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Concrete is the most widely used building material in the
world, and it plays a very important role in building modern
infrastructures that stand the test of time. With the ever-
increasing demand for higher performance, resilient, sus-
tainable, and smart infrastructures, various advanced con-
crete technologies have been invented, researched, and
implemented at a structural scale.

High performance and smart concrete materials have
been designed to possess superior mechanical and functional
performance, such as ultrahigh compressive strength [1, 2],
high tensile strength and ductility [3–5], high durability
[6, 7], self-consolidation [8], light weight [9, 10], impact
tolerance [11], �re resistance [12–14], self-healing [15, 16],
self-sensing [17, 18], self-cleaning capacities [19], sustain-
ability [20], and/or 3D printability [21, 22]. Research on the
application of these structures at structural and infra-
structural scale and its performance has been carried out to
fully demonstrate the bene�ts of these advanced concrete
technologies.

�is special issue provides a collection of research
contributions related to advanced concrete technologies and
their structural use in civil engineering applications. In this
special issue, 19 articles of the 30 submitted manuscripts
have been selected and published, among which 6 articles are
related to the studies at material scale level and 13 articles
mainly focus on the concrete structural performance.

�e paper titled with “Flexural Performance of Emul-
si�ed-Asphalt-Modi�ed ECC for Expansion Joint Use” is
authored by Q. Mao et al. [23]. Based on the application �eld
of transition zone on bridges, they introduced the emulsi�ed
asphalt to modify the current engineered cementitious

composites (ECC). It features the increased £exural
deformability and reduced modulus upon the addition of
emulsi�ed asphalt, which is likely to reduce the impact load
on the transition zone caused by vehicle bumping and
prolong the service life of the whole bridge expansion joint
structure.

A paper by S. Q. Zhang et al. [24] discussed the cal-
culation method of internal curing water amount for the
concrete with addition of super absorbent polymer (SAP).
�e method is derived from Powers’ model for the phase
distribution of a hydrating cement paste. �e results show
that, for the mix designs with £y ash, the entrainment of
internal curing water and the dosage of SAP calculated by
the method proposed in this paper decreased by 26.6%,
compared with the one proposed previously; nevertheless,
the compressive strength of concrete increased by 10.8% at
56 days accompanied with a similar autogenously shrinkage.

X. Peng et al. [25] studied the size e©ects on compressive
and tensile strengths of recycled aggregate concrete.
According to experimental results, both compressive and
tensile strengths of recycled concrete have obvious size ef-
fects as the strength value decreases gradually with increased
specimen size. �ey also proposed a standard neutrosophic
number for modifying the size e©ect law on compressive and
tensile strengths, which showed that the size e©ect law based
on the neutrosophic number is more realistic than the
existing size e©ect law.

To solve rebar corrosion in existing concrete structures,
B. Yi et al. [26] conducted research on inhibiting perfor-
mance of compound corrosion inhibitors based on nitrite;
the results showed that the addition of phosphate can
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improve themacrocell corrosion caused by the low dosage or
uneven distribution of nitrite, whereas nitrite has a better
inhibitory effect than phosphate; additionally, brushing,
perfusion, and composite repair can all play a good role in
inhibiting corrosion, of which composite repair is the best.

N. Xin et al. [27] conducted a review work in terms of 3D
printing in construction: current status, implementation
hindrances, and development agenda. "e study presented a
systematic review of the existing literature from both
technical and nontechnical dimensions by combining
quantitative and qualitative studies, which is intended to
help construction practitioners systematically master
existing processes and materials and assess the application
degree and necessity of 3DP. Y. Lu et al. [28] discussed the
production process, physical and chemical properties,
leaching properties, pretreatment methods, and applications
of municipal solid waste incineration (MSWI) fly ash and
bottom ash. By summarizing the previous literature, it is
found that MSWI fly ash and bottom ash have mechanical
properties similar to natural aggregate. However, due to
concerns about the leaching of heavy metals in fly ash and its
side effect, its application in highway engineering is limited.
Considering the solidification effect of cement on heavy
metals and low cost of fly ash and bottom ash, the appli-
cation in cement-stabilized macadam base has broad ap-
plication prospects and is beneficial to reduce construction
cost and promote the process of waste incineration, espe-
cially in developing countries.

D. S. Chen et al. [29] investigated the mechanical
properties of rice husk recycled concrete (RHRC) and
employed flexural test on the RHRC sandwich wall. "e
results showed that the compressive strength of RHRC was
reduced with rising rice husk content. In term of structural
performance, the RHRC composite sandwich walls have
good compression resistance and no instability failure and
the flexural capacity of composite sandwich walls is high
enough to bear wind load.

In a paper by J. L. Jiang et al. [30], the bending per-
formance of epoxy adhesive prefabricated UHPC-steel
composite bridge deck aims to speed up the construction
process and avoid risk of cracking caused by UHPC self-
shrinkage; in this paper, the positive bending moment
loading tests were carried out on the specimens of pre-
fabricated UHPC plates and steel plates with different
surface treatments. "e test results showed that the interface
failure is prior to the yield at the bottom of the steel plate as
specimens reached ultimate failure and the rough surface of
the steel plate and grooved surface of the prefabricated
UHPC plate avail the bending performance.

C. H. Tang et al. [31] investigated the flexural behavior of
unbounded prestressed concrete (PC) bridge girders via
experimental and numerical methods; the results showed
that the flexural destruction behavior in unbonded PC T
bridge girders is similar to that of PC T bridge girders and
the prestress degree and load location have significant in-
fluence on the destruction process in unbonded PC T bridge
girders.

Y. Li et al. [32] studied the failure evolution law of the
reinforced anchor system under pullout load based on digital

image correlation (DIC); in the anchor system, the pulling
force is gradually transferred from the loading end to the free
end along the steel bar. Moreover, the failure mode and the
ultimate bearing capacity of the anchor system are related to
the thickness of the anchor agent.

W. C. Li et al. [33] conducted an experimental study on
bond performance between a fiber-reinforced polymer
(FRP) bar and unsaturated polyester resin concrete (UPC). It
was found that the failure types of FRP bar-UPC specimens
depend on the interface bond stress, UPC tensile stress, and
stress of the FRP bar; furthermore, the FRP bar-UPC bond
strength decreases with the increase of the diameter of the
FRP bar due to the shear-lag effect.

A paper by X. Peng et al. [34] proposed a robust estimate
method to detect the damage of concrete structures using
contaminated data. It was found that this proposed method
can successfully identify the location and damage extent of a
reinforced concrete beam structure even if the used data
have gross errors.

C. Ma et al. [35] analyzed the pure bending vertical
deflection of improved composite box girders with corru-
gated steel webs (CSWs) theoretically. It was found that the
shear deformation induced deflection of single-box and
single-cell simply supported and two-span continuous
composite box girders with corrugated steel webs and steel
bottom plates cannot be ignored during calculation and the
deflections caused by shear lag and deformation were
gradually decreased with the increase in the span width ratio.

A. M. Song et al. [36] investigated the static and fatigue
properties of steel concrete composite beams under the
hogging moment via experimental tests and analytical
models and the structural deformation were also discussed.
In the paper, the authors improved the presented models
and gained a better agreement with test results; finally, the
design recommendations of fatigue deformation were
proposed.

X. B. He et al. [37] in the paper titled “Mechanical
Properties of Microsteel Fiber Reinforced Concrete and Its
Gradient Design in the Partially Reinforced RC Beam”
demonstrated that microsteel fiber highly strengthened and
toughened the concrete matrix and can significantly di-
minish the depth of RC beam with the same cracking re-
sistance. Moreover, the authors also proposed a calculation
formula of bearing capacity of the partially reinforced beam.

L. Yan et al. [38] carried out the shaking table test on a
real bridge model to study the seismic response laws of this
kind of bridge under multipoint excitation. "e results show
that the seismic response of high pier and small-radius
curved bridge is affected by different frequency-spectrum
seismic waves and the local terrain effect amplifies its seismic
response. Based on the results, the authors suggested that the
impact of multipoint excitation should be considered in
seismic design of high pier with small-radius curved bridge.

T. H. Ma et al. [39] analyzed the overall stability of
Xiluodu high arch dam based on fine three-dimension
numerical modeling. In the study, the structural design
scheme of arch dam and the corresponding foundation
treatment design were evaluated. "e simulation results
showed that comprehensive reinforcement could enhance
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overall stability of dam foundation surface under normal
load conditions and demonstrated that RFPA3D can provide
an effective method for analysis and research of large hy-
draulic projects in the world.

A paper titled “Fatigue Performance of Reinforced
Concrete T-Girders under Cyclic Loading” is authored by
J. Q. Zhang et al. [40]. "ey examined the performance of
reinforced concrete T-girders under cyclic loading; it was
found that the longitudinal reinforcement fracture is the
main cause of T-girder rupture, and during cyclic loading,
the concrete cracks, deflections, and strain followed a “three-
stage” law. "e measured results of the longitudinal rebar
stress range are more stable and regular than other me-
chanical parameters.

Y. Zou et al. [41] studied the static performance of
prefabricated UHPC-steel epoxy bonding interface via direct
shear test, tensile test, tensile-shear test, and numerical
simulation. "e results showed that the interface failure was
mainly manifested as peeling of the epoxy-UHPC interface
and the destruction of part of UHPC matrix (failure of
UHPC’s surface). From the stress-displacement curves of
interface normal and tangential direction, it could be ob-
served that the curves are all in the shape of a two-fold line
and showed brittle failure mode. "e numerical simulation
concluded that the main failure form of interface failure is a
tensile failure.
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Advances in Civil Engineering has retracted the article titled
“Fatigue Performance of Reinforced Concrete T-Girders
under Cyclic Loading” [1], due to concerns regarding the
reliability of the data as raised by the authors. Following the
publication of the article, the authors contacted the journal
to raise concerns that the loading instrument used in the
experiment was found to be faulty in a recent maintenance
check. �e load error was found to be over the tolerance of
this study. �e authors have reviewed the data in the study
and note an abnormal trend in Figure 10(b), where the rebar
stress range of F-4 decreased after 80% of the life. �e
remaining data cannot be validated due to the instrument
fault.

As the validity of the data presented in the article cannot
be verified, the authors requested the retraction of the article
and this has been agreed with the editorial board.
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+e concrete transition zone plays an important role in bridge expansion joint structure, which provides a good connection
between the expansion joint installation and bridge decks. However, the premature deteriorations of concrete transition zone are
found to be the major diseases of expansion joint during service life. +erefore, a material with high ductility, superior durability,
and low modulus/stiffness is highly desired for transition zone. Engineering cementitious composites (ECC), a kind of high-
performance concrete featuring the prominent ductility and durability, are a promising material for transition zone of expansion
joint. +is paper introduces a specific ECC material for transition zone, which is modified by emulsified asphalt (EA-ECC), and
has the high deformation ability and low modulus/stiffness. +e flexural mechanical properties including flexural stress-load
displacement relation, flexural secant stiffness, and elastic modulus of the EA-ECC’s matrix were investigated experimentally. +e
microstructures of EA-ECC were observed via scanning electron microscope (SEM) imaging. Additionally, the influence of test
temperature on flexural mechanical properties of EA-ECC was also investigated. It is found that the ultimate flexural stress of EA-
ECC reduces gradually with increasing EA content. Conversely, the flexural deformation capacity shows an increasing trend with
EA content. Additionally, incorporating EA significantly reduces the flexural secant stiffness and elastic modulus of EA-ECCs.+e
research results concluded that incorporating EA in ECC can significantly improve the flexural deformation ability accompanied
by relatively lower modulus, which is likely to reduce the impact load on transition zone caused by vehicle bumping and prolong
the service life of the whole bridge expansion joint structure.

1. Introduction

Expansion joint is an extremely important part in the bridge
structure, which is set up to make bridge decks adapt to the
deformation caused by the change of temperature and
humidity, shrinkage and creep of concrete, bridge pier
settlement, beam rotation, etc. Usually, concrete transition
zone is set up between expansion joint installation and
bridge deck beam, which links the expansion joint instal-
lation and bridge beam to make them working together [1].
Unfortunately, expansion joint is the weakest part of a bridge
structure. Due to the improper design and construction, the
premature destructions of expansion joint usually occurred
under the combined action of vehicle load and

environmental effects [2]. +ese destructions could result in
the bumping problemwhen a vehicle passes, which produces
an impact load and exacerbates the damage of expansion
joints. In addition, the survey found that the damage of
concrete transition zone is the greatest destruction of ex-
pansion joints, including cracking, spalling, and breakage
[3], as shown in Figure 1.

+e previous research [4] indicated that there are three
main reasons of the premature destructions in concrete
transition zone. Firstly, the poor ductility of concrete that is
normally used in transition zone cannot make it withstand
the repeated deformation between bridge deck beams.
Secondly, the poor durability of conventional concrete leads
to further deteriorations after initial cracking.+e water and
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other corrosive chemicals penetrate the concrete transition
zone through these cracks, which leads to the corrosion of
reinforcements and reduces the bonding between expansion
joint and bridge deck beam. In addition, the modulus of
conventional concrete transition zone is much larger than
that of asphalt pavement on bridge deck, which causes a
large impact load when vehicles pass the expansion joint. It
is also the reason causing the premature destructions of
concrete transition zone. +erefore, a material with high
ductility, superior durability, and low modulus/stiffness is
highly needed for transition zone of bridge expansion joint.
Due to the high compressive and tensile strengths and good
durability, ultra-high-performance concrete (UHPC) was
considered as a promising material for transition zone of
bridge expansion joint [5, 6]. +e research of Zhou et al. [7]
reported that the UHPC had been applied in bridge ex-
pansion joints, such as in United States and Canada.
However, the cracking cannot be eliminated completely,
which results in the fact that the premature destructions still
exist in transition zone [6].

Engineered cementitious composites (ECC), a special
kind of high-performance fiber reinforced concrete, were
developed by Li and co-workers based on micromechanics
and fracture mechanics theory in the 1990s [8, 9]. ECC has
excellent mechanical properties and ductility. +e com-
pressive strength of ECC could range from 20 to 180MPa
depending on the mix compositions [10–12]. Unlike the
brittleness of conventional concrete and strain-softening
of fiber reinforced concrete [13], ECC exhibits the metal-
like strain-hardening behavior after the first crack oc-
curring, accompanied by multiple microcracks under
tensile loading. +e typical tensile stress-strain-crack
width curve of ECC material under uniaxial tensile load is
shown in Figure 2. With the moderate design, the strain
capacity of ECC material could reach the range of 3–8%,
which is 300–800 times that of conventional concrete and
fiber reinforced concrete materials [14, 15]. For conven-
tional concrete and fiber reinforced concrete materials,
the limited cracks are localized around the weakest plane
of component, and the crack width increases gradually
until the failure under the loading. In comparison, the
crack width in ECC stabilizes at around 60–100 μm, whilst
the number of microcracks increases after tensile strain of

1%. More importantly, the tiny crack width controlled
ability is an intrinsic material property of ECC, which is
independent of the structure size or external loads [16, 17].

ECC has a prominent durability benefiting from the
super tiny crack width. Compared to the cracks (width is
in millimeter level) in conventional concrete material, the
tiny cracks in ECC dramatically reduce the permeation of
water and other corrosive chemicals. What is more, these
tiny cracks in ECC can be self-healed due to the con-
tinuous hydration of cementitious materials (unhydrated
cement and fly ash etc.), pozzolanic reaction of supple-
mental cementitious materials, and precipitation of
CaCO3 under certain circumstances, which significantly
recovers the transport and mechanical properties of ECC
[18]. +e water permeability of cracked ECC was shown to
decrease to zero gradually under wet-dry cycle curing
condition, accompanied by observation of self-healing
products within the cracks [19]. +e mechanical prop-
erties were also reported to have a significant recovery to
almost 100% that of uncracked ECC, such as tensile and
flexural strengths, stiffness, and tensile strain capacity
[20].

(a) (b) (c)

Figure 1: +e destructions of concrete transition zone of expansion joints. (a) Cracking. (b) Spalling. (c) Breakage.
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Figure 2: Typical uniaxial tensile stress-strain-crack width curve of
ECC [13].
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Due to the excellent mechanical properties and dura-
bility, ECC is considered as a promising material used in
transition zone of bridge expansion joint. In the past two
decades, ECC has been successfully applied in bridge en-
gineering field. Lepech and Li [21, 22] conducted the re-
search on applicability of ECC for bridge deck link slabs.+e
design guidelines and material specifications were devel-
oped. Under the collaboration with the Michigan Depart-
ment of Transportation, the ECC link slab was implemented
successfully in 2005, as shown in Figure 3. +e expansion
joint was removed and replaced with section of ECC overtop
the joint. A continuous deck surface was constructed af-
terwards. Yin et al. [23] studied the shear load-displacement
behavior of ECC material in transition zone and reported
that ECC has been applied in expansion joints of a steel box
girder bridge in Hohhot, China. However, the large elastic
modulus discrepancy between of ECC transition zone and
asphalt pavement on bridge deck exists. +e elastic modulus
of ECC is 20000MPa, while it only ranges from 3000 to
10000MPa for asphalt pavement material. Accordingly, the
huge modulus discrepancy could easily cause the impact
load when a vehicle passes the expansion joint, which often
leads to the premature damage or destructions in ECC
transition zone. +erefore, a specific ECC material with
relatively lower modulus/stiffness is needed to be developed
for transition zone to prolong the service life of bridge
expansion joints.

In previous research, Ma et al. [24] tailored the ECC
materials with emulsified asphalt (EA-ECC) for high
damping and low modulus. In this study, the EA-ECC
material was introduced for transition zone of bridge ex-
pansion joints. +e schematic diagram of bridge expansion
joints using EA-ECC is shown in Figure 4. In the following
sections, the influence of EA on the flexural mechanical
properties and stiffness of EA-ECCs were investigated
through four-point bending test. +e elastic modulus of EA-
ECC matrix was investigated via uniaxial tensile test. +e
microstructure of surface between PVA fiber and matrix in
EA-ECC was observed via scanning electron microscope
(SEM) imaging. Because EA is a thermal sensitive material,
the temperature influence on the flexural mechanical
properties of EA-ECC was also investigated.

2. Experimental Programs

2.1. Raw Materials. +e raw materials used in this study
included Portland type I cement CEM-42.5, class F fly ash,
fine silica sand, PVA fibers, and styrene-butadiene styrene
(SBS) modified emulsified asphalt. In order to control the
workability of fresh ECC mixtures, the polycarboxylate-
based water reducing admixture (HRWRA) was also used.
+e chemical components of cement and fly ash are listed in
Table 1, whichmeet the Chinese standards (GB1596-88).+e
fine silica sand has a mean size of 150 μm. +e properties of
SBS modified emulsified asphalt are listed in Table 2. +e
PVA fibers have the size of 12mm in length and 39 μm in
diameter, a tensile strength of 1620MPa, an elastic modulus
of 42.8GPa, a density of 1.3 g/cm3, and an elongation of 7%,
respectively.

2.2. Specimen Preparation. Table 3 lists the mix proportions
of different EA-ECC mixtures used in this study. E0 was
prepared without EA as a reference mix. +e mixtures E1 to
E4 were prepared with different EA to cement ratios (EA/C),
which is 5%, 10%, 15%, and 25%, respectively.+e ratio of fly
ash to cement was fixed at 1.2 for all mixtures. Due to the
moisture content of 36.8% in EA (solid content of 63.2%
listed in Table 2), the ratio of water to cementitious materials
(cement and fly ash) was adjusted with EA content for
keeping the same water content in all mixtures. +e PVA
fibers were added by volume fraction of total EA-ECC
mixture, which is noted in Table 3.

+e EA-ECC mixtures were mixed using a planetary
mixer with the capacity of 10 L. Firstly, cement, fly ash, and
fine silica sand were dry-mixed for 3 minutes at a low ro-
tation speed of 110 r/min. +e mixture of water and EA was
then added and mixed for another 5 minutes at a high
rotation speed of 198 r/min. In the process of mixing, the
HRWRA was added gradually to adjust the fluidity of
mortar. +e PVA fibers were then added slowly and mixed
10 minutes continually. When the PVA fibers were dis-
tributed evenly, the fresh EA-ECC mixture was poured into
specific molds. +e EA-ECC specimens were demolded after
24 hours and then cured in curing box with the condition of
20± 2°C in temperature and 95± 5% in humidity. All
specimens were tested after 28 curing days.

2.3. Test Methods. In this study, the four-point bending test
was conducted to investigate the flexural mechanical prop-
erties of EA-ECCs, as shown in Figure 5. +e EA-ECC
specimen has the size of 400mm in length, 70mm in width,

Figure 3: +e link slab of bridge decks using ECC material (http://
umich.edu/∼acemrl/NewFiles/projects/linkslab_timeline.html).

Asphalt pavement Expansion joint installation

Figure 4: +e schematic diagram for EA-ECC transition zone of
bridge expansion joint.
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and 16mm in thickness, respectively. +e support span of
four-point bending test was 300mm, and middle load point
span was 100mm. +e test was conducted under the dis-
placement control at a rate of 1.0mm/min. During testing, the
flexural load and load displacement were recorded. +ree
specimens were tested for each mix. +e elastic modulus of
EA-ECC matrix (without PVA fibers) was investigated
through uniaxial tensile test. For the details of the uniaxial
tensile test, refer to Ma et al. [24]. +e scanning electron
microscopy (SEM) imaging was also used to observe the
microstructures of surface between PVA fibers and matrix.

+e influence of temperature on the flexural perfor-
mances of EA-ECC was investigated using universal testing
machine (UTM-25). Firstly, the EA-ECC specimens were
cured for 2 hours in the environmental chamber of UTM-25
at different temperatures. +e temperature values were se-
lected as 0°C, 25°C, and 60°C, which reflects the most
common low temperature, normal temperature, and high
temperature, respectively, on road surface in Jiangsu
province of China. +e four-point bending test was then
conducted using UTM-25 at the corresponding
temperatures.

3. Results and Discussions

3.1. Flexural Behavior of EA-ECC. Table 4 summarizes the
results of four-point bending test on EA-ECCs, including
first cracking strength, ultimate flexural stress, and dis-
placement capacity. +e flexural stress versus load dis-
placement curves of ECCs with different EA contents are
shown in Figure 6. In Table 4, the first cracking strength (the
first stress drop-off of the flexural stress-load displacement
curve) has a reduction trend with increasing EA content. It
reduces from 6.17MPa to 4.06MPa, with EA content in-
creasing from 0 to 25%. +e first cracking strength of ECC
material is mainly governed by the matrix fracture strength.
Due to incorporating EA, the network structure of ce-
mentitious hydration products (C-S-H) was obstructed by
asphalt membrane in composite [25]. According to Fu et al.
[26], more air bubbles enter the CA mortar during the
mixing process, with EA content increasing. Similarly, the
porosity of EA-ECC matrix increases with EA content,
which results in the relatively lower fracture strength of EA-
ECCmatrix. +erefore, the EA-ECC with higher EA content
has a lower first cracking strength.

+e ultimate flexural stress of EA-ECCs has a similar
reduction trend with increasing EA content. It is reduced by
40% when EA content increases from 0 to 25%.+e flexural/
tensile strength of ECC material is governed by the fiber
bridging capacity on the weakest crack plane. According to
Li and Leung [8], the fiber bridging capacity is closely related
to interfacial bond between fiber and matrix, including
chemical bonding (Gd) and frictional bond strength (τ0).
According to the previous research of Ma et al. [24], the
chemical bonding Gd and frictional bond strength τ0 of EA-
ECC showed a decreasing trend with incorporating EA. +e
chemical bonding Gd is governed by the metal cation
concentration, in particular Al3+ and Ca2+, in the interfacial
transition zone (ITZ) between PVA fibers and matrix [27].
+e frictional bond strength τ0 is closely related to the
roughness and compactness of ITZ [28]. Due to incorpo-
rating EA, the asphalt membrane was formed on ITZ in EA-
ECCs, which may reduce the metal cation concentration and
the roughness of ITZ. In addition, as can be seen in Figure 7,
the PVA fiber surface in E4 remains intact after being pulled
out, while it is damaged obviously in E0. It also indicates that
incorporating EA could reduce the frictional bond strength.
+erefore, the reduction of chemical bonding and frictional
bond strength with increasing EA content results in a lower

Table 1: Chemical components of cement and fly ash (%).

Material SiO2 Al2O3 Fe2O3 CaO SO3 P2O5 Na2O K2O TiO2 MgO
Cement 21.26 7.67 2.88 57.82 4.04 5.26 0 0.78 0.21 —
Fly ash 52.25 27.42 4.84 7.22 1.83 0.89 0.4 1.32 1.1 2.57

Table 2: Properties of SBS modified emulsified asphalt.

Penetration at 25°C
(0.1mm)

Ductility at
25°C (cm)

Soft point
(°C)

Sieve residue of
1.18mm (%)

Storage stability
1 d (%)

Solid
content (%)

Standard viscosity
C25.3 (s)

Density (g/
cm3)

74 66 49.2 0.03 0.02 63.2 14 1.02

Table 3: Mix proportions of ECCs with different EA contents
(weight ratio to cement).

Mix Cement Fly
ash Sand Water HRWRA PVA

fiber∗ EA

E0 1 1.2 0.8 0.55 0.02 2% 0
E1 1 1.2 0.8 0.52 0.02 2% 0.05
E2 1 1.2 0.8 0.49 0.02 2% 0.10
E3 1 1.2 0.8 0.46 0.02 2% 0.15
E4 1 1.2 0.8 0.40 0.02 2% 0.25
Note. ∗PVA fibers were added by the volume of total ECC mixture.

100 mm

300 mm

16
 m

m

LoadLoad

Figure 5:+e schematic diagram of four-point bending test on EA-
ECC.
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Figure 6: Typical flexural stress versus load displacement curves of EA-ECCs: (a) E0; (b) E1; (c) E2; (d) E3; (e) E4.

Table 4: Flexural mechanical properties of EA-ECCs under four-point bending test.

Mix First cracking strength Ultimate flexural stress Deflection capacity
E0 6.17± 0.54MPa 11.87± 0.34MPa 9.01± 0.77mm
E1 5.67± 0.78MPa 9.57± 0.81MPa 18.32± 3.34mm
E2 6.53± 0.31MPa 9.01± 0.05MPa 17.15± 1.05mm
E3 5.43± 0.42MPa 9.15± 0.19MPa 26.60± 1.95mm
E4 4.06± 1.02MPa 7.13± 0.71MPa 33.32± 2.65mm
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fiber bridging capacity, and subsequently a lower ultimate
flexural stress of EA-ECCs compared to E0.

Conversely, the flexural displacement capacity has a
significant improvement with increasing EA content. +e
load displacement of E4 reaches 33mm, which increases by
2.67 times compared to that of E0. In order to acquire strain-
hardening behavior in ECCs, the strength criterion and
energy criterion should be satisfied [29], which are shown in
equations (1) and (2).

σfc ≤ σ0, (1)

Jtip ≤ jb
′, (2)

where σfc and σ0 are matrix fracture strength and fiber
bridging capacity, respectively; Jtip and Jb′ are crack tip
toughness and complementary energy of fiber bridging
stress-crack opening width relation, respectively. +e
pseudo-strain-hardening performance (PSH) indexes were
proposed by Li [9] to quantitatively evaluate strain-hard-
ening behavior of ECC, which are shown in the following
equation:

PSHenergy �
Jb
′

Jtip
&PSHstrength �

σ0
σfc

. (3)

According to Ma et al. [24], the PSH indexes have an
observably increasing trend with EA content increases. It
means that these criterions can be satisfied with larger
margin, which results in the larger flexural deformation
capacity of EA-ECCs with higher EA content.

+e flexural toughness is another important parameter
for evaluating the flexural mechanical properties of ECC
materials. It represents the energy absorption capacity of
ECC component before failure under flexural loading. In
this study, the flexural toughness of ECC is demonstrated by
toughness index, which is defined as the ratio of integral area
under the whole flexural stress-load displacement curve with
abscissa to the area before first cracking, as shown in Fig-
ure 8. Using this method, the toughness index of ECC and
EA-ECCs is calculated and shown in Figure 9. As can be
seen, overall, the toughness index of EA-ECCs except for E2
is obviously larger than that of E0. For the profit from the
larger toughness, EA-ECC transition zone could absorb

more energy under vehicle loading instead of brittle fracture,
which greatly prolongs the service life of expansion joint.

3.2. Stiffness of EA-ECC. In this study, the secant modulus of
flexural stress-load displacement relation in the elastic stage
(before the first cracking point) was used to investigate the

(a) (b)

Figure 7: Surface conditions of PVA fibers and matrix in ECCs: (a) E0; (b) E4.
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Figure 8: +e schematic diagram of flexural toughness index of
EA-ECC.
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Figure 9: +e flexural toughness of EA-ECCs with different EA
contents.
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influence of EA on flexural stiffness of EA-ECC. +e secant
modulus is defined as the slope between the origin and first
cracking point in flexural stress-load displacement curve, as
illustrated in Figure 10. +e flexural secant modulus of EA-
ECCs with different EA contents is presented in Figure 11.
As can be seen, the flexural secant moduli are similar when
EA content increases from 0 to 10%, while it drops sig-
nificantly after continually increasing EA content to above
10%. Due to the viscoelasticity of asphalt and asphalt
membrane retarding the link of cement hydration pro-
duction, the matrix of EA-ECC could generate a larger
deformation before cracking, which results in a relatively
lower stiffness of composite.

+e tensile elastic modulus of EA-ECC matrixes, ob-
tained from uniaxial tensile test on matrix specimen, as a
function of EA content, is shown in Figure 12. As can be
seen, the elastic modulus of ECC matrix has a significant
reduction after incorporating EA, while it stabilizes with
subsequently increasing EA content from 10% to 25%. +e
elastic modulus of matrix without EA is about 15000MPa,
while it is only 4500MPa for the matrix with EA; it decreases
by 70%. Normally, stone matrix asphalt (SMA) concrete is
the most used material for bridge deck pavement.+e elastic
modulus of SMA ranges from 3000MPa to 6000MPa [30],
which is similar with that of EA-ECC matrix. +e results
indicate that incorporating EA in ECC observably reduces
the modulus discrepancy between asphalt pavement on
bridge deck and EA-ECC transition zone. It could relieve the
vehicle bumping problem and reduce the accompanying
impact load on EA-ECC transition zone, which reduces the
possibility of premature deteriorations occurring and then
prolongs the service life of expansion joint.

3.3. Temperature Effects on Flexural Mechanical Properties.
In this section, the mix E2 was used to investigate the in-
fluence of test temperature on flexural mechanical proper-
ties. Typical flexural stress-load displacement curves of E2
under different test temperatures are shown in Figure 13. As
can be seen, it has the largest ultimate flexural stress and first
cracking strength accompanied by the lowest flexural dis-
placement at low temperature of 0°C. +e ultimate flexural
stress can reach 18MPa, while the displacement capacity is
only 10mm. When test temperature increases to 25°C, the
ultimate flexural stress and first cracking strength have a
significant decrease, while the displacement capacity in-
creases observably. +e ultimate flexural stress and first
cracking strength decrease by 55% and 45% compared to
those at 0°C, while the displacement capacity increases by
44%. When the test temperature sequentially increases to
60°C, the ultimate flexural stress and first cracking strength
have a slightly decrease, while the displacement capacity
increases a little bit compared to that at 25°C. +e flexural
toughness indexes of E2 at different test temperatures are
shown in Figure 14. +e toughness index increases by 2.9
times when the test temperature increases from 0°C to 60°C.

Due to the thermal sensitivity, EA can be hardened at
low temperature of 0°C.+e frozen asphalt phase in EA-ECC
can form a strong network, which leads to a higher fracture

strength of matrix.+e hardened asphalt phase improves the
adhesive between asphalt and cement hydration products,
which also increases the fracture strength of matrix and
subsequently first cracking strength. As described previ-
ously, the fiber bridging capacity is closely related to in-
terfacial bond between fiber and matrix. +e hardened
asphalt phase increases the roughness of ITZ, which results
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in a higher frictional bond and subsequently ultimate
flexural stress at low temperature. Conversely, the hardened
asphalt phase increases the bond between fiber and matrix
and hardness of interface, which increases the difficulty of
fiber pullout and the possibility of fiber rupture. +erefore,
EA-ECC has a relatively smaller flexural deformation under
lower temperature.

+e flexural secant modulus of E2 under different
temperatures is shown in Figure 15. As can be seen, the
flexural secant modulus is reduced significantly with in-
creasing temperature. Due to the viscoelasticity of asphalt,
the asphalt phase in EA-ECC has a softening trend with
increasing temperature, and the viscidity is dominant for
asphalt.+e higher viscidity of asphalt in EA-ECC allows the
matrix to generate a larger deformation before first cracking,
which leads to a smaller flexural stiffness of EA-ECC under
higher temperature.

+e above results indicated that, under low temperature,
the larger modulus of EA-ECC transition zone causes a
relatively obvious vehicle bumping and larger impact load,

while it could bear larger load without cracking. On the
contrary, EA-ECC transition zone could absorb more energy
from vehicle loading at higher temperature, such as in
summer.

4. Conclusions

In this study, a special ECC modified by emulsified asphalt
(EA-ECC) was introduced to be used in transition zone of
bridge expansion joint.+e flexural mechanical properties of
EA-ECCs, including flexural stress-load displacement rela-
tion and stiffness, were investigated experimentally. +e
temperature influences on flexural behavior of EA-ECC
were also investigated. +e following conclusions can be
drawn based on the research findings in this study.

(1) Incorporating emulsified asphalt could significantly
reduce the modulus of ECC while maintaining the
excellent mechanical properties. +e low rigidity of
EA-ECC material highly probably improves the
vehicle bumping problem and therefore reduces the
impact load on EA-ECC transition zone.

(2) +e flexural deformation of EA-ECC increases sig-
nificantly, while the ultimate flexural stress is re-
duced obviously with EA content increasing.
Nevertheless, the ultimate flexural stress of E4 still
reaches a value above 7MPa, which could satisfy the
requirement of transition zone application.

(3) +e flexural mechanical properties of EA-ECC are
influenced by temperature significantly. +e E2 ex-
hibits smaller ultimate flexural stress, first cracking
strength, and larger displacement capacity and
flexural toughness accompanied by a smaller flexural
stiffness under higher temperature.
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)e non-uniform stratum and uneven surface have the complicated seismic spatial variability. )e seismic response of high pier
and small radius curved bridge caused by the seismic specificity of this kind of terrain has not been systematically studied.
According to the multi-point excitation theory of long-span structures and the similar theory of shaking table test in model
structures, a high pier with small radius curved girder bridge was used as the research object. )e shaking table test of real bridge
model was carried out to study the seismic response laws of this kind of bridge under multi-point excitation.)e results show that
the designed seismic wave expansion device can meet the test requirements. )e frequency of the model structure decreases
rapidly and the damping ratio increases during the whole test process. )e local terrain effect amplifies the seismic response of
high pier and small radius curved bridge. )e seismic response of high pier and small radius curved bridge is affected by different
frequency spectrum seismic waves, and there is a big difference. Based on the above results, the impact of multi-point excitation
should be considered in seismic design of high pier with small radius curved bridge.

1. Introduction

High pier and small radius curves bridge has the advantages
of strong terrain adaptability and less restrictions by the
surrounding environment and traffic routes. )erefore, it
can better achieve traffic interconnection in all directions,
ensure smooth traffic routes, and improve urban traffic
tension. At present, with the development of material
properties and construction technology, curved bridges are
developing towards higher and larger spans. However, the
load on a curved bridge during an earthquake is actually a
movement of the support over time. For structures with
large spatial distribution, the ground motions at different
points in the structural scale range during the same
earthquake are different, and the amplitudes of the seismic
waves at each pier may be different, and even the wave forms
may vary. As a result, it caused high pier bridge with small
radius curves to have the significant bending and torsional
coupling effects and complex internal force distribution.

)erefore, it is necessary to carry out multi-point incentive
research for this kind of bridge.

Cheng et al. [1] conducted a shaking table test of the scale
model of the bridge based on a prototype of an interchange
bridge damaged in the San Fernando earthquake. )e
seismic performance and the dynamic response of the
structure at the expansion joint were studied. Fan [2]
conducted long-term monitoring and tests on a curved
bridge to study structural frequency changes and structural
torsion effects. Gomez et al. [3] analyzed the influence of the
input mode of ground motion, the restraint form of pier and
beam, and the change of span on the seismic response of the
small radius curve bridge. Yan et al. [4–6] carried out
shaking table tests on various forms of curved bridges,
studied the damage and failure modes of curved bridges
under earthquake, and discussed the pounding response law
of curved bridges under earthquake. )e literature [7, 8]
studied the influence of local irregular topography on
ground motion when Rayleigh waves propagate and pointed
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out that Rayleigh waves have a significant amplification
effect on solitary process topography. It is clearly pointed out
in [9] that the seismic excitation received at the supporting
point of a long-span structure within 50m may be quite
different.

Zhang et al. [10] conducted a shaking table test on a
bridge with a small radius curve considering the dynamic
interaction between pile-soil and bridge structure, obtained
the vibration response law of pile-soil and structure system,
and discussed the failure characteristics and failure modes of
the bridge. Lupoi et al. [11] conducted theoretical and ex-
perimental studies on the seismic response of long-span
bridge structures under multi-point excitation and the re-
sults show that the seismic response of long-span bridge
structures is closely related to the input mode of seismic
waves and the site characteristics of the bridge supporting
points. Wang et al. [12, 13] conducted a shaking table test on
a long-span continuous rigid frame bridge and studied the
seismic response law of the bridge structure under local site
effect and multi-point excitation. Liu et al. [14, 15] studied the
multi-point excitation failuremode of bridges across V-shaped
canyons, explored the impact of spatial effects of ground
motions on structures in rough terrain, and analyzed the
influential factors of the frequency characteristics of ground
motions in such terrains in detail. Xie et al. [16] carried out the
shaking table test of multi-point excitation on the wholemodel
of pile-soil-bridge and studied the influence of multi-point
excitation on the seismic response of the structure.

In summary, researchers have carried out some theo-
retical and experimental studies on the influence of the
seismic response of bridge under multi-point excitation, but
it is rare to study the dynamic response laws of high pier
bridge with small radius curves considering the local site
effect. Based on this, a 1/20 scale ratio high pier bridge with
small radius curves test model has been designed and
produced. Combined with the basic principles of structural
dynamics, a seismic wave expansion device to achieve multi-
point excitation in a single shaking table test has been
designed and manufactured, and it was used to complete the
shaking table test for a high pier and small radius curved
bridge under multi-point excitation. )e dynamic charac-
teristics of high pier and small radius curved bridge under
multi-point excitation, the relationship between seismic
intensity, dynamic change factor and pier displacement
response, the influence of local terrain effect on the overall
response of curved bridge structure, and the law of pier
strain response are studied in this paper. )rough the study
of this paper, it is expected to provide some theoretical
reference for the seismic design theory of high pier and small
radius curve bridge structure and related code research.

2. Research on Multi-Point Excitation Theory

Due to the different site and soil conditions where the bridge
foundation is located, the characteristics of the seismic wave
when it reaches each pier foundation are different in the actual
vibration process of the bridge. )erefore, when analyzing the
seismic response of long-span bridge structure, we should
consider the influence of local terrain effect on the dynamic

response of the structure caused by the input seismic wave
excitation difference at each support point especially.

In this paper, the dynamic change factor a is defined to
represent the change degree of local topographic effect on
seismic amplitude.)e value of this factor is related to the site
characteristics and complexity of the structure. )e motion
equation of the structure under multi-point excitation is as
follows [6]:
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where the lower corner marks j and z represent the su-
perstructure node and support node of the bridge, respec-
tively. X, _X, and €X are the absolute displacement, absolute
velocity, and absolute acceleration vectors of each node of
the bridge structure under seismic excitation respectively.M,
C, and K are the mass matrix, damping matrix, and stiffness
matrix of the bridge structure respectively. Pz is the seismic
input load vector by the support node, which should include
the seismic load of different supports.

In order to facilitate internal force analysis of the
structure, displacements of each node of the structure are
decomposed as
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where Xs
j is the quasi-static displacement caused by the

displacement of the bearing joint and Xd
j is the quasi-dy-

namic displacement caused by the acceleration of the
bearing. Ignoring all the dynamic terms, the first line of
equation (1) can be expanded as

KjjX
s
j + KjzX

s
z � 0. (3)

After changing equation (3), we can get

X
s
j � −K

−1
jj KjzX

s
z, (4)

where c � K−1
jj Kjz is called quasi-static modal matrix, which

represents the displacement of the superstructure caused by
static displacement of the support.

It is assumed that the damping force of the structure is
only related to the relative velocity of the structure,
andMjz � 0 when centralized mass models. Substituting
equation (5) into equation (2), the first line is expanded into

Mjj
€X

d

j + Cjj
_X

d

j + KjjX
d
j � −Mjjc

€Xz. (5)

)e above formula is the dynamic equation of the bridge
structure under the condition of multi-point excitation.

3. Experimental Design

3.1. Design of Multi-Point Excitation Expansion Device with
Single Shaking Table Test. To carry out non-uniform exci-
tation test for irregular curved bridges due to their
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complicated stress and significant coupling effect of bending
and torsion is necessary. It has been pointed out that the
multi-point excitation analysis of seismic response should be
considered when the bridge structure has many spans and
long spans, uneven distribution of longitudinal mass, stiff-
ness and linear shape of the bridge, large difference of ad-
jacent pier height, large central angle and skew angle of
curved bridge and inclined bridge, and irregular bridge with
isolation bearing and damper.

In this paper, based on the basic principle of structural
dynamics and considering the requirements of actual test, an
expansion device for realizing multi-point excitation with a
single vibration table is made through theoretical analysis.
)e basic theory has been related to theoretical derivation in
literature [5], which will not be repeated here. )e device is
composed of Q345 channel steel, angle steel, HRB335 steel
bars with a diameter of 22mm, high-strength bolts, steel
plates, and universal wheels, etc. )e design diagram and
physical model of the extension device are shown in Figure 1.

3.2. Similarity Ratio of Model. According to the bearing
capacity and geometric size of the shaking table, as well as
the limited conditions such as test site, the geometric
similarity ratio of the model is 1/20. Considering the effect of
model gravity acceleration, the output capacity of shaking
table, and the realization of artificial counterweight, the
model acceleration similarity ratio is 2.5. In addition, the
elastic modulus similarity ratio of the model concrete and
steel is 0.64, and the remaining similarity ratio is derived
from the three above basic similarity ratios. )e similarity
ratio of the experimental model is shown in Table 1.

3.3. Design of the Experimental Model. )e shaking table test
model for this experimental is a reinforced concrete high pier
and small radius curved bridge with a scale ratio of 1 : 20. )e
example curved bridge is composed of circular curve+ -
transition curve+ transition curve+ circular curve, and the
length of each section is 18.65m+20m+20m+ 18.65m,
respectively. )e span combination is 2× 35.7m, the straight
line length of the bridge is 71.4m, the curve length is 77.3m,
and the pier height is 30m. Part of the structure is a box girder
with equal cross section, the pier is a rectangular single pier
section, and the bottom and top of the pier are provided with
2.5m solid sections. )e layout of the model is shown in
Figure 2.)emain girder of themodel is an equal-section with
single-box and single-chamber box girder, the girder height is
10 cm, and the wall thickness of box girder is 2.5 cm. )e
model bridge has hollow pier, and the height of pier is 155 cm.
)e high of solid section is 23 cm set at the top and bottom of
the pier, and the wall of the hollow section is 5 cm. In order to
meet with the anti-overturning demand of the irregular curved
bridge, two anti-torsion supports were set at the top of the
three piers, which were directly placed between the piers and
the box girder.

In shaking table test, the accuracy and visibility of test
results are directly affected by the correctness of model
material selection. )e bridge span is 2× 35.7m, bridge
straight line length is 71.4m, and the curve length is 77.3m,

with 30m high pier, the upper structure of cross section of
box girder, such as piers for rectangular single pier cross
section, with 2.5m solid pier top and bottom section. )e
longitudinal reinforcement of model pier and girder is
HRB335 ribbed bar with diameter of 6mm, and the stirrup is
HPB300 plain round bar with diameter of 6mm.)e spacing
of stirrups was designed as 6 cm.)e reinforcement skeleton
of piers and girder is shown in Figures 2 and 3.)e ceramsite
concrete was used to simulate the concrete of actual
structure, and the test parameter of particle concrete is
shown in Figure 3. According to the test results, the elastic
modulus of ceramsite concrete is 2.2e4N/mm2 and the
strength grade is C25, which meets the test requirements.

3.4. Selection of Seismic Waves. Imperial Valley wave (IVE)
of class I site, El-Centro (ELC) and Lanzhou (LZ) seismic
wave of class II site, and Taft wave of class III site were all
selected for this test. )e seismic wave excitation load is
divided into six levels, and the peak acceleration of each
level of seismic wave is 125 gal, 250 gal, 375 gal, 500 gal,
750 gal, and 1000 gal, respectively. During the loading
process, according to the principle of peak acceleration
from small to large, i.e., after loading 4 seismic waves under
the peak acceleration of a certain level, the first-order
frequency measurement of the structure is carried out, and
then the next level seismic wave record is loaded. )e
stiffness of high pier and small radius curved beam bridge
structure is weak in the direction of the connecting line of
the head and tail piers, so more failure modes are likely to
occur along the direction of seismic excitation. Based on
this, the input direction of seismic wave in this experiment
is the connection direction of the head and tail piers of
curved bridge.

3.5. Layout ofMeasuring Points. )e purpose of this test is to
study the influence of multi-point excitation on the seismic
response of curved bridge with high pier and small radius by
measuring the dynamic response of points. During the test,
the acceleration, displacement, and strain responses for the
measuring points of the model were installed at the key
position. )ree types of sensors were installed at the key
positions of the bridge model.

(1) 8 acceleration sensors (PCB type series 380 GFB3G/
30AY) were distributed in the shake table, girders,
and top of piers to measure the vertical, longitudinal,
and transverse acceleration, respectively.

(2) 6 displacement sensors (891-II) were distributed in
the shake table and top of piers to measure longi-
tudinal and transverse displacement.

(3) 24 strain gauges were distributed in steel bar at the
bottom of the piers.

4. Result Analysis

4.1. Analysis of Structural Frequency and Damping Ratio.
In the experiment, when the loading of each seismic wave
was completed, the natural vibration characteristics of the
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(a) (b)

Figure 3: )e test parameter of concrete material characteristic. (a) Test block. (b) Material property test.
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Figure 1: )e expansion device. (a) )e physical diagram of expansion device. (b) )e design diagram of expansion device.

Table 1: Similar constants.

Properties Physical quantity Dimension Similitude function Similitude parameter
Geometric Length (L) Sl 1/20

Material properties

Elastic modulus (FL)−2 SE 1/1.57
Strain — Sσ/SE 1
Stress (FL)−2 Sσ� SE 1/1.57
Mass (F/LT)−2 SσS2l /Sa 1/1570

Density (FL)−3 Sσ/(Sa Sl) 5.10
Load performance )e force (FL)−2 SσS2l 1/628

Dynamic properties Time (T) S0.5
l S−0.5

a 1/7.07
Acceleration (LT)−2 Sa 2.5

Figure 2: Experimental model.
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model structure are tested. )e fundamental frequency and
damping ratio of the structure were calculated according to
the structural dynamics formula, and it is shown in Figure 4.

From Figure 4, the first-order frequency of structure
decreases rapidly under the action of lower level earthquake
excitation. With the increase of load, the first-order fre-
quency of the structure decreases slowly and the damping
ratio increases. )ere are two reasons for the above results.
On the one hand, because of some cracks and other damage
in the structure of the model bridge during the vibration
process, the stiffness of the model structure decreases, so the
frequency of the model structure decreases. On the other
hand, with the increase of the peak value of seismic wave
input, the rubber bearing will slide on the top of the pier and
the bearing will be destroyed, which will change the
boundary conditions of the bridge structure, and the stiff-
ness of the model structure will also decline seriously, which
will also lead to the decrease of the frequency of the model
bridge. )e fundamental frequency of the structure in the
final state is 2.40 times that of the initial state, and the
damping ratio is 7.35 times that of the initial structure.

4.2. Analysis of the Effect of Multi-Point Excitation by the
ExpansionDevice. In order to realize the research purpose of
multi-point excitation on a single shaking table, an ex-
pansion device of shaking table was designed to effectively
control the input seismic waves at the bridge foundation.
After each input seismic wave, the acceleration time history
curve of the shaking table and the S3 pier foundation on the
expansion device was compared. Due to the length of the
article, Figure 5 only shows the comparison between IVE
wave and ELC Earthquake wave, when the input peak value
of local seismic wave is 500gal. Table 2 shows the dynamic
change factor of the expansion device under different site
types and different acceleration peaks.

From the analysis of Figure 5 and Table 2, the dynamic
change factor of the expansion device is 1.27–1.82 when the
IVE wave was input, 1.18–1.62 when the ELC wave was
input, 1.26–1.36 when the LZ wave was input, and 1.36–1.56
when the TAFT wave was input. )erefore, the designed
expansion device has a certain change in the seismic wave
input to the shaking table, and it is completely feasible to use
it to realize non-uniform seismic wave input at different
support points with a single shaking table.

4.3. Analysis of Local Terrain Effect on Seismic Response of
Bridge. In order to study the effect of amplification of
seismic amplitude caused by local terrain effect on seismic
response of high pier and small radius curves bridge, Table 3
shows the peak acceleration and displacement response of
each pier when the El-Centro earthquake wave with peak
acceleration of 500 gal was input and the dynamic change
factor was 1.62.

From Table 3, the maximum displacement response of
the bridge pier is the tangential displacement of pier 3#,
reaching 20.365mm. )e minimum displacement is the
radial displacement of pier 2#, with a value of 7.167mm.)e
peak acceleration and displacement at the top of pier 1# and

pier 2# in radial are less than tangential, and the radial peak
acceleration and displacement at the top of pier 3# are
greater than tangential. )e above results are determined by
the placement of each pier. )e resultant response and
acceleration response of pier 3# are larger than pier 1# and
pier 2#, and the reason is that the input at the bottom of pier
3# is caused by the amplification of local terrain effect on
seismic excitation when a (dynamic change factor) is 1.6.

4.4.Analysis of theDisplacementResponse of Pier 3#. In order
to study the correspondence between the model bridge
structure dynamic response and the seismic wave input
acceleration peak, as well as dynamic change factor, Figure 6
shows the correspondence between the displacement re-
sponse at the top of the pier 3# and the peak acceleration of
the seismic wave input. Figure 7 shows the relationship
between the displacement response at the top of the pier 3#
and dynamic change factor.

From Figure 6, the radial and tangential displacement of
pier 3# increase with the increase of the input acceleration
peak value of seismic wave. Under the action of the four
seismic waves, LZ wave makes the dynamic response gen-
erated by the structure more significant. Even with the same
acceleration peak input, seismic waves at different sites will
make the different dynamic response of the structure.
)erefore, the structural dynamic response of different site
types should be taken as the research object in the structural
design. From the analysis in Figure 7, the dynamic change
factor is an important factor affecting the dynamic response
of pier 3#; that is to say, the multi-point excitation will have a
greater impact on the dynamic response of the structure.
)erefore, when designing irregular bridges, the transmis-
sion of seismic waves in different sites should be considered
to lead to the change of the dynamic response of the
structure.

From Figure 7, the radial displacement of pier 3# is larger
than the tangential displacement, except for some cases. It
can be seen from the analysis of the input direction of
seismic wave that the angle between the input direction of
seismic wave and the tangential direction of pier 3# is 45
degrees, so the radial and tangential displacement of pier #3
bridge pier should be basically equivalent; however, the test
results are different from this.

According to the analysis of the spatial layout char-
acteristics of the model curved bridge, it is known that the
displacement response of the top of pier 3# is not only
related to the input direction of the seismic wave exci-
tation, but also related to the curve of the girder and the
section characteristics of the pier 3#. Under the action of
seismic force, there is a tendency of torsional motion to
girder, which causes the girder to undergo torsional
motion vibration, so that the radial displacement is larger
than the tangential displacement at the top of the bridge
pier 3#.

4.5. Analysis of the Strain Response of Bridge. After each
devastating earthquake, the more typical earthquake damage
is the phenomenon that the damage to the bottom of the pier
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Table 2: )e comparison peak acceleration between shaking table and expansion device.

Seismic wave IVE ELC LZ TAFT
Location S C C/S S C C/S S C C/S S C C/S

Input peak acceleration (gal)

125 133 200 1.50 121 168 1.39 123 156 1.27 124 169 1.36
250 256 389 1.52 238 335 1.41 249 332 1.33 233 321 1.38
375 370 600 1.62 365 481 1.32 378 485 1.28 359 561 1.56
500 487 886 1.82 492 799 1.62 515 699 1.36 479 684 1.43
750 758 998 1.32 721 981 1.36 742 934 1.26 731 1001 1.37
1000 988 1257 1.27 1006 1198 1.19 968 1244 1.29 967 1398 1.45

Table 3: Peak value of acceleration and displacement response of each pier.

Location Pier 1# Pier 2# Pier 3#
Direction Radial Tangential Radial Tangential Radial Tangential
Acceleration (gal) 323.615 499.124 235.436 371.163 593.977 315.012
Displacement (mm) 10.434 19.204 7.1670 19.597 20.365 10.016
Resultant displacement (mm) 21.855 20.866 22.694
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Figure 5: )e comparison time history curves between shaking table and expansion device. (a) IVE-500. (b) ELC-500.
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is due to excessive stress.)is article only analyzes the strains
at the bottom and middle of each pier under a representative
El-Centro earthquake wave. )e strain response of bridge
pier is shown in Figure 8.

From Figure 8, the peak strain of pier 3# is greater than pier
1# and pier 2# under different acceleration peak inputs; it shows
that considering the multi-point excitation results in an

increase in the strain response of the piers. )e maximum
strain among the three piers is 1628με, all of which have not
reached the yields strain of 1675με. )e non-yielding steel bar
of the bridge pier is due to the sliding isolation of the laminated
rubber bearing between the girder and the pier; the inertia force
of the girder under the earthquake cannot act on the pier,
resulting in a small seismic load on the pier.
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Figure 7: )e relationship between displacement response and dynamic change factor of pier #3. (a) Radial. (b) Tangential.
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5. Conclusion

In this paper, the shaking table test of reinforced concrete
high pier and small radius curves bridge with a scale ratio of
1/20 was carried out, the seismic response law of the curved
bridge under multi-point excitation was studied, and the
following conclusions are obtained.

(1) Generally speaking, with the increase of seismic load
level, the frequency of high pier and small radius
curves bridge gradually decreases, and the damping
ratio increases with the aggravation of the damage of
structure.

(2) A clear working mechanism for the expansion device
of shaking table is designed in this paper, which can
effectively change the peak acceleration of seismic
waves and realize the simulation of local terrain
effect. It is feasible to complete the multi-point ex-
citation test by a single shaking table.

(3) )e differences of seismic wave between expansion
device and shaking table show that different prop-
agation law of seismic wave under the condition of
the same site is not the same. )erefore, in the
seismic design of high pier and small radius curved
bridge, the effect of seismic wave characteristics on
the supports of structure due to local terrain effects
should be considered.

(4) After the amplification effect of local terrain effects
on seismic waves, the seismic response of high pier
and small radius curves bridge becomes more
complicated. )e displacement response of pier 3# is
significantly increased compared with pier #1, in-
dicating that there are significant differences in the
seismic demand of different piers after the local
terrain effect is taken into account, and the seismic

design should be calculated according to the seismic
requirements of different piers.

(5) )e strain response of high pier and small radius
curves bridge shows that local terrain effects can
increase the strain response piers. In addition, the
frictional slip of bearings can effectively reduce the
transfer of the inertia force of the girder to the bridge
pier, making the actual seismic force of the bridge
pier smaller and effective, so as to avoid the for-
mation of the plastic hinge of the bridge pier.
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Damage detection of concrete structures based on finite element model and measured response parameters has been an important
research topic in recent years. It is well known that test data of mechanical behavior of concrete show great scatterness. As a result,
the measured response parameters of concrete structures sometimes have gross errors.-e gross error is a physical quantity that is
much larger than data noise, which may lead to serious distortion of calculation results. To this end, a new robust estimate method
termed as the augmented inverse estimate is proposed in this work for damage detection of concrete structures to resist gross
errors in data. It has the advantages of very simple programming, convenient utilization, high computational accuracy, and broad
prospect of application. Central to the augmented inverse estimate are the augmentation of coefficient matrix and the multiple
computations based on feedback evaluation. A reinforced concrete beam structure is used as an example to verify the proposed
method. It was found that the proposed method can successfully identify the location and extent of structural damage even if the
used data have gross errors.

1. Introduction

Damage in reinforced concrete structures accumulates
gradually because of effects of cyclic load, circumstance
erosion, material aging, and other deficiencies during their
service life. Structural damage often leads to changes in the
dynamic response parameters of the structure. By testing the
vibration parameters and observing their changes, structural
damage can be detected in a timely manner to avoid di-
sastrous consequences. In recent decades, damage detection
of concrete structures has become a key issue in the field of
civil engineering. -emethod based on finite element model
(FEM) updating [1–4] is one of the mainstream methods for
structural damage detection, since it can simultaneously
determine the locations and extents of structural damages.
-e basic idea of this type of method is to modify structural

FEM to match the testing parameters such as natural fre-
quencies and mode shapes.-e resulting modification of the
FEM will indicate the locations and extents of structural
damage. Depending on the type of parameters used, the
FEM updating methods can be divided into frequency based
methods [5–13], mode shape based methods [14–17], flex-
ibility based methods [18–23], displacement based methods
[24–26], and so on. In most cases, these FEM updating
methods will come down to the solution of a system of linear
equations. It is known that the ill-conditioned least-squares
problems often arise in the computation process of solving
the linear equations. -is means that little errors in testing
data may lead to very large errors in results of damage
detection. To solve this problem, many researchers have used
the biased estimate techniques for achieving a stable and
accurate solution. For example, the singular-value-
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truncation (SVT) estimate [27–34] is one of the most used
biased estimate techniques in last decades. -e key step of
the SVT estimate is to ignore the smaller singular values of
the coefficient matrix of the linear equations. It has been
shown that the SVTestimate has certain antinoise ability and
can obtain stable calculation results.

Althoughmuch progress has beenmade in SVTestimate,
there are still several problems that need to be addressed
better. -e first challenge is the gross errors that may exist in
the testing data. For concrete structures, the gross errors are
more likely to occur due to the great scatterness of me-
chanical behavior of concrete. From the point of view of
absolute value, the gross error is much larger than data noise.
Up to now, the existing SVT estimate is powerless for gross
errors. In other words, the solution of linear equations will
be seriously distorted if the testing data contain a few in-
dividual gross errors. -e second problem is how to fully use
the particularity of damage detection to further improve the
accuracy of the calculation results. For the damage detection
problem, the damaged elements in the structure are often
only a small minority because the actual damage usually
occurs only in a few local areas. -is particularity of damage
detection has not been fully utilized in the previous calcu-
lation methods.

In view of the above two problems, it is very necessary to
further study the new robust estimate technique for damage
detection of concrete structures using the response data with
gross errors. In this paper, a new robust estimate method
termed as the augmented inverse estimate (AIE) is proposed
for damage detection of concrete structures. Central to the
proposed method are the augmentation of coefficient matrix
and the multiple computations based on feedback evalua-
tion. -e proposed AIE has three main advantages. -e first
advantage of AIE is the ability of resisting gross errors. -e
AIE can determine the quantity of gross errors and eliminate
the adverse effects of gross errors. -e second advantage of
AIE is the conciseness in theory and very simple pro-
gramming, since this method only uses the matrix gener-
alized inverse technique. -e third advantage of AIE is the
high computational accuracy and broad prospect of appli-
cation. -e AIE has a wider application range than the SVT
estimate, since AIE can resist both gross errors and noise but
SVT can only resist noise. If there are no gross errors in the
used data, the AIE has the same antinoise ability as the SVT
estimate. If there are gross errors in the used data, the AIE
performs much better than the SVTestimate, since the latter
will be distorted due to gross errors. In addition, the par-
ticularity of damage detection is fully utilized in the pro-
posed AIE by removing many undamaged elements in each
computation according to the feedback evaluation. -is
operation can significantly reduce the computational
complexity and obtain more accurate damage detection
results gradually.

-e remainder of this paper is organized as follows: In
Section 2, the damage detection equations using frequency
and mode shape sensitivities are briefly reviewed.

Subsequently, the SVT estimate for solving the damage
detection equations is illustrated in Section 3. In Section 4,
the proposed AIE technique is presented in detail to deal
with both gross errors and noise. In Section 5, a reinforced
concrete beam structure is employed as the numerical ex-
ample to verify the proposed method. At last, the conclu-
sions of this work are summarized in Section 6.

2. Damage Detection Equations

As stated previously, damage often leads to changes in the
dynamic response parameters of the concrete structures. In
this section, the damage detection equations based on vi-
bration frequency and mode shape sensitivities are briefly
reviewed. Consider a structure with n degrees of freedom
(DOFs), whose vibration modes can be computed by solving
the following generalized eigenvalue problem:

Kφj � λjMφj, (1)

where M andK are themass and stiffness matrices; λj and φj

are the jth eigenvalue (squares of frequency) and eigen-
vector (mode shape), respectively. In general, matrix M is
approximately constant when damage occurs. -en the first-
order sensitivities of thejth eigenvalue and eigenvector can
be computed using the formulas presented by Fox and
Kapoor [35] as

zλj

zαi

� φT
j Kiφj, (2)

zφj

zαi

� 
n

r�1

φT
r Kiφj

λj − λr

φr, (r≠ j), (3)

where αi and Ki are the ith elemental damage parameter and
stiffness matrix, respectively. Note that the computation of
the eigenvector sensitivity using equation (3) is very com-
putationally expensive, since it requires the availability of all
the mode shapes of the intact structure. In view of this, the
formula presented by Yang and Peng [36] is used in this
paper to compute the mode shape sensitivity as

zφj

zαi

� K − λjM + λjφjφ
T
j M 

− 1 zλj

zαi

M − Ki φj. (4)

-is new formula has the advantage of requiring only the
knowledge of the eigenvector to be differentiated. -us, it is
efficient and convenient in programming.

Before and after damage occurs, the changes of the jth
eigenvalue and eigenvector are obtained by

Δλj � λdj − λj,

Δφj � φdj − φj,
(5)

where λdj and φdj are the jth eigenvalue and eigenvector of
the damaged structure; Δλj and Δφj are the corresponding
changes, respectively. Using Taylor’s series expansion, the
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first-order approximations for Δλj and Δφj can be expressed
as

Δλj � 
N

i�1
αi

zλj

zαi

, (6)

Δφj � 

N

i�1
αi

zφj

zαi

, (7)

where N is the total number of elements. For m measured
modes and r measured DOFs, the first-order sensitivity
equation can be written from equations (6) and (7) as

Δλ{ } � S1 α{ }, (8)

Δφ  � S2 α{ }, (9)

where Δλ{ } � (Δλ1,Δλ2, . . . ,Δλm)T, Δφ  � [Δφ1
1, . . . ,Δφr

1|

Δφ1
2, . . . ,Δφr

2|, . .. , |Δφ1
m, . . . ,Δφr

m]T, α{ } � (α1,α2, . .. ,αN)T,
and S1 and S2 are the corresponding sensitivity matrices, re-
spectively. Combining equation (8) with (9), the damage de-
tection equation can be obtained as

Δλ{ }

Δφ 
  �

S1

S2
  α{ }. (10)

Let

Δλ{ }

Δφ 
  � b,

S1

S2
  � A,

α{ } � x.

(11)

-en, equation (10) can be simplified as

A · x � b. (12)

Finally, the elemental damage coefficients x can be
obtained by solving the linear equation (12). According to
the resulting x, the locations and extents of damage in the
concrete structure can be evaluated.

3. SVT Estimate

Next, we discuss the specific methods to solve the linear
equation (12). -e generalized inverse technique [37–40] is
used in many cases to compute x in equation (12); that is,

x � A
+
b, (13)

where the superscript “+” denotes the Moore-Penrose
generalized inverse. According to the matrix theory, the
generalized inverse of a matrix can be computed by singular
value decomposition (SVD) technique.-e SVD of matrix A

can be expressed as

A � UΛVT
, (14)

U � u1, u2, . . . , un , (15)

V � v1, v2, . . . , vN , (16)

Λ �
Z 0
0 0

 ,

Z � diag σ1, σ2, . . . , σt( ,

(17)

where U and V are the orthogonal matrices, σ1, σ2, . . . , σt are
the nonzero singular values of A with σ1 ≥ σ2 ≥ · · · ≥ σt.
From equations (14)–(17), the generalized inverse of A can
be computed by

A
+

� 

t

x�1
σ−1

x vxu
T
x . (18)

Substituting equation (18) into (13), one has

x � 
t

x�1
σ−1

x vxu
T
x

⎛⎝ ⎞⎠ · b. (19)

From equation (19), one can see that small singular
values have greater influence on the accuracy of the solution.
-us, it is a feasible way to improve the stability of the
solution by ignoring the small singular values in equation
(19). -is is the core idea of the SVT estimate method. -en
the solution of the SVT estimate is expressed by ignoring
some smaller singular values as

xsvt � 
z

x�1
σ−1

x vxu
T
x

⎛⎝ ⎞⎠ · b, (20)

where z is the number of remaining singular values. -e
main problem existing in SVT estimate is how to choose a
suitable value of the number of remaining singular values.
-e L-curve method [41–43] will be used in this paper for
choosing the number of remaining singular values. It is
known that SVT estimate has the ability of resisting data
noise but not the ability of resisting gross errors.

4. The Proposed AIE Method

As stated previously, there may be gross errors in the testing
data due to the great scatterness of mechanical behavior of
concrete. -e existence of gross errors will lead to serious
distortion of the results obtained by SVTestimate. In view of
this, a new robust estimate method termed as the augmented
inverse estimate is proposed in this section for resisting both
gross errors and noise. -e main innovations of the AIE
method lie in the augmentation of coefficient matrix and
multiple computations based on feedback evaluation. -e
AIE method is illustrated in detail as follows.
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Firstly, each element in the observation vector b is
successively assumed to be the data with gross error.
Without loss of generality, assuming that the element
containing the gross error is bi, the linear equation (12) can
be expressed as

A · x �

b1

⋮

bi

⋮

bm(r+1)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (21)

Element bi in equation (21) cannot be used if it contains
the unknown gross error. Assuming that the true value is δi,
equation (21) should be rewritten as

A × x �

b1

⋮

δi

⋮

bm(r+1)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (22)

-e unknowns x and δi can be synthesized into a new
unknown vector x by rewriting equation (22) as

A · x � b, (23)

A � A|

0
⋮
−1
⋮
0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (24)

x �

x1

⋮
xN

δi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (25)

b �

b1

⋮
0
⋮

bm(r+1)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (26)

where A is the augmented coefficient matrix and x is the
augmented unknown vector. -en the new linear equation
(23) can be solved again by the SVT as described from
equation (14) to equation (20). -at is,

x � 
z

x�1
σ−1

x vxu
T
x

⎛⎝ ⎞⎠ · b, (27)

xAIE � x{ }
1
N, (28)

δi � x{ }N+1. (29)

Equations (28) and (29) are the calculation formulas of
AIE solution, where xAIE denotes the AIE solution of the
damage parameters, and x{ }1N denotes the first N coefficients
of x obtained by equation (27). According to x{ }1N, the
possible damage locations and extents can be assessed.
Equation (29) can be used to calculate the value of the gross
error by bi − δi, if it is necessary. Note that the above der-
ivation process can be easily extended to the case of more
than one gross error. Without loss of generality, the relevant
computation formulas for the case of two gross errors are
presented in the following. Assuming that the elements
containing the gross errors are bi and bj, the linear equation
(12) can be revised by replacing bi(bj) with δi(δj) as

A × x �

b1

⋮

δi

⋮

δj

⋮

bm(r+1)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (30)

As before, the unknowns x, δi, and δj can be synthesized
into a new unknown vector x by rewriting equation (30) as

A · x � b,

A � A|

0 0

⋮ ⋮

−1 0

⋮ ⋮

0 −1

⋮ ⋮

0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

x �

x1

⋮

xN

δi

δj

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

b �

b1

⋮

0

⋮

0

⋮

bm(r+1)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

,

(31)
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where A is the new augmented coefficient matrix, and x is
the new augmented unknown vector. -en the new solution
is

x � 
z

x�1
σ−1

x vxu
T

x
⎛⎝ ⎞⎠ · b, (32)

xAIE � x 
1
N, (33)

δi � x N+1, (34)

δj � x N+2. (35)

Again, equation (33) is the calculation formula of AIE
solution for the damage parameters. Equations (34) and (35)
can be used to calculate the values of the gross errors by
bi − δi and bj − δj, if it is necessary.

Finally, we discuss the multiple computations process
based on feedback evaluation for the damage detection
problem. In general, the perturbed elements in the FEM due
to structural damages are often only a small minority. -is
particularity will result in the existence of a large number of
coefficients close to zero in xAIE obtained by equation (28).
-us, these coefficients close to zero in xAIE should be seen as
a product of data noise and they can be set to zeros to
simplify equation (22) for the next recalculation. Generally,
those values in xAIE which satisfy (xi/max(xAIE))≤ 0.05
should be deemed to correspond to those undamaged ele-
ments in the structure. -en equation (23) can be further
simplified for the recalculation by removing some column
vectors in A and coefficients in x corresponding to those
undamaged elements; that is,

A′ · x′ � b, (36)

where A′ is the remaining matrix of A after removing some
column vectors related to those undamaged elements and x′
is the remaining vector of x after removing the corre-
sponding coefficients. From equation (36), the second AIE
solution can be obtained again using the SVT as

x′ � 
z

x�1
σ′−1x vx
′u′Tx⎛⎝ ⎞⎠ · b. (37)

-e above recalculation process like equations (36) and
(37) should be repeated until there are no coefficients in xυ

AIE
which satisfy (xi/max(xυ

AIE))≤ 0.05, where the superscript υ
denotes the υth AIE computation. In the end, the true
damaged elements can be identified according to the final
AIE solution. In the above process, it is important to note
that the computational complexity of each AIE computation
gradually decreases, since the number of unknowns de-
creases gradually.

In the end, the operation steps of this method are
summarized as follows:

(1) Establish the FEM of the structure and compute the
eigenvalue and eigenvector sensitivities using
equations (2) and (4).

(2) Measure the modal parameters of the damaged
structure and establish the damage detection basic
equation (12).

(3) Use AIE method to calculate the damage parameters
and possible gross errors. Repeat this operation
multiple times by feedback evaluation until the true
damaged elements can be identified according to the
final AIE solution.

5. Numerical Validation and
Comparative Study

-e reinforced concrete beam shown in Figure 1 is used to
verify the proposed method for damage detection. -e cross
section of the structure is rectangular of 110mm × 180mm.
-e structure is divided into 32 beam elements and the
length of each element is 70mm. Each node has three de-
grees of freedom, that is, two translational degrees of
freedom and one rotational degree of freedom. -e physical
parameters of this structure are as follows: elasticity moduli
of concrete and steel are Ec � 32.5GPa and Es � 200GPa;
Poisson’s ratio v � 0.2; and density ρ � 2650 kg/m3. Two
damage cases are simulated: (1) element 15 has 20% stiffness
reduction; (2) elements 6 and 18 both have 15% stiffness
reductions. In the following computation, only the first-
order vibration modal parameters are used to simulate the
incomplete measurement in engineering practice. Moreover,
only the data corresponding to vertical degrees of freedom of
the mode shape are used in the computation because of the
difficulty in measuring the rotational degrees of freedom. In
addition, 2% noise is added to the simulated fundamental
frequency mode to simulate the measurement error and the
data at the 9th measuring point is magnified 10 times to
simulate the gross error. Figure 2 presents the damage
detection result using the SVTfor the simulated damage case
1. One can see from Figure 2 that the SVT solution is se-
riously distorted, since element 15 cannot be determined to
be the most possible damaged element. -is means that the
SVT method cannot effectively overcome the adverse effect
of the gross error. Using the proposed AIE method,
Figures 3–5 give the first, second, and third calculation
results. One can see from these figures that more accurate
detection results can be obtained gradually using the AIE
method. From Figure 5, the satisfactory result is achieved
after third AIE computations with feedback evaluations.-is
final assessment as shown in Figure 5 can clearly indicate
that only element 15 is damaged and the calculated value of
the damage parameter is α15 � 0.246. It has been shown that
the proposed AIE method can effectively overcome the
adverse effects of the gross error and data noise. For the
second damage case, Figures 6–10 provide the calculation
results obtained by the SVT, the first to fourth AIE, re-
spectively. Apparently, the SVT solution shown in Figure 6
cannot indicate that elements 6 and 18 are damaged. -e
result again demonstrates that the SVT is powerless to resist
the gross error. Using the proposed AIEmethod, satisfactory
identification results as shown in Figure 10 can be obtained
after four feedback calculations. -is again demonstrates the
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Figure 1: A reinforced concrete beam (unit: mm).
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Figure 2: Damage detection result by SVT solution when element 15 is damaged.
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Figure 3: Damage assessment result by the first AIE when element 15 is damaged.
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Figure 4: Damage assessment result by the second AIE when element 15 is damaged.
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superiority and robustness of the proposed AIE method in
solving the damage detection problem under gross error
pollution.

Next, the case of two gross errors is simulated to further
verify the proposed method. -e data at the 9th and 20th
measuring points are magnified 10 and 5 times to simulate
the gross errors, respectively. Figure 11 presents the damage
detection result by SVT solution. It is clear that the result is

not accurate due to the fact that SVT cannot overcome the
adverse effects of gross errors. Using the proposed method,
Figures 12–15 give the damage detection results by the first
to fourth AIE solutions. Apparently, the true damaged el-
ement 21 can be identified according to Figure 15. As a by-
product, the calculated data at the 9th and 20th measuring
points can be simultaneously obtained. -e deviation ratios
of the 9th and 20th data are 8.6931 and 3.1842. -is means
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Figure 5: Damage assessment result by the third AIE when element 15 is damaged.

