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Several types of advanced cementitious materials, including
fiber-reinforced cement composite, eco-friendly concrete
including supplementary cementitious materials (i.e., fly
ash, ground granulated blast furnace slag, and silica fume),
geopolymer concrete, (ultra)high-performance concrete, and
self-consolidating concrete, have been developed worldwide
since the 1960s. Fiber-reinforced cement composite is suited
for structures under flexure or tension due to its inhi-
bition of crack propagation and widening through fiber
bridging. Eco-friendly/geopolymer concrete became very
important in construction technology after the UN Climate
Change Conference held in 2015, since it can reduce carbon
dioxide emissions from cement production. (Ultra)high-
performance concrete may improve several shortcomings
of ordinary concrete in terms of strength-to-weight ratio,
ductility, durability, workability, and so forth, and also self-
consolidating concrete is an example of high-performance
concrete improving workability.

This special issue aimed to provide a comprehensive
overview on cementitiousmaterials, including aspects related
to mechanical behavior, durability, and time-dependent vol-
ume changes, such as shrinkage and creep. Authoritative
review articles and original research papers describing recent
findings in the field of advanced cementitious materials
successfully covered the above topics. This special issue was

also very competitive. In total, 58 scientific papers were
submitted, and among them, only 14 papers were finally
accepted for publication. Acceptance rate was approximately
24%.

Several experimental and numerical papers addressed
new research findings with regard to durability properties
of concrete. K. Y. Ann et al. examined the effect of frost
damage on the rate of chloride transport in ordinary con-
crete subjected to a rapid freeze-thaw cyclic environment.
In their study, the chloride transport was accelerated by
frost damage and it was more obvious at a lower cement
content. The freezing condition also increased the volume of
large capillary pores in ordinary concrete. K.-B. Park et al.
numerically simulated the time-dependent chloride diffusion
coefficients of concrete including ground granulated blast
furnace slag.With an addition of the slag, the changes of total
porosity, pore refinement on macro- and microscales due
to filling effect, latent-hydraulic properties, and pozzolanic
reaction were also analyzed. By comparing the numerical
and experimental data, it was concluded that the proposed
model is valid for concrete with different water-to-binder
ratios, slag replacement ratios, and curing ages. H. J. Yang et
al. evaluated the chloride transport in various types of high
alumina cement mortar. An increase of Al

2
O

3
content in the

high alumina cement clinker led to an increase of diffusion
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coefficient and concentration of surface chloride due to
the increase of chloride binding. But the pore distribution
in the cement matrix was not influenced by the types of
high alumina cement, except for macropores. An extensive
literature review was also conducted by P. Azarsa and R.
Gupta for a connection between the electrical resistivity of
concrete and the deterioration processes like increase in
permeability and corrosion of embedded steel.

The volume stability of cement paste and concrete was
investigated by several researchers. B. Kucharczyková et al.
introduced an advancedmeasurement equipment and proce-
dure for simultaneous measurement of length changes, mass
losses, acoustic responses, and temperature development.
The cement composite’s setting and hardening characteristics
were evaluated by the continuous measurements of the
relative length changes and mass losses. In addition, the
formation of microcracks during the setting and hardening
of the composites, substantially affecting the final mechanical
properties, was possible to be determined using acoustic
emission method. Y. Chen et al. examined the effects of
amorphous nano-SiO

2
on the early-age properties, such as

consistency, setting time, strength, and chemical/autogenous
shrinkages. The addition of nano-SiO2 resulted in higher
consistency, significant reductions in setting times, higher
early-age strength, and higher chemical/autogenous shrink-
ages. The implications of concrete age and creep on the
ultimate load carrying capacity of concrete-filed steel tube
columnswere also reported byH. Y.Wang et al. based on both
experimental tests and numerical analyses. H. Xiong et al.
investigated the strain behavior of external thermal insulation
cladding systems with Glazed Hollow Beads thermal insu-
lation mortar under hygrothermal cycles. Their test results
indicated that the finishing coat shrank at early stage, while
the finishing coat tended to expand and became damaged at
later stage. The crack length and width on the finishing coat
increased with age, but the cracks stopped growing around 70
cycles.

