filtering performance using the above morphological operators with a 3 × 3 cross structuring element.

Method (MNSMO). Many morphology edge detection algorithms [39–41] have been developed for performing a special
image processing task. The new operators are generated by
the combinations of the basic morphologic operators. For
example, you can get the internal boundaries of objects in
an image by subtracting the image by erosion from the
original image, while the external boundaries of objects can
be obtained by subtracting the original image from the image
by dilation. Besides, the structuring element dimensions may
be adjusted to obtain more subtle results. In the paper,
the designed multiscale noise suppression morphology edge
detection operator can not only be used for detecting the
boundaries between the background and variable size objects
in a concrete image, but also can be used for removing noise.
4.3.1. Designing Idea of MNSMO Algorithm. Combinations
of the opening operator and the closing operator are used
to detect the edge and remove noise in the original 𝐴(𝑥, 𝑦).
The structuring elements 𝐵 with variable dimensions are
used to detect the subtle boundaries information. Through
comparing the testing results, the structuring element with
the “disk” shape (shown in Figure 7) is more suitable for
the pore edge detection. Finally, Otsu algorithm is applied
to carry out the binary processing. The designed multiscale
noise suppression morphology edge detection operator is
shown in the formula below:
𝐺1 (𝑥, 𝑦) = [((𝐴 ∘ 𝐵) ∙ 𝐵) ⊕ 𝐵 (SE2)

Origin

SE =
0

0

0

1

0

0

0

0

1

1

1

1

1

0

0

1

1 R=3 1

1

1

0

1

1

1

1

1

1

1

0

1

1

1

1

1

0

0

1

1

1

1

1

0

0

0

0

1

0

0

0

Figure 7: The structuring element with 𝑅 = 3 and 𝑁 = 4 “disk”
shapes.

− ((𝐴 ∘ 𝐵) ∙ 𝐵) Θ𝐵 (SE3)] Θ𝐵 (SE2)
..
.
𝐺𝑛 (𝑥, 𝑦) = [((𝐴 ∘ 𝐵) ∙ 𝐵) ⊕ 𝐵 (SE𝑛)
− ((𝐴 ∘ 𝐵) ∙ 𝐵) Θ𝐵 (SE𝑛)] Θ𝐵 (SE (𝑛 − 1)) ,
𝐺 (𝑥, 𝑦) =

1 𝑛
∑ 𝐺 (𝑥, 𝑦) .
𝑛 𝑖=1 𝑖
(11)

− ((𝐴 ∘ 𝐵) ∙ 𝐵) Θ𝐵 (SE2)] Θ𝐵 (SE1) ,
𝐺2 (𝑥, 𝑦) = [((𝐴 ∘ 𝐵) ∙ 𝐵) ⊕ 𝐵 (SE3)

4.3.2. Description of MNSMO Algorithm. The flowchart for
the MNSMO algorithm is shown in Figure 8.
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Original image
A(x, y)

J = SE + 2
Dilating operation to I2 (SE = J)
(Ij0)

Opening operation to A
(I1)

Eroding operation to Ij0 (SE = J)
(Ij1)

Closing operation to I1
(I2)

IJ = Ij0 − Ij1;
Eroding IJ operation (SE = J − 2)

Choosing SE and shape
(SE dimension is equal to
1, 3, 5, and 7 “disk-’’shaped
elements)

No
If SE ≤ 7
Yes
I = (I3 + I5 + I7)/3

SE = 1
Otsu binary segmentation of I
image
Processed image
G(x, y)

Figure 8: Flowchart applying “MNSMO” method to implement CT concrete image segmentation.

The main image processing steps are summarized as
follows.
Step 1. The original image is filtered by using the morphological operator of the opening followed by the closing.
Step 2. The disk-shaped multiscale structuring elements are
designated as 1, 3, 5, and 7.
Step 3. It is the multiscale edge detection through using the
erosion and dilation operators.
Step 4. The Otsu method is used to implement the binarization for the above processed image.
4.4. Application of MNSMO Method in the Image Segmentation. The segmentation of six concrete images including
three C30 (A1–A3) specimens and three C40 (A1–A3) specimens is implemented by using the MNSMO method in
the matlab7.0 platform. Figure 9 illustrates the segmentation
results. For each C30 (G1–G3) or C40 (G1–G3) image, the
pore edge and the pore shape can be automatically and
accurately located. Compared with other image segmentation
methods, it can be seen that the MNSMO method has several
distinct advantages: (1) noise in the image can be effectively
eliminated; (2) both the internal boundaries and the external
boundaries of the pores have been detected accurately and
no discontinuity of the edge appears in the six images; and
(3) by comparison, it is more simple for implementing the
segmentation for an image using the MNSMO method that
only the structuring element shape and dimensions need
be adjusted manually; besides it is not sensitive to the low
contrast of the image.

5. Conclusions
Three threshold methods (e.g., two-mode algorithm, iterative
algorithm, and Otsu algorithm) are inaccurate and timeconsuming for the segmentation of a CT concrete image.
Although traditional edge detection algorithms can better
locate the boundaries between objects and background, the
edge discontinuity needs to be further solved. And it is poor
to restrain noise for some algorithms such as Sobel, Roberts,
and Prewitt.
In this paper, a new segmentation method is proposed based on mathematical morphology theory, named
“MNSMO.” The MNSMO method is a combination operator
of noise suppression operator, edge detection operator, and
automatic threshold segmentation algorithm. First, the operator of opening followed by closing is used to filter noise in an
image; then the edge is located by designing the eroding and
dilating operators by using the multiscale dimensions and
the “disk” shape structuring element. Finally, Otsu method
is applied to implement the binarization of image.
Compared with the segmentation methods reported in
the literatures, “MNSMO” not only can accurately locate
the boundaries between objects and background, but is an
automatic image processing method, so it avoids subjecting
to human error.
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