–0.9
–0.6
–0.3

0.0
0.3
0.6
0.9
1.2
1.5

D
am

ag
e e

xt
en

t

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Element number

SVT solution

Figure 6: Damage assessment result by the SVT when elements 6 and 18 are damaged.
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Figure 7: Damage assessment result by the first AIE when elements 6 and 18 are damaged.

Advances in Civil Engineering 7



that the 9th and 20th data obviously have gross errors. -is
result is consistent with the hypothesis which shows that the
proposed method is reasonable and feasible.

In order to compare the advantages and disadvantages of
the existing singular-value-truncation algorithm (SVT) and
the augmented inverse estimate (AIE), σdamage is used to
describe the error degrees of damage assessment:

σdamage �

������������


n
i�1 x − x0( 

2

n



. (38)

-e error degrees of damage assessment under different
methods calculated by equation (38) are shown in Table 1.

From Table 1, σdamage calculated by SVT method has a
high degree of dispersion, with a maximum value of 83.9%,
which occurs when element 21 is damaged. With the in-
crease of the number of iterations, σdamage using AIE method
decreases obviously. In all cases, σdamage is less than 1% by the
fourth AIE. It can be seen that the AIE method has greatly
improved the accuracy of the evaluation.
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Figure 8: Damage assessment result by the second AIE when elements 6 and 18 are damaged.
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Figure 9: Damage assessment result by the third AIE when elements 6 and 18 are damaged.
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Figure 10: Damage assessment result by the fourth AIE when elements 6 and 18 are damaged.
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Figure 11: Damage detection result by SVT solution when element 21 is damaged.
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Figure 12: Damage assessment result by the first AIE when element 21 is damaged.
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Figure 13: Damage assessment result by the second AIE when element 21 is damaged.
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6. Conclusion

In this paper, a new robust estimate method termed as the
augmented inverse estimate (AIE) is proposed for damage
detection of concrete structures to resist gross errors in data.
-e proposed method has the advantages of very simple
programming, convenient utilization, high computational
accuracy, and broad prospect of application. Central to the
augmented inverse estimate (AIE) method are the aug-
mentation of coefficient matrix and the multiple compu-
tations based on feedback evaluation. A reinforced concrete
beam structure is used to verify the proposed augmented
inverse estimate method. It was found that the augmented
inverse estimate (AIE) method can achieve more accurate
damage detection results compared with the existing sin-
gular-value-truncation (SVT) algorithm. It may be a
promising tool for solving the damage detection problem of
concrete structures when the used data have gross errors.

Further research on the technique can be carried out to deal
with damage detection with fewer data, to compare the
technique with othermethods, and to verify the technique by
experiment.
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Fiber-reinforced polymer (FRP) bar-reinforced unsaturated polyester resin concrete (UPC) can solve the problem of rebar
corrosion in ordinary reinforced concrete members. However, it has not been widely used in engineering practice because there
have been few studies conducted on the bond behaviors of FRP bar and UPC, and the interaction mechanisms between FRP bar
and UPC have not been well understood. A series of pull-out tests are conducted on FRP bar-UPC specimens to study the bond
behaviors between these two materials. Parametric studies are also carried out to investigate the effects of FRP bar diameter, fiber
type, type of surface treatment, concrete cover thickness, and interfacial bond length between the two. 'ree failure modes of the
specimens are observed from pull-out tests, i.e., FRP bar pull-out, tensile failure of FRP bar, and UPC split. A new constitutive
model is, therefore, proposed to predict the bond stress of FRP bar and UPC in the residual stage, and the proposedmodel is finally
verified by test data reported in this study.

1. Introduction

Corrosion of steel bars in ordinary reinforced concrete
structures is not uncommon in engineering practice due to
the cracking and spalling of concrete cover. Fiber-reinforced
polymer (FRP) bar has attracted more attention as an al-
ternative to steel bar due to its high corrosion resistance and
high tensile strength, especially in a water environment
where steel bar corrosion occurs frequently [1, 2]. On the
other hand, compared with ordinary Portland cement-based
concrete, unsaturated polyester resin concrete (UPC), with
higher compressive strength and corrosion resistance, has
been used in many construction projects such as building
structure repair, road and bridge pavement repair, and
machine tool bed [3, 4]. FRP bar-reinforced UPC compo-
nents can completely address the engineering problem of
poor corrosion resistance in ordinary reinforced concrete

components. And the combination of FRP bar and UPC can
realize the full potential of the high tensile strength of FRP
bar and the high compressive strength of UPC, avoiding the
waste of material strength. It is reported that the compressive
strength of UPC can reach more than 100MPa [5], and the
tensile strength of glass fiber-reinforced polymer (GFRP)
bars can reach 1000MPa [6]. Additionally, both raw ma-
terials of FRP bar and UPC are made of resin to make their
physical properties similar (such as the similar coefficient of
thermal expansion and elastic modulus). Gorninski et al. [5]
reported that UPC modulus elasticity is 29GPa, close to the
GFRP bar modulus elasticity of 35–51GPa reported by ACI
440.1R-15 [7]. 'is can make FRP bar and UPC better as-
sume external loads and more coordinated deformation.
'erefore, it is in great need of the combination of FRP bar
and UPC to resist external environmental erosion and load
in sewage treatment engineering, ocean engineering,
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drainage pipeline engineering, and other fields. However,
FRP bar-reinforced UPC structures are seldom used in
engineering practice because few tests have been conducted
on the bond behaviors of the FRP bar and UPC, and the
interaction mechanisms between them have not been fully
understood.

'e bond behavior between FRP bar and ordinary
concrete has been widely studied in the literature [8–14]. A
series of pull-out tests were conducted by Hao et al. [8] on
the effects of rib spacing and rib height of GFRP bar on the
bond strength of GFRP bar and ordinary concrete.
According to their report, the highest bond strength between
GFRP bar and concrete was obtained when rib spacing and
rib height of GFRP bar were 100% and 6%, respectively, of
GFRP bar diameter. Zhang et al. [9] investigated the effect of
fiber surface treatment on the bond behavior between FRP
bar and ordinary concrete and indicated that FRP bar-
reinforced concrete failure could be divided into two types:
rib unpeeled splitting failure and rib peeling failure. Gao
et al. [10, 11] studied the mechanism of bond stress transfer
between FRP bar and concrete by performing pull-out tests
and beam tests, proposing a new design approach for cal-
culating the bond length required between FRP bar and
concrete. Baena et al. [12] and Rolland et al. [13] examined
how the bond stress between FRP bar and ordinary concrete
was affected by the type of surface treatment and diameter of
FRP bar as well as the strength of concrete. Veljkovic et al.
[14] discussed the effect of concrete cover thickness on the
bond behavior of FRP bar-reinforced concrete and reported
that ribbed bars possessed higher bond strength with con-
crete than smooth bars.

Many constitutive models have been proposed to sim-
ulate the bond stress-slippage relationship between the
reinforced bar and ordinary concrete (e.g., BPE model [15],
MBPEmodel [16], Malvar model [17], CMRmodel [18], and
continuous curve model [19]). BPE model proposed by
Eligheuaesn et al. [15] is the most widely used constitutive
model for representing the bond stress-slippage relationship
of steel bar-reinforced concrete due to its simple form and
few fitting parameters. Cosenza et al. [16] modified the BPE
model to simulate the bond stress-slippage curve of FRP bar-
reinforced concrete. 'e proposed model, therefore, called
“MBPE,” inherited the merits of the BPE model (i.e., simple
form and few parameters). However, a linear function was
employed in the MBPE model to fit the residual section of
the bond stress-slip curve, and significant errors were
generated. 'e curvilinear function was introduced by
Malvar [17] to simulate the bond stress-slippage curve of
FRP bar-reinforced concrete. However, the proposed
models contained many parameters, and the functional
expressions were too complicated to be used. Cosenza et al.
[18] proposed a CMR curve model, only considering the
rising section of bond slip of FRP bar and concrete. 'e
model was simple in form, fitting well with the rising section
of the test with few test fitting parameters. However, the
significant shortcoming of the model was that it did not
consider the constitutive relationship between the falling
section and the residual section, and it had limitations in the
current application. A continuous curve model was

proposed by Gao et al. [19], which was capable of fitting the
falling section of the bond stress-slippage curve for FRP bar-
reinforced concrete; however, a horizontal line was
employed to represent the bond residual section of the bond
stress-slippage curve, which was inconsistent with the fact.

'e bond performance of FRP bar-reinforced special
concrete has also received great attention recently [20–29].
Yang et al. [20] studied the bond behavior between basalt
fiber-reinforced polymer (BFRP) bar and coral concrete with
a series of pull-out tests. It was indicated that the variation of
bond stress between BFRP and coral concrete with increased
relative slippage could be divided into five stages (i.e.,
microslip stage, sliding stage, stripping stage, declining stage,
and residual stage), and two failure modes were observed,
i.e., BFRP bar pull-out and coral concrete split. Wu et al. [21]
researched the bond behavior between GFRP bar and en-
gineering cement-based composite (ECC) with pull-out
tests, reporting that the bond strength between GFRP bar
and ECC could be improved significantly by increasing rib
height of GFRP bar, the thickness of ECC protective cover,
and strength of ECC. Baena et al. [22] reported that the bond
stress-slippage curve of FRP bar-reinforced recycled ag-
gregate concrete was not significantly different from that of
FRP bar-reinforced natural aggregate concrete. Wan et al.
[23] studied the bond behavior of BFRP bar-reinforced
steam-cured concrete and found that concrete strength had a
significant effect on the bond strength between BFRP bar
and steam-cured concrete. Zhang et al. [24] reported that the
bond strength between GFRP bar and rubber concrete
decreased with the increase of the diameter of GFRP bar,
while it increased with the increase of the proportion of
rubber substitution and the strength of rubber concrete. A
theoretical formula was proposed by Chen et al. [25] for
calculating theminimum bond length required between FRP
bar and coral concrete. Liu et al. [26] investigated the bond
strength between BFRP bar and recycled aggregate concrete
(RAC) with a series of pull-out tests. 'e strength of RAC
was found to have a more significant effect on the bond
strength between the BFRP bar and RAC compared with the
volume content and length of chopped basalt fiber.'e long-
term bond performance of BFRP bar-reinforced seawater
sea-sand concrete was studied by Dong et al. [27]. It was
found that the retention rate of bond strength between BFRP
bar and seawater sea-sand concrete after dry-wet cycling for
nine months was 92%, higher than that (i.e., 78%) after water
immersion. Nemeth et al. [28] reported that the bond
strength between smooth steel bar and polymer concrete was
as much as 10 times higher than that between steel bar and
ordinary concrete. Douba et al. [29] found that the bond
strength between steel bar and polymer concrete could be
significantly improved by adding aluminum nanoparticles in
polymer concrete.

Totally, 27 pull-out tests on FRP bar-UPC specimens
have been conducted and are reported in this paper. 'e
objectives of the work are as follows: (1) measuring bond
behaviors of FRP bar and UPC to investigate the interaction
mechanisms between the two materials, (2) monitoring and
interpreting the failure modes of FRP bar-reinforced UPC
specimens, and (3) developing a constitutive model to
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predict the residual bond stress between FRP bar and UPC.
'e test data from this project can be of great value in
explaining how FRP bar and UPC work together to resist
external tensile force and in providing physical evidence for
promoting engineering application of FRP bar-reinforced
UPC structures.

2. Experimental Program

2.1. Test Materials

2.1.1. UPC Raw Materials. Quartz sand from Huarong
Quartz Sand Factory in Tai’an City is used as UPC aggregate
in the tests. 'e particle size of the quartz sand is from 120
mesh to 20 mesh and from 3mm to 5mm, as shown in
Figure 1. A type of unsaturated polyester resin, “9611,” is
used, which is a linear polymer formed by saturated dibasic
acid, unsaturated dibasic acid, and diol. V388-type Hardener
and KH570 coupling agent are used, and the dosages are 1%
and 1.5%, respectively, of 9611-type resin amount. 'e
hardener can cure the resin at room temperature, and the
coupling agent can improve the surface bonding properties
between resin and aggregate.

2.1.2. Mechanical Properties of UPC. According to mixing
ratios tabulated in Table 1, six cube UPC specimens of size
150mm× 150mm× 150mm are prepared with the follow-
ing steps: (1) the hardener and coupling agent are firstly
added to the resin solvent; (2) the mixed solution is stirred
until it becomes milky white, and the quartz sand is then
added; (3) the prepared UPC slurry is poured into cube
molds, and 1 day later, the specimens are dismantled from
the molds and cured at room temperature (25°C) for 7 days.
After the specimen has been produced as shown in Figure 2,
unconfined compressive strength and splitting tensile
strength tests are conducted on the UPC specimens. Test
results show that the average value of unconfined com-
pressive strength of the UPC specimens is 98.22MPa, and
that of splitting tensile strength is 4.97MPa.

2.1.3. Mechanical Properties of FRP Bars. In the tests, FRP
bars produced by Shandong Safety Industrial Co., Ltd., are
used, mainly composed of vinyl resin and alkali-resistant
fibers, including ribbed GFRP bars with diameters of 6, 10,
and 15mm (denoted as R-GFRP-6, R-GFRP-10, and
R-GFRP-15), sandblasted ribbed GFRP bars with a diameter
of 10mm (SR-GFRP-10), and ribbed BFRP bars with a
diameter of 10mm (R-BFRP-10), as shown in Figure 3.
Values of tensile strength, tensile modulus, and elongation of
the test bars are listed in Table 2.

2.1.4. FRP Bar-UPC Specimen Preparation. Procedures
adopted in the tests are as follows:

(1) A pair of holes are machined at opposing sidewalls of
detachable cube molds of size
150mm× 150mm× 150mm to pass through FRP
bars of a certain length. Some portion of the FRP bar

is enclosed in a PVC tube to vary the bonding length
between the bar and UPC, and hot melt glue is
applied to seal the connection of the PVC tube and
the plastic mold

(2) 'e prepared UPC slurry is poured into the cube
mold and vibrated on a vibrating table for 20
minutes. After 24 hours of curing, the FRP bar-
reinforced UPC specimen is dismantled from the
mold

(3) A steel tube is used to enclose the FRP bar at the load
anchor end (Figure 4) to prevent the FRP bar from
any damage during the test, and high-strength
concrete grout is used to anchor the steel tube and
FRP bar

2.2. Test Apparatus and Method. 'e WAW-1000D electro-
hydraulic servo universal testing machine is used in this
study, with a range of 10–1000 kN and an accuracy of
0.05 kN. A self-made frame is employed to apply drawing
loads on the specimens, as shown in Figure 5. Two dis-
placement gauges are used to monitor the relative slippage
between FRP bar and UPC, with a range and accuracy of
50mm and 0.001mm, respectively. Test data are recorded
automatically at a time interval of 1 second. According to
CSA S807 :19 [6], the loading rate is set to 1mm/min. 'e
test is terminated when one of the following conditions is
met: (a) local tensile cracks appear on FRP bar, (b) UPC split
occurs, (c) FRP bar is pulled out from UPC, or (d) the
relative slippage between the FRP bar and UPC concrete is
up to 20mm.

3. Test Results and Analysis

3.1. Test Results. 'ree failure modes of FRP bar-UPC
specimens (i.e., FRP bar pull-out, tensile failure of FRP bar,
and UPC split) are observed during the pull-out tests.
Among them, the tensile failure of the FRP bar is special,
which has rarely found in the pull-out tests of ordinary
concrete with FRP bars. 'is is attributed to the fact that the
bond strength between FRP bar and UPC is much higher
than that between FRP bar and ordinary concrete. With SR-
GFRP-10- 5D-C70 as an example, its average bond strength
is 41.98MPa, 2.28 times higher than that of GFRP bar-or-
dinary concrete specimens of the same size (18.39MPa) [30].
It is because that UPC has greater strength than ordinary
concrete and the use of resin as cementing material produces
stronger interfacial adhesion with FRP bar which is also
resin-based. 'e influence of each factor on bond strength
will be analyzed in detail. 'e three failure forms are shown
in Figure 6. It is seen from Figure 6(a) that the anchorage
section of the ribbed FRP bar is seriously worn, and some
ribs are completely worn out. A large amount of FRP bar
residues is left on the surface of UPC. Figure 6(b) shows that
tensile cracks are formed in the nonanchorage section. It is
also found that the surface sandblasting of the anchorage
section of FRP bars is worn. 'e UPC split failure features
sudden cracking of UPC block, with a small amount of FRP
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bar residues left on the surface of UPC, as is shown in
Figure 6(c).

'e bond strength between FRP bar and UPC is cal-
culated using equation (1). It is assumed that the bond stress
is uniformly distributed along the bond length at the FRP
bar-UPC interface.

τ �
P

π DL
, (1)

where τis the bond strength between FRP bar and UPC
(MPa), P is the drawing load (N), D is the diameter of FRP

bar (mm), and L is the bond length between FRP bar and
UPC (mm). 'e measured maximum drawing load and
relative slippage together with the calculated bond strength
are tabulated in Table 3.

3.2. Test Results Analysis

3.2.1. Influence of the Diameter of FRP Bar on Bond Strength.
Figure 7(a) shows that bond strength between GFRP bar and
UPC for R-GFRP-6-5D-C70 is 45.71MPa, 39.23% and
43.69% greater than those for R-GFRP-10-5D-C70 and
R-GFRP-15-5D-C70 (31.84MPa and 32.83MPa, respec-
tively). 'is is attributed to the fact that the bond stress
between the GFRP bar and UPC becomes increasingly
nonuniform with the increase of GFRP bar diameter, which
is called the “shear-lag effect.”

3.2.2. Influence of the Surface Shape of FRP Bar on Bond
Strength. Figure 7(b) shows that the bond strength between
sandblasted ribbed GFRP bar and UPC for SR-GFRP-10-
5D-C70 is 41.98MPa, 31.85% higher than that between
ribbed GFRP bar and UPC for R-GFRP-10-5D-C70
(31.84MPa). 'is is because the interface friction between
the GFRB bar and UPC is significantly enhanced by sand-
blasting surface treatment.

3.2.3. Influence of the Type of FRP Bar on Bond Strength.
'e bond strength between the BFRP bar and UPC for
R-BFRP-10-5D-C70 (42.17MPa) is 32.44% higher than that

3–5mm quartz sand

40–70 mesh quartz sand 70–120 mesh quartz sand

20–40 mesh quartz sand

Figure 1: UPC aggregate.

Table 1: Mixing ratios of the UPC specimen.

Resin 3-5mm quartz
sand

20–40 mesh quartz
sand

40–70 mesh quartz
sand

70–120 mesh quartz
sand

Hardener
(%)

Coupling agent
(%)

1 2.829 1.886 0.943 0.629 1.5 1.5

Figure 2: UPC test block.
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for R-GFRP-10-5D-C70 (31.84MPa), as shown in
Figure 7(c). 'e possible reason is that basalt fiber has better
bonding performance with polyester resin compared to glass
fiber.

3.2.4. Influence of the 3ickness of Concrete Cover Layer on
Bond Strength. It is seen from Figure 7(d) that bond
strength between GFRP bar and UPC for R-GFRP-10-5D-

C70 is 31.84MPa, 10.03% and 0.44% greater than those for
R-GFRP-10-5D-C30 and R-GFRP-10-5D-C50 (28.81MPa
and 31.70MPa, respectively). It is indicated that the bond
strength between the GFRP bar and UPC increases with the
increase of concrete cover thickness. 'is phenomenon is
mainly due to the oblique pressure generated by the ex-
trusion of the ribbed bar and concrete, and the force along
the radial component is balanced by the concrete tensile
stress around the FRP bar. When the thickness of the

Figure 3: FRP bars used in the test.

Table 2: Properties of FRP.

Tensile strength (MPa) Tensile modulus (GPa) Elongation (%)
R-GFRP-6 1181.15 55.70 2.02
R-GFRP-10 1016.10 53.85 2.03
R-GFRP-15 987.15 53.30 1.92
SR-GFRP-10 1116.30 54.25 2.19
R-BFRP-10 1194.95 61.3 2.84

150

20

150

130

300

PVC pipe

FRP rebar

Load anchor
end

UPC

Figure 4: FRP bar-UPC specimen.
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concrete cover is small, the radial component force trans-
mission path is reduced, and the bonding strength is re-
duced. When the thickness of the concrete cover reaches a
certain value, the increase in bond strength decreases. Under
this thickness of the concrete cover, the radial component
force can be fully balanced.

3.2.5. Influence of the Bond Length on Bond Strength.
Figure 7(e) shows that the bond strength between GFRP bar
and UPC for R-GFRP-10-3D-C70 is 35.99MPa, respectively,
13.03% and 26.5% greater than those for R-GFRP-10-5D-
C70 and R-GFRP-10-7D-C70 (31.84MPa and 28.45MPa).

'is indicates that the bond strength between FRP bar and
UPC decreases with an increase of bond length, due to the
fact that the greater the bond length between GFRP bar and
UPC is, themore serious nonuniformity of the bond stress is.

4. Relationship of Bond Stress and Slippage at
FRP Bar-UPC Interface

4.1. Test Specimens with Occurrence of FRP Bar Pull-Out
Failure. Figure 8 shows the variation of the bond stress
between FRP bar and UPC with increased relative slippage.
It is seen that the bond stress-slippage curves can be divided

Upper steel plate

Upper chuck

Displacement gauge base

Screw

Bolt

SpecimenLower steel plate

Displacement gauge

(a) (b)

Figure 5: Self-made device for the pull-out test. (a) Schematic diagram. (b) Photo.

FRP bar residue
Surface damage

(a)

FRP bar residue

FRP bar fracture

(b)

FRP bar residue

Coarse aggregate
fracture

Slight surface
damage

(c)

Figure 6: Failure mode of specimens. (a) FRP bar pull-out. (b) Tensile fracture of FRP bar. (c) UPC split.
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into three phases, namely, rising stage, falling stage, and
bond residual stage.

4.1.1. Rising Stage. In this stage, the bond stress between
GFRP and UPC increases almost linearly with increased
relative slippage. 'e relative slip between reinforcement
and concrete at the free end is close to zero at the beginning
of the test loading, bond stress increases rapidly, and the
slope of the curve tends to infinity. When the tensile load is
higher than the chemical bonding force, the growth of bond
stress slows down, the relative slip between reinforcement
and concrete occurs, and the slope of the curve decreases
gradually. 'e bond stress between reinforcement and
concrete is mainly provided by the chemical cementing force
and the oblique force generated by the mutual extrusion of
these two materials. 'e radial component of the oblique
force produces frictional resistance which depends on the
friction coefficient between reinforcement and concrete and
the shrinkage of concrete. 'e longitudinal component of
oblique force is the mechanical bite force between rein-
forcement and concrete, and the magnitude is related to FRP
rib strength, concrete shear strength, and some other factors.

4.1.2. Falling Stage. A significant decline of the bond stress
between the GFRP bar and UPC is observed in the falling
stage with increased relative slippage, indicating that the

failure of the test specimens has occurred. 'is can be
explained as follows: after the ribs of the FRP bar are
damaged or the concrete between the two ribs of the FRP bar
is sheared, the mechanical bite force decreases rapidly, so
that the bond strength decreases, and the relative slip be-
tween bar and concrete increases rapidly. Most of the
specimens in this test exhibit shear failure of ribs of the FRP
bar which is mainly related to the higher shear strength of
resin concrete compared with ordinary concrete.

4.1.3. Bond Residual Stage. 'e bond stress between the
GFRP bar and UPC fluctuates significantly with increased
relative slippage in this stage, and it is mainly the friction
between the surface damaged FRP bar and concrete.

4.2. Test Specimens with Occurrence of Tensile Failure of FRP
Bar. Tensile failure of FRP bars occurs when pull-out tests
are conducted on SR-GFRP-10-5D-C70 and R-BFRP-10-
5D-C70. 'e bond stress-slippage curves of these two test
specimens are shown in Figure 9.

It is seen that for FRP bar-reinforced UPC specimens
with tensile failure of FRP bar, maximum bond slippage
between FRP bar and UPC is only 1.8–2.5mm, with the
rising stage similar to that of specimens with FRP bar pull-

Table 3: Summary of FRP bar-UPC pull-out bond test results.

Specimen number Fmax(kN) Fmax(kN) τmax(MPa) τmax(MPa) Sr(mm) Sr(mm) Failure mode

R-GFRP-10-5D-C70∗
52.70 33.57 1.18 Pull-out
46.50 49.98 29.62 31.84 0.92 1.06 Pull-out
50.75 32.32 1.08 Pull-out

SR-GFRP-10-5D-C70
68.35 43.54 0.82 Rebar fracture
66.45 65.90 42.33 41.98 1.27 0.99 Rebar fracture
62.90 40.06 0.89 Rebar fracture

R-GFRP-6-5D-C70
26.45 46.80 1.65 Pull-out
25.30 25.84 44.76 45.71 2.04 1.81 Pull-out
25.75 45.58 1.73 Pull-out

R-GFRP-15-5D-C70
128.05 36.25 4.21 UPC split
116.25 115.98 32.91 32.83 3.43 2.73 Pull-out
103.65 29.34 0.55 Rebar fracture

R-GFRP-10-3D-C70
37.35 39.65 0.32 Pull-out
30.60 33.90 32.48 35.99 0.28 0.27 Pull-out
33.75 35.83 0.22 Pull-out

R-GFRP-10-7D-C70
60.65 27.59 0.66 Pull-out
65.65 62.53 29.87 28.45 0.46 0.54 Rebar fracture
61.30 27.89 0.51 Rebar fracture

R-GFRP-10-5D-C50
51.05 32.52 0.55 Pull-out
47.95 49.77 30.54 31.70 0.55 0.58 Pull-out
50.30 32.04 0.65 Pull-out

R-GFRP-10-5D-C30
45.05 28.69 1.05 Pull-out
42.45 45.23 27.04 28.81 0.89 1.02 Pull-out
48.20 30.70 1.12 Pull-out

R-BFRP-10-5D-C70
67.30 42.87 0.83 Rebar fracture
64.50 66.20 41.08 42.17 0.76 0.81 Rebar fracture
66.80 42.55 0.85 Rebar fracture

Fmax: maximum bond force; Fmax: average maximum bond force; τmax: maximum bond strength;τmax: average maximum bond strength; sr: relative slippage;
sr: average relative slippage. ∗5D denotes that the bond length between FRP bar and UPC was 5 times the diameter of the FRP bar and C70 denotes that the
concrete cover thickness was 70mm.
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out failure occurring. 'e bond stress decreases rapidly after
the rising stage, and the main reason is that the fracture of
reinforcement cuts off the force transmission path. 'is type
of failure usually occurs in specimens with high bond
strength.

4.3. Test Specimens with Occurrence of UPC Split Failure.
UPC split failure is only observed when R-GFRP-15-5D-C70
is tested. 'e relationship of bond stress and slippage at the
FRP bar-UPC interface is presented in Figure 10. It is seen
that the bond stress increases rapidly with increased relative
slippage in the rising stage and decreases dramatically after
UPC split failure occurs.

'e higher tensile strength of UPC than ordinary
concrete is the reason for the rare occurrence of UPC split
failure; however, the thickness of the UPC protective
layer should be large enough to avoid this type of failure,

especially when the FRP bars with a larger diameter are
used because this kind of failure occurs when the con-
crete protective layer is too thin to transfer the oblique
force generated by the extrusion of the FRP bar and
concrete.

5. Constitutive Model of FRP Bar-UPC

'e MBPE model [13] and continuous curve model [16] are
the most widely used constitutive models to represent the
relationship of bond stress and slippage at the FRP bar-
concrete interface.

'e MBPE model is expressed as follows:

Rising stage: τ/τ1 � (s/s1)
α, s≤ s1

Falling stage：τ/τ1 � 1 − p(s/s1 − t1), s1 ≤ s≤ s3

Residual section：τ � τ3, s≥ s3
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Figure 7: Influence of various factors on bond strength. (a) Diameter (mm). (b) Reinforcement type. (c) Surface shape. (d) 'ickness of
concrete cover (mm). (e) Bond length (mm).
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Here, α and p are the test fitting parameters, and the
meanings of other parameters are shown in Figure 11.

'e parameters αand p in the expression of MBPE
constitutive relation can be obtained from test and theo-
retical curves of the rising stage and the falling stage, re-
spectively, assuming that areas under these two curves are
equal. 'e rising stage area A1 is expressed as follows:

A1 � 
s1

0
τ(s) · ds � 

s1

0
τ1 ·

s

s1
 

α

· ds �
τ1 · s1

1 + α
,

α �
τ1 · s1

A1
− 1.

(2)

'e area of the falling stage is recorded as A2 and the
expression is as follows:

A2 � 
s3

s1

τ(s) · ds � 
s3

s1

τ1 − pτ1 s/s1 − t1( ds

� τ1(1 + p) s3 − s1(  −
τ1p
2s1

s
2
3 − s

2
1 ,

p �
2s1 τ1 s3 − s1(  − A2 

τ1 s3 − s1( 
2 .

(3)

Based on the analysis of the test data of R-GFRP-10-5D-
C70 specimens, the bond-slip constitutive relation of GFRP
bar-UPC based on the MBPE model is obtained as follows:

Rising stage：τ/τ1 � (s/s1)
0.24, s≤ s1

Falling stage：τ/τ1 � 1 − 0.08(s/s1 − t1), s1 ≤ s≤ s3

Residual section：τ � τ3, s≥ s3

Bond stress-slippage curves obtained from this study are
compared with those predicted by the MBPE model and
continuous curve model, as shown in Figure 12. It is seen
that the rising and falling stages are well fitted by MBPE and
continuous curve models; however, significant errors are
found when these two models are used to fit the residual
stage.

A new constitutive model is proposed to predict the
bond stress of FRP bar and UPC in the residual stage of the
bond stress-slippage curve, as follows:

τ � τ3 +
Δτ
2

+
Δτ
2
sin

2π
Δs

s − s3 −
Δs
4

  , (4)

where τ3and s3 are, respectively, the bond stress and relative
slippage at the end of the falling stage, and Δτ and Δs are,
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respectively, the amplitude of bond stress fluctuation and the
increment of relative slippage in the bond residual stage.

Figure 13 shows a comparison of the bond stress-slip-
page curves measured in this study and those predicted by
the proposed constitutive model. It is seen that the pattern of
bond stress-slippage curves in the residual stage measured in
this study is well fitted by the proposed constitutive model.

6. Conclusion

In this paper, a series of pull-out tests are conducted on 27
FRP bar-UPC specimens. 'e effects of FRP bar diameter,
fiber type, type of surface treatment, concrete cover thick-
ness, and bond length at the FRP bar-UPC interface on the
bond behaviors between FRP bar and UPC are investigated.
'e following conclusions can be drawn:

(1) 'ree failure modes of FRP bar-reinforced UPC
specimens are observed from the pull-out tests, i.e.,
FRP bar pull-out, tensile failure of FRP bar, and UPC
split. 'e failure types of FRP bar-UPC specimens
depend on the interface bond stress, UPC tensile
stress, and stress of the FRP bar. When the diameter
of the FRP bar is small and the bond length between
the FRP bar and UPC is short, it is easy for the FRP
bar to pull out from the UPC because the interface
bond stress between these two is beyond the bond
strength. 'e tensile failure of the FRP bar occurs
when the surface sandblasting FRP bar-reinforced
specimens are tested. 'is is because the bond
strength between the surface sandblasting FRP bar
and UPC is greater than the tensile strength of the
FRP bar. UPC splitting failure occurs when the
tensile stress of the UPC reaches its tensile strength

(2) 'e FRP bar-UPC bond strength decreases with the
increase of the diameter of the FRP bar due to the
shear-lag effect. 'e larger the bond length is, the

more uneven the bond stress distribution will be,
which will reduce the bond strength. Additionally,
the increase in the thickness of the protective layer
provides greater resistance to get bond strength to
increase. And surface sandblasting can increase the
interface bite force, thus increasing the bond
strength

(3) 'e bond stress-slippage curve of FRP bar-rein-
forced UPC can be divided into three phases, i.e.,
rising stage, falling stage, and bond residual stage. It
is found that the rising and falling stages are well
fitted by MBPE and continuous curve models;
however, significant errors are produced when these
two models are used to fit the residual stage

(4) A new constitutive model with few parameters and
simple expression is proposed in this study to predict
the bond stress between FRP bar and UPC in the
residual stage. It is found that the pattern of bond
stress-slippage curves in the residual stage can be
well captured by the proposed model
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*e internal curing method is effective in reducing the self-desiccation of concrete, and the amount of internal curing water (IC
water) is greatly important to the shrinkage and strength of concrete. A method for calculating IC water of concrete with and
without mineral admixture has been developed. *e method is derived from Powers’ model for the phase distribution of a
hydrating cement paste. To verify the method, a series of autogenous shrinkage and compressive strength of concrete with and
without super absorbent polymer (SAP) were evaluated compared with the method proposed previously. To explain the macro
performance of hardened concrete, the nonevaporable water content and calcium hydroxide content measurement were utilized
to evaluate the degree of hydration of cement pastes. And, mercury intrusion method and image analysis method were used to
explore the pore structure in hardened cement pastes and air void characteristics in hardened concrete, respectively. Furthermore,
the evolution process was also studied for the relative humidity inside the concrete.

1. Introduction

It has been widely known that cement hardening is a chemical
reaction essentially. Free water is consumed during the chemical
reaction. For concrete with a higher water to cement ratio (w/c
ratio), the consumed water will be supplemented from the close
region, while in concrete with a lower w/c ratio, water is in-
sufficient. As a result, self-desiccation will occur [1].

High-strength concrete (HSC) achieves high strength with a
low w/c ratio commonly, which has been widely used in
construction fields such as high-rise buildings and long-span
bridges. Self-desiccation increases the capillary pore pressure as
water is consumed in the hydration process and relative hu-
midity is decreased in cementitious materials [2–4]. *e in-
crease in capillary pressure generates a shrinkage deformation
in the solid skeleton of cementitious materials, which ultimately

leads to the volume deformation of HSC, named autogenous
shrinkage [5, 6]. Autogenous shrinkage is one of the significant
causes of cracks in early age hardened HSC with a negative
impact on its durability [7, 8].

*e conventional external curing methods, such as
watering and covering with wet burlap, are widely used and
introduced to technical specifications. However, for HSC with
low porosity and permeability, the conventional external
curing methods are not effective, because the external curing
water penetrates only the surface layer of theHSC.*e internal
curing method is developed to provide additional moisture
inside the concrete for reducing self-desiccation. When the
water content is decreased in the pore structure, with a high
water absorption capacity, the internal curing agent releases
water into its surrounding region in the cementitious mi-
crostructure, to maintain a high relative humidity [9].
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One of the effective internal curing methods is internal-
curing concrete with super absorbent polymer (SAP) [10].
SAP is a new type of functional polymer material that can
absorb several tens of times of water compared with its mass.
*e incorporation of SAP releases water, which can improve
internal humidity in concrete.

*e autogenous shrinkage reduction is confirmed by
some researchers, while the mechanical strength is not
[11–13]. According to some studies, the addition of SAP is
often found to hurt mechanical strength of the hardened
cementitious materials [4, 14], while some other studies
report enhancement in compressive strength by the addition
of SAP [15, 16]. It is worthy to note that the effect of SAP on
the performance of cementitious materials depends on not
only the molecular structure, particle size distribution,
dosage, and absorption/desorption behavior of SAP but also
on the amount of IC water and concrete mix proportion
[15, 17].

*e amount of IC water is greatly important to shrinkage
and strength, because it may affect the water and cement
ratio (w/c) change, which is one of the crucial parameters in
concrete mix proportion. Based on the Powers’ model,
Jensen proposed a calculation method of IC water for ce-
ment paste without mineral admixture, as shown in[7]:
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i
� 0.18

w

c
 ,

w

c
≤ 0.36,

(1)

w

c
+

w

c
 

i
� 0.42,

0.36<
w

c
≤ 0.42.

(2)

It is important to estimate the IC water by calculating
chemical shrinkage accurately, and then the additional water
is used to fill the space left by chemical shrinkage. According
to Jensen's researches, the hydrated microstructure space
was completely occupied by three phases: gel solid, gel water,
and unreacted cement particles. Nevertheless, the volume of
the system cannot be steady before and after cement hy-
dration, and shrinkage must be had. On the other hand,
mineral admixtures can change the hydration characteristics
and microstructure of concrete such as fly ash (FA), gran-
ulated ground blast furnace slag (GGBS), and silica fume
(SF) [18]. *en, they can significantly change the chemical
shrinkage of concrete. However, the IC water calculation
method as shown in equations (1) and (2) is not the
modification for mineral admixtures.

To make the IC water more accurately, a developed
method for calculating IC water with and without FA is
proposed. According to this method, the effects of internal
curing with SAP on autogenous shrinkage and compressive
strength of concrete with and without FA are discussed.
Furthermore, the degree of hydration of cement pastes, the
pore structure of concrete, and the relative humidity inside
concrete are evaluated to explain the observed results.

2. IC Water Calculating Method

2.1.ConcretewithoutMineralAdmixture. To calculate the IC
water of concrete quantitatively, it is necessary to determine
the chemical shrinkage of cement hydration. In Powers’
model [19, 20], water held in hardened cement paste can be
divided into three phases: capillary water, gel water, and
chemically bound water. 1g cement can combine with about
0.23 g water when it reacts completely and forms C-S-H gel.
*is part of the water is called chemically bound water,
which can release only in the condition of over 105°C. As
C-S-H gel is the solid phase with a large specific surface area,
0.19 g water can be adsorbed to the surface, named gel water.
Gel water is combined physically, the content of which
corresponds to the relative humidity (0–100%) inside the
concrete. In addition to chemically bound water and gel
water, residual water forms capillary pore water or free
water, which exists in capillary pores (greater than 5 nm).
*e volume of cement hydration products is smaller than the
volume of cement and water involved in the reaction, that is,
chemical shrinkage. When the cement hydrates completely,
the quantity of chemical shrinkage is about 6.4ml/100 g
cement.

Based on the above three key values, the volume cal-
culation model of chemical shrinkage, hydration products,
and unhydrated cement can be described by Powers as
shown in

Vcs � 6.4 × 10−5ρc(1 − p)α � 0.20(1 − p)α, (3)

Vcw � p −
ρc
ρw

 (0.19 + 0.23)(1 − p)α � p − 1.32(1 − p)α,

(4)

Vgw �
ρc
ρw

 0.19(1 − p)α � 0.60(1 − p)α, (5)

Vgs � 1 − 6.4 × 10−5ρc + 0.23
ρc
ρw

  (1 − p)α

� 1.52(1 − p)α,

(6)

Vuc � (1 − p)(1 − α), (7)

p �
(w/c)

w/c + tρw/ρc( 
, (8)

where Vcs is the relative volume fraction (m3/m3 cement
paste) of chemical shrinkage; Vcw is the relative volume
fraction (m3/m3 cement paste) of capillary water; Vgw is the
relative volume fraction (m3/m3 cement paste) of gel water;
Vgs is the relative volume fraction (m3/m3 cement paste) of
gel solid; Vuc is the relative volume fraction (m3/m3 cement
paste) of unhydrated cement; α is the degree of hydration (kg
cement reacted/kg initial cement); ρc � 3150 kg/m3 the ce-
ment density; ρw � 1000 kg/m3 the water density; p is the
initial porosity; andw/c is the water/cement ratio (kg/kg).
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In the process of cement hydration, capillary water
continues to provide reaction water for cement hydration.
When the capillary water is exhausted, the relative humidity
inside the cement paste decreases, resulting in the slowing or
even stopping of cement hydration. When cement hydrates
completely, 1g cement consumes 0.23 g chemically bound
water and 0.19 g gel water, indicating that the lowest w/c
ratio is 0.42 (0.23 + 0.19). When the w/c ratio is lower than
0.42, there will be unhydrated cement particles in the cement
paste, and with the decrease of internal relative humidity,
self-desiccation will occur, resulting in irreversible autoge-
nous shrinkage.

To quantify the volume content of composition in hy-
drated cement structure, Powers assumed that gel water did
not participate in cement hydration [21]. Based on this
assumption, in this study, the volume change caused by
chemical shrinkage is taken into account for calculating the
total volume. *ereby, hydration microstructure is com-
pletely occupied by four phases, namely, gel solid, gel water,
unhydrated cement particles and chemical shrinkage when
the hydration of cement reaches the maximum. *e ex-
pression of the maximum hydration degree of cement is
shown in

Vgw + Vgs + Vuc + Vcs � 1,

α � αmax.
(9)

Introduce equations (3), (5)–(7) into equation (9):

0.60(1 − p)αmax + 1.52(1 − p)αmax +(1 − p) 1 − αmax( 

+ 0.20(1 − p)αmax � 1,

(10)

αmax �
p

1.32(1 − p)
. (11)

To counteract the self-desiccation effect of concrete and
mitigate the autogenous shrinkage of concrete, the volume
of IC water shall be equal to the chemical shrinkage of
concrete when the cement reaches the maximum hydration
degree.

Introduce equation (11) into equation (3):

Viw � 0.20(1 − p)αmax � 0.152p, (12)

where Viw is the relative volume fraction (m3/m3 cement
paste) of IC water.

As a result,

Viw � 0.152Vcw,o, (13)
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According to the Powers’ model, the calculation formula
of IC water is a subsection function. *e boundary point can
be determined as follows:
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Hence, the calculation formula of IC water of concrete
can be described in equation (16) and Figure 1.
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(16)

2.2.ConcretewithMineralAdmixture. In the concrete mixed
with mineral admixture, it is assumed that the contents of
chemical binding water and gel water of mineral admixture
are the same as those of cement when hydrated completely.
*e modified hydration model of cementitious materials
containing mineral admixture is as follows:

Vcs � ρb 6.4 × 10−5
+ Amx (1 − p)α, (17)

Vgw � 0.19
ρb
ρw

 (1 − p)α, (18)

Vgs � 1 − 6.4 × 10−5
+ Amx ρb + 0.23

ρb
ρw

  (1 − p)α,

(19)

Vuc � (1 − p)(1 − α), (20)

where ρb is the density of cementitious materials, kg/m3; ρw
is the density of water, kg/m3; Am is influence coefficient of
chemical shrinkage of mineral admixture, m3/kg; and x is
the proportion of mineral admixture, %.

As mentioned above, it is assumed that the hydration
microstructure is completely occupied by four phases,
namely, as gel solid, gel water, unhydrated cement particles,
and chemical shrinkage, when the hydration degree of ce-
ment reaches the maximum. *e expression of the maxi-
mum hydration degree of concrete with mineral admixture
is shown in
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0.19
ρb
ρw

 (1 − p)αmax

+ 1 − 6.4 × 10− 5
+ Amx ρb + 0.23

ρb
ρw

  (1 − p)αmax

+(1 − p) 1 − αmax(  + ρb 6.4 × 10− 5
+ Amx 

· (1 − p)αmax � 1,

(21)

αmax �
p

0.42 ρb/ρw( (1 − p)
. (22)

Similar to the concrete without mineral admixture, the
volume of IC water shall be equal to the chemical shrinkage
of concrete with mineral admixture, when the hydration
degree of cement reached to the maximum.

Introduce equation (22) into equation (17):

Viw � ρb 6.4 × 10−5
+ Amx (1 − p)

×
p

0.42 ρb/ρw( (1 − p)
�

6.4 × 10−5
+ Amx p

0.42
,

(23)

where Viw is the volume of IC water, m3.
As a result, the calculation method for IC water in the

concrete withmineral admixture can be described as follows:
w

b
 

i
� 0.152 +
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According to the Powers’ model, the calculation formula
of IC water is a subsection function. *e boundary point can
be determined as follows:
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Hence, the calculation formula of IC water of concrete
can be described in equation (26) and Figure 2.
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(26)

*e effect of FA on the chemical shrinkage of hardened
concrete has been studied [18]. *e addition of FA can
reduce the chemical shrinkage of hardened concrete and
more with the dosage of FA between 0 and 30% by weight.
*e quantitative relation among the content of FA and
chemical shrinkage can be established based on the chemical
shrinkage at the age of 63 days. *e result is a linear relation
between chemical shrinkage and dosage of FA as shown in
equation (27), and the influence coefficient of chemical
shrinkage (Am) of FA is −0.0383.

Vcs � −0.0383xFA + 0.064, (27)

where xFA is the dosage of FA between 0 and 30% by weight,
%.

3. Materials and Methods

3.1. Materials. Reference cement was employed following
China National Standard GB/T 8076–2008. *e main per-
formance indexes of this cement are provided in Table 1.*e
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Figure 1: Minimum amount of IC water needed to obtain αmax in
cement pastes without mineral admixture.
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class I FA according to China National Standard GB/T
1596–2005 was used as a mineral admixture. *e fine ag-
gregate was natural river sand with a fineness modulus of 2.6
and an apparent density of 2.57 kg/L. *e coarse aggregate
used was crushed limestone with particle sizes between 5 and
20mm, bulk density of 1.61 kg/L, and apparent density of
2.83 kg/L. A liquid polycarboxylate-based superplasticizer
was utilized to adjust the workability of different mixtures.
Tap water was used for mixing concrete.

*e SAP used in mixtures is a group of polymeric
materials that could absorb a significant amount of liquid
from the surroundings and retain this liquid within their
structures without dissolution. Specifically, this study
employed a suspension-polymerized, covalently cross-
linked acrylamide/acrylic acid copolymer as SAP with a
dry-bulk density of 1.031 kg/L. *e particle size distri-
butions of SAP (Figure 3) are determined by laser dif-
fraction (wet diffusion method, the solvent is ethanol),
and the value of the D90 diameter of SAP particle size
distribution is 130.02 µm. *e absorption capacity of SAP
was tested by the “tea-bag” method in this study, and the
liquid came from the cement pastes with w/c � 0.33. *e
cement pastes were mixed in a 2.5 L stirring mixer for
4min at 150 rpm. After 20minutes, the pastes were filled
into the medium-speed centrifuge and rotated at
6000 rpm for 20minutes. *en, the upper solution of the
pastes was filled into the high-speed centrifuge and ro-
tated at 15000 rpm for 30minutes. *ereafter, the upper
solution in the high-speed centrifugal tube was filtered by
using a 0.45 µm syringe filter, which was used by the water
absorption test. *e water absorption ratio of SAP is 29.8.

3.2. Mixture Proportions. Six mix proportions of concrete
were prepared and are listed in Table 2, whose compressive
strength is designed not lower than 60MPa in 28 days. Mix
A0 and B0 are references without SAP and IC water, while
A1, A2, B1, and B2 are designed according to the method
developed in this paper (As Sections 2.1 and 2.2) or equation
(1), respectively.

3.3. Testing Methods

3.3.1. Autogenous Shrinkage. In this study, the autogenous
shrinkage of concrete was tested using a combination of

Table 1: Main performance indexes of reference cement.

ρc (kg/L)
Setting time (min) Flexural strength (MPa) Compressive strength

(MPa)
Initial Final 3 d 28 d 3 d 28 d

3.15 155 215 5.5 8.6 28.3 49.8
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Figure 2: Minimum amount of IC water needed to obtain αmax in cement pastes with mineral admixture.
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noncontact and contact methods successively, and the initial
setting time was tested under the same conditions.

Noncontact sensors’ measurement was monitored using
the method prescribed in China National Standard GB/T
50082–2009 from the initial setting time to 48 hours. *e
sizes of concrete prism for the noncontact test were
100×100× 515mm. A double-layer plastic film was laid in
the steel mold, and the fresh concrete was cast in the room
whose relative humidity was not less than 95% and tem-
perature was (20± 2)°C. *en, the remaining part of the
same film was turned over to cover the top surface of the
prism.*e test target needed to pass through the plastic film,
but the edge of the perforation needed to be sealed with
petroleum jelly to ensure no water loss. *e autogenous
shrinkage test took the initial setting time of fresh concrete
as the starting time, and the result was the arithmetic average
of 3 test values. From the starting time to the end of the
noncontact test, the laboratory had relative humidity
(65± 5)% and temperature (20± 2)°C.

From 48 hours to 56 days, the autogenous shrinkage was
measured using contact sensors, which was also adopted by
China National Standard GB/T 50082–2009. *e sizes of
concrete prism and conditions in the casting room were the
same as the noncontact test. *e concrete cast within the
mold was sealed with a double-layer plastic film to prevent
water loss during the plastic stage. After standard curing for
24 hours, the hardened concrete prisms were taken from the
molds, and then wrapped with an aluminum foil waterproof
coil immediately.*e starting time of the contact test was the
end of the noncontact one. From the starting time to the end
of the contact test, the relative humidity and temperature in
the laboratory were the same as the noncontact. *e result
was the arithmetic average of 3 test values.

εa � εa1 + εa2, (28)

where εa is the autogenous shrinkage value, µε; εa1 is the
autogenous shrinkage value of the noncontact test, µε; εa2 is
the autogenous shrinkage value of contact test, µ ε.

*e calculation for autogenous shrinkage can be de-
scribed as follows:

3.3.2. Internal Relative Humidity (IRH). Figure 4 shows the
plasticmolds utilized for testing IRHwith net inner dimensions
of 100×100×100mm in the present study, as reported in
[23–25].*e IRH in specimens sealed and cured condition was
the same as those used in the autogenous shrinkage test.

IRH in concrete was measured with a digital resis-
tance-based sensor. A computer was utilized to record the
sensor signals automatically. To hold the sensor in the
specimen and to avoid fresh concrete contaminating the
sensor, a polyvinyl chloride (PVC) tube with an inner
diameter of 16 mm was utilized in the experiments, as
shown in Figure 4. To prevent fresh concrete from flowing
into the PVC tube, an aluminum bar was first inserted
into the PVC tube during concrete casting [22]. Fol-
lowing the final setting time, the aluminum bar was
replaced with the RH sensor. An O-ring was utilized to
isolate the small space between the PVC tube and the
sensor to facilitate accurate measurement. To avoid en-
vironmental disturbance, the exposed end of the PVC
tube was sealed with an epoxy resin sealant.

*e positions of the sensors and the PVC tubes in the
specimens are shown in Figure 4. All specimens were tested
at a climate room ((20± 2)°C, (60± 5)%RH). IRH variations
in three identical samples were measured simultaneously,
and the arithmetic mean value was utilized for analysis and
discussion.

3.3.3. Compressive Strength. Compressive strength tests
were carried out after 3, 7, 28, and 56 days, according to
China National standard GB/T 50081–2002. *e specimen
cubes with the size of 150mm× 150mm× 150mm were
used in tests.

3.3.4. Content of Nonevaporable Water [26]. *e non-
evaporable water content was measured to quantify the
hydration degree of cement and a larger content indicated a

Table 2: Concrete mix proportions.

Mixture A0 A1 A2 B0 B1 B2
Cement (kg/m3) 503 503 503 395 395 395
FA (kg/m3) 0 0 0 123 123 123
Fine aggregate (kg/m3) 656 656 656 642 642 642
Coarse aggregate (kg/m3) 1084 1084 1084 1132 1132 1132
Water (kg/m3) 166.4 166.4 166.4 150.1 150.1 150.1
Inter curing water (kg/m3) 0 25.3 30.0 0 19.6 26.7
SAP (g/m3) 0 849.0 1006.7 0 657.7 896.0
Method No Equation (16) Equation (1) No Equation (26) Equation (1)
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1. Digital resistance-based sensor
2. Spacer road
3. Connect with data collector
4. O-ring
5. PVC tube

7. Plastic mould
8. Film
9. Concrete

6. Exposed to air (20 ± 2°C/60 ± 5%RH)

Figure 4: Specimen size and arrangements of the sensors in
specimen [22].
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higher hydration degree. *e samples were mixed according
to Table 2 but by getting rid of sand and stone. At 3, 28, and
56 days, the samples were soaked in an acetone bath for 48 h
to terminate hydration, respectively. Afterward, the samples
were dried at 105°C for 24 h to get rid of the capillary and gel
water. Subsequently, the dried samples were dehydrated in a
muffle furnace at 1000°C until the weight remained un-
changed. Finally, the chemically bound water content was
calculated according to the mass loss from 105°C to 1000°C.
Six samples for each mixture at the selected age were
measured simultaneously, and the result was an arithmetic
mean value.

3.3.5. Content of Calcium Hydroxide. *e content of cal-
cium hydroxide in harden cement pastes was tested by TG-
DTA, according to ASTME1131-08.*e sample preparation
was consistent with that of the nonevaporable water ex-
periment. *e equipment used was the simultaneous TG-
DTA/DSC apparatus with a balance accurate to 0.1 µg. *e
dynamic heating ramp varied between 40°C and 1200°C, and
the heating rate was 10°C/min.*e crucibles used were made
of special ceramic. *e test process was conducted under a
N2 atmosphere. Approximately 100mg of the sample was
used for each test.

3.3.6. Pore Structure in Harden Paste. *e pore structure of
hardened pastes was determined by using mercury intrusion
porosimetry (MIP) prescribed in ISO 15901-1-2016. *e
sample preparation was consistent with that of the non-
evaporable water experiment. After being cured for 56 days,
the harden pastes were cut into small pieces of diameter
about 5mm, and then placed into an alcohol bath (analytical
grade) to stop cement hydration. *e resulting samples were
stored for 3 days in an oven at a controlled temperature of
(50± 2)°C, before the MIP test to determine the pore
structure characteristics using a Hg-porosimetry. In this
study, the range of the micropore size was from 3 nm to
5000 nm tested by MIP.

3.3.7. Air Void Characteristics in Hardened Concrete.
*e air-void content of hardened concrete was deter-
mined by microscopic examination at the age of 56 days,
complying with ASTM C457-16 (linear-traverse method)
[27]. *e inspected surface of the slice sample was treated
by grinding, polishing, water cleaning and oven drying. To
enhance the contrast of the image, black ink was painted
to the surface as the background. Barium sulfate powder
was then gently pressed into open voids and the exterior
residues were scraped out [28]. *ereby, the air content
was identified by the RapidAir system [29].*e average air
content of three samples from one prism was obtained as
the final value for every hardened concrete. In this study,
the air void was from 5000 nm to 4000 µm measured by
image analysis.

4. Results and Discussion

4.1. Autogenous Shrinkage. It has often been reported that
the addition of SAP in concrete led to a reduction of au-
togenous shrinkage in comparison with reference concrete
[11–13]. *e results obtained in this study, as shown in
Figure 5, were in good agreement with the observations
reported in the literature. As seen in Figure 5, the increase in
autogenous shrinkage in all concrete before 10 days was
more significant than that from 10 days to 56 days, which
may be due to a higher hydration rate in the early age
concrete.

Compared to the reference concrete without FA (A0),
the autogenous shrinkage of A1 and A2 had the same re-
duction, which by 53.7%, 50.2% at 28 days, and by 44.2%,
41.3% at 56 days, as shown Figure 5(a). *e reason of the
above results was that there was little difference in the dosage
of SAP and entrainment of IC water between A1 and A2 (See
Table 2). By comparing autogenous shrinkage between A0
and B0, it was found that FA could reduce autogenous
shrinkage of concrete, which was in agreement with works of
literature. In this study, autogenous shrinkage of B0 reduced
by 13.8% compared to A0.

As shown in Figure 5(b), the evolutions of autogenous
shrinkage of B1 and B2 were similar, and the values reduced
by 35.3%, 35.5% at 28 days and 48.0% and 48.1% at 56 days,
respectively. *e amount of IC water in B2 was calculated
according to equation (1), in which the effect of FA on
hydration was not considered.*e IC water mixed in B2 was
higher than that needed for maximum hydration degree of
cement and FA in B2, and the excess IC water had little effect
on the autogenous shrinkage reduction.

4.2. IRH. Autogenous shrinkage occurs as a result of both an
increase in the capillary pore pressure with water consumed
in the hydration process and relative humidity decreases in
cementitious materials. *erefore, the autogenous shrinkage
is highly related to the evolution of IRH inside the concrete.
*e swelling SAP would release absorbed water gradually
when the IRH inside concrete is reduced due to the hy-
dration of binder materials.

*e relationship between IRH and the age of the six
concrete mixtures was studied and shown in Figure 6. It
appeared that the addition of SAP and IC water significantly
increased the IRH inside concrete with or without FA.

Meanwhile, the IRH inside the concrete without FA (A0)
was decreased rapidly before 10 days and slowly from 10
days to 56 days, and the evolution was similar to its au-
togenous shrinkage (As shown in Section 4.1). With FA
introduced into the concrete (B0), deriving from the filling
effect of FA inhibited the transition of water and the FA had
a lower reactivity than cement, and the decreasing rate of
humidity was reduced. As a result, the IRH inside concrete
with FA (B0) showed a slow decline compared to that
without FA (A0). *e IRH of A0, A1, A2 were reduced by
22.2%, 15.0%, 13.7% at 28 days and by 23.4%, 16.1%, 15.2%
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at 56 days. While the B0, B1, B2 were reduced by 8.5%, 3.4%,
3.8% at 28 days and by 10.2%, 5.8%, 4.6% at 56 days.

As compared between A1 and A2, or between B1 and B2,
the IRH showed nearly the same evolution in the concrete
with or without FA, which could explain the effect of the IC
with SAP on the autogenous shrinkage of concrete in Section
4.1.

4.3.Compressive Strength. *e addition of SAP and IC water
constituted the compressive strength of concrete compared
to reference concrete reduced in some previous studies

[4, 14]. *e results obtained in this study are shown in
Figure 7, which were consistent with those of previous
studies. However, by accurately calculating the amount of
SAP and IC water, the problem was significantly improved,
especially for concrete with FA.

As seen in Figure 7, the compressive strength of con-
cretes with SAP (A1 and A2) were lower than that without
SAP from 3 days to 56 days, but the gap was getting smaller
and smaller with the increasing of the age. Compared to A0,
the compressive strengths of A1 and A2 were decreased by
12.1% and 13.0% at 3 days, while by 1.2% and 1.7% at 56
days. *ere was little difference in compressive strength
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Figure 6: Relationship between IRH and age of concrete. (a) Concrete without FA; (b) concrete with FA.

0 10 20 30 40 50 60
–350

–300

–250

–200

–150

–100

–50

0

50
Au

to
ge

no
us

 sh
rin

ka
ge

 (μ
ε)

Age (d)

A0
A1
A2

(a)

B0
B1
B2

0 10 20 30 40 50 60
–350

–300

–250

–200

–150

–100

–50

0

50

Au
to

ge
no

us
 sh

rin
ka

ge
 (μ

ε)

Age (d)

(b)

Figure 5: Relationship between autogenous shrinkage and age of concrete. (a) Concrete without FA; (b) concrete with FA.

8 Advances in Civil Engineering



between A1 and A2 from 3 days to 56 days, as shown in
Figure 7. *is meant that the difference between equation
(16) proposed by this study and equation (1) presented by
Jenson had no obvious effect on the compressive strength of
concrete without FA.

In contrast to concrete without FA, the compressive
strength of concretes with SAP (B1 and B2) were also lower
than that without SAP (B0) from 3 days to 56 days, and the
gap of both B1 and B2 got smaller with the age getting on as
well. However, this improvement of B1 was very similar to
A1, while B2 was not as good as A2, as shown in Figure 7. As
compared to B0, the compressive strengths of B1 and B2
were reduced by 11.2% and 19.3% at 3 days, while by 1.9%
and 9.5% at 56 days. *e difference between equation (26)
proposed by this study and equation (1) proposed by Jenson
affected the compressive strength of concrete with FA. *at
meant the IC water and SAP calculated by this new method
was more accurate than the one without the mineral ad-
mixture considered, which was able to reduce the excessive
IC water and SAP dosage. *e higher dosage of SAP and the
more entrainment of IC water would reduce the compressive
strength.

Concrete is a kind of porous material, and its com-
pressive strength is determined by the pore structure and the
hydration degree of the harden concrete. *e effects of SAP
on the pore structure and degree of hydration of the harden
concrete must be discussed below.

4.4. Degree of Hydration. Nonevaporable water content and
calcium hydroxide content are commonly used to evaluate
the degree of hydration in cementitious materials [30, 31].
*e nonevaporable water content and calcium hydroxide
content of the hardened cement paste at 3, 28, and 56 days
are shown in Figures 8 and 9. Whether cement with or
without FA, the effects of the internal curing using SAP on
the nonevaporable water content and calcium hydroxide
content of cement pastes were very similar.

SAP had a little effect on the nonevaporable water
content in cement pastes with or without FA at 3 days, while
showed a noticeable increase at 28 days and 56 days,
compared to the reference one with or without FA. As
shown in Figure 8, compared with the reference specimen
without FA (A0), the nonevaporable water content in A1
and A2 were increased by −1.1% and −2.2% at 3 days, by
11.2% and 11.4% at 28 days, and then by 12.2% and 11.0% at
56 days, respectively. To the paste with FA (B0), the non-
evaporable water content in B1 and B2 were increased by
2.8%, 2.0% at 3 days, by 8.1%, 8.2% at 28 days, and then by
10.4%, 11.1%, respectively.

Similar to nonevaporable water content, SAP had a
little effect on the calcium hydroxide content in cement
pastes with or without FA at 3 days, with an obvious
increase at 28 days and 56 days. As indicated in Figure 9,
compared with the reference specimen without FA (B0),
the calcium hydroxide content in A1 and A2 were in-
creased by 2.2% and 2.2% at 3 days, by 15.4% and 15.3% at
28 days, and then by 4.5% and 4.4% at 56 days, respec-
tively. To the paste with FA (B0), the calcium hydroxide
content in B1 and B2 were increased by 2.7%, −0.5% at 3
days, by 6.5%, 6.1% at 28 days, and then by 14.2%, 15.1%
respectively.

*e SAP and IC water had increased the degree of
hydration of cementitious materials at 28 days and 56 days,
which was in agreement with some previous reports [32, 33],
benefiting from the RH inside the specimens increasing
(Section 4.2).

*e paste designed equations (26) or (1) had nearly
the same hydration degree from 3 days to 56 days.
*erefore, the excess IC water and SAP calculated by
equation (1) without mineral admixture considered had
no significant benefit to the hydration degree of ce-
mentitious materials.
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In theory, the higher hydration degree is, and the
compressive strength of concrete is higher, but IC with SAP
was not (Section 4.3).*en the effect of SAP and IC water on
the pore structure of hardened concrete should be
emphasized.

4.5. Pore Structure in Hardened Paste. *ere is a wide range
of pore size distribution in hardened concrete by lots of
researches, and the pores in a certain size range can have
different effects on hardened concrete.

In this paper, the range of pore size from 3nm to
10000 nm in hardened concrete was named as the micropore
(mainly capillary pores), while the range from 10000 nm to
4000 µm as the macropore (all air voids). *e micropore
structure was tested by MIP, which is the most popular
method for characterizing the micropore structure of
hardened cementitious materials [34, 35]. And the macro-
pore structure was measured by image analysis.

In both micropore and macropore, the pore size smaller
than 20 nm, 20–50 nm, 50–200 nm and larger than 200 nm
could be named as harmless, less harmful, harmful, and
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more harmful pores, respectively. *e harmless and less
harmful pores affect shrinkage and creep, while having no
significant effect on strength [36, 37]. *e strength was
mainly dependent on the harmful and more harmful pores.

*e effect of SAP on the micropore structure was in-
vestigated and is shown in Figures 10 and 11 and Table 3. It
was seen that the addition of SAP and IC water certainly
increased the total pore volume and pore volume larger than
50nm in hardened paste, compared with the reference
specimens with or without FA (A0 and B0). For concrete
without FA, the total, harmful, and more harmful pore
volume in A1 was increased by 46.2%, 50.0%, and 389.2%,
respectively, while by 46.2%, 22.3%, and 375.5% in A2, as
shown in Figures 10(a), 11(a) and Table 3. And for concrete
with FA, those values in B1 were increased by 26.0%, 67.8%,
and 78.4%, while by 54.3%, 109.3%, and 250.4%, as shown in
Figures 10(b) and 11(b) and Table 3. *is was one of the
reasons why the compressive strength of concrete with SAP
was still reduced despite the increase in hydration.

*ere were also significant differences in the total pore
volume and the size distribution of micropores in the
hardened paste with FA when the concrete mixtures
were calculated from equations (1) and (26). As shown in

Figures 10(a) and 11(a) and Table 3, all the pore volumes
were similar between A1 and A2 because the dosage of both
SAP and IC water was nearly the same. However, as shown
in Figures 10(b) and 11(b) and Table 3, not only the total
pore volume, but also the harmful and more harmful pore
volumes in B2 were more than B1, which were caused by the
greater dosage of both SAP and IC water.*is was one of the
reasons why the compressive strength reduction of B1 was
less than B2, and equation (26) was more accurate for the
internal curing concrete with FA than equation (1). Kong
et al. [1] thought that the addition of SAP affected pore
distribution, because of the extra IC water entrained by SAP
and formation of large voids due to the drying of SAP gel
particles.

4.6. Air Void Characteristic in Hardened Concrete. *e air
void characteristics in hardened concrete with and without
FA are shown in Figure 12 and Table 4. As compared to
reference samples with or without FA (A0 and B0), the air
contents were increased and the spacing factors were de-
creased obviously when SAP was mixed in concrete. For
concrete without FA (A0), the air contents in A1 and A2

Table 3: Results of pore structure in hardened pastes.

Samples Total pore volume (mL/g)
Pores size distribution (mL/g)

<20 nm 20–50 nm 50–200 nm >200 nm
A0 0.0840 0.0094 0.0388 0.0256 0.0102
A1 0.1228 0.0104 0.0241 0.0384 0.0499
A2 0.1228 0.0137 0.0293 0.0313 0.0485
B0 0.0796 0.0058 0.0385 0.0214 0.0139
B1 0.1003 0.0099 0.0297 0.0359 0.0248
B2 0.1228 0.0053 0.0240 0.0448 0.0487
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Figure 11: Effects of SAP on pore structure (differential pore size distribution) in the hardened cement pastes at the age of 56 days
determined by MIP. (a) Hardened pastes without FA; (b) hardened pastes with FA.
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were increased by 160.2% and 162.5%, and the spacing factor
was decreased by 45.0% and 45.8%, respectively. For con-
crete with FA (B0), the air contents in B1 and B2 were
increased by 85.7% and 152.0%, and the spacing factor was
decreased by 39.0% and 52.5%, respectively. Furthermore,
the size of air voids in the range of less than 200 µm was
increased substantially; in the range of 200–1000 µm, was
increased slightly; and in the range of 1000–4000 µm there
was no significant growth. After the IC water had been
released from SAP, the SAP would leave a hole in situ.
*erefore, these values meant that the number of air voids
was increased due to the addition of SAP in concrete, which
was another reason why the compressive strength of con-
crete with SAP was still reduced despite the increase in
hydration.

Besides the pore structure in the hardened paste, the dif-
ferences in the content, spacing factor, and size distribution of
air voids in concrete with FA were significant, when the
concrete mixtures were calculated from equations (1) and (26).
As shown in Figure 12(a) and Table 4, the content, spacing
factor, and distribution of air voids were very close between A1
and A2, duo to nearly the same dosage of SAP. However, as
shown in Figure 12(b) and Table 4, the air content and air voids

less than 200µm in B2 were higher than B1 obviously, and the
spacing factor of air voids in B2 was less than B1, which had
come from the higher dosage of SAP. *is was another reason
why the compressive strength reduction of B1 was less than B2,
and then the equation (26) was more accurate for the internal
curing concrete with FA than equation (1).

5. Conclusion

*is study focused on a developed method for IC water
calculation of concrete with SAP, and its benefits for the
macro performance and microstructure of hardened con-
crete with and without mineral admixture were evaluated.
*e following conclusions can be drawn based on the ob-
tained results:

(1) Deriving from the Powers’ model for the phase
distribution of a hydrating cement paste, a developed
method for calculating IC water of concrete with and
without mineral admixture is proposed, which takes
into account the effects of chemical shrinkage and
mineral admixture compared with the method
proposed previously.

Table 4: Results of air void characteristic in harden concrete.

Samples Air content (%) Spacing factor (µm)
Air void distributions (%)

0–200 µm 200–1000 µm 1000–4000 µm
A0 1.76 249 0.74 0.83 0.19
A1 4.58 137 2.55 1.59 0.44
A2 4.62 135 2.50 1.76 0.36
B0 1.96 295 0.72 0.83 0.41
B1 3.64 180 1.39 1.66 0.59
B2 4.94 140 2.84 1.75 0.35
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Figure 12: Air void distributions in harden concrete. (a) Concrete without FA; (b) concrete with FA.
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(2) For the mix designs without FA, the autogenous
shrinkage and the compressive strength of hardened
concrete were similar, due to the little difference in
the entrainment of IC water and the dosage of SAP
calculated between the methods proposed in this
paper and the one reported previously (See equation
(1)).

(3) For the mix designs with FA, the entrainment of IC
water and the dosage of SAP calculated by the method
proposed in this paper decreased by 26.6%, compared
with the one proposed previously. As a result, the
compressive strength increased by 10.8% at 56 days,
while the autogenous shrinkage was similar.

(4) *e internal curing using SAP increased the relative
humidity inside the hardened concrete body, which
was the reason why its autogenous shrinkage can be
reduced. And, the effect of internal curing on
compressive strength was dependent on the hydra-
tion degree, pore structure, and air content. For the
internal curing concrete with FA, the entrainment of
IC water and the dosage of SAP calculated by the
method proposed in this paper were more accurate
than equation (1), which can decrease the porosity
(50–10000 nm) and the air void content (less than
200 µm).

(5) Mineral admixture can change the hydration char-
acteristics and microstructure of concrete, and the
method for internal curing water calculation of
concrete with SAP must be improved.
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[15] C. Schröfl, V. Mechtcherine, and M. Gorges, “Relation be-
tween the molecular structure and the efficiency of super-
absorbent polymers (SAP) as concrete admixture to mitigate
autogenous shrinkage,” Cement and Concrete Research,
vol. 42, no. 6, pp. 865–873, 2012.

[16] D. Gao, R. B. Heimann, and D. B. Alexander, “Box-Behnken
design applied to study the strengthening of aluminate
concrete modified by a superabsorbent polymer/clay com-
posite,” Advances in Cement Research, vol. 9, no. 35,
pp. 93–97, 1997.

[17] K. Sikora and A. J. Klemm, “Effect of superabsorbent poly-
mers on workability and hydration process in fly ash ce-
mentitious composites,” Journal of Materials in Civil
Engineering, vol. 27, pp. 1–13, 2015.

[18] C. H. Zhu, Research and Application of Crack Control Tech-
nology for Concrete Structures in Arid Sandy Areas, China
Academy of Railway Sciences, Beijing, China, 2015.

[19] T. C. Powers and T. L. Brownyard, “Studies of the physical
properties of hardened Portland cement paste,” Journal of the
American Concrete Institute, vol. 43, pp. 101–132, 1947.

[20] T. C. Powers, “Physical properties of cement paste,” in Pro-
ceedings of the Fourth International Symposium on the
Chemistry of Cement, Washington, D.C, USA, October 1960.

[21] T. C. Powers, De Nonevaporable Water Content of Hardened
Portland-cement Paste-Its Significance for Concrete Research
and its Method of Determination, pp. 68–76, ASTM, West
Conshohocken, PA, USA, 1949.

Advances in Civil Engineering 13



[22] D. Shen, M. Wang, Y. Chen, W. Wang, and J. Zhang,
“Prediction of internal relative humidity in concrete modified
with super absorbent polymers at early age,” Construction and
Building Materials, vol. 149, pp. 543–552, 2017.

[23] A. S. El-Dieb, “Self-curing concrete: water retention, hydra-
tion and moisture transport,” Construction and Building
Materials, vol. 21, no. 6, pp. 1282–1287, 2007.

[24] J. J. Ye, S. G. Hu, F. Z. Wang et al., “Effect of pre-wetted light-
weight aggregate on internal relative humidity and autoge-
nous shrinkage of concrete,” Journal of Wuhan University of
Technology, vol. 21, no. 1, pp. 134–137, 2006.

[25] Y. Wei, Y. Xiang, and Q. Zhang, “Internal curing efficiency of
prewetted LWFAs on concrete humidity and autogenous
shrinkage development,” Journal of Materials in Civil Engi-
neering, vol. 26, no. 5, pp. 947–954, 2014.

[26] Y. Zhang, L. Gao, X. Cai, Q. Li, and X. Kong, “Influences of
triethanolamine on the performance of cement pastes used in
slab track,” Construction and Building Materials, vol. 238,
p. 117670, 2020.

[27] American Society for Testing and Materials, Standard Test
Method for Microscopical Determination of Parameters of the
Air-Void System in Hardened Concrete, ASTM, West Con-
shohocken, PA, USA, 2016.

[28] J. Zhang, X. Gao, and L. Yu, “Improvement of viscosity-
modifying agents on air-void system of vibrated concrete,”
Construction and BuildingMaterials, vol. 239, p. 117843, 2020.

[29] U. H. Jakobsen, C. Pade, N. *aulow et al., “Automated air
void analysis of hardened concrete - a Round Robin study,”
Cement and Concrete Research, vol. 36, no. 8, pp. 1444–1452,
2006.

[30] N. Neithalath, J. Persun, and A. Hossain, “Hydration in high-
performance cementitious systems containing vitreous cal-
cium aluminosilicate or silica fume,” Cement and Concrete
Research, vol. 39, no. 6, pp. 473–481, 2009.

[31] S.M.Monteagudo, A.Moragues, J. C. Gálvez,M. J. Casati, and
E. Reyes, “*e degree of hydration assessment of blended
cement pastes by differential thermal and thermogravimetric
analysis. Morphological evolution of the solid phases,”
Dermochimica Acta, vol. 592, pp. 37–51, 2014.

[32] S. Igarashi and A. Watanabe, “Experimental study on pre-
vention of autogenous deformation by internal curing using
super-absorbent polymer particles,” in Proceedings of the
international RILEM conference, Lyngby, Denmark, August
2006.

[33] L. P. Esteves, Internal Curing in Cement-Based Materials,
Aveiro University, Aveiro, Portugal, 2009.

[34] A. B. Ribeiro, A. Gonçalves, and A. Carrajola, “Effect of
shrinkage reduction admixtures on the pore structure
properties of mortars,”Materials and Structures, vol. 39, no. 2,
pp. 179–187, 2006.

[35] E. Sakai, T. Kasuga, T. Sugiyama, K. Asaga, and M. Daimon,
“Influence of superplasticizers on the hydration of cement and
the pore structure of hardened cement,” Cement and Concrete
Research, vol. 36, no. 11, pp. 2049–2053, 2006.