Some other properties, including mechanical property,
rheological property, hydration activity, and pore struc-
ture, of cement paste and concrete were also reported. R.
Chakravarthy et al. tried to develop ductile high volume
fly ash concrete including steel, polypropylene (PP), and
basalt fibers. In their study, a significant improvement of
mechanical properties of high volume fly ash concrete was
obtained by including hybrid fibers (i.e., 1% steel fiber, 0.75%
PP fiber, and 0.75% basalt fiber). A limiting combination of
3% overall fibers was determined based on the workability of
concrete. K.-K. Yun et al. mainly evaluated the pumpability
of wet-mix shotcrete including various admixtures, that is,
silica fume, fly ash, ground granulated blast furnace slag,
metakaolin, and steel fibers based on rheological properties.
The addition of silica fume andmetakaolin led to satisfactory
pumpability, whereas those of fly ash and steel fibers failed
to meet the pumping criteria at normal pump pressure. On
the other hand, the use of ground granulated blast furnace
slag had no significant effect on the pumpability. J. H. Kim
et al. introduced the alpha test to examine the performance
of polycarboxylate-based high-range water-reducing admix-
ture. To overcome some drawbacks of the mini-slump flow

test, the channel flow test was proposed.The final spread and
the time to get the stoppage of the spread were measured,
and a model converting them into rheological properties was
developed. Y. Gao et al. modeled a pore structure in cement
paste by means of the recently proposed solid mass fractal
model and an enhancedMaxwell homogenizationmethod to
determine the associated ionic diffusivity. They verified the
developed model by comparing it with experimental results,
that is, mercury intrusion porosimetry and rapid chloride
migration. S. K. Kim et al. suggested amethod for sustainable
development of cement industry as well as waste recycling on
a national scale that was replacing a portion of cement with
a high quality liquid crystal display (LCD) processing waste
glass (LPWG) powder. For this, they investigated both fresh
and hardened properties of concrete with various amounts
of the LPWG powder. Lastly, the reasons why f-CaO in basic
oxygen furnace slag is expanded and shows slow hydration
activity were studied by R. Jia and J. Liu based on simulated
experiments.

The guest editors hope that readers of this special issue
can obtain useful experimental and numerical results and
discover recent research trends regarding advanced cemen-
titious materials. Furthermore, we wish that their academic
curiosities and difficulties can be solved by investigating the
valuable research results in this special issue containing both
experimental and numerical developments. This publication
considers a wide range of disciplines, including civil, archi-
tectural, and chemical engineering, and may appeal to the
scientists and engineers.

Doo-Yeol Yoo
Nemkumar Banthia
Kazunori Fujikake
Paulo H. R. Borges

Rishi Gupta
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Degradation processes in reinforced concrete structures that affect durability are partially controlled by transport of aggressive ions
through the concrete microstructure. Ions are charged and the ability of concrete to hold out against transfer of ions greatly relies
on its electrical resistivity. Hence, a connection could be expected between electrical resistivity of concrete and the deterioration
processes such as increase in permeability and corrosion of embedded steel. Through this paper, an extensive literature review has
been done to address relationship between concrete electrical resistivity and its certain durability characteristics. These durability
characteristics include chloride diffusivity and corrosion of reinforcement as these have major influence on concrete degradation
process. Overall, there exists an inverse or direct proportional correlation between these parameters. Evaluated results, from
measuring the concrete electrical resistivity, can also be used as a great indicator to identify early age characteristics of fresh
concrete and for evaluation of its properties, determination ofmoisture content, connectivity of themicropores, and even condition
assessment of in-service structures. This paper also reviews and assesses research concerning the influential parameters such as
environmental conditions and presence of steel rebar and cracks on measuring electrical resistivity of concrete. Moreover, concrete
resistivity concept, application, and its various measurement techniques are introduced.

1. Introduction

The durability of concrete is defined as its ability to resist
weathering action, chemical attack, abrasion, or any other
deterioration process to retain its original form, quality, and
serviceability when exposed to harsh environment [1]. To a
large extent, it is commonly accepted that concrete durability
is governed by concrete’s resistance to the penetration of
aggressive media. This media may be present in a liquid
or gaseous state and that may be transported by various
mechanisms such as permeation, diffusion, absorption, cap-
illary suction, and combinations of the items just mentioned.
Hence, for concrete in service, a combined action of various
media may prevail and mixed modes of transport processes
occur. Moreover, there are correlations between transport
parameters of concrete and the following durability charac-
teristics: carbonation, sulphate attack, alkali-aggregate reac-
tion, frost resistance, leaching, soft water attack, acid attack,
abrasion, chloride ingress, and reinforcement corrosion.