[36] Z. W. Wu, “An approach to the recent trends of concrete
science and technology,” Journal of the Chinese Ceramic
Society, vol. 7, pp. 262–270, 1979.

[37] P. K. Mehta and P. J. M. Monteiro, Concrete Microstructure,
Properties, and Materials, pp. 120–126, McGraw-Hill, New
York, NY, USA, 2008.

14 Advances in Civil Engineering



Research Article
3D Printing in Construction: Current Status, Implementation
Hindrances, and Development Agenda

Xin Ning ,1 Tong Liu ,1 Chunlin Wu ,2,3 and Chao Wang 4

1School of Investment and Construction Management, Dongbei University of Finance and Economics, Dalian 116025, China
2Department of Behavior and Operation Management, School of Economics and Management, Beihang University,
Haidian District, Beijing 100191, China
3Beijing Key Laboratory of Emergency Support Simulation Technologies for City Operations, Beihang University,
Haidian District, Beijing 100191, China
4Bert S. Turner Dept. of Construction Management, Louisiana State University, Baton Rouge, LA, USA

Correspondence should be addressed to Chunlin Wu; wuchunlin@buaa.edu.cn

Received 10 December 2020; Revised 22 March 2021; Accepted 26 March 2021; Published 7 April 2021

Academic Editor: Zhigang Zhang

Copyright © 2021 Xin Ning et al. (is 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.

3D printing (3DP) is regarded as an innovation that contributes to automation in civil engineering and offers benefits in design,
greenness, and efficiency. It is necessary to objectively analyze the current status and challenges associated with 3DP and identify
future research directions to properly understand its construction applications. Previous research has focused more on the technical
dimension of 3DP; however, the nontechnical dimension of the technology may hinder its implementation and thus must be paid
particular attention to. (is study presents a systematic review of the existing literature from both technical and nontechnical
dimensions by combining quantitative and qualitative studies. (e quantitative study was conducted using scientometric methods.
(e qualitative study analyzed information, including the technical research status and nontechnical challenges and trends. Two
aspects of technical research status are presented, including materials and processes. In addition, nontechnical challenges and trends
from the economic, environmental, social, and legislative aspects are proposed. (is study provides a comprehensive agenda to
advance 3DP in construction and proposes research interests, challenges, and future topics. It is intended to help construction
practitioners systematically master existing processes and materials and assess the application degree and necessity of 3DP.

1. Introduction

3D printing (3DP), commonly known as additive
manufacturing (AM) [1], is a layered material joining
process that is based on 3D model data to manufacture
various structures and complex geometric shapes without
using any tooling, dies, or fixtures [2–4]. With its potential
for automation, formwork elimination, construction waste
reduction, and improvement of geometrical precision, 3DP
shows a lot of promise for applications in the construction
industry. (e technical dimension mainly includes the
printing materials and printing processes that are essential
for developing this innovative technology [5], and current
research mainly focuses on material properties [6] and
process applicability [7]. However, as understandings of the

technology have developed, some economic and environ-
mental issues have emerged [8]. For example, the impact on
the environment and uncertain cost of materials have a
significant influence on the sustainable development of 3DP
in construction. (e technical dimension is a core factor of
3DP, but the nontechnical dimension must also be con-
sidered. (is study not only summarizes the latest research
advances in the technical dimension but also presents the
challenges and trends associated with 3DP from the eco-
nomic, environment, social, and legislative perspectives
(collectively referred to as the nontechnical dimension) to
ensure a systematic and comprehensive review.

Over the past few decades, many studies on 3DP in-
novations have been conducted to address the technical
dimension. In 1986, Charles Hull, an American scientist
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known as the father of 3DP, developed the first commercial
3D printing machine [9]. (e experimental application of
3DP in the construction industry began in the late 1990s
when Pegna proposed using cement-based materials in
conjunction with 3DP [10]. (e existing research on 3DP
focuses on advanced materials (e.g., cementitious materials
[1, 11, 12], polymer materials [13–15], and metal materials
[16–18]), processes (e.g., contour crafting [19], D-shape [20],
and concrete printing [6, 7]), and implementation methods
(e.g., off-site/on-site fabrication [21], hybrid techniques [22],
and multiple materials [22]), which allow it to be used in the
construction industry. Construction applications include
novel forms [22], topology optimization [23], customized
parts [22], and in-situ repair [23, 24]. (ere have also been
different applications in different countries, such as the
WinSun offices in Dubai [25] and the Canal House in
Amsterdam, Netherlands [18]. To enable researchers to
systematically understand the research and application of
3DP in construction, several review articles are summarized
in Table 1.

(e review articles listed in Table 1 mainly address the
issues of processes, materials, and cases. However, to en-
courage more widespread use of 3DP in construction,
nontechnical dimensions, such as cost, energy consumption,
and health issues, must also be thoroughly explored because
they will become important indicators affecting the appli-
cation of 3DP in more mature stages of the technology in the
future. Concerning the review method, qualitative and
quantitative studies (e.g., scientometric analysis [31] and text
mining [32]) are adopted separately. (e qualitative study is
a traditional review method that refers to in-depth discus-
sion and analysis based onmany manual literature studies or
initial bibliometric analysis to summarize the state-of-the-
art review of a specific domain [33]. However, to obtain a
quantitative and more accurate study of science and tech-
nology, the scientometric analysis should be applied [34].
Scientometric analysis is data-driven and can objectively
identify the laws of the scientific domain. Once the laws are
established, science mapping is performed to show the laws
via a graph [35]. Most of the previous review articles adopted
a qualitative study and focused on the introduction of a
certain aspect according to the experience. (is resulted in
unclear research subjects, uneconomic research content
repetition, and inadequate scientific quantitative sorting.
Although several of the reviews used some specific functions
of measurement, there is an overall lack of follow-up on the
in-depth qualitative analysis. To solve these problems, this
study adopts a combination of quantitative and qualitative
studies, which not only guarantees the objectivity of the
study but also provides a more comprehensive and in-depth
review of 3DP.

To perform a holistic and systematic review, the struc-
ture of this paper is as follows. First, the research meth-
odology is introduced, including quantitative and qualitative
studies. Second, the tool CiteSpace is used to conduct a
science mapping approach and identify the influential
journals and keywords in the domain of 3DP in construction
by the quantitative study. (en, the qualitative study is
addressed from both the technical dimension (processes and

materials) and nontechnical dimension (environmental,
economic, social, and legislative aspects). Finally, conclu-
sions, implications, and limitations are stated. (is study
serves as a summary of scientific insights and directives to
assist researchers and practitioners with understanding
further applications of 3DP in the construction industry,
which not only informs researchers of the latest progress but
also proposes some constraints to the use of 3DP in practical
application.

2. Research Methodology

(e review process begins with a two-step literature review
quantitative study (data collection and visualization). (en,
a qualitative study is conducted from two dimensions
(technical research status and nontechnical challenges and
trends). As shown in Figure 1, these two studies form the
complete review process.

2.1. Quantitative Study

2.1.1. Data Collection. Based on the Web of Science (WOS),
a core collection database comprising the most influential
journals in the world, this study included an advanced search
of journal articles written in English by excluding book
reviews, editorials, and conference papers. (is study was
conducted under the assumption that the most compre-
hensive and high-quality information and reviews in the
field of construction are provided in journal articles [36].
(us, this review only analyzed journal articles. After a
preliminary analysis, the following retrieval codes in the
WOS core set were used:

TS � (”3D print∗” OR “three-dimensional print∗“OR
“additive manufacture∗” OR “rapid prototyping” OR
“digital fabricat∗” OR “digital construct∗” OR “additive
construct∗“) AND SU � (Construction and Building
Technology).

A total of 347 records were retrieved using these codes.
In accordance with the process shown in Figure 1, the
resulting 347 records were further refined. Articles not re-
lated to construction were excluded based on titles, abstracts,
and keywords. After these refinements, 285 records
remained that were published over the last nine years from
2012 to 2020. (is literature sample is illustrated in Figure 2
and ordered by the publication year.

2.1.2. Scientometric Analysis and Visualization. (is study
conducted scientometric analysis and visualization using the
literature sample in an appointed scientific knowledge do-
main according to the science mapping approach [37] via
CiteSpace software. (e science mapping approach is a
process that describes the scientific domains in structured
terms for conceptual, intellectual, and social dimensions and
constructs visual maps. (is study focused on journal
sources and author analyses to identify the most influential
journals utilizing 3DP in construction. A keyword analysis
was also conducted to reveal emerging research interests.
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2.2. Qualitative Study. Based on the prior quantitative
analysis of the literature [38], a follow-up qualitative
analysis was conducted to deeply evaluate the research on
3DP applications in construction. Based on keyword
analysis, the research interests of the qualitative study were
obtained. (e primary purpose of a qualitative study is to
identify current materials and processes.(is part proposes
the technical factors related to the application of 3DP and
theoretically analyzes the research directions of 3DP. (e
challenges and trends that 3DP will encounter in practice in
the construction industry in the future are also discussed
from the economic, environmental, social, and legislative
aspects.
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Figure 2: Literature sample in terms of the year of publication from
2012 to 2020.

Table 1: Previous review literature of 3DPT in construction.

Literature Review contents Review method
Perkins and
Skitmorev [21]

(ree processes (contour crafting, D-Shape, and concrete printing); advantages and
limitations of 3DP Qualitative study

Wu et al. [26] Definition and characteristics of 3DP; history, challenges, and future of 3DP Qualitative study

Labonnote et al. [27] Material science; engineering, building design, and construction market Systematic mapping
study

Bos et al. [25] 3D concrete printing (3DCP) and comparison with other variants; geometry and structure
characteristics of 3DCP; the primary obstacles towards practical Qualitative study

Tay et al. [28] State-of-the-art technologies for 3DP in construction; concrete printing research for future
directions and research gap

Systematic mapping
study

Camacho et al. [22] Processes and materials; potential advancements of 3DP applications in construction;
methods of implementing 3DP Qualitative study

Ghaffar et al., 2018
[29]

Innovation, socioeconomic and environmental impacts, andmaterials feed stocks for 3DP in
construction Qualitative study

Siddika et al. [30] (e technical, socioeconomical, and environmental aspects related to 3DCP; the technology,
guidelines, applications, challenges, and prospects of future research of 3DCP Qualitative study
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3. Scientometric Results and Discussion

(e results of the quantitative study are provided, including
source journals, authors, and keyword analyses. Two
structural metrics were derived, including frequency and
betweenness centrality. (e frequency represents the
number of journals, authors, and keywords that appeared.
(e betweenness centrality is the ratio of the total number of
the shortest paths between two nodes that pass given nodes
to the total number of all shortest paths [38] (hereafter called
centrality), which can be obtained through the processing in
the CiteSpace software. (rough several adjustments made
in advance, the threshold was set as the “Top 50” (the top 50
articles in each time increment were extracted during data
processing to generate the final network) in this study.

3.1. Source Journals. A source journal is defined as the journal
in which an identified article was published [38]. (is study
identified the published articles on 3DP in construction in
source journals that are in line with the statistics of the WOS
core collection database, as shown in Figure 3.

Clearly, four journals, namely Construction and
Building Materials (84 records), Automation in Construc-
tion (54 records), Cement and Concrete Research (33 rec-
ords), and Cement and Concrete Composites (20 records),
published significantly more 3DP related articles than
others. Automation in Construction covers the management
of the entire life cycle of construction, while Construction
and Building Materials is more focused on construction
materials and technologies. Cement and Concrete Research
and Cement and Concrete Composites mainly introduce
research achievements related to cement and concrete. At
present, the research on 3DP mainly focuses on increased
understanding of materials and processes. Construction and
Building Materials has published the most articles in the
literature sample. Because 3DP is a technology based on
digitalization and automation [39], articles from Automa-
tion in Construction also account for a large portion of the
published literature. As the material used in 3DP is mainly
concrete, there have also been some articles published in
Cement and Concrete Research and Cement and Concrete
Composites.

Additionally, Tan is the researcher who has the greatest
number of publications in the field of 3DP in construction in
WOS. And Tan, Weng, and Li et al. jointly published many
articles related to 3DP and achieved a lot of significant
research progress. For example, they studied the effects of
the thixotropic behavior of materials and printing param-
eters on interlayer bond strength [40] and proposed a
synchronized method to significantly improve interlayer
bond strength [41]. (ey studied the effect of nozzle rotation
on material distribution in printed filaments [42] and
simulated material deformation in printed filaments [43].
And a buildability model was proposed for the first time and
verified experimentally [44].

3.2. Keyword Analysis. As a core part of the content of
published studies, keywords can be analyzed to describe the

research interest within a given domain [31, 38]. In this
review, a keyword analysis was conducted to understand the
structural changes in the body of research and identify
current applications of 3DP in construction. (e keyword
term sources in this review were evaluated from the title,
abstract, keywords, and keywords plus. Synonymous key-
words were combined. (e keywords and their relationships
are shown in Figure 4. Note that the node size refers to the
frequency of the keywords in the dataset, and the link be-
tween the nodes represents the cooccurrence of the
keywords.

(e keywords shown in Table 2 were divided into the
technical and nontechnical dimensions according to their
characteristics.

3.2.1. Technical Dimension. 3D printed materials and their
properties are significant research interests. Cementitious
materials are one of the most common building materials at
present [45]. (e keywords related to materials include
concrete, mechanical property, performance, rheological
property, strength, fresh, behavior, extrusion, cementitious
material, geopolymer, thixotropy, hardened property,
compression test, buildability, slag, bone, and interlayer
boning. 3D printed construction materials should have good
mechanical properties to obtain better printability, including
pump ability, extrudability, and buildability [31]. For ex-
ample, the fresh rheological properties of cementitious
materials are crucial to their applicability in 3DP in con-
struction, as these properties can exert a considerable in-
fluence on the pump ability and buildability of the printing
mixture [46]. Liu et al. [47] proposed a hybrid design
method to optimize the rheological properties of printable
materials.

(e research on 3DP processes is another issue that
needs to be addressed. 3DP is also known as AM [1], which is
widely used in the manufacturing industry with different
processes. When applied to the construction industry, the
typically used process is concrete printing. Currently,
structural integrity and anisotropy properties, post-
processing, reinforcement in structures, and printed canti-
lever structures are the key problems in the process aspect
that need to be addressed.

3.2.2. Nontechnical Dimension. (e construction group
comprises the keywords construction, design, digital fab-
rication, automated construction, and fabrication. Digital
fabrication is an innovative technology that can help to
expand the boundaries of construction [48]. 3DP is an at-
tempt to implement digital fabrication in practice. It can
serve as a support technology to provide a better under-
standing of design and construction during the design phase
when combined with building information modelling (BIM)
[49], which is defined as a shared knowledge resource of
facility information that provides a solid basis for decision-
making over the life cycle. Weng et al. [50] explored the
method of 3DP automatic path design, which realized the
integration of 3DP and BIM. (e printing path is auto-
matically designed after obtaining information from BIM.
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(e construction industry has a considerable environmental
impact in the world. As an innovative process, 3DP is
considered to have huge potential to overcome some of the
problems associated with traditional construction [51].
However, there are still some challenges associated with the
incorporation of 3DP from the sustainability and legislative
perspectives. To apply 3DP in construction, sustainability
and legislative applicability must be achieved.

4. Technical Research Status

After a preliminary understanding of the influential journals
was reached, the three main interests from the aspects of
materials, processes, and construction were extracted from
the keywords. An in-depth qualitative analysis was under-
taken to summarize the previous research that mainly fo-
cused on 3DP materials and processes.

4.1.Materials. Currently, most of the materials used for 3DP
are cementitious materials, polymer materials, and metal

materials [20, 23]. (e advantages, limitations, and appli-
cations of these three materials are provided in Table 3.

In the construction industry, various materials are often
combined, such as steel and concrete. Because the perfor-
mance of many materials has individual characteristics, the
structure of the building should have several characteristics
to be able to support the designed load. New cementitious
and metal materials developed for 3DP applications may
utilize traditional materials or may develop entirely new
materials. At present, many new materials have been de-
veloped, such as sustainable cement-based composites [52],
sustainable magnesium potassium phosphate cement paste
[53], and geopolymer composites [54]. In the future, inte-
grating different material properties [55] and adopting
multiple methods for material improvement will be one of
the research emphases. In one approach, the properties of
materials and processes complement each other. To improve
the process properties, the material properties should be
improved as much as possible. In the other approaches,
researchers introduce and evaluate new materials in new

Figure 4: Visualization of keywords based on cooccurrence network.

Construction and
building materials

Automation in
construction

Cement and
concrete research

Cement concrete
composites

Buildings

Building and
environment

Journal of building
engineering

Advances in civil
engineering

Indoor air

Materials and
structures

Others
�e number of papers

Figure 3: Source journals conforming with the statistics of the WOS core collection database.
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applications. For example, Weng et al. [56] studied a 3D
printable fiber-reinforced cementing composite for large-
scale printing and verified its printability and fire resistance
at high temperatures. (e ability to finely tune materials
according to the requirements of each application will de-
termine the success of 3DP in construction and will require
the utilization of multiple materials within a single printing
process to create material property gradients [20].

4.2. Processes. Contour crafting (CC) [2, 21, 57], D-shape
[2, 21, 57], concrete printing [2, 21, 58], and shotcrete 3D
printing [59–61] are the primary processes for large-scale
structural 3DP.(e current state of the art of these processes
is shown in Table 4.

Originally, 3DP was designed to produce low-volume,
small, complex products and was known as rapid proto-
typing [26]. Rapid prototyping has, thus far, only been used
within the architectural fields to produce complex scale
models of buildings [10, 62]. Over the years, several large-

scale 3DP construction and applications have been devel-
oped based on the principle of rapid manufacturing, which
provides construction automation, maximum design free-
dom, and the potential to build additional functions into the
structure [63]. For example, Zhang et al. [64] proposed a
3DP system, which used multiple mobile robots to carry out
large-scale and parallel 3DP on concrete structures. Lim
et al. [65] used a new adaptive membrane template for 3DP,
which demonstrates great potential for the 3DP of non-
developable curved panels. Although there are many ex-
amples of 3DP at present, there are still many practical
challenges to be solved. (e identification and evaluation of
these challenges will form themain research directions in the
future. In large-scale in-situ construction projects, owing to
the processing of a large filament cross section and high
printing speed, many issues related to the printing process
must be addressed. Such issues include configuration of the
printing head, determination of the printer kinematics, and
the printing strategy itself [39]. Tay et al. [28] suggested that
the ultimate hardened printing product and mechanical

Table 3: Current state of the art of materials.

Materials Benefits Limitations Applications

Cementitious
materials

Mass customization Layer-by-layer appearance

Infrastructure and construction

No formwork required Anisotropic mechanical properties

Less labor required

Poor interlayer adhesion
Limited building size

Limited number of printing methods
Limited customized concrete mixture design

Polymer materials

Fast prototyping Poor and anisotropic mechanical properties

Infrastructure and constructionMass customization
Limited selection of polymersHigh economic efficiency

Complex structures

Metal materials

Multifunctional optimization Dimensional inaccuracy and poor surface finish

Medium-scale components
Mass customization Additional postprocessing

Improved material utilization
Limited selection of alloysFewer assembly components

In-situ repair

Table 2: Keywords ranked according to frequency and centrality.

Keywords Frequency Keywords Centrality
Construction 94 Automated construction 0.35
3D printing 91 BIM 0.32
Concrete 77 Design 0.31
Mechanical property 55 Cementitious material 0.29
Performance 52 Hardened property 0.24
Additive manufacturing 52 Fabrication 0.22
Design 49 Mechanical property 0.21
Digital fabrication 47 Behavior 0.21
Rheological property 44 Compression test 0.21
Strength 43 Buildability 0.20
Fresh 41 Slag 0.20
Behavior 37 Construction 0.19
Extrusion 36 Digital fabrication 0.19
3D concrete printing 33 Performance 0.18
Cementitious material 30 Additive manufacturing 0.18
Geopolymer 30 Bone 0.16
(ixotropy 27 Interlayer boning 0.16
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behavior of the process are the key future research
directions.

5. Nontechnical Challenges and Trends

Further research on the application of 3DP in construction is
still required; however, many research challenges exist, and
further experiments need to be conducted. (ere are also
many potential applications in the future. Nontechnical
challenges and trends are mainly expounded from the
economic, environmental, social, and legislative
perspectives.

5.1. Economic Challenges and Trends

5.1.1. Mass Customization. Ngo et al. [3] suggested that
mass customization is the main advantage of 3DP in con-
struction. However, the demand for mass customization is
still insufficient in construction [26]. Owing to the char-
acteristics of fixity and the diversity of available construction
products, the construction industry has always been
regarded with a low degree of customization [26]. A decrease
in the cost of printing will help the technology have a place in
practical applications. Compared with the mass custom-
ization of building components, personalized customization
of full-size buildings will have more development prospects.

3DP has huge design potential and could be used to con-
struct buildings that require complex shapes [66] or are in
special environments, such as the components of lunar
outposts [67]. In the future, with the popularization of this
technology, private consumers could also customize their
own houses. 3DP also has great development potential in the
field of personalized interior decoration.

5.1.2. Financial Performance over the Life Cycle. Cost is one
of the challenges of 3DP in construction. However, it is
unclear whether 3DP will lead to a cost increase or re-
duction. (e cost increase associated with using 3DP as
compared to traditional technology mainly involves two
conditions. (e first condition is the time cost. To obtain
better surface finish quality, more time is required, thus
increasing the time cost. (e second condition is the op-
timization cost. Any optimization process will increase the
cost via additional design work, and the structure may
become unnecessarily complex [16]. However, from the
perspective of cost structure, the three most recognized costs
in construction are materials, manpower, and facilities. 3DP
will reduce construction costs owing to its automation
process, which reduces the labor demand and labor cost
[26, 32]. Moreover, 3DP can reduce the costs associated with
site optimization and remedial work, and the price of 3D
printers has also dropped. (erefore, to measure whether

Table 4: Current state of the art of 3DP processes.

Processes Originators Characteristics Advantages Limitations

Contour
crafting

Dr. Khoshnevis of the
University of Southern

California

Extrusion-based Good surface quality of printed
components Limited vertical extrusion;

Crane-mounted Improved manufacturing
efficiency (e complexity of the initial

formwork and trowel system. (e
limitation of the object size and

shape

On-site
A wide selection of materialsPrint resolution with

13mm

D-shape Enrico Dini

Powder-based Any materials that resemble sand
can be used;

Signal material type

Gantry-based Little waste is produced;
Off-site (on-site under
appropriate amount of

modification)

Slight processing is required in
production;

Print resolution with
4–6mm

(e final products can be
resembled natural stones

Concrete
printing

(e research team of the
Loughborough
University

Extrusion-based Optimization of material
utilization and site work

Additional deposition equipment
causing extra operation

Gantry-based Production of neoteric internal
and external finishes

A secondary support structure
needs to be removed during

postprocessing

Off-site (on-site under
appropriate amount of

modification)

Reduction in the details of the
working interface where expensive

remediation is needed
Print resolution with

4–6mm
Provision of greater design

freedom

Shotcrete
3D printing

Technische Universität Spray-based An easier approach in vertical and
overhead construction;

Low dimensional accuracy of
sprayed profiles

Braunschweig

Gantry-based Good adherence of the sprayed
material with a certain thickness
on vertical and overhead substrates

Irregular cross sections of the
sprayed structure

Off-site
Print resolution with

5mm
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3DP can reduce costs, it is necessary to evaluate the financial
performance of construction products in the whole life cycle
[28]. To assess the life cycle cost of 3DP in raw materials and
printing systems [16, 26], further empirical research is re-
quired to determine how to select theoretically efficient and
economical technologies [26, 32]. Weng et al. [68] per-
formed a comparative study of economic cost via extrusion-
based 3DP and a precast approach, which revealed that it
could significantly reduce the overall cost.

5.2. Environmental Challenges and Trends. Although a few
studies have clearly pointed out that 3DP can improve the
environment [30], studies on the impact of 3DP on the en-
vironment are insufficient. It is necessary to evaluate the
selection of environmental indicators in the application of any
new technology. For example, indicators such as energy
consumption, carbon emissions, and the use and production
of toxic substances [69] are selected for evaluation. One of the
future research trends is using life cycle assessment (LCA) to
evaluate the environmental impact of 3DP. LCA is an ap-
proach that helps decision makers choose a particular scheme
among several options based on various environmental
performance indicators and provides a reference for decision
makers to design and optimize schemes [70]. LCA is one of
the most widely used tools for building environment as-
sessment [71]. For example, Alhumayani et al. [72] used LCA
to explore the environmental impact of different building
materials and processes in large-scale 3DP construction. Han
et al. [73] attempted to use LCA to assess the environmental
impact and economic benefits of recycled 3DP buildings.

As an evaluation method, LCA involves the collection,
processing, and analysis of massive amounts of data, which is
time-consuming and laborious. (erefore, information
software tools, such as BIM, are required to support LCA.
BIM is a construction management method based on the life
cycle with a wide range of stages, including planning and
scheduling [30]. BIM is typically used for 3D visualization
[74, 75], such as the maintenance and conservation man-
agement of the built heritage [76]. Currently, relevant re-
search has been performed on the building environmental
impact assessment method called BIM-LCA, and the eval-
uation of the impact of 3DP on the environment has shown
that it can improve efficiency and accuracy.

5.3. Social Challenges and Trends

5.3.1. Health and Safety. One of the challenges of applying
3DP in construction is effective management of emissions
because there is potential hazard associated with construction
personnel’s health and safety. In theory, there are many sim-
ilarities between construction andmanufacturing industry. 3DP
uses fewer resources and materials to produce less waste, but it
also creates new potential hazards. (ese hazards mainly in-
clude the discharge of harmful substances, which can cause
harm to human health and the environment, and their impacts
on the final products are unknown. Additionally, 3DP uses
different materials than traditional construction, and new
materials are constantly in development. It is impossible to

determine whether these unconventional materials are toxic or
cause various occupational health problems [69]. In practice,
future practitioners who want to promote 3DP should continue
to study the health and safety implications. Two aspects should
be studied. (e first is the identification of potential impacts to
the raw materials used in the printing process and the final
product.(e second is the development of consistent health and
safety standards, such as emission and toxicological contact
control methods [77].

5.3.2. Sustainable Employment. (econstruction industry has
a great influence on the national economy and provides many
employment opportunities [5]. New technologies tend to create
new jobs [78]; however, the implementation of 3DP in con-
struction will potentially affect basic manual tasks [5]. Labor
force participation rates are expected to fall as these jobs are
replaced by automation. Studies have shown that 3DPmay lead
to a reduction in employment opportunities unless workers can
find a way to remain relevant with the new technology [28]. In
addition, as technology makes jobs more specialized, the
number of low-skilled workers is likely to decline while the
number of professional workers increases. (erefore, how to
achieve sustainable employment is a key issue. On the one hand,
existing employees working with traditional methods could be
retrained to reduce unemployment. On the other hand, new
employment opportunities can be provided for relevant tech-
nical personnel, such as programming.

5.4. Legislative Challenges and Trends

5.4.1. Intellectual Property. Despite its potential advantages,
3DP has not yet reached its full capacity in the construction
industry. 3DP is not a technology that can fully replace tra-
ditional buildingmethods, at least for now. Legislation is always
behind innovation. While many researchers and companies are
reaping the benefits of 3DP, there is another group of people
who are struggling with intellectual property protection. (is
hinders the application of 3DP in the construction industry
[79]. As mentioned earlier, the task of developing a uniform
3DP standard is challenging because of the diversity of printers,
materials, and processes. From an intellectual property per-
spective, there are laws and regulations that protect new in-
ventions and inventors. However, the advent of 3DP, which has
spawned a 3DP market and downloadable open-source proj-
ects, is a challenge to intellectual property. Fundamental
changes may arise in the way of patent application and pro-
tection because of the emergency of 3DP. One of the future
research directions will be the establishment of intellectual
property protection principles for 3D design models. For ex-
ample, researchers could embed information in the spectrum
and internal structures to encrypt it [80].

5.4.2. Construction Standards. Although 3DP is widely used
in several industries, its application in architectural fields is
still in the preliminary conceptual stage. (ere are no
standardized building principles or examples, which is one
of the challenges facing 3DP [16]. Currently, there are
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numerous materials, equipment, and processes, but no clear
requirements for materials, processes, calibration, tests, and
document format standards. In the long run, this is not
conducive to the quality assurance of 3DP products. For
example, parts printed using certain grades of materials may
lack the ability to resist environmental impacts and fail
under high stress [29]. Furthermore, inadequate online
detection in the printing process [81] requires further re-
search.(erefore, it is necessary to create a full-scale series of
design criteria, construction guidelines, and standard
practices for 3DP in construction [80], which would reflect
industry knowledge, help stimulate research, and promote
implementation. In the future, the establishment of material
standards, manufacturing processes, and structural designs
will be essential before printed components can be used in
buildings and the construction industry [14].

Additionally, the situation of the 3DP construction
project is complicated and the shape is unique, so the
preparation of tendering documents for the project needs
more consideration. Traditional tendering mode may no
longer be applicable to 3DP construction projects, and BIM-
based tendering mode will become the development di-
rection in the future. BIM has the characteristic of visibility,
coordination, simulation, and optimization, which can re-
duce errors, save time, improve efficiency, and conduct
dynamic supervision. Tenderers can make use of the BIM
model provided by the tenderee to prepare the construction
plan and construction organization design of the tender offer
in a short time, which can reduce the communication barrier
between the tenderee and the tenderer to a certain extent and
reduce the difficulty of manual operation and cost

expenditure. However, the BIM-based tendering mode also
has some problems, such as the incomplete existing software
system and the lack of data platform construction. In the
future, with the continuous development of 3DP, the
compatibility and accuracy of BIM software should be
further improved, and a tendering database platform should
be established.

(e proposed framework of the near-future directions of
3DP in construction is shown in Figure 5.

6. Conclusions

(is study employed a holistic review process, including a
quantitative and qualitative study. Source journals, author
analysis, and keyword analysis were included in the quan-
titative study. (e journal with the most articles published
among the included journals was Construction and Building
Materials, while Automation in Construction was the most
cited journal. And the researcher Tan was found to have
published the largest number of papers. (e keywords were
divided into technical dimensions (materials and processes)
and nontechnical dimensions (such as design). (e quali-
tative study was conducted on technical and nontechnical
dimensions. Two aspects of technical research status were
presented, including materials (cementitious materials,
polymer materials, and metal materials) and processes
(contour crafting, D-shape, concrete printing, and shotcrete
3D printing). In addition, nontechnical challenges and
trends were proposed from economic (mass customization,
financial performance over the life cycle), environmental
(LCA and BIM), social (health and safety, sustainable

Current research 
areas

Research 
themes Research trends

Cementitious materials;
Polymer materials;

Metal materials
Materials

Developing environmentally friendly materials;
Integrating different material properties;

Creating material property gradients

Contour cra�ing;
D-shape;

Concrete printing
Processes

Configuring the printhead and printing strategy;
Ultimate hardened printing product, mechanical 

behavior, and structural issues in the process

Mass customization;
Financial performance 

over the life cycle

Personalized customization of full-size buildings;
Overall financial performance evaluation method

Life cycle assessment 
(LCA) and BIM

Environmental 
perspective

Using BIM-LCA method to evaluate impact on 
environment

Social 
perspective

Detection of potential impact on the raw materials 
used in the printing process and the final product;

Retraining the existing employees and introducing 
technical personnel

Health and safety;
Sustainable 
employment

Intellectual property;
Construction standards

Legislative 
perspective

Establishing the intellectual property protection 
principles of 3D design models;

Creating full-scale series of design criterion, 
construction guidelines, and standardization of 

practicing 3DP in construction

Economic 
perspective

Figure 5: Framework for the future development of 3DP in construction.
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employment), and legislative (intellectual property, con-
struction standards) aspects.

For theoretical implications, this study establishes a
theoretical framework for future development based on
current research areas, research themes, and research trends,
which provides valuable information to researchers on how
to assess the application degree, application necessity, and
development direction. (is study offers scientific insights
and directives to researchers, deepens the understandings of
the current technical research status, and fills in the gap of
nontechnical challenges. In consideration of the practical
implications, this study provides references for practitioners
on existing processes, materials, and further application
trends of 3DP in construction and improves the preparation
of practitioners prior to application.

As the data in the WOS database were the sole source for
the research information, the results may be affected by the
inherent nature of the publications included in the data set.
Additionally, some types of academic publications, such as
books or conference papers, were not included due to
software limitations. For the development of 3DP in con-
struction, a more comprehensive and in-depth discussion is
required, such as research from the perspective of
sustainability.
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+is paper presents an experimental and numerical investigation on the flexural behavior of unbonded prestressed concrete (PC) T
bridge girders.+ree unbonded PC T bridge girders with different prestress degrees spanning 3mwere selected to perform four-point
bending tests and then determine the flexural performance. Flexural capacity, crack development and failure mode, load-deflection
curves, strain in longitudinal rebars, and stress in prestressing strands of unbonded PC T bridge girders are experimentally analyzed.
Subsequently, three-dimensional finite element (FE)models are built and validated by experiments to investigate the effect of different
design parameters on flexural behavior of bridge girders. Results generated from experiment and numerical studies show that the
flexural destruction behavior in unbonded PCT bridge girders experiences elastic, elastic-plastic, and ductility stages, similar to that of
PC T bridge girders. +e prestress degree and load location have significant influence on the destruction process in unbonded PC T
bridge girders. A lower effective prestress degree can reduce the distribution range in cracks and also increase the width of cracks.
Stress in prestressing strands under anchor increases rapidly after concrete presents obvious cracks, and the fracture area within
prestressing strands increases with the elevation of prestress degree. +e aim of this study is to provide a reference for the design and
practical application of unbonded PC T bridge girders.

1. Introduction

Unbonded prestressed concrete (PC) bridge girders belong
to post-tensioned concrete girders with prominent char-
acteristic applying prestress mainly dependent on anchors
and also little friction between prestressing strands and
concrete. Unbonded PC bridge girders present many ad-
vantages, namely, convenience to stretch, lower cross-sec-
tional height, reducing friction loss of prestress, preventing
rust of strands after concrete crack, and avoiding the quality
problem caused by grouting. +erefore, unbonded PC
bridge girders have a wide application prospect and value
during the construction of medium- and small-span bridges
and the reinforcement of old bridges.

In the past few decades, some experiment and numerical
studies have been performed to investigate flexural behavior
in unbounded PC beams. Peng et al. [1] proposed calculation
methods on flexural capacity of unbonded PC concrete

members together with ultimate stress of unbonded pre-
stressing strands. Moreira et al. [2] undertook a finite ele-
ment (FE) simulation of unbonded PC beams and then
developed a convergence method of Newton-Raphson
scheme. Páez and Sensale [3] presented an analysis approach
on over time of unbonded PC beams and then improved the
formulas of calculating loss in prestress. Lazzari et al. [4] put
forward suggestions of design procedures in bonded and
unbonded PC flexural members. Li et al. [5] studied bending
performance of unbonded PC beams with basalt fiber and
reclaimed aggregate by experiments and established the
formulas of calculating the flexural capacity and maximum
crack width in unbonded PC beams. Kim et al. [6] evaluated
flexural performance of post-tensioned PC beams with
2400MPa of high-strength strands dependent on eleven test
specimens, and results showed that design criteria provided
from ACI 318 [7] and AASHTO [8] underestimated increase
of stress in high-strength strands. Bonopera et al. [9]
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performed an experiment on PC I-shaped beam using a
parabolic unbounded tendon and then confirmed the fun-
damental frequency was not adapt to predict prestress loss.
Because the strain of unbonded prestressing strands is
uniformly distributed along the girder length, unbonded
prestressing strands often fail to completely reach the ul-
timate strength when the girder is destroyed. And the code
standards of ACI, JGJ, and DIN emphasized the necessity of
calculating the flexural strength in unbonded PC structures.
However, most of the studies focused on rectangular- or
box-section beams, and less information on T girders
[10, 11]. Further, limited studies have focused on flexural
behavior, including flexural capacity, failure mode, load-
deflection, and stress in prestressing strands of unbounded
PC T bridge girders with different prestress degrees.

+is study aims to investigate the flexural behavior of
unbonded PC T bridge girders with different prestress de-
gree counting on experimental and numerical studies. First,
the ultimate flexural capacity and failure mechanism of
unbonded PC T bridge girders are investigated through the
load-to-destruction test. Second, FE models used to verify
experiments are applied to analyze factors affecting the
flexural capacity of unbounded PC T bridge girders. Finally,
some recommendations for the design and practical ap-
plication of unbonded PC T bridge girders are provided to
engineers and designers.

2. Experimental Program

To investigate the flexural behavior of unbonded PC T
bridge girders, three unbonded PC Tgirders, herein referred
to as SP-A, SP-B and SP-C, were prepared and tested.

2.1. Test Specimens. According to the principle of equivalent
stiffness, three scaled experimental specimens are designed
based on a selected T bridge girder with span of 20m.
Traverse and longitudinal sections of specimens are shown
in Figure 1. +e total length and clear span of specimens are
3300mm and 3000mm, respectively. +e height and width
of cross-section are all 600mm. +e height and thickness of
the web are 420mm and 240mm, respectively. +e design of
strength in concrete is 40MPa. +e prestressing strands are
made of 3× 7As15.2 using tensile strength of 1860MPa. +e
tensile strength of rebars and stirrup is 400MPa and
300MPa, respectively. +e prestressing strands with dif-
ferent prestress degree (25.6%, 10.3%) are tensioned after 28
days of concrete casting. Herein, the prestress degree can be
defined as the ratio of tensile stress to design stress. +e
fabrication procedure is shown in Figure 2.

2.2.Material Properties. +ematerial properties in concrete,
rebars, and prestressing strands were examined using uni-
versal testing machines, as shown in Table 1.

2.3. Test Equipment and Procedure. +e four-point bending
test was carried out to investigate the flexural behavior of
unbonded PC T bridge girders. Specimens were simply

supported at both ends, and pressure testing machine with
measurement range of 2000 kN was selected to provide the
test load. +e load was implemented through a load dis-
tributing beam supported at two load-acting points on the
test girders. Herein, the distance between the load-acting
points in SP-A, SP-B, and SP-C was 500mm, 750mm, and
500mm, respectively. A pressure sensor was placed between
pressure testing machine and load distributing beam to
record the enforced loading. Displacement meters were
installed at the mid-span and quarter-span to record the
deflection, as shown in Figure 3. +e design testing pa-
rameters in SP-A, SP-B, and SP-C are summarized in
Table 2.

+e loading process was divided into two stages: pre-
loading and formal loading. Preloading of 50 kN with in-
terval of 30min was implemented to eliminate the gap
between the servo loading system and the test girders. At the
formal loading stage, the load increased by a level of 50 kN
each time until the mid-span deflection reached 50mm;
thereafter, the load step size became smaller increased by a
level of 20 kN each time until structure was thrown into
failure. At each level of loading, the deflection of test girders
and the strain in rebars were automatically recorded de-
pendent on displacement meter and strain gauges, respec-
tively. Stress in prestressing strands was obtained by
recording the deformation of pressure sensor. +e ap-
pearance and propagation of concrete cracking and the
development in crack width, detailedly observed and
recorded, were utilized to analyze the development law of
crack in unbonded PC T bridge girder under different
prestress degree and load conditions.

3. Experimental Results

Flexural capacity, crack development, failure mode, load-
deflection curves, strain in longitudinal rebars, and stress in
prestressing strands are used to investigate flexural behavior
of unbonded PC bridge girders.

3.1. Flexural Capacity. Visual observations along with test
recording were made during and following loading tests to
capture significant changes in unbonded PC T bridge
girders. +ese observations, together with recorded load
value and mid-span deflections, were utilized to acquire
flexural capacity and failure mode in unbonded PC T
bridge girders. +e flexural capacity in SP-A, SP-B, and
SP-C, dependent on experiments, is 500 kN·m, 506 kN·m,
and 468.75 kN·m, respectively. +e flexural capacity of SP-
C is significantly lower than that of SP-A and B; this is due
to the fact that low prestress degree cannot entirely
contribute the power of prestressing strands when con-
crete is completely crushed in large deformation. +ere-
fore, the flexural capacity in unbonded PC bridge girders
is influenced by different prestress degree, as shown in
Table 3.

3.2. Crack Development and Failure Mode. +e initiation
and development of cracks in SP-A, SP-B, and SP-C are
shown in Figure 4. Herein, the numbers next to crack
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represent loading grade. Further, the numbers at the
bottom of girder indicate the spacing in main cracks and
the distribution zone of all cracks. +e initiation and de-
velopment process of cracks on both sides in the tested
girders are highly consistent, which is different from box
girders. +is is due to the fact that mechanical behavior in
two web of box girders may be not symmetric during
loading process.

For SP-A, a small clicking sound was emitted when the
specimen was loaded to 200 kN; simultaneously, two tiny
vertical cracks initially appeared within web bottom of the
pure bending region. As the load continued to increase, the
initial cracks continued to expand and extend. When some
oblique cracks began to appear on the web, the two initial
tiny cracks had extended towards the loading point. SP-A
continued to be loaded to 750 kN; concrete between the two
loading points on top flange began to crack and then be
slightly crushed. In the process of the load increased to
800 kN, SP-A gradually failed following concrete crushing
and stripping between the loading points, as shown in
Figure 4(a). For SP-B, an initial tiny crack occurred under a
load of 230 kN. +ereafter, some oblique cracks developed
between the supports and loading points under a load of
about 400 kN.When the load reached 800 kN, multiple main
cracks extended to top flange. Flexural cracks continued to
propagate until the failure in the girders occurred, while
concrete in top flange crumbled slightly. For SP-C, two
initial tiny cracks occurred under loading 150 kN. Contin-
ued to be loading, the main cracks gradually extended to top
flange. When the load reached 750 kN, SP-C exhibited

flexural failure, and concrete in top flange was severely
striped off.

+e crack distribution features in SP-A, SP-B, and SP-C
were various under different prestress degree and load
conditions. +e crack distribution of SP-A was in the range
of 1700mm at mid-span. Herein, four main cracks were
found on the surface with spacing of 210mm, 290mm, and
150mm, respectively. +e distribution range of fracture in
SP-B was wide that could reach 1900mm, and five main
cracks were generated uniformly in the range of 190mm to
250mm. Due to the lower prestress degree in SP-C, the main
cracks develop rapidly and the damage was concentrated in a
slightly small range with 1600mm.

Figure 5 describes the development process of the main
crack width in specimens, where the normalized load ca-
pacity can be defined as a ratio of load applied to ultimate
flexural capacity. Cracks rarely occur on specimens in the
elastic stage, while the critical point of cracking is between
0.20 and 0.28 in specimens. +en, as the load increases, the
crack width increases to 0.3mm. +is crack width has
reached limit state as per provisions from AASHTO [12].
+e corresponding normalized load capacity in SP-A and

Table 1: Properties of concrete, rebar, and prestressing strand.

Symbol Material Ec (Ep) (MPa) fcu (MPa) fy (MPa) fu (fp) (MPa)
C40 Concrete 3.25×104 45.41 — —
A8 Rebar 2.10×105 — 334.34 445.48
B12, B14, B16 2.01× 105 — 421.7 589.60
7As15.2 Prestressing strand 1.95×105 — 1860 1920

2000kN pressure testing machine

Counter-force rack

Load distributing beam

Pressure sensor

Support
Displacement meter

Support

Test girder

Figure 3: Test setup and servo loading system.

Table 2: Design testing parameters in SP-A, SP-B, and SP-C.

Specimens Load spacing (mm) Pretension (kN)
SP-A 500 200
SP-B 750 200
SP-C 500 80
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SP-B is between 0.50 and 0.55, which meets the require-
ment of ultimate state under normal serviceability [13]. As
the load continues to increase, the development of main
crack width in SP-B is slower as compared to SP-A and SP-
C. +erefore, the cracks development of specimens indi-
cates that high prestress degree and large load spacing can
delay the propagation of main cracks in flexural zone of the
girder.

3.3. Load-Deflection Curves. Figure 6 shows the load-de-
flection curves of SP-A, SP-B, and SP-C at the mid-span,
which can be divided into four stages, namely, the elastic
stage, the elastic-plastic stage, the ductility stage, and the
unloading stage.

For SP-A, the mid-span deflection exhibits a linear re-
lation with increasing loads in the elastic stage. SP-A enters
elastic-plastic stage when the load is applied up to 200 kN
(25% of the maximum load).+e stiffness presents an obvious
variety after concrete cracking, as shown in Figure 6(a). +e
maximumdeflection can reach 10mm(L/300) in this stage. In
the ductility stage, mid-span deflection increases rapidly due
to degradation of flexural stiffness. Finally, when the load
reaches 800 kN, the mid-span deflection is 62mm (more than
L/50).+en, SP-A is regarded as failure, which exhibits ductile
failure [14]. After unloading, the residual deflection is 46mm,
presenting a good ductility and deformation recovery
capability.

+e load-deflection curves of SP-B and SP-C are similar
to that of SP-A, as shown in Figures 6(b)∼6(c). In the be-
ginning, the load-deflection curves in SP-B and SP-C present
linear states before cracking loads of 250 kN and 150 kN
(28% and 20% of the maximum load), respectively. When
the load exceeds 450 kN for SP-B and 350 kN for SP-C, SP-B
and SP-C enter the ductility stage. Subsequently, the max-
imum mid-span deflection is 58mm in SP-B and 64mm in
SP-C. After unloading, the residual deflection in SP-B and
SP-C is 43mm and 52mm, respectively.

+e load-deflection curves in SP-A, SP-B, and SP-C, with
similar trend at the initial loading stage, present an obviously
different tendency towards the final stage of loading, as shown in
Figure 6(d). +ese curves, indicating high prestress degree
within a specific range, can effectively improve the flexural ri-
gidity after concrete cracking in unbonded PC T bridge girders.

3.4. Strain in Longitudinal Rebars. Taking SP-A as an ex-
ample, strain in longitudinal rebars varying with loads is
shown in Figure 7. A-1 is located in top flange, and also A-2,
A-3, and A-4 are located in web top, web middle, and web
bottom, respectively.

It can be seen from Figure 7 that strains in longitudinal
rebars, except A-4, are small when the applied loading is less
than cracking loads. As the load continues to increase, the
longitudinal rebars in top flange present negative strain due
to compression. When the load increases to 400 kN, the
strain of rebars in A-4 is 2040 με. When the load is up to
800 kN, the rebar in A-1 reaches yield and the negative strain
is 2460 με, with concrete being severely crushed.

3.5. Stress in Prestressing Strands. +e stress in unbonded
prestressing strands is assumed to be uniformly distributed
along the girder and can reflect the flexural behavior of
unbonded PC T bridge girders. Herein, the micro-strain in
pressure sensor can be measured by instrument, and the
stress in prestressing strands can be calculated by

P � Δε × k,

σ � P/Ap,

⎧⎨

⎩ (1)

where P is the tension in prestressing strands, △ε is the
micro-strain in pressure sensor, k is the calibration pa-
rameter of pressure sensor with 1.2698, 1.2559, and 1.2903 in
SP-A, SP-B, and SP-C, respectively, Ap is the area of pre-
stressing strands, and σ is the stress in prestressing strands.

+e load-stress curves in prestressing strands of SP-A,
SP-B, and SP-C are shown in Figure 8. +e change of stress
in prestressing strands is tiny at the early loading stage with
small deflection of bridge girders simultaneously. After the
yield point, stress in prestressing strands increases rapidly
due to the large bending deflection of bridge girders; herein
the change of stress in SP-C is significant. +e stress in
prestressing strands of SP-A, SP-B, and SP-C is 1414.4MPa,
1396.4MPa, and 1658.9MPa, respectively. +is difference is
mainly due to the fact that SP-C presents the lowest prestress
degree and the largest mid-span deflection. +erefore, the
stress in prestressing strands is mainly related to the bending
deflection of bridge girders.

After tests, prestressing strands, difficultly pulled out
from the tube, were found that some strands had been
fractured, as shown in Figure 9.+e fracture ratios of strands
in SP-A, SP-B, and SP-C are 57.1%, 42.8%, and 9.5%, re-
spectively. Wherein, considering the initial stress, the ulti-
mate tensile stress of prestressing strands in SP-A, SP-B, and
SP-C is 1890.4MPa, 1872.6MPa, and 1849.3MPa, respec-
tively, which is lower than the tested tensile strength of
1920MPa.+is is due to the fact that prestressing strands are
not completely perpendicular to anchorage port and also the
tensioning of three strands is uneven in one specimen.
+erefore, during the prefabrication of unbonded PC bridge
girders, multiple unbonded prestressing strands should be

Table 3: Summary of test results.

Specimen Prestress degree
(%)

Cracking load
(kN)

Maximum load
(kN)

Flexural capacity
(kN·m)

Maximum mid-span
deflection (mm)

Residual deflection
(mm)

SP-A 25.6 200 800 500 62 46
SP-B 25.6 230 880 506 58 43
SP-C 10.3 150 750 468.75 64 52
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Figure 4: Crack pattern in SP-A, SP-B, and SP-C (×10 kN). (a) SP-A. (b) SP-B. (c) SP-C.

Ductility stage

Elastic-plastic stage

Cr
ac

k 
w

id
th

 (μ
m

)

Elastic stage

0.
20

0.
25

0.
30

0.
35

0.
40

0.
45

0.
50

0.
55

0
100
200
300
400

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.00.0
Normalized load capacity

SP-A
SP-B
SP-C

Figure 5: Crack width and normalized loading capacity.

6 Advances in Civil Engineering



simultaneously tensioned and perpendicular to anchorage
port, preventing the fracture of prestressing strands.

4. Numerical Studies

A three-dimensional finite element (FE) model, taking into
account material and geometric nonlinearity, is established
using ANSYS to further investigate the flexural behavior of
unbonded PC T bridge girders.

4.1. FiniteElementModel. As shown in Figure 10, concrete is
modeled with SOLID65; rebars and prestressing stands are
modeled with LINK8. Cushions and supports are modeled
with thick rigid units of SOLID185. +e bond condition
between rebars and concrete is established by constraint
equation. Further, the constraint of prestressing strands in
the z direction is released, except at the both ends, so as to

consider the unbonded action. Same nodes are utilized to
simulate the perfectly bonded behavior between support
and bottom surface of bridge girder, and this method is
also applicable to cushion and top surface of bridge girder.
Unbonded PC T bridge girders are simulated under the
same conditions as the experimental tests.

4.2. Analysis Details. +e numerical studies in concrete are
realized through MELAS model. Herein, the stress-strain
relation is provided dependent on a traditional Hognestad
model [15]. +e numerical studies in rebars and prestressing
strands are performed using BKIN model, wherein the
stress-strain relation of them is applied utilizing an ideal
elastic-plastic model [16].

+e above FE model is adopted to simulate the flexural
behavior of unbonded PC T bridge girders.+e load, applied
on the cushion, is utilized to simulate uniform loads. An
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Figure 6: Load-deflection curves. (a) SP-A. (b) SP-B. (c) SP-C. (d) SP-A, SP-B, and SP-C.
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automatic time step together with load substeps in range of
50–120 is employed to perform the nonlinear analysis. +e
convergence norm of forces, 0.05, is used to attain an ef-
fective solution.

5. Model Validation

+e predictions of flexural behavior from FE models are
compared with the results generated from flexural ex-
periments on specimens to verify the effectiveness of
numerical analysis. Figure 11 shows the comparison of

load-deflection curve generated from tests and numerical
analysis, wherein the load-deflection curves of tests are in
good agreement with that of numerical analysis, and the
error between the test results and FE model is less than
1%. In the later ductility stage, the slope of load-deflection
curves obtained by numerical analysis is slightly larger
than that obtained by experimental. +is is mainly due to
the fact that the prefabrication of model girder is chal-
lenging to meet the ideal state. As shown in Figure 12, the
distribution, development, and location of cracks and the
crushed state of concrete in compression zone generated
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(a) (b)

(c)

Figure 9: Fracture in prestressing strands. (a) SP-A. (b) SP-B. (c) SP-C.
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from tests are in good agreement with the numerical
analysis results. +erefore, the developed FE models can
accurately simulate the flexural behavior of unbonded PC
T bridge girders.

6. Parametric Studies

Parametric studies were conducted using the validated FE
models to investigate the effects of concrete strength, re-
inforcement ratio, prestress degree, and bending angle on
flexural behavior of unbonded PC T bridge girders, as shown
in Figure 13.

Concrete strength has little influence on the flexural
performance of unbounded PC bridge girders in the elastic
stage and elastic-plastic stage (see Figure 13(a)). However,
improving concrete strength can slightly enhance the ulti-
mate flexural capacity of unbonded PC T bridge girders in
the ductility stage. When the concrete strength increases
from C40 to C60, the ultimate flexural capacity increases by
4.9%. +is is mainly due to the fact that compressive zone
concrete has a certain contribution to the flexural
performance.

+e effect of different reinforcement ratios on flexural
behavior of unbounded PC bridge girders is studied by
changing the area of bottom tensile rebars, as shown in
Figure 13(b). It can be found that increasing reinforcement
ratio can significantly improve the ultimate flexural capacity
of bridge girders. Compared with FE-A, the ultimate flexural
capacity of the other two FE models is increased by 8% and
12%, respectively.

Increasing prestress degree cannot significantly improve
the ultimate flexural capacity of unbounded PC bridge
girders. However, it can effectively enhance the flexural

rigidity, thus delaying the cracks’ opening. +erefore, the
flexural behavior of unbonded PC T bridge girders can be
improved by increasing prestress degree, as can be seen in
Figure 13(c).

+e load-deflection curves in unbonded PC T bridge
girders with prestressing strands bending angle of 0°, 4°, 9°,
and 12° are utilized to study its effect on flexural behavior of
unbounded PC bridge girders, as shown in Figure 13(d).+e
stress loss in unbonded prestressing strands resulted from
friction is slight, so that the load-deflection curves with
bending angle of 0°, 4°, and 9° are basically coincident.
However, the load-deflection curve with bending angle of 12°
appears slightly different. +e excessive bending angle
cannot be applicable to prestressing strands in unbonded PC
T bridge girders.

7. Practical and Design Implications

Unbonded PC T bridge girders illustrated herein are utilized
to apply in construction of medium- and small-span bridges
and rapid replacement of hollow-slab bridge girders with
serious diseases. When combined with the fact, controlling
the bending angle of prestressing strands less than 12° and
increasing prestress degree appropriately without cracking
in top flange can improve the flexural performance of
unbonded PC T bridge girders. For practical design of
unbounded PC T bridge girders, the flexural behavior of
bridge girders can be effectively improved with high-
strength concrete and high-ratio rebars in bottom flange
simultaneously. Further, the prestressing strands are sug-
gested to be simultaneously tensioned in the prefabrication
process of unbonded PC T bridge girders to ensure the same
stress in each strand [17–19].

�e third crack

�e first crack

�e second crackCrush

Figure 12: Comparison of concrete cracks from tests and numerical analysis.
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8. Conclusion

Based on the information presented in this paper, the fol-
lowing conclusions can be drawn:

(1) +e flexural destruction behavior of unbonded PC T
bridge girders experiences elastic, elastic-plastic, and
ductility stages, similar to that of PC T bridge girders.
Unbonded PC T bridge girders present superior
ductility and deformation-recovery ability after
unloading.

(2) +e prestress degree has a significant influence on
the destruction process in unbonded PC T bridge
girders. +e main cracks in unbonded PC T bridge

girders have obvious characteristics with concen-
trated distribution, small number, and large width
when deceasing prestress degree.

(3) Increasing the load spacing can significantly improve
the flexural capacity and also slightly enlarge the
distribution range and number of cracks, while the
width of cracks can be reduced.

(4) Stress in prestressing strands under anchor increases
rapidly after concrete presents obvious cracks. +e
unsynchronized tensioning of prestressed strands
can easily lead to partially fractured in strands.

(5) Merely increasing concrete strength has a slight
influence on the flexural rigidity and flexural
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capacity of unbonded PC girders. +e ratio of lon-
gitudinal rebars at the bottom has a significant in-
fluence on the flexural behavior in the elastic and
elastic-plastic stage.

(6) +e flexural behavior of unbonded PC T bridge
girders can be affected when the bending angle of
prestressing strands reaches a certain level.
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Steel bottom plates are applied as replacements for the concrete bottom plates in order to reduce the dead weight of the composite
box girders with corrugated steel webs and steel bottom plates (CSWSB). Due to the change in the material, the previous analytical
calculation methods of vertical deflection of composite box girders with corrugated steel webs (CSWs) cannot be directly applied
to the improved composite box girders. )e shear lag warpage displacement function was derived based on the shear deformation
laws of the upper flange and the bottom plates of the improved composite box girders. )e equations for the calculation of the
shear deformation and the additional deflection due to the shear lag of continuous and simply supported composite box girders
with CSWSB under concentrated and uniformly distribution loads were derived by considering the double effects of the shear lag
and the shear deformations of the top and the bottom plates with different elastic moduli. )e analytical solutions of the vertical
deflection of the improved composite box girders include the theory of the bending deflection of elementary beams, shear
deformation of CSWs, and the additional deflection caused by the shear lag. Based on the theoretical derivation, an analytical
solution method was established and the obtained vertical deflection analytical solutions were compared with the finite element
method (FEM) calculation results and the experimental values. )e analytical equations of vertical deflection under the two
supporting conditions and the two load cases have verified the analyses and the comparisons. Further, the additional deflections
due to the shear lag and the shear deformation are found to be less than 2% and 34% of the total deflection values, respectively.
Moreover, under uniform distributed load conditions, the deflection value was found to be higher than that of the under
concentrated load condition. It was also found that the ratio of the deflection caused by the shear lag or the shear deformation to
the total deflection decreased gradually with the increase in the span width ratio. When the value of the span width ratio of a single
box and single chamber composite box girder with CSWSB was equal to or greater than 8, the deflections caused by the shear lag
and the shear deformation could be ignored.

1. Introduction

)e steel bottom plates are used instead of the concrete
bottom plates in order to reduce the dead weight of the
traditional composite box girders with corrugated steel
webs. In this work, a type of improved composite box girders
was developed, which is referred to as composite box girders
with corrugated steel webs and steel bottom plates (CSWSB).
For the traditional composite box girder bridges with cor-
rugated steel webs (CSWs) that are exposed to bending
loads, the shear deformation caused by the shear force of

CSW significantly affects girder deflections [1, 2]. From the
literature, it is observed that many researchers had focused
on the shear buckling strengths of CSWs and the additional
lateral bending moments of flange plates under shear force
[3–5]. Jiang et al. [6] analyzed the influence of the shear
deformation of composite box girders with CSW on
structural deflections. Guo et al. [7, 8] introduced the web
shear deformation angle function and derived the analytical
solution of the simply supported beam under uniform load
and concentrated load in the midspan of the end restraint.
By considering the shear deformation and by introducing

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 6617846, 13 pages
https://doi.org/10.1155/2021/6617846

mailto:308329771@qq.com
https://orcid.org/0000-0002-8310-3413
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6617846


the angle function of web shear deformation, the defor-
mation calculation formula was derived for the composite
beam with CSWs under different boundary conditions and
loads. Further, according to the principle of deformation
equivalent, the important influence parameters were iden-
tified and the effective stiffness method for the composite
box girders with CSWs was proposed. Hong et al. [9] de-
veloped the calculation equations for the deflection curves of
the composite box girders with CSW by considering the
shear deformation using the initial parameter equation and
analyzed the deflections of the composite beams with CSW
under three typical loading modes, i.e., concentrated load at
middle span, symmetrical load at two points, and uniformly
distributed load. Qing et al. [10, 11] found that the shear lag
reduced the bending stiffness of the traditional composite
box girder sections and increased the deflections of the
composite bridge structures. Dong et al. [12] investigated the
deflection calculation equation of the composite box girders
with CSW under different loads and boundary conditions
using the energy variation method. )e influence of various
factors on the deflections of the box girders with CSW was
analyzed. Based on the experimental model of CSWS
composite box girder bridge, Wei et al. [13, 14] derived the
longitudinal displacement functions and the deflection
calculation equations of the composite box girders with
CSW and determined the main influential factors on de-
flections under different width span ratios and corrugated
steel web heights. Zhou et al. [15] analyzed the shear lag
effect of nonprismatic composite box girder with corrugated
steel webs in the elastic stage. Chen et al. [16–18] proposed a
new type of bridge composite box girder structure with
upper flange and lower flange of concrete-filled prestressed
pipe. )rough the scale model of concrete-filled steel tube,
the bending performance and shear lag effect of the simply
supported composite box girder with corrugated steel web
truss were studied, and its deflection, strain, and bending
capacity were studied. Zhou et al. [19] derived the general
formula of shear stress of nonuniform box girder with
corrugated steel webs in the elastic stage from the static
equilibrium condition and the equivalent law of shear stress
of infinitesimal section. From the literature, it is found that
the previous studies did not study the deflection of CSWSB
beam bridges, and there is no simple formula to estimate
their deflection under static load. Moreover, there are only a
few experimental research studies on the overall perfor-
mance of the CSWSB beam [20, 21]. A simple and accurate
formula for calculating the deflection of this kind of beam
bridge is very desirable.

Further, the existing literature has made some
achievements on the deflection calculation of traditional
composite box girders with CSWs, but the research on
improved composite box girders with corrugated steel webs
is relatively scarce. Due to the change in the material, the
previous analytical calculation methods of vertical deflection
of the composite box girders with CSWs cannot be directly
applied to the improved composite box girders. )erefore,
this work is focused on improving the analytical calculation

of deflection of the composite box girders with CSWSB.
Initially, a shear lag warpage displacement function was
derived based on the shear deformation laws of the upper
flange and the bottom plates of improved composite box
girders. )en, by considering the double effects of the shear
lag, the shear deformation, and the different moduli of the
upper flange and the bottom plates, the governing differ-
ential equation and the boundary conditions of the com-
posite box girders with CSWSB were derived. Further, the
deflection calculation equations due to the shear lag and the
shear deformation of the continuous and simply supported
composite box girders with CSWSB under different loads
were obtained. )e obtained results were compared with the
simulation analysis results that were obtained from the
ANSYS finite element analysis and the experimental data.
Finally, the variation trends of the contributions of the shear
lag and the shear deformation to total deflection with span
width ratio were analyzed.

2. Derivation of the Shear Lag Displacement
Function for the Composite Box
Girders with CSWSB

)e shear lag effect is essentially generated by the shear
deformation. )erefore, a reasonable shear lag longitudinal
displacement function for composite box girders with
CSWSB could be derived based on the shear deformation
laws of the concrete upper flange and the steel bottom plates.
For the composite box girder with CSWSB section shown in
Figure 1, the calculation equation of the bending shear flow
on the composite box girder section due to shear force [22]
was as shown in the following equation:

q(s) � −
Q(x)

Iy

Sy +

Q(x)/Iy   Sy/t ds

 (1/t)ds

� −
Q(x)

Iy

Sy −

 Sy/t ds

 (1/t)ds

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠.

(1)

In equation (1), Iyis the sectional moment of the inertia
of composite box girder with CSWSB and Syis static area
moment defined as Sy � 

s

0 zt ds. Further, t is substituted by
t1 and t2 for the upper flange plate and the bottom flange
plate, respectively, where t1 and t2 are the thicknesses of the
upper flange and bottom plate, respectively. s refers to the
coordinate of the surrounding points where the origin and
the incision coincide.

)e concrete upper flange plate was divided into top and
cantilever plates. By considering the top plate as an example,
the cut was set at the center ⓪ of the top plate, and the
second term in equation (1) was taken as zero. )en, its
bending shear force flow was obtained as shown in the
following equation:
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q(s) � −
Q(x)

Iy

Sy �
Q(x)

Iy

htt1s. (2)

Further, the in-plane shear strain of the roof c(s) was
obtained as shown in the following equation:

c(s) �
zu
zs

+
zv

zs
≈

zu
zs

�
q(s)

Gct
�

Q(x)

GcIy

hts. (3)

In equation (3), uand v are the longitudinal and the
lateral displacements of the roof, respectively, andGc is the
shear modulus of the concrete. According to elasticity
mechanics, v is very small and can be ignored.

By integrating equation (3), the following equation was
obtained:

u(s, x) − u0(x) �
Q(x)ht

2GcIy

s
2
. (4)

Equation (4) gave the longitudinal displacement of the
concrete roof of the composite box girder, where u0(x) is the
longitudinal displacement of the incision.

Longitudinal displacement u1(x) at junction ① was
obtained as given in the following equation:

u1(x) �
Q(x)ht

2GcIy

b
2
1 + u0(x). (5)

)en, the maximum longitudinal displacement differ-
ence function ξ1(x) of the composite box girder roof was
obtained as follows:

ξ1(x) � u1(x) − u0(x) �
Q(x)ht

2GcIy

b
2
1. (6)

)e horizontal position of any point in the middle of the
roof was stated by y coordinate which was obtained from
equation (4) is shown in the following:

u(x, y) �
Q(x)ht

2GcIy

y
2

+ u0(x). (7)

By substituting equation (6) into equation (7), the
longitudinal displacement function of the roof was derived
as follows:

ut(x, y) �
Q(x)ht

2GcIy

y
2

+ u1(x) −
Q(x)ht

2GcIy

b
2
1

� u1(x) − 1 −
y
2

b
2
1

 ξ1(x).

(8)

Similarly, for the midpoint ② of the steel bottom plate
and the endpoint ③ of the concrete cantilever plate, the
longitudinal displacement functions of the steel bottom and
the cantilever plates were obtained as follows:

ub(x, y) � u4(x) − 1 −
y
2

b
2
2

 ξ2(x), (9)

ux(x, y) � u1(x) − 1 −
b1 + b3 − y( 

2

b
2
3

 ξ3(x). (10)

In equations (9) and (10), ξ2(x) and ξ3(x) are the
displacement difference functions of the steel bottom and
the concrete cantilever plates, respectively, which are defined
as ξ2(x) � (Q(x)ht/2GsIy)b22 and ξ3(x) � (Q(x)ht/2Gc

Iy)b23. Gs is the steel shear modulus, and u4(x) is the lon-
gitudinal displacement of the junction point④ between the
steel bottom and the steel web plates.

Further, it was assumed that web deformation on the
cross-section of the composite box girder conformed to the
“quasi plane section assumption” as proposed by Qing et al
[10]. )e longitudinal displacement functions at junctions
① and ④ were obtained as follows:

u1(x) � − ht

dw(x)

dx
− c(x)  � − htθ(x), (11)

u4(x) � − hb

dw(x)

dx
− c(x)  � hbθ(x). (12)

In equations (11) and (12),w(x) is the vertical displacement,
c(x) is the shear strain, and θ(x) is the angle of the composite
box girder with CSWSB after the deformation of CSW.

By assuming ξ(x) � (Q(x)/2GcIy)b21, the longitudinal
displacement function of the unified composite box girder
with CSWSB was obtained as follows:

y
z
o

01

4 2

3
h

b3

b2 b2

ht

hb

b1b1 b3

Figure 1: Sectional diagram of a composite box girder with CSWSB.
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ut(x, y, z) � − htθ(x) − ht 1 −
y
2

b
2
1

 ξ(x), top plate,

ux(x, y, z) � − htθ(x) − ht 1 −
b1 + b3 − y( 

2

b
2
3

 
b3

b1
 

2

ξ(x), cantilever plate,

ub(x, y, z) � hbθ(x) + hb 1 −
y
2

b
2
2

 
b2

b1
 

2
Gc

Gs

 ξ(x), bottomplate,

uw(x, y, z) � hθ(x), web.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

In equation (13), h denotes the vertical coordinates of
each point of the section when the neutral axis is the y axis.
Further, the longitudinal displacement u(x, y, z) of each
plate in the composite box girder consisted of the bending
longitudinal ue(x, z) and the shear lag longitudinal warping
uw(x, y, z) displacements that were calculated using the
elementary beam theory and are given as follows:

u(x, y, z) � ue(x, z) + uw(x, y, z) � hθ(x) + f(y, z)ξ(x).

(14)

In equation (14), the shear lag warping displacement
function f(y, z) is applied to the composite box girder
bridge as follows:

f(y, z) �

f1(y, z) � − ht 1 −
y
2

b
2
1

  + d, top plate,

f2(y, z) � − h t[1 −
b1 + b3 − y( 

2

b
2
3

 
b3

b1
 

2

+ d, cantilever plate,

f3(y, z) � hb 1 −
y
2

b
2
2

 
b2

b1
 

2
Gc

Gs

  + d, bottomplate,

f4(y, z) � d, web.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

In equation (15), d is additional axial force-displacement
which satisfies the axial force self-balance of the whole
section. According to the equilibrium condition of zero axial
force of the cross-section  f(y, z) dA � 0, the following
condition had to be applied:

d �
2ht

3A
At + Ac

b3

b1
 

2

− Ab

hb

ht

b2

b1
 

2
Gc

Gs

 ⎡⎣ ⎤⎦. (16)

In equation (16), A is the area of the whole section and is
defined as A � At + Ac + Ab, where At is half of the cross-
sectional area of the roof calculated asAt � t1b1,Ac is half of the
sectional area of the cantilever plate defined asAc � t1b3, andAb

is half of the cross-sectional area of the base plate as Ab � t2b2.
Samanta et al. calculated the shear modulus Ge of CSW

[23], which had to be modified as

Ge �
L1 + L2( 

L1 + L3( 
Gs. (17)

In equation (17), L1, L2, and L3 represent the geometric
dimensions, as shown in Figure 2.

3. Establishment of the Differential Equation
and the Solution of the Deflection Expression

In this work, it was assumed that there was no slippage
between the U-type beam with CSW and the concrete upper
flange plate, and both of them were considered to be ideal
elastic bodies. Further, the composite steel beam and the
concrete upper flange plate were in accordance with the
quasi plane section assumption, and the CSW was consid-
ered as cxz. Moreover, it was also assumed that, for the steel
beam bottom and the concrete upper flange plates,
εy � εz � cxz � cyz � 0, except εxand cxy.

)e potential energy of the composite box girder with
CSWSB with a single box and a single cell was obtained as
follows:
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W � − 
l

0
M(x)θ′(x) dx + 

l

0
Q(x)c(x) dx. (18)

)e shear modulus of the CSW was modified according
to equation (17). )e shear strain energy of the composite
box girder web was obtained as shown in the following
equation:fd19

Vω � 2
1
2


l

0


hw

0
twGec

2 dzdx  � 
l

0
hwtwGec

2 dx

� 
l

0
AwGec

2 dx � 
l

0
Q(x)c(x) dx.

(19)

In equation (19), Aw is the cross-section area of the CSW
and c(x) � (Q(x)/GeAw).

)e strain energies of the top and the bottom plates of
the composite box girder were obtained as follows:

Vsu � Vsu1 + Vsu2 + Vsb

�
1
2


l

0
Ψ1ξ′

2
(x) + Ψ2θ′

2
(x) − 2Ψ3θ′(x)ξ′(x) + Ψ4ξ

2
(x) dx.

(20)

In equation (20), Ec, Gc, Es, and Gs denote the elastic and
the shear moduli of the concrete and the steel.)e subscripts
c and s denote the concrete and steel, respectively.

Ψ1 � Ec 

At

f
2
1(y, z)dA + Ec 

Ac

f
2
2(y, z)dA + Es 

Ab

f
2
3(y, z)dA,

Ψ2 � Ec 

At

h
2
t dA + Ec 

Ac

h
2
t dA + Es 

Ab

h
2
b dA,

Ψ3 � Ec 

At

htf1(y, z)dA + Ec 

Ac

htf1(y, z)dA

+ Es 

Ab

hbf3(y, z)dA,

Ψ4 � Gc 

At

f1′(y, z) 
2dA + Gc 

Ac

f2′(y, z) 
2dA

+ Gs 

Ab

f3′(y, z) 
2dA.

(21)

)e total potential energy of the composite box girder
with the CSWSB system was obtained as follows:

Π � − W + Vω + Vsu �
1
2


l

0

Ψ1ξ′
2
(x) + Ψ2θ′

2
(x)2Ψ3θ′(x)ξ′(x) + Ψ4ξ

2
(x) dx

+ 
l

0
M(x)θ′(x)dx.

(22)

By holding the equationΣ � (1/2)[Ψ1ξ′
2
(x) + Ψ2θ′

2

(x) − 2Ψ3θ′(x)ξ′(x) + Ψ4ξ
2
(x)] + M(x)θ′(x), the differ-

ential equation and the boundary conditions that were
obtained from δΣ � 0 were as follows:

Ψ2θ″(x) − Ψ3ξ″(x) + Q(x) � 0,

Ψ4ξ(x) − Ψ1ξ″(x) + Ψ3θ″(x) � 0,

Ψ1ξ′(x) − Ψ3θ′(x) δξ(x)|
l

0 � 0,

Ψ2θ′(x) − Ψ3ξ′(x) + M(x) δθ(x)|
l

0 � 0.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(23)

Further, the shear lag differential equation was obtained
as follows:

ξ″(x) − k
2ξ(x) � − nQ(x), (24)

where n � Ψ3/(Ψ1Ψ2 − Ψ23) and k2 � Ψ2Ψ4/(Ψ1Ψ2 − Ψ23).
)e general solutions of differential equations were

obtained as follows:

ξ(x) � n C1sh kx + C2ch kx + D( . (25)

In equation (25), D refers to a special solution related to
the distribution of the shear force Q(x) and C1 and C2 are
determined by the boundary conditions.

From the expression θ(x) � (dw(x)/dx) − c(x) � (dw

(x)/dx) − (Q(x)/GeAw), the following equation was
obtained.

θ′(x) � w″(x) − c′(x) � −
M(x)

Ψ2
+
Ψ3
Ψ2

ξ′(x). (26)

Further,
w″(x) � − (M(x)/Ψ2) + (Ψ3/Ψ2)ξ′(x) + (Q(x)/GeAw) was
obtained.

)e deflection expression of the composite box girder
with CSWSB was obtained by quadratic integral as follows:

w � −  
M(x)

Ψ2
dx dx −  

Ψ3ξ′(x)

Ψ2
dx dx

+  
Q′(x)

GeAw

dx dx + C1x + C2.

(27)

From equation (28), it was seen that the first term w1 �

− [(M(x)/Ψ2)dx]dx + C11x + C12 was the equation used
for calculating the deflection of the elementary beam theory.