Consequently, the transport of ions through microstructure
of concrete plays an important role in the control of concrete
durability. When ions are charged, then it is the concrete’s
ability to withstand transfer of charged ions which is highly
dependent upon its electrical resistivity. In this study, since
chloride ingress and reinforcement corrosion are reported
as major concrete deterioration processes, one of the main
concentration areas is on these durability characteristics and
their relationship with concrete electrical resistivity.

Over the last few decades, a great deal of attention has
been paid to research and development of electrical resistiv-
ity measurement techniques as a nondestructive technique
(NDT) to evaluate the durability of concrete structures.
This method is becoming more popular especially for field
evaluations due to its simplicity, rapidness, and cost during
test conduction. However, the inclusion of these methods
into the standards and guidelines is quite slow. Electrical
resistivity has been standardized in 2012 by ASTM C1760 [2]
tomeasure the concrete bulk resistivity and also by AASHTO
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TP 95-11 [3] to quantify the surface resistivity of concrete.
However, there is a gap that still exists between the current
knowledge and industry practice.

Electrical resistivity is amaterial property that can be used
for various purposes, one of which is to identify early age
characteristics of fresh concrete.When the fresh concrete sets
and hardens, depercolation (discontinuity) of the capillary
pore space leads to an increase in its electrical resistivity.
Since electrical current is conveyed by dissolved charged
ions flowing into the concrete pore solution, it is a good
indicator of concrete pore structures [4]. This pore structure
formation at early-ages can define the long-term durability
of concrete. In addition, the tensile strength of cementitious
materials at early-ages is low and the material is prone
to cracking. This initial cracking also serves as a pathway
for deleterious materials to ingress into the matrix. This
cracking can also be captured by resistivity measurements
and thus helps predict the long-term durability of concrete.
In addition, electrical resistivity can be used as an index to
determine the moisture content and the connectivity of the
micropores in the concrete [5].

Several researchers attempted to characterize the effects
of various parameters on electrical resistivity measurements.
One of the important factors affecting the measurements is
environmental conditions such as temperature, rainfall, and
relative humidity. During testing, good electrical connec-
tion between concrete and electrodes as well as specimen
geometry plays a key role in having a reliable measurement.
The electrical resistivity measurements are highly influenced
by the moisture content of concrete. For instance, when
the moisture content is reduced, the resistivity is increased
significantly. Therefore, considering all these influencing
parameters for on-site resistivity measurements and to make
meaningful conclusions is not a simple task.

In this paper, the correlation between electrical resis-
tivity and certain durability characteristics of concrete is
discussed. These concrete characteristics include chloride
permeability, corrosion rate, and compressive strength. Also,
different approaches in the measurement of concrete resistiv-
ity including bulk and surface resistivity measurements are
presented.This paper reviews the effect of several influencing
parameters such as external environment (e.g., temperature)
and concrete mixture on the electrical resistivity. In addition,
some of bulk and surface resistivity test setups (both of
laboratory and field tests) conducted by authors are also
presented.

2. Theoretical Background

2.1. Concept. Electrical resistivity (𝜌) of a material is defined
as its capability to withstand the transfer of ions subjected to
an electrical field. It is largely dependent on the microstruc-
ture properties of concrete such as pore size and shape of the
interconnections (i.e., tortuosity) [6]. Specimens with similar
degree of water saturation and temperature should be used
as both of these factors affect resistivity. Lower permeability
results from a finer pore network with less connectivity and
eventually leads to higher electrical resistivity. The range
spanned by resistivity is one of the greatest of any material

property [12]. For concrete, it varies from 106Ω⋅m for oven
dried samples to 10Ω⋅m for saturated concrete [13]. Electrical
resistivity is the ratio between applied voltage (𝑉) and
resulting current (𝐼) multiplied by a cell constant and the
electrical current is carried by ions dissolved in the pore
liquid [7, 14]. Thus, it is a geometry independent property
and an inherent characteristic of a material, as described in
the following [6, 14]:

𝜌 = 𝑘 ⋅ 𝑅 = 𝑘 ⋅ (𝑉𝐼 ) , (1)

where 𝑅 is the resistance of concrete; 𝑘 is a geometrical
factor which depends on the size and shape of the sample
as well as the distance between the probes on the testing
device [6]. There are several factors that may affect electrical
resistivity of concrete, and they can be divided into two
groups: (1) intrinsic factors affecting the electrical resistivity
of concrete, such as w/c ratio, aging, and pore structure;
(2) factors affecting the resistivity measurements, including
specimen geometry,moisture content, temperature, electrode
spacing, and presence of rebar. For instance, more pore water
as well as wider pores results in lower concrete resistivity and
environmental factors such as higher temperature decreases
the resistivity values [7]. Furthermore, adding reactive sup-
plementary cementitious materials such as blast furnace slag
and fly ash leads to lower permeability and higher electrical
resistivity due to reduction in capillary porosity and hydroxyl
ions (OH−). Both carbonation and chloride penetration
also individually cause an increase in concrete resistivity
in particular in Portland cement concrete but penetrated
chloride impact is relatively small [7].The effects of the above-
mentioned parameters will be discussed in detail later in this
paper.

2.2. Measurement Techniques. Electrical resistivity measure-
ments can be performed in several ways nondestructively:
using electrodes positioned on a specimen surface, or placing
an electrode-disc or linear array or a four-probe square array
on the concrete’s surface. Types of device techniques that can
be used typically to measure resistivity physically include (1)
bulk electrical resistivity test, (2) surface disc test, (3)Wenner
four-point line array test, and (4) four-probe square array test.

2.2.1. Bulk Electrical Resistivity Test. In the bulk resistivity
method (or uniaxial method), two electrodes are placed
on the concrete surface (usually two parallel metal plates)
with moist sponge in between (Figure 1(a)). Generally, only
standard cylinders/prismatic specimens or cores taken from
existing structures are used in this method. The geometrical
factor in this method can be obtained by the following
equation:

𝑘 = 𝐴
𝐿 , (2)

where 𝐴 is the cross-sectional area perpendicular to the
current and 𝐿 is the height of sample. Although this non-
destructive test takes only a few seconds, its application
is limited for field evaluation because electrodes access to
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Figure 1: Electrical resistivity measuring techniques: (a) two-point uniaxial method and (b) four-point (Wenner probe) method (reproduced
from [6]).

opposite sides of the concrete element is not possible all the
time; while other above-mentioned resistivity measurement
(surface disc test,Wenner four-point line array test, and four-
probe square array test) methods may use probes placed on
only one side surface of specimen.

2.2.2. Surface Disc Test. The electrode-disc test method
includes an electrode (disc) placed over a rebar and mea-
suring the resistance between the disc and the rebar, as
shown in Figure 2 [7]. One disadvantage of this method
is a connection requirement to the steel reinforcement and
full rebar continuity. In this technique, a cell constant is
dependent on cover depth (which varies over the surface)
and the rebar diameter whose precise measurements are
impossible due to lack of exact current flow prediction [7].
For cover depth, disc and bar diameters being 10–50mm, the
cell constant is approximately 0.1m. Hence, the resistivity can
be derived using

𝜌 (disc) = 0.1 × 𝑅 (disc − bar) . (3)

Concrete blockRebar

Disc
R

Figure 2: Setup of one electrode-disc: measurement of concrete
resistivity (reproduced from [7]).

2.2.3. Wenner Four-Point Line Array Test. TheWenner probe
techniquewas first introduced for the geologist’s field in order
to determine soil strata by Wenner at the National Bureau
of Standards in the 1910s and then modified through time
for concrete application [15]. In this technique, four equally
spaced linear electrodes are used to measure the surface
electrical resistivity of concrete (Figure 1(b)).The two exterior
electrodes apply an AC current to the concrete surface while
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the electrical potential is measured from the interior probes.
It should be noted that DC current is not desirable as it
may result in inaccurate readings because of polarization
effect. The effect of current frequencies on measurements is
discussed in Section 5.2.6 (studies on electrical signal shape
and frequency). The constant cell is defined as (4) for semi-
infinite homogenous material [6]:

𝑘 = 𝛾 ⋅ 𝑎, (4)

where 𝑎 is the distance between the equally spaced electrodes
and 𝛾 is the dimensionless geometry factor which is equal
to 2𝜋 for semi-infinite concrete elements such as concrete
slabs [6]. However, the geometry factor is different for tests
conducted in a laboratory condition on small cylinders or
cubic specimens. To measure the surface electrical resistivity,
AASTHO TP 95-11 is the only specified standard which
requires an electrode spacing of 1.5 inch (or 38mm) with
an AC frequency of 13Hz [3]. Due to its configuration, this
method is reliable for on-site measurement; however many
factors that will be discussed in Section 5 can affect the
results such as rebar and cracks presence, surface conditions,
concrete mixture, and environmental conditions.