)e second term w2 � − [(Ψ3ξ′(x)/Ψ2)dx]dx + C21x

+C22 calculated the additional deflection due to the shear lag
effect.

x

y

L1 L2

L
3

Figure 2: Geometry of the corrugated steel webs.
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)e third term w3 � [(Q′(x)/GeAw)dx] dx + C31x +

C32 determined the deflection caused by the CSW shear
deformation.

4. DeflectionAnalysis of theContinuousand the
Simply Supported Composite Box
Girders with CSWSB under Different
Loading Modes

)e deflection analysis of the continuous and the simply
supported composite box girders with CSWSB under con-
centrated and uniformly distributed load conditions was
carried out, and they are discussed as follows.

4.1. Deflections of Two Equal SpanContinuous Composite Box
Girders with CSWSB under Concentrated Load. Initially, for
two-span continuous composite box girders with CSWSB
with constant cross-sections, the total deflection due to
concentrated load P was applied in each span.)ereafter, the
theoretical deflection of the primary beam w1, the deflec-
tions due to the shear lag effect w2, and the shear
deformationw3 were obtained. )e bearing reactions were
obtained as RA � RE � 0.312P and RC � 1.376P. )e sche-
matic representation of two equal span continuous com-
posite box girders with CSWSB under concentrated load is
shown in Figure 3. By taking the left span as an example, the
bendingmoment and the shear force equation were obtained
as follows:

When 0≤ x≤
l

2
,

M1(x) � 0.312Px,

Q1(x) � 0.312P,

⎧⎪⎨

⎪⎩
(28)

When
l

2
< x≤ l,

M2(x) � 0.312Px − P x −
l

2
 ,

Q2(x) � − 0.688P.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(29)

(1) )e deflection of the continuous composite box
girders with CSWSB under the concentrated loads
w11 and w12, under the boundary conditions: (1)

when x � 0, w11 � 0; (2) when x � l/2, w11′ � w12′; (3)
when x � l/2, w11 � w12; and (4) when x � l,
w12 � 0, is deduced as shown in the following
equations:

When 0≤ x≤
l

2
, w11 � −

0.312Px
3

6ψ2
+
1.496
48ψ2

Pl
2
x, (30)

When
l

2
< x≤ l, w12 � −

0.312Px
3

6ψ2
+

P

ψ2

x
3

6
−

x
2

4
l 

+
7.496
48ψ2

Pl
2
x −

Pl
3

48ψ2
.

(31)

(2) )e deflection caused by the shear lag effect of the
continuous composite box girders with CSWSB
under the concentrated loads w21 and w22 was ob-
tained as shown in the following equations:

When 0≤ x≤
l

2
ξ1(x) � nP a1sh kx + a2ch kx +

0.312
k
2 ,

(32)

When
l

2
<x≤ l, ξ2(x) � nP a3sh kx + a4ch kx −

0.688
k
2 .

(33)

Using the boundary conditions: (1) ξ1′(x)|x�0 � 0; (2)
ξ2(x)|x�l � 0; (3) ξ1(x)|x�l/2 � ξ2(x)|x�l/2; and (4)
(ξ1′(x) − nM1(x))|l/2 + (ξ2′(x) − nM2(x))|l/2 � 0,
the following equations are obtained:

ξ1(x) � nP −
1
k
2 ch

kl

2
+

1
k
2
chkl

sh
kl

2
shkl + 0.688  chkx +

0.312
k
2 , (34)

ξ2(x) � nP −
1
k
2 sh

kl

2
shkx +

1
k
2
chkl

sh
kl

2
shkl + 0.688 chkx −

0.688
k
2 . (35)

Further, equations (34) and (35) were substituted
into the equation of additional deflection due to

shear lag effect and the following equations were
obtained. By using the boundary conditions (1) when

A B
P

D
P

EC

l/2 l/2 l/2 l/2

x

RA = 0.312P RC = 1.376P RE = 0.312P

Figure 3: )e schematic representation of two equal span con-
tinuous composite box girders with CSWSB under concentrated
load condition.
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x � 0, w21 � 0; (2) when x � l/2, w21′ � w22′; (3) when
x � l/2, w21 � w22; and (4) when x � l, w22 � 0, the
following equations were deduced:

w21 �
Ψ3nP

Ψ2k
3ch kl

ch
kl

2
sh kx − 0.688sh kx 

−
ψ3nPx

2ψ2k
2 −

ψ3nPx

ψ2k
3
lch kl

sh
kl

2
− 0.688 shkl ,

(36)

w22 �
Ψ3nP

Ψ2k
3ch kl

sh
kl

2
ch kx(1 − x) − 0.688sh kx 

−
ψ3nPx

2ψ2k
2 −

ψ3nPx

ψ2k
3
lch kl

sh
kl

2
− 0.688 sh kl  −

ψ3nPl

2ψ2k
2.

(37)

(3) )e deflection caused by the shear deformation of
the continuous composite box girders with CSWSB
was obtained under the concentrated load w3 and
Q′(x) was found to be zero. By ignoring the con-
tribution of the shear force to the curvature, the
deflection w3 due to the shear deformation of the two
equal span continuous composite box girders under
the concentrated load was calculated by one-time
integral as follows:

w3 � 
Q(x)

GeAw

dx + D1. (38)

When 0≤x≤ l/2, by boundary conditions when
x � 0, w3 � 0, it can be deduced as shown in the
following equation:

w31 �
0.312P

GeAw

x. (39)

When l/2<x≤ l, by boundary conditions when
x � l/2, w31 � w32, it can be deduced as shown in the
following equation:

w32 � −
0.688P

GeAw

x +
Pl

2GeAw

. (40)

4.2. Deflections of Two Equal SpanContinuous Composite Box
Girders with CSWSB under Uniformly Distributed Load
Condition. )e schematic representation of two equal
span continuous composite box girders with CSWSB is
shown in Figure 4. According to equation (27) and the
boundary conditions: whenx � 0 and x � l, the deflection
values that were calculated using the elementary beam
theory as well as those caused by the shear lag and the
shear deformation were found to be zero, and they were
calculated as follows:

(1) Deflection of the continuous composite box girders
with CSWSB under uniformly distributed load w1 is
obtained as shown in the following equation:

w1 � −
q

24Ψ2
3
2

lx
3

− x
4

  +
ql

3

48Ψ2
x. (41)

(2) Deflection due to the shear lag effect of continuous
composite box girders with CSWSB under uniformly
distributed load w2 is obtained as shown in the
following equation:

w2 � −
ψ3nq

ψ2k
2 −

x
2

2
+

chkx

k
2 − thkl −

5kl

8chkl
 

shkx

k
2 

+
ψ3nq

ψ2k
4 +

ψ3nqx

ψ2k
2
l

−
l
2

2
−
1 − chkl

k
2 − thkl −

5kl

8chkl
 

shkl

k
2 .

(42)

(3) Deflection due to the shear deformation of contin-
uous composite box girders with CSWSB under
uniformly distributed load w3 is obtained as shown
in the following equation:

w3 � −
q

2GeAw

x
2

+
q

2GeAw

xl. (43)

4.3.Deflections of theSimply SupportedCompositeBoxGirders
with CSWSB under Concentrated Load Condition. A simply
supported composite box girder with CSWSB under con-
centrated load condition is shown in Figure 5.)e deflection
values of the simply supported composite box girders under
concentrated load were calculated according to boundary
conditions as follows:

(1) )eoretical deflections w11 and w12 of the simply
supported composite box girders with CSWSB under
concentrated load were obtained as shown in the
following equations:

When 0≤ x≤m, w11 �
ζPx

3

6ψ2
+

mpl

3ψ2
+

pm
3

6ψ2l
+

pm
2

2ψ2
 x

(44)

Whenm< x≤ l, w12 �
ηPx

3

6ψ2
−

mPx
2

2ψ2
+

pm3

6ψ2l
+

mpl

3ψ2
 x

−
pm

3

6ψ2
.

(45)

A C E

q

x

l/2 l/2 l/2 l/2

RA = 0.375ql RC = 1.25ql RE = 0.375ql

Figure 4: Schematic representation of two equal span continuous
composite box girders with CSWSB under uniformly distributed
load condition.
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(2) Deflections w21 and w22 caused by the shear lag effect
of the simply supported composite box girders with

CSWSB under concentrated load were obtained as
shown in the following equations:

When 0≤ x≤m, w21 �
Ψ3
Ψ2

nP
shk(l − m)

k
3
shkl

shkx  −
Ψ3np

Ψ2k
3 −
Ψ3npm

Ψ2k
2
l

 x, (46)

Whenm<x≤ l, w22 �
Ψ3
Ψ2

nP
shkm

k
3 chkx −

1
k
3 shkmcthklshkx  +

Ψ3npm

k
2lΨ2

x −
Ψ3npm

k
2Ψ2

. (47)

(3) Deflection w3 caused by the shear deformation of
simply supported composite box girders with
CSWSB under concentrated load was obtained as
shown in equations (48) and (49).
when 0≤x≤m, it can be deduced as

w31 �
ζp

GeAw

x, (48)

when m<x≤ l, it can be deduced as

w32 �
− ηp

GeAw

x +
ηpl

GeAw

. (49)

4.4. Deflections of Simply Supported Composite Box Girders
with CSWSB under Uniformly Distributed Load Condition.
)e uniformly distributed load condition of a simply sup-
ported composite box girder with CSWSB is shown in
Figure 6, and their deflection values under uniformly dis-
tributed load conditions were obtained as follows:

(1) Deflection w1 of the simply supported composite box
girders with CSWSB under uniformly distributed load
was obtained as shown in the following equation:

w1 � −
q

24ψ2
2x

3
l − x

4
  +

ql
3

24ψ2
. (50)

(2) Deflection w2 due to the shear lag effect of the simply
supported composite box girders with CSWSB under
uniformly distributed load conditions was obtained
as shown in the following equation:

w2 �
ψ3nq

ψ2k
2

chkx

k
2 +

1 − chkl

k
2
shkl

shkx −
x
2

2
 

+
ψ3nql

2k
2ψ2

+
ψ3nq

k
4ψ2

.

(51)

(3) Deflection w3 of the simply supported composite box
girders under uniformly distributed load was ob-
tained as shown in the following equation:

w1 � −
q

24ψ2
2x

3
l − x

4
  +

ql
3

24ψ2
. (52)

5. An Example of the Deflection Analysis of the
Composite Box Girders with CSWSB

In this section, an example of the deflection analysis of the
composite box girders with CSWSB and the influence of
span width ratio on the deflection of the single box and a
single cell simply supported composite box girders with
CSWSB is illustrated.

5.1. Deflection Analysis of the Continuous Composite Box
Girders with CSWSB with Single Box, Single Cell, and Two
Equal Spans. )e cross-section dimensions of the single box
and single chamber model test beam (as shown in Figure 7)
were designed according to the section size of 40m span
composite box girders with CSWSB bridges. )ey were
determined by the Traffic Planning Institute and were re-
duced by the ratio of 1 : 5. C50 fine aggregate concrete was
employed for the upper flange plate of the test beam con-
crete. )e CSW and steel bottom plates were made of Q235
steel. For the Q235 steel plate, Es was taken as 206GPa and
vwas taken as 0.3. Further, the ordinary steel bar was a grade
I steel bar of φ 6. )e span of the continuous composite box
girder with CSWSB of single box and single cell is (4 + 4) m.
In this work, a total of 7 diaphragms were set.)e diagram of
half the upper flange and half the bottom plates of the single
box and single chamber CSWSBmodel test beam is shown in
Figure 8. )e CSW plate thickness was taken as 4mm. )e
CSW structural diagram is shown in Figure 9, and a uni-
formly distributed loading diagram of the single box and

X

Z

P

m n
l

Figure 5: Schematic representation of a simply supported composite box girder with CSWSB under concentrated load condition.
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single chamber continuous composite box girder is shown in
Figure 10. )e finite element model of the composite box
girders with CSWSB was established using the ANSYS
software. )e solid element named solid 45 was applied for
the simulation of the upper flange plate of the composite box
girder, and the shell element named shell 63 was employed
to simulate corrugated steel web, steel bottom plate, lon-
gitudinal rib, and diaphragm plate. In actual bridge struc-
tures, the CSW and steel bottom plates were welded and
concrete upper flange plates were connected using shear
keys. In the developed model, the shell and the solid ele-
ments shared the joint, and the master-slave node method
was applied in order to establish the constraint equation
connection. )e finite element model of composite box
girders with CSWSB with a single box and the single
chamber is shown in Figure 11.

By considering the model of the two-span continuous
composite box girder with CSWSB as an example, deflection
values of the composite box girders were derived based on
the deflection expressions under different loading modes.
)e deflection values that were obtained using the three
methods are summarized in Table 1.

Under the action of the concentrated and the uniformly
distributed loads in the middle of the two spans of the
composite box girder, the deflection values obtained from
four deflection measuring points in the midspan section of
the composite box girder were processed and analyzed (i.e.,
the value of unloading value loading value bearing settle-
ment is linearly interpolated into the midspan position), and
the measured deflection value of the midspan section of the
single box and single cell continuous composite box girder
with CSWSB was obtained. Regardless of the application of
the concentrated or uniformly distributed loading modes,
the deflection value in themiddle of the span was found to be
relatively small when the beam was loaded to a maximum
value and no failure feature was witnessed. Moreover, the
test data were changed in the linear elastic range.

From Table 1, it is observed that the deflection values of
the two equal span continuous composite box girders with
CSWSB under different loading modes obtained using the
derived deflection equation were in good agreement with
measured values and those obtained from the finite element
method, thus verifying the correctness of the developed
deflection calculation equation under concentrated and
uniformly distributed loading modes. When the two loading
modes were applied separately, additional deflection due to
the shear lag is found to account for less than 2% of the total
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Figure 6: Schematic representation of a simply supported com-
posite box girder with CSWSB under uniformly distributed load
condition.
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Figure 8: Diagram of half upper flange and half bottom plates of
the single box and single chamber composite box girder with
CSWSB (unit: mm).

40

4

66 54 54 6666

R42
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Figure 10: Uniform loading diagram of the single box and single
cell continuous composite box girder with CSWSB.

Figure 11: Finite element model of the single box and single cell
composite box girder with CSWSB.
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deflection. Under the condition of the application of con-
centrated load, the proportion of the additional deflection
due to the shear deformation to the total deflection was
found to be 26.9% and that caused by uniformly distributed
loading was found to be 34%. )e results show that the
deflection of two-span continuous CSWSB composite box
girder changes linearly with the load value. For the ANSYS
finite element model and the deflection calculation results of
a continuous beam, the accuracy is found to be enough when
small-amplitude bending occurs.

5.2. Deflection Analysis of Single Box and Single Cell Simply
Supported Composite Box Girders with CSWSB. By consid-
ering the composite box girder with CSWSB with a single
box and single cell as an example and continuous beam into
a simply supported beam and by applying a concentrated or
longitudinal uniformly distributed load to the whole beam,
the midspan deflection value was obtained using the derived
deflection expression. )e results were compared with the
values obtained using the ANSYS finite element method and
the model test. )e deflection values that were obtained
using the three methods are presented in Table 2 and Fig-
ures 12 and 13.

From Table 2 and Figures 12 and 13, it is observed that
the deflection values of the simply supported composite box
girders with CSWSB under different loading modes that
were obtained using the derived deflection expression were

in good agreement with the results obtained by the ANSYS
finite element analysis and the measured values of the model
test, thus verifying the correctness of the derived deflection
calculation equations for simply supported composite box
girders under concentrated or uniform distribution loading
modes. Under concentrated load, the maximum ratio of
additional deflections due to the shear lag and the shear
deformation to total deflection was found to be 0.2% and
6.1%, respectively. Under uniformly distributed loading, the
maximum proportion of additional deflections caused by the
shear lag and the shear deformation to total deflection was
found to be 1.9% and 19%, respectively. )e results show
that the deflection of the CSWSB composite box girder
changes linearly with the load value. For the ANSYS finite
element model and the deflection calculation results of the
simply supported beam, the accuracy is found to be enough
when small-amplitude bending occurs.

5.3. Influence of Span Width Ratio on the Deflection of the
Single Box and Single Cell Simply Supported Composite Box
Girders with CSWSB. )e influence of the span width ratio
on the deflection of the single box and single cell simply
supported composite box girders with CSWSB under con-
centrated and uniformly distributed loading modes was
calculated and analyzed. )e concentrated load was 71.2 kN,
and the uniform distribution load was 9.375 kN/m. )e
calculation data are shown in Figures 14 and 15.

Table 1: Midspan deflections of the single box and single cell continuous composite box girder with CSWSB (unit: mm).

Working
condition

Load
amplitude

Measured
value

)eoretical values calculated in this work
Finite
element
value

)eoretical deflection
of primary beam

Shear lag-
induced
deflection

Shear deformation-
induced deflection

Total
deflection

Concentrated
load

8.35 kN 0.090 0.047 0.001 0.017 0.065 0.072
16.7 kN 0.144 0.093 0.002 0.034 0.129 0.144
30.7 kN 0.220 0.171 0.003 0.064 0.238 0.265
34.7 kN 0.274 0.194 0.003 0.072 0.269 0.289

Uniform load

0.549 kN/m 0.026 0.007 0.000 0.003 0.010 0.013
2.636 kN/m 0.058 0.034 0.001 0.018 0.053 0.065
4.724 kN/m 0.108 0.061 0.001 0.031 0.093 0.116
8.224 kN/m 0.175 0.105 0.002 0.055 0.162 0.182

Table 2: Midspan deflections of the single box and single cell simply supported composite box girders with CSWSB (unit: mm).

Working
condition

Load
amplitude

Measured
value

)eoretical values calculated in this work
Finite
element
value

)eoretical deflection
of primary beam

Shear lag-
induced
deflection

Shear deformation-
induced deflection

Total
deflection

Concentrated
load

17.6 kN 1.705 1.803 0.004 0.117 1.924 1.743
35.2 kN 3.325 3.606 0.008 0.234 3.848 3.485
63.2 kN 6.140 6.475 0.014 0.420 6.909 6.258
71.2 kN 7.405 7.294 0.016 0.474 7.784 7.498

Uniform load

2.250 kN/m 1.330 1.152 0.002 0.061 1.215 1.342
3.938 kN/m 2.225 2.017 0.004 0.105 2.126 2.349
5.625 kN/m 3.185 2.882 0.005 0.151 3.036 3.356
7.500 kN/m 4.335 3.842 0.007 0.199 4.048 4.474
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From Figures 14 and 15, it is observed that the ratio of the
deflections that were induced by the shear lag and the shear
deformation to the total deflection was gradually decreased
with the increase in the span width ratio. When the span
width ratio was equal to 1, the maximum ratio of the de-
flection due to the shear lag to the total deflection was found
to be 2.2%, which is less than 5%. )erefore, the shear force
could be ignored in the calculation process. However, when

the span width ratio was equal to 1, the ratio of the shear
deformation to the total deflection reached 71.15% while at
the span width ratio of 8, the proportion of the shear de-
formation deflection under concentrated load condition was
decreased to 3.98%. Further, the shear deformation under
uniformly distributed load condition was found to be 3.22%.
For the single box and single cell composite box girders with
CSWSB, the ratio of the shear deformation to the total de-
flection was found to be 71.15%, and at span width ratios of
equal to or greater than 8, the deflection caused by the shear
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Figure 12: Concentrated load-deflection diagram of the single box
and single cell simply supported composite box girder.
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Figure 13: Uniform load-deflection diagram of the single box and
single room simply supported composite box girder.
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deformation could not be calculated. )erefore, in the cal-
culation of the bridge deflection, the shear lag effect and the
additional deflection caused by the shear deformation should
be considered according to the span width ratio.

6. Conclusion

In this work, the following conclusions were obtained:

(1) )e deflections that were caused by the shear lag and
the shear deformation of the simply supported and
continuous composite box girders with CSWSB
under different loading conditions were calculated
theoretically and were found to be in good agree-
ment with the measured values of the model test and
the ANSYS finite element values, thus verifying the
correctness of the deflection calculation equations.

(2) For the single box and single cell simply supported
and two-span continuous composite box girders
with CSWSB, the additional deflection due to the
shear lag accounted for less than 2% of the total
deflection value, and therefore, it could be ignored in
the deflection calculations. )e deflection caused by
the shear deformation accounted for 34% of the total
deflection value, and the corresponding value under
the uniformly distributed loading was higher than
that under concentrated loading. )erefore, the
shear deformation must be considered.

(3) )e deflections that were caused by the shear lag and
the shear deformation were gradually decreased with
the increase in the span width ratio. When the span
width ratio of the single box and single cell com-
posite box girder with CSWSB was equal to or
greater than 8, the deflections caused by the shear lag
and the shear deformation could be ignored.

(4) In the bridge finite element simulation, the ANSYS
finite element model and the deflection calculation
results established using the solid element and the
shell element meet the calculation accuracy when the
CSWSB composite box girder has small-amplitude
bending. Further, in the theoretical calculation
process of the bridge deflection, the shear lag effect
and the additional deflection that were caused by the
shear deformation are considered according to the
span width ratio.
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,is paper examines the performance of reinforced concrete girders under cyclic loading. Seven T-girders were casted and tested.
All girders were loaded under different constant cyclic loading in the midspan with the load ratio of 0.14∼0.23 and frequency of
3∼4Hz. ,e study shows that the longitudinal reinforcement fracture is the main cause of girder rupture. And during cyclic
loading, the concrete cracks, strains, and deflections generally indicate a “three-stage” law. ,e measured data were small but
developed quickly in the initial stage. ,ereafter, the degradation gradually stabilized and continued for a long time. In the final
stage, the cracks, strains, and stiffness degradation developed sharply and the girders failed quickly. ,e duration of the stage is
very short and may be difficult to be caught. For the life estimation, the longitudinal rebar S-N curve is fitted using different
collected data. ,e results show that the curve is in good agreement with the corresponding data, which may be an excellent
candidate for the evaluation of fatigue life.

1. Introduction

,e reinforced concrete T-girders are extensively used in
China’s highway bridges at present. However, many of them
are subjected to a high number of load cycles over the service
life. ,is is also a potential cause of the structural short
service life problem.,erefore, fatigue of the concrete girder
is an increasingly interesting subject due to the fact that it is a
continuous and progressive degradation process, and many
high-performance construction materials [1–4] are devel-
oped for better antifatigue performance. On account of this
issue, China’s Technical Standard of Highway Engineering
(JTG B01-2014) [5] published in 2014 presented a clear
requirement for the life design of bridges.

Despite of all these expectation and material advance-
ment [6, 7], there is still a lack of verification methods
dealing with the fatigue life design in current Chinese
specifications or standards. ,e influence of fatigue on the
reinforced concrete is not completely understood. As a
result, the life design requirement is not fully implemented.

Focusing on this issue, ACI began to study the concrete
fatigue problems in 1970s [8, 9] and published some beneficial
guidelines on the limit for fatigue-induced stress. In recent
discussions, some new tests and points on fatigue-induced
failure modes have been studied in depth. Barnes and Mays
[10] carried out fatigue tests on five reinforced concrete
girders, and they showed that the fatigue fracture of the tensile
reinforcement was the dominant factor governing the failure
mode, and the fatigue lives of girders were very similar to each
other as long as the rebar stress ranges were comparable.
Heffernan and Erki [11] studied the fatigue performance of
twelve girders with 3m spans at 3 different load amplitudes
and three 5m span girders, respectively. ,e result showed
that all specimens still failed primarily as a result of brittle
fracture of tensile rebars, and only reinforcement with the
carbon fiber plate (CFRP) significantly increased the fatigue
life because of lower stresses in rebars. ,ese two studies
clearly demonstrate that the brittle fracture of longitudinal
rebars is the primary mode for fatigue-induced failure, and
rebar stress ranges show great influence on the lives. However,
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the above findings are obtained from small-scale specimens,
and life estimation is not fully involved. In order to investigate
the fatigue behavior of larger-scale girders, Charalambidi et al.
[12] reported seven large-sized reinforced concrete girder
tests with rectangular or T-shaped cross sections. ,e study
showed that all girders subjected to high-amplitude loading
failed primarily due to the tensile fracture of the steel rebars,
which indicates no mode change for different specimen sizes.
And, the fatigue life was found increasing as the ratio of
strengthened FRP stiffness to steel stiffness increased. ,is
provides a guidance for the life extension design of the
structures, which is of innovation. In addition, Mirzazadeh
et al. [13] investigated the fatigue performance of reinforced
concrete girders at different temperatures and studied the
failure mode and stiffness change law.,e results showed that
the low temperatures might have a beneficial impact on their
fatigue lives. And, these improvements occurred because of
the higher strength of the concrete and lower stresses in the
tensile reinforcement at low temperature. ,e findings are
rarely explored and of novelty, which is of interest for the
maintenance of bridges in cold regions. Gheorghiu et al. [14]
performed fatigue tests on thirteen small-scale concrete
girders. ,e results demonstrated that energy dissipation due
to the progressivemicrocracking was great in the initial cycles,
and the increase rate of deflection or stiffness degradation
became remarkably slower after about 1 million cycles. ,e
study conducted by Ekenel et al. [15] investigated the effect of
fatigue on flexural residual capacity of girders. ,e results
showed that the repeated loading caused the girder ductility to
decrease about 18% and stiffness degradation occurred in the
first 0.5 million cycles. Both the two studies demonstrate that
the fatigue evolution proceeds in a multistage law, and the
cracks and stiffness degradation increase rates vary in dif-
ferent stages. ,e approaches may be of interest for the
damage accumulation evaluation. In China, similar tests
[16–18] have also been conducted to investigate the fatigue
performance of reinforced concrete girders. Nevertheless,
deeper studies are necessary regarding the cyclic behavior of
girders casted in the same batch. In addition, the reinforce-
mentmaterial and design principles in early studiesmay differ
to that of the current condition. For these reasons, the
reinforced concrete girder failure mechanism, life estimation,
and evolution of cracks and stiffness degradation are still
lacking of understanding in spite of the high demand for
structural long service life in recent years.

To address this lack of knowledge, this paper presents
an investigation into the fatigue life and behavior of seven
large-scale conventionally reinforced concrete girders. ,e
failure mode and mechanism are deeply discussed, and a
detailed “three-stage” evolution law of cracks, concrete and
rebar strains, and degradation of stiffness over the number
of cycles are presented. ,e S-N curve for rebars embedded
in concrete is also proposed and discussed for life esti-
mation using the data collected from both this study and
others, which are of originality. ,e study is essential to
understand the fatigue behavior of large-scale reinforced
concrete members and is of particular importance to the
bridge life design.

2. Design and Test Scheme of Girders

2.1. Design of Test Girders. Specimen details were chosen to
correspond to the major type of medium-span bridges, and
reinforced concrete T-girders were chosen as the test
specimens. Nine girders with 4500mm spans were casted in
the same batch. Two of them were tested to failure to de-
termine the static bearing capacity, and the remaining
girders were subjected to the different levels of cyclic
loading.

,e manufacturing length of test girders was 5000mm.
And, the cross section was T-shaped without a horseshoe.
,e depth of the girders was 370mm with flange width of
500mm. ,e web had a constant thickness of 120mm.
Concrete mixes were designed with the compressive
strength grade of C40 according to the Chinese Code for
Design of Concrete Structures [19], while the actual strength
was 50.1MPa in average according to the cubic specimen
test. For the reinforcement, 12mm in diameter hot-rolled
rebars in grade HRB335 (yield strength was 441.8MPa) were
provided as the longitudinal tensile rebars, and 8mm in
diameter round bars in grade R235 (yield strength was
335MPa) were used as vertical reinforcement and stirrups
with spacing of 200mm. ,e net protective layer thickness
was designed to be 30mm to avoid the potential environ-
mental erosion.,e detailed sketch of the girders is shown in
Figure 1. With the reinforcement check calculation, the test
girder reinforcement ratio ρ was 0.66%, which met the re-
quirement of the reinforcement ratio (ρmin � 0.29%
< ρ< ρmax � 1.6∼1.8%) defined by the Chinese Code for
Design of Concrete Structures [19].,ematerial strengths of
both concrete and reinforcing steel are shown in Table 1.

2.2. Testing Program. ,e program adopted involved testing
both the static failure load and fatigue behavior. 2 of the 9
girders were loaded statically to failure to determine the
ultimate bearing capacity. ,ereafter, the remaining 7
girders were tested by the constant amplitude cyclic loading.
,e valleys of the loading were determined to be 5 kN to
correspond to the effect of deck pavement weight. And, the
ranges of cyclic loads were chosen to be 12.5, 16, 17, 19.5, 23,
and 30 kN, respectively. ,e range of 19.5 kN was deter-
mined to correspond to the effect of vehicle load defined by
China’s Technical Standard of Highway Engineering (JTG
B01-2014) [5]. And, the range of 30 kN was approximately
accounted for 1.5 times of the vehicle overload effect and half
of the ultimate failure load. ,e range levels of 12.5∼23 kN
were chosen to correspond to the effects of different service
states and 25∼40% of the total failure load.

,e structural fatigue is mainly caused by the repeated
action of vehicles; especially, in medium- and short-span
bridges, the effects of single wheel or axial load function are
notable. On account of this, all of the girders were loaded
under single-point bending in the midspan. ,e loading
form was also widely used in previous studies [20, 21]. ,e
load was applied with a PMW-2000 electro-hydraulic pul-
sating fatigue actuator with the maximum capacity of
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1000 kN and error of 1 kN. ,e actuator was connected to
the loading frame to transmit the load to the foundation.,e
loading layout of the test girder is shown in Figure 2.

,e static test was firstly conducted to obtain the ulti-
mate failure load and serve as reference for the fatigue tests.
,en, the fatigue tests of 7 T-girders were carried out with
different load ranges, respectively. ,e load range for each
specimen was kept constant all through the test. ,e detailed
procedures are described as follows:

(1) Static test: 2 girders were loaded under single-point
bending in Figure 2, until the specimen failed. Re-
cord the load value Pu (mean Pu� 70 kN) and
unload.

(2) Fatigue case I:① the specimen was loaded statically
to obtain the initial cracks and strains and deflections
for record; ② determine the load range Pmin∼ Pmax
and apply the cyclic loading to the specimen in the
same loading form; ③ at regular intervals of cycle
numbers (N� 104, 6×104, 16×104, and 105 cycles’
intervals thereafter), conduct a static test with the
maximum load value of Pmax, and the purpose is to
obtain the evolution of structural degradation with
the increase of cycle numbers; ④ resume cyclic
loading and repeat steps②∼③ until the final failure
of test girders.

(3) Fatigue case II∼VII: change the load range and
conduct the fatigue tests of the remaining 6 girders in
the same procedures of the fatigue case I. ,e de-
tailed loading parameters for each girder are shown
in Table 2.

(4) Failure information record: inspect specimens and
record the cycle numbers for each girder after fatigue
failure. Determine the failure mode and mechanical
evolution.

In order to determine the structural mechanical evo-
lution with the number of loading cycles, the strains,
deflections, and concrete cracks were measured using the
high-precision sensors and gauges. Four critical sections
(1, 2-1, 2-2, and 3, respectively) were selected for concrete
strain measurement. And, 13 strain gauges were mounted
on each section from the flange to the web for each girder.
,e reinforcement stresses were also determined from
strain gauge readings. ,e gauges were mounted on the
surface of reinforcement prior to casting the girders. Two
longitudinal rebars at the bottom were chosen to be
measured in 1/4 spans and midspans. In addition, the
deflections of girders were continuously measured by the
wire-drawn displacement sensors which were mounted
near the supports, 1/4 spans, and midspans, respectively.
,e overall sensor arrangements are shown in Figure 3.

4500
5000

37
0

ϕ8@200P

(a)

ϕ8@200

500

60
30

28
0

120 190190

30

2ϕ8

2ϕ8

4ϕ12

(b)

Figure 1: Geometry of the test girders (unit: mm).

Table 1: Girder material test result.

Material Test result
Concrete Compressive strength (MPa)
C40 50.1
Reinforcement Diameter (mm) Yield strength (MPa) Ultimate strength (MPa)
Longitudinal bar 12 441.8 606.3
Stirrup 8 335.0 526.8
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To get the stable sensor readings during different static
loading, each load stage was kept for at least 5∼15min. ,e
strains, deflections, as well as crack length and width were

then measured to record the damage evolution. ,e strain
and deflection data were acquired by the Kyowa UCAM-60B
high-speed strain acquisition instrument. And, crack width

Table 2: Loading parameters of the test.

Test identifier Loading form Load range
(kN)

Valley value
(kN)

Peak value
(kN)

Loading frequency
(Hz)

Cycles for each static
loading

S-1 Static bearing capacity — — Pu1 � 77 — —
S-2 Static bearing capacity — — Pu2 � 63 — —

F-1 Constant amplitude fatigue 30 5 35/0.50Pu 3 N� 104, 6×104, 16×104, and 105

cycles intervals thereafter
F-2 Constant amplitude fatigue 23 5 28/0.40Pu 3

F-3 Constant amplitude fatigue 12.5 5 17.5/
0.25Pu

3.5

F-4 Constant amplitude fatigue 12.5 5 17.5/
0.25Pu

4

F-5 Constant amplitude fatigue 19.5 5 24.5/
0.35Pu

3

F-6 Constant amplitude fatigue 16 5 21/0.30Pu 3.5
F-7 Constant amplitude fatigue 17 5 22/0.31Pu 3

Loading machine

Test beam

L/2L/2

Rubber backing plate

Rubber
bearing

Concrete
platform

(a) (b)

Figure 2: Layout of the test loading. (a) Loading diagram. (b) Photo of the loading layout.
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Figure 3: Arrangements of strain gauges and deflection for the test girders (unit: mm). (a) Concrete strain gauge arrangements. (b) Rebar
strain gauge and displacement measurement arrangements.

4 Advances in Civil Engineering



RE
TR
AC
TE
D

and length were measured using the crack width detector
(accuracy: 0.01mm) and magnifying glass, which is of good
accuracy.

3. Test Results

3.1. Fatigue Life and Failure Mode of Girders. ,e applied
load at the midspan on each girder was cycled between the
peak and valley value at a rate of 3∼4Hz, which is listed in
detail in Table 3. ,e fatigue lives, leading failure mode, as
well as rebar stress ranges obtained from strain gauges are
summarized in Table 3. According to the tests, all girders
failed due to the cyclic load except the girder F-3. ,e girder
was assumed to show a run out phenomenon after 9 million
cycles of fatigue loading. In comparison, the remaining 6
girders all failed at different loading cycles.

According to the test results, except the girder F-3 (run
out), the lives of other 6 girders show a negative correlation
with the loads or rebar stress ranges. When the loads or
stresses got larger, the fatigue lives became smaller. ,e life
for each girder varied from 38.4 thousand to 376.4 thousand
cycles and covers the common range of test results in lab-
oratories. In spite of the correlation, the fatigue lives still
exhibited considerable deviations due to the material mi-
croscopic fatigue mechanism [22]. ,e applied loads on F-6
and F-7 were very close, while their lives differed greatly. As
discussed in the earlier study [22], this phenomenon is
largely attributed to the quality difference of rebar micro-
metallurgical defects or surface conditions. And, the ap-
pearance had also been observed in other experimental
studies [23].

With regard to the fatigue-induced failure mode, it can
be found that the fatigue fracture of longitudinal rebars near
the major concrete crack was the leading mode, and it finally
led to the bearing capacity loss of the members.,e concrete
failure is not the main cause of the member loss, which is
important to be clarified. ,e failure process can be de-
scribed as follows. As the girder was about to fail, the major
cracks near the midspan (the number usually was 1∼3)
continued to expand, while the other cracks gradually closed.
In this stage, the major crack width was usually larger than
0.20mm and developed very quickly.,e girder longitudinal
rebars finally fractured near the region of major cracks in the
midspan, and the number of fractured rebars was usually
2∼3. ,e girders then lost their bearing capacity. During the
failure process, it is worth noting that all concrete in
compression was not crushed except F-1 on which no
displacement limit device was mounted. ,is phenomenon
confirms the finding of Song et al. [24]. ,e compressive
concrete will not fail before the failure of longitudinal
reinforcing steel when girders are underreinforced. ,e
postfailure images of F-1 and F-2 are shown in Figure 4, and
the other girder failure modes are similar to the latter one.

After tests, the fractured rebars were taken out to inspect
the fractured surface details. ,e surface was plain and
smooth in comparison to the ductile failure (yielding and
necking, as shown in Figure 5(a)). And, no pronounced
deformation or necking was found near the region, which
differed greatly from the static failure. In addition to the

above, the fractured surface shows an obvious crack growth
zone, and the mark confirms the mechanism of metal fatigue
fracture [22, 25]. All of the cracks were initiated at the
surface of rib root, which happened to be the stress con-
centration area.,is phenomenon is also consistent with the
explanation of fracture mechanics [22].

3.2. Structural Crack and Deflection Evolution. In the static
tests, a large number of cracks were observed in the concrete
tensile zone and the region was assumed to be out of work
before cyclic loading, while in fatigue tests, the cracks and
deflections would still develop according to the inspection of
evolution data.

,e test results show that the new cracks are generally
initiated within no more than 10% of the entire lives, which
can be defined as the initial stage. ,ereafter, the crack
number and length gradually stabilized, while the width
developed slowly. When the specimen was close to failure,
the cracks propagated sharply again and finally split because
of the rebar fracture. ,e evolution can be observed in all
specimens and is of universality. According to this, the crack
evolution process can be summarized as 3 stages: initial stage
of rapid development, midterm stable stage, and final failure
stage. ,e major crack width development of each girder is
shown in Figure 6.

,e initial stage is the crack initiation stage. In this stage,
cracks mainly developed with the increase of crack numbers.
1∼3 major cracks were initiated generally. After this stage,
very few new cracks were found, and the slow propagation of
existing cracks dominated. ,e maximum crack width for
each girder ranged from 0.19 to 0.30mm. But, the value was
not consistent with the value of loads. ,e evolution de-
veloped slowly, and the duration was expected to be about
80% of the total lives. ,e final stage is the near-failure stage.
,emidspan cracks widened very sharply, while some others
began to close. ,e girders finally failed without any other
warnings except some crack closure in the period. Due to the
short duration of the final stage, predicting or capturing the
failure moment is difficult.

,e typical crack distribution in both fatigue and static
tests is shown in Figure 7. It can be found that the shear crack
distribution in the static test was different from that in
fatigue tests. ,e number of shear cracks accounted for
about 50% of the total cracks at static failure girders, while
the crack pattern of fatigue failure girders was generally
vertical and bending-induced. ,e shear cracks were less
developed, accounting for only 10∼20%.

,e structural deflection reflects the degradation of
girder stiffness. ,e deflection was measured after every
100,000 cycles, and the evolution results are shown in
Figure 8. ,e test results show that the girder deflection also
indicates a “three-stage” law, which is similar to the crack
development. In the initial cycles, the deflection was small
but changed quickly, and girders were considered at the early
stage of cumulative damage. As the cycles increased, the
deflection gradually stabilized. ,e stiffness of test girders at
this stage remained almost unchanged and was assumed in a
stable state. During the final stage, the structural stiffness
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(a) (b)

Figure 4: Typical fatigue failure modes of the test girders. (a) F-1 girder fatigue failure mode. (b) F-2 girder fatigue failure mode.

(a) (b)

Figure 5: Fracture morphology comparison between different rebar failure modes. (a) Rebar yield failure. (b) Rebar fatigue failure.

Table 3: Summary of T-girder fatigue failure characteristics.

Girder
identifier

Loading
frequency

(Hz)

Load
range
(kN)

Rebar
stress
range
(MPa)

Cycles to
failure
(103)

Failure mode

S-1 — — — — Longitudinal rebar yielding
S-2 — — — — Longitudinal rebar yielding

F-1 3 5∼35 305 384 3 rebars fractured, 1 major crack penetrated the cross section, and the
maximum crack width was 20mm

F-2 3 5∼28 230 555 3 rebars fractured, 3 major cracks occurred and penetrated the web at
2.3∼2.4m from the support, and the maximum crack width was 17mm

F-3 3.5 5∼17.5 126 >900,0 Ran out and the static ultimate failure load after 9 million cycles was 64 kN

F-4 4 5∼17.5 121 3,401 3 rebars fractured, 1 major crack occurred and penetrated the web at 2.4m
from the support, and the maximum crack width was 7mm

F-5 3 5∼24.5 181 1,123 3 rebars fractured, 2 major cracks occurred and penetrated the web at 2.3m
from the support, and the maximum crack width was 2.9mm

F-6 3.5 5∼21 163 3,764 2 rebars fractured, 1 major crack occurred and penetrated the web at 2.6m
from the support, and the maximum crack width was 13mm

F-7 3 5∼22 170 1,697 3 rebars fractured, 1 major crack occurred and extended to the flange at 2.45m
from the support, and the maximum crack width was 9mm
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Figure 6: Overall development law of test girder major crack width.
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Figure 7: Crack distribution comparison for static and fatigue test girders. (a) S-1 girder crack distribution. (b) F-1 girder crack distribution.
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Figure 8: Overall evolution law of test girder deflection.
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degraded sharply and led to the rapid increase of deflection
until the failure of specimens.

3.3. Concrete Strain Evolution in the Compression Zone.
,e accuracy of concrete strain measurement is slightly
limited due to the material constitutive relation and
microcrack development. Despite this, the results still serve
as good reference for the evolution. ,e strain gauges
mounted on the flange of the midspan section worked well
all over the tests and indicated a highest compressive
reading. Figure 9 shows the load-strain curve changes with
the increase of cycle numbers. Other evolution curves are
similar to this, which will not be repeated.

Figure 9 shows that the load-strain curves moved
downward with the increase of cycles, which indicates that
greater strain values were observed as cycle numbers in-
creased. ,e curve corresponding to the first cycle loading is
generally located at the top of the whole curves, while, in
later stages, say 10,000 cycles, it fell gradually and tended to
be stable. As the specimen was to fail, the curve shift rate
increased again and gradually deviated from the previous
cluster till failure. But, overall, the strain gauge readings
measured at each regular interval did not change signifi-
cantly from others.,emaximum variation was only around
10∼35 με. Taking the measurement at 10,000th cycle in the
stable period as the example, the difference from this cycle to
the subsequent test was even smaller than 20 με.

Considering the strain development of specimens, it is
reasonable to infer that the concrete strain evolution also
conforms to the “three-stage” law. In the initial stage of
cyclic loading, the concrete strains and cracks developed
quickly during the first 10,000 cycles. ,en, the response
changed slowly in a long period. In the final stage of fatigue
lives, the strain increase rate became higher, but the evo-
lution was still not remarkable. Even before failure, most
strains and cracks showed no abrupt changes in the last
measurement. ,is reflects from the other side that the
duration of structural failure was very short, and no obvious
warnings could be caught, which confirms the difficulty of
failure capture with regular concrete measurement. Also,
another point worth noting is that the change of concrete
response may provide little information about the life es-
timation as the failure is not caused by concrete loss.

3.4. Stress Range Evolution of Longitudinal Reinforcement.
,e failure mode of longitudinal rebar fracture shows that the
stress range of reinforcement may be a key parameter affecting
the fatigue performance. In order to obtain the stress evolution
of specimens, the strain gauges were mounted on the longi-
tudinal reinforcement before the casting of concrete. And, the
readings from the periodic static tests on the specimens were
recorded and converted to the stresses.

Figure 10 shows the obtained stress range cycle curves of
each girder. ,e results show that the stress ranges of longi-
tudinal rebars were relatively stable and regular in the initial and
midterm stages of cyclic loading. ,e data show a negative
correlation with the fatigue life. However, the stress range of
each girder varied in the final stages, whichmay be an important

reason for the difference of life results. ,e test results suggest
the following. ① ,e rebars in each girder experienced a
varying growth of the stress range in the initial stage (no more
than 5% of total lives), and then, the values quickly became
stable and entered themidterm stage (5%∼60% of total lives). In
this stage, the growth was very slow and continued for a long
time. ② In the later period of loading cycles, there were two
forms of stress change for all girders. Except F-4 and F-7, all
girder reinforcement continued to remain almost unchanged
until last 1∼3 measuring times (more than 80% of total lives),
while, for girders F-4 and F-7, no subsequent stress stable period
was found, and the rebar stresses rose gradually after 60∼65% of
the total lives.,is phenomenon is significant because the stress
range evolution process changed greatly in the last 1/3 of the
lives. And, the stress range cycle curve pattern was different
from others.③,e girder F-3 did not fail after 9 million cycles.
,e stress range of it was similar to that of F-4, but their lives
were different. In order to explore its capacity, a static loading
test (single-point bending form) was conducted after cyclic
loading, and its bearing capacity was 64kN, which suggested no
obvious deterioration found in comparison to S-1 and S-2.,is
run out phenomenon may be attributed to the initial defect
freeness of longitudinal reinforcement, good surface treatment,
etc. [22], and similar results can be found in other tests [26].④
,e stress ranges of F-4 and F-7 were relatively stable in their
first 65% of lives, which were 116MPa and 170MPa, respec-
tively. After the period, a sudden increase was observed when
F-4 was loaded for 2.46 million cycles. ,e stress range in-
creased to 168MPa and continued to grow slowly. To determine
the reasons for the sudden increase, amajor crack with 0.25mm
width was found near the strain gauge. And, the crack opening
and closure were clearly observed during cyclic loading. ,e
width was measured to be 0.46mm and extended to the bottom
of the flange after 3.26 million cycles. A similar case could also
be observed in the F-7 loading process. ,e rebar stress range
immediately changed to about 200MPa with the rapid devel-
opment of a major crack at F-7. However, the deflections of the
two girders showed no significant changes at the corresponding
cycles, which suggested the stiffness was still stable. ⑤ ,e
increase in rebar stress ranges before failure could be detected in
almost all cases. ,is might be due to the severe accumulated
damage of longitudinal reinforcement, and the cross sectionwas
considered to be reduced. In order to maintain the sectional
equilibrium, the concrete and rebar stresses redistributed and
led to the excessive deformation. As a result, the control of crack
width was weakened and assumed to explain the accompanied
ultrawide concrete cracks.

In light of the curves shown in Figure 10, it may also be
concluded that the longitudinal rebar stress ranges are better
parameters to predict the fatigue lives in comparison to
concrete cracks, strains, and deflections. ,e ranges deter-
mined from gauge readings are stable and considered more
suitable to evaluate the structural fatigue lives.

4. Discussion on the S-N
Curve of Reinforcement

,e test results show that the rebar stress range is essential
for the fatigue life behavior. To predict fatigue lives, it is
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necessary to establish the S-N (stress range-tested cycle
number) curve [25] for longitudinal reinforcement in
concrete subjected to cyclic flexure loading.

,e S-N approach requires fatigue test data to develop
the best-fit relationship that describes the life estimation of
the material. Figure 11 shows the testing data points of rebar
stress ranges and cycles for each specimen. Due to the run
out of F-3, there are only 6 pairs of data available in the curve

fitting analysis. ,e corresponding S-N curve using the least
square method [27, 28] is obtained as follows:

lgN � −2.5946lgΔσ + 12.0050. (1)

,e curve is a median one with the correlation coefficient
R� 0.912. Further evaluation for ±2 standard deviations can
be obtained by statistics, which is also shown in Figure 11.
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Figure 10: Overall evolution law of longitudinal rebar stress ranges. (a) Relationship between rebar stress ranges and loading cycles for F-
1∼F-3, F-5, and F-6 girders. (b) Relationship between rebar stress ranges and loading cycles for F-4 and F-7 girders.
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Figure 9: Concrete strain evolution law of typical test girders. (a) Relationship between flange compressive strain and load in the F-4 girder.
(b) Relationship between flange compressive strain and load in the F-5 girder.
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,e results show that all the 6 pairs of data fall within the ±2
standard deviations, which suggests that the curve fits well.
However, the data are too few to reflect the general rules in
spite of the good correlation coefficient. ,e statistical
significance of the curve is still in doubt. More comparison
and verification work are necessary to carry out.

To verify the fitted curve, the data from different studies
[16, 23, 29] are shown in Figure 12.,e comparison suggests
that the scatter from different tests varies greatly. ,e fitted
curve is not consistent to other collected data, andmany data
points fall outside of the ±2 standard deviations, which
means the fitting is inappropriate. ,is problem may also
demonstrate that the 6 data-based S-N curves have no
sufficient statistical significance. All data should be com-
bined together for further investigation.

Collecting all the data from different tests, there are 24
points available for the establishment of the S-N curve. ,e
data are calculated for the log-log fitting. And, the corre-
sponding curve is then obtained as

lgN � −2.3577lgΔσ + 11.1809. (2)
,e correlation coefficient R for the equation is reduced

to 0.779. ,e reduction is actually consistent with the sta-
tistical law. In general, the coefficient R decreases with the
increase of data quantities. However, the value for the fitting
curve is still greater than the threshold Rmin � 0.404 [28], and
the result has statistical significance. ,e fitting result and
test data are shown in Figure 13.

In practice, equation (2) should be modified to consider
the redundancy that describes the fatigue life with a rea-
sonable confidence level. ,e level might be taken as 97.7%,
which corresponds to 2 standard deviations downward from
the median one. ,e equation is expressed as

lgN � −2.3577lgΔσ + 10.6309. (3)

Inspecting this curve in Figure 13, it can be found that all
the points lie above the curve, which demonstrates that the
curve fulfils the calibration requirements.

In order to discuss the curve further, equation (3) and S-
N relationship prescribed by Eurocode 2 [30] are shown in
Figure 14. It can be found from the figure that the curve
slope in Eurocode 2 is quite different from equation (3), and
the former decreases more slowly. In addition, the curve lies
mostly above the fitted -2SD curve, and a considerable
number of points are located under it, which suggests that
the redundancy is insufficient. ,e life estimation using the
Eurocode 2 curve might lead to the unsafe result, while
equation (3) shows good performance compared to the
curve prescribed by Eurocode 2. ,e fitted curve is in very
good agreement with the collected data, and the confidence
level is reasonable.
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Figure 11: S-N data and corresponding linear fitting of this test.
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Figure 12: All test (S-N) data collection and linear fitting of this
test.
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Figure 13: All test (S-N) data and corresponding linear fitting.
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5. Conclusions

7 T-girder fatigue tests under different load amplitudes were
carried out. ,e failure mode, mechanical evolution, and S-
N relationship are discussed based on the test results. ,e
following major findings can be drawn from the study:

(1) ,e fatigue-induced failure mode is clear. All
specimens except F-3 failed in a tension flexural
mode due to the fatigue fracture of the longitudinal
reinforcement near the midspan. ,e tensile rebars
deformed little, and no obvious warnings were ob-
served before the final fatigue failure of the
specimens.

(2) During cyclic loading processes, the concrete cracks
and deflections proceed in a “three-stage” law. ,e
measured values in the initial stage developed very
quickly, while, in the second stage, the values
remained almost unchanged for a long time. ,e
duration may be about 80% of the total lives. When
the specimens were to fail, the values increased
sharply again and girders failed rapidly.

(3) ,e concrete strain evolution also follows a “three-
stage” law. However, capturing the strain changes at
the final stage was difficult because of the short
duration of the stage. As concrete did not fail after
the girder loss, the evolution of concrete strain may
provide little information about the life estimation.

(4) ,e measured results of the longitudinal rebar stress
range are more stable and regular compared to other
mechanical parameters. All rebar stress ranges in-
creased in the final stage due to the severe damage
and stress redistribution. And, the total evolution
shows a strong correlation with the final failure and
lives.

(5) ,e longitudinal reinforcement S-N curve is fitted by
test results and other collected data. ,e comparison
to Eurocode 2 shows that the obtained curve is in
good agreement with the test data and has sufficient
redundancy, while the Eurocode 2 curve might lead
to an unsafe result. Further investigation based on
the curve is needed to establish a life calibration
method.
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To solve rebar corrosion in existing concrete structures, two test methods, adding corrosion inhibitors into concrete and
applying corrosion inhibitors on the existing concrete surface by brushing and pouring and composite repair, combined
with natural potential, XRD and SEM, were used to comprehensively evaluate the performance of nitrite-based compound
corrosion inhibitors. .e research results show that nitrite has a better inhibitory effect than phosphate, and when the
respective mass fraction of hydrogen phosphate and sodium nitrite is about 1.5%, the rust inhibition effect is the optimum.
Brushing, perfusion, and composite repair can all play a good role in inhibiting corrosion of which composite repair is the
best. .e addition of phosphate can improve the macrocell corrosion caused by the low dosage or uneven distribution
of nitrite.

1. Introduction

Concrete is the most widely used engineering material in
construction, and its durability has attracted widespread
attention worldwide [1–3]. Concrete constructions are
applied in the complex environment when serving in
coastal areas, including freeze-thaw, long-term immersion
and dry and wet alternation of the salt solution by seawater,
carbonization, and their coupling effects [4–6]. Of all
conditions, corrosion of rebars caused by chloride is a
major cause of premature failure of concrete structures
[7–10]. Scholars have found that electrochemical chloride
removal (ECR) can remove the chloride in concrete
structures without damage and, effectively, strengthen the
concrete strength and established related models [11–13].
.e use of corrosion inhibitors is also an economical and
practical means to improve the durability of concrete
structures [14–17]. Studies have found that nitrite as a
cathodic rust inhibitor is characterized by good corrosion
resistance effect, but will aggravate the macrocell corrosion
at low concentration, and phosphate as a cathodic

corrosion inhibitor is not as effective as nitrite, but will not
accelerate corrosion due to low concentration or uneven
distribution [18–21]. Compound corrosion inhibitors can
combine the advantages of each component and overcome
the disadvantages of a single component, which have a
better inhibitory corrosion effect of steel bars at a rea-
sonable amount [22–26].

On the premise of ensuring the effect of corrosion
inhibition, the optimum ratio and dosage of compound
corrosion inhibitor are determined by nitrite and phos-
phate. And, two test methods, adding corrosion inhibitors
to concrete and applying corrosion inhibitors on the
existing concrete surface by brushing and pouring and
composite repair, combined with natural potential, XRD
and SEM, were used to comprehensively evaluate the
performance of nitrite-based compound corrosion inhib-
itors, provide a theoretical basis for improving the dura-
bility and service life of reinforced concrete structures, and
provide a new research idea for the combination of
composite corrosion inhibitors and ECR to mitigate
chloride penetration.
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2. Materials and Methods

2.1. Material Preparation. In this research, sodium nitrite
(NaNO2) and disodium hydrogen phosphate (NaH2PO4) with
purity higher than 99.9% were applied as rust inhibitors.
Ordinary Portland cement whose strength grade was 42.5MPa
and grade HPB300 plain round steel bars with a diameter of
10mmwere used in experiments..emix ratio of the concrete
specimen with the size of 100 mm× 100 mm× 400mm and
the thickness of the steel protection layer is 20mm, which is
shown in Table 1. .e mixing ratio of the 2% NaCl-incor-
porated rust inhibitor test pieces is shown in Table 2. Test the
spontaneous potential of the steel bar every month for 12
months after curing for 28 days under standard conditions..e
concrete specimens were split and taken out of the steel bars to
determine the corroded area ratio and weight loss ratio by JCI-
SC1 standard after 12months [25]. Besides, four sets of external
rust inhibitor test pieces serially numbered 1 to 4 and the NaCl
content 0.01%, 0.03%, 0.06%, and 0.1% of the sand mass were
prepared to simulate the existing structural concrete in a
chloride salt erosion environment. .e specific content of each
group is shown in Table 3.

.e existing concrete structure was selected from the two
embankments of Daxie Island Pier, Ningbo, where the steel
bar had corroded. .e chloride ion concentration, sponta-
neous potential, and corrosion current of the repair surface
were measured after brushing and composite repair.

2.2. Experiment Method

2.2.1. Brushing, Infusion, and Composite Repair. After
curing for 28 days under standard conditions, brush the
polished concrete test piece with 50ml of 70% NaNO2 so-
lution every four hours for three times. .ree low-pressure
pouring machines with 50ml corrosion inhibitor were
placed on the quarter point of the concrete samples. Sim-
ilarly, for the compound repair, the perfusion was performed
after brushing. After 30 days, the repaired specimens were
placed in a curing chamber at 20°C and 60% relative hu-
midity and the potential of the steel bars per month was
measured, which lasts for a year.

Apply 2500ml/m2 of 70% NaNO2 solution to the first
existing engineering repaired surface repeatedly every hour.
For the second repair surface, the 70% NaNO2 solution of
1250ml/m2 was applied repeatedly every hour. After the
application, the perfusion devices with 1250ml/m2

Na2HPO4 solution were placed at an interval of 15 cm along
the steel bar and the potential and corrosion current was
measured every 3months after repair.

2.2.2. Potential Detection. .e potential is measured
according to ASTMC876 [27], and the evaluation criteria are
shown in Table 4.

2.2.3. Analysis of the Micromechanism of the Compound
Corrosion Inhibitor. XRD analysis: the concrete samples
cured for one month were split, and a small amount of
cement paste bonded to steel bars was taken out. A powder

with a size less than 0.3mmwas obtained. Bake in an oven at
60± 5°C for 24 hours. After drying, put in plastic sample
bags and seal it. .e D8 ADVANCE X-ray diffractometer
produced by Bruker AXS was used for phase analysis and
quantitative analysis of the prepared samples.

Scanning electron microscopy analysis: the concrete test
samples cured for one month were knocked into fragments
with a particle size of about 5mm, and a certain amount of
the fragments is put into an oven and dried at 60± 5°C for
24 h. After cooling, these were placed and sealed in plastic
sample bags. Scanning for the structure occurred using a SU-
70 field emission scanning electron microscope.

3. Results and Discussion

3.1. Effect of Rust Inhibitor Mixed with Concrete.
Figures 1 and 2 show the potential of reinforcement in the
concrete specimens with different concentrations of NaNO2
and Na2HPO4. It can be seen that the potential continues to
decrease faster than the blank sample when the proportion of
NaNO2 is only 0.5%, and the potential will be stable with the
increase of NaNO2. When the proportion of NaNO2 reaches
2.0%, the steel bar is in a passive state which will be not
corrosive. .is is attributed to the fact that nitrite is anode
corrosion inhibitor, which can oxidize the ionized Fe2+ to
Fe2O3 through the strong oxidation of NO2

−, which attach to
the surface of steel and form a dense passive film, thus
inhibiting the occurrence of anode reaction and preventing
the further loss of electrons of iron atoms [28]. However,
when the proportion of nitrite is insufficient, the steel surface
cannot be completely passivated, and the corrosion is con-
centrated in the unpassivated area. As the cathode, the area of
the passivated area is greatly increased, while the anode area of
the unpassivated area is relatively reduced, which increases
the current density of the anode area, leads to the macrocell
corrosion, and deepens the pitting corrosion of steel bars.

It can be inferred that the pitting corrosion does not occur
like nitrite when phosphate at low content as a cathodic rust
inhibitor. As the content of Na2HPO4 increases, the potential
rises slowly, but the rust-inhibiting effect is not as well as
NaNO2. .e general view is that HPO4

2− and Ca(OH)2 in the
pore solution of concrete form hydroxyapatite to block the
pores in concrete, or PO3

− hydrolyzed by HPO4
2− reacts with

Fe2+ on the surface of steel bars to form a layer of iron
phosphate film to prevent Cl− from invading [29].

It can be seen from Figure 3 that compared to the single
doping of NaNO2, the spontaneous potential of the compound
doping with NaNO2 and Na2HPO4 increases significantly,
which shows better corrosion resistance. With the increase of
Na2HPO4, the probability of steel corrosion decreases signif-
icantly. Meanwhile, with the same percentage of NaNO2,
changing the percentage of Na2HPO4 does not alter the po-
tential significantly..erefore, the amount of Na2HPO4 cannot
play a determined role in the corrosion resistance effect.

Figure 4 and 5 compare the corroded area rate and mass
loss rate of the steel bars in the specimens with different
corrosion inhibitors. When NaNO2 has been added alone,
the corrosion area rate and mass loss rate increase first and
then decrease rapidly with the increase of the amount of

2 Advances in Civil Engineering



NaNO2. After reaching 2.0%, the corrosion area ratio is less
than 12% and the mass loss rate is less than 10‰. It means
the corrosion is almost inhibited, indicating that NaNO2 has
good corrosion resistance. However, it will accelerate the
corrosion when the amount of NaNO2 is insufficient. .e
corrosion area ratio decreases from more than 50% to about
20% and the mass loss ratio also decreases from more than
35‰ to 20‰ after the assembly unit of NaNO2 and
Na2HPO4..e higher the NaNO2 concentration is, the more
obvious is the effect of compounding Na2HPO4 on im-
proving the corroded area rate andmass loss rate. Compared
with groups of B2, B3, C2, C3, and D2, it can be found that
when the respective content of NaNO2 and Na2HPO4 is
between 1.0% and 2.0%, the corrosion area rate drops below
3% and the weight loss rate drops below 1%, indicating that
the steel bars are hardly corroded. Combined with the
proportion and effect, it can be found that the compre-
hensive inhibitory effect is the best when the respective
proportion of NaNO2 and Na2HPO4 is about 1.5%.

3.2. Influence of Corrosion Inhibitor on the Microstructure of
Concrete. Figure 6 compares the differences of cement
hydration products in concrete samples with various cor-
rosion inhibitors..e proportion of CaCO3, ettringite (AFt),
and CaSO4

.2H2O is significantly lower than that of the

Table 1: Mix proportion of concrete.

Dosage per unit volume (kg/m3) Mix parameter
Cement Sand Stone Water Sand ratio (%) Slump (cm) Gas content (%)
300 760 1080 120 41 16 4

Table 2: Compound proportion of corrosion inhibitors (%).

Number Volume Number Volume

NaNO2

N1 0.5

Na2HPO4

P1 0.5
N2 1.0 P2 1.0
N3 1.5 P3 1.5
N4 2.0 P4 2.0
N5 2.5 P5 2.5

Composite

A1 0.5 + 1.5

Composite

C1 1.5 + 0.5
A2 0.5 + 2.0 C2 1.5 + 1.0
B1 1.0 + 1.0 C3 1.5 + 1.5
B2 1.0 + 1.5 D1 2.0 + 0.5
B3 1.0 + 2.0 D2 2.0 + 1.0

Note: another blank control group, BLK, is not added with the corrosion inhibitor.

Table 3: Proportion of corrosion inhibitor in repairing test.

Number Corrosion inhibitor Dosage/ml
Brush repair E NaNO2 150

Perfusion repair F NaNO2 150
G Na2HPO4 150

Composite repair H NaNO2 75
Na2HPO4 75

Note: another blank control group, I, is not added with the corrosion inhibitor.

Table 4: Evaluation criteria for corrosion of the steel bar.

Potential/mV Corrosion probability
E>−200mV Less than 10%
−200mV> E>−350mV Not sure
E<−350mV More than 90%

0 2 4 6 8 10 12
–600

–500

–400

–300

–200

–100

0

Po
te

nt
ia

l (
m

V
)

Time (m)

BLK
N1
N2

N3
N4
N5

Figure 1: Corrosion inhibitor of NaNO2.
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Figure 3: Composite corrosion inhibitor.
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reference sample in the specimen with NaNO2, while the
proportion of C2SHn is significantly increased, which in-
dicates that carbonation occurs in chloride-containing
concrete, resulting in the consumption of Ca(OH)2 and C-S-
H in cement hydration products, and the penetration of ions
is weakened by NaNO2. .e diffraction peak intensity of
CaCO3, AFt, CaSO4

.2H2O, and C2SHn are similar to those
of NaNO2, except appearing calcium iron polyphosphate in
the specimen with Na2HPO4. Literature [30, 31] shows that
carbonation will consume Ca(OH)2 and reduce the pH in
the pore solution of concrete. And, the HPO4

2− will increase
with the decrease of pH, combine with Ca2+ to form calcium
phosphate colloid to move towards the cathode area of
electrode reaction, and react with Fe3+ on the surface of the
steel bar to form calcium ion polyphosphate precipitation to
inhibit the corrosion process. In specimens with combined
NaNO2 and Na2HPO4, the main diffraction peak of CaCO3,
AFt, CaSO4

.2H2O, and C2SHn are higher than N4 and P4,
and the diffraction peak intensity of calcium iron poly-
phosphate is lower than P4, indicating that nitrite oxidizes
Fe3+ on the surface of steel bars in a dense passive film which
reduces the corrosion area to decrease the contact proba-
bility between calcium phosphate and Fe3+, which proves the
synergistic effect of NaNO2 and Na2HPO4. .erefore, the
combination of NaNO2 and Na2HPO4 can achieve optimum
corrosion resistance.

Figure 7 shows the 10K electron microscope images of
the specimens with no rust inhibitor, 2.0% NaNO2, 2.0%
Na2HPO4, and combined 1.5% NaNO2 and 1.5% Na2HPO4.
Figure (a) shows the concrete porosity is relatively large, and
there are a few Ca(OH)2 crystals. In Figure (b), the inside of
concrete tends to be dense because NaNO2 can promote
hydration, accelerate the formation of Ca(OH)2 crystals and
calcium sulfoaluminate (AFt) crystals, and make the pores
denser. From Figure (c), there are some interwoven flaky
hydration products attached to the surface of the hardened
cement paste to fill the internal pores of the concrete. .is is
mainly because phosphate can react with calcium hydroxide
to form hydroxyapatite and deposit in the micropores of the
cement stone, thereby enhancing the compactness of con-
crete. After compounding 1.5% NaNO2 and 1.5% Na2HPO4,
the test piece is densely filled with various hydration
products. A cathodic rust inhibitor, HPO4

2−, produced by
the hydrolysis of Na2HPO4 reacts with Ca2+ in the pore
solution to form calcium phosphate colloidal particles and
reacts with Fe2+ produced in the anode area to form a
calcium iron phosphate precipitation film, which can pre-
vent the water in the hole from moving inward. .erefore,
Na2HPO4 can reduce the entry of harmful substances into
the concrete, greatly extend the time for the chloride ion on
the surface of the steel bar to reach the critical concentration,
and improve the durability of the concrete.

3.3. Corrosion Resistance Effect of Brushing, Perfusion, and
CompoundRepair. Figure 8 shows the potential of steel bars
after 12 months of brushing repair. .e more the chloride
ions, the lower the spontaneous potential and the more
serious the corrosion of steel bars. .e potential of each

group is less than −350mV after 6 months in blank group I,
indicating that steel bars begin to corrode. During the period
from 6th to 9th month, the potential decreases quickly, for
the higher temperature and humidity would accelerate the
corrosion of steel bars in summer. Comparing the test pieces
after brushing of group E, it can be seen that the longer the
repair time, the more obvious the potential rises and the
better the corrosion resistance effect. When the proportion
of NaCl is 0.01% and 0.03% of the sand quantity, the po-
tential is relatively stable, illustrating that the brushing repair
has a certain corrosion resistance effect. When the pro-
portion of NaCl is 0.06% and 0.1% of the sand amount, the
potential of the early and middle periods decreases rapidly
and tends to be stable in the later period. .is is because the
lower concentration of sodium nitrite in the early stage will
accelerate the corrosion of the steel bar. In the later stage, the
effective corrosion resistance for the critical mole ratio of
sodium nitrite is achieved, which plays a role in inhibiting
corrosion.

Figure 9 shows the potential of steel bars after 12 months
of perfusion repair. .e NaNO2 and Na2HPO4 specimens
with 150ml perfusion volume are named F and G, and the
blank control group is I. In group F, the potential in the early
decreases clearly because of insufficient diffusion of NaNO2
in the early, resulting in a difference of concentration be-
tween the inside and outside of the perfusion radius, which
causes macrocell corrosion and further serious pitting
corrosion and accelerates the corrosion. However, the po-
tential stabilizes and slightly increases in the latter, pointing
that the NaNO2 on the surface of the steel bar is evenly
distributed and reaches the critical molar ratio to inhibit
further corrosion. Group G shows that the potential de-
creases in the early and middle periods and tends to be stable
later, indicating it can suppress corrosion, but the effect is
not as well as NaNO2. .is is because phosphate, as a ca-
thodic corrosion inhibitor, will react with calcium ions in the
pore solution to form colloidal particles, which improves the
compactness of concrete and adsorbs on the reinforcement
to inhibit corrosion, which will not cause macrocell cor-
rosion, but the efficiency is lower than nitrite.

Figure 10 shows the potential of steel bars after 12
months of composite repair. .e specimens with 75ml of
NaNO2 and 75ml of Na2HPO4 are named H. It can be seen
that compared with the other two repair methods, the po-
tential of the composite repaired specimens decreases more
stably and tends to be stable in the latter. And the final
potential is higher than that of brushing or perfusion repair.
.erefore, the composite repair has not only excellent
corrosion resistance effect but also will not cause macrocell
corrosion and aggravate the corrosion of steel bar, which has
a bright application prospect.

3.4. Repair Effect of Existing Concrete Structure. For marine
concrete structures, the critical concentration of chloride in
steel bars rusted of concrete is from 0.07% to 0.18%. .e
internal steel bars of concrete have corroded when the
chloride content is more than 0.05% [32]. .e average
chloride concentration in the existing concrete structure is
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Figure 7: SEM of cement paste with different corrosion inhibitors.
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Figure 8: Potential of brushing repair.
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more than 0.05% through measurement, indicating that the
corrosion caused by chloride in the concrete is the main
reason affecting the durability of the structure.

Two areas of 1500mm× 1500mm are repaired by
brushing repair and composite repair, respectively. Fig-
ures 11 and 12 show the potential and corrosion current of
reinforcement measured every 90 days. It can be seen that, in
the existing concrete structure, the repair effect is similar to
the results of concrete specimens mixed with chloride.
.rough brushing sodium nitrite, the potential rises from
−360mV to −207mV, while the corrosion current decreases
from 0.627 μA/cm2 to 0.374 μA/cm2, which illustrates that
the probability of corrosion is significantly reduced. .e

effect of corrosion resistance is more significant in com-
posite repair. .e potential rises from −385mV to −193mV,
and the corrosion current decreases from 0.653 μA/cm2 to
0.287 μA/cm2. .e corrosion current of more than 96% area
is less than 0.5 μA/cm2, and the corrosion probability of
reinforcement has been decreased from 90% to only 5% in
most areas after 6 months. .e potential and corrosion
current of the lower part of the structure is always higher
than that of the upper part, for the lower part of the repaired
structure is a wave washing area and the influence of sea-
water erosion and the long-term dry wet cycle will increase
the chloride content. It can conclude that composite repair
can greatly reduce the probability of steel bar corrosion and

0 2 4 6 8 10 12
–700

–600

–500

–400

–300

–200

–100

0

Time (m)

Po
te

nt
ia

l (
m

V
)

F1
F2
F3
F4

I1
I2
I3
I4

(a)

0 2 4 6 8 10 12
–700

–600

–500

–400

–300

–200

–100

0

Time (m)

Po
te

nt
ia

l (
m

V
)

G1
G2
G3
G4

I1
I2
I3
I4

(b)

Figure 9: Potential of composite repair. (a) Potential of group F and group I. (b) Potential of group G and group I.

0 2 4 6 8 10 12
–700

–600

–500

–400

–300

–200

–100

0

Time (m)

Po
te

nt
ia

l (
m

V
)

H1
H2
H3
H4

I1
I2
I3
I4

Figure 10: Potential of composite repair.

8 Advances in Civil Engineering



greatly improve the durability of engineering structures,
which has a good prospect of engineering application.

4. Conclusions

.e following conclusions are derived from this study:

(1) Nitrite has a better inhibitory effect than phosphate,
and when the respective mass fraction of hydrogen
phosphate and sodium nitrite is about 1.5%, the
corrosion area and weight loss rate can be greatly
improved, and the corrosion resistance is the optimum

(2) Brushing, perfusion, and composite repair can all
play a good role in inhibiting corrosion, of which
composite repair is the optimum

(3) .e addition of phosphate can effectively improve
the macrocell corrosion caused by the low dosage or
uneven distribution of nitrite
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Figure 11: Potential of rebar in existing concrete. (a) Potential of brushing repair. (b) Potential of composite repair.
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Figure 12: Corrosion current of rebar in existing concrete. (a) Corrosion current of brushing repair. (b) Corrosion current of composite repair.
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UHPC has high strength, high toughness, and excellent durability. For orthotropic steel bridge deck pavement, UHPC can
significantly increase the bridge deck’s stiffness and then solve the problems of fatigue cracking and pavement damage of the
bridge deck. However, if UHPC adopts cast-in-place construction, its self-shrinkage can easily cause shrinkage cracks, and it
requires high maintenance conditions. Meanwhile, the traditional stud connection will bring a great deal of welding work and
cause welding fatigue. In contrast, prefabricated UHPC pavement and orthotropic steel bridge deck can greatly reduce the amount
of welding of studs on the bridge deck through epoxy bonding, thus speeding up the construction process and avoiding the risk of
cracking caused by UHPC self-shrinkage. In order to consider the influence of the surface state of interface and ratio of shear span
to depth on flexural behavior of epoxy adhesive prefabricated UHPC-steel composite bridge deck, positive bending moment
loading test with different ratios of shear span to depth was carried out, and the failure mode, load-deflection curve, interface slip,
and strain distribution of the specimens were obtained. Finally, based on the cohesive interface element, the prefabricated UHPC-
steel epoxy bonding interface was successfully simulated. -e test results show that each specimen’s loading stage can be divided
into the elastic stage, crack initiation stage, interfacial crack propagation stage, interface failure stage, and yield stage. -e
specimen’s ultimate failure is that the interface failure is prior to the yield at the bottom of the steel plate. During the loading
process, the bending performance shows that the ultimate load PBi

and growth deflection ΔδBiCi
of CD-ERA-P-λ4.44 are higher

than those of other specimens in terms of the load-deflection curve.-e ultimate load of CD-ERA-P-λ3.33 is lower than that of CD-
ERG-P-λ3.33, which decreases by 4.6%, but the increasing deflection increases by 75%. Simultaneously, the interface slip of the
specimen is similar, which further shows that the specimen has the best bending performance when the surface of the steel plate is
rough (R) and the surface of the prefabricated UHPC plate is grooved (A). No matter what kind of surface is used at the interface,
the reduction of the ratio of shear span to depth will aggravate the ultimate failure of the interface and the cracking of the precast
UHPC slab. Finally, the bending performance of epoxy adhesive prefabricated UHPC-steel composite bridge deck is successfully
simulated based on the cohesive interface element, which is verified by the test results.