2.2.4. Four-Probe Square Array Test. The four-probe square
array consists of the four probes that are arranged in square
position with spacing of 50 to 100mm [10].

2.3. Applications. Electrical resistivity can be related to cer-
tain performance characteristics of concrete and can be used
as a promising quality assurance tool for fresh or hardened
concrete [6]. Some of these correlations will be discussed in
the following sections. It can be used as ameasure of concrete
resistance to chloride ingress as well as corrosion initiation
and rate measurements. The concrete diffusion coefficient as
an important factor in the service life estimation of structures
also can be obtained by electrical resistivity technique. In
addition, it is a reliable test method to detect and monitor
the initiation and propagation of cracks in concrete since
they change the connectivity of concrete pore structure, and
thus its electrical conductivity [16]. Cement mortars and
concrete setting time can be determined through the concept
of electrical resistivity. However, the correlation between
setting time and concrete durability is not fully understood.
Another potential application of the electrical resistivity
method is to compute the moisture content of concrete,
although reliability of this method is still under question [5].
However, electrical resistivity method is a simple and reliable
nondestructive test method; the application and reliability
of this method in determining certain characteristics of
concrete has yet to be widely evaluated. This is more due
to the limited knowledge in this area especially for on-site
evaluation.

3. Objective and Methodology

The primary objective of this paper is to review the existing
state of practice on the electrical resistivity measurements
technique. This paper also identifies the applicability and

limitation of electrical resistivitymethod and reviews the cor-
relation between resistivity and certain durability properties
of concrete. Correlation between surface and bulk electrical
resistivity and their applications is also discussed. Finally,
key parameters affecting the electrical resistivity readings are
identified for future research in the area.

An extensive literature search was undertaken frommost
relevant publications in the area. A comparison was made
of the experimental setup (Section 4), and the way in
which the correlated data was obtained between resistivity
and durability properties of concrete (Sections 6–8). Several
parameters influencing the concrete resistivitywere identified
and compared (Section 5). The information observed from
the literatures was based on experimental and numerical
studies. The reviewed data was compiled in tables and later
compared. Detailed information on the experimental setups
is presented in Abbreviations section and Tables 1–4. The
literature search covered both laboratory and field investiga-
tion.

4. Comparison of the Experimental
Investigations

In this section, experimental setups developed by other
researchers have been summarized in Tables 1–4.These tables
consist of specimens’ configuration, materials type, resistivity
measurement techniques, and specimen curing/exposure
conditions. The data in the tables is arranged in the order
in which the citations appear in Sections 5–8. An additional
row that contains authors’ data on measuring electrical
resistivity of simulated field circular hollow-section columns
is also included. The extent to which differences in the
setups can influence electrical resistivity measurements are
discussed later in Sections 5–8 using data presented in this
section. A comparison of the experimental setups is given in
Sections 4.1–4.3. Abbreviations and symbols are defined in
Abbreviations section.

4.1. Specimen Geometry and Setup. Frequently, in the elec-
trical resistivity studies, samples with dimensions between
100 and 400mmwere used (Table 1). Specimens with dimen-
sions over 1000mm to simulate real-world condition were
more seldom used. According to Table 2, the steel rebar
diameter varied from 4 to 25mm. In most cases, no detailed
information was provided about the type of steel embedded;
both smooth and ribbed steel was used. Cover depth ranging
from 10 to 80mm was considered for steel reinforcement
bars in the majority of the experimental investigations. For
those studies investigating the relationship between steel
reinforcement corrosion and concrete resistivity, chloride
ingress was the major cause of corrosion. However, no
information was provided on the size of the anode and the
ratio between anode and cathode in the reviewed articles.
Only one study concentrated solely on carbonation-induced
corrosion.

4.2. Materials and Exposure Conditions. According to data
in Table 1, concrete or mortar samples were casted with a
w/b ratio between 0.4 and 0.65 by mass in most reviewed
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Table 2: Details of the reinforcements and measurement methods used to record corrosion rate.