1. Introduction

Due to its advantages of light deadweight and high strength,
the orthotropic steel bridge deck is the long-span steel
bridge’s main deck form. However, a wide range of appli-
cation practice shows that there is fatigue cracking and
pavement layer damage of the orthotropic steel bridge deck
([1], [2]). -ese defects can be mainly attributed to

insufficient local stiffness of bridge deck, weld density, and
design and manufacturing defects ([3–5]).

-e adoption of rigid concrete pavement installation of
orthotropic steel bridge decks can improve the deck stiffness
and thus reduce the cracking risk of orthotropic steel bridge
decks ([6–8]). Compared with the orthotropic bridge deck of
asphalt pavement, the orthotropic steel bridge deck of
concrete pavement has a better anti-fatigue performance.
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However, there are still problems with concrete pavement
cracking and steel reinforcement corrosion [9]. -erefore,
from the perspective of improving the crack resistance and
durability of conventional concrete, engineering cement
composite material (ECC) and ultra-high performance
concrete (UHPC) are concrete materials with better per-
formance ([10, 11]). While achieving durability [10], tem-
perature resistance [12], and impact resistance [13]
improvement, ECC can guarantee high ductility under high
strength (Tensile strain greater than 3% [14]) and has been
applied in engineering structures ([15, 16]). As a kind of
ultra-strong toughened concrete, UHPC is usually com-
posed of cement, fine aggregate, high-strength micro steel
fiber, admixture, water, and other raw materials [17].
Compared with conventional concrete, UHPC has high
mechanical strength [18], high toughness [19], and better
durability [20], which can avoid the cracking of concrete in
the composite bridge deck, significantly increase the stiffness
of composite bridge deck, and has been widely used in
improving structural performance ([21–26]).

However, cast-in-place UHPC on orthotropic steel deck
will bring in some problems. First of all, the spontaneous
shrinkage rate of UHPC at 36 h after cast-in-situ can reach
more than 440 με [27], and the structure is prone to crack
development caused by shrinkage under constrained con-
ditions. Secondly, the mechanical performance of UHPC
also depends to a large extent on the maintenance envi-
ronment after on-site pouring. Based on these problems, the
applicability of cast-in-place UHPC is limited to a certain
extent, while the prefabricated UHPC plate can well avoid
the above problems [28]. -is is because the UHPC plate is
prefabricated and maintained in a good environment in the
factory, and the self-shrinkage is not constrained by the
external boundary.

In the steel-concrete composite bridge deck, UHPC, as
the rigid pavement layer, can alleviate the fatigue and
cracking of the bridge deck structure and enhance the anti-
cracking performance of the pavement layer ([29, 30]).
However, the combined action between concrete and steel
largely depends on the interface’s reliability [31]. Under the
influence of the steel-concrete connection mode, at present,
the UHPC and the orthotropic bridge panel can be divided
into the following two types of connection modes: one is
mechanical connection parts, such as studs [32]; the other is
adhesives, such as epoxy resins [33]. -e stud connection
technology has been relatively mature, which can ensure the
strong connection between the steel bridge deck and the
prefabricated UHPC plate. However, in practical engi-
neering, a steel bridge deck often needs to be welded with
many studs, which will inevitably introduce welding defects
and residual stresses while increasing time and cost, thus
reducing the anti-fatigue performance of orthotropic bridge
deck [34]. Secondly, when connecting the prefabricated
UHPC plate and the orthostatic steel bridge deck, many cast-
in-place holes need to be reserved on the prefabricated
UHPC plate, which increases the manufacturing difficulty of
the prefabricated UHPC plate. In contrast, the epoxy ad-
hesive method can solve the problem caused by many
welded studs. When epoxy bonding is used at the steel-

concrete interface, the surfaces of the both steel and concrete
are fully bonded, avoiding uneven shear transfer [35] and
stress concentration caused by welding studs ([36, 37]).
Meanwhile, the epoxy bonding method is simple and
convenient for the prefabrication of UHPC plate [38].
Predictably, the epoxy bonding method at the interface can
significantly reduce the welding of the bolts on the bridge
deck, accelerate the construction progress, and reduce the
complexity of the construction process.

Duan et al. [33] carried out a positive bending mo-
ment loading test on the UHPFRC-steel composite
bridge deck with the epoxy-glued interface. -ey found
that when the mid-span section reached 0.3 times the
ultimate strain, the composite bridge deck’s flexural ri-
gidity was 12.7 times higher than that of the steel plate.
He et al. [35] conducted the shear test of the UHPC-steel
interface and the positive bending moment loading test
of the prefabricated UHPC-steel composite bridge deck.
-ey designed six interface shear specimens and one full-
size bridge deck specimen, respectively. -e test results
show that when epoxy bonding is used at the UHPC-steel
interface, the steel plate’s surface treatment is poor, and
the shear strength is 1.8–2.1 MPa. -e orthotropic
composite bridge deck with epoxy adhesive has better
ductility and higher bearing capacity and can guarantee
the connection between UHPC pavement and steel
bridge deck. Buitelaar [39] studied the orthotropic steel
bridge deck’s concrete pavement scheme and found that
the stress concentration near the interface could be
avoided when the steel plate surface was polished and
applied with epoxy adhesive before UHPC was poured.
When the composite bridge panel is bent, the interface’s
normal bonding strength is 3∼5MPa, and the tangential
shear strength of the interface is 11–13MPa. Wang et al.
[40] compared the UHPC-steel composite beam’s
bending performance with epoxy bonding interface and
the stud connection interface. -ey found that the
composite beam’s ultimate bearing capacity differs by
6.8% under two different interface states. -e test result
shows that the epoxy bonding method can meet the
standard stud interface connection requirements in
UHPC-steel composite beams. -e above research results
show that epoxy bonding between the UHPC pavement
layer and the orthogonal anisotropic bridge deck is ef-
fective. However, the surface state of the interface and
the ratio of shear span to depth will significantly affect
the interface bond strength, thereby affecting the com-
posite bridge deck’s bending performance. -erefore,
considering the above two factors, this paper studies the
bending performance of epoxy adhesive prefabricated
UHPC-steel composite bridge deck.

In order to explore the bending performance of epoxy
adhesive prefabricated UHPC-steel composite bridge deck,
this paper considered the influence of surface treatment of
steel plate and prefabricated UHPC plate and determined
the failure mode, load-deflection curve, interface slip, and
strain distribution of the specimen through positive bending
moment loading tests with different ratio of shear span to
depth. Finally, the finite element simulation method of
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prefabricated UHPC-steel composite bridge panel consid-
ering the influence of interface performance was established,
and the finite element model was verified according to the
test results.

2. Test Procedure

2.1. Specimen Design. For specimen design information, see
Table 1 and Figure 1. -e component sizes of all specimens
were as follows: the size of the steel plate was
500mm× 150mm × 8mm, the size of the prefabricated
UHPC plate was 500mm× 150mm× 35mm, and the
thickness of the epoxy layer was 2mm. In particular, steel
plates and prefabricated UHPC plates were bonded by ep-
oxy. -e surface of the steel plate and the prefabricated
UHPC plate at the interface need to be treated. -e specific
treatment methods can be divided into the following three
types of surfaces: (1) Rough surface(R) of steel plate. -e
surface of the steel plate needed to be polished rough
according to the specification. (2) Groove surface (G) of
prefabricated UHPC plate. -ere were nine grooves on the
prefabricated UHPC plate’s surface, with the dimension of
150 mm× 10 mm× 3mm, and the longitudinal spacing
along the plate was 50mm. (3) Aggregate surface(A) of
prefabricated UHPC plate. -e prefabricated UHPC plate’s
surface needed to be polished until the aggregate was ex-
posed. In addition, the ratio of shear span to depth (λ) of the
specimen was designed to be 4.44 and 3.33, respectively.
-erefore, according to the surface treatment and ratio of
shear span to depth, the specimens can be named as six
specimens in Table 1.

Note: CD stands for composite deck. E means the in-
terface is bonded by epoxy. R, G, and A, respectively, in-
dicate the Rough surface of the steel plate, Groove surface of
the prefabricated UHPC plate, and Aggregate surface of the
prefabricated UHPC plate. P represents positive bending
moment loading. λ4.44 and λ3.33 indicate that the ratio of
shear span to depth is 4.44 and 3.33, respectively.

2.2. Specimen Preparation. To ensure adequate adhesion
between the prefabricated UHPC plate and the steel plate,
the use of epoxy adhesive shall be in accordance with the
manufacturer’s instructions. -e whole manufacturing
process of the specimen is shown in Figure 2. First of all,
UHPC was naturally maintained for 3 days after cast-in-
place in the prepared template. After the UHPC strength
reached the standard, the template was removed, and steam
curing was carried out for 3 days at 95°C. Secondly, the steel
plate and prefabricated UHPC plate need to be surface
treated according to the design requirements. -e rough
surface (R) of the steel plate, groove surface (G) of precast
UHPC plate, and aggregate surface (A) of precast UHPC
plate are shown in Figure 2(c). After cleaning the surface of
the prefabricated UHPC plate and steel plate, the quanti-
tative epoxy adhesive shall be applied from the center of the
surface of the prefabricated UHPC plate and steel plate to the
surrounding areas. -e thickness of the epoxy layer of the
prefabricated UHPC plate was 1.5mm, and that of the steel

plate was 0.5mm. After that, to avoid the loss of bonding
ability due to the premature hardening of epoxy adhesive,
the steel plate should be placed on the surface of the pre-
fabricated UHPC plate in time, and the appropriate force
should be applied to make them fit closely. Finally, to ensure
the epoxy bonding strength, the specimens need to be
naturally cured for 7 days. After curing for strength, the
surface was brushed with white paint.

2.3. Material Properties. Table 2 lists the UHPC mix pro-
portion used in this test. -e volume content of steel fiber in
UHPC is 2% to ensure the mechanical properties of UHPC.
-e steel fiber’s diameter and length are 0.12mm and 8mm,
respectively, and the yield strength is more than 1200MPa.
-e amount of other raw materials is shown in the table. In
particular, the data in Table 2 are from the research of Zou
et al. [41].

-e epoxy resin used in this test is a high-temperature
structural adhesive (CBSR-A/B) produced by Carbon
Technology Group Co., Ltd., which mainly consists of
primary agent CBSR-A and curing agent CBSR-B, with the
material weight ratio of 3 :1. -e mechanical properties of
the epoxy resin are shown in Table 3.

-e mechanical properties of steel and UHPC in epoxy
adhesive prefabricated UHPC-steel composite bridge deck
are shown in Table 4.

2.4. Test Scheme. -e three-point loading scheme was
adopted, and the loading instrument was an electronic
universal testingmachine (MTS Exceed E45.205). According
to different ratio of shear span to depth (λ) of the specimen,
the positive bending moment loading test can be divided
into the following two types: (a) Ratio of shear span to depth
(λ1 � 4.44) and (b) Ratio of shear span to depth (λ2 � 3.33).
-e loading point and support arrangement of various
specimens are shown in Figure 3.

In the figure, Lsi is the distance between the center of the
support and the end of the composite plate specimen
(Ls1 � 50mm, Ls2 � 100mm); Lmi is the distance between the
centers of the two supports (Lm1 � 400mm, Lm2 � 300mm);
and H is the height of the specimen (H�45mm). -e
loading scheme adopted displacement control loading, and
the loading speed was 0.01mm/s.

Figure 4 shows the displacement measurement of each
measuring point. In the two kinds of positive bending
moment loading tests, dial indicator D-1 and dial indicator
D-3 were arranged on the top surface of the prefabricated
UHPC plate at the center of the support, and dial indicator
D-2 was arranged on the bottom surface of the steel plate at
the middle of the span. Meanwhile, the dial indicator D-4
and dial indicator D-5 were arranged at the center of the
UHPC plate at the end of the specimen to measure the
interface slip between the steel plate and the prefabricated
UHPC plate.

-e strain gauge arrangement on the steel plate’s surface
and prefabricated UHPC plate of the specimen is shown in
Figure 5. In Figure 5(a), strain gauges S-1∼S-10 and S-14 are
arranged on the transverse side of the steel plate, while strain

Advances in Civil Engineering 3



gauges S-11∼S-13 were set on the transverse side of the
prefabricated UHPC plate. -e strain gauge S-15 was
arranged near the center of the edge line of the prefabricated
UHPC plate’s top surface, while the strain gauge S-16 was set
near the center of the edge line of the bottom surface of the

steel plate. -e specific arrangement is shown in Figure 5(b).
It is worth noting that all strain gauges were only arranged
on the surface of one side of the specimen, no matter which
type of specimen was in the positive bending moment
loading test.

Table 1: Details of specimens.

Specimen Interface thickness Surface Load Ratio of shear span to depth Number
CD-ER-P-λ4.44 2 R P 4.44 1
CD-ERG-P-λ4.44 2 R+G P 4.44 1
CD-ERA-P-λ4.44 2 R+A P 4.44 1
CD-ER-P-λ3.33 2 R P 3.33 1
CD-ERG-P-λ3.33 2 R+G P 3.33 1
CD-ERA-P-λ3.33 2 R+A P 3.33 1

Prefabricated UHPC plate

Epoxy layer (1mm)

Steel plate

Rough surface (R)

Groove surface (G)

Aggregate surface (A)

(a) Planview

(b) Front view

500

15
0

8

500

(a) Planview

(b) Front view

500

500

15
0

35

50

150

Figure 1: Detailed information on the specimen (Unit: mm).

(a) (b)

Natural curing
for 3 days

Steam curing
for 3 days

(c)

(R) (A) (G)

UHPC

Steel plate

(d)(e)

Keep for 7 days

(f)

1.5mm

0.5mm

Figure 2: -e whole manufacturing process of the specimen. (a) Cast in situ UHPC. (b) Steam curing. (c) Surface treatment. (d) Apply
epoxy adhesive. (e) Install steel plate. (f ) Formed specimen.
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3. Analysis of Test Results

3.1. Failure Mode. In the two types of positive bending
moment loading tests, the final interface slip and the pre-
fabricated UHPC plate cracks were only concentrated on the
same side of the specimen loading centerline. Specimen CD-
ER-P-λ4.44 and specimen CD-ER-P-λ3.33 had similar failure
characteristics. At the initial stage of loading, the interface
between the prefabricated UHPC plate and the steel plate did
not begin to slip, and there was no crack on the side of the
specimen. When the load of the crack was reached, a weak
cracking sound began to appear near the bearing on one side
of the specimen, accompanied by the generation of fine
cracks at the interface. Later, as the load increased to the
specimen’s ultimate bearing capacity, the fine cracks at the
interface continued to expand. When the load reached the
ultimate bearing capacity, the interface’s fine longitudinal
crack was instantly connected to form a crack, but the in-
terface will not be failed immediately. Instead, the bearing
capacity will plummet after the interface slip was to a certain
extent. After that, the relative slip at the interface between
the prefabricated UHPC plate and the steel plate continued
to increase, and cracks near the loading point occurred and
continued to grow until the bottom of the steel plate yielded.
-e final interface slip and crack are shown in Figures 6(a)
and 6(b).

Similarly, for specimen CD-ERG-P-λ4.44 and specimen
CD-ERG-P-λ3.33, they had similar failure characteristics.
Compared with specimen CD-ER-P-λ4.44 and specimen CD-
ER-P-λ3.33, the difference was that when the load reached the
ultimate bearing capacity, the longitudinal fine cracks at the
interface were not penetrated, and cracks appeared in the

prefabricated UHPC plate near the loading point. After that,
the bearing capacity of the specimen decreased instantly and
recovered to some extent. At this stage, the fine interface
cracks developed but did not penetrate, and there was no
visible slip at the interface. When the second ultimate
bearing capacity was reached, the specimen’s bearing ca-
pacity was reduced instantly, the fine interface crack was
immediately connected to form a crack, and the crack of the
prefabricated UHPC plate near the loading point rapidly
expanded. Finally, the failure of the specimen was the yield
of the steel plate. -e specific interface slip and crack are
shown in Figures 6(c) and 6(d).

For the specimens CD-ERG-P-λ4.44 and CD-ERG-P-λ3.33,
the specimens’ phenomenon before loading to the ultimate
bearing capacity was consistent with that of the other speci-
mens.When the load reached the ultimate bearing capacity, the
interface’s fine crackswere connected to form cracks, and cracks
began to appear in the prefabricated UHPC plate near the
loading point. After that, the specimen’s bearing capacity de-
creased but not rapidly, and a sizeable relative slip occurred near
the interface. Cracks in the prefabricated UHPC plate near the
loading point were further developed. When the loading
continues until the interface crack extends to the middle of the
span, the specimen's bearing capacity decreases instantaneously.
Finally, before yielding at the bottom of the steel plate, the
relative slip at the specimen’s interface increased continuously,
and the crack near the loading point grew continuously. -e
final interface slip and crack are shown in Figures 6(e) and 6(f).

3.2. Mid-Span Deflection. Figure 7 describes all specimens’
load-deflection curves in the two types of positive bending

Table 2: Mix proportion of UHPC (Table 2 is reproduced from “Study on the Static Performance of Prefabricated UHPC-Steel Epoxy
Bonding Interface”).

Component Mass ratio Proportion (%)
Cement 1.000 34.55
Silica fume 0.250 8.64
Quartz sand 1.100 38.01
Quartz flour 0.300 10.37
Water reducing agent 0.019 0.66
Water 0.225 7.77

Table 3: Mechanical properties of epoxy resin.

Material Tensile strength (MPa) Bending strength (MPa) Compressive strength (MPa) Elastic modulus (MPa)
CBSR-A/B 40 55 70 3920

Table 4: Mechanical properties of steel plate and prefabricated UHPC plate.

Part -ickness (mm) fs (MPa) fsu (MPa) Es (MPa) vs

Steel plate 8 225 370 206000 0.3

Prefabricated UHPC plate 35 fc (MPa) fct (MPa) Ec (MPa) vc

130 25 41000 0.2
fs is the yield strength of steel plate. fsu is the ultimate strength of steel plate. Es is Young’s modulus of steel plate. vs is Poisson’s ratio of steel plate. fc is the
compressive strength of UHPC. fct is flexural strength of UHPC. Ec is Young’s modulus of UHPC. vc is Poisson’s ratio of UHPC.
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moment loading tests. According to the failure mode of
specimens in Section 3.1, the load-deflection curve can be
divided into the following five stages: (1) Elastic stage (OiAi);
(2) Crack initiation stage (AiBi); (3) Interfacial crack
propagation stage (BiCi); (4) Interface failure stage (CiDi);
and (5) Yield stage (DiEi). As shown in the figure, during the
elastic stage, the specimen mainly showed the continuous
increase of load without fine cracks at the interface. With the
increase of load in the crack initiation stage, fine cracks
began to appear at the interface near the bearing and
gradually propagate to the middle of the span. In the in-
terfacial crack propagation stage, interface cracks were
connected to form an interface slip, and cracks of pre-
fabricated UHPC plate appeared near the loading point.
During the interface failure stage, the specimen’s bearing
capacity decreased instantaneously, and the interface slip
and the crack of the prefabricated UHPC plate increased
sharply. Finally, in the yield stage, the relative slip at the

interface between the prefabricated UHPC plate and the
steel plate increased continuously, and the cracks on the side
of the precast UHPC plate near the loading point increased
continuously until the bottom of the steel plate yields.

Figure 7 lists the ultimate load PBi
and the increased

deflection ΔδBiCi
of the specimen in the interfacial crack

propagation stage to evaluate the specimen’s bending per-
formance. It can be seen from Figure 7(a) that when the ratio
of shear span to depth was 4.44, the ultimate load
(PB3

�44.73 kN) and the increased deflection
(ΔδB3C3

�0.46mm) of the specimen CD-ERA-P-λ4.44 were
higher than those of other specimens. -is indicated that
compared with other specimens, the specimen CD-ERA-P-
λ4.44 had a higher bearing capacity and bending deformation
capacity in the interfacial crack propagation stage. However,
it should be noted that once entering the interface failure
stage, the bearing capacity of specimen CD-ERA-P-λ4.44
decreased instantaneously. Figure 7(b) shows that when the

Moving beam

V
b = 0.01m

m
/s

Dial indicatorLoader

Support

Fixed pedestal
Distribution beam

(a)

Moving beam

V
b = 0.01m

m
/s

Dial indicatorLoader

Support

Fixed pedestal
Distribution beam

(b)

Lsi Lmi/2

L

Lmi/2 Lsi

Fixed end

Load

λi =
Lmi/2

H
Sliding end

(c)

Figure 3: Loading scheme and design of ratio of shear span. (a) Ratio of shear span to depth (λ1 � 4.44). (b) Ratio of shear span to depth
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ratio of the shear span to depth was 3.33, the ultimate load
(PB2

� 65.19 kN) of CD-ERG-P-λ3.33 was higher than that of
other specimens. However, its bending deformation capacity
was the lowest, and the increased value of deflection was
0.20mm. In contrast, the ultimate load of CD-ERA-P-λ3.33
was 62.2 kN, which was only reduced by 4.6%. In the in-
terfacial crack propagation stage, compared with specimen
CD-ERG-P-λ3.33, the deflection value δB3

corresponding to
the ultimate load of specimen CD-ERA-P-λ3.33 increased by
107.7%, and the increment of deflection ΔδB3C3

in this stage
increased by 75%%, respectively. -e results showed that the

specimen CD-ERA-P-λ3.33 had a high bearing capacity and
excellent bending and deformation capability during the
interfacial crack propagation stage. In summary, when the
steel plate surface was a rough surface (R), and the precast
UHPC plate surface was an aggregate surface (A), the
specimen had excellent bearing capacity and bending de-
formation ability.

3.3. Interfacial Slip. -e load-slip curves of each specimen
under the action of the positive bending moment under
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different ratios of shear span to depths are listed in Figure 8.
In the elastic stage (OiAi) and crack initiation stage (AiBi), no
interfacial slip was generated in each specimen. In the in-
terfacial crack propagation stage (BiCi), the cracking of the
prefabricated UHPC-steel epoxy bonding interface was
mainly manifested as a reduction in bond strength, but not a
loss, and the maximum slip at the interface was 0.72mm. At

the interface failure stage (CiDi), the bonding interface was
further cracked until most specimens’ bonding interface lost
its bonding strength instantly. -e slip growth at the in-
terface was all lower than 0.05mm. After that, the relative
slip at the interface increased until the bottom of the plate
yields. -e ultimate load of each specimen and interface slip
during interface failure is shown in Table 5.
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Figure 6: Failure details. (a) CD-ER-P-λ4.44. (b) CD-ER-P-λ3.33. (c) CD-ERG-P-λ4.44. (d) CD-ERG-P-λ3.33. (e) CD-ERA-P-λ4.44. (f ) CD-
ERA-P-λ3.33.
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It can be concluded from Table 5 that when the ratio of
shear span to depth was 4.44, the ultimate load of specimen
CD-ERA-P-λ4.44 is higher than the ultimate load of other
specimens. In particular, the interfacial slip during interface
failure significantly exceeded that of the rest of the speci-
mens, indicating that the specimen CD-ERA-P-λ4.44 had the
highest bearing capacity and excellent interfacial slip ability.
In contrast, CD-ERG-P-λ4.44 had a higher bearing capacity,
but the interfacial slip capacity was the worst. When the ratio
of shear span to depth was 3.33, compared with specimen
CD-ERG-P-λ3.33, the ultimate load of specimen CD-ERA-P-
λ3.33 is reduced by 4.6%, but the interface slip increases
significantly when the interface is damaged. -erefore,
under different ratios of shear span to depth, when the steel
plate surface was a rough surface (R) and the precast UHPC
plate surface was an aggregate surface (A), the specimens
had higher bearing capacity and the best interface slip
capacity.

Note:PBi
refers to the ultimate load of all kinds of

specimens in the loading process; η is the ultimate load
growth rate of specimens relative to specimens CD-ER-P-
λ4.44 and specimens CD-ER-P-λ3.33, respectively, when the
ratio of shear span to depth is 4.44 and 3.33; δb is the

interface slip at interface failure; c is the interfacial slip
growth rate of specimens relative to specimens CD-ER-P-
λ4.44 and specimens CD-ER-P-λ3.33, respectively, when the
ratio of shear span to depth is 4.44 and 3.33.

After the test was finished, the prefabricated UHPC plate
and steel plate were separated from the interface, and the
interface state of the prefabricated UHPC plate and steel
plate after failure was obtained, as shown in Figure 9. In the
figure, with the loading center line as the boundary, the left
side was the failure interface, and the right side was the intact
interface. When the interface failure occurred, the cracks on
the prefabricated UHPC plate’s surface near the loading
centerline had been shown by the red dotted line, and the
other red dotted lines were the boundaries of different in-
terface failure forms. For the steel plate with a rough surface
(R), the specimen CD-ER-P-λ4.44 showed an epoxy-steel (E-
S) interface failure and an epoxy-UHPC (E-U) interface
failure, with localized failure of the epoxy layer (Figure 9(a)).
-e interface failure began with the E-S interface failure at
the end. In contrast, the interface failure of the specimen
CD-ER-P-λ3.33 began with the failure of the surface of the
prefabricated UHPC plate at the end, followed by the E-U
interface failure, as shown in Figure 9(b).
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Figure 8: Load-slip curves of specimens. (a) Ratio of shear span to depth (λ1� 4.44). (b) Ratio of shear span to depth (λ2� 3.33).

Table 5: Load-slip curve information of specimens.

Ratio of shear span to depth Specimen PBi
(kN) η(%) δb(mm) c(%)

4.44
CD-ER-P-λ4.44 36.94 0 0.179 0
CD-ERG-P-λ4.44 43.70 18.3 0.071 -60.3
CD-ERA-P-λ4.44 44.73 21.1 0.762 325.7

3.33
CD-ER-P-λ3.33 59.95 0 0.501 0
CD-ERG-P-λ3.33 65.19 8.74 0.044 -91.2
CD-ERA-P-λ3.33 62.20 3.75 0.591 18.0
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Figures 9(c) and 9(d) showed that the failure charac-
teristics of the specimen CD-ERG-P-λ4.44 interface were E-U
interface failure and shear failure of epoxy in the groove. E-U
interface failure first occurs at the end of the bridge deck.-e
failure characteristics of the specimen CD-ERG-P-λ3.33 in-
terface are E-S interface failure, local failure of epoxy layer,
E-U interface failure, and shear failure of epoxy in the
groove. E-S interface failure first occurs at the end of the
bridge deck.

As shown in Figures 9(e) and 9(f ), the interface failure of
the specimen CD-ERA-P-λ4.44 began with the E-S interface
failure, followed by the E-U interface failure. -e first in-
terface failure of the specimen CD-ERA-P-λ3.33 was the E-S
interface, followed by the prefabricated UHPC surface and
the E-U interface’s failure. -us, it can be concluded that the
reduction of ratio of shear span to depth will lead to more
complex and diverse failure modes of the interface between
prefabricated UHPC deck and steel plate, and the final
interface failure will be more abrupt.

3.4. Strain Distribution. -e strain distribution of all spec-
imens along the height at the mid-span section is shown in
Figure 10. Figures 10(a) and 10(b) shows the strain distri-
bution of the mid-span section of the specimen with the steel
plate’s rough surface treatment. It can be seen from the
figures that when the load of the specimen was low, the cross
section strain had been nonlinear distribution. Moreover,
with the increase of the load, the strain distribution became
more and more nonlinear. -e strain distribution along the
section’s height indicated that when the steel plate surface of
the specimen was a rough surface (R), relative slip always
existed at the interface before loading to the ultimate load.
Figure 10(c) shows that the strain distribution of the
specimen CD-ERG-P-λ4.44 along the mid-span section’s
height is linear as the load increases to the ultimate load.-is

strain distribution indicated that there was no slip at the
interface of CD-ERG-P-λ4.44 before loading to the ultimate
load, and the interface stiffness of the prefabricated UHPC
plate and the steel plate was larger.

In Figures 10(d), 10(e), and 10(f), the strain distribution
along the height of the mid-span section of each specimen is
linear before loading to the ultimate load. However, when
loaded to the ultimate load, the compressive strain in the
prefabricated UHPC plate’s middle section decreased sig-
nificantly.-e strain distribution showed that before loading
to the ultimate load, specimen CD-ERG-P-λ3.33, specimen
CD-ERA-P-λ4.44, and specimen CD-ERA-P-λ3.33 had higher
stiffness at the interface. But when loaded to the ultimate
load, the prefabricated UHPC plate of the specimen had
cracked.

4. Numerical Model

4.1. Modelling Scheme. In order to fully understand the
bending performance of epoxy adhesive prefabricated
UHPC-steel composite bridge deck and to study the sim-
ulation method of epoxy bonding interface, this paper takes
the specimen CD-ERA-P-λ4.44 and the specimen CD-ERA-
P-λ3.33 as the objects and establishes the interface element for
the prefabricated UHPC-steel epoxy bonding interface by
using the cohesive model method, which is verified by the
load-deflection curve obtained from the test.

In the two types of positive bending moment loading
tests, all the steel plates and prefabricated UHPC plates of the
specimens are three dimensional 8-node linear solid ele-
ments (C3D8). Cushion blocks are set at the fulcrum and
loading position of the specimen, the distance between the
cushion blocks at the fulcrum and the end of the specimen
are 50mm and 100mm, respectively, and the cushion blocks
at the loading position are at the mid-span position of the

Failure interface Complete interface
Prefabricated UHPC plate

Lo
ad

in
g 

ce
nt

er
lin

e

Steel plate

(a)

Failure interface Complete interface

Lo
ad

in
g 

ce
nt

er
lin

e

Prefabricated UHPC plate

Steel plate

(b)

Failure interface Complete interface

Lo
ad

in
g 

ce
nt

er
lin

e

Prefabricated UHPC plate

Steel plate

(c)

Failure interface Complete interface

Lo
ad

in
g 

ce
nt

er
lin

e

Prefabricated UHPC plate

Steel plate

(d)

Failure interface Complete interface

Lo
ad

in
g 

ce
nt

er
lin

e

Prefabricated UHPC plate

Steel plate

(e)

Failure interface Complete interface

Lo
ad

in
g 

ce
nt

er
lin

e

Prefabricated UHPC plate

Steel plate

(f )

Figure 9: Failure interfaces of specimens. (a) CD-ER-P-λ4.44. (b) CD-ER-P-λ3.33. (c) CD-ERG-P-λ4.44. (d) CD-ERG-P-λ3.33. (e) CD-ERA-P-
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specimen, which is constrained by “tie” with the surface of
the steel plate and the prefabricated UHPC plate, respec-
tively. Both the fulcrum and the loading point are built on
the surface of the cushion block, and the “coupling” con-
straint is adopted with the surface of the cushion block.

-e existing experimental and numerical simulation
results show that the cohesive interface element can rea-
sonably simulate the epoxy layer between steel and concrete
[6, 40]. In this method, the zero-thickness cohesive interface
element (COH3D8) is established in advance at the interface.
-e definition of interface cohesion constitutive is realized
by the relative displacement between the corresponding
nodes on the interface element’s upper and lower surfaces.
-e test results of interfacial properties [42] show that when
the epoxy layer of the UHPC-steel interface is thin, the
interfacial bonding of the E-S interface is good under pure
tension or pure shear. -e interface failure is characterized
by the tearing of the epoxy layer and surface failure of
UHPC. -erefore, in this paper, a zero-thickness cohesive
interface unit (COH3D8) is used to simulate the pre-
fabricated UHPC-steel epoxy bonding interface. -e mod-
eling and theory of the cohesive interface elements are
shown in Figure 11.

4.2. Cohesive Interface Element. As shown in Figure 11, a
basic unit of the interface unit between the prefabricated
UHPC and the steel plate is selected for analysis. In the unit,
nodes 1 to 8 are nodes on the upper and lower surfaces of the
cell body, and integral points 1 to 4 are set in the middle of
corresponding nodes on the same side. -e corresponding
displacement values of the node in space are
(Ni, Si, Ti), i � 1, 2, . . . , 8.n is the normal direction of the
interface and the thickness direction of the interface ele-
ment; s, t represent the two tangent directions perpendicular
to the normal direction of the interface.

When subjected to the external load, the interface’s
upper and lower solid elements are gradually separated,
resulting in the corresponding displacement of each node on
the interface element. -e relative separation displacement
of each integral point in the interface method and tangential
direction is shown in

δi

→
� δni, δsi, δti(  � Ni − Ni+4, Si − Si+4, Ti − Ti+4( , (i � 1, 2 . . . 4),

(1)

where δi

→
is the relatively separated displacement vector of

each integral node in the unit; δni, δsi, and δti are the relative
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Figure 10: Strain distribution at the mid-span section of specimens. (a) CD-ER-P-λ4.44. (b) CD-ER-P-λ3.33. (c) CD-ERG-P-λ4.44. (d) CD-
ERG-P-λ3.33. (e) CD-ERA-P-λ4.44. (f ) CD-ERA-P-λ3.33.
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separation displacements of the interface in normal and
tangential directions at each integral point.

When the upper and lower nodes of the interface begin
to separate relatively, the stress of the interface is the
function of the displacement of separation. -e traction-
separation relationship at each integral point is shown in
Equations (2)–(4).

σni � f δni, δsi, δti( , (2)

τsi � g δni, δsi, δti( , (3)

τti � h δni, δsi, δti( , (4)

where σni, τsi, and τti are the stresses in the normal and
tangent directions of the interface elements at each integral
point; f(∗ ), g(∗ ), and h(∗ ) are the functional relations
between the normal and tangential stresses and the relative
separation displacement.

For the bilinear traction-separation relationship as an
example, in the unit, the interfacial and tangential stresses
are related to the relative separation displacement in the
same direction. -e expression of the traction-separation
relationship is σni � f(δni); τti � h(δti), see Figure 12 for
details. In the elastic stage, the interface stress has a linear
relationship with the separation displacement. -e main
parameters are the elastic stiffness (Knn, Kss, Ktt) and the
ultimate stress (t0n, t0s , t0t ) in a single direction. In order to
consider the interaction of the three directions of the in-
terface, the stress and displacement during the interface
cracking are obtained by the cracking criterion. In the
failure evolution stage, the interface element’s failure
process is mainly controlled by the failure evolution cri-
terion. -e power law is listed here, and the main pa-
rameters are fracture energy (Gn, Gs, Gt) and material
constant α. All cohesion model parameters are shown in
Table 6.
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4.3. Constitutive Relation of Materials. -e finite element
software ABAQUS provides a CDP (Concrete Damaged
Plasticity) model to simulate the material nonlinearity of
UHPC. -erefore, it is necessary to find a suitable consti-
tutive model to realize the definition of UHPCmaterials.-e
constitutive model adopted is derived from the tensile
constitutive proposed by Zhang et al. [43], and the com-
pression constitutive suggested by Yang [44], as shown in
Figures 13(a) and 13(b). It should be noted that, in the
constitutive compression model, Ec is the initial elastic
modulus and Es is the elastic modulus of the secant line at
the peak point.

-e property of the steel plate is defined by the elastic-
plastic constitutions of linear reinforcement [45]
(Figure 13(c)). -e constitutive behavior is that the stress-
strain relationship increases linearly before the yield stress.

After the yield stress is reached, the strength still increases to
a certain extent until the ultimate stress is reached. In the
constitutive model of steel plate, fs is 225MPa, fsu is
370MPa, εs is 0.001, and εsu is 0.101.

4.4. Numerical Model Validation. In this paper, the epoxy
layer’s interface element is established based on the cohesive
model method, and the load-deflection curve predicted by
the finite element model is compared with the test results, as
shown in Figure 14.-e specific parameters are compared in
Tables 7 and 8.

Combined with the figures and tables, it can be seen
that the model is in good agreement with the experi-
mental data, and the variation of the load-deflection
curves of the two is consistent. -e difference of load and

Table 6: Constitutive parameters.

Interface direction Knn,ss,tt(N/mm3) t0n,s,t(MPa) Gn,s,t(N/mm) α

Normal direction 196 1.18 0.03
2First shear direction 122 5.14 0.136

Second shear direction 122 5.14 0.136
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interface slip of each joint is within 15% and 11%, re-
spectively, indicating that the interface element estab-
lished by the cohesive method in the model can predict
the flexural behavior of epoxy adhesive prefabricated
UHPC-steel composite bridge deck.

5. Conclusion

In order to study the bending performance of epoxy adhesive
prefabricated UHPC-steel composite bridge deck, in this

paper, the positive bending moment loading tests with the
ratio of shear span to depth of 4.44 and 3.33 were carried out
on the specimens of prefabricated UHPC plates and steel
plates with different surface treatments. -e failure mode,
load-deflection curve, interfacial slip, and strain distribution
of the specimens are analyzed. Finally, based on the test
results, it is verified that the cohesive interface element can
effectively simulate the bending performance of epoxy ad-
hesive prefabricated UHPC-steel composite bridge deck.-e
main conclusions are summarized as follows:

(1) When the ultimate bearing capacity is reached, the
bearing capacity of each specimen will not be lost
rapidly. After that, there will be a certain increase in
interface slip and deflection. It is worth mentioning
that the specimen’s ultimate failure behavior is that
the interface failure is prior to the yield at the bottom
of the steel plate, which is characterized by bending
failure.

(2) -e load-deflection curve can be divided into five
stages: elastic stage, crack initiation stage, interfacial
crack propagation stage, interface failure stage, and
yield stage. -e ultimate load (PB3

�44.73 kN) and
increased deflection (ΔδBiCi

�0.46mm) of specimen
CD-ERA-P-λ4.44 are higher than those of other
specimens when the ratio of shear span to depth is
4.44. When the ratio of shear span to depth is 3.33,
compared with specimen CD-ERG-P-λ3.33, the de-
flection value corresponding to an ultimate load of
specimen CD-ERA-P-λ3.33, and the increased value
of deflection at this stage increases to 107.7% and
75%, respectively.-e test results show that when the
steel plate’s surface is the rough surface (R), and the
prefabricated UHPC plate’s surface is the aggregate
surface (A), the specimen has excellent bearing ca-
pacity and bending deformation capacity.
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Figure 14: Comparison of model and test results. (a) CD-ERA-P-λ4.44. (b) CD-ERA-P-λ3.33.

Table 7: Load-deflection curve and load-slip curve information of
specimen CD-ERA-P-λ4.44.

Node

Load
(kN)

Interfacial slip (mm)

Test Model Difference
(%) Test Model Difference

(%)
A3 7.55 6.51 0 0 0
B3 43.73 45.98 5.15 0.96 1.06 10.42
C3 38.46 39.61 2.99 1.33 1.36 2.26
D3 15.10 14.25 −5.63 1.36 1.37 0.74
E3 15.48 14.52 −6.20 3.95 3.99 1.01

Table 8: Load-deflection curve and load-slip curve information of
specimen CD-ERA-P-λ3.33.

Node Load (kN) Interfacial slip (mm)
Test Model Test Test Model Difference (%)

A3 5.01 4.47 −10.78 0 0 0
B3 62.20 60.68 −2.44 1.35 1.30 −3.70
C3 58.88 55.74 −5.33 1.69 1.52 −10.06
D3 19.92 21.85 9.69 1.71 1.53 −10.53
E3 22.61 20.64 −8.71 4.00 3.99 −0.25
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(3) -e results show that the interface slip of the
specimen is similar to the deflection, which further
indicates that the specimen has higher bearing ca-
pacity and the best interface slip capacity when the
surface of the steel plate is rough (R), and the surface
of the prefabricated UHPC plate is grooved (A).
From the interface’s final failure state, the reduction
of each specimen’s ratio of shear span to depth will
lead tomore complex and diverse failure forms of the
interface between the precast UHPC deck and the
steel plate, and the final failure of the interface is
more sudden.

(4) -e strain distribution along the height at the mid-
span section indicates that certain interfacial slip
has occurred in specimen CD-ER-P-λ4.44 and
specimen CD-ER-P-λ3.33 at the initial stage of
loading. For specimen CD-ERG-P-λ4.44 and
specimen CD- ERG-P-λ3.33, the ratio of shear span
to depth reduction results in premature cracking
near the loading point when the prefabricated
UHPC plate is loaded to the ultimate load. Unlike
other specimens, the prefabricated UHPC plate of
specimen CD-ERA-P-λ4.44 cracked near the
loading point when loaded to the ultimate load.
Moreover, with the decrease of the ratio of shear
span to depth, the prefabricated UHPC plate’s
cracking degree is further aggravated.

(5) -e load-deflection curve of the model and the test
behave in the same manner. -e difference of load
and interface slip of each joint is within 15% and
11%, respectively, which indicates that the cohesive
interface element can successfully simulate the
prefabricated UHPC-steel epoxy bonding interface
and then predict the bending performance of epoxy
adhesive prefabricated UHPC-steel composite
bridge deck.
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In recent years, research on recycled aggregate concrete has become a hot issue in the field of civil engineering. .is paper mainly
studies the size effects on compressive and tensile strengths of the recycled aggregate concrete. Firstly, four sets of recycled
concrete cube specimens with different sizes are produced in the laboratory. Secondly, the experiments on compressive and tensile
strengths are carried out to obtain the rules of the strength value with the change of the specimen size. .irdly, a standard
neutrosophic number is proposed and used in modelling the size effect law more reasonably. According to the experimental
results, it was found that the compressive and tensile strengths of recycled concrete both have obvious size effects. In general, the
strength value decreases gradually with the increase of specimen size. Using the standard neutrosophic number, the proposed new
formula on size effect law is more suitable for tackling the indeterminacy in the experimental data. It has been shown that the size
effect law based on the standard neutrosophic number is more realistic than the existing size effect law. .e results may be useful
for the engineering application of the recycled concrete and can be extended to other types of size effect laws in the future.

1. Introduction

Demanding by environmental protection, some research on
recycled aggregate concrete (RAC) has been carried on in
many countries in recent years. At present, the research on
recycled aggregate concrete mainly focuses on its mechanical
properties or durability. Barhmaiah et al. [1] investigated the
effect of recycled aggregate on strength of concrete and the
results were compared with virgin aggregate concrete. Wu
and Jin [2] studied the compressive fatigue behavior of
compound concrete containing demolished concrete lumps
and recycled aggregate concrete. It was found that satis-
factory compressive strength can be attained when the total
waste content in RLAC reaches 54.6%. Akono et al. [3]
investigated the basic creep and fracture response of fine
recycled aggregate concrete using nanoscale mechanical
characterization modules integrated with nonlinear

micromechanical modelling and machine learning methods.
It has been shown that the fracture toughness of fine recycled
aggregate concrete is 8% lower than that of plain concrete.
Sasanipour et al. [4] investigated the effects of the surface
pretreatment method by soaking recycled concrete aggre-
gates in silica fume slurry on the mechanical and durability
properties of recycled aggregate concrete. Results revealed
that using pretreated recycled aggregates significantly im-
proved the durability properties of mixes especially chloride
ion penetration and electrical resistivity. Zhu et al. [5] in-
vestigate the long-term performance of recycled aggregate
concrete beams for a period of 3045 days and the bending
behavior of test beams after the sustained load is removed. It
was found that the RAC beams exhibit more significant
stiffness degradation characteristics in the flexural test. Mi
et al. [6] studied the influences of the compressive strength
ratio between original concrete and recycled aggregate
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concrete on the slump, compressive strength, and carbon-
ation resistance of recycled aggregate concrete. Results
revealed that adjusting the compressive strength ratio can
furnish different slump, compressive strength, and car-
bonation depth values, while also reducing mortar inho-
mogeneities. Wang et al. [7] studied the influences and
mechanisms of the single and coupled effect of carbonation,
dry-wet cycles, and freeze-thaw cycles on the durability of
three types of recycled aggregate concrete. .e results
showed that carbonation and dry-wet cycles can improve the
pore tortuosity and reduce the connectivity of pores.

As is well known, the strength of quasibrittle materials
like concrete and rock is size dependent due to the het-
erogeneity [8–11]. Generally, the geometrically similar
samples will not behave similarly for different sizes; this is
named as size effect (or scale effect). In the past few decades,
the size effect problem has been widely investigated by many
scientists and engineers. Overall, the existing scale effect laws
can be divided into three types: (1) statistical size effect
[12,13], (2) energetic size effect [14–18], and (3) fractal size
effect [19,20]. Additionally, some researchers used the ar-
tificial neural network (ANN) technique to forecast the size
effect of concrete strength [21,22]. In these laws, the ener-
getic size effect proposed by Bazant [11,14–18,23–29] has
been shown very effective and promising for those quasi-
brittle materials. Although much progress has been made in
the size effect mechanism, much further research is needed
for new type concrete and recycled aggregate concrete. On
the other hand, it is well known that most of the physical
quantities in engineering practice cannot be correctly
expressed by using crisp numbers due to the limitation of
experimental test techniques and the complexity of objective
things. Apparently, the tested concrete strength is just the
physical quantity that always fluctuates within a certain
range. It is difficult to express these strength parameters only
by using determined values. As a result, it is very necessary to
extend the existing size effect law to tackle the indeterminacy
in the tested strength data.

To handle indeterminate information in practice,
Smarandache [30–32] presented the concept of a neu-
trosophic number for the first time. .e neutrosophic
number, which consists of a determinate part and an in-
determinate part, is very suitable for the expression of data
with indeterminacy. However, little progress has been made
for handling indeterminate problems by neutrosophic
numbers in scientific and engineering areas in the past two
decades. Recently, Ye [33,34] used the neutrosophic number
as a tool for solving the group decision-making and fault
diagnosis problems, respectively. It has been shown that the
neutrosophic number can effectively deal with real problems
with indeterminacy. In this paper, a standard neutrosophic
number is firstly proposed for the improvement of the
multiplication of neutrosophic numbers to a certain extent.
And then the standard neutrosophic number is used to
modify the size effect laws on the compressive and tensile
strengths of the recycled aggregate concrete. .e proposed
size effect law based on the standard neutrosophic number
provides a simple and effective way to tackle the indeter-
minacy in the strength parameters.

.e presentation of this work is organized as follows:
Section 2 presents the size effect experimental scheme and
material properties used in the recycled aggregate concrete.
Section 3 gives the testing results of the compressive and
tensile strengths for the cube specimens. In Section 4, the
neutrosophic number is briefly reviewed and a standard
neutrosophic number is developed and used to improve the
size effect law for reflecting the indeterminacy in data. Fi-
nally, the conclusions of this work are summarized in
Section 5.

2. Experimental Scheme and
Material Properties

As shown in Figure 1, four sets of recycled concrete cube
specimens with different sizes are designed to investigate the
strength-size effect. Each group has six test blocks (three for
compressive test, three for splitting tensile test) and the total
number of these specimens is 24. .e side lengths of these
cube specimens are 70mm, 100mm, 150mm, and 200mm,
respectively.

Tables 1–3 present the main material properties of the
cement, fine aggregate, and recycled coarse aggregate used in
this experiment, respectively. .e cement is the ordinary
PM32.5 Portland cement and the fine aggregate is the
natural river sand..e recycled coarse aggregate as shown in
Figure 2 is manufactured from the waste concrete in the
process of old building dismantling.

Table 4 gives the mixture ratio, water-cement ratio,
and replacement ratio of recycled coarse aggregate used in
the experiment. In all these factors, the mixture ratio
design is the key factor to determine the strength grade of
concrete.

Finally, these recycled concrete cube specimens as shown
in Figure 3 are produced in the laboratory. After curing in
water for 28 days, the compressive and splitting tensile
strength tests are carried out.

3. Experiment Test and Result Analysis

Figure 4 presents the experiment equipment used for the
compressive and splitting tensile strengths, respectively. .e
experiment equipment is called the STYE-3000E automatic
pressure testing machine. .e detailed testing steps strictly
complied with the norms of “standard for test methods of
mechanical properties of ordinary concrete (GB/T
50081–2002)” [35].

Table 5 and Figure 5 present the test results of the
compressive strengths, respectively. Table 6 and Figure 6
present the test results of the splitting tensile strengths,
respectively.

From Tables 5 and 6, it has been shown that the com-
pressive and tensile strengths of recycled concrete both have
obvious size effects. In general, the mean value of strength
decreases gradually with the increase of specimen size.
Taking the specimens with a side length of 70mm as the
reference group, the degrees of size effect for other groups
can be computed as
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Figure 1: Cube specimen geometry size (unit: mm).

Table 1: Main properties of PM32.5 cement.

Number Properties Value
1 Density (kg/m3) 3051

2 Set time Initial set/min 172
Final set/min 225

3 Compressive strength 3d/MPa 17.8
28d/MPa 35

4 Rupture strength 3d/MPa 3.9
28d/MPa 7.1

Table 2: Main properties of fine aggregate.

Number Properties Condition or value
1 Fine aggregate River sand
2 Grain diameter/mm <5
3 Apparent density (kg/m3) 2548
4 Bulk density (kg/m3) 1211
5 Water ratio (%) 6.8
6 Gradation III
7 Modulus of finenessμf 1.83
8 Water absorption (%) 2.9

Table 3: Main properties of recycled coarse aggregate.

Number Properties Value
1 Apparent density (kg/m3) 2481
2 Bulk density (kg/m3) 1240
3 Water absorption (%) 6.3
4 Water ratio (%) 2.2
5 Crush value index (%) 19.9
6 Cavity ratio (%) 5.7
7 Porosity (%) 51.0
8 Incubation rate (%) 42.9

(a) (b)

Figure 2: Recycled coarse aggregate.
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Table 4: .e mixture ratio, water-cement ratio, and replacement ratio of recycled coarse aggregate.

Number Properties Value
1 Water–cement ratio 0.37
2 Replacement ratio of recycled coarse aggregate 100%

3 Material consumption

Cement (kg) 71.984
Water (kg) 27.210

Fine aggregate (kg) 61.037
Recycled coarse aggregate (kg) 103.843

4 .e mixture ratio Cement : water : fine aggregate : recycled coarse aggregate 1 : 0.378 : 0.848 :1.443

(a) (b)

Figure 3: Recycled concrete cube specimens.

(a) (b)

Figure 4: Experiment equipment for compressive and splitting tensile strengths.

Table 5: Mean values and standard deviations of compressive strengths.

Side length of cube specimen (mm)
Compressive strength (Sc) (MPa)

Standard deviation (δ) Coefficient of variation
Block 1 Block 2 Block 3 Mean value

70 32.250 52.189 55.415 46.618 10.244 0.220
100 34.618 32.401 33.509 33.510 0.905 0.027
150 36.580 28.586 30.449 31.871 3.415 0.107
200 36.443 24.047 27.491 29.327 5.224 0.178
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Figure 6: Splitting tensile strength values of cube specimens.
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Figure 5: Compressive strength values of cube specimens.

Table 6: Mean values and standard deviations of splitting tensile strength values.

Side length of cube specimen (mm)
Splitting tensile strength (St) (MPa)

Standard deviation (δ) Coefficient of variation
Block 1 Block 2 Block 3 Mean value

70 4.657 5.838 3.034 4.510 1.149 0.255
100 2.882 4.695 4.158 3.912 0.760 0.194
150 4.304 2.919 3.188 3.470 0.600 0.173
200 2.777 2.287 3.355 2.806 0.436 0.155
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Dc,100 �
46.618 − 33.51

46.618
× 100% � 28.12%,

Dc,150 �
46.618 − 31.871

46.618
× 100% � 31.63%,

Dc,200 �
46.618 − 29.327

46.618
× 100% � 37.09%,

Dt,100 �
4.51 − 3.912

4.51
× 100% � 13.26%,

Dt,150 �
4.51 − 3.47

4.51
× 100% � 23.06%,

Dt,200 �
4.51 − 2.806

4.51
× 100% � 37.78%.

(1)

From Tables 5 and 6, it was found that the discreteness
of data of the compressive strength is far greater than that
of the splitting tensile strength. .e possible reasons for
this phenomenon are as follows: (1) the compressive
strength of the test block is closely related to that of
recycled aggregate. It is known that the compressive
strengths of recycled aggregates in different specimens
fluctuate greatly. .is leads to the great discreteness of
compressive strength data. (2) .e splitting tensile
strength is mainly affected by the cohesive force between
cement and aggregate. At this point, there is no obvious
difference for different recycled aggregates.

4. Size Effect Law Using the Standard
Neutrosophic Number

4.1. .e Neutrosophic Number and Its Standard Form. As
stated before, the above strength values always contain some
randomness due to the limitation of experimental tech-
niques and the complexity of objective things. In order to
better describe the randomness in data, the neutrosophic
number will be introduced in this work to describe strength
since it is a powerful tool for the expression of data with
indeterminacy. Smarandache defined a neutrosophic
number for the first time in neutrosophic probability
[30–32]. A neutrosophic number, which can be divided into
a determinate part and an indeterminate part, is expressed as

N � x + yI, (2)

in which x and y are real numbers, I is indeterminacy, such
that I2 � I, 0 · I � 0, and I/I� undefined. In a sense, a
neutrosophic number can be treated as an interval number.
For example, assume that a neutrosophic number is
N � 2 + 3I, where I ∈ [0, 0.5]. .en, it is equivalent to an
interval numberN � [1.7, 2.3]. Compared with the interval
number, the advantages of the neutrosophic number are as
follows: (1) .e neutrosophic number more highlights the
determinate part, which is the common concerned point in
engineering application. (2) .e neutrosophic number is
similar to the imaginary number in form. .us, the oper-
ational rule of the neutrosophic number is more convenient
to implement. Letting N1 � x1 + y1I and N2 � x2 + y2I be
two neutrosophic numbers, the operational relations of
neutrosophic numbers are given by Smarandache [30–32] as

N1 + N2 � x1 + x2 + y1 + y2( I,

N1 − N2 � x1 − x2 + y1 − y2( I,

N1 × N2 � x1x2 + x1y2 + y1x2 + y1y2( I,

N
2
1 � x1 + y1I( 

2
� x

2
1 + 2x1y1 + y

2
1 I,

N1

N2
�

x1 + y1I

x2 + y2I
�

x1

x2
+

x2y1 − x1y2

x2 x2 + y2( 
· I, for x2 ≠ 0 andx2 ≠ −y2,

���
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�

�������
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��
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(3)
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However, the above operations may have potential
conflicts with those operations for interval numbers. For
example, assume that two neutrosophic numbers are N1 �

3 + 2I and N2 � 4 + 3I, where I ∈ [2, 3]. .en, they are
equivalent to two interval numbersN1 � [7, 9] and
N2 � [10, 13], respectively. According to the multiplication
of neutrosophic numbers, one has

N1 × N2 � 3 × 4 +(3 × 3 + 2 × 4 + 2 × 3)I

� 12 + 23I � [58, 81].
(4)

On the other hand, the following result can be obtained
by using the multiplication of interval numbers as

N1 × N2 � [7, 9] ×[10, 13] � [7 × 10, 9 × 13] � [70, 117].

(5)

Obviously, the results in equations (4) and (5) are dif-
ferent. In order to eliminate such conflicts, we propose some
improvement on the multiplication of neutrosophic num-
bers in this section. In the first place, we define the standard
form of a neutrosophic number as

N
s

� x
s

+ y
s
Is, Is ∈ [0, 1]. (6)

Accordingly, the multiplication includes the following
steps. First, we transform the arbitrary neutrosophic number
into its standard form Ns � xs + ysIs, where Is ∈ [0, 1]. For
example, the above two neutrosophic numbers N1 � 3 + 2I

and N2 � 4 + 3I (I ∈ [2, 3]) can be rewrote as Ns
1 � 7 + 2Is

and Ns
2 � 10 + 3Is, respectively. .en, one can obtain

N1 × N2 � N
s
1 × N

s
2 � 7 × 10 +(7 × 3 + 2 × 10 + 2 × 3)Is

� 70 + 47Is � [70, 117].

(7)

Apparently, the same result is achieved by equations (5)
and (7). .erefore, it is important to transform an arbitrary
neutrosophic number into its standard form in practice. For
an arbitrary neutrosophic number N � x + yI, I ∈ [z1, z2],
the conversion formula is given as

N
s

� N � x + yz1(  + yz2 − yz1(  · Is, Is � [0, 1]. (8)

Similarly, the conversion formula between an arbitrary
interval number [x1, x2] and the standard neutrosophic
number is expressed as

x1, x2  � x1 + x2 − x1(  · Is, Is � [0, 1]. (9)

Next, we use the proposed standard neutrosophic number
to describe the strength data as shown in Tables 5 and 6. As is
well known, the standard deviation δ in Tables 5 and 6 is a
commonly used measure of the degree to which a variable is
dispersed around its mean value. .en, the strength data of
these recycled concrete cubic specimens can be considered as
a set of interval numbers [Sc − δ, Sc + δ] and [St − δ, St + δ].
Using equation (9), these interval numbers can be trans-
formed into the standard neutrosophic numbers as

Sc − δ, Sc + δ  � Sc − δ(  + 2δ · Is, Is � [0, 1],

St − δ, St + δ  � St − δ(  + 2δ · Is, Is � [0, 1].
(10)

For example, the cubic compressive strength for the
specimens with the side length of 100mm in Table 5 can be
expressed as an interval number [33.51–0.905, 33.51 + 0.905]
or a standard neutrosophic number 32.605 + 1.81Is. Table 7
shows all the compressive and tensile strengths of these cubic
specimens using the form of standard neutrosophic
numbers.

4.2. Improved Size Effect Law. .e size effect law denotes the
strength-size functional relationship. In this section, the
existing size effect laws have been improved in two areas: one
is using a new ridge estimation method to compute the
fitting coefficients of the formula for size effect law, the other
is using the standard neutrosophic number to reflect the
indeterminacy. For the compressive strength, the commonly
used size effect law is

Sc � ε1d
−2/5

+ ε0, (11)

where d is the side length of the concrete cube block ε0 and ε1
are the two constants which can be determined by providing
fits to experimental data. For the splitting tensile strength,
the common formula of size effect law is

St � S∞ 1 +
d0

d
 , (12)

where S∞ denotes the nominal strength when the specimen
size tends to infinity and d0 denotes the characteristic size.
.eoretically, S∞ is an independent value of the specimen
size. From the point of view of dimensional homogeneity, it
is more reasonable to replace the side length d with the side
length ratio r, wherer is the ratio of the cube specimen size to
the minimum size in the experiment, that is, r � d/dmin..at
is because r is a dimensionless parameter. .en, the size
effect law for the compressive strength can be rewritten as

Sc � ε1r
−2/5

+ ε0. (13)

Similarly, the size effect law for the splitting tensile
strength is revised as

St � S∞ 1 +
r0

r
 . (14)

For a particular size ratio r, a unique strength value can
be calculated by any one of equations (13) and (14). Gen-
erally, the least squares estimate (LSE) [36] is used to obtain
the fitting coefficients in equations (13) and (14). However,
the ill condition of the equation may lead to serious dis-
tortion of the fitting results. To solve this problem, a new
ridge estimation method is used to compute the fitting
coefficients. Taking equation (13) as an example, the fol-
lowing linear regression model can be obtained from
equation (13) with the test data of the specimens as
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A · ε{ } � Sc , (15)

A �

1 r
−2/5
1

⋮ ⋮
1 r

−2/5
m

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,

ε{ } �
ε0
ε1

 ,

Sc  �

Sc1

⋮
Scm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

(16)

As stated before, LSE is often used for solving equation
(15) to obtain the fitting coefficients; that is,

ε{ }lse � B
−1

· z, B � A
T
A, z � A

T
y, z � A

T
y. (17)

As is well known, LSE is very inaccurate if the coefficient
matrix of the equation is ill-conditioned. .e ridge esti-
mation (RE) [37–40] method is often used to solve the ill-
conditioned equation. For equation (15), the RE solution is

ε{ }re � (B + λE)
−1

· z, (18)

where E is the identity matrix and λ is the ridge parameter that
can be determined by the L-curve method [37–40]. In general,
the determination process of ridge parameter requires complex
calculation and it is difficult to obtain the optimal ridge pa-
rameter. .us, a new ridge estimation (NRE) method is
proposed in this section to solve the ill-posed least squares
problem. .e main formulas of NRE are derived as follows.

Letting bij denotes the (i, j)th element in the matrix B,
one has

B �

b11 b12 · · · b1n

b21 b22 · · · b2n

⋮ ⋮ ⋱ ⋮

bn1 bn2 . . . bnn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (19)

Assume bmax is the maximum value in all the diagonal
elements of B, that is,

bmax � max bii( , i � 1 ∼ n. (20)

.en, a new regularization matrix R used in NRE is
designed as

R � ς · bmax ·

2 b11/bmax( )− 1 0 · · · 0

0 2 b22/bmax( )− 1
· · · 0

⋮ ⋮ ⋱ ⋮

0 0 · · · 2 bnn/bmax( )− 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(21)

where ς is an adjustable parameter (ς ⊂ [0, 0.2]), which can
be adjusted according to the condition number of coefficient
matrix B. ς � 0.1 is used in this work. Finally, the NRE of ε{ }

can be obtained as

ε{ }nre � (B + R)
−1

· z. (22)

Compared with RE, the advantages of NRE lie in the
following aspects. (1) .e complex operation of ridge pa-
rameter selection is avoided. (2) .e calculation accuracy is
further improved by automatically adjusting diagonal elements
as shown in equation (21). Using NRE and the data in Tables 5
and 6, the size effect laws for the compressive and tensile
strengths in this experiment can be obtained by data fitting as

Sc � 16.03 + 21.71 × r
−2/5

, (23)

St � 2.1 × 1 +
1.03

r
 . (24)

As stated before, the standard neutrosophic number
Ns � xs + ysIs, which consists of a determinate part xs and
an indeterminate part ysIs(Is ∈ [0, 1]), is very suitable for
expressing those parameters with indeterminacy in practice.
In view of this, we further improve the above size effect laws
by using the standard neutrosophic number in order to
reflect the indeterminacy in data.

For the compressive strength, letting ε0 � x0 + y0Is and
ε1 � x1 + y1Is be two neutrosophic numbers for
x0, y0, x1, y1 ∈ [0, +∞), equation (13) can be rewritten as

Sc � x0 + x1r
− 2/5

  + y0 + y1r
− 2/5

 Is. (25)

For the splitting tensile strength, letting S∞ � x2 + y2Is

and r0 � x3 + y3Is be two neutrosophic numbers for
x2, y2, x3, y3 ∈ [0, +∞), equation (14) can be rewritten as

St � x2 + y2Is(  1 +
x3 + y3Is

r
  � x2 1 +

x3

r
 

+ y2 +
x2y3 + x3y2 + y2y3

r
 Is.

(26)

In equations (25) and (26), the positive constants
x0, y0, x1, y1, x2, y2, x3, y3 can be determined by the pro-
posed NRE method. Equations (27) and (28) present the
results obtained after fitting as

Sc � 14.25 + 18.04 · r
−2/5

  + 3.57 + 7.25 · r
−2/5

 Is, (27)

St � 1.80 +
1.52

r
  + 0.60 +

1.29
r

 Is. (28)

For comparison, Figures 7 and 8 present the fitting
curves of size effect laws for the compressive and tensile

Table 7: Strength values expressed by the standard neutrosophic
numbers (“CS” denotes the compressive strength; “TS” denotes the
tensile strength).

Specimen number Strengths expressed
by the standard neutrosophic numbers

CS-70 36.374 + 20.288Is

CS-100 32.605 + 1.81Is

CS-150 28.456 + 6.83Is

CS-200 24.103 + 10.448Is

TS-70 3.361 + 2.298Is

TS-100 3.152 + 1.52Is

TS-150 2.87 + 1.2Is

TS-200 2.37 + 0.872Is
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strengths, respectively. In Figure 7, the black curves and
the scatter points indicated by “∗” are obtained by
equation (23) and the data in the fifth column of Table 5.
.e red curve and the green curve in Figure 7 indicate the
lower boundary and the upper boundary obtained from
equation (27). In Figure 8, the black curves and the scatter
points indicated by “∗” are obtained by equation (24) and
the data in the fifth column of Table 6. .e red curve and
the green curve in Figure 8 indicate the lower boundary
and the upper boundary obtained from equation (28). One
can see from Figures 7 and 8 that the size effect laws in the
form of the standard neutrosophic number can provide a
certain range of the strength value for a particular size.
Obviously, the size effect law based on the standard
neutrosophic number is more realistic than the existing
size effect law.

Comparing equations (12) and (11), one can find that the
two size effect formulas for the compressive and tensile
strengths seem to be similar. It may be valuable to propose a
unified formula of the size effect. In this paper, a unified
formula for size effect law is proposed as

S � δ1d
−δ3 + δ0, (29)

where S denotes the physical quantity such as compressive
and tensile strengths and δ0 and δ1 are the two constants
which can be determined by providing fits to experimental
data. δ3 is called the fractal dimension, which is mainly
determined by the characteristics of thematerial itself. δ3 can
also be obtained from a large number of test data statistics. In
this work, δ3 � 0.4 is used for the compressive strength and
δ3 � 1 is used for the splitting tensile strength. Equation (29)
can be used for other types of size effect laws.

5. Conclusion

In this study, four sets of recycled concrete cube specimens
with different sizes are produced in the laboratory. .e
experiments on compressive and tensile strengths are car-
ried out to obtain the rules of the strength value with the
change of the specimen size. According to the experimental
results, it was found that the compressive and tensile
strengths of recycled concrete both have obvious size effects.
In general, the strength value decreases gradually with the
increase of specimen size. To reflect the uncertainty in the
data, a standard neutrosophic number is proposed to im-
prove the multiplication of neutrosophic numbers to a
certain degree. Subsequently, the proposed standard neu-
trosophic number is used for modifying the size effect law on
the compressive and tensile strengths. It has been shown that
the size effect law based on the neutrosophic number is more
realistic than the existing size effect law. .e proposed
method in this paper provides a simple and effective way to
handle the indeterminacy in the testing data and can be
extended to other types of size effect laws, which are our
future research directions.
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[25] Z. P. Bažant, G. Zi, and D. McClung, “Size effect law and
fracture mechanics of the triggering of dry snow slab ava-
lanches,” Journal of Geophysical Research: Solid Earth,
vol. 108, no. 2, 2003.
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In the construction industry, an approach to alleviate the environmental problem is to apply ecological composite materials to the
construction field. In this paper, the authors added the recycled aggregate and the rice husks to the concrete and measured the
strengths of rich husk recycled concrete (RHRC) with different factors as well as determined the constitutive model. Subsequently,
the flexural experiment of RHRC sandwich wall was carried out and analyzed in detail, which proved that it could bear the wind
loads in normal use condition by the calculation of the experimental data. 'en, the compressive experiment and analyses were
conducted similarly. Moreover, the finite element method was applied to study the influence of tie bars on the flexural bearing
capacity and to deduce the simplified calculation method of vertical bearing capacity of RHRC walls.

1. Introduction

'e construction industry consumes more raw materials
than other social activities, leading to the depletion of
natural resources and the production of construction waste
[1, 2]. It is suggested that one of the most effective ways to
reduce building resource consumption and achieve sus-
tainable building practices is to use recycled materials made
from waste and renewable materials [3–5]. Among sus-
tainable materials, ecological composite materials are in-
creasingly concentrated because of their advantages, such as
reuse of waste, low overall impacts on the environment, and
biodegradability and nontoxicity [6, 7].

Nowadays, more and more scholars are committed to
the application of ecological composite materials in the field
of architecture. For example, woven fabric waste and red
mud of aluminium production waste, waste plastic, glass
waste, etc. have been studied and proved to be feasible for the

application and development of the construction materials
made from them, and the utilization of the materials can
undoubtedly reduce the consumption of resources [8–11].
Particularly for the walls, which exist in traditional buildings
abundantly, they should be advocated to use this kind of
material. Leshina et al. studied the effect of glass waste on the
properties of ceramic wall materials and demonstrated that
the domestic waste glass can be applied to the wall [12]. For
the purpose of building energy-saving, Ji et al. prepared a
novel one-piece wall ceramic board by using fly ash and
ceramic waste which indicated it could efficiently reduce the
thermal bridges and exert excellent energy conservation
effect [13]. Furthermore, the researches on the material
characteristics of lightweight concrete blocks with mis-
canthus from the perspective of compressive strength and
heat conductivity proved that it could meet the requirements
of use [14]. Hou et al. put forward a three-level mechanical
model of ecological composite walls based on their structural
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characteristics, mechanical properties, and collaborative
performance, and the results manifested that the structure
possessed several seismic defending lines and had good
seismic performance [15].

In addition to materials made from aforesaid waste, the
exploitation of building materials based on agricultural
waste has also received increasing attention, due to the
environmental problems caused by the large-scale genera-
tion of such waste and the difficulty of treatment [16]. At
present, agricultural waste could be used as building ma-
terials to achieve the cyclic utilization of resources and meet
the requirements of building functions [17]. For example,
waste from hemp production process could be used to make
high sound absorption muffling walls [18], as well as rice
straw and maize husk could be used as insulation material
for precast concrete Sandwich wall [19]. Among the various
agricultural wastes, rice husk occupies a large proportion of
agricultural waste and has a better resistance to molds in
comparison with other plant fibre composites [20]. António
et al. proposed a new composite material incorporating rice
husk intended for construction applications and elaborated
an experimental study on the mechanical, thermal, and
acoustic performance of new composite boards made of rice
husk waste. 'e results suggested that optimized con-
struction solutions based on these composite materials could
improve the performance of thermal and sound insulation of
buildings [21]. Liu et al. used control variable method to
systematically study the concrete with different particle sizes
and different contents of rice husks to provide corre-
sponding technology for supporting the preparation of high-
performance walls [22]. Zhao studied the stressing state and
failure criterion of rice husk mortar composite wall based on
the theory of stressing state of the structure, which analyzed
the influences of loading mode and holing mode on the
stressing state and failure load of the wall [23]. 'e above
researches show that concrete mixed with rice husks per-
forms well in mechanical properties, thermal, and sound
insulation functions, which has positive effects on sustain-
able development and is worthy of promotion.

Although the above researches have discussed many
properties and applications of the ecological composite
walls, almost all about heat and sound insulation, there are
few researches on the mechanical properties of them. 'is is
not conducive to determine the bearing capacity of the
ecological composite walls and to promote them as load-
bearing components widely, resulting in its narrow appli-
cation. 'e restrictions to the development and application
of the ecological composite wall are because of not only the
insufficient researches on the wall itself but also its basic
component materials.'ere is still a lack of further andmore
comprehensive research on mechanical properties and its
influence factors of ecological composite materials. 'ese
problems indicate that the mechanical properties of eco-
logical composite materials and the wall need further re-
search to develop its potential for application and
promotion.

'is paper makes efforts to study the mechanical
properties of ecological composite material, rice husk
recycled concrete (RHRC), and RHRC walls. 'e

compressive strength of different rice husk content and
recycled aggregate replacement rate were tested. Meanwhile,
the constitutive curves and its model of RHRC were de-
termined, according to the mechanical property tests of
RHRC. In order to ensure the wind load resistance of the
sandwich walls made of RHRC, the flexural experiment of it
was carried out, and the cracking load, bearing capacity, and
flexural deformation of it were recorded and analyzed.
Similarly, the compressive experiments of the wall with and
without a hole were also conducted to verify the vertical
bearing capacity. In addition, based on the finite element
method, the influence of the tie bar on the flexural bearing
capacity was studied and the simplified calculation method
of the vertical bearing capacity considering the “mid-shift”
effect was evolved.

2. Experimental Study on Mechanical
Properties of RHRC

2.1. Materials and Mix Proportions. Portland cement (P. O.
42.5) was used as the binders of RHRC, and the rebound test
strength and particle size of the recycled aggregate are,
respectively, 37.5MPa and 5–15mm. 'e chemical com-
position of rice husks is listed in Table 1. In order to study the
influence of the rice husk content and recycled aggregate
replacement rate on the mechanical properties of RHRC and
to reduce the influence of other factors, this test was carried
out on nine groups of blocks with the water-cement ratio
and the content of admixture unchanged. 'e rice husk
contents were 0%, 20%, and 30% by mass of cement, and
recycled aggregate replacement rates were 0%, 30%, 50%,
and 100%, respectively. Furthermore, rice husks had certain
water absorption capacity, so the actual water consumption
of RHRC was composed of the net one of concrete and
additional one of rice husks. 'e water absorption of rice
husks was measured before the formal test.'e rice husk of a
certain quality was soaked in water, and the quality of the
rice husk was weighed after water absorption and saturation.
Compare the mass values before and after soaking to cal-
culate the moisture content. 'e results showed that, with
the increase of 1 g rice husk, the additional water con-
sumption of rice husk increased by 1.5 g. According to the
preliminary test, the mixing ratio of rice husk recycled
concrete (RHRC) was determined as water: cement: sand:
stone� 180 : 480 : 650 :1050. In addition, the actual content
of amine superplasticizer was 1.5% of the quality of cement.
'e amine superplasticizer, silica densifier, and silica fume
were mixed in ratio of 1 : 4:3 to improve the impermeability,
compressive, and bending resistance of concrete.

2.2. Wall Making and Reinforcement Layout. 'e main
materials of the wall are the RHRC, steel bars, benzene plate,
and galvanized welded mesh. Meanwhile, the size of the
specimen and the arrangement of steel bars are shown in
Figure 1.'e detailed preparation method of the specimen is
as follows. First, use wood boards to support the template
outside the frame. Cover the bottom of the formwork with
galvanized wire mesh on the pad. Put the girder, column

2 Advances in Civil Engineering



Table 1: Chemical composition of rice husks (%).

Chemical composition Content (%)
Crude fibers 35.5–45.0
Xylogen 21.0–22.2
Poly pentosan 16.0–22.2
Ash content 13.0–22.0
Water 7.5–16.0
Crude protein 2.5–3.0
Ether extract 0.7–1.3
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Figure 1: Continued.
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longitudinal bars and stirrups into the template of the inner
frame of the girder and column. Subsequently, the inner and
outer leaf wall drawing bars were arranged and the strain
gauges were pasted to lead the wire and waterproof treat-
ment was done well. 'e inner leaf wall would be poured
immediately after the layout was completed. When the inner
wall concrete had a certain strength, remove the inner frame
of the formwork and install the benzene plate. Finally, the
outer leaf wall was covered with galvanized welding mesh
and the outer leaf wall was poured and maintained.

'e arrangement of steel bars for the wall is shown in the
Figures 1(b) and 1(c). 'e average yield strength and ulti-
mate strength of 12mm diameter HRB400 threaded steel
bars are, respectively, 422MPa and 610MPa and those of
6mm diameter HPB300 threaded steel bars are, respectively,
303MPa and 407MPa. 'e galvanized welding mesh is
made of Q235 steel, and the yield strength and ultimate
strength are 214MPa and 277MPa. 'e elastic modulus of
HPB300 steel bar is 2.1× 105N/mm2, the elastic modulus of
HRB400 steel bar is 2.0×105N/mm2, and the elastic
modulus of Q235 galvanized welded mesh is 2.0×105N/
mm2.

2.3. Loading Scheme and Measuring Point Layout. 'e large
size and the high bearing capacity outside the plane of the
test wall results in not being suitable to use the heavy loads to
simulate the uniform loads. 'erefore, the steel beams are
used to transform the loads applied by the counterforce
device into four concentrated loads, as shown in Figure 2.
'e four distribution beams are divided into two groups, and

the two groups of distribution beams are arranged longi-
tudinally at 100mm from the left and right ends of the
sandwich wall. 'e two distribution beams of each group are
symmetrically arranged at the positions of 1/4 and 3/4 of the
transverse direction of the sandwich wall. 'e two ends of
the test piece in this test are directly placed on the support. In
this bending performance test, the reaction device made of
four reaction frames and one steel beam is used to simulate
the uniformly distributed load through two distribution
beams and four loading beams with two jacks. 'e pre-
loading was firstly carried out to check the instrument and to
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Figure 1:'e structure of the RHRC Sandwich wall: (a) the composition of the wall; specimen size and reinforcement of the wall (b) without
a hole and (c) with a hole.
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Figure 2:'e loading device for bending performance experiment.
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eliminate the installation gap, and then the loads were ap-
plied with 20 kN as fixed increment.'e arrangements of the
strain gauges on steel reinforcements (on the left) and in
concrete (on the right) as well as of the displacement meters
are shown in Figure 3.

In this experiment, one wall has a hole of
1800mm× 1500mm and the other one has no hole, and the
other sizes were same as the aforesaid one. 'e vertical
bearing capacity was estimated to be 3200 kN, and the loads
applied by a four-axis compression machine were trans-
mitted to the top beam, as shown in Figure 4. 'e single jack
applied the load of 50 kN at each step and then held the load
for 5min to record the strains and vertical and lateral
displacements of the plate and to observe the development of
cracks. When the estimated failure load was about to be
reached, it was changed to 30 kN each step until the ex-
perimental wall failed.

'e layouts of displacement meters and the strain gauges
are shown in Figure 5. For the wall with a hole, the mea-
surements of steel and concrete are the same as those of the
wall without a hole.

During the loading process, when cracks appeared on the
surface of the inner wall and the strain values of concrete
exceeded the ultimate tensile strain, the load would be
determined to be the cracking load of the inner wall. 'e
bearing capacity was measured in accordance with the
provisions of “Standard Methods for Testing of Concrete
Structures” (GB/T 50152–2012) [24].

3. Result and Discussion

3.1. Research on RHRCTest Strength. All the test blocks were
maintained for 28 days under standard conditions, and the
loading device was 200 t pressure testing machine. 'e cubic
compressive strength test is performed on the cubic test
blocks with the size of 100mm in accordance with GB/T
50081–2002 [25]. Strain and displacement gauges were
arranged on both sides of the test blocks to measure the
strains before and after the failure of the specimens, re-
spectively. At the initial stage of loading, steel supports were
separated from the top of the compression machine. When
the load reached about 70% of the ultimate load, the steel
supports were adjusted to make them contact with the top of
the compression machine.

According to Chinese code-Standard for test method of
mechanical properties on ordinary concrete (GB/T
50081–2002), concrete specimens were made.'en, we put it
in a standard curing room with a temperature of 20± 2°C
and a relative humidity of 95% or more. Preliminary tests
have determined the mix ratio of RHRC to be: water: ce-
ment: sand: stone� 180 : 480 : 650 :1050. More information
has been provided in Table 2, including the number of
specimens, types, and detailed mixing ratio of each speci-
men. As shown in Table 2, the rice husks lowered the cubic
compressive strength of concrete, and the higher the rice
husk content was, the lower the strength was. 'e recycled
aggregate also affected the strength, which decreased with
the increase of the replacement rate of recycled aggregate
before 50% and then increased until 100%. However, when

the replacement rate was up to 100%, the strength was lower
than that without recycled aggregate. 'e changing features
of the prismatic compressive strength with the replacement
rate of recycled aggregate was similar to the cubic one, but
the critical value of the replacement rate between the re-
duction and increase of the compressive strength was 30%
instead of 50%. In addition, the recycled aggregate re-
placement rate was taken as a single variable in Groups 2, 3,
4, and 5, and the content of rice husk was taken in Groups 1,
2, and 6. By comparing the experimental data of these two
parts shown in Table 2, it can be detected that the influence
of rice husk content on concrete strength was greater than
that of replacement rate of recycled aggregate.

In addition to the strength of RHRCmaterial, equivalent
carbon saving is another important factor affecting its
popularization and application. Using the calculation
method of carbon dioxide emission proposed by Jianzhuang
[26] and Yuxing [27] et al., the carbon dioxide emission of
producing 1 cubic meter of recycled concrete was obtained.
As the carbon emission from the production of cement is
much larger than that of recycled aggregate, the carbon
conservation generated by recycled aggregate is negligible as
a whole. Hence, the main factor affecting carbon conser-
vation is the amount of rice husk. When the content of rice
husk is 20% and 30%, carbon dioxide emissions are reduced
by 4.4% and 6.6%, respectively, which has better environ-
mental value in terms of reducing carbon dioxide emissions.
'erefore, it is of great significance to study its mechanical
properties and lay a foundation for its wide application.

3.2. Experimental Results of Stress-Strain Relationship.
'e compression constitutive curve of concrete usually
consists of two parts, and there is a descending section after
the peak stress is reached. 'e ascending section of the
constitutive curve is directly determined by the strain col-
lected by the strain gauges, while the descending section is
calculated by the displacement values measured by the
displacement meters according to the following equation:

σ �
N

A
; ε �
Δl
l

, (1)

where σ is the stress of concrete; N is the axial force applied
by pressure testing machine;A is the cross-sectional area; ε is
the strain of concrete; and l is a third of the length of the
prism.

In order to better study the stress-strain curve, a curve
with relatively complete shape is selected from each group of
specimens for dimensionless analysis shown in Figure 6.'e
horizontal coordinate is represented by the strain divided by
the peak strain ε/εr and the vertical coordinate by the stress
divided by the peak stress σ/σr.

As deduced from Figure 6, the stress-strain curves of
RHRC are similar to that of ordinary concrete, which could
be divided into the following four stages:

(1) Elastic Stage. Compared with the ordinary concrete,
the addition of rice husk and recycled aggregate in
RHRC affected the bond behavior. When the stress
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was less than 60%–80% of the peak stress, the
constitutive curve was almost straight, which meant
that the stress increased in proportion to the strain.

(2) Fracture Development Stage. From the end of the
elastic phase to the peak stress point, RHRC began to
enter plasticity and microcracks appeared. With the
increase of stress, short and fine cracks began to
connect and expand gradually, and the plastic de-
formations increased as well.

(3) Fracture Instability Propagation Stage. When the
stress exceeded the peak stress values, the curves
began to decline. It could be seen from the di-
mensionless constitutive curves that the descending
section of RHRCwas relatively gentle compared with
ordinary concrete and more gently with the increase
of rice husk content. When the loads overpassed the
failure loads, oblique cracks appeared along the
surface of the prisms in the direction close to 45°.

(4) Failure Stage. 'e test blocks presented shear failure
and the curves gradually flattened along with the
increase of vertical deformation.

Based on the experiment, the constitutive model of
RHRC is abstracted by comparing with the stress-strain
relationship adopted by European code [28] and with that
proposed by Guo [29].

'e equation in the European code is

y �
Kx − x

2

1 +(K − 2)x
. (2)

'e piecewise function proposed by Guo is as follows:

y � ax +(3 − 2a)x
2

+(a − 2)x
3
, 0< x< 1,

y �
x

b(x − 1)
2

+ x
.

(3)
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'e testing constitutive curve of the fifth group and the
aforesaid two curves are shown in Figure 7. In the ascending
segment, K� 2.5497 and a� 2.4312, and in the descending
segment, K� 3.7488 and b� 0.5718.

According to the comparison, the error of the
descending sections between European code and the test
curve is too large. But the constitutive curve proposed by
Guo is almost consistent with the test results, which could be

Loading beam
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layout

(a)
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00
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(b)

4000
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300 500 300 1800 300 500 300

(c)

4000250

30
00

Open-hole

Displacment meter

Displacment gauge with both
Displacment gauge with unique
arrangement for open-hole specimen

250

(d)

Figure 5: 'e arrangement of strain gauges and displacement meters (dimensions in mm): (a) displacement gauges layout of specimen
without an opening hole; (b) the opening hole specimen displacement gauges; (c) layout of strain gauge measuring points for steel bars; (d)
layout of concrete strain gauges for specimens with or without a hole.

Table 2: Size and experimental results of the specimens.

Group Rice husk content
(%)

Replacement rate of recycled
aggregate (%) Size (mm) Number of

specimens
Peak stress
(MPa)

Prismatic peak strain
(με)

1 0 0 100×100×100 3 35.4 /
100×100× 300 6 36.9 2248

2 20 0 100×100×100 3 27.3 /
100×100× 300 6 20.5 2298

3 20 30 100×100×100 3 21.6 /
100×100× 300 6 16.8 2368

4 20 50 100×100×100 3 21.5 /
100×100× 300 6 17.1 2529

5 20 100 100×100×100 3 23.9 /
100×100× 300 6 21.7 2116

6 30 0 100×100×100 3 8.8 /
100×100× 300 6 8.3 1848

7 30 30 100×100×100 3 7.4 /
100×100× 300 6 5.8 1993

8 30 50 100×100×100 3 6.2 /
100×100× 300 6 6.1 2657

9 30 100 100×100×100 3 7.5 /
100×100× 300 6 7.2 2763
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used to describe the stress-strain curve relationship of
RHRC.

Under the condition of water-cement ratio of 0.375 in
this test, the relationship of parameter b, rice husk content
m, and recycled aggregate replacement rate p is calculated as
follows:

b � 1.523 + 2.467m + 1.873p + 19.043m
2

+ 0.232p
2

+ 7.355mp.
(4)

3.3. Analysis of Bending Experimental Phenomenon and
Result. 'e early stage of loading was the elastic working
stage while the strain and the deflection of the experimental

wall tended to be linearly growing. 'ere were no obvious
cracking signs until the total load reached 80 kN. 'ereafter,
the concrete at the bottom of the inner wall began to appear
the vertical microfracture with a width less than 0.1mm
presenting a slow development. When the total load reached
200 kN, the wire mesh yielded under tension and the cracks
in the concrete of inner wall became longer and wider, as
shown in Figure 8(a). In addition, at the middle position of
the wall, a penetrating crack with width of 0.1mm appeared
along the span direction shown in Figure 8(b).

In order to study the transfer and distribution of the
force in the new ecological composite sandwich wall under
the load out-of-plane, the load-strain relationships of tie bars
and the tensile bar of the inner wall are shown in Figure 9. It
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Figure 6: Dimensionless stress-strain curves of RHRC.
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Figure 7: Comparison of constitutive curves of concrete: (a)'e ascending section and (b) the descending section of the constitutive curves.
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could be seen that the load-strain curve of the tie bar in the
column was basically linear before the failure of the wall.
However, the strain of the tie bar at the center of the wall
barely changed from the initial loading to failure and the
stress was almost 0MPa, which indicated that the out-plane
loads were mainly transferred to the column by the tie bars
of the column.

'e strain-load curve of tensile reinforcement at the
midspan of column could be divided into three sections.
When the load was less than 80 kN, the load-strain curve of
tensile reinforcement presented a straight line. After that, the
concrete cracked in the tensile zone at the bottom of the wall,
resulting in the redistribution of stress. 'e tensile force
originally borne by the concrete was transferred to the steel
wire mesh and tensile reinforcement, which caused the
increase of their strain; hence, the strain-load curve showed
the first turning point. As the loads continued to increase,

the strain-load curve of the reinforcement was almost
straight until 200 kN.'ereafter, the steel wire mesh reached
the yield strain, which caused the stress redistribution once
again. 'us, part of the tensile stress borne by the steel wire
mesh was transferred to the steel reinforcement, and the
load-strain curve presented the second turning. 'e final
failure of the wall was due to the stress redistribution caused
by the tensile yield of steel wire mesh, which led to the yield
of steel reinforcement and the reduction of flexural capacity
fleetly. 'e measured cracking and failure loads of the wall
were 80 kN and 240 kN, respectively, which could be con-
verted into the uniform load of 6.67 kN/m2 and 20 kN/m2.
For the case that the out-plane load in daily application is
mainly wind loads, and it could meet the requirement of
normal serviceability. In addition, the external wall bore
almost no bending moment and the distance between in-
ternal and external walls did not affect the flexural capacity,
which enlightened us on that concrete with high content of
rice husk could be used on the outer wall to take full ad-
vantage of the insulation capacity of rice husks.

3.4. Finite Element Analysis of Flexural Property.
ABAQUS is applied to simulate the flexural bearing capacity
test of the wall without a hole, and the steel reinforcement
and concrete are set as truss element and solid element,
namely, the C3D8R element. In this paper, the distribution
mesh seeds with a general size of 100mmwere set. Except for
the inner leaf wall, automatic mesh division was adopted for
other components. Due to the irregular shape of the inner
leaf wall, the inner leaf wall was split and then mesh division
was carried out. In order to analyse the stress distribution of
the outer vane wall in the bending test, four layers of mesh
were arranged along the thickness of the outer vane wall
because of its small thickness. 'e constitutive model
proposed in Section 3.2 was adopted for the compression
constitutive model. 'e constitutive structure of the steel
bars in the model adopted the ideal elastoplastic curve

Crack

(a)

Crack

(b)

Figure 8: 'e cracks in the wall during the experiment: (a) the crack in the position of the loading beam; (b) the penetrating crack in the
experimental wall.
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constitutive, that is, the stress and strain in the elastic stage
were linearly related, and the stress in the plastic stage
remained unchanged.'e specific parameters of the steel bar
are in Section 2.2, and Poisson’s ratio is 0.3.'e properties of
steel bar could be defined by setting elastic modulus and
yield strength in ABAQUS. 'e boundary condition as-
sumed that the two ends of the specimen were hinged, i.e.,
U1�U2�U3� 0.

In order to verify the feasibility of the four beams loading
scheme replacing the uniformly distributed loading scheme, the
stress condition of these two schemes was studied and is shown
in Figures 10(a) and 10(b), which reflected the reliability of this
model and analytical method. In addition, the deflection values
calculated by the finite element method was slightly lower than
that measured in the experiment shown in Figure 10(c), which
was resulted from that the concrete strength and stiffness of the
wall were lower than the design values.

Tie bars produced certain flexural deformations in the
loading process, which might react on the bending capacity
of the wall. By changing the layout density, strength, and

length of web members of tie bars, the influence of tie bar on
the flexural capacity is studied. 'e load-deflection curves
with different parameters of tie bar are shown in Figure 11,
where D (mm) denotes the diameter of tie bars and h (mm)
denotes the length of the web bars. In the experiment,
D� 6mm, h� 60mm, and the layout density are
400mm× 400mm.

'e increase ofD and layout density nearly did not affect
the flexural capacity of the wall. At the same time, after
adjusting the length of web members, the flexural capacity of
the wall changed few, which meant that this parameter had
hardly affected it. 'erefore, the flexural capacity and the
different variables of tie bars are related to a certain extent
but not crucial, which enlightens us that tie bars only need to
meet the construction requirements in the design of this
kind of wall.

3.5. Compression Experimental Phenomena and Results of the
Wall with a Hole. Until the total load reached 1000 kN, a
crack with width less than 0.1mm appeared at the top of the
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Figure 10: Comparison of the simulation results and the experimental results: the stress nephogram of (a) the four beams loading scheme
and (b) the uniformly distributed loading scheme; (c) the load-deflection curves.
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hole of the inner wall due to the ultimate tensile strain of
concrete. In addition, vertical microcracks with width less
than 0.1mm also appeared on the top beam. At the total load
of 1400 kN, shear-compression diagonal cracks presented at
both ends of the top beam of the hole, and several diagonal
cracks appeared at the lower end of the beam of the inner
wall. As the total load reached 2000 kN, new vertical cracks
appeared in the connection between the top of the middle
column and the thin plate of the inner wall, caused by the
uncoordinated deformations of the column and the inner
wall. As well, several transverse cracks occurred in the
window lintel and cracks in the outer wall became longer
and wider. When the total load was up to 2400 kN, new
vertical cracks were generated in the thin plate among the
side and the middle columns of the inner wall, and the
vertical cracks also emerged in the edge of the right side of
the middle column. At 2600 kN, the reinforcements reached
yield tensile strain, while the concrete in the compressive
zone had not been completely crushed, which indicated that
the top beam was destroyed before the constructional col-
umn of the inner wall. At 2800 kN, the transverse cracks
appeared in the middle of the right middle column and
developed rapidly until the concrete in the middle of the
span was crushed as shown in Figure 12. Finally, the lon-
gitudinal reinforcement was yielded, which resulted in the
failure of the wall. As shown in Figure 13, by comparing the
load-strain curves of concrete and steel bars in the side
column with that in the middle column, a conclusion could
be drawn that under the vertical uniformly distributed loads,
the two middle columns were subjected to more forces.

'e compression performance test of the full-scale
opening was carried out. 'rough the observation of the
phenomena in the compressive performance test of the
specimen and the collection of deformation and strain data,
it could be concluded that the failure of the wall with a hole

was due to the excessive compressive strain of the concrete
near the window of the middle column. 'e concrete was
crushed, which led to the increase of steel bar stress, the yield
of steel bar, and the loss of bearing capacity of the wall.

3.6. Compression Experimental Phenomena and Results of the
Wall without a Hole. 'e experimental phenomenon of the
wall without a hole is basically the same as that of the wall
with a hole, but the ultimate load is 3400 kN instead of
2800 kN. With the total load reaching 3400 kN, the cracks
developed further and the sound of concrete being crushed
could also be heard. At this time, the concrete near the
central axis in the middle of the top beam continued to be
crushed; thereafter, the top beam was damaged as shown in
Figure 14.

According to Figure 15, when the wall was destroyed
under compression, the maximum tensile strain of the steel
reinforcement is about 1500 με less than the yield tensile strain
(1700με). 'erefore, the failure of the top beam was not the
bending failure in plane of the wall but the compression
failure of concrete due to the top beam torsion out-plane
restrained. In addition, the vertical deformations of the
middle column were greater than that of the side one, which
was caused by the flexural deformations of the top beam of the
inner wall. As well, the loads were transferred symmetrically
to the two middle columns, which was corresponding to the
symmetrical form of the structure and the loads.

According to Figure 16(a), from the beginning of loading,
the load-deflection curve was almost straight until 2000 kN,
which was an inflection point due to the development of
plastic stage in some parts of concrete. At the same time,
Figure 16(b) shows that the inner and the outer walls squeezed
each other during the loading process, and the compressive
deformation increased with the increase of the loads.
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Figure 11: 'e load-deflection curves of different parameters of the tie bars.
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'e compression performance test of full-scale non-
opening was carried out, and through the observation of the
phenomena in the compressive performance test of the
specimen and the collection of deformation and strain data,
it could be concluded that the failure of the wall without a
hole was due to the fact that the loading beam limited the
torsion of the top beam caused by the flexural deformation

of the specimen, so that the concrete on the inner leaf wall of
the top beam of the specimen was crushed.

3.7. Finite Element Analysis of Compressive Property.
Finite element analysis of the compressive property for the
wall with and without a hole is also carried out by ABAQUS,
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Figure 13: 'e strain-load curves: (a) steel reinforcements in the inner wall; (b) concrete at the top of the columns.
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Figure 12: 'e experimental phenomena: (a) the damage of the middle column; (b) the cracks at the top of the hole.
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and their stress nephograms are plotted in Figure 17.
Comparing experimental strain data with the simulated ones
shown in Figure 18, it could be found that the simulated
results are basically in agreement with the experimental
ones. In addition, it could be inferred from the test and
simulation results that the internal force of the middle
column was larger than that of the side column, and the load
had the phenomenon of “middle-shift” in the simplified
mechanical calculation model, that is, after the simplified
uniformly distributed load was a concentrated load, the
concentrated load at the top of the middle column was larger
than that at the top of the side column. 'e bearing capacity
of the side column was not fully exerted when the specimen
was destroyed, so the cross section of the side column could
be reduced appropriately in the design process. According to
this phenomenon, a simplified calculation method of
sandwich wall was given in this paper.

'e ratio of height to thickness for the inner wall plate is
less than that of the column, hence the internal forces are
mainly borne by the four inner wall columns, meaning that
the uniformly distributed loads acting on the top of the wall
can be simplified to the vertical concentrated ones acting on
the top of the columns with flanges. When the effect of
“middle shift” is not be considered, the vertical deformations
of the wall are uniform and the distribution of vertical loads
between the side and middle columns is carried out
according to their axial stiffness (EA), respectively, just as the
following equation:

F1

(EA)1
�

F2

(EA)2
�

F3

(EA)3
�

F4

(EA)4
� ε �

F

(EA)
, (5)

and then the equation (5) could be converted to the fol-
lowing equation:

F �
(EA)1

(EA)
F +

(EA)2

(EA)
F +

(EA)3

(EA)
F +

(EA)4

(EA)
F. (6)

Subsequently, equations (7), (8), and (9) are inferred to
consider the “mid-shift “ effect of the loads, so as to make the
calculated loads closer to the actual ones:

F1

(EA)1
�

F4

(EA)4
� αε, (7)
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F �
α(EA)1

 m(EA)
F +

(EA)2

 m(EA)
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 m(EA)
F

+
α(EA)4

 m(EA)
F,

(9)

where α is the ratio of the axial force to the bearing capacity
when the wall is failed, F1 and F4 are the concentrated loads
acted on two side columns, and F2 and F3 act on two middle
columns. And, the coefficient m is equal to 1 or α.

Since there is no instability failure of the wall and no
bending failure of the beam, the bearing capacity of the
ecological composite sandwich wall under axial compression
can be calculated based on the following equation [30]:

N≤φ β fcAz + fy
′As , (10)

where N is the design value of the axial force of the wall; fc is
the axial compressive strength of column concrete; fy is the
design value of compressive strength of reinforcements;Az is
the sectional area of the column with flange; As is the area of
the longitudinal reinforcements of the column; and φ is the
stability coefficient of the wall.

Due to the complex structure of the inner wall, the
computing method ofAz refers to the determination method
of flange width of shear wall with flange in GB 50010–2010
[30]. 'en, the calculation results based the proposed
bearing capacity formula and the test values are listed in
Table 3. It can be seen that the calculated results of the
equation are close to the experimental results, which can be
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Figure 17: 'e stress nephograms of the walls: (a) without a hole and (b) with a hole.
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used as a reference for the design of ecological composite
sandwich wall.

4. Conclusion

In this paper, the mechanical properties of RHRC were
studied and analyzed. Subsequently, the experiments and the
numerical simulations of the full-scale eco-composite
sandwich wall on the flexural behavior and two full-scale
sandwich walls on the compressive properties were carried
out, accompanied by the following conclusions:

(1) 'e compressive strength of RHRC reduces with the
rises of rice husk content and decreases first and then
increases with the growth of recycled aggregate re-
placement rate. 'e stress-strain curves of RHRC are
in agreement with the constitutive curves proposed
by Guo, and the relationship of the parameter b, rice
husk content m, and recycled aggregate substitution
rate p is established by data fitting.

(2) 'e flexural capacity of composite sandwich walls is
very high, and there are three stages during the whole
loading process. 'e reasons of ultimate failure are
mainly caused by the yield of tensile steel rein-
forcement and the excessive deflection of walls. In
addition, the bending moment of the wall is mainly
borne by the inner wall, so more thermal insulation
materials could be added into the outer wall.

Meanwhile, the simulation results show that it is
feasible to replace the uniform load with four loading
beams and that tie bars can bear part of the bending
moment but have no obvious effect on the flexural
capacity.

(3) 'e ecological composite sandwich walls have good
compression resistance and no instability failure.'e
failure reason of the wall with a hole was that the
excessive compressive strain of concrete led to the
yield of steel reinforcements, and then the wall lost
the bearing capacity. As for the wall without a hole, it
was that the top beam torsion out-plane restrained.
Furthermore, based on the simulation results, a
simplified calculation formula of vertical bearing
capacity considering “midshift”: effect is proposed,
and the calculation results are consistent with the
experimental ones.
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Table 3: 'e comparison between the calculated results and the experimental results.

Experimental wall Formula value Nu
′ (kN) 'e test results Nu (kN) |Nu

′ − Nu/Nu|

'e wall with a hole 3591 3400 0.056
'e wall without a hole 2871 2800 0.025
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Figure 18: Comparison of the strain-load curves of experiment and of calculated by finite element method: (a) the top of the side column;
(b) the middle in the right side of the hole.
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-e RFPA3D is used to establish a fine finite element model of 6.63 million elements, which realizes the fine simulation of the
stability of the Xiluodu arch dam under layered, overall, multiworking conditions and multistress fields, and the cracking and
failure process under overload.-e structural design scheme of the arch dam and the corresponding foundation treatment design
are evaluated. -e model fully reflects the measures of dam shape structure design, angle fitting structure design, and foundation
concrete replacement in the Xiluodu arch dam technical design stage. -e RFPA3D adopts the mesoelement elastic damage
model, which considers the Mohr–Coulomb criterion of shear fracture and the maximum tensile failure criterion, and assumes
that the mechanical properties of the element satisfy Weibull distribution to consider its heterogeneity. -e simulation results
show that, under normal load conditions, the dam foundation surface after comprehensive reinforcement has better overall
stability, the stress and deformation of the dam body have good symmetry, and the overload factor of crack initiation under
overload calculation K1� 2P0 (P0 is normal water load), the nonlinear deformation overload factor K2� 3.5–4P0, and the limit
load factorK3� 7.5–8.0P0, dam safety can be satisfied.-e RFPA3D is used to establish a superlarge finemodel to study the overall
stability of the high arch dam, which provides an effective method for analysis and research of other large hydraulic projects in
the world.

1. Introduction

A series of major projects related to national economic
construction in China, such as water conservancy and hy-
dropower industry, tend to be large-scale, comprehensive,
and complex. A large number of dam foundation-bank
structures that are complete, in process, or proposed are
generally facing the challenges of construction and opera-
tional safety under complex, unpredictable, and extreme
load conditions. Among super-high dams, the arch dams
transfer loads to the dam foundations and abutments
through the effect of the beam and the arching effect, so that
the dam body is mainly compressed, and hence, the com-
pressive performance of concrete materials can be fully
realized. It has become an extremely beneficial dam type of
super-high dams because of its advantages of high safety,
strong seismic capacity, large dam discharge, and small

concrete quantities [1–5]. However, as most of the load is
transferred to the rock on both sides of the dam, high
stability and strength of the rock are required. If the geo-
logical conditions of the foundation are not good or the
symmetry is poor, the arch dam will be prone to stress
concentration, dam instability, and other problems, which
can result in cracking and even damage to the dam body.-e
safe operation of dams has a profound impact on social
energy efficiency and the lives of downstream residents.
-ere have been many incidents of arch dam damage in the
world [6, 7], which have greatly hindered the safe operation
of the project. -erefore, it is particularly important to
reasonably evaluate the stability of the arch dams in the
design.

At present, there are two main methods to study the
overall stability of dams: three-dimensional geomechanical
model test and numerical simulation analysis [8–14].
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Among various numerical simulation methods, the three-
dimensional nonlinear finite element method is widely used
in the stability analysis of high arch dam; using a three-
dimensional nonlinear finite element method to calculate
the deformation and stress of the arch dam can well simulate
the constitutive relationship and load and boundary con-
ditions of the complex rock and can better reflect the
complexity of geological structure and the influence of
engineering measures on dam structure. -erefore, with the
development of computer technology and the popularity of
general finite element software, finite element analysis
technology has been more and more widely used in solving
complex hydropower engineering problems and achieved
good engineering results. For example, Yang et al. [15] tried
to solve large finite element equations by an iterative method
in the three-dimensional finite element analysis of the
Geheyan gravity arch dam in 1989 and obtained reasonable
calculation results. Shen et al. [16] solved the minimum
safety factor and the position of the corresponding potential
sliding surface during the excavation of Xiaolangdi high
slope by using the three-dimensional finite element analysis
method, and the results were confirmed by actual con-
struction. Chen et al. [17] and Chen et al. [18], respectively,
carried out a finite element analysis on the abutment rock
mass stability and the dam heel cracking risk of the Xiaowan
high arch dam. Wang et al. [19] simulated and analyzed the
stress state of the Ertan arch dam during operation.
According to the results of numerical simulation and model
test, Zhang et al. [20] analyzed the displacement and stress
distribution, failure mechanism, and overall stability of the
arch dam; the results are in good agreement. Pei et al. [21]
simulated the construction process and impoundment
process of the Lizhou RCC arch dam and analyzed the stress
deformation behavior and development law of the dam body
in the real working state during the impoundment process.
-ese applications show that the finite element numerical
simulation analysis has obvious advantages in studying the
stress, displacement, and failure characteristics of high arch
dams and has become an effective way to study the dam
design, reinforcement, and stability evaluation of high arch
dams.

-e accuracy of finite element analysis will be affected by
the selection of reasonable constitutive relations. Arch dams
are usually built into geologically complex mountains and
valleys and form an interactive system with dam foundation
and dam abutments. As the main engineering materials,
rock and concrete are heterogeneous quasi-brittle materials
with complex mechanical properties. -e researchers have
made in-depth discussions on their constitutive relations
from phenomenology and physical mechanisms, including
strength theory, plastic constitutive theory, damage con-
stitutive theory, and distributed fracture mechanics con-
stitutive theory [22–26]. It has been widely recognized that
the fracture and failure process of rock or concrete is actually
the whole process of microcracks’ generation and devel-
opment until the formation of the transfixion zone under
load. In the past, the constitutive relations of nonlinear finite
elements only grasped the “nonlinear” characteristics of
material deformation from the macrolevel and participated

in the analysis and calculation as an element’s attribute,
which ignored the inhomogeneity of micromedium pa-
rameters, so there is no macromicro difference in the results.
In fact, due to the extreme heterogeneity of these materials,
their properties at the microlevel are very different from the
macrolevel. In order to fully consider the nonlinearity and
heterogeneity during the fracture process of rock or con-
crete, Tang et al. proposed a new numerical simulation
method “RFPA (Rock Failure Process Analysis) Method”
[27–33] based on the basic theory of finite element, to ex-
plain the structural fracture process with statistical damage
theory, and the basic principle of strength reduction method
[34, 35] was introduced to analyze the stability of geo-
technical engineering [36]. It is proved that the method can
be used to deal with geotechnical engineering under com-
plex geological conditions effectively.

In addition, the number of grids affects the accuracy of
calculation results and the size of the calculation scale. In
order to make the element size in numerical simulation
reflect the basic microscopic properties of the medium, the
RFPA3D code is used to establish the superlarge model of
the Xiluodu high arch dam with full hexahedron element (6,
632, 192 elements, 6,893,485 nodes, more than 20 million
degrees of freedom). -e large-scale parallel computing
cluster [37] is used to realize the fine simulation of the dam
under layered, overall, multiworking conditions and mul-
tistress fields. On the basis of fully reflecting the geological
conditions after the actual excavation of the Xiluodu arch
dam, the corresponding structural design and foundation
treatment measures, the deformation and stress character-
istics of the dam body, and abutment rock mass under
several different load combinations are studied. -rough the
application of overload, the overload coefficient, yield, and
cracking conditions of each failure stage are obtained to
analyze the overload capacity of the arch dam. According to
the analysis results, the overall stability and safety of the arch
dam under the structural design and foundation treatment
design scheme are demonstrated, and the overall safety of
the arch dam under the current implementation scheme is
comprehensively evaluated, and the results provide a basis
for the structural design and foundation treatment design of
the Xiluodu high arch dam.

2. Engineering Background

-eXiluodu hydropower station is located in Xiluodu gorge,
which is adjacent to Leibo County in Sichuan Province and
Yongshan County in Yunnan Province. -is is the third
cascade in the development plan of the Jinsha River section.
-e double-curvature arch dam is selected as the dam type
(the centerline of the arch dam is N 48.2°W), with a crest
elevation of 610.0m, a foundation surface elevation of
332.0m, and a maximum dam height of 278.0m, which
bears a huge water thrust of about 13 million tons, requiring
the foundation to have the corresponding bearing capacity.
-e total amount of engineering concrete is 12.96 million
m3, of which about 7millionm3 is dam concrete.-e normal
water level of the reservoir is 600.00m, and the corre-
sponding downstream water level is 378.00m (381.46m for
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normal operation of 18 units); the dead water level is
540.00m, and the corresponding downstream water level is
378.00m; the total storage capacity is 11.57 billion m3, and
the regulated storage capacity is 641.6 billionm3.-is project
is a giant hydropower station that mainly generates elec-
tricity and has comprehensive utilization benefits such as
sand retaining, flood control, and improving downstream
shipping.

-ere are abundant mountains on both sides of the
Xiluodu double-curvature arch dam, with a steep valley
slope. -e valley section is symmetrical “U”, with the left
bank slope of 40°～75° and the right bank slope of 55°～75°.
-e rock property of the dam site area is single, and the
bedrock of the valley slope and the riverbed is the conti-
nental basic volcanic rock flow with the intermittently
multistage eruption of Emeishan basalt (P2β), which is
divided into 14 rock flow layers, generally 25–40m thick.
-e representative lithology mainly includes porphyry basalt
(1, 6 layers), microcrystalline basalt (2, 5, 9–14 layers), and
phenocryst basalt (3, 4, 7, 8 layers), which are distributed in
the lower part of the flow layer; basaltic breccia (agglom-
erate) lava and a small amount of volcanic breccia and
basaltic tuff are distributed in the upper part of most flow
layers; the lithology changes gradually from the top to the
bottom.

Compared with the design requirements and acceptance
standards, the rock mass quality of the riverbed under
natural conditions is insufficient.-erefore, it is necessary to
strengthen consolidation grouting and adopt structural
forms, expand the stress area of the foundation, and improve
the homogeneity of rock mass and the stiffness of the
foundation, so as to meet the requirements of dam
construction.

3. Numerical Model Analysis

3.1. Introduction to theModel. A three-dimensional model is
adopted in this calculation. Centered at the dam axis, the
calculation range is as follows: the upstream length is about 1
times the height of the dam, the downstream length is about
2.5 times the height of the dam, the banks are near twice the
height of the dam, and the simulated depth of the dam
foundation is almost the same as the height of the dam. -e
mesh generation is carried out according to the drawings
provided by the Chengdu Survey and Design Institute of
China Hydropower Consulting Group, and the total sim-
ulation range is 1800×1000× 660m. Eight-node hexahe-
dron elements are adopted in the grid, with a total number of
6,632,192 elements, a total number of 6,893,485 nodes, and a
total number of 2,692,032 dam elements. -e computational
grid is shown in Figures 1 and 2.

Combined with the current situation of the Xiluodu
foundation rock mass, the rock mass parameters are eval-
uated by the method of layered, segmented, zoned, and
graded benchmarking, and on this basis, various rock
masses, dislocation zones C9, C8, C7, Lc6, Lc5, C3, and C2,
and weak interlayer P2βn are simulated, and the distribution
characteristics are shown in Table 1 and Figure 3. -e
foundation concrete replacement and dam toe treatment are

shown in Figure 4. Concrete replacement: the replacement
and backfill treatment are carried out for the interlaminar
dislocation zone on the banks of the dam foundation at EL
510–610m, grade IV1 rock mass exposed above the EL
560m, grade IV 1 and class III2 exposed below the EL 560m,
the staggered zone in the interlayer between the EL
400–510m and the strongly weathered interlayer, the grade
IV1 rock mass exposed on the foundation surface, and the
grade III2 rock mass exposed at the middle elevation and
lower elevation of the foundation surface. Because the
broken rock mass and dislocation zone C3 are exposed at EL
330.00–350.00m on the left bank of the dam foundation, it is
grooved. -e strongly weathered interlayer in the middle
dislocation zone of the P2βn layer is treated with a composite
replacement plug.-e exposed IV 1 and III 2 rock masses on
the riverbed are treated by displacement excavation. -e
minimum excavation elevation is EL 324.5m, and the depth
is about 7m. -e depth of replacement excavation shall be
adjusted locally according to the geological exposure of the
site.

-e RFPA3D adopts the mesoelement elastic damage
model [28], which considers the Mohr–Coulomb criterion
of shear fracture and the maximum tensile failure criterion,
and assumes that the mechanical properties of the element
satisfy Weibull distribution to consider its heterogeneity, so
as to reveal the macroscopic nonlinearity of quasi-brittle
materials such as rock or concrete from the simple elastic-
brittle constitutive relation at the mesolevel. -e elastic-
brittle constitutive relation of primitive under uniaxial stress
is shown in Figure 5.

1800m

66
0m

1000m
 X

Y
Z

Figure 1: Computational grid diagram (Overall Diagram).

Figure 2: Computational grid diagram (Enlarged Partial Diagram).
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For quasi-brittle materials such as rock, especially in the
case of special mesoscale, tensile damage mainly occurs in
the element. -erefore, if the mesoelement satisfies both the
shear failure criterion and tensile failure criterion, the tensile
criterion takes precedence.

-e Mohr–Coulomb criterion with tensile failure cri-
terion is expressed as follows:

σ1 − λσ3 ≥ σc,

σ3 ≤ − σt,


σ1 > σc − λσt,

σ1 ≤ σc − λσt,
(1)

where λ � (1 + sinφ)/(1 − sinφ) � tan2 θ; θ is the angle of
rupture.

Table 1: Characteristics of dislocation zone in the interlayer of the dam area.

Place Weak zone EL (m) -ickness (m) Attitude
Shear resistance Shear
f′ c′ (MPa) f C (MPa)

Left bank

C9 536 0.5 N25°W/NE∠4° 0.35 0.05 0.30 0
0.40 0.07 0.34 0

C8 513 0.5 N35°W/NE∠5° 0.35 0.05 0.30 0
0.44 0.10 0.37 0

C7 479 0.6 N25∼35°W/NE∠4∼7° 0.55 0.25 0.47 0
Lc6 403 0.6 N20°∼40°WNE∠8°∼11° 0.44 0.10 0.37 0
Lc5 380 0.6 N20°∼30°WNE∠4°∼7° 0.55 0.25 0.47 0

C3 339 0.5 N18°∼23°WNE∠5°∼8° 0.43 0.08 0.37 0
0.44 0.10 0.37 0

Right bank

C9 562 0.5 N36°E/SE∠2∼5° 0.35 0.05 0.30 0
0.4 0.07 0.34 0

C8 536 0.5 N38°E/SE∠4° 0.43 0.08 0.37 0
0.44 0.10 0.37 0

C7 497 0.6 N30∼35°E/SE∠4∼6° 0.43 0.08 0.37 0
0.55 0.25 0.47 0

Lc6 424 0.6 N30°∼40°ESE∠8°∼10° 0.43 0.08 0.37 0
0.44 0.10 0.37 0

Lc5 385 0.6 N30°∼40°ESE∠8°∼10° 0.55 0.25 0.47 0
C3 345 0.5 N24°E/SE∠4°∼5° 0.50 0.17 0.42 0

River bed C2 302 0.5 N25-30°W/SW∠5–10° 0.35 0.05 0.35 0
P2βn 240 1.8 N25-30°W/SW∠5–10° 0.35 0.05 0.35 0

Right bank Le� bankXY Z

C9
C8
C7
Lc6Lc5
C3

C2
P2βn

Figure 3: Relationship between the dislocation zone and the dam
body in the interlayer.

Dam toe

Concrete 
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replacement

Figure 4: Relationship between foundation concrete replacement
and dam toe (downstream).
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Figure 5: Elastic-brittle constitutive relation of the element under
uniaxial stress state.
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3.2. Material Parameters. -e actual monitoring value of
dam deformation is usually very different from the original
design calculation value, and the mechanical parameters of
the rock foundation in the reservoir area also vary greatly.
-ese factors have a great influence on the deformation of
the dam body and rock foundation.-erefore, it is necessary
to use measured data, combined with numerical analysis and
calculation, to carry out inverse analysis on the elastic
modulus Ec of the dam body, the deformationmodulus Er of
the dam bedrock foundation, and the deformation modulus
Eb of the reservoir rock foundation and deduce the actual
deformation modulus by this method. Table 2 shows the
mechanical parameters of Xiluodu materials.

3.3. CalculationConditions. In this paper, the RFPA3D code
is used for finite element numerical calculation, and only the
self-weight stress field is considered for crustal stress. As for
water load, the upstream check flood level and corre-
sponding downstream water level are 607.00m and
414.61m, and the upstream design flood level and corre-
sponding downstream water level are 600.70m and
409.78m. -e upstream silt elevation is 490.00m, the
floating bulk density of the silt is 0.5 t/m3, and the internal
friction angle of the silt is 0°. -e temperature load of the
dam body is shown in Table 3, and the linear expansion
coefficient of dam concrete is 1.0×10–5/°C. -e calculation
consists of 16 calculation conditions, as shown in Tables 4
and 5.

4. Dam Displacement and Stress Analysis

4.1. Dam Displacement Analysis. In this paper, the dis-
placement characteristics of the dam body along the river
and transverse the river were analyzed, the working con-
ditions include basic load conditions 4–11, and special load
conditions 12–16. -e results show that the overall stiffness
of the dam foundation after reinforcement is good. Figure 6
shows the displacement distribution along the river of
Xiluodu arch dam under conditions 4 and 6.

Taking working condition 4 as an example, the results
show that the maximum displacement of the crown along
the river was 104.356 mm, located at EL 585 m. -e
maximum displacement of the left arch abutment along
the river was 27.612 mm, at the downstream surface EL
345m. -e maximum displacement of the right arch
abutment along the river was 25.617mm, at the down-
stream surface EL360m. -e maximum displacement of
the arch dam foundation is 25.541 mm, which is located
at the right arch abutment EL 440m, and the relative
displacement of the disturbed belt is relatively small. -e
transverse displacement of the downstream dam surface
was toward the mountains. -e upstream surface varied
from EL 480m to EL 440m, and the displacement of the
upper part points to the mountains, and the displacement
below EL 475m points to the dam in the transverse
direction with the maximum displacement of 2.203 mm.
Figure 6 shows the displacement characteristic curve

of the arch dam under a normal load condition (con-
dition 4).

-e displacement characteristics under each condition
calculated by RFPA3D code are as follows:

(1) Along the river, the maximum displacement of the
Xiluodu arch dam under various working conditions
was located at the downstream arch crown, the
displacement of the two arch abutments was equal,
the displacement of the left abutment was slightly
larger than that of the right abutment, and the
displacement symmetry of dam body was good.
Under one to five times of normal water load, the
relationship between displacement and overload
coefficient is basically linear, which indicates that the
deformation of dam structure can still keep a certain
linear working state. Figure 7 shows the displace-
ment comparison of the dam abutments and arch
crown under 1–5 times normal water load (other
loads are the same).

(2) Under different working conditions, the displace-
ment characteristics of the downstream surface of
the dam body on the transverse direction of the river
were similar, and all of them were toward the
mountains, so the dam body had good symmetry.
Under the basic load combination, transverse dis-
placement of the upstream surface changed at EL
400m–EL 520m, the upper abutments deformed
toward the mountains, and the lower abutments
deformed toward the dam, so it could be predicted
that the compressive stress was larger in this part.

(3) -e temperature effect is shown in Figure 8. Under
the working condition of temperature rise, the de-
formation of the two arch abutments increased to-
ward both the mountains and rivers, while the
transverse deformation and deformation along the
river at the arch crown decreased, which was ben-
eficial to the stability of the arch crown and unfa-
vorable to the stability of the arch abutments.

It can be seen from the calculation results that, under the
basic load combinations, the dam surface was basically in a
relatively uniform compression state. With the increase of
load, the tensile stress first occurred at the dam crest. -e
maximum tensile stress on the downstream surface was
-1.119MPa under working condition 4, and the maximum
tensile stress under other working conditions did not exceed
-0.5MPa. -e compressive stress at the two arch abutments
of the downstream surface was moderate, and the maximum
compressive stress appeared at the arch abutments, mainly at
EL 350 m–EL 380m. -e compressive stress at the left arch
abutment and that at the right arch abutment were equiv-
alent, and the compressive stress at the left arch abutment
was slightly larger. -e characteristic stress values of arch
dams under different load combinations are shown in Ta-
bles 6 and 7.

As one of the main loads of arch dams, temperature load
has an important influence on the distribution of the stress
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field, and the change of dam body temperature is an important
reason for concrete cracks. By comparing and analyzing the
characteristic stress law of arch dam under eight working
conditions of 4, 5, 10, 11, and 13–16, the results show that due
to the constraint of the abutment rock mass and foundation on
the dam body, the temperature rise caused tension on the
upstream surface of the arch dam, which makes the upstream
surface more prone to cracks, and the downstream surface of
the dam had a tendency of squeezing inward.

4.2. Analysis of Stress Displacement and Point Safety of the
Foundation

4.2.1. Displacement of Abutment Rock Mass. -e defor-
mation of the dam abutment rock mass can reflect the
stiffness harmony between the rock mass on both banks and
the dam. Excessive deformation of the dam abutment will
lead to unreasonable stress distribution of the dam body,
which will affect the overall stability of the dam body. -e
calculation of the RFPA3D code shows that the displacement
of the dam abutment rock mass along the river mainly
occurred near the arch abutments, and the maximum dis-
placement occurred in the middle and lower parts of the
downstream arch abutments.

Taking the displacement of the dam abutment rock mass
under normal load condition (condition 4) as an example,
the displacement of the upstream dam abutments along the
river decreased gradually from the bottom elevation to the
top, while the displacement of the downstream dam abut-
ments decreased from middle elevation to the top and the
bottom, the displacement difference between the top and
bottom elevation was small, and the maximum displacement
difference was not greater than 12.5mm. -e transverse
displacement of the two banks was basically symmetrical,
which was larger in the middle elevation and decreased
toward the top and bottom gradually. -e maximum dis-
placement of the left bank was 10.744mm, located at EL
565m, and themaximum displacement of the right bank was
-9.835mm, located at EL 525m (as shown in Figures 9 and
10).

4.2.2. Foundation Stress. -e following can be obtained
from the principal stress distribution of the foundation
under working conditions 4 to 16 (Figures 11 and 12 show
the principal stress distribution of the foundation under
normal working conditions):

(1) -e calculation results of the basic load combina-
tions (working conditions 4, 5, 10, and 11) show that

Table 2: Material mechanical parameters of Xiluodu arch dam.

Material Unit weight (t/m3) Deformation modulus (GPa) Poisson’s ratio
Effective shear

strength
C′ (MPa) F′

Dam concrete 2.40 24 0.167 5.0 1.70
Diversion bottom hole concrete 2.40 32 0.167 5.0 1.70
Class II rock 2.85 16.5 0.20 2.5 1.35
III1 2.85 11.5 0.25 2.20 1.22
III2 2.75 5.5 0.28 1.4 1.2
IV1 2.6 3.0 0.30 1.0 1.02
IV2 2.6 1.0 0.30 0.50 0.70
V 2.2 0.5 0.35 0.05 0.35
Left bank C9 2.4 0.5 0.3 0.07 0.4
Right bank C9 2.4 0.5 0.3 0.06 0.4
Left bank C8 2.4 0.8 0.3 0.1 0.44
Right bank C8 2.4 0.9 0.3 0.1 0.44
C8 2.4 3 0.3 0.25 0.55
Left bank C7 2.4 1.7 0.3 0.2 0.55
Right bank C7 2.4 1.3 0.3 0.2 0.5
Left bank LC6 2.4 0.8 0.3 0.08 0.44
Right bank LC6 2.4 0.9 0.3 0.08 0.44
Left bank LC5 2.4 0.8 0.3 0.09 0.44
Right bank LC5 2.4 0.8 0.3 0.08 0.44
C3 2.4 0.8 0.3 0.17 0.5
C2 2.4 0.5 0.3 0.05 0.35
P2βn 2.4 1.5 0.3 0.05 0.35

Table 3: Temperature load of normal water level (°C).

Height (m)
Item 610.0 590.0 560.0 520.0 480.0 440.0 400.0 360.0 332.0

Designed temperature drop (°C) Tm 2.72 2.38 2.48 1.86 2.80 2.83 3.85 3.14 2.25
Td 0.00 2.11 6.37 8.42 9.06 9.28 9.42 8.57 7.50

Designed temperature rise (°C) Tm 8.65 5.39 4.09 2.93 3.63 3.52 4.50 3.52 2.25
Td 0.00 4.97 11.4.0 13.08 13.23 13.23 13.11 10.75 7.50
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Figure 6: Displacement characteristic curve of the arch dam under normal load combination.
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Figure 7: Comparison of the displacement of the arch dam along the river under different load combinations.
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Figure 8: Comparison of the displacement distribution of the Xiluodu arch dam under conditions 4 and 5. Stress analysis of dam body.
(a) Downstream river direction (condition 4). (b) Downstream transverse direction (condition 4). (c) Downstream river direction
(condition 5). (d) Downstream transverse direction (condition 5).
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the foundation was basically in a compression state,
the stress distribution on the two banks was basically
symmetrical, the additional stress caused by the
thrust of the dam body was mainly distributed in the
area near the arch abutments, and the stress far away
from the dam was controlled by the self-weight stress
field of rock mass; only the dam heel of condition 5
had tensile stress.

(2) -e calculation results of the special load combi-
nation (working conditions 12–16) show that the
foundation was basically under compression, the
stress distribution on the two banks is basically

symmetrical, the additional stress generated by the
thrust of the dam body was mainly distributed in the
vicinity of the arch abutments, and the stress far
away from the dam was controlled by the self-weight
stress field of rock mass; only the dam heel of
condition 13 had tensile stress.

4.2.3. Point Safety Analysis of Foundation Surface

(1) After consolidation grouting, the average elastic
modulus of the dam foundation was 12.3GPa at
0–5m and 13.3GPa at 5–20m. Combined with the

Table 6: Characteristic stress value and position of the arch dam under basic load combination (unit: MPa).

Condition

Upstream surface Downstream surface Dam toe

Maximum
tensile stress

Maximum
compressive stress

Maximum
tensile stress

Left abutment
maximum compressive

stress

Right abutment
maximum compressive

stress

Maximum
compressive stress

Condition
4

−0.115
(▽610m) 8.426 (▽500m) −1.119

(▽475m) 14.794 (▽375m) 14.632 (▽375m) 9.986

Condition
5

−0.373
(▽335m) 5.317 (▽440m) 0 16.025 (▽370m) 15.941 (▽370m) 11.537

Condition
10 0 2.468 (▽410m) −0.438

(▽450m) 11.895 (▽355m) 11.560 (▽355m) 9.268

Condition
11

−0.168
(▽610m) 5.623 (▽410m) −0.269

(▽450m) 9.893 (▽355m) 9.658 (▽355m) 7.183

Note. “-“ means tensile stress and “+” means compressive stress.

Table 7: Characteristic stress value of arch dam under special load combination (unit: MPa).

Working condition
Upstream surface Downstream surface Dam toe

Minimum
stress

Maximum
stress

Minimum stress of
dam surface

Left abutment
maximum stress

Right abutment
maximum stress Maximum stress

Condition 13 −1.635 (▽332m) 5.234 (▽470m) 0.062 (▽560m) 16.626 (▽375m) 15.865 (▽375m) 11.281
Condition 14 −0.053 (dam heel) 8.862 (▽500m) −0.953 (▽480m) 14.831 (▽380m) 14.529 (▽380m) 10.319
Condition 15 0.392 (dam heel) 8.590 (▽500m) −1.092 (▽480m) 14.962 (▽380m) 14.689 (▽380m) 9.993
Condition 16 −1.539 (▽345m) 4.894 (▽440m) 0 15.741 (▽380m) 15.419 (▽380m) 11.031
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Figure 9: Displacement of foundation along the river in working condition 4 (unit: mm).
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current situation of the foundation rock mass, the
rock mass evaluation method of layered, segmented,
zoned, and graded benchmarking proposed in the
design reflected the characteristics of the foundation
plane.

(2) Under normal load conditions, the KP of the riv-
erbed was 1.2–3.5, the point safety degree was small,
while the KP of both sides of the riverbed was
1.5–5.0. With the overload increase, the excess force
of the riverbed gradually shifts to the sides. Over-
loading to 3P0, the whole downstream surface
KP� 1.0–1.5, and the abutment rock mass yielded
locally. Overloading to 4P0, the whole downstream
surface KP was 1.0–1.5, the riverbed part could still
bear large thrust, and a load of dam abutments
turned to the riverbed area with higher safety;
overloading to 5P0, KP� 1.2.

(3) Because the foundation of the banks is mainly on
class II rock, the riverbed of both banks can still
maintain a high degree of safety in the process of
overload. Until 3.5–4P0, both banks first yielded.

4.3. Arch Dam Cracking Failure Analysis. In this paper, the
RFPA3D code is used to analyze the cracking process of
the dam under overload conditions to evaluate the safety
of the arch dam. -e dam failure under four overload
conditions from working conditions 6 to 9 is mainly
simulated. -e water load is 2, 3, 4, and 5 times of normal
water load, respectively, and other loads remain un-
changed. -e yield and cracking state of each elevation of
the dam under overload conditions are shown in Table 8
and Figure 13. From the calculation results, the following
can be seen:

(1) Under normal load condition (1P0), the dam body
did not yield and was in the normal elastic working
state. -e deformation and stress in the dam and
abutment are basically symmetrical. -e safety fac-
tors of the rock mass near the abutments of the
Xiluodu arch dam were greater than 1.0, indicating
that the abutments were in a stable state.-e value of
the stability safety factor of the rock mass near the
dam abutments was the same, and that on the surface
was lower than the internal rock mass.
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Figure 10: Transverse displacement of the foundation under working condition 4 (unit: mm).
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Figure 11: Maximum principal stress of foundation under working condition 4 (unit: MPa).
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(2) Under 2P0, the upstream surface of the dam heel
yielded locally, and the dam heel cracked. -e
downstream surface of the left dam abutment at
EL 480m yielded and the failure zone increased.
-e dam surface at EL 560m–EL 440m yielded
locally.

(3) Under 3P0, the cracks of the upstream dam heel
developed, the cracks of the left dam abutment

extended to EL 420m, and the downstream surface
on the left abutment yielded at EL 480m, resulting in
more failure zone. -ere was a large surface yield
area on the left dam surface, and the dam foundation
system entered the yield stage.

(4) Under 4P0, the upstream dam heel continued to
crack to the two abutments to EL 450m. -e
downstream surface of the left dam abutment yielded
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–1.035e + 002

–9.007e + 001

–7.669e + 001
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Figure 12: Minimum principal stress of foundation under working condition 4 (unit: MPa).

Table 8: Yield and cracking state of each elevation of the dam under overload conditions.

Position Load times
1P0 2P0 3P0 4P0 5P0

EL 610m
Upstream dam surface Compressive stress, no yield

zone
No yield
zone Yield Ba/4 Transfixion

Downstream dam
surface

Compressive stress, no yield
zone

No yield
zone Yield Ba/2 Transfixion

EL 560m
Upstream dam surface Compressive stress, no yield

zone Yield Ba/8 Yield Ba/8

Downstream dam
surface

Compressive stress, no yield
zone

No yield
zone Local yield Cracking

Ba/6
Split Ba/4

EL 52 0m
Upstream dam surface Compressive stress, no yield

zone
No yield
zone

Downstream dam
surface

Compressive stress, no yield
zone

No yield
zone

Surface
yield

Cracking
Ba/6

Split Ba/3

EL 460m
Upstream dam surface Compressive stress, no yield

zone
No yield
zone

Downstream dam
surface

Compressive stress, no yield
zone Yield Ba/8 Yield Ba/4 Yield Ba/5 Yield Ba/3

EL 420m
Upstream dam surface Compressive stress, no yield

zone
No yield
zone

Downstream dam
surface

Compressive stress, no yield
zone

No yield
zone Yield Ba/4 Yield Ba/3

EL 380m
Upstream dam surface Compressive stress, no yield

zone
No yield
zone Yield Ba/4 Yield Ba/3

Downstream dam
surface

Compressive stress, no yield
zone Yield Ba/6 Yield Ba/8 Yield Ba/8 Yield Ba/6

Bottom of arch crown
beam

Upstream dam heel Compressive stress, no yield
zone

No yield
zone Split Ba/15

Downstream dam toe Compressive stress, no yield
zone

No yield
zone

Note. “Ba” refers to the thickness of the dam body.
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at EL 480m and resulted in the increase of the failure
zone and tensile stress failure units. -e upper and
middle parts of the downstream surface yielded and
expanded.

(5) Under 5P0, the yield zone at the bottom of the dam
body gradually penetrated and extended to the up-
per-middle elevation of the dam abutments, and the
yield range of the upper-middle dam body remained
unchanged, with more failure zone and obvious
tensile stress failure.

(6) Under 7.5–8P0, the dam became unstable and the
natural arch was destroyed.

(7) As shown in Table 9 and Figure 7, with the increase
of overload multiple, the variation characteristics
of dam structure deformation and characteristic

stress are basically linear, without obvious accel-
eration or sudden change, indicating that the
structure could still maintain certain stability
before 5P0.

Stress concentration zone
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Figure 13: Maximum principal stress distribution of Xiluodu arch dam under overload condition (black dot indicates failure zone, unit:
MPa). (a) Upstream (2 times normal water load). (b) Downstream (2 times normal water load). (c) Upstream (3 times normal water load).
(d) Downstream (3 times normal water load). (e) Upstream (4 times normal water load). (f ) Downstream (4 times normal water load). (g)
Upstream (5 times normal water load. (h) Downstream (5 times normal water load).

Table 9: Stress and displacement characteristics of the arch dam
under overload condition.

Overload multiple projects 2 3 4 5
Maximum principal tensile
stress (MPa) −11.23 −16.45 −21.68 −26.90

Maximum principal
compressive stress (MPa) 174.1 254.8 335.9 416.7

Maximum displacement
along the river (mm) 296.713 439.763 582.714 725.752
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5. Conclusions

In this paper, the RFPA3D code is used to establish the
hexahedron elements of the Xiluodu superlarge model,
which realizes the fine simulation of stress and deformation
of the dam under layered, overall, multiworking conditions
and multistress fields. Based on the calculation results, the
following conclusions can be drawn:

(1) Under various working conditions, the displace-
ment distribution of the arch dam body was uni-
form and symmetrical, the displacement along the
river of the arch abutments was equal, and the
displacement of the left abutment was slightly larger
than that of the right abutment, which stated that
the displacement symmetry of dam body was good.
In the transverse river direction, the displacement
characteristics of the downstream surface of the
dam body have little difference, and they were all
toward the mountains, so the symmetry of the dam
body was good. It can be seen that the homoge-
nization has performed well after the reinforcement
treatment of dam abutment rock mass and dam
foundation surface. -e maximum displacement of
the dam foundation is about 27.6mm, which is
equivalent to Ertan and Jinping arch dam, and
smaller than the Xiaowan project.

(2) Under normal load, the abutment rock mass was
basically under compression; without obvious con-
centrated stress, the dam body and dam foundation
rock mass are in the linear elastic working state.
-ere is a tensile stress area at the upstream arch
abutment and the replaced rock mass at the EL
400m–EL 332m, the maximum tensile stress is
-1.1MPa (right arch abutment at EL 380m), and the
tensile damage is very small, which will not affect the
overall operation of the arch dam. -e point safety
factor of rock mass and dislocation zone along the
bank is more than 1.2 and more than 1.5 in the deep.

(3) Under the condition of temperature rise, the de-
formation of the abutments increased toward both
the mountain and river direction, while the defor-
mation of the arch crown decreased toward both
transverse direction and the river direction, which is
beneficial to the stability of the arch crown and
adverse to the stability of the arch abutments. -e
tension on the upstream surface made it easier to
produce cracks.

(4) -e calculation results of various working conditions
show that the foundation surface at the dam heel had
local yield, and the dam heel cracked. -e left dam
abutment of the downstream surface yielded at EL
480m, and the dam body at EL 560m–EL 440m
yielded locally. Besides, with the increase of the
overload coefficient, the tensile stress failure points
increased, and the overall failure zone also increased,
but the failure range did not change greatly.

(5) Under overload conditions, the overall overload
capacity of the dam abutment rock mass after
comprehensive reinforcement was high. -e rock
mass quality had been improved in the interlayer Lc5
and Lc6 at EL 400–380m on the left bank and in the
dam area near EL 570–520m on the right bank.

(6) -e overall overload safety degree of the Xiluodu
arch dam is obtained as follows: the overload factor
of crack initiation K1� 2P0, the nonlinear defor-
mation overload factor K2� 3.5–4P0, and the limit
load factor K3� 7.5–8.0P0. -e arch dam has a high
degree of overload safety, and dam safety can be
satisfied.

(7) -e numerical simulation reasonably reflects the
stress, deformation, and failure characteristics of
dam concrete structure, foundation replacement
concrete, dam foundation consolidation grouting,
and various rock masses (interlayer dislocation zone,
weak structural plane, geological defects) of dam
foundation and comprehensively reflects the inter-
action between arch dam and foundation. -e
simulation results verify the feasibility of concrete
replacement and backfill engineering measures for
the Xiluodu arch dam. -e stress-strain state and
overload capacity of the Xiluodu arch dam are good,
which can meet the safety requirements of dam
construction. -e RFPA3D is used to establish a
superlarge fine model to study the working state and
overload capacity of the arch dam proposed in this
paper, which can be used as a reference for the design
and research of super-high arch dam.
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Prefabricated UHPC-steel composite structure can make full use of the two materials’ mechanical and construction performance
characteristics, with super mechanical properties and durability, which has been proved to be a very promising structure.
However, using traditional mechanical connectors to connect prefabricated UHPC and steel not only is inconvenient for the
prefabrication of UHPC components but also introduces heavy welding work, which is detrimental to the construction speed and
antifatigue performance of the composite structure. Bonding UHPC-steel interface with epoxy adhesive is a potential alternative
to avoid the above problem. In order to explore the mechanical properties of the prefabricated UHPC-steel epoxy bonding
interface, this study carried out the direct shear test, tensile test, and tensile-shear test of the UHPC-steel epoxy-bonded interface
(prefabricated UHPC-steel epoxy bonding interface).)e results show that the interface failure is mainly manifested as the peeling
of the epoxy-UHPC interface and the destruction of part of the UHPC matrix (the failure of the UHPC’s surface). In pure shear
and pure tension state, the interfacial shear strength is 5.14MPa and the interfacial tensile strength is 1.18MPa. In the tensile-shear
state, the interfacial shear strength is 0.61MPa and the interfacial tensile strength is 1.06MPa. )e stress-displacement curves of
the interface normal and tangential direction are all in the shape of a two-fold line. )e ultimate displacement was within 0.1mm,
showing the characteristics of brittle failure. Finally, a numerical model of the tensile specimen is established based on the cohesive
interface element, and the interfacial tensile-shear coupling failure mechanism (tensile-shear coupling effect) is analyzed.

1. Introduction

Ultrahigh performance concrete (UHPC), as a new type of
steel fiber reinforced concrete, is usually composed of ce-
ment, silica powder, quartz sand, fiber, high-efficiency water
reducer, and other components. Compared with standard
concrete, UHPC has more excellent tensile, compressive
strength (usually) higher than 150MPa compressive
strength, tensile strength is greater than 8MPa [1], high
ductility [2], and excellent durability [3]. It has been widely
used in civil engineering and has been proved to be a new
civil engineering material with excellent application pros-
pects [4–6]. Like engineering cement composite (ECC),
UHPC has been proved to be a new civil engineering ma-
terial with excellent application prospects [4–6].

For the general concrete, the surface is easy to crack;
poor durability has been an unavoidable problem.)erefore,
to improve the crack resistance and durability of concrete,
engineering cement composite materials (ECC) and ultra-
high performance concrete (UHPC) have been widely used
in recent years. ECC has high ductility [7], self-healing
properties [8], and good impact resistance [9], with a tensile
strain capacity of over 3%. As a new type of steel fiber
reinforced concrete, UHPC is usually composed of cement,
silica powder, quartz sand, fiber, high-efficiency water re-
ducer, and other components [10].UHPC has excellent
tensile and compressive strength (generally higher than
150MPa and greater than 8MPa [1]), high ductility [2], and
excellent durability [3]. Like engineering cement composites
(ECC), UHPC has been proven to be a new type of civil
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engineering material [4–6, 11, 12] with great potential for
application.

However, there are some problems in the application of
UHPC. For example, the spontaneous shrinkage rate of
UHPC can reach 500–1500 με [13] in the hardening process
of UHPC, and shrinkage cracks appear easily when the
shrinkage is constrained. At the same time, the perfor-
mance of UHPC is also significantly affected by curing
conditions. )ese characteristics limit the complete ap-
plication of UHPC in the way of cast-in-place, and the use
of UHPC precast components can avoid the above prob-
lems [14–16]. Because of the controllable curing conditions
in the prefabrication plant and the absence of external
constraints, precast UHPC members’ shrinkage will not
cause cracking. In the steel-concrete composite bridge, the
use of UHPC can improve the anticrack performance of the
bridge deck and reduce the dead weight of the deck [17, 18].
However, the reliable connection between the steel beam
and the bridge deck significantly affects the composite
effect [19, 20]. Like the traditional steel-concrete composite
structure, the connection between UHPC and steel beam is
usually realized by mechanical connectors such as studs.
Many studs are arranged on the steel beam to ensure a
reliable connection at the interface [21]. In this connection
mode, welding defects and residual stresses are inevitably
introduced in stud welding, which is unfavorable to steel
structure fatigue. Meanwhile, when UHPC is used as a
structural layer of orthotropic steel deck, the number of
studs on a single bridge deck may exceed millions, which
brings heavy welding work [22]. Secondly, when the stud is
used to connect the precast deck and steel beam, many
holes need to be reserved on the precast deck, which brings
inconvenience to the fabrication of the deck. )erefore,
scholars and engineers are also trying to bond the interface
between steel and concrete by adhesive [23–25]. )e results
show that the epoxy bonding method can realize the re-
liable connection between the two materials and avoid the
stress concentration caused by mechanical connectors,
which is beneficial to the steel structure’s fatigue perfor-
mance. Simultaneously, the epoxy bonding method can
significantly reduce the studs’ welding workload, acceler-
ating the construction speed.

Larbi et al. [26] conduct shear and tensile tests on
11(eleven) steel-concrete interface specimens and find that
when the specimens are loaded in a single direction, the
normal and tangential ultimate stresses at the epoxy-bonded
interface are 3.5MPa and 6.4MPa, respectively. Under the
bidirectional loading condition, the shear and tensile ulti-
mate stresses at the interface follow the quadratic relation.
Berthet et al. [27] design the natural bond and epoxy bond
interface between steel and concrete and find that the shear
strength of the natural bond interface and the epoxy bond
interface is 0.8MPa and 3.4MPa–5.4MPa, which are greater
than the shear strength of the concrete. Q.Sun et al. [28]
spread limestone evenly after applying epoxy adhesive on the
steel plate and carry out the tensile test and push-out test on
this interface form. )e test results show that the UHPC-
steel plate interface leads to high bonding performance
under the pure tension and pure shear state of normal and

tangential direction. Its tensile and shear strength reaches
about 2MPa, but its interface state is a brittle failure under
the unconstrained state. Wang et al. [29] conduct bending
tests on UHPC- steel composite beams with different in-
terfaces and obtain that the ultimate load of beam LEA-6.9 is
93.2% of that of beam LHS-6.9. )e beam LHS6.9 adopts
epoxy adhesive sprinkled with limestone aggregate for in-
terface treatment, while the latter adopts studs. )e interface
adopting epoxy adhesive and limestone aggregate can suc-
cessfully replace the shear stud interface to some extent. Luo
et al. [25] carried out corresponding research on UHPC-
paved steel bridge deck structure and compared with the
steel mesh welded to the steel bridge deck; it was found that
the epoxy bonding and rough treatment between the in-
terfaces can avoid the phenomenon of stress concentration.
When the interface is subjected to normal tension, the bond
strength is 3∼5MPa; when the bridge deck is flexural, the
interfacial shear strength is 11–13MPa. )ese studies show
that the shear strength of the steel-precast concrete interface
[26] is different from that of the steel in-situ concrete in-
terface [27], but the shear strength is between 5 and 6MPa.
However, the research mentioned above on UHPC-steel
epoxy bonding interface properties are all carried out for
cast-in-place UHPC. )erefore, this paper focuses on the
prefabricated UHPC-steel epoxy bonding interface’s static
performance to provide a reference for the prefabricated
UHPC-steel composite bridge using epoxy adhesive.

In order to explore the mechanical properties of the
prefabricated UHPC-steel interface with epoxy adhesive, the
failure modes, bonding strength, and stress-displacement
curves of the prefabricated UHPC-steel epoxy bonding
interface were determined through the direct shear test, axial
tensile test (tensile test), and tensile-shear test. )e consti-
tutive model of the prefabricated UHPC-steel epoxy
bonding interface was constructed based on the constitutive
cohesion model of the bilinear tension-displacement
(traction-separation) relationship.

2. Interface Test

2.1. Specimen Design. )e details of the specimens were
shown in Table 1 and Figure 1. In the direct shear test, to
avoid eccentric loading, the thickness of the specimen’s
steel plate (PS-E) within 50mm from the loading end was
increased by 5mm so that the loading point can be
controlled in the plane where the interface was located.
)e specific size of the specimen is shown in the figure. In
the axial tensile test(tensile test), the specimen (PT-E) had
a loaded steel plate size of 150mm × 150mm × 20mm, and
ribbed rebars with a diameter of 12mm were welded on
the steel plate. )e adhesive area of the specimen PS-E and
the specimen PT-E was 150 mm × 150 mm. In the tensile-
shear test, the size of the steel plate of the specimen (ST-E)
was 150mm × 144mm × 20mm, and there were six ribbed
rebars with a diameter of 8mm welded on the surface to
ensure the reliable connection with UHPC on the other
side of the interface. )e two ends of the specimen
transmitted tensile force through rebars with a diameter
of 12mm.
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2.2. Material Properties. )e specific mix proportion of
UHPC is shown in Table 2. Among them, the steel fiber
doped in UHPC is straight, 8mm in length, 0.12mm in
diameter, and 2% in volume.

)e epoxy resin used in this test is CBSR-A/B steel
adhesive produced by Carbon Technology Group Co., Ltd.,
which mainly consists of primary agent CBSR-A and curing

agent CBSR-B, with the material weight ratio of 2 : 1. )e
tensile strength, compressive strength, and flexural
strength of epoxy adhesive are 30MPa, 65MPa, and
45MPa, respectively, and the tensile elastic modulus is
3200MPa.

)e mechanical properties of steel plate, rebar, and
UHPC are shown in Tables 3 and 4, respectively.

Table 1: Detailed information of the specimen.

Specimen Interface size (mm) Interface thickness (mm) Interface tilt angle α Number
PS-E 150×150 2 — 6
PT-E 150×150 2 — 6
ST-E 144×150 2 30。 6
Note. Interface tilt angle α is listed in Figure 1(i).
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Figure 1: Detailed information of specimen: (a, b, and c) Components and overall structure of specimen PS-E; (d, e, and f) Components and
overall structure of specimen PT-E; (g, h, and f) Components and overall structure of ST-E (unit: mm). (a) Steel plate. (b) UHPC. (c)
Specimen PS-E. (d) Steel plate. (e) UHPC. (f ) Specimen PT-E. (g) Steel plate. (h) UHPC. (i) Specimen ST-E.
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2.3. Loading Scheme. An electronic universal testing ma-
chine (MTS Exceed E45.205) was used to carry out the direct
shear test, tensile test, and tensile-shear test on specimen PS-
E, specimen PT-E, and specimen ST-E, respectively. As
shown in Figure 2, two dial indicators were arranged
symmetrically at both ends of each specimen’s interface, and
the measured interface displacement was the average value
of the data in the dial indicator. All tests adopted the dis-
placement loading control method, and the loading speed
was 0.01mm/min until the specimen was damaged by
loading.

3. Analysis of Test Results

3.1. Direct Shear Test. At the initial loading stage, a weak
crackling sound began to be emitted intermittently at the
interface in the direct shear test. At this time, there was no
apparent interface displacement or surface cracking of
UHPC. )en, as the ultimate bearing capacity approaches,
partial disengagement was observed at the interface. After
the ultimate bearing capacity was reached, the interface
suddenly cracks, and the bearing capacity of the specimen is
lost instantly. Take the specimens PS-E-3 and PS-E-6 as
examples; see Figure 3, for the steel plate interface and
UHPC after breakage.

In the direct shear test, there were several types of failure
modes for the prefabricated UHPC-steel epoxy bonding
interface: E-S interface failure, E-U interface failure, and
localized failure of the epoxy layer. It can be observed that,
after the specimen PS-E-6 was destroyed, the interface
bonding area can be divided into zone I and zone II. Zone I

showed the peeling in the E-U interface, and the peeling in
the E-S interface was concentrated in zone II. Apart from the
cracking boundary formed by these two interface failures in
the epoxy layer, there was no local failure in the epoxy layer.
After the failure of specimen PS-E-3, the failuremodes of E-S
interface failure and E-U interface failure (Zone III and Zone
IV) were observed, accompanied by local failure of the epoxy
layer. By analyzing the interface failure of all direct shear
specimens (PS-E), it can be concluded that the failure modes
of the prefabricated UHPC-steel epoxy bonding interface are
mainly E-S interface failure and E-U interface failure.
Furthermore, because of the excellent bonding properties of
UHPC, the area of zone I is larger than that of zone II; that is,
the interfacial failure is more concentrated in the E-U
interface.