Refs

Reinforcement
Cause of corrosion

Corrosion rate

Φ (mm) Length (mm) Cover depth
(mm) Technique Details

Correction
for ohmic

drop
[23] 10 200 1, 10, 20 Carbonation — — —

[8] 10 300 50 & 75

Not studied (NS)
(only effect of rebar

presence on resistivity
measurement was

considered)

— — —

[24] 16 300 50 Cyclic ponding with
sea water — — —

[25] 4 110, 160, 200 Various
(53.5–100) NS — — —

[26] 8 40 80 NS — — —
[27] 13, 19, 25 410 20, 30, 40 NS — — —

[28] 10 250 150 NaCl solution/marine
exposure LPR Embedded

steel rebar N

[30] 10 — 25 NS — — —

[45] 16 200 50 NaCl solution/marine
exposure — — —

[46] NR NR NR NaCl solution LPR NR NR
[47] NR NR 70 NaCl solution — — —

[49] 16 NR 42 NaCl solution NR Embedded
steel rebar NR

[50] 8 150 10 or 30 NaCl solution LPR
Embedded
CE & RE on
the surface

N

[60] 10 200 15 NaCl solution — — —

Authors 10 914 19–38 NaCl solution LPR Embedded
steel rebar Y

experimental programs.Themixture proportions and cement
content varied and blended cements such as fly ash or slag
cements were used in parts of studies. In a couple of studies,
no detailed information was provided about the cement
type. However, ASTM Type I and CEM I/II cements were
used in most of the articles. Only one reported study used
White Portland Cement (WPC) [34]. Also, Rice Husk Ash
(RHA) as a cementitious supplementary material was only
studied by Gastaldini et al. [63]. Work done by authors of this
paper seems to be the only one that considered crystalline
admixture as a healing agent to investigate its effect on
electrical resistivity of concrete.

The specimens were cured and exposed to various and/or
changing conditions over the testing period (Table 3). Inmost
studies, samples were cured in the lime-saturated water tank
with controlled temperature to eliminate the temperature
effect on resistivity measurements. The temperature was
kept constant between 20∘C and 25∘C in most experiments.
To achieve a wide range of concrete resistivity, drier cli-
mates were considered occasionally. In most experiments,
specimens were kept in a water tank during resistivity
measurements or exposed to a high relative humidity (RH).
For those studies focused on accelerating corrosion process,

RH between 90% and 95% was chosen as an exposure
regime. In parts of studies, samples were exposed to outside
climates, in particular marine conditions (similar to authors’
experimental setup). In general, laboratory experiments were
undertaken over a period between 28 and 365 days. Only a
few studies measured electrical resistivity for a period over
one year [42, 50, 64, 65].

4.3. Measurement Methods. Either two-electrode or four-
point electrode (Wenner probe setup) techniques were
employed to record concrete electrical resistance, which is
then converted into resistivity by multiplying it with an
appropriate geometrical factor.The limitations of 2-electrode
method resulted in using Wenner probe configurations in
most studies specially for field investigations. In experi-
mental studies that attempted to find correlation between
concrete electrical resistivity and its durability parameters,
other destructive and nondestructive testing techniques from
standardized measuring protocol including Rapid Chloride
Permeability (RCP) test, Rapid Chloride Migration (RCM)
test, Bulk Diffusion (BD) test, and Ultrasonic Pulse Velocity
(UPV) were employed. Authors ongoing work also employs
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Table 3: Details of the curing conditions, exposure conditions, and measurement period.

Refs Curing conditions Temperature (∘C) Exposure conditions Measurement period (days)

[4] Lime-saturated water tank
20 (except one type mixture
kept in water having 5, 20,

35 temperature)

Lime-saturated water
tank/lab condition and
oven dry state (only one

type mixture)

90 (except ten of the
mixtures tested at age of

365 days)

[16] Lime-saturated water tank 23 ± 1 Lime-saturated water tank 28
[22] NR 15, 26, 40 Plastic wrapped 1
[23] NR 20 Laboratory (air dry) 1000

[8] Water tank 20
Water tank (except two

slabs were kept in air after 7
days)

30

[24] NR NR Various 120
[25] Lime-saturated water tank 23 Various 28

[26] 100% relative humidity in a
chamber 20 ± 2 100% relative humidity in a

chamber 28

[27] Water tank 20 Water tank 45

[28] NR NR
Seashore

Exposure/immersed in
saline solution

1000

[29] Plastic wrap 20 Room temperature 90
[30] NR NR NR 28
[11] Room temperature 25 ± 2 Room temperature 28
[31] Lime-saturated water tank Laboratory Lime-saturated water tank 56