3.2. Tensile Test. In the tensile test, before the ultimate
bearing capacity was reached, the measured data of the dial
indicator at both ends showed that the relative displacement
between the steel plate and UHPC on both sides of the
interface was within 0.005mm, with almost no relative
separation displacement and no evident phenomenon
during the loading process. When loading to the ultimate
bearing capacity, a cracking sound was heard from the
interface, and cracking cracks had appeared all around it
Figure 4(a). Relatively small separation displacement occurs
between the steel plate and UHPC on both sides of the
interface. Significantly, the stress-displacement curve near
the ultimate bearing capacity has a local surge, but the
duration is transient. )is phenomenon may be caused by
the sudden pulling out of the steel fibers in the UHPC area
near the interface and the uneven distribution of interface
stress caused by the rebars’ failure at both ends to pair
completely. Finally, the interface suddenly cracked, and the
specimen lost its bearing capacity instantly. Figures 4(b) and
4(c) showed the interface breaking of specimen PT-E-1
during loading and the interface state after a failure.

Table 2: Specific mix proportion of UHPC.

Component Mass ratio Proportion (%)
Cement 1.000 34.55
Silica fume 0.250 8.64
Quartz sand 1.100 38.01
Quartz flour 0.300 10.37
Water- reducing agent 0.019 0.66
Water 0.225 7.77

Table 3: Mechanical properties of steel plate and rebar.

Part Category )ickness (mm) fs (MPa) fsu (MPa) Es (MPa) vs

Steel plate Interface plate
20 215 350 206000 0.310 225 370

Diameter (mm) fy (MPa) fu (MPa) Ers (MPa) vrs

Rebar Drawing rebar 12 345 377 210000 0.3Embedded rebar 8
Note: fs is the yield strength of steel plate; fsu is the ultimate strength of steel plate;Es is Young’s modulus of steel plate;vs is Poisson’s ratio of steel plate; fy is
the yield strength of rebar; fu is the ultimate strength of rebar; Ers is Young’s modulus of rebar;vrs is Poisson’s ratio of rebar.

Table 4: Mechanical properties of UHPC.

Part fc(MPa) fct(MPa) Ec(MPa) vc

UHPC 112 20 42100 0.2
Note: fc is the compressive strength of UHPC; fct is flexural strength of
UHPC; Ec is Young’s modulus of UHPC; vc is Poisson’s ratio of UHPC.
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As shown in Figures 4(b) and 4(c), the interface failure of
the specimen PT-E occurred on the E-U interface and the
UHPC surface near the interface, which was characterized as

follows. (1) )e surface failure of the UHPC: the area sur-
rounded by dashed lines in the figure was the primary
damaged area on the UHPC surface. In this area, the
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Figure 2: Loading scheme of specimen PS-E, specimen PT-E, and specimen ST-E. (a) Direct shear test. (b) Tensile test. (c) Tensile-shear test.

Area-I

Area-II

Steel plate

UHPC

Area-I

Area-II

(a)

Area-III

Area-III

Steel plate

UHPC

Crack

Area-IV

Damage

(b)
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(E-U interface failure). (b) Epoxy-steel interface failure (E-S interface failure), epoxy-UHPC interface failure(E-U interface failure), and
epoxy layer’s localized failure.
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bonding property between the epoxy and UHPC surface
surfaces was great, and a part of steel fiber and fine aggregate
on the UHPC surface was bonded to the surface of the epoxy
layer. Except for the delineated area, this failure pattern is
distributed throughout the whole interface. (2) E-U interface
failure; the interface failure did not damage the epoxy layer
and the UHPC surface itself, which was manifested as
peeling in the E-U interface, and the epoxy layer and the
UHPC surface were free of impurities. (3) Epoxy layer
failure: in the area surrounded by the solid line in the figure,
the epoxy layer was separated from the steel plate’s contact
surface, and the broken epoxy adhesive was attached to the
UHPC surface. It should be noted that the failure of the
rebars at both ends of the specimen to be entirely in
alignment would result in the decrease of the tensile strength
of the interface, and the test results underestimated the
bearing capacity of the specimen. In conclusion, all the
tensile specimen (PT-E) test results showed that the interface
failure mainly presented the first two failure characteristics.

3.3. Tensile-Shear Test. When the load reached the ultimate
bearing capacity in the tensile-shear test, the overall dis-
placement increased significantly compared with the direct
shear test and tensile test. )e relative separation dis-
placement (in the dial indicator) was about 0.3mm. After
reaching the ultimate bearing capacity, the interface sud-
denly is broken down, and it lost the bearing capacity in-
stantly, in which relative separation displacement (in the dial
indicator) increased to about 0.33mm. )e failure of all
specimens was generally characterized by brittle failure. Take
specimen ST-E-3, for example, the steel plate interface and
UHPC after failure were shown in Figure 5.

In the tensile-shear test, the six specimens’ interface
failure characteristics are shown in Figure 5. With the epoxy
layer as the boundary, the epoxy layer itself was not dam-
aged. )e interface failure was concentrated on the UHPC
side, mainly manifested as the UHPC surface’s damage and
the peel in the E-U interface.

3.4. Interfacial Bond Strength. In order to test the bonding
strength of the prefabricated UHPC-steel epoxy bonding
interface, direct shear test, tensile test, and tensile-shear test
are designed, respectively, in this study. Under the action of

unidirectional loading, it is necessary to study the bond
strength of interface normal and tangential direction by
specific evaluation methods. In the direct shear test, the
interface is in the state of tangential shear. According to
existing literature [30], the interface shear strength of
specimens can be defined as follows:

τtb �
Pt

At

, (1)

where Pt is the load applied during interface shear failure
and At is the bonding interface area.

In the tensile test, the interface is in a normal tension
state. According to the existing literature [28], the interfacial
tensile strength of specimens can be defined as follows:

σnb �
Pn

An

, (2)

where Pn is the load applied during interface tensile failure
and An is the bonding interface area.

In the tensile-shear test, the epoxy bonding interface
bears the combined action of normal tension and tangential
shear [31], and the bond strength of interface normal and
tangential direction is calculated as follows:

σnb �
P

A
cos2 α, (3)

τtb �
P

A
sin α cos α, (4)

where α is the angle between the interface and the vertical
direction of loading, as shown in Figure 1(i), P is the tensile
load of the specimen, And A is the cross-sectional area of the
specimen.

)e test results are summarized in Table 5. In the table,
the load value is measured by the load sensor, and the
displacement value is the average value of the dial indicator
at both ends. Due to the influence of partial void in the
interface of the specimen and the failure of the rebar at both
ends to completely influence the eccentric loading, the av-
erage difference between the bearing capacity of some
specimens in the three types of tests and that of other
specimens is more than 15%.)e experimental data shall not
be considered.

Crack

(a) (b) (c)

Figure 4: Cracking interface and failure interface of specimen PT-E during loading. (a) Cracking interface; (b) and (c) steel plate and UHPC
interface.
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3.5. Stress-Displacement Curve. In the test design, the rel-
ative displacement of the steel plate and UHPC near the
interface was the average value of the two dial indicators’
data. )e load applied to the specimen was obtained by the
sensor. Under a pure tension and pure shear state, the in-
terface subjected normal stress, and tangential stress can be
obtained from the formula calculated in Section 3.4. Here,
the stress-displacement curve of various specimens’ inter-
face in the direct shear test and tensile test can be obtained
Figure 6. As shown in Figure 7, under the combined action
of shear and tensile stresses, the interface normal and
tangential stresses of various specimens in the tensile-shear
test can be calculated from equations (3) and (4).

Figure 6(a) listed the shear stress-displacement curves of
specimen PS-E-1, PS-E-2, PS-E-3, and PS-E-5. Among them,
the shear stress-displacement curve of each specimen was in
the form of two broken lines. When loading to the ultimate
load, no yield platform appeared in these curves, indicating
that the epoxy adhesive interface’s tangential failure had no
ductility. Based on each specimen’s ultimate shear stress, the

whole curve can be divided into the loading zone and failure
zone. In the loading zone, when the shear stress was less than
0.38MPa, there was no displacement in the tangential di-
rection of each specimen interface, and no cracks developed
in the interface. With the increase of shear stress, the in-
terface displacement also kept increasing, and the curve was
approximate to a linear growth relationship. To define the
essential characteristics of the shear stress-displacement
curve of this kind of interface, the ultimate shear stress and
the corresponding tangential displacement value were the
average values of the test results of each specimen in Table 5,
and the calculated coefficient of variation is 8.9%, which was
less than 15%. When the shear strain reached the peak value,
the shear stress in the failure zone immediately decreased to
the interface’s loss of bearing capacity, and the interface
failure was brittle. )e ultimate displacement value is the
average value of each specimen’s ultimate tangential dis-
placement in Table 5.

Figure 6(b) showed the tensile stress-displacement
curves of specimen PT-E-1, PT-E-4, PT-E-5, and PT-E-6.

(a) (b)

Figure 5: )e interface failure of specimen ST-E. (a) Steel plate. (b) UHPC interface.

Table 5: Test results.

Test Specimen number P (kN) σnb (MPa) τtb (MPa) δb (mm) δp (mm)

Direct shear test

PS-E-1 107.43 0 4.77 0.051 0.054
PS-E-2 126.81 0 5.64 0.042 0.058
PS-E-3 124.81 0 5.55 0.039 0.051
PS-E-5 103.60 0 4.60 0.037 0.048

Tensile test

PT-E-1 23.06 1.23 0 0.005 0.006
PT-E-4 25.46 1.36 0 0.005 0.006
PT-E-5 20.19 1.08 0 0.005 0.006
PT-E-6 19.49 1.04 0 0.005 0.006

Tensile-shear test

ST-E-2 27.91 0.93 0.54 0.306 0.316
ST-E-3 30.14 1.00 0.58 0.326 0.347
ST-E-4 37.18 1.24 0.72 0.304 0.316
ST-E-6 32.04 1.07 0.62 0.320 0.322

Note: P is the ultimate bearing capacity of various specimens before failure; σnb is the normal tensile strength of the interface before the failure of various
specimens, the subscript n represents the normal interface direction and b represents that the specimen is in the ultimate loading state; τtb is the tangential
tensile strength of the interface before the failure of various specimens, the subscript t represents the tangential interface direction, and b represents that the
specimen is in the ultimate loading state; δb is the displacement value corresponding to the ultimate bearing capacity P; δp is the ultimate displacement of
various specimens(in particular, the displacement in the tensile-shear test is the average value of the dial indicator data).
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)e curve of each specimen was in the form of two broken
lines. When the specimens were pulled to the ultimate load
in the axial direction, no yield platform appeared in these
curves, indicating that the epoxy adhesive interface’s normal
failure was not ductile. Similarly, based on each specimen’s
ultimate tensile stress, the entire curve can be divided into
the loading zone and failure zone. In the loading area, when
the tensile stress was less than 0.27MPa, there was no
displacement in the normal direction of each specimen
interface, and no cracks developed in the interface. After
that, before the ultimate tensile stress, the curve in the area

surrounded by the elliptical dotted line began to appear
sharp angle and expanded upward with the increase of
normal displacement value. According to the interface
analysis in Section 3.2, when the epoxy layer was loaded to a
particular load, the peeling of the interface and the de-
struction of the UHPC surface began to appear at the local
part of the interface, resulting in the sudden crack of the
interface and the vibration of the dial indicator pointer. After
the pointer stabilized, the displacement recorded by the dial
indicator returned to the displacement value before the local
interface cracking, and the dial indicator works normally.

τtb = 5.14MPa, δtb = 0.042mm
δtp = 0.053mm, cv = 8.9%
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Figure 6: Stress-displacement curves of various specimens in direct shear test and tensile test. (a) )e shear stress-displacement curve of
specimen PS-E. (b).)e tensile stress-displacement curve of specimen PT-E.
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Figure 7: Stress-displacement curves of the interface normal and tangential direction of various specimens in the tensile-shear test. (a) )e
shear stress-displacement curve of specimen ST-E. (b) )e tensile stress-displacement curve of specimen ST-E.
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Because this process was transient, the tensile stress-
displacement curve appeared sharp angle when the interface
cracked locally. After that, local cracks in the interface
continued to grow until the ultimate tensile stress was
reached. At this time, the cracks around the interface shown
in Figure 4(a) appeared after the crack is penetrated. )e
ultimate tensile stress and the corresponding normal dis-
placement of the curve are the average values of each
specimen’s test results in Table 5, and the calculated coef-
ficient of variation is 10.8%, which was less than 15%. After
entering the failure zone, the tensile stress immediately
dropped to zero, and the interface failure was brittle. )e
ultimate displacement value was the average value of each
specimen’s normal ultimate displacement in Table 5.

Figure 7 showed the shear and tensile stress-
displacement curves of specimen ST-E-2, ST-E-3, ST-E-4,
and ST-E-6. At the beginning of the loading, the stress-
displacement curve increased linearly. When the stress in-
creased to the ultimate stress, the interfacial stress increased
slowly, and the interface started to have slight dislocation.
Finally, after loading the interface failure, the stress im-
mediately dropped to zero, and the interface behaved as a
brittle failure. )e results showed that compared with the
pure shear and pure tension stress, the interface normal
ultimate tensile stress decreased by 10.17%, and the tan-
gential ultimate shear stress was reduced by 88.13%. )e
shear strength of the prefabricated UHPC-steel epoxy
bonding interface decreased obviously under the combined
tensile-shear stress, but the tensile strength reduction was
not significant.

4. Numerical Implementation of
Interface Constitutive

4.1. Modeling Scheme. Taking the specimen ST-E as an
example, fully understanding the interface failure process
and mechanism of the interface under the coupling action of
shear and tensile stresses, a numerical model of the pre-
fabricated UHPC-steel epoxy bonding interface is estab-
lished. )e rebar, UHPC, and steel plates of specimen ST-E
are simulated using three-dimensional 8-node linear solid
elements (C3D8), and the constraint condition between
tensile rebar and UHPC is embedded region. In addition to
the interface, the other side of the steel plate binding to the
UHPC is achieved through “Tie” constraints.

In the existing literature, the steel-concrete interface’s
numerical simulation method usually adopts the interface
element [29, 32]. In this method, the cohesive interface
element can accurately simulate the interface with discon-
tinuous displacement and calculate the process of crack
initiation and propagation by defining the traction-
separation constitutive response of normal and tangential
direction at the interface. )e prefabricated UHPC-steel
epoxy bonding interface is relatively thin, and the results of
three types of tests show that the epoxy layer of the interface
is basically not damaged. Take the epoxy layer as the
boundary. It is found that the interface failure is concen-
trated on the side of UHPC, and the E-S interface’s bonding
performance is reliable. Based on this interface failure

characteristic, a zero-thickness cohesive interface element
(COH3D8) is introduced into the finite element analysis to
simulate the epoxy bonding interface (Figure 8).

4.2. Constitutive Model of Cohesive Interface Element. As
shown in Figure 9, bilinear traction-separation constitutive
response is applied to the cohesive interface element of zero
thickness.

)e specific expression is as follows:

tn,s,t �

t
0
n,s,t

δ
δ0n,s,t

� Knn,ss,ttδ, δ ≤ δ0n,s,t,

t
0
n,s,t

δf
n,s,t − δ

δf
n,s,t − δ0n,s,t

, δ0n,s,t < δ ≤ δ
f
n,s,t,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(5)

where t0n, t0s , and t0t are the ultimate strength of the interface,
δ0n, δ

0
s , and δ0t are the separation displacement values cor-

responding to the ultimate strength of the interface, andδf
n ,

δf
s , and δf

t are the final crack displacement of the interface.
)e above interface parameters are derived from the

direct shear test and tensile test in the finite element model.
)e specific calculation results are shown in Table 6. )e
fracture energy (Gn, Gs, Gt) of the whole interface normal
and tangential direction is the area surrounded by each
broken line in Figure 9(a).

4.3. Constitutive Relation of Materials. As an elastic-plastic
material, the damage and cracking behavior of UHPC can be
defined by defining CDP (concrete damaged plasticity)
model in ABAQUS. In this paper, the tensile constitutive
model is based on the stress-strain relationship proposed by
Zhang [33], as shown in Figure 10(a).)e constitutive model
of compression is based on the stress-strain relationship
proposed by Yang [34], as shown in Figure 10(b), where Ec is
the initial elastic modulus and Es is the elastic modulus of
secant line at the peak point. In the tensile stress-strain
relationship, fct is 7.2MPa, εcais 0.002, εpc is 0.01, wp is 1,
and p is 0.95. In the compressive stress-strain relationship,
σc is 112MPa, εcp is 0.0035, εcu is 0.01, Ec is 42100MPa, and
Es is 32000MPa. Poisson’s ratio of UHPC is 0.2.

)e stress-strain relationship of the steel plate and rebar
adopts the linear hardening elastoplastic constitutive model
[35] (Figure 10(c)), that is, after the rebar stress reaches the
yield stress, the stress increases to the ultimate strength with
the increase of the strain. In the stress-strain relationship of
the steel plate, fs is 225MPa,fsu is 370MPa, εs is 0.001, and
εsuis 0.009. In the stress-strain relationship of rebar, fy is
345MPa, fu is 377MPa, εy is 0.002, and εsu is 0.102.

4.4. Failure Criteria and Parameters’ Study. Irwen [36] di-
vides the interface crack into three models according to
different loading directions, namely, open mode (mode I),
sliding mode (mode II), and staggered mode (mode III).
However, when the interface is in a state of complex stress,
the cracks are of two or more mixed cracking models, and
the crack propagation is significantly affected by the
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interface stress coupling. In order to simulate the crack
propagation process of the prefabricated UHPC-steel ep-
oxy bonding interface accurately, the cohesion-analysis
method was used in this paper. )e cohesive interface
element’s failure process is mainly divided into two stages:

(1) failure initiation and (2) failure evolution. In the failure
evolution stage, the interface element primarily uses the
stiffness degradation at the failure initiation stage to
simulate the crack growth. )e stiffness degradation is
mainly controlled by fracture energy’s failure criterion and
its parameters [37]. In a complex stress state, the rela-
tionship of interface failure criterion and unidirectional
fracture energy is shown in Figure 9(b). )erefore, this
section studies the interface failure criteria and parameters
of tensile-shear specimens.

In the figure, GI and GII are mode I and mode II fracture
energies when the interface is completely destroyed.α and η
are the material constants of power law and BK law,
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Figure 8: Zero-thickness cohesive interface element (COH3D8).
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Figure 9: Constitutive model of the cohesive interface element. (a) Bilinear traction-separation constitutive response. (b) Mixed mode
behavior [32].

Table 6: Constitutive parameters.

Failure mode t0n,s,t (MPa) Knn,ss,tt (N/mm3) Gn,s,t (N/mm)

Type I 1.18 196 0.003
Type II 5.14 122 0.136
Type III 5.14 122 0.136
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respectively. λ is the ratio of mode II fracture energy to mode
I fracture energy, which is defined as follows:

λ �
GII

GI
× 100%, (6)

It can be seen from Figure 11 when the fracture energy is
released by interface failure under pure tension and pure
shear state, see Table 6. Compared with, it has significant
changes, which shows that, under the state of shear-tension
composite stress, the interface’s normal fracture energy has
been dramatically increased along with the decrease of the
tangential fracture energy. )e ultimate displacement has
been greatly increased, and the normal tangent has a cou-
pling effect. Simultaneously, the specimen’s ultimate dis-
placement has been dramatically increased, and the interface
has a coupling effect in the normal and tangential directions.
In power law, with the increase of α, λα fluctuates in 32%–
35%, and the maximum and minimum values of normal
interfacial and tangential fracture energy are obtained at α �

0.5 and α � 1.5, respectively. In BK law, λη fluctuates from
31% to 34% during the growth ofηfrom 0.2 to 1.0. )e
maximum and minimum values of interfacial normal and
tangential fracture energy are obtained at η � 0.8 and

η � 0.6. Under the two failure criteria, λα and λη are in the
range of 31 % to 35 %, indicating that, under the state of
shear-tension composite stress, the main failure form of
interface failure is a tensile failure.

In Figure 12(a), the interfacial fracture energy is the sum
of mode I fracture energy and mode II fracture energy. )e
fracture energy corresponding to the red dotted line is
calculated from the test results. It can be seen that the
deviation of the fracture energy released in the failure
process of specimen ST-E-2 and ST-E-4 is larger than the
calculated value, which may be caused by the unsymmetrical
rebar center at both ends of the specimen. )erefore, based
on the average fracture energy of ST-E-3 and ST-E-6, the
fracture energy deviation ratios of each parameter to the test
are listed, respectively. As shown in the figure, when in-
terface failure follows Power Law, the fracture energy cal-
culated is lower than that corresponding to BK Law,
indicating that, under this stress state, the interface stiffness
degradation caused by Power Law is faster than that of BK
Law, that is, the interface cracking and destruction is faster.
It can be intuitively seen that the fracture energy under BK
Law deviates too much from the reference value. In contrast,
Power Law is closer to the criterion of real interface failure.
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Figure 10: )e constitutive model of UHPC in (a) tension [33], (b) compression [34], and (c) steel plate and rebar [35].
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)e data shows that when α � 2, the minimum deviation
between the fracture energy and the reference value is 0.81%.
Meanwhile, it can be seen from Figure 12(b) that when
α � 2, the ultimate interfacial shear and tensile stress de-
viations of specimen ST-E-3 and ST-E-6 are 12.54% and
5.83%, respectively. )e difference of ultimate interfacial
stress is less than 15%, which shows that the finite element
model can simulate the real interface cracking process as
much as possible when the material constant α is two in the
power law. It is worth noting that the λ of each specimen in
the experiment is in the range of 33% to 37%; that is, the
interface failure is more inclined to tensile failure, which is
consistent with the conclusion of the finite element model.

4.5. Numerical Simulation Results. See Figures 13(a) and
13(b) for the loading process of tensile-shear specimen ST-E-3
and ST-E-6. In the figure, according to the characteristics of
the load-displacement curve, the loading to 0.2P and 0.6P,
ultimate load P, and the final failure of the specimen are
selected as the research objects, and the whole loading process
is divided into the following four stages: (a) crack initiation
stage; (b) crack appearance stage; (c) crack growth stage; (d)
failure stage. In Figure 13(c), the area reduction rate is used to
evaluate the failure process and extent of the specimen in-
terface, which is defined as the percentage of the area Ai of
interface failure in a particular stage to the interface area A0
before loading. )e expression is as follows:

G
I (

N
/m

m
)

0.30

0.25

0.20

0.15

0.10

0.05

G I
I (

N
/m

m
)

0.05

0.10

0.15

0.20

0.25

0.000.00
0.0 0.5 1.0

ST-E-T
ST-E-S

α
1.5 2.0

35.0

34.5

34.0
λ 33.5

33.0

32.5

0.0 0.5 1.0
α

1.5 2.0

λα=0.5 = 33.79%

λα=1.0 = 32.45%
λα=1.5 = 34.32% λα=2.0 = 33.43%

λ

(a)

G I
I (

N
/m

m
)

0.05

0.10

0.15

0.20

0.25

0.00

G
I (

N
/m

m
)

0.30

0.25

0.20

0.15

0.10

0.05

0.00
0.0 0.2 0.4 0.6 0.8 1.0

ST-E-T
ST-E-S

η

λη=0.2 = 31.86%
λη=0.4 = 32.36%

λη=0.4 = 33.33%
λη=0.8 = 33.85%

λη=1.0 = 33.43%
34.0

33.5

33.0

32.5

32.0

31.5

λ

0.0 0.2 0.4 0.6 0.8 1.0
η

λ

(b)

Figure 11: )e influence of interface failure criterion and its parameters on interfacial fracture energy. (a) Power law. (b) BK law.
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c �
Ai

A0
× 100%. (7)

During the crack initiation stage, compared with the test
results, the slope of the load-displacement curve of the model
has a certain deviation, but with the increase of displacement,
the stiffness of both of them does not change much. When
loading to 0.2 P, the specimen’s stress is concentrated at the
drawing rebar and the interface. )e interface end cracks lo-
cally, the area reduction rate c is 0%, and the interface does not
begin to break. In the crack appearance stage, with the increase
of displacement, the curve of the test’s curve and the model
gradually decreases, and the curve is approximately parallel.
)e stiffness of the two has the same change rule, but the
change is small. When the load reached 0.6 P, the stress dis-
tribution appears in the upper part of the specimen interface.
Cracks appear at both ends of the interface. Along with the
interface failure at one end, the interface area reduction rate c is

5.24%, which indicates that the interface cracking phenomenon
is not significant. In the crack growth stage, the slope of the
load-displacement curve of the test and model is roughly the
same, and the stiffness changes are the same. It can be seen
from Figure 12(b) that, at the ultimate load P, the ultimate
stress difference between the two is within 15%, and the nu-
merical simulation results are reliable. Compared with the
previous stage, the interface area reductioncrate suddenly
increases to 64.29%. A large area of interface failure occurs,
indicating that the crack expands rapidly during this stage.
However, in the first three stages, the numerical results show
that UHPC is not damaged by tension, which is different from
the test phenomenon.)e reason may be that, in fact, near the
interface of the specimen, UHPC has no bridging action of the
steel fiber, and the strength of the UHPC surface is lower than
that of the finite element model; that is, the strength of the
UHPC surface was overestimated in the model. Finally, after
loading the ultimate load, the specimen’s bearing capacity
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Advances in Civil Engineering 13



decreases rapidly, the interface is completely destroyed, and the
UHPC surface is damaged by tension.

5. Conclusion

In order to study the static performance of the pre-
fabricated UHPC-steel epoxy bonding interface, this
paper carried out a direct shear test, tensile test, and
tensile-shear test and obtained the interfacial failure
mode, bonding strength, and stress-displacement curve.
Based on the constitutive model of a cohesive interface
element, a three-dimensional nonlinear finite element
model was developed to simulate the mechanical prop-
erties of shear-tensile specimens. )e main conclusions
are summarized as follows:

(1) )e shear failure mode of the interface is manifested
as E-S interface failure, E-U interface failure, and
epoxy layer’s localized failure. After all the specimens
were compared, it was found that the interface failure
mainly occurs at the E-U interface. )e normal
tensile failure mode shows the peeling of the E-U
interface and the destruction of part of the UHPC
matrix (the failure of the UHPC’s surface). Under the
combined action of normal and tangential stress, the
interface failure mode is mainly tensile.

(2) In pure shear and pure tension state, the tangential
shear strength of the interface was 5.14MPa and
the normal tensile strength was 1.18MPa. Com-
pared with the literature results, the normal tensile
strength of the interface is lower, mainly due to the
eccentric loading caused by the inaccurate
positioning of rebar at both ends of the specimen.
Under the combined action of normal and
tangential stress, the shear strength decreases by
88.13%, but the tensile strength only reduces by
10.17%, which is not significant.

(3) In pure shear and pure tension state, it can be seen
from the stress-displacement curve of the interface
that the normal and tangential stress-displacement
curve are all presented as a two-fold line. When
loading to the ultimate bearing capacity, the normal
and tangential ultimate interface displacements are
within 0.1mm. After reaching the ultimate strength,
the interface is instantly destroyed without plastic
deformation. Under the shear-tensile coupling effect,
the displacement has a certain increase. )e normal
and tangential displacements at the interface are
within 0.4mm, but it is still characterized by brittle
failure.

(4) )e λ of both the model and the test is less than
37%, which shows that the two interface failure
modes are consistent; that is, the main failure form
of interface failure is a tensile failure. )e inter-
facial tensile-shear failure process can be divided
into the following stages: crack initiation stage,
crack appearance stage, crack growth stage, and
failure stage.[38, 39]
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/e results of an experimental and analytical study on the static and fatigue behavior in steel-concrete composite beams under the
hogging moment were presented in this paper, and the structural deformation was discussed cautiously and emphatically. Firstly,
the static and fatigue tests on three inverted simply supported beams were conducted. /e development of cracks under static
loading, the load-deformation curves, and the values of residual deformation under fatigue load were recorded and analyzed in
detail. Several meaningful conclusions were obtained from the analysis of experimental results. To study the development laws of
residual deformation under fatigue load, the analytical methods of residual midspan deflection and residual rebar strain were
proposed, respectively. /e limitation and accuracy of the presented models were studied according to the comparison between
the prediction and measured results. /e calculation values of the proposed models showed good agreement with the test results.
Finally, the design recommendations of fatigue deformation were proposed according to the experimental and analytical study on
steel-concrete composite beams subjected to hogging moment.

1. Introduction

In recent years, steel-concrete composite structure was
popularly used in varied bridges and public buildings due to
the many advantages of concrete and steel [1]. Because of the
existence of unfavorable factors such as tension in concrete
slabs and compression in steel beams, the hogging moment
region of steel-concrete continuous composite beams
presents complex nonlinear behavior even under a low static
load level. /e service performance and durability of the
structure are often further affected, under the long-term
action of fatigue loads such as moving vehicles, winds, and
waves. /en, it is necessary to study the mechanical prop-
erties, the development rules of cracks, and the calculation
methods of structural deformation and crack width in the
hogging moment region of composite beams under static
and fatigue loads intensively based on scaled model test,
theoretical analysis, and numerical simulation [2–4].

Concrete cracking is a big problem in steel-concrete
bridge hogging areas. Crack control of the concrete plate
is therefore one of the most critical problems in hogging
moment regions close to the intermediate support of the
continuous composite bridges. For the construction of a
composite bridge, it is an inexpensive and convenient
solution that allows cracks to be created within reasonable
width limits. A lot of researchers have now paid attention
to this aspect, and significant experimental and theoretical
studies have been conducted in previous times on the
concrete cracking of the composite beams. Shim and
Chang [4] suggested a design basis for longitudinal pre-
stress of continuous composite bridges with full-depth
precast decks having female-to-female joints through
analytical and experimental studies on cracking of the
deck. Ryu et al. [5] performed experimental tests on the
mechanical behavior of the composite plate beam with
prefabricated concrete slabs under hogging moments.
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From the observation of crack distribution, crack spacing,
crack widths, and strain of the composite section before
and after cracking, crack control in negative moment
regions and flexural stiffness of the composite section
were analyzed by design equations in proper code. He
et al. [6] showed that the composite beams under the
hogging moment configured with stud connectors and
PBL connectors, respectively, behaved almost the same in
crack width and flexural stiffness through the experi-
mental investigation. Su et al. [7] provided detailed in-
formation of the inelastic behavior of the hogging
moment zone through two specimens of steel-concrete
composite box girder with inclined webs, and it was found
that the reinforcement ratio played an important role on
the crack control. Sun et al. [8] investigated the effect of
longitudinal reinforcement and prestressing on stiffness
and cracking of composite beams subjected to negative
moment. Meanwhile, a theoretical model was proposed to
estimate the effective stiffness, taking into account the
tension stiffening effect of concrete cracking. In addition,
high-performance concrete materials are more and more
widely used in civil engineering [9, 10]. Due to the ex-
cellent crack resistance [11, 12] and fatigue resistance [3],
they will have a good prospect of research and application
in composite bridge construction.

Until now, there are still no standard and applicable
analytical methods for fatigue deformation in the hogging
moment regions of steel-concrete composite beams in
present design codes. Few researchers have studied the
theoretical methods of fatigue deformation. Song et al. [13]
presented a calculation model of residual deformation re-
lated to static loading in the hogging moment region of
composite beams, according to the analytical method of PPC
(partially prestressed concrete) beams. /en, a calculation
model of the residual deformation connected with fatigue
loading in the hogging moment region of composite beams
was derived, based on the differential equation of the re-
sidual interface slip and the computing method of the re-
sidual slip in push-out specimens of studs, but this study did
not give the analysis methods for calculating the instanta-
neous deflection under fatigue loading and the total midspan
deflection in the hogging moment region. Besides, the
analysis model of residual deflection needs more experi-
mental verification.

Set against the above background, this study aims to
investigate the static and fatigue properties of steel-
concrete composite beams under the hogging moment.
/e test program was introduced cautiously, and the test
results were observed and analyzed in detail. Based on the
existing model for analyzing the residual deformation of
composite beams subjected to sagging moment, an ana-
lytical formula for evaluating the residual deformation in
hogging moment regions was then presented. Meanwhile,
based on the calculation method of the nonprestressed
rebar under fatigue loading in PPC beams, a calculation
model was derived for the evaluation of residual strain in
the longitudinal rebar. /e accuracy of the presented
models was studied through the comparison between the
prediction and test results.

2. Experimental Study

2.1. Test Specimen and Testing Procedure. To study the static
and fatigue properties in negative moment regions, three steel-
concrete composite beams numbered SCB1-1, SCB1-2, and
SCB1-3 were fabricated and used for the loading test. Specimen
SCB1-1 was tested under static loading, and the other two
specimens were tested subjected to fatigue loading. Each of the
beam models had a span of 3500mm and was 3900mm long,
as shown in Figure 1. /e specimens were designed with studs
as shear connectors, and the diameter and height were 16mm
and 90mm, respectively. Two-row shear studs with the lon-
gitudinal and transverse spacings of 100mm were welded on
the top flange. /e static and fatigue experiments were con-
ducted at the structure laboratory of Southeast University. /e
specimens were reversed, and the test setup is shown in Fig-
ure 2. At the interval time of the loading procedure, the
cracking formation and the fatigue deformation were cau-
tiously observed by an electronic crack width measurement
instrument and a computer through a signal system. /e
degree of strength of the concrete was C50./e steel plates and
rebars, respectively, used were Q345 and HRB400. Table 1
shows themechanical characteristics of the specimenmaterials.
As for fatigue test, the beammodels were the same to the static
specimens andweremanufactured and held under the uniform
conditions. Fatigue loading parameters of the test beam are
shown in Table 2. And Fu is the ultimate bearing capacity of the
test beam without fatigue load. Based on the results of the
ultimate bearing capacity Fu of specimen SCB1-1 and the laws
of crack growth, the maximum fatigue load of the SCB1-2 test
beamwas set to 25% Fu (i.e., themedian value of the 7% Fu load
and 40% Fu load at the crack stability stage). /e maximum
fatigue load for the SCB1-3 test beam is set to 40% Fu (i.e., the
load during the crack stability stage). Loading ratio, loading
frequency, and static loading rate were 0.2, 2Hz, and 10kN/
min, respectively. /e loading method was sine wave form.

2.2. Analysis of Static Test Results. /e major experimental
results of beam specimen SCB1-1 are characterized in Ta-
ble 3, and the typical crack formation and distribution on the
concrete slab under different loading levels is shown in
Figure 3. /e overall process of crack developing can be
defined as four stages. As for stage I, no crack occurred on
the concrete slab surface until the applied load increased to
70 kN. /e width of the initial crack was 0.03mm as shown
in Figure 3(a), which was difficult to be identified by the
naked eyes. In stage II, both the number of cracks and the
crack width increased along with the increment of the ap-
plied load. When the applied load reached 400 kN, the
stabilized stage, i.e., stage III of crack developing, was de-
fined, which indicated that the average crack spacing and the
number of through cracks remained stationary. Meanwhile,
the crack width still increased stably. In stage IV, due to the
yielding of the longitudinal reinforcement bar, the width of
the major crack shown in Figure 3(c) started to increase at a
rather rapid speed until the beam specimen failed, and the
final failure mode was compression buckling of the lower
flange plate of the steel beam.
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2.3. Analysis of Fatigue Test Results. No fatigue failures
occurred after 250 ×104 cycles in SCB1-2 when the fatigue
upper limit was equal to 250 kN. As for SCB1-3, the
fracture of the rebar occurred after about 152 ×104 cycles.
Due to the fatigue failure, specimen SCB1-3 had a lower
ultimate load of 477.2 kN, which was only 46.2% of SCB1-
1. However, specimen SCB1-3 still had good ductility
although the fatigue failure had already occurred. /e

difference between specimens SCB1-2 and SCB1-3 can
also be found in the load-deflection curves as shown in
Figures 4(a) and 4(b).

In the experimental tests, strain gauges for measuring
reinforcing bars were arranged on longitudinal bars at the
midspan section, where themaximum tensile stress probably
occurs for simply supported beams under concentrated load
in the span center. /e gauge locations are shown in
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Figure 1: Construction details of tested beams (unit: mm).
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Figure 2: Loading setup of the specimens: (a) static loading device and (b) fatigue loading device.

Table 1: Mechanical properties of the specimen materials.

Material
type

Average value of cube
strength (MPa)

Average elastic
modulus (MPa) Material type /ickness or

diameter (mm)
Average yield
strength (MPa)

Average ultimate
strength (MPa)

Concrete
(C50) 51.2 35400

Top flange and
web (Q345) 12 443 608

Bottom flange
(Q345) 14 391 520

Rebar (HRB400) 16 592 718

Table 2: Fatigue loading parameters of the test beam.

Specimen Load limit Loading ratio Frequency (Hz) Loading method Static loading rate (kN/min)
SCB1-2 25%Fu 0.1 2 Sine wave 10
SCB1-3 40%Fu 0.1 2 Sine wave 10

Table 3: Characteristic experimental results of the beam specimen.

Specimen
Initial cracking (70 kN) Stabilized cracking

(400 kN)
Reinforcement yield

(700 kN) Ultimate load (1033 kN)

wmax (mm) lcr (mm) wmax (mm) lcr (mm) wmax (mm) lcr (mm) wmax (mm) lcr (mm)

SCB1-1 0.03 / 0.10 105 0.20 104 >1mm 104
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Figure 5. /e gauge numbered 0# was selected, and the
reinforcing bar strain was measured and recorded during
each intermediate test. /e typical strain results of the
reinforcing bar in SCB1-2 and SCB1-3 are given in
Figures 4(c) and 4(d). /e strain jump can be observed from
the initial loading stage, and the corresponding load and
strain were about 70 kN and 65 μ. Similar to the phenom-
enon in the load-deflection curves of specimens SCB1-2 and
SCB1-3, the development law can also be found in the load-
strain curves under fatigue loading. /e residual deforma-
tion associated with Figure 4 is plotted in Figure 6, where n

and N are the number of cycles and the fatigue life, re-
spectively. Also, the curves can be characterized by three
stages typically.

3. Analytical Study

3.1.AnalyticalModel forCalculating theResidualDeflectionat
Midspan

3.1.1. Fatigue Life Evaluation of Composite Beams Subjected
to Hogging Moment. In this study, the existing method for

Initial crack

SCB1-1

15001000500

1#

–1750 –1500 –500–1000 0 1750

(a)
20#21#22# 15# 16# 13# 7# 5# 11# 8# 3# 1# 2# 4# 9# 10# 6# 17# 12# 18# 14# 19# 23#24#

SCB1-1

Initial crackMajor crack
15001000500–1750 –1500 –500–1000 0 1750

(b)

SCB1-1

20# 15# 16# 13# 7# 5# 11# 8# 33# 3# 1# 2# 4# 9# 10# 6# 17# 12#18# 19#14# 25# 23# 28# 29#21#22# 24#26#31# 32# 30# 27#

Initial crackMajor crack 15001000500–1750 –1500 –500–1000 0 1750

(c)

Figure 3: Crack formation and distribution of the beam specimen under different loading levels (unit: mm): (a) initial cracking load,
(b) stabilized cracking load, and (c) ultimate load.
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fatigue life of hogging moment regions presented by Song
and Wan [13] was employed. /en, the fatigue life in
hogging moment regions of composite beams can be given
as follows:

lgNf1 + 8lg Δτs(  � 21.935,

lgNf2 + 3lg Δσs(  � 12.02,

lgNf3 + 3.7928lg Δσr(  � 14.7806,

(1)

where Nf1, Nf2, and Nf3 are the number of fatigue test cycles
of the three components, i.e., studs, steel, and rebars andΔτs,
Δσs, and Δσr are fatigue strengths of the three components.

/us, fatigue life Nf in hogging moment regions can be
given as follows:

Nf � min Nf1, Nf2, Nf3 . (2)

3.1.2. Calculation Method for Residual Deflection.
According to the existing method for plastic slip in shear
studs (δstd,n) [14], a analytical model for calculating the
residual deformation (fn) in sagging moment regions can be
given by Wang and Nie [15]:

fn � k
δstd,nL

12H
, (3)

and then the plastic slip of shear studs of δstd,n can be
expressed as follows:
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Figure 4: Load-deformation curves after different load cycle numbers: (a) load-deflection curves of SCB1-2, (b) load-deflection curves of
SCB1-3, (c) load-strain curves of SCB1-2, and (d) load-strain curves of SCB1-3.
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δstd,n � C1 − C2 ln
1

(n/N)
− 1 ≥ 0, 0<

n

N
< 0.9, δstd,n � 0,

n

N
� 0, (4)

where the parameters C1 and C2 can be obtained as follows:

C1 � 0.104e
3.95 Pmax/Pu,0( ),

C2 � 0.664
Pmin

Pu,0
+ 0.029.

(5)

In the aforementioned formulas, k� 10.11 is the unde-
termined coefficient obtained by data fitting; L is the span of
the beam; H is the height of the beam; n is the number of
repeated cycles; N is the fatigue life; Pu,0 is the ultimate
bearing capacity of studs; Pmax is the fatigue upper limit of
studs; and Pmin is the fatigue lower limit of studs.

When the above analytical method in sagging moment
regions is employed, the calculation method for predicting
the residual deformation value in hogging moment regions
was obtained by fitting the measured data in this study. /e
following relation gives its analytical formulation:

fn � 1.04
δstd,nL

H
. (6)

3.1.3. Verification of the CalculationMethod. It can be found
that the related coefficient k obtained under the sagging
moment in [15] was 0.84, which accounted for about 81% of
that under the hogging moment, and it indicates that the
residual deflection in the hogging moment regions will be
larger in comparison with sagging moment regions due to
the concrete cracking. In order to verify the precision of the
proposed method for calculating the deflection of composite
beams under the hogging moment, the comparisons were
made between the test results and the proposed method, as
illustrated in Table 4. It can be seen that the results calculated
by the proposed model had a good agreement with the test
results. In addition, the residual deflection will account for
more than 30% of the static deflection caused by the fatigue
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upper limit under the monotonic loading as listed in Table 4,
and this proportion will be larger with the increment of
repeated cycles. /erefore, to avoid the unsafe results, the
residual deflection caused by fatigue load should be noted.

3.2. Analytical Model for Predicting the Residual Strain of
Longitudinal Reinforcement

3.2.1. Calculation of Fatigue Stiffness of Studs. For steel-
concrete composite structures, the strength or stiffness

degradation phenomenon of studs has been investigated
under fatigue loading [16, 17]. /e load-slip (Pn − δn) re-
lationships of studs under fatigue loading were given in [14],
as can be expressed with the following equation:

Pn � 1.41Pu,N δn − δstd,N , Pn ≤ 0.8Pu,N, (7)

and the static intensity decrease (Pu,N) can be estimated at a
specified number of load cycles as follows:

Pu,N

Pu,0
� 0.74

Pmax

Pu,0
1 −
ΔP

Pmax
  + 0.54 − 0.04 ln

n

10 1− Pmax/Pu,0( )/ 0.1267− 0.1344 Pmax/Pu,0( ) 1− ΔP/2Pu,0( )( )( )( ) − n
 , (8)

where ΔP is the range of the cyclic loading, i.e.,
ΔP � Pmax − Pmin.

/rough a series of experiments and analyses, it was
found that the load-slip behavior after n number of repeated
cycles was linear for Pn≤ 0.8 Pu,N [14]. /en, it can be as-
sumed that the residual stiffness of studs under fatigue
loading is equivalent to the secant stiffness at the shear
connector strength of Pmax,nwith an equivalent slip of δmax,n.
/us, the residual stiffness of studs can now be written in the
following form:

Ks,n �
Pmax ,n

δmax ,n

. (9)

3.2.2. Cycle-Dependent Stress of Reinforcement in the Cracked
Section of Composite Beams. /e slip effect at the beam-slab
interface has been proved to have a great influence on the
mechanical property in the hogging moment regions of
continuous composite beams, and an equation proposed by
Fan and Nie [18] can be applied to the calculation of residual
strain of longitudinal reinforcement which included the slip
effect. /en, a cycle-dependent model of reinforcement
stress (σs (n)) in the cracked section can be obtained, while
the effect of fatigue loading is incorporated into the equation
in [18], namely, the shear-slip stiffness of a single stud shear
connector Ks and sectional area of reinforcing Ar are
substituted by Ks,n in equation (9) and A

f
s (n) in equation

(13), respectively. /e new form of the cycle-dependent
model is defined as follows:

σs(n) �
EsAs εf

r0I
f
0 y0 − εf

s Isy
f
0r 

A
f
r + As Is + A

f
r Asy

2
0 y

f
0r

, (10)

εf
r0 �

My
f
0r

EsI
f
0

, (11)

εf
s �

4e
−αx

e
αL

− e
2αx

 βM

α e
αL

+ 1 L
, (12)

where Es is Young’s modulus of reinforcement; As is the
sectional area of the steel beam; A

f
r (n) is the effective area of

reinforcement after n cycles; εf
r0 is the reinforcement strain

without slip effect at the beam-slab interface under fatigue
loading; εf

s is the slip strain considering fatigue effect; M is
the applied moment acted in the cracked section;yf

0r is the
distance from the centroid of reinforcing bars to the neutral
axis of the composite section considering fatigue effect; x is
the distance from the calculation section to the midspan, and
x� 0 for this study; α �

�����������������������
(Kn/pEs)((1/A0) + (y2

0/Is))


;

β � (y0/2EsIs); y0 � yr + ys; A0 � (A
f
r · As/A

f
r + As); Is is

the secondmoment of area of the steel beam; yr and ys are the
distances of the beam-slab interface to the centroid of
reinforcing bars and steel beam, respectively; Kn is the shear
connection stiffness at the beam-slab interface, Kn � nsKs,n;
and ns is the number of shear studs per row.

In the fatigue stress evaluation of equation (10), the
effective area of reinforcement after n cycles can be
expressed by the following equation [19]:

Table 4: Comparison between predicted and tested residual deflection values.

Specimen Fatigue life
(×104) N � Nf

Static deflection caused by
upper limit δu (mm) n/N

Residual values (mm) Deviation (δt − δp)/
δp × 100% (%)

Proportion
δt/δu × 100 (%)Test δt Prediction δp

SCB1-2 516 3.32

0.19 0.948 0.847 11.9 28.6
0.29 0.988 0.949 4.1 29.8
0.39 1.018 1.065 −4.4 30.7
0.48 1.028 1.170 −12.2 31.0

SCB1-3 152 5.50 0.33 1.577 1.441 9.5 28.7
0.66 1.607 1.750 −8.2 29.2

Advances in Civil Engineering 7



A
f
r (n) � Ar 1 −

n

N
1 −

σs(n)

fsy

   , (13)

where fsy is the tensile strength of the reinforcement bar.
By combining equations (10) and (13) and using

mathematical software MATLAB, cycle-dependent stress σs
(n) and area of reinforcement A

f
r (n) can then be obtained at

the certain repeated number of n.

3.2.3. Calculation Method of the Residual Strain. When
taking the combination effect of composite beams and fa-
tigue effect of studs into account, an analytical model for
estimating the residual strain of nonprestressed reinforce-
ment in PPC beams [19] is employed to the analysis in
longitudinal reinforcement of composite beams subjected to
hogging moment. /e following relation gives the analytical
formulation:

εsr,n �
Ar/2A

f
r  +

����������������������������������

Ar/2A
f
r 

2
+ 2πnrdrEcWsr,n/n0βnfct,nA

f
r 



 fct,n

2Ec

,
(14)

and the tensile strength of concrete (fct,n) under fatigue
loading can be obtained as follows [20]:

fct,n � fct · 10(− 0.0023− 0.0275 log n)
, (15)

where nr is the number of reinforcement bars in the concrete
slab; dr is the diameter of the longitudinal reinforcement bar;
Ec is Young’s modulus of concrete; Es is Young’s modulus of
the rebar; n0 � Es/Ec; fct is the concrete strength of extension;
Wsr,n � 0.02mm is for the nonrecoverable deformation after
unloading; and βn � 1.

3.2.4. Verification of the Calculation Method. To verify the
accuracy of the analytical model for estimating the re-
sidual strain of longitudinal reinforcement in the hogging
moment regions of steel-concrete composite beams under
fatigue loading, the predicted curves and experimental
results of specimens SCB1-2 and SCB1-3 are shown in
Figure 7. It can be seen from Figure 7 that there is a good
agreement between the calculation model and experi-
mental results when 0.1 < n/N < 0.9, namely, in stage II of
the whole development process of residual strain. In
addition, a larger deviation occurred in stage I and stage
III, which may be ascribed to the discreteness of concrete
strength and development of initial microcracks at the
beginning of fatigue loading, as well as different failure
modes of components and the sharp growth of measured
values at the end of fatigue loading.

For further verification of the proposed model
quantitatively, the comparison between experimental and
calculated residual strain values in stage II (0.1 < n/
N < 0.9) is listed in Table 5. It can be seen that the de-
viation values vary from 4.3 to 10.2%. And the results

further indicate that the proposed model can be used to
predict the residual strain of longitudinal reinforcement
in the hogging moment regions of steel-concrete com-
posite beams under fatigue loading. /us, the proposed
model in this study can be a design reference for engi-
neering applications of composite bridges.

3.3. Suggestion for Fatigue DeformationDesign. /e residual
deflection and strain gradually increased due to the fatigue
loading, as observed and analyzed in the experimental
test. /e residual deflection accounted for more than 30%
of the static deflection caused by the fatigue upper limit
under the monotonic loading with the increment of re-
peated cycles (see Table 4). Meanwhile, experimental
results showed that the residual stresses in reinforcement
can reach about 50MPa (see Table 5). Moreover, these
residual values will become larger with the increase of
fatigue cycles. /erefore, the residual deflection and strain
should not be ignored in order to correct the accuracy of
the calculation formula for the total deformation. When
the fatigue load is in the service load stage, the following
formulas are suggested to calculate the midspan deflection
and reinforcement stress in steel-concrete composite
beams subjected to hogging moment:

ft � f0 + fN, 0.1<
n

N
< 0.9 ,

σs � σs(n) + Esεsr,n, 0.1<
n

N
< 0.9 ,

(16)

where f0 is the elastic deflection in the hogging moment
regions of steel-concrete composite beams; fN is the total
residual deflection obtained by the analytical model
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proposed in this paper; and σs (n) is the stress of the re-
inforcement bar after n cycles.

4. Conclusions

In this paper, the static and fatigue properties of steel-
concrete composite beams under the hogging moment were
studied with experimental tests and analytical models.
/rough the experimental tests, the crack development
process, the fatigue deflection at themidspan, and the fatigue
stress of longitudinal reinforcement were observed and
discussed carefully and in detail. /en, the calculation
methods for predicting the residual values were given.
Details of this study are summarized as follows:

(1) With the experimental test of an inverted specimen,
four stages are defined for the overall process of crack
developing according to development laws of the
average crack spacing, the number of through cracks,
and crack width. /e average crack spacing and the
number of through cracks remained stationary in
stages II and III. /e width of the major crack in-
creased at a rather rapid speed in stage IV until the
beam specimen failed.

(2) Based on the existing model for predicting the re-
sidual deflection of composite girders subjected to
saggingmoment, a calculationmethod for evaluating
the residual values in hogging moment regions is
presented. It was found that the residual deflection
accounted for more than 30% of the static deflection
caused by the fatigue upper limit under the mono-
tonic loading, and this proportion will be larger with
the increment of repeated cycles.

(3) Based on the calculation method of nonprestressed
reinforcement in PPC beams, an analytical model is
proposed for the prediction of residual strain of
longitudinal reinforcement in the hogging moment
regions of composite beams, which accounts for the
slip effect of composite beams and fatigue properties
of stud and reinforcement. In stage II (0.1< n/
N< 0.9), the model showed a close correlation with
the experimental results. /e design recommenda-
tions for fatigue deformation in hogging moment
regions of steel-concrete composite bridges were
proposed.
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To obtain the failure evolution law, a pullout test model of the anchor system is proposed based on the digital image correlation
(DIC) measurements. By the study of the displacement field, the strain field, and the force transfer law of the anchor system
under the pulling load, the failure law of the anchor system is revealed. )e results show that (1) the failure mode and the
ultimate bearing capacity of the anchor system are related to the thickness of the anchor agent; (2) in the anchor system, the
pulling force is gradually transferred from the loading end to the free end along the steel bar, and the greater the thickness of the
anchoring agent, the deeper the transfer range; (3) during the loading, the deformation of the anchoring system is mainly
concentrated at the interface between the anchoring agent and the concrete and expands to the depth along the steel bar; and
(4) the failure evolution rate of the anchorage system is related to the loading stage. )e failure evolution of the anchor system
can be divided into the elastic phase, the plastic phase, and the deformation rebound phase.

1. Introduction

)e need to reduce on-site construction time in civil in-
frastructure has led to an important increase in the use of
precast concrete elements (PCEs). PCEs provide structures
with higher material quality, better durability, reduced en-
vironmental impact, and increased work zone safety. )e
connection of these elements is typically done using field-
cast nonshrink cementitious grouts [1–4].)e grout material
not only needs to exhibit enough strength, but it should also
offer a good bond to the concrete element to ensure adequate
stress transfer.

Bond in cementitious materials is a topic that has been
extensively researched in the past decades [5–10].

Studies of grout interface for rebar show that bonding
forces is made up of three components: chemical adhesion,
friction, and mechanical interlock. )e adhesive strength
between the interface is negligible [11,12]. In addition, the
adhesive strength of the bond cannot be mobilised with
frictional strength during the pullout process [13]. )e
frictional components can be categorized into dilation slip,

shear failure of surrounding medium, and torsional resis-
tance of rebar [14]. )e mechanical interlock component of
the bond strength plays an important role in the load
transfer capacity of the reinforced anchor system [15].

However, despite a relatively large body of knowledge,
there is still a lack of a good understanding of the failure
evolution law, which has prevented the development of
rational anchorage design procedures. )is is due mainly to
the fact that all kinds of transducer embedded in concrete
can only be used to monitor the particular deformation at a
certain region and it is difficult to directly observe the in-
ternal failure process of the anchor system. If the damage
and crack arose at the other region that has not been
monitored by an embedded transducer, it would fail to get
any valuable data. However, the deformation in these re-
gions is important because it might cause the entire failure
eventually. It is difficult to determine the possible weak
regions for concrete by theoretical analysis and calculation
beforehand due to many holes and microcracks exist in
concrete. Sometimes concrete might break in the region that
was considered as low stress previously because damage in
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this region would result in the redistribution of stress
[16–18].

)e full-field measurement method provides a solution
to the above problems which is more adapted than point-
based techniques to provide 2D displacement and strain
field within a given zone in the specimen. Among others,
Digital Image Correlation (DIC) is probably the most
widely adopted noncontact measuring technique in the
material testing and structure monitoring domain. DIC is
an optical technique to detect and quantify changes be-
tween a series of digital images. DIC-based approaches are
used as noncontact measurement techniques to analyze 2D
and 3D displacement fields. )e early development of these
techniques in the mechanics’ research domain dates to the
80s [19–21]. Recent technological advances in high-reso-
lution digital cameras have considerably increased the
popularity of these methods and widened their application
to different civil engineering problems [22]. DIC has been
successfully applied for displacements measurement and
crack monitoring of different materials and structural
systems. Based on DIC, Muller et al. [23] analyzed the
strengthening of RC specimens with composite plates,
Tung et al. [24] studied crack variations in masonry walls,
and Ghiassi et al. [25] investigated the evolution of strain
fields in uniaxial tensile and shear debonding tests carried
out on FRP reinforced masonry systems. Helm [26] used
DIC to identify multiple growing cracks on an RC slab.
Choi and Shah [27] analyzed the nonuniform displace-
ments to detect the microscopic fracture process at the
interface between the cement matrix and the aggregate by
DIC.

)erefore, based on the advantages of DIC, it is realized a
comprehensive observation and investigation of the failure
evolution law of the anchorage system during the loading
process. In this paper, based on DIC measurements, a
pullout test model of the anchor system is proposed.
)rough the pullout test, the loading transmission route of
the reinforcing bar, the displacement field, and the strain
field of the anchor system can be observed during the whole
loading process. )e deformation evolution characteristics
of the interface in the anchor system are analyzed and the fail
evolution law is explored.

2. Digital Image Correlation Principles

DIC method is mainly used to measure the deformation
field of a material or structure surface under external load
or other factors. It has the advantages of full-field mea-
surement, noncontact, relatively simple optical path, and
adjustable measurement horizon. Ruocci et al. [28] pointed
out that it was a measurement technique that could provide
the full-field surface displacement in the region of interest
by using a series of digital images taken at different loading
steps as input. In the application of DIC, speckles on a

specimen surface before and after deformation are digitized
into source and target images. As illustrated in Figure 1(a),
the image is divided into a grid of subsets (i.e., a square
group of pixels), which is identified by a distinctive grey
value pattern. If it assumes that the grey value distribution
of the same subset in both images remains unchanged to
deformation, the subsets matching can be performed by
maximizing the correlation between their greyscale values.
In Figure 1, points P(xP, yP) and Q(xQ, yQ) in the source
image move to P∗ and Q∗ in the target image. Equation (1)
is used to express the relationship between these two
points:

xQ � xP + Δx,

yQ � yP + Δy,
(1)

where Δx and Δy are the distances between points P and Q
along x and y directions. After deformation, displacements
of point P are uP and vP, and point Q are uQ and vQ in the x
and y directions, respectively:

x
∗
P � xP + uP,

y
∗
P � yP + vP ,

x
∗
Q � xQ + uQ,

y
∗
Q � yQ + vQ.

(2)

Considering tensile and shear effects with very small Δx
and Δy, uQ and vQ are represented as [29]

uQ � uP +
zuP

zx

Δx +
zuP

zy

Δy,

vQ � vP +
zvP

zx

Δx +
zvP

zy

Δy.

(3)

Substituting equations (1) and (3) into (2), then

x
∗
Q � xP + uP +

zuP

zx

Δx +
zuP

zy

Δy,

y
∗
Q � yP + vP +

zvP

zx

Δx +
zvP

zy

Δy.

(4)

Generally, for an arbitrary point Q,

x
∗

� x + u +
zu

zx

Δx +
zu

zy

Δy,

y
∗

� y + v +
zv

zx

Δx +
zv

zy

Δy.

(5)

In the case of a very small PQ, the following relationships
can be obtained:
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dx � xQ − xP,

dy � yQ − yP,

d
∗
x � x
∗
Q − x
∗
P,

d
∗
y � y
∗
Q − y
∗
P.

(6)

)e distance before and after deformation can be ob-
tained as follows:

|PQ|
2

� (dx)
2

+(dy)
2
,

P
∗
Q
∗

2

� dx
∗

( 
2

+ dy
∗

( 
2
.

(7)

)erefore, the strain in all direction can be defined as

εxx �
zu

zx

+
1
2

zu

zx

 

2

+
zv

zx

 

2
⎡⎣ ⎤⎦,

εyy �
zv

zx

+
1
2

zu

zy

 

2

+
zv

zy
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Figure 1 shows the in-plane displacement field (u, v)

which is determined by matching subsets S and the corre-
sponding subset S∗ before and after the deformation [30,31].
)e typical correlation function is expressed by
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(9)

where C is the correlation coefficient, f(xi, yi) and g(xi
′, yi
′)

are the grey values of points in subsets before and after
deformation, and f and g are the average grey values of
f(xi, yi) and g(xi

′, yi
′).

3. Experimental Program

3.1. Pullout Test Model of the Anchor System. Figure 2 shows
the specimen model in the conventional pullout test which is
always a concrete cylinder. )e rebar generally deforms in
the axial direction but not out of plane due to the restraint by
the surrounding material. )e load, constraint, and geo-
metric model are all axial symmetry; therefore, the stress and
strain of the reinforcing bars and concrete are axisym-
metrically distributed during the loading process. From the
Kelvin problem in the elastic mechanics, the concentrated
force produces symmetrical strain and displacement to the

axis of the rebar which has no concern with the hoop co-
ordinate. )erefore, the model is designed as shown in
Figure 3 in order to observe the displacement field on the
interfaces of the bar-grout agent-concrete and investigate
the failure evolution law of the anchorage system.)emodel
consisted of a concrete semicylinder in which a ϕ 25mm
hot-rolled ribbed rebar was anchored at the center of the
axial surface. Based on Chinese Code for Design of Concrete
Structures (GB50010-2010) [32], the anchorage length of the
rebar should be at least 600mm, so the height of the
specimen is designed as 700mm. At the same time, the
diameter of the semicylinder specimen is 350mm which is
14 times the diameter of the rebar for reducing the influence
of the concrete body size and effectively observing the
evolution of the displacement field of the rebar-grouting
agent-concrete. )e observing surface was painted in black
and sprayed with white spots to form the artificial speckle
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Figure 1: Illustrative of the principle of DIC in-plane displacements. (a) Before deformation f(x, y). (b) After deformation g(x∗, y∗).
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field. Two steel ring hoops with 20mm wide and 5mm thick
were set on the top and bottom as the constraint to prevent
the out of plane displacement of the rebar.

Many factors affect the bonding performance between
two materials, the anchoring agent thickness being one of
them. )e bars are anchored in holes with diameters of 40,
50, 75, and 160mm corresponding to the anchoring agent
thickness of 8, 13, 25, and 93mm, respectively. )e details of
the specimen parameters are shown in Table 1.

3.2. Specimen Manufacture. An ordinary Portland cement
P·O42.5 with a Blaine fineness of 382m2/kg and a density of
3070 kg/m3 was used to prepare the concrete. )e fine ag-
gregate (FA) was an ordinary river sand with an apparent
specific gravity of 2.59. )e coarse aggregate (CA) consisted
of dolomitic limestone with an apparent specific gravity of
2.85. )e concrete mixture was developed to perform
similarly to a prefabricated concrete element in terms of
strength. )erefore, the concrete was designed with a water-
to-cement ratio of 0.35 by mass, cement : FA : CA ratio of 1 :
1.7 : 2.5 (by mass), and a targeted 28 d compressive strength
of 55MPa.

)e available commercially nonshrink cementitious grout
was used in the test.)e grout was supplied in a bag containing
the solid fraction that was mixed with a certain amount of
water following the manufacture’s recommendations. )e

grout had a water-to-solid ratio of 0.16 bymass and produces a
28 d compressive strength of 62MPa.

)e specimen manufacture process includes 4 steps.
First, corresponding to the specimens, the PVC pipes with
different diameters were embedded in the mold as the re-
served holes. )en, the concrete was vibrated in the mold, as
shown in Figure 4(a). Second, after 24 hours of concrete
solidification and formation, the mold and PVC pipe were
removed, as shown in Figure 4(b).)ird, the specimens were
cured for 28 days. After that, the anchoring agent was put
into the reserved hole. )e reinforcing bar attached with
strain gauge was put in the anchoring agent and kept half of
the bar without the strain gauge being covered by the an-
choring agent, as shown in Figure 4(c). Last, after 24 hours,
the top of the specimen as the target surface was smoothed
and painted to black background.)en, the white spots were
sprayed on the surface to make artificial speckle field, as
shown in Figure 4(d).

3.3. Test Procedure and Observation System. )e test system
including an XY-350 hydraulic pullout instrument and a
reaction rack was used to apply load at the specimen (as
illustrated in Figure 5). )e XY-350 hydraulic puller was put
on the top plate of the reaction rack, and the specimen was
placed under the plate to ensure the specimen was in axial
tension state as much as possible.

Rebar

Anchoring agent

Concrete cylinder

Figure 2: Conventional model in the pullout test.

Rebar

Constraint

Constraint

Concrete

Anchoring agent

Figure 3: Proposed model in the pullout test.
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In the test, the foil-type resistance strain gauge and one
CCD industrial camera were used to collect the deformation
data of the reinforcing bar and the target surface, respec-
tively. )e strain gauges were placed at 5 measuring points
(MP 1#–5#) from the loading end to the free end along the
upper edge of the reinforcement. Due to the symmetry, only
left half surface is analyzed. )e resolution of the collected
speckle image was 1600 pixels× 1200 pixels, and the object
surface resolution was 0.24mm/pixel. )e location of the
strain gauge, coordinated system, and analyzed area is
shown in Figure 6.

4. Analysis and Discussion of the Results

4.1. Failure Modes. )e specimens mainly exhibited two
failure modes including splitting failure (tensile cracks in
the concrete parallel to the reinforcing bar), shown in
Figure 7(a), and a failure at the interface between the
grout and the concrete, shown in Figure 7(b). )ese
failure modes often occurred in conjunction with the
formation of a shallow angle concrete cone surrounding
the reinforcing bar on the face of the specimen, shown in
Figure 7.

Puller

Support

Specimen

Reaction plate

Appiled
load 

Figure 5: Loading system in the test.

Table 1: Specimen parameters.

Number Rebar diameter (mm) Hole diameter (mm) Anchoring agent thickness (mm)
SJ-40 25 40 8
SJ-50 25 50 13
SJ-75 25 75 25
SJ-160 25 160 93

(a) (b) (c) (d)

Figure 4: Specimen manufacture process. (a) Casting concrete matrix. (b) Removing the mold. (c) Embedding the rebar. (d) Spraying
speckle.
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For SJ-40, now that there was not sufficient bond
strength between the bar and the concrete due to the thin
thickness of the grouting agent, it was mainly splitting
failure. As the load increases, tensile cracks first appeared at
the interface between the bar and the grout near the loading
end and developed to the free end. Finally, the cracks
penetrated the entire specimen. )e bar and the grout were
completely debonded, and the specimen was destroyed (as
shown in Figure 7(a)). A splitting failure indicates close
interaction between the grout and the surrounding concrete

and is usually accompanied by the failure at the reinforcing
bar-grout interface, not the grout-concrete interface.

With the increase of the grout thickness, the failure modes
of SJ-50 and SJ-75 gradually transformed into the cracking at
the interface between the grout and the concrete, until to form
the shallow angle concrete cone in SJ-160, as shown in
Figure 7(d). Failure at the interface between the grout and the
concrete indicates a low bond strength between the two
materials. )e thickness of the grouting agent has a great
influence on the failure mode of the anchor system.

(a)

Cracks

(b)

Cracks

(c)

Cracks

(d)

Figure 7: Specimen failure. (a) SJ-40. (b) SJ-50. (c) SJ-75. (d) SJ-160.
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Table 2 shows the ultimate anchoring capacity of the
specimen when failure occurs. It can be found that for the
reinforced grout anchor connection, the ultimate anchoring
capacity increases with the thickness of the grouting agent.

4.2. Deformation Evolution and Load Transmission Law of the
Bar. Due to the similar law in specimens, SJ-160 is taken as
the typical representative for analysis. Figure 8 shows the
strain evolution law of the bar. It illustrates that the force-
strain curves present linear increase and the strain at MP
4#and MP 5# are approximately zero before the pullout force
is less than 55 kN.When the force reaches 55 kN, the turning
points appear in the force-strain curves of MP 1# to MP 3#
and the load has been transmitted to MP 4#. )e overall
deformation of the anchor system is intensified. After that,
the strains increase rapidly and the growth rate of MP
1#>MP 2#>MP 3#>MP 4#. When the force reaches 62 kN,
the force-strain curves of MP 1#–4# turn again. )e overall
deformation is intensified further.

From the above analysis, it can be found that the pullout
force is transmitted from the loading end to the free end
along the axial direction of the bar and the strain decreases
with the increase of the distance to the loading point. At the
same time, the evolution trend of the force-strain curves is
similar.

Figure 9 shows the difference of the axial force between
the two adjacent measuring points on the bar with the
pullout force. At the initial stage, the interface in the an-
choring system is in the elastic occlusal deformation stage. In
the bar, the force is relatively uniform and the strain at
different positions is almost the same. )e axial force dif-
ference between two adjacent measuring points increases
with the pulling force. With the loading increases, the
bonding strength becomes weaken, and the growth rate of
the strain increases. )e interface of the anchorage system
near the loading end first enters the plastic deformation. Due
to the thread of the reinforcing bar and the load transmitted
to the further end, the growth rate of the strain increases
again when the load reaches a certain value. When the
ultimate bonding strength is reached, the relative slip occurs
at the interface, and the static friction is changed to the
dynamic friction.

4.3. Evolution Law of the Deformation Field at the Interface.
Based on the DIC technology, the deformation field map of
the analyzed region is given including the displacement field
and the strain field.

4.3.1. Evolution Law of the Displacement Field. )e dis-
placement field is calculated from equation (1) to equation
(7). Taking SJ-160 as an example, Figure 10 shows the
horizontal displacement field of the analyzed region. )e
vertical line marks the interface of the grouting agent and
concrete. )e zero of the abscissa locates the interface of the
bar and the grouting agent and the pixel movement along the
X-axis direction is specified as positive in the analysis. Both
the grouting agent and the concrete tend to movement away

from the bar, and the displacement is decreased from the
loading end to the free end. As the load increased, the
horizontal displacement is also growing. However, due to
the material discontinuity at the interface between the
grouting agent and the concrete, the contour lines at the
interface tend to fluctuate and gradually be transferred from
the loading end to the free end with the loading increased.
When the loading reaches 96 kN, the fluctuation is com-
pletely transferred to the free end. )e horizontal dis-
placement at the interface of the grouting agent and the
concrete is greater than that at the same height.

Figure 11 shows the vertical displacement field of SJ-160.
It is specified that the pixel downward movement along the
Y-axis is as positive in the analysis. During the loading, the
vertical displacement fields are all negative. As closer to the
bar, the displacement is greater. When the loading reaches
62 kN, an outstanding increase district appears at the depth
of 50mm, and the region is expanding. When the loading
reaches 96 kN, the contour lines have a break at the interface
of the grouting agent and the concrete. In the concrete side,
the contour lines are basically horizontal. In the grouting
agent side, the displacement is larger at the same height as
closer to the bar. Moreover, at the distance of 25mm from
the bar, the displacement is more prominent near the
loading end.

4.3.2. Evolution Law of the Strain Field at the Interface.
Based on the displacement field, the principal strain is
calculated by

ε1,2 �
εx + εy

2
±

����������������
εx − εy

2
 

2
+

cxy

2
 

2


. (10)

Taken SJ-160 as an example, the ε1 field is shown in
Figure 12. At the beginning of loading, ε1 is mainly con-
centrated near the loading end in the grouting area.

When the loading reached 75 kN, the influence range of
ε1 has been transmitted to the free end along Y-axis. At the
ultimate strength 96 kN, ε1 at the interface between the
concrete and the grouting agent gradually expands to the
both sides. At last, ε1 is developed to the bar, and the
specimen failed.

Based on the principal strain field, the maximum shear
strain can be further calculated by

c �
ε1 + ε2

2
, (11)

where c is the maximum shear strain, ε1 is the first principal
strain, and ε2 is the second principal strain.

)e c field is illustrated in Figure 13. At the initial stage, c
mainly exists in the grouting agent near the bar at the
loading end. )en, the range of c is extended to concrete
region along the Y-axis. When the loading reaches 96 kN, the
c at the interface of the bar and grouting agent is much more
than the other region. And the shallow angle concrete cone is
pulled out from the specimen.

As shown in Figure 13(a), in the initial stage of loading
corresponding to the drawing force 36 kN, c is mainly
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concentrated in the anchoring agent, the influence range of
the deformation is about 100mm from the loading end, and
the deformation field is tapered. When the pulling force is
increased to 62 kN, the influence range of the deformation is
about 150mm from the loading end and the c in the

concrete begins to increase, as shown in Figure 13(b). When
the drawing force is increased to 75 kN, the deformation
field of the anchoring agent affects about 200mm from the
loading end, as shown in Figure 13(c). In Figure 13(d), the
drawing force is 96 kN, and the influence range of the
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Figure 8: Curve of pulling force and strain.
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Figure 9: Curve of axial force difference between the two adjacent MPs with the pulling force.

Table 2: Pulling force when the specimen is broken.

Number Rebar diameter (mm) Anchoring agent thickness (mm) Ultimate anchoring capacity (kN)
SJ-40 25 8 49.00
SJ-50 25 13 69.04
SJ-75 25 25 76.34
SJ-160 25 93 96.08
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deformation field in the anchoring agent reaches 300mm
from the loading end.

From the above analysis, it can be found that (1) under
the pulling force, the deformation of the anchoring agent
expands from the loading end to the deep, and the defor-
mation is continuously reduced and (2) due to the large
thickness of the anchoring agent, during the entire loading
stage, the maximum deformation value is always located at
the interface between the bar and the anchoring agent.

4.3.3. Evolution Characteristics of the Displacement Field of
the Anchor System. By analyzing the evolution character-
istics of the relative displacement between the anchoring
agent and the concrete, the transmission law of the force in
the anchoring system is analyzed.

)e relative displacement of the anchoring agent and the
concrete is calculated as follows. )e 5mm× 5mm

calculation window of the pixel point is selected in the
anchoring agent and the concrete of the specimen, which
center is 5mm away from the interface, as shown in Fig-
ure 14 [33]. )e displacement of the center point is rep-
resented by the average displacement of the speckle in the
calculation window. )e displacement difference between
the center points of the two calculation windows in the y
direction represents the relative displacement of the an-
choring agent and the concrete. )e relative displacement of
anchoring agent-concrete at 50, 100, 150, 200, and 250mm
away from the loading end is analyzed, as shown in
Figure 15.

From Figure 15, it can be found that in the initial stage of
loading, the anchoring agent and the concrete are elastic as a
whole, and the relative displacement increases slowly. As the
drawing force increased to 62 kN, the anchoring agent and
the concrete enter the plastic expansion stage. Slip occurs at
the interface of the anchoring agent and the concrete. )e
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Figure 10: Horizontal displacement field of SJ-160. (a) 36 kN. (b) 62 kN. (c) 75 kN. (d) 96 kN.
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Figure 11: Vertical displacement field of SJ-160. (a) 36 kN. (b) 62 kN. (c) 75 kN. (d) 96 kN.
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Figure 13: c field of SJ-160. (a) 36 kN. (b) 62 kN. (c) 75 kN. (d) 96 kN.
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Figure 12: ε1 field of SJ-160. (a) 36 kN. (b) 62 kN. (c) 75 kN. (d) 96 kN.
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increase of the relative displacement is significantly faster
than the elastic stage. )e relative displacement decreases
with the increase of the distance from the loading end. At the
same time, the interface between the bar and the anchoring
agent is debonded in this stage, and the debonding region
gradually expands from the loading end to the free end.
When the pulling force exceeds 90 kN, most of the interface
between the bar and the anchoring agent is debonded, and
the deformation of the anchoring agent and the concrete
rebounds. )e relative displacement is affected by the re-
sidual friction between the anchoring agent and the concrete
during the rebound process. From the above analysis, it can
be found that the relative displacement decreases as the
distance from the anchoring end increases, and the evolution
rate of the relative displacement is related to the deformation
stage of the anchoring agent and the concrete.