[32] NR 10–45 Room condition with RH >
95% 2,190

[33] Water tank 20 Water tank 181

[34] Wet chamber with RH >
95% 23 ± 2 Wet chamber with RH >

95% 91

[35] Water tank 23 ± 0.5, 105 ± 2 Various 28

[36] Wet burlap 20 Oven dried and then water
bath 31

[37] Water tank 20 & 5
Water tank (after 7 days,

some cylinders subjected to
air condition)

30

[38] Water tank 20 ± 2 Water bath 720
[39] Lime-saturated water tank 23 ± 2 Lime-saturated water tank 91
[40] Water tank NR Water tank 365
[41] Various 21–45 Various 1,100–2,200

[42] Lime-saturated water
tank/wet burlap NR

Lime-saturated water
tank/wet burlap for 3 or 7

days
91

[43] Lime-saturated water tank Various (10–45) Various 65
[44] Various Various Various 500

[45]
Wrapped in damp Hessian
and stored under polythene

tentage
15–20 Maine exposure 140

[46] Various 18–32 Salt ponding 90

[47] Water tank and laboratory
air 20 ± 2 Actual tidal zone, wet and

dry cycle NR

[48]
Five various curing regimes
(tap water, NaCl solution,

rog room)
Room Various 1500

[49] Various 20 ± 2/uncontrolled Various 90
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Table 3: Continued.

Refs Curing conditions Temperature (∘C) Exposure conditions Measurement period (days)

[50] Six days in fog room/three
weeks in room condition 20

26 weekly cycles of 24 h 3%
NaCl solution penetration
and drying for 6 days/after

30 weeks, various
conditions

52

[51] Water tank 25 Water tank 90

[52] Moist room with a
sustained 100% humidity 23 NaCl solution 1,092

[53] Lime-saturated water tank 22 Lime-saturated water tank 56
[54] Changing exposure 23 ± 2 Changing exposure 90
[55] Lime-saturated water tank 21 or 36 Various 1000
[56] Lime-saturated water tank 23 ± 2 Lime-saturated water tank 28

[57]
Water tank for 14 days/14
days in drying cabinet at

40∘C
20 ± 1 & 40 ± 1 Salt ponding (wet & dry

cycle) 270

[58] Lime-saturated water tank 25 Lime-saturated water tank 90
[59] Chamber with RH > 95% 21 Chamber with RH > 95% 28

[60] Laboratory environment
(kept in plastic bag) 14–27, 3–13 Seashore condition 1,000

[21] Water tank 21 ± 3 Water tank 7
[61] Lime-saturated water tank NR Lime-saturated water tank 1
[62] Lime-saturated water tank NR Lime-saturated water tank 730

Authors 14 days wet burlap and 14
days air dry Uncontrolled

Natural environment and
simulated seashore

condition
720

use of both 2-electrode and 4-electrode techniques as well as
UPV technique.

In summary, the experimental setup can have a significant
effect on the electrical resistivity measurements. Specifically,
the measurement methods and environmental conditions
comprise a variety of parameters affecting the obtained data.
The geometry of specimen and the general setup have aminor
influence on the recorded resistivity values. To investigate
electrical resistivity, the material, curing condition, and
exposure condition should be carefully selected. Simulating
the real-world conditions is in any case desirable since the
recorded data can be used later as input in predictionmodels.
As field survey data is rarely reported in the reviewed studies,
it seems critical to identify possible deviations between labo-
ratory investigations and field conditions. Also, authors’ focus
currently is to find these deviations to fill this knowledge gap
bymeasuring concrete resistivity on both laboratory-size and
field-size specimens.

5. Influencing Parameters on Electrical
Resistivity Measurements

In the following sections, investigated parameters in pub-
lished literature that influences the electrical resistivity read-
ings have been discussed. For simplicity, they have been
divided into two subgroups: (1) factors affecting the intrinsic
electrical resistivity of concrete and (2) factors affecting the
electrical resistivity measurements.