5. Conclusion

In the present work, a DIC-based method is proposed to
analyze the anchorage system. )e method is applied to
measure the displacement field and the strain field of the
anchorage system. )e failure evolution law of the bonding
interface in precast concrete structure is studied by the
pullout test. )e following can be concluded:

(1) )e failuremode and ultimate bearing capacity of the
anchor system is related with the thickness of the
anchor agent.

(2) In the anchor system, the pulling force is gradually
transferred from the loading end to the free end
along the steel bar. And the greater the thickness of
the anchoring agent, the deeper the transfer range.

(3) During the loading, the deformation of the an-
choring system is mainly concentrated at the in-
terface between the anchoring agent and the concrete
and expands to the depth along the steel bar.

(4) )e failure evolution rate of the anchorage system is
related to the loading stage. )e failure evolution of
the anchor system can be divided into the elastic
phase, the plastic phase, and the deformation re-
bound phase.
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Effects of two kinds of microsteel fibers were employed in reinforced concrete (RC) with different fiber volumes fraction. +e RC
beam was partially reinforced by microsteel fiber reinforced concrete (MSFRC) based on the idea of gradient design. Flexural
performances were specially investigated. Results show that microsteel fiber highly strengthened and toughened the concrete
matrix.With the same fiber volume content, the concrete reinforced by Type I fiber was generally better in strength compared with
that of Type II, while the bending toughness was substantially improved. +e bending strength of the concrete reinforced by
microsteel fiber in partial section of tensile region was comparable to that in whole section. Based on the traditional strength
theory, the critical MSFRC layer depth of in the partially reinforced RC beam was about 0.3 times of the beam depth, which
possessed the same crack resistance ability with the beam composed of MSFRC in the whole section. Compared with that of the
reference beam, the cracking load of the partially reinforced beamwas enhanced by 119%, and the ratio of the cracking moment to
ultimate moment improved by 91%. Moreover, the width and height of the cracks in the partially reinforced beam developed
much slower than those in the reference beam, and the steady state in which all cracks emerged appeared later; meanwhile, the
crack spacing in the pure bending region was smaller, and the number of cracks in the bending-shear region was less, whichmeans
that the partially reinforced beam is of excellent properties to resist cracking and bending. Finally, the calculation formula of the
bearing capacity of the partially reinforced beam was proposed, which was in good agreement with experimental results.

1. Introduction

Mixing of randomly distributed steel fibers into fresh
concrete can prevent initiation and propagation of cracks in
hardened concrete and thus improve strength and toughness
of the material. Taking a central Mode I crack of length 2a in
an infinitely wide concrete plate subjected to the far-field
uniform normal stress σ as example (Figure 1), fibers in
concrete can be assumed to perpendicular to the crack line
(the effects of oblique fibers with crack can be also
decomposed into effects of perpendicular and horizontal to
crack line) and the separation interfaces between fibers and
concrete to be very small; thus, the effect of a fiber can be
equivalent to a concentrated force P acting on the crack

surface (Figure 2). When the crack spans n fibers, the stress
intensity factor K at the crack tip is as follows:

K � K
c
I − K

f
I � σ

���
πa

√
− 

n

i�1

Pi���
πa

√

������
2a − bi

bi



, (1)

where Kc
Iis the stress intensity factor of the concrete matrix

under σ; K
f
I is the stress intensity factor generated by fibers,

Pi is the concentrated force generated by the fiber i, bi is the
distance from the fiber i to the crack tip, and a is the length of
half crack.

According to equation (1), when bi⟶ 0, that is, the
crack tip is just approaching the fiber bi infinitely,
K

f
I ⟶∞, which means fibers will generate huge reverse
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stress intensity factor to prevent crack propagation; all other
things being equal, the more the number of fibers per unit
volume concrete, the more remarkable crack-retarding ef-
fect. If the fiber diameter is reduced by half, while the length
remains the same; then the original one fiber is equivalent to
the current four microfibers in volume; the bonding area
between fiber and concrete matrix is doubled consequently,
the fiber pull-out force is double that of the original in the
case of the same bonding strength and detaching zone
between concrete and fiber; under the circumstance of the
same fiber pull-out force, the bonding detachment zone
would be reduced, and the closure force provided by fibers,
namely, the concentration force P, is closer to the crack face;
thus, the crack-retarding effect is better. +is shows that the
crack-retarding and toughening effect of microsteel fiber will
be more promising.

Compared with conventional concrete, steel fibers
reinforced concrete (SFRC) has excellent mechanical
properties and durability [1]. However, in a large number of
related studies on SFRC, the typical steel fiber employed in
concrete matrix is generally 0.5 to 0.8mm in diameter or
equivalent diameter, 30 to 60mm in length, and 0.5% to
3.0% in the fiber volume fraction [2–4]. In recent years,
microsteel fibers have been used in high performance
concrete [5–9], usually with the diameter about 0.2mm,

which have shown that [10–12] the crack-retarding and
toughening effect of the Type I microsteel fiber (usually
smooth cold-drawn wire with about 0.2mm in diameter) in
SFRC are better than those of the larger diameter steel fiber,
while the effect of the Type II micro steel fiber (deformed cut
sheet) remains to be studied. +erefore, the first step, two
kinds of microsteel fibers (Type I, the smooth cold-drawn
wire, and Type II, deformed cut sheet) with a diameter or
equivalent diameter of 0.2mm and length of 13mm are
employed to study their crack-retarding and toughening
effects, which are shown in Figures 3 and 4.

Due to good properties of SFRC, in the 1970s, Swamy
used SFRC to enhance the flexural behavior of RC beams and
found that the strengthening effect of SFRC, which is in the
total section of the beam or tension zone or as a tensile skin,
is almost identical. In the 1980s, Sri Ravindrarajah and Al-
Noori [13] studied the effect of steel fiber distribution on the
ultimate strength of concrete beams and revealed that the
fiber in the compression zone does not significantly improve
the beam strength, while partially reinforced beams are
composed of fibers in the bottom layer even about 25%more
than that for the fully reinforced beams [14]. In 1998, Yi and
Shen proposed the concept of partially high percentage fiber
reinforced concrete (PHPFRC), and full load-deflection
curves of flexural PHPFRC specimens indicated that the
crack resistance, bearing capacity, and stiffness were en-
hanced significantly [15, 16]. In 2001, based on experimental
tests of RC beam partially with SFRC, Zhao et al. got the
anticracking capacity formulation of the normal section of
the beam [17]. In 2002, researches on cement-based func-
tionally graded material showed that fibers should be dis-
tributed according to the stress field characteristics of
materials [18]. Based on the research of engineered ce-
mentitious composites (ECC), Qin et al. put the concept of
ultrahigh toughness cementitious composites (UHTCC)
obtaining functionally graded composite beam by using
UHTCC to replace part of the concrete, which surrounds the
main longitudinal reinforcement, and studied its bending
properties [19, 20]. ECC is a kind of highly ductile fiber
reinforced concrete; it shows a special strain-hardening
behavior under tensile loadings; meanwhile, along with
developing multiple microcracks on specimens, as a result,
its tensile strain capacity is several hundred times of con-
vention concrete [21–23]. Additionally, such the micro-
cracks can be self-healed under certain exposure conditions
[24–26]. Due to the above unique characteristics, ECC is
expected to improve the structural performance of infra-
structures [27, 28]. In recent years, partially reinforced
beams with fiber also have been involved in concrete
composite structures composed of ECC and FRP bars
[29, 30]. +e strength and durability of conventional con-
crete are dominated by the low tensile strength at the in-
terfacial transition zone between mortar matrix and
aggregates, where cracks tend to appear and propagate. For
steel fiber reinforced concrete, the high tensile strength and
bridging capability between fibers and matrix can resist the
crack initiation and propagation, leading to high load-car-
rying capability, ductility, and durability [31, 32]. According
to the above studies, partially reinforced beam with fibers
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Figure 1: A central Mode I crack of length 2a in an infinitely wide
concrete plate.

P

b

b1

b2

bi

bn

P1 P2 Pi Pn

a

Figure 2: Equalizing fibers effect as a series of concentration force P
on the crack surface.
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can fully utilize the crack-retarding and toughening effects of
fiber reinforced concrete and is characterized with good
cost-effectiveness. But, due to design theory, construction
technology, and some other factors, a large number of re-
search and application of SFRC members usually adopt full-
section design, namely, steel fibers usually used in total
section.

+erefore, based on the MSFRC research and the
characteristics of the stress field of the beam structure, the
critical thickness of MSFRC layer in RC beam partially
reinforced by MSFRC was obtained based on the traditional
strength theory, and the bending capacity of the partially
reinforced beam was studied further.

2. CriticalDepthofMSFRCLayerof thePartially
Reinforced Beam Based on Strength Theory

According to the characteristics of the stress field of the beam
structure due to bending and the idea of gradient design, the
partially reinforced concrete beam was obtained by using
MSFRC to replace part of normal concrete in the bottom layer
of tension zone. For simplicity, taking a rectangular section as
an example, it is assumed that the strain distribution of the
normal section of the partially reinforced beam conforms to
the plane section in the critical state of cracking, and the stress
and strain distribution of the beam are shown in Figure 5.
When the MSFRC layer hf is relatively thin, the strain εtc of
the upper concrete of the interface between the normal
concrete layer and the MSFRC layer reaches the cracking
strain earlier.When theMSFRC layer hf is relatively thick, the

strain εtu of the lower MSFRC reaches the cracking strain
earlier. When hf reaches the critical depth, εtc and εtu si-
multaneously reach the cracking strain, respectively. In the
critical state, taking εtc and εtu as known quantities into
equation (2), the critical depth of the MSFRC layer hfcr can be
obtained. If hf < hfcr, the strain of the normal concrete at
cracking εtc is known, while εtu is variable; then the rela-
tionship between the depth of the MSFRC layer hf and the
cracking moment of the beam Mcr can be obtained by taking
the cracking strain εtc into (2). If hf > hfcr, the relationship
between hf and Mcr also can be obtained by taking εtu as a
known quantity into the following equation:

Here, in the critical state of cracking, x is the com-
pression zone depth of the composite beam; h, b, hf, and a

Figure 3: Type I (smooth cold-drawn wire) microsteel fiber.

Figure 4: Type II (deformed cut sheet) microsteel fiber.
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Figure 5: Crackingmoment calculation diagram of normal section.
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are the section depth, the section width, the MSFRC layer
depth, and the concrete cover depth of the beam; εtu and εs

are the tensile strain of MSFRC and the reinforcement, while
σtu and σs are the corresponding stress; εtc and εc are, re-
spectively, the tensile and compressive strain of the normal
concrete, while σtc and σc are the corresponding stress; Mcr
represents the cracking moment of the partially reinforced
beam due to bending.

+eoretically, the cracking capacity of the partially rein-
forced beam with MSFRC increases with the depth of the

MSFRC layer until the critical depth and then tends to sta-
bilize, which mainly depends on mechanical properties of
MSFRC and the normal concrete. +e relationship trend
between the cracking moment Mcr and the ratio of the
MSFRC depth to the beam depth hf/h could be obtained as
shown in Figure 6. In the critical state of hf, the MSFRC layer
and the normal concrete layer simultaneously crack and the
two materials are utilized most efficiently. +erefore, based on
the results of MSFRC, the partially reinforced RC beam with
theMSFRCwas designed to study its flexural behavior further.
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3. Materials and Test Results

3.1. Raw Materials. Ordinary Portland cement denoted as
Grade P.O. 42.5 was used in this study, and its main
properties are given in Table 1. Fly-ash met the requirements
of Grade I of the Chinese standard GB1596-2005, and its
main properties are shown in Table 2. +e size range of
continuously graded coarse aggregate (limestone gravel)
used was 5–20mm, and the fineness modulus of fine ag-
gregate (medium-coarse sand) was 2.8; the properties of
aggregates are shown in Table 3. +e superplasticizer used
was a polycarboxylic water-reducer with water reducing
efficiency of 26.6%. Two kinds of microsteel fibers, with the
same aspect-ratio of 65 and different volume fraction, were
used. Table 4 gives the main properties of microsteel fibers.

3.2. Mixture Proportions. +e proportions of MSFRC are
summarized in Table 5, where the water-to-binder ratio was
maintained unchanged at 0.38, and the replacement ratio of
cement with fly ash in mass at 0.30. For RC, the reference
mixture, the slump flow reaches up to 600mm. In Table 5,
NC stands for concrete without fibers, SFRC-P stands for a
series of MSFRC with Type I microsteel fiber, and SFRC-J
means with Type II.

3.3. Test Method. According to Chinese standard test
method for fiber reinforced concrete CECS13:2009 and
standard for test method of mechanical properties on or-
dinary concrete GB/T 50081-2002, totally 108 specimens
were made and tested, which were involved with tests of
strength, elastic modulus, and flexural toughness.

Displacement control mode was firstly adopted as the
loading method to test 28 d compressive strengths of
MSFRC cube of 100mm size and prism of
400mm× 100mm× 100mm size. Load was unloaded till the
load dropped to 90% of the ultimate load, then the com-
pressive strength of concrete cube (fcc) and the compressive
strength of concrete prism (fcp) were calculated according
to the ultimate load. After unloading, force control mode
was used to test residual compressive strength of the tested
specimens till they failed completely; then we can get the
residual compressive strength of concrete cube (fcc′) and the
residual compressive strength of prism (fcp′). Prism spec-
imens with size 300mm× 100mm× 100mm are employed
to test modulus of elasticity of MSFRC under compression
(Ec).

As for the test of bending strength and modulus,
specimens with MSFRC in total section shown in Figure 7
are firstly designed to test their 28 d bending strengths (fct);
meanwhile, the flexural elastic modulus (Et) of MSFRC in
total section was computed according to the relationship of
stress to strain of the bending specimen. +e strain gauges
were placed on the bottom of the pure bending zone of
specimens shown in Figure 8. When loading, values of load
and strain are acquired synchronously; then Et is calculated
by linear regression treatment of the load-strain relationship
curve before cracking, which is determined according to
observed mutant strain or a visible crack.

When the properties of MSFRC in total section were
obtained, the critical depth of MSFRC layer of the partially
reinforced specimen without the reinforcement rebar was
estimated to be about one-third of the specimen section
depth according to (2), varied with the fiber content, where
εtu, σtu, εtc, and σtc were approximately evaluated according
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to the bending test, σc and εc took design standard values of
corresponding strength level concrete of Chinese code for
design of concrete structures GB 50010-2010. Specimens
with MSFRC in partial section are formed by the two-stage

casting method. Firstly, the vibrated MSFRC in the tension
zone is casted; then, the upper vibration-free ordinary
concrete is casted.+e time interval between the two castings
is controlled within 20 minutes.
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Figure 6: Relationship trend between Mcr and hf/h.

Table 1: Properties of Portland cement.

Apparent density (kg·m−3) Sieve residue under 80 μm (%) Water required for normal consistency (%)
Setting time

(min)

Compressive
strength
(MPa)

Flexural
strength
(MPa)

Initial Final 3 d 28 d 3 d 28 d
3100 0.0 27.6 145 225 30.0 50.0 5.9 9.6

Table 2: Properties of fly ash.

Apparent density
(kg·m−3)

Sieve residue under 45 μm
(%)

Specific surface area
(m2·kg−1)

Water demand
(%)

Loss on ignition
(%)

Water content
(%)

2300 4.4 460 92 1.9 0.3

Table 3: Properties of aggregates.

Type Apparent density (kg·m−3) Crushing value (%) Flat-elongated particle content (%) Clay content (%)
Coarse aggregate 2700 12.9 13.4 1.7
Fine aggregate 2680 — — 1.67

Table 4: . Properties of microsteel fibers.

Type Diameter (mm) Aspect ratio Density (kg·m−3) Tensile strength (MPa) Elasticity modulus (GPa)
Type I, smooth cold-drawn wire 0.2 65 7800 2850 240
Type II, deformed cut sheet 680 210

Table 5: Mix proportions.

Mix no. Cement
(kgm−3)

Fly ash
(kgm−3)

Coarse aggregate
(kgm−3)

Fine aggregate
(kgm−3)

Superplasticizer
(kgm−3)

Fiber volume fraction
(%)

NC

386.8 165.8

862.6 734.5

4.6

0
SFRC-P-1.5 840.5 716.0 1.5
SFRC-P-3.0 818.5 697.4 3.0
SFRC-J-1.5 840.5 716.0 1.5
SFRC-J-3.0 818.5 697.4 3.0
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+e three-point bending flexural test was employed to
evaluate the bending toughness of MSFRC prism specimens
with size 400mm× 100mm× 100mm as shown in Figure 9.
According to load-displacement curves at midspan ofMSFRC
specimens, the flexural toughness ratio (Re) was got by (3)
suggested in Chinese standard CECS13:2009. Figure 9 shows
that when the volume fraction of the microsteel fiber reaches
3.0%, the load-deflection curves were characterized with a
deflection hardening characteristic, which was nondistinctive:

Re �
Ωk

Pcrfk

, (3)

where fk � L/150 (L is the clear span of tested specimens),
mm; Pcr is the first cracking load of MSFRC, N; Ω k is the
area under the load-displacement curve with a midspan
deflection of L/150, Nmm.

3.4. Test Results. +e hardened properties of the MSFRC
mixes, including the compressive strength, the flexural
strength, the elastic modulus, and the flexural toughness
ratio, are listed in Table 6. fcc and fcc

′ are the average value of
the compressive strength and the residual compressive
strength of concrete cube, respectively, while fcp and fcp′ are
of concrete prism. fct is the average value of the bending
strength. Ec and Et are the average value of the modulus of
elasticity under compression and bending, respectively. Re is
the flexural toughness ratio of MSFRC.

3.4.1. Strength and Elastics Modulus of MSFRC in Total
Section. Compared with the reference group of NC in Ta-
ble 6, with the addition of microsteel fiber content from 1.5%
to 3.0%, the cubic compressive strength of MSFRC is in-
creased by 5.0% to 21.0%, the prismatic compressive
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strength increased by 9.9% to 25.0%, the compressive elastic
modulus by 0.9% to 4.7%, the bending strength improved by
94.9% to 156.4%, and the flexural elastic modulus by 38.6%
to 43.8%. +e ratio of fcp to fcc is 0.69∼ 0.80, and the ratio
of fct to fcc is 0.12∼ 0.16, which are improved in different
extents compared with the ratio of the reference.+e ratio of
fcc′ to fcc is 0.65∼ 0.82, and the ratio of fcp′ to fcp is
0.63∼ 0.77, which indicate that MSFRC is characterized with
good ductility. In the case of the same fiber content, the
compressive strength and elastic modulus of MSFRC with
Type I fiber are roughly equivalent to that with Type II, while
the residual strength, bending strength, and flexural elastic
modulus are slightly better. With the increase of fiber
content, strength and modulus of MSFRC with Type I fiber
increase more than that with Type II.

3.4.2. Bending Toughness of MSFRC in Total Section.
According to Figure 9, for the reference normal concrete,
when crack occurs, then the specimen suddenly collapses,
which is characterized with obvious brittle failure. +e first
cracking load Pcr determined from the load-deflection curve
is equivalent to the ultimate load, while, as to MSFRC, the
addition of microsteel fiber increases the first cracking load
and ultimate load, and the descending portion of the load-
deflection curve is gentle, which show that MSFRC is
characterized with good bearing capacity and deformability.
Table 6 shows, in case of equivalent fiber volume content, the
flexural toughness ratio Re of the MSFRC with Type I fiber is
69% to 77% higher than that with Type II; under the same
fiber type, Re increases with fiber volume content, while Type
I fiber has more significant effect on Re than Type II.
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Figure 9: Plot of load-displacement curves.

Table 6: Properties of hardened MSFRC.

Group fcc (MPa) fcc
′ (MPa) fcp (MPa) fcp′ (MPa) Ec (GPa) fct (MPa) Et (GPa) Re Note

NC 55.7 — 38.4 — 34.2 3.9 28.4 — NC in total section
SFRC-P-1.5 58.5 45.7 46.6 35.9 35.6 7.6 43.8 0.57 SFRC-P in total section
SFRC-P-1.5-1/3 — 7.3 — SFRC-P in partial section
SFRC-P-3.0 67.4 55.0 48.0 35.4 35.8 10.0 44.8 0.70 SFRC-P in total section
SFRC-P-3.0-1/3 — 9.3 — SFRC-P in partial section
SFRC-J-1.5 63.5 41.5 48.0 33.9 35.5 7.6 39.6 0.32 SFRC-J total section
SFRC-J-1.5-1/3 — 7.1 — SFRC-J in partial section
SFRC-J-3.0 60.8 48.1 42.2 26.4 34.5 9.5 40.8 0.41 SFRC-J in total section
SFRC-J-3.0-1/3 — 8.5 — SFRC-J in partial section
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3.4.3. Bending Strength of MSFRC in Partial Section.
Table 6 shows that in case of the equivalent fiber volume
content, the bending strength of partial MSFRC specimens
involved with Type I fiber is slightly better than that with
Type II; the bending strength of MSFRC in partial section is
only 3.9% to 8.4% lower than that in full section, while fiber
consumption is saved by two-thirds, which show a high cost-
performance ratio.

4. Flexural Behavior of the RC Beam Partially
Reinforced with MSFRC

4.1. Design of the RC Beam Partially Reinforced with MSFRC.
Materials study has found that MSFRC, involved with Type I
fiber, has better strengthening and toughening effect than
that with Type II, and MSFRC partially employed in tension
zone is a cost-effective method. According to stress-strain
field characteristics of beam structures, the pure bending
state of the four-point bending RC beam can be simplified as
a plane stress issue shown in Figure 10. +e effect of a steel
rebar in RC beam is to generate a pair of opposing con-
centrated forces shown in Figure 10(a), which act on the
edge crack surface to prevent crack propagation [33–35],
while, in the RC beam partially reinforced with MSFRC, due
to crack-retarding and toughening effect ofMSFRC, the edge
crack becomes an internal eccentric crack shown in
Figure 10(b), and the concentrated forces produced by the
rebar provide crack closure forces partially.

But, in RC beams, due to large aspect ratio and strong
orientation of steel rebar, the rebar’s volume fraction is very
small. +erefore, the rebar mainly plays the role of bridging
discrete macroscopic cracks, while its bridging effect on
microcracks is limited; thus, the crack resistance of RC beam
mainly depends on concrete matrix itself, namely, the tensile
strength of concrete matrix. In this paper, by arranging
MSFRC in partial tension zone of RC beam shown as
Figure 10(b), which is involved with Type I fiber, a composite
beam partially reinforced with MSFRC is put forward. +e
quantity of microsteel fiber per cubic meter of concrete mix is
inversely proportional to the square of the diameter; there-
fore, in the case of constant fiber volume content, compared
with larger diameter steel fiber, there are more fibers per cubic
meter of MSFRC, which can bridge a large number of
microdefects or macrocracks in the material under load.
+en, mechanical properties of the material are greatly im-
proved; meanwhile, in the beam, the previous edge crack of an
ordinary concrete beam shown in Figure 10(a) becomes a
central crack in the RC beam partially reinforced withMSFRC
shown in Figure 10(b). Other things being equal, the edge
crack is easier to propagate than the center crack; thus, the
crack resistance and serviceability of the RC beam partially
reinforced with MSFRC will be improved greatly.

+erefore, the RC beam partially reinforced withMSFRC
under four-point loading, involved without hangers, stir-
rups, and bent bars in the pure bending region, was designed
as shown in Figure 11. HRB 335 deformed bars were
employed as the longitudinal reinforcement and hanger,
while HPB300 plain bars were used as stirrups and bent bars.
In the region of the partially reinforced beam subjected to

shear force and bending moment, the stirrup spacing is
50mm, and bent-bar spacing is 150mm. +e yield strength,
ultimate strength, elastic modulus, and percentage con-
traction of cross-sectional area at fracture of the longitudinal
reinforcement are 392.5MPa, 505.0MPa, 210GPa, and
26.5%, respectively. +e mix proportions and properties of
the normal concrete and MSFRC are shown in Tables 5 and
6.

Two different kinds of sections were employed in the
bending test, one of which identified as RC beam is the
normal concrete in full section, and the other is MSFRC in
partial section involved with Type I microsteel fiber at the
ratio of 1.5% volume fraction, identified as PSFRC beam.
Based on the above conclusion and according to (2), the
critical ratio of is about 0.3, in which case the reinforcing
effect of the beam partially reinforced by MSFRC is ap-
proximately equivalent to the beam with MSFRC in full
section. Strain and deflection gauges were arranged
according to Chinese standard for test method of concrete
structures GB/T 50152-2012 shown in Figure 12.

4.2. Bending Test Results of the RC Beam Partially Reinforced
by MSFRC

4.2.1. Load-Displacement Curves. Load-midspan displace-
ment curves are shown in Figure 13, which take the load Pb
as ordinate and the midspan displacement Db as abscissa.
Compared with the RC beam, the first cracking load, yield
load, and ultimate load of the PSFRC beam are increased by
119%, 21%, and 12%, respectively. +e ratio of the first
cracking load to the yield load is about 0.22 for the RC beam
but is 0.44 for the PSFRC beam. So, the partially reinforced
beam is characterized with excellent crack resistance.

4.2.2. Crack Development and Failure Mode. +e first crack
that occurred in PSFRC beam was significantly later than
that in RC beam, and the height and width of the initial crack
were much smaller under the same loading condition, which
mean that the crack resistance of the RC beam partially
reinforced with MSFRC was improved remarkably. After
cracking, the height and width of cracks in PSFRC beam
developed more slowly, and cracks reached the steady state
later, where the number and height of cracks were kept
stable. +e height and width of the main crack varying with
load are shown in Figures 14 and 15，which take the load Pb
as ordinate and the main crack width w and the height h as
abscissa. Results show that, under the control of same crack
width, the bearing capacity of PSFRC beam is improved by
about 50% or more than that of RC beam, which contributes
to the application of high-strength rebar in RC structures;
for the RC beam, the steady state occurs at about 50% of the
ultimate load and 70% for the PSFRC beam.

+e typical crack distribution diagrams of the test beams
are shown in Figure 16. Compared with the pure bending
region of the RC beam, the number of cracks in the PSFRC
beam increases by 100%; thus, the crack spacing is much
smaller; meanwhile, some microcracks with small height
occur during the loading, which mean that the stress
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distribution of steel bars is more uniform, and the bearing
capacity of the PSFRC beam has been improved. In the
bending-shear region, the number of cracks in the PSFRC
beam is less than that of RC beam, so the RC beam partially
reinforced with MSFRC can also improve the shear resis-
tance. +e bending failure model of the PSFRC beam is a
typical ductile failure as shown in Figure 13.

4.3. Bearing Capacity Calculation

4.3.1. Cracking Load. According to the cracking load cal-
culation diagram of normal section of the RC beam partially
reinforced by MSFRC as shown in Figure 5, σtu in (2) should
be determined by the tensile stress-strain relationship curve
of MSFRC or is 0.5 to 0.6 times the bending strength of the
material, which varies with the fiber content [36]. +e
cracking moment Mcr is related to the influence coefficient
of plastic section modulus cm, the standard tensile strength

of concrete matrix ftk, and elastic section modulus w0,
which is listed as (4). According to Code for Design of
Concrete Structures GB50010, for C40 concrete, ftk is
2.39MPa and w0 is calculated by the principle of the
equivalent elastic modulus. Equation (2) is employed to
calculate Mcr and then obtain cm according to the following:

cm �
Mcr

ftkw0
. (4)

Assuming that cm is the function of the reinforcement
ratio ρ and the fiber volume content Vf, the linear fitting
method is used to obtain the calculation formula of cracking
moment Mcr, which is shown in the following:

cm � 1.132 + 4.5Vf + k(ρ),

Mcr � cmftkw0,
 (5)

where the influence factor of reinforcement ratio k(ρ) re-
flects the influence of ρ on cm.

In the test of the RC beam partially reinforced with
MSFRC, the reinforcement ratio is constant; that is, the
variable of reinforcement ratio is not involved in (5).
+erefore, k(ρ) is specified to be zero and needs to be ex-
plored in the next research.

After the cracking moment Mcr is calculated according
to (5), then the calculated cracking load Pb

cr,j of the beam
under four-point loading can be obtained.

4.3.2. Ultimate Load. According to Code for Design of
Concrete Structures GB50010 and Technical Specification
for Fiber Reinforced Concrete Structures CECS38:2004, the
calculation diagram of the ultimate moment of normal
section of the RC beam partially reinforced with MSFRC Mu

is shown as Figure 17; then the calculation formula of ul-
timate moment Mu is obtained as follows

fcbx � fyAs + fftubxt,

Mu � fcbx h0 −
x

2
  − fftubxt

xt

2
− a ,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

where fc is the compressive strength of concrete in com-
pression zone, fy is the standard tensile strength of steel
rebar, x is the compression zone height, xt is the height of
equivalent rectangular stress block of MSFRC in the tension
zone, fftu is the tensile strength of the equivalent rectangular
stress block, h0 is the effective section height of the com-
posite beam, and a is the concrete cover depth. fftu is
calculated according to the following:

fftu � ftkβtuηf,

ηf � Vfλ,

⎧⎨

⎩ (7)

where ftk is the standard tensile strength of concrete matrix
in RC beam partially reinforced with MSFRC, βtu is the
influence coefficient of steel fiber on tensile behavior of
MSFRC in the tensile zone of the partially reinforced beam,
ηf is the characteristic value of steel fiber in the partially
reinforced beam, Vf is the fiber volume fraction in MSFRC,
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Figure 15: Plot of the main crack depth versus load.
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and λ is the aspect ratio of steel fiber. In (7), ftk is 2.39MPa
according to GB50010, and βtu is 1.3 for bending member
according to CESS 38:2004.

4.3.3. Comparative Analysis of the Calculated and Experi-
mental Results. +e calculation of the cracking load and
ultimate load of the test beam and the experimental results
are shown in Table 7. In Table 7, Pb

cr,j and Pb
cr,t, respectively,

represent the calculated and experimental results of the

cracking load, and Pb
u,j and Pb

cr,t are of the ultimate load,
which are in good agreement.

5. Conclusion

+rough the experimental study on microsteel fiber rein-
forced concrete (MSFRC) and the RC beam partially rein-
forced with MSFRC, the following conclusions can be
drawn:

(1) Compared with the reference group of the normal
concrete, the compressive strength of the cubic and
prismatic specimen for MSFRC is increased by 5.0%
to 21.0% and 9.9% to 25.0%, respectively, the bending
strength is increased by 94.9% to 156.4%, the com-
pressive elastic modulus is increased by 0.9% to 4.7.%,
and the bending modulus is increased by 8.6% to
43.8%, which indicate that the bending properties of
MSFRC are significantly improved; the ratio of
prismatic compressive strength and the bending
strength of MSFRC to the cubic compressive strength
is 0.69 to 0.80 and 0.12 to 0.16, respectively, which are
improved in varying degrees. Under the same con-
ditions, the strength andmodulus ofMSFRC involved
with Type I microsteel fiber are generally better than
that with Type II, especially for bending properties.

(2) +e residual compressive strength of the cubic and
prismatic specimen for MSFRC is 65.3% to 81.6%
and 62.6% to 77.0% of their primary loading
strength, respectively, which are characterized with
good ductility. In the same case, the residual strength
of MSFRC involved with Type I micro steel fiber is
also superior to that with Type II.

(3) Compared with the reference group of the normal
concrete, the bending toughness of MSFRC is greatly
enhanced. In the identical conditions, the bending
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PSFRC beam
P

1 2 3 4 5
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Figure 16: Typical crack distribution diagrams.
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Figure 17: Ultimate moment calculation diagram of normal
section.

Table 7: Calculated and experimental results of the cracking load
and ultimate load.

Group Pb
cr,j (kN) Pb

cr,t (kN) Pb
u,j (kN) Pb

u,t (kN)

RC beam 14.4 16.8 61.2 73.8
PSFRC beam 32.5 36.8 75.0 83.0
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toughness of MSFRC with Type I microsteel fiber has
increased by 69% to 77% compared to Type II.

(4) +e bending strength of the specimen partially rein-
forced with MSFRC is only 3.9% to 8.4% lower than
that with MSFRC in the full section, but the steel fiber
consumption is saved by two-thirds, which is cost-
effective. In the identical circumstances, the bending
strength of concrete partially reinforced with MSFRC
involved with s Type II is superior to that with Type II.

(5) +e critical depth of MSFRC layer in the RC beam
partially reinforced with MSFRC is about 0.3 times
the beam height, the crack-retarding, and
strengthening effect of which is equivalent to the
beam with MSFRC in full section. In the gradient
design, the MSFRC layer and the normal concrete
layer are simultaneously cracked, the roles of which
can be fully utilized. Compared with the normal RC
beam, the cracking load and the ultimate load of the
partially reinforced beam were increased by 119%
and 21%, respectively; the crack width and height
were developed more slowly, and cracks reached the
steady state later. And when cracks tended to be
steady, the number of cracks in the partially rein-
forced beam is more than that in the RC beam; thus,
the crack spacing is much smaller, and meanwhile
the number of cracks in the bending-shear region is
less than that of RC beam, which revealed the su-
perior crack-control capacity and bending resistance
of the partially reinforced beam. +e calculation of
bearing capacity is also in good agreement with the
experimental results.
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Municipal solid waste incineration (MSWI) has been widely used due to its benefits in reducing waste and recovering energy.
However, MSWI fly ash and bottom ash are increasing rapidly, causing harm to human health and the environment. (is paper
discussed the production process, physical and chemical properties, leaching properties, pretreatment methods, and applications
of fly ash and bottom ash. By summarizing the previous literature, it is found that MSWI fly ash and bottom ash have mechanical
properties similar to natural aggregate. Many beneficial attempts have been made in cement concrete aggregates, ceramic raw
materials, and highway engineering materials. Due to concerns about the leaching of heavy metals in fly ash, its application in
highway engineering is limited. (e application of bottom ash in asphalt pavement is rare because of the side effect on the
performance of asphalt mixture. Considering the solidification effect of cement on heavy metals and the low cost of fly ash and
bottom ash, the application in cement-stabilized macadam base has broad application prospects. (is is beneficial to reduce the
construction cost and promote the process of waste incineration, especially in developing countries.

1. Introduction

With the development of economy and the process of ur-
banization, more than 20 billion tons of municipal solid
waste (MSW) is generated in the world every year.
According to estimates, about 34 billion tons of MSWwill be
produced in 2050 [1–4]. However, 33% of them are not
harmlessly treated, especially in low-income and middle-
income countries [5–7]. If MSW could not be dealt with in
an ecofriendly manner, it will cause many social and en-
vironmental problems, such as occupying valuable urban
area, generating harmful bacteria, viruses, and other mi-
croorganisms, and polluting the surrounding environment

[8–10]. What’s worse, the toxic substances are able to spread
to the atmosphere and groundwater by wind or rain and
even cause a huge impact on the global ecological
environment.

(e main treatment methods to treat MSW include
landfill, composting, and incineration [11–13]. Landfill is to
build isolation facilities underground or ground to separate
the MSW from the surrounding environment. (is is a low-
cost and low-tech processing method [14]. However, the
quantity of MSW has far exceeded the capacity of landfills.
Furthermore, if the waste is not harmlessly treated, the
remaining bacteria, viruses, heavy metals, and other pol-
lutants will exist for a long time and may pollute the
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surrounding environment [15, 16]. Composting refers to the
treatment of degradable organic waste by biochemical
technology [17–19]. (e organics in the MSW are decom-
posed and converted into stable soil humus. (e types of
composting can be roughly divided into anaerobic fer-
mentation and aerobic fermentation [20, 21]. (e process
can decompose organics to produce carbon dioxide, water,
methane, and soil humus. Composting is suitable for the
treatment with high content of perishable organics, and its
investment is much lower than that of incineration. How-
ever, composting cannot deal with nonperishable organic
and inorganic substances [22, 23]. Municipal solid waste
incineration (MSWI) refers to reduce the volume of waste
through proper thermal decomposition, combustion,
melting, and other reactions. (e heat of incineration can be
used to generate electricity. However, improper control of
incineration conditions will cause air pollution [24–26].

Comprehensively comparing the abovementioned
methods, MSWI has become more extensive because of its
advantages in reducing the amount of garbage, reducing
environmental pollution, and recycling energy [27, 28].
However, fly ash and bottom ash are produced in large
quantities caused by incomplete combustion of MSW.
Among them, fly ash accounts for about 2.5%, and bottom
ash accounts for about 7.5%. According to estimation, more
than 500million tons of fly ash and 1.5 billion tons of bottom
ash are produced every year [29]. With the increase of
MSWI, these by-products will soon have no place to store
and can only be piled up or landfilled at will, which will take
up land resources. What’s more, after incineration, heavy
metals still remain in fly ash and bottom ash. When they
enter into soil or water, the environment will be polluted and
people’s health will be threatened [30, 31].

Fly ash and bottom ash have potential to be reused in
many ways. If treated by appropriate methods, the economic
and ecological benefits can be achieved. Fly ash contains
many toxic substances, and the leaching of some heavy
metals exceeds the relevant standards [32, 33]. (erefore, it
must be harmless before direct landfill or utilization. (e
pretreatment methods of fly ash mainly include separating,
solidification/stabilization, and heat treatment [34–36].
Considering its good strength, fly ash can be used as building
materials, as the aggregate of cement concrete, asphalt
concrete, or ceramics [37–40]. Due to its adsorption ability,
fly ash can also be used to make adsorption materials to
purify industrial or agricultural waste water. Bottom ash is
less toxic and can be directly reused.(e benefits obtained by
these methods are different; hence, they need to be selected
according to the characteristic of the bottom ash and the
recycling method. (e recycling methods of bottom ash
mainly include cement concrete aggregates, asphalt concrete
aggregates, ceramic materials, bricks, and other materials
[41–45].

(is paper mainly summarizes the physical and me-
chanical properties, leaching characteristics, and pretreat-
ment methods of MSWI fly ash and bottom ash and
discusses the utilization. What’s more, the applications and
of MSWI fly ash and bottom ash are studied to promote
further utilization, especially in highway engineering.

2. MSWI Process

MSWI mainly includes the following steps: waste storage,
waste incineration, waste heat power generation, flue gas
treatment, waste leachate treatment, and by-products
treatment [46–49]. (e MSWI process is shown in Figure 1.

(e harmful and incombustible substances in MSW are
picked out.(e remainingMSW is put into the waste storage
pool after weighing. (eMSW in the storage must be stirred
and crushed to make sure the even distribution, and the
leachate generated in the process should be collected to
avoid polluting the environment [50–52].

After the storage process, MSW is sent into the incin-
erator through the related equipment, and the waste in-
cineration begins. After the waste is burned, bottom ash is
generated, and it must be cleaned up regularly. (e incin-
erator is divided into a grate furnace, circulating fluidized
bed furnace, and grate furnace with different incineration
methods [53, 54]. Waste incineration power generation
technology also has two types of equipment, waste heat
boilers and steam turbine generators. After the waste is
incinerated in the incinerator, the heat generated by the
waste heat boiler is converted into steam, which can be used
by the turbogenerator to generate electricity.

MSWI produces many harmful substances such as heavy
metal, dioxin, smoke dust, and so on. If these harmful
substances cannot be handled well, they will cause secondary
pollution to the environment [55, 56]. (e flue gas needs to
be purified by different types of reaction towers.

After the incinerator burns MSWI, fly ash and bottom
ash are collected. (e treated by-products can be used as a
material for making bricks, building materials, and pave-
ment materials. (e fly ash must be treated in a harmless
manner before it is landfilled.

3. Physicochemical and Leaching Properties

3.1. Physicochemical Properties. MSWI fly ash is gray or dark
gray with an irregular structure [57]. (e particle size of fly
ash is larger than that of cement, and its density is about
1.5–2.4 g/cm3 [58]. (e particle size distribution is shown in
Figure 2. MSWI fly ash has a high porosity and adsorption,
and some volatile heavy metals are adsorbed on the surface
of MSWI fly ash [59].

Due to the influence of the waste source, incineration
mode, and purification system, the composition of fly ash is
quite different. At higher temperature, the loss on ignition is
about 13% [60]. Fly ash is mainly composed of Ca, Si, Al, Fe,
and other elements, and the main components are SiO2,
CaO, Al2O3, Na2O, and K2O, as shown in Table 1 [61–64].
Because it contains some soluble salts, its composition will
change after washing. In addition, fly ash also contains heavy
metals, such as Zn, Pb, Cr, Cu, and others.

MSWI bottom ash is a mainly spherical structure, which
varies with different physical composition, and its density
varies in the range of 1.4–1.8 g/cm3 [65]. (e particle size
distribution is uneven, which means it can form a good
structure [66]. (e bottom ash mainly contains ceramics,
glass fragments, metal products, and some unburned or
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nonburned substances. Since bottom ash needs to be cooled
by water washing, the fresh bottom ash has high water
content and a slight pungent odor. (e color of the freshly
burned bottom ash is gray-black, and it becomes gray-white
after drying. (e large-diameter bottom ash is mainly made
of ceramic pieces, bricks, and metal products, and the small-
diameter part is mainly made of glass and ash. Because the
bottom ash contains a large amount of metal elements, its
pH value exceeds 7 and the aqueous solution is alkaline.

(e main composition of bottom ash is mainly de-
termined by MSW. (e loss on ignition is 1%–4%. It is

mainly composed of Si, Ca, Al, Fe, and other elements.
Compared with fly ash, the ratio of SiO2 and CaO in bottom
ash is more than 60%, which is very helpful for the strength
of bottom ash [67–69]. (e content of heavy metals in
bottom ash is less than that in fly ash, which is more
environment friendly.

It should be noted that due to the different sources, types,
and incineration conditions ofMSW, the properties of MSW
vary in different regions. However, in the same region, this
difference is not obvious. (e data in this paper are the
average values in the literature.

Table 1: Compounds of MSWI fly ash and bottom ash.

Compound
Fly ash (wt.%) Bottom ash (wt.%)

China Portugal Japan France China Portugal France Italy
SiO2 19.81 3.25 12.01 27.23 55.2 43.75 49.3 37.78
CaO 23.63 38.7 13.86 16.42 15.9 22.77 16.3 23.29
Al2O3 6.79 2.31 8.1 11.72 9.6 6.81 7.5 11.88
Na2O 6.68 11.57 17.19 5.86 5.1 7 6 3.7
K2O 6.23 8.35 7.41 5.8 1.7 3.12 1.1 1.63
Fe2O3 4 0.39 1.21 1.8 5.7 2.03 7.6 8.01
MgO 3.78 1.67 2.62 2.52 2.6 5.11 2.6 3.87
ZnO 2.79 0.54 1.19 1.37 0.65 0.58
Cl 10.16 27.06 14.95 7.2 2.42 0.3
SO3 8.74 4.59 5.54 3 0.9 6.34 0.4
Others 7.39 1.57 15.92 17.08 3.3 0 8.9 9.26
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Figure 1: MSWI process.
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3.2. Leaching Characteristics of Heavy Metals. Since MSWI
fly ash and bottom ash contain heavy-metal elements, the
leaching of heavy metals should be detected to assess the
impact on the environment. (e heavy metals in them are
mainly Zn, Cu, Pb, and Cr, but the content of heavymetals in
bottom ash is lower than that in fly ash. (e heavy metals in
them are shown in Table 2 [70–73].

Due to the heavy metals in them, leaching tests need to
be carried out to evaluate the environmental influence. (e
leaching amount of Zn, Pb, Cd, and Cr in fly ash is relatively
large, which exceeds the relevant requirements.(e leaching
concentration is shown in Table 3 [74–77]. (erefore,
pretreatment must be carried out before use.

Leaching is related to raw materials, pH value, liquid-
solid ratio, particle size, and other factors [78–81]. Due to the
different contents of heavy metals in different raw materials,
the leaching results are quite different. Generally, higher
content of heavy metals in raw materials means greater
leaching amount. (e effect of pH is complex, which is
related to the heavy metals. For heavy metals such as Ba, Cu,
and Ti, the leaching concentration in acidic condition is
much higher than that in pH� 7 [82–84]. However, for Mn
and Zn, the change of pH has little effect. Higher liquid-solid
ratio means lower leaching concentration of heavy metals
[85]. When the solid-liquid ratio is low, the solution is easy
to be saturated and cannot continue to leach heavy metals.
When the solid-liquid ratio increases gradually, the leaching
of heavy metals begins to increase until the upper limit of
leaching is reached. (e particle size determines the specific
surface area of the particles [86]. A smaller particle means a
larger specific surface area and a larger reaction area [87].
However, because both bottom ash and fly ash have certain
adsorption capacity, leaching and adsorption reactions are
conducted in the leaching process, both of which are sen-
sitive to specific surface area [88–92]. (erefore, the influ-
ence of particle size is complex, which needs to be evaluated
according to the type of heavy metals. According to the
relevant research, the leaching concentration of Cd and Cr
increases with the decrease in particle size, while this is the
opposite for Cu, Ba, and Mn [83, 93–95].

(e leaching characteristics of heavy metals in bottom
ash are similar to those in fly ash [96, 97]. Different from fly
ash, due to the composition and structure of bottom ash,
heavy-metal leaching is much less than fly ash [98].
According to the research, the leaching of bottom ash can
basically meet the requirements of various national stan-
dards, which means that it can be directly used without
pretreatment [99–101]. However, in the case of low pH
value, the leaching of heavy metals may still exceed the
requirements. In addition, the long-term leaching charac-
teristics of bottom ash still need to be observed.

4. Pretreatments of MSWI Fly Ash and
Bottom Ash

(e pretreatments of MSWI fly ash and bottom ash are
divided into separation, solidification/stabilization, and heat
treatments. (e comparison of different pretreatments is
shown in Table 4.

4.1. Separation. Separation refers to the separation of heavy
metals, soluble salts, and other substances by physical,
chemical, or biological methods. (e commonly used sep-
aration methods are washing, leaching, and electro-osmosis.
Among them, washing is mainly used to separate soluble
salts and surface dust, leaching is mainly used to remove and
recover heavy metals, and electro-osmosis is used to remove
heavy metals and chlorides.

4.1.1. Washing. Washing is a common pretreatment method
to remove soluble salts by water. Washing can effectively
remove soluble substances, such as Na+, K+, and Cl− [102].
In the washing process, with the increase in the liquid-solid
ratio, the extraction efficiency of Pb and Ca increased. When
the liquid-solid ratio was 100, the maximum extraction
efficiency was 78% and 78.25%, respectively. However, the
increase in the liquid-solid ratio had no obvious effect on the
extraction efficiency of Cu, Zn, Cr, and Cd. After washing,
the main components are silicates and metal sulfides.
However, Zn and Cd cannot be effectively removed after
washing [102]. After washing, by adjusting the pH value to
6.5–7.5, Al is precipitated in the form of metal hydroxide,
and other heavy metals can be adsorbed on Al(OH)3 colloid.
(e remaining resulting sludge can be mixed in cement for
solidification [103].

(e washing process is easy to operate, its cost is low, and
it can effectively remove the dust and soluble substances on
the surface, so it is widely used in practice [104–106].
However, the effect on the removal of insoluble salt or
slightly soluble salt is not good. After washing, heavy metals
still cannot meet the requirements of relevant standards
[107–109]. It can be used in combination with other pro-
cessing methods.

4.1.2. Leaching. In order to extract heavy metals further,
other solvent solutions can be used. (e leaching agents can
be divided into three types: the acid leaching agent, alkaline
leaching agent, and biological leaching agent. Heavy metals,
such as Zn, Pb, Cu, and Al, can be recovered by the leaching
process. (e effect of leaching depends on heavy metals,
leaching agents, pH value, and liquid-solid ratio. It is also
affected by temperature and time. In general, higher heavy-
metal concentration and liquid-solid ratio can get greater
leaching amount. (e acid leaching agents include HCl,
H2SO4, HNO3, and other inorganic acids [82]. Acid leaching
has good leaching effect and high extraction efficiency, but it
is expensive [110, 111]. Compared with the acid leaching
agent, the alkaline leaching agent has better effect on specific
metal elements (such as Zn and Pb) [112]. In addition, the
combination of chemical leaching and washing can further
improve the removal efficiency of soluble salt in fly ash.
Bioleaching is the use of microbial redox reactions in life
activities to separate heavy metals. (e typical application is
hydrometallurgy. Compared with chemical leaching, biol-
eaching is more environment friendly. (e factors affecting
the bioleaching of fly ash include pretreatment, concen-
tration of fly ash, and bacteria species [113]. Bioleaching was
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originally used to extract metals from minerals, and the
application of bioleaching in fly ash is still relatively rare.

Leaching can effectively remove heavy metals, and the
operation is relatively simple. However, chemical leaching
needs to consume a lot of chemical reagents, and because of
the low content of heavy metals in fly ash, the economic
benefit is not good. Compared with chemical leaching,
bioleaching is more environment friendly. However, it takes
a lot of time to culture bacteria, and bioleaching technology
is not mature enough. Further research is needed for
bioleaching.

4.1.3. Electrodialysis. (e principle of electrodialysis is the
reduction/oxidation reaction at the interface between the
electrode and electrolyte [114]. In the process of electro-
dialysis, the reduction reaction of the cathode produces
hydrogen and metal and the oxidation reaction of the anode
produces oxygen. (e influence factors include current
density, temperature, mixing conditions, and pH value. In
the process of metal precipitation, the inert metal is first

precipitated, and then, the active metal is precipitated. (e
toxicity of inert metals is generally greater than that of active
metals, so this method has a good removal of toxicity of fly
ash [115]. In addition, acidic agent, alkaline agent, or
complexing agent can be added to the solution to increase
the conductivity of the solution and improve the efficiency of
metal leakage. (e selective ion exchange membrane can
also increase the metal precipitation efficiency [116].

Electrodialysis can effectively remove dissolved heavy
metals and chlorides. However, electrodialysis is not effec-
tive for the removal of insoluble or slightly soluble heavy
metals [117]. (is method needs a lot of electric energy, and
the economic benefit is not good.

4.2. Solidification/Stabilization Technology. Solidification/
stabilization technology originated from the treatment of
radioactive waste in the 1950s, and it developed rapidly in
the 1980s. (e solidification/stabilization technology mainly
includes cement solidification, chemical agent stabilization,
melting solidification, and chemical stabilization.

Table 4: Pretreatment methods of MSWI fly ash and bottom ash.

Separation Solidification/stabilization
Heat

treatmentWashing Leaching Electrodialysis Cement solidification
technology

Melt curing
technology

Chemical
stabilization

Removal effect of
heavy metals Bad Excellent Good Excellent Excellent Excellent Excellent

Secondary pollution Yes Yes Yes No Yes No Yes
Cost Low High High Medium Medium Medium Medium
Technical difficulty Low Medium High Low Medium Medium Low
Strength increase Low Low Low High Medium Mid Medium

Table 2: Heavy metals in MSWI fly ash and bottom ash.

Country
Heavy metal concentration (mg/kg)

Cr Pb Cu Zn Cd Ni

Fly ash

China 180 2710 990 4530 90 70
Spain 790 398 156 15900 6 90
Japan 235 3750 1800 21000 225
Italy 109 964 173 85 45

Bottom ash

China 577 470 841 9782 9.9 142
Japan 185 2462 586 1694 83.4 61
USA 1421 4300 3090 1360 71 49
Spain 112 3334 4859 3518 0.5 127

Table 3: Leaching concentration of MSWI fly ash and bottom ash.

Heavy metal Fly ash (mg/L) Bottom ash (mg/L) Limit value (mg/L)
Cd 2.35 <0.01 0.03
Cu 0.21 3.30 0.5
Cr 0.42 0.18 0.5
Ni 0.23 0.15 0.75
Pb 0.14 0.16 1.3
Zn 36.99 0.73 2.8
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Solidification refers to the process in which the hazardous
substances in the waste become immobile and form a
compact solid after mixing the curing agent with the waste,
and stabilization refers to the process in which the harmful
substances in the waste are transformed into toxic sub-
stances by adding chemicals.

4.2.1. Cement Solidification Technology. Cement solidifica-
tion technology refers to mixing MSWI ash into the cement
and water for the hydration reaction to occur and form a
calcium silicate hydrate product with low heavy-metal
leaching toxicity and good long-term stability [118–120]. In
the hydration process of cement, heavy metals can react with
cement by adsorption, sedimentation, ion exchange, pas-
sivation, and other ways [36]. Cement curing after washing
has no effect on the setting time of cement, and its strength is
improved compared with ordinary cement [121, 122].
However, the addition of excessive fly ash may lead to longer
initial and final setting times, and the flexural and com-
pressive strength of cement will also decrease [112].

Cement solidification technology is the most commonly
used solidification technology for hazardous waste treatment
in the world, with the advantages of wide sources of ma-
terials, simple equipment and technology, low treatment
cost, and high strength of solidified products [123]. How-
ever, this method requires a lot of cement, and the volume
after treatment has an obvious increase. If the solidified fly
ash is put in the landfill site, it will occupy more spaces and
increase the cost [124]. (us, it is reasonable to be used as
construction materials after solidification.

4.2.2. Melt Curing Technology. Melting and solidification is
a process in which the fly ash is heated to 1400°C to make it
melt and then cooled into slag by a certain program. (e
volume reduction of fly ash after melt treatment can reach
1/3–1/2, and most of dioxins in fly ash are decomposed
[125]. (e final product of melt is a completely amorphous
and homogeneous vitreous body [34]. Adding SiO2, MgO,
CaF2, borax, coke, and other auxiliary materials to the fly
ash can reduce the melting temperature and reduce the
volatilization. (e slag can also be made into building
materials or used as raw materials for glass, ceramics, and
other industries to realize the resource utilization of ash
[126]. With the increase of heat treatment temperature, the
volatilization of pollutants also increases. (is treatment
also reduced weight loss and enhanced the solidification of
pollutants.

Although the melt solidification technology can greatly
reduce the volume of fly ash and the leaching toxicity of
heavy metals and realize the resource utilization while re-
ducing and harmless, the melting solidification technology
has large energy consumption and high cost. Generally, it is
only considered to use when processing high-dose radio-
active waste or highly toxic waste, so it is limited to a large
extent. At the same time, due to the volatilization of Pb, Cd,
and other low-boiling point heavy-metal salts in fly ash
under high temperature conditions, the content of heavy

metals in flue gas is very high and the flue gas needs to be
treated strictly, which increases the cost.

4.2.3. Chemical Stabilization. Medicament stabilization is a
process of making toxic and harmful substances into low-
toxicity substances through chemical reactions [127].
Chemical agents can be divided into inorganic curing agents
and organic curing agents. Inorganic curing agents include
NaOH, Na2S, phosphate, and ferrous salt, while organic
curing agents include EDTA and its sodium salt, poly-
amines, and their derivatives [128]. It is found that the
leaching rate of heavy metals in fly ash after phosphate
treatment is very small, and the fly ash treated by ferrite has
good leaching resistance [81]. However, after using an in-
organic curing agent to solidify heavy metals in MSWI fly
ash, when the environmental pH value changes, it may lead
to the secondary leaching of heavy metals, which makes the
leaching toxicity in the treated residues exceed the standard.
It is difficult to meet the long-term safety requirements of
hazardous waste treatment [129]. (e fly ash treated with a
heavy-metal chelating agent has strong acid and alkaline
impact resistance power.

Compared with other curing and stabilization methods,
the chemical reagent stabilization method has the advan-
tages of being harmless, less or no compatibilization, and
lower treatment cost and has recently become a hot spot in
international environmental research. However, due to the
complexity of fly ash components and heavy metal forms
and the relatively high cost of chemical stabilizers, it is
difficult to find a widely applicable chemical stabilizer.
Moreover, the stabilized compounds treated with fly ash lack
of cementitious substances, and its strength cannot be
improved.

4.3. Heat Treatment. Heat treatment can remove heavy
metals or form stable oxides by evaporation at high tem-
perature. (is method has a good effect on Zn, Pb, Cr, and
Ca. Dioxins can also decompose at high temperatures. Heat
treatment is usually carried out at 1300–1400°C [130]. (e
waste gas of heat treatment contains heavy metal pollutants
and needs to be treated separately. By using additives,
controlling temperature, or other pretreatment methods, the
concentration of pollutants in the gas can be reduced and the
performance of heat treatment can be improved [131]. Heat
treatment works in two ways: thermal separation and
thermal curing. (ermal separation refers to the separation
of heavymetals by evaporation at high temperature.(ermal
solidification refers to the immobilization of heavy metals in
the products by the formation of stable products. Compared
with that before heat treatment, the porosity of the products
after heat treatment is lower, and the strength is higher [132].

Due to the different evaporation temperatures of various
metals, it is theoretically possible to remove different heavy
metals by adjusting the temperature. (e strength of
products after heat treatment is higher than that before heat
treatment. However, this process requires a lot of energy and
produces pollution gas [133]. (e application of heat
treatment in fly ash needs further research.
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5. Utilization of MSWI Fly Ash and Bottom Ash

5.1. Utilization of MSWI Fly Ash. MSWI fly ash is rich in
many harmful heavy metals and salts, such as Cd, Pb, Zn, Cr,
and so on. (erefore, considering the heavy metals and its
characteristics of easy enrichment and nondegradation, fly
ash is considered as a hazardous waste. Fly ash must be
pretreated before transportation and safe landfill disposal
[134]. (e comparison of different utilization methods is
shown in Table 5.

5.1.1. Cement Raw Meal. MSWI fly ash contains CaO, SiO2,
Al2O3, and some other silicate and aluminosilicate, which
means that the composition of MSWI fly ash is similar to
that of cement. (erefore, MSWI fly ash can be used as
cement raw meal [135]. CaO in ordinary cement needs to be
generated by calcining limestone at high temperature, so the
energy consumption is relatively high [136]. Compared with
Portland cement, cement with part of MSWI fly ash has the
advantages of low energy consumption and short setting
time. What’s more, it can also reduce the emission of CO2,
which is known as greenhouse gas [29]. With the increase of
fly ash content, the burnability of cement raw meal is ob-
viously improved, but the strength of clinker will reduce.
When fly ash is used as raw meal for sulphate aluminate
cement, the content of fly ash in raw meal should not exceed
30% [137]. However, the quality of cement will be affected by
the high content of chloride in MSWI fly ash, and the ac-
cumulation of heavy metals in cement may lead to envi-
ronmental problems. If the content of heavy metal can be
effectively removed by fly ash pretreatment and the dosage of
fly ash is strictly limited, the product quality and the en-
vironmental pollution can be controlled [138].

5.1.2. Cement Concrete Aggregate. Due to the small particle
size and good strength of it, fly ash can be used as cement
concrete aggregate. Lightweight aggregate can be prepared
by using the mixture of cement, fly ash, and bottom ash, but
the fly ash content should be less than 10% to meet the
performance requirements. (e strength of cement concrete
is not as good as that without fly ash [139, 140]. In addition,
water washing pretreatment can improve the quality of
cement concrete. Although many studies have shown that
the leaching toxicity of heavy metals is not high, the envi-
ronmental pollution risk of long-term heavy metal leaching
behavior is possible [141, 142].

5.1.3. Ceramic. Because the fly ash contains SiO2, Al2O3, and
CaO, it can replace part of clay to produce ceramics without
pretreatment. Pollutants such as dioxins and heavy metals
can be solidified in amorphous glass and removed by high-
temperature verification [143]. By mixing fly ash, broken
glass, feldspar, and other materials, ceramic products have
good chemical stability and strength, which is equivalent to
the properties of industrial alkali lime glass [144]. Since fly
ash contains some glass phase, silicate, aluminum silicate,
and quartz, it can be used as a mixture of ceramic tiles [145].

By sintering at temperatures above 900°C, heavy metals can
be consolidated, and the leaching toxicity can be greatly
reduced. According to relevant research, the leaching
amount of Cd, Zn, and Pb is reduced to 0.53%, 0.59%, and
0.08%, respectively [146]. (erefore, using fly ash as tiles is
an effective method to stabilize heavy metals including Cd,
Hg, Pb, and Zn.

5.1.4. Fertilizer or Soil Improver. Because of the potassium
element in fly ash, it can replace part of fertilizer application.
In addition, fly ash can be added to the soil instead of lime to
adjust the pH value of the soil [147–149]. Heavy metals in fly
ash are toxic to animals and plants, and high salinity will lead
to plant salt imbalance. (erefore, independent of whether
fly ash is used as a plant fertilizer or soil improver, the
amount of fly ash should be strictly controlled.

5.1.5. Adsorbent. Adsorption technology is widely used to
remove pollutants from wastewater [150–152]. (e devel-
opment and research of adsorbents with better performance
and lower cost has become one of the current hot spots.
MSWI bottom ash has been used to remove dyes, heavy
metals, and other pollutants from wastewater. MSWI fly ash
and bottom ash can be used as adsorbents with good per-
formance for pollutants in sewage and agricultural runoff
[153]. However, the problem of using fly ash as adsorbent to
treat wastewater is the leaching risk of heavy metals because
the toxicity in leaching solution is very high, and this limits
the use value of fly ash as an adsorbent [154].

5.1.6. Highway Engineering Material. In the aspect of road
materials, most studies focus on the incineration bottom ash
or the mixture of bottom ash and fly ash, and the research on
using fly ash alone for road construction is less. In order to
prevent heavy metals and other pollutants in fly ash from
seeping into soil along with rainwater, fly ash is mainly used
in the lower structure layer of roads. (e application of fly
ash in highway engineering materials will be discussed in the
following section.

5.2. Utilization of MSWI Bottom Ash. (e content of heavy
metals in bottom ash is less than that in fly ash, which has
little harm to the environment and has great potential for
resource utilization [155]. In developed countries, the bot-
tom ash is often widely used for soil improvement, asphalt
concrete aggregate, and road materials, and the utilization
rate is as high as 70%–90%. In China, bottom ash is mainly
used to make hollow brick and cement concrete aggregate.

5.2.1. Cement Concrete Aggregate. MSWI bottom ash has
been widely used as cement concrete aggregate [156–158].
Because of the low heavy-metal content and high strength,
the bottom ash is an ideal aggregate substitute. (rough
research, it is found that the cement concrete product with
bottom ash instead of part of aggregate has good perfor-
mance. However, some chemical components in the bottom
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ash may affect the performance of cement concrete, such as
chlorides and sulfates. Chlorides and sulfates may cause
corrosion of steel bars and damage of cement concrete. (e
metal cations can delay the setting time of cement concrete
[159]. Al in the bottom ash will also generate hydrogen due
to the alkaline environment formed by cement hydration,
which will lead to the existence of bubbles in cement
concrete and reduce the product quality [160]. (erefore,
pretreatment can be carried out before the aggregate is made
to reduce the heavy metal content and improve the product
performance.

5.2.2. Ceramic or Brick. Because of its high strength, bottom
ash can be used as ceramic or brick raw material [161–163].
Using bottom ash as raw material does not reduce the
strength of the product [164]. However, the product per-
formance is controlled by temperature, sintering method,
bottom ash gradation, and other influencing factors, and the
product performance is not stable due to the complex
composition of bottom ash [165]. Pretreatment can be
carried out before sintering to improve product
performance.

5.2.3. Landfill Cover Material. Because of the low content
of heavy metals in the bottom ash, it can be used as the
covering material of the landfill site [100, 166, 167]. (is is
one of the main ways to use bottom ash in the United
States. But, the landfill itself occupies a lot of land re-
sources, and the economic benefit is not good [168]. In
addition, with the increasing amount of bottom ash and
fly ash, the landfill exceeds its bearing capacity.

5.2.4. Highway Engineering Materials. Compared with fly
ash, MSWI bottom ash has good strength and low heavy
metal content, so it is widely used in highway engineering,
including pavement and subgrade materials. Its application
in highway engineering will be introduced in detail below.

Developing countries need to further improve and de-
velop infrastructure, and longer mileage of railway and
highway transportation facilities will be built in the coming
years. (ese will undoubtedly consume a huge amount of
building materials including stone and sand. However, the
environment has been seriously damaged due to the ex-
cessive exploitation of sand and gravel. Many local

governments have formulated relevant policies to limit the
further exploitation of natural sand and stone. In this
context, MSWI fly ash and bottom ash are encouraged as
highway materials.

6. Utilization of MSWI Fly Ash and Bottom
Ash in Highway Engineering

6.1. Application in Asphalt Pavement Material. In the aspect
of highway engineering utilization, more research is focused
on MSWI bottom ash or mixture of bottom ash and fly ash,
while less research is focused on using fly ash alone. As the
hazardous substances such as heavy metals in MSWI fly ash
are easy to leach, it is mainly used in the lower layer structure
of the highway to avoid direct contact with rainwater [169].
As heavy metals in fly ash can be solidified by asphalt, it can
be used in asphalt mixture [170]. However, pretreatment
must be carried out before this to reduce the impact on the
environment and improve asphalt mixture quality.

(e leaching concentration of heavy metals must be
considered when MSWI fly ash is used in asphalt pavement.
(e performance of Marshall stability, water sensitivity,
resilient modulus, fatigue life, and rutting of asphalt mixture
with fly ash in the range of 8%–16% designed by Marshall
and superior performance asphalt pavements (SUPER-
PAVE) design procedures is better than that of ordinary
Marshall mixture [135, 171]. Compared with cement so-
lidification, the leaching amount is better than that of ce-
ment and can meet the requirements of the EPA standard
[172]. (e leaching concentration of fly ash after asphalt
solidification is shown in Table 6. However, the long-term
road performance and leaching of asphalt mixture still lack
of relevant research.

Compared with fly ash, bottom ash has higher strength
and lower heavy metal leaching, so it has been widely used in
asphalt pavement. (e bottom ash can replace part of the
aggregate in the asphalt mixture, indicating that the asphalt
mixture has a good road performance [173–175]. Compared
with coarse aggregate, bottom ash is more likely to replace
fine aggregate.When the bottom ash is used as aggregate, the
elastic modulus and tensile strength of asphalt mixture can
be improved [176, 177]. WhenMSWI bottom ash is added as
filling material, the elastic modulus, tensile strength, and
fracture performance of asphalt mixture can be improved
reliably [42, 178–181].When 20% of bottom ash is added, the

Table 5: Utilization of MSWI fly ash and bottom ash.

Products Economic benefits Leaching toxicity Pretreatment requirement

Fly ash

Cement raw meal High Low No
Cement concrete aggregate High Low No

Ceramic Middle Low No
Adsorbent Middle High Yes

Landfill cover material Middle High Yes
Highway engineering material See Table 7

Bottom ash

Cement concrete aggregate High Low No
Ceramic or brick Middle Low No

Landfill cover material Low Low No
Highway engineering material See Table 7
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performance of hot mix asphalt is the best, which has a good
compression performance and antirutting performance. (e
mixing of bottom ash can also improve the antiwear ability
of the surface course and improve the friction force
[182, 183]. (ere have been many practices in the use of
MSWI bottom ash in the surface layer, but there is still a lack
of relevant research on the field construction and long-term
performance testing [184, 185]. In addition, the unburned
heavy metals in bottom ash need to be removed by sieving
and magnetic separation to improve the quality of products.

6.2. Application in Base and Subbase Material. Because the
base is between the surface layer and the subgrade, it will not
directly contact with water and soil, so it reduces the risk of
heavy metal pollution and is regarded as an ideal recycling
method of fly ash and bottom ash [43, 186, 187]. Considering
the environmental safety and structural characteristics, fly
ash and bottom ash must be pretreated before they are used
as base materials [188]. Fly ash and bottom ash are widely
used as base or subbase materials, and a large number of
studies have been carried out in developed countries such as
Holland, Spain, the United States, and France [42].

Fly ash and bottom ash need to be washed, cemented, or
melted curing before being used as base materials. (e
strength requirement of highway base is very high, which
mainly adopts cement-stabilized base, asphalt-stabilized
base, or granular base [189]. Due to the poor solidification
effect of granular base for heavy metals, bottom ash and fly
ash are more commonly used in cement-stabilized base and
asphalt base.

(e properties of cement base are similar to those of
cement concrete [74]. Because the base needs to bear a lot of
load, the base must have enough stiffness and strength. (e
application of fly ash or bottom ash in cement stabilized base
course can not only replace part of aggregate but also has
little influence on the strength of products. However, Cl and
Al will affect the quality of the base course, leading to cracks
more easily. Due to the higher leaching risk of heavy metals
in fly ash, chemical pretreatment is needed, which will in-
crease the cost and put the fly ash at a disadvantage in
practice. (erefore, it is a better choice to use bottom ash in
base or subbase [190].

(e asphalt base course is similar to asphalt pavement, so
we will not repeat it here. It should be pointed out that
asphalt is not suitable for heavy traffic because its modulus is
lower than that of cement-stabilized base. Asphalt base is
also more expensive, so its use in developing countries is less.

6.3. Application in Subgrade Material. (e cost of subgrade
material is relatively low, and the cost must be considered
when selecting the appropriate subgrade replacement ma-
terial. Because the heavy metal in fly ash is easy to leach, it
must be pretreated before it is used as subgrade material.
After solidification of fly ash cement, its strength can meet
the requirements of subgrade, and the amount of heavy
metal leaching is less [191]. In addition, fly ash can be di-
rectly used as subgrade material to waterproof subgrade.
Once the leakage occurs, heavy metals will directly enter the
soil and groundwater, thus polluting the surrounding en-
vironment [188, 192].

(e mechanical properties and leaching characteristics
of bottom ash are better than those of fly ash, and it has
better applicability in road construction [193]. (e shear
strength, elastic modulus, and bearing ratio of bottom ash
are close to those of sand. When the bottom ash is mixed
with sand or soil, the strength of the mixture can also be
improved [182, 191, 194]. Bottom ash has been widely used
as a subgrade filler, and the strength, stability, and durability
are good [186]. If it is washed before it is used as subgrade
filling material, the chloride and other soluble substances
can be reduced, so as to reduce the impact on the sur-
rounding environment [195]. Considering that the price of
bottom ash is relatively cheap, the bottom ash is an ideal
subgrade material.

6.4. Comparison of Economic and Environmental Benefits of
Different Layers. Generally, the structure which is closer to
the surface needs to bear the greater load and has to meet
higher requirements for the strength and durability.
(erefore, road surface materials are often more expensive
than base and roadbed materials. Under the premise of
meeting relevant requirements, the closer application of fly
ash and bottom ash will get more economic benefits if they
are used in the top layers. In addition, pretreatment is also a
very important factor affecting economic benefits. If the
pretreatment means are too complicated or too expensive, it
will greatly increase the cost of the project. Compared with
fly ash, the bottom ash has very little leaching of heavy
metals, and it can be washed or left untreated. Also, the
strength of bottom ash is higher than that of fly ash, so it can
replace aggregate more. (e comparison of economic and
environmental benefits is shown in Table 7.

For the environment, the surface layer and the base layer
are the easiest to leach because they are more easily exposed
to water.(erefore, fly ash and bottom ash are used in places

Table 6: Leaching concentration of fly ash after asphalt solidification.

Heavy metal Content (mg/kg)
Leaching concentration (mg/L)

Without solidification Marshall sample SUPERPAVE sample
Cu 670 45 4.79 6.21
Cd 276 23 0.97 1.08
Pb 4744 331 0.63 1.05
Zn 10259 622 119.12 67.94
Cr 450 25 3.61 3.46
Ni 68 6 0.95 1.2
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that are not in direct contact with water and soil to prevent
polluting the environment. Fly ash is often not used in the
top layer or subgrade. During the pretreatment process,
secondary pollution may also be caused. Suitable materials
need to consider both economic and ecological benefits.

7. Recommendations and Outlook

Due to its good mechanical properties and low heavy-metal
leaching, MSWI bottom ash is widely used in highway
engineering materials. MSWI bottom ash has been widely
studied and applied in subgrade filling and cement-stabilized
macadam aggregate. However, considering its side effect on
the quality of asphalt mixture, it is seldom applied in asphalt
pavement.

Considering the cost of natural aggregate, MSWI bottom
ash as aggregate has a wide prospect in cement-stabilized
macadam, especially in developing countries. (is is con-
ducive to reduce the cost of highway and promote the
development of MSWI to alleviate the ecological problems
caused by MSW.

However, due to concerns about heavy-metal leaching,
MSWI fly ash is rarely applied in highway engineering.
Considering that most of the road surface is impermeable,
the application of MSWI fly ash in cement-stabilized
macadam has certain potential. In addition, aquifuges can be
set to prevent the leaching of heavy metals. Cement is
beneficial to play a role in solidification of fly ash to reduce
its environmental pollution. However, due to the particle
size of fly ash, it can only be used as fine aggregate or mineral
powder. (e large-scale utilization of fly ash depends on the
support of government policies.

8. Conclusions

(e main conclusions are as follows:

(1) MSWI fly ash and bottom ash are huge in quantity
and have certain toxicity. (erefore, it is necessary to
find suitable utilization methods to reduce land
occupation and environmental pollution.

(2) (e main components of MSWI fly ash and bottom
ash are SiO2, CaO, and Al2O3. However, compared
with fly ash, bottom ash has higher SiO2 and CaO
content and lower heavy-metal content; thus, it has
higher strength and less heavy-metal leaching.

(3) (e main pretreatment methods are separation,
solidification/stabilization, and heat treatment.
Among them, the separation needs chemical

reagents, but heavy metals can be extracted. Solid-
ification/stabilization can reduce the leaching of
heavy metals and improve the strength of MSWI fly
ash and bottom ash. Although heat treatment has a
good effect on reducing the heavy metal leaching, it
needs energy consumption and waste gas treatment.

(4) MSWI fly ash is mainly used in cement concrete
aggregate, ceramic, adsorbent, fertilizer, and high-
way engineering materials. MSWI bottom ash is
mainly used in cement concrete aggregate, ceramic,
landfill covering material, and highway engineering
material. Among them, using fly ash and bottom ash
as cement concrete aggregate has a good economic
benefit, and using as ceramic rawmaterial has a good
effect on limiting heavy-metal leaching.

(5) Considering its low strength and serious leaching
toxicity, MSWI fly ash is seldom used in highway
engineering, especially in the top layer and subgrade.
MSWI bottom ash has high strength and less heavy-
metal leaching; thus, it can be used in all surface
layers and has good economic and environmental
benefits.
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