5.1. Intrinsic Factors Affecting Electrical Resistivity of Concrete

5.1.1. Effect of Water to Cement (w/c) Ratio. Generally, water
to cement (w/c) ratio is one of the main factors contributing
in permeability of concrete and its properties. Higher w/c
ratio results in a high percentage of porosity (more voids)
and leads to a lower electrical resistivity value indicating a
more permeable concrete [31]. However, concrete containing
supplementary cementitiousmaterials such as slag showed an
irregular behaviour for various w/c ratios [31]. For instance,
an increase in w/c ratio from 0.35 to 0.65 caused an increase
in electrical resistivity values, which means a less permeable
concrete. Additionally, the electrical resistivitymeasurements
are affected by the degree of hydration as further hydration
typically reduces the concrete porosity and how these pores
are interconnected [32]. The results from experimental study
conducted by Van Noort et al. [33] on different concrete
compositions with various w/c ratio ranges also indicated
that concrete’s electrical conductivity increased as w/c ratio
increased. Within a hardened concrete matrix, electrical
conduction flows through the fluid contained in the pores;
therefore the relative volume of interconnected pores controls
the concrete’s electrical resistivity. Increasing the w/c ratio
(at fixed cement content) leads to a higher volume fraction
of hydrated cement paste in the concrete mix and results
in higher concrete electrical conductivity. Similar tendency
has been observed [34] even for concrete containing White
Portland Cement. When w/c ratio was reduced, conductivity
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Table 4: Details of the different measurement methods used in the literature.

Refs
Measurement technique

Concrete resistivity Rapid chloride
permeability test Others

Two-electrode Four-point method

[4] × — — Rapid chloride migration test (NT Build
492) & ASTM C1760

[16] × — — —
[22] × — — —
[23] × × — Multiring electrodes
[8] × × — NT Build 492
[24] — × — —
[25] — × — —
[26] × × — —
[27] — × — —
[28] — × — Steel potential
[29] × × — —
[30] — × — Ultrasonic Pulse Velocity
[11] — × — Electric imaging
[31] — × × —
[32] — × — —
[33] × — — NT Build 492
[34] — × — —
[35] — × — —
[36] × — — —
[37] × × — NT Build 492
[38] × — — —
[39] × × — —
[40] × × — —
[41] — × — —

[42] × × ×
(ASTM C1202) —

[43] × × — —
[44] — × — —
[45] × — — —

[46] × × ×
(AASHTO T227) Half-cell potential

[47] × × — —
[48] — × — —
[49] — × — —
[50] × — — Steel corrosion potential
[51] × — — NT BUILD 492
[52] — × — ASTM C1556-04

[53] × × ×
(ASTM C1202) —

[54] — × × KDOT Boil Testing

[55] — × — Bulk diffusion test (NT Build 443), NT
Build 492

[56] — × × Water Penetration Depth

[57] — — — Resistivity using disc method (one
external electrode)

[58] × × — NT Build 492
[59] — × — Natural diffusion test (90 days)
[60] — × — Half-cell potential method
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Table 4: Continued.

Refs
Measurement technique

Concrete resistivity Rapid chloride
permeability test Others

Two-electrode Four-point method
[21] × × — —
[61] × × — —
[62] × × — —
Authors × × × UPV, half-cell potential, infrared camera

of pore solution was increased due to the greater ionic
concentration of the solution. Su et al. [35] studied the effect
of moisture content on concrete resistivity measurements.
It was found that the electrical resistivity difference for
mixes with 0.55 and 0.65 w/c ratios was not noticeable,
although it became significant for specimens with a w/c
ratio of 0.45. It seems that both the capillary pore size effect
and interconnectivity effect improve resistivity for saturated
concrete with a higher w/c ratio. Long-term experimental
study also showed the reduction in concrete resistivity with
the increase of w/c ratio until approximately 500 days.
However, after 500 days, the resistivity results revealed a
contrary behaviour because the concrete specimens kept in
unsaturated condition (in a laboratory environment) with
higher w/c ratio favored the carbonation process that led
to larger resistivity values for more advanced ages. Saleem
et al. [36] also found similar trend for concrete samples
contaminated with sulphate/chloride. About 15–20% reduc-
tion in electrical resistivity values was reported when the
water/cement ratio increased from 0.4 to 0.6 [25].

5.1.2. Effect of Aggregate Size and Type. In general, aggregates
depending on their location and size have a higher electrical
resistivity compared to hardened cementitious paste because
they have less porosity; thus electrical current can easily
flow through the pore system of the paste. Hence, a number
of researchers attempted to investigate aggregates’ effect on
electrical resistivity measurements. The experimental study
performed by Sengul [4] indicated that increasing aggre-
gate content resulted in higher electrical resistivity. He also
observed that the resistivity of the mixture containing 60%
aggregate with the size of 16–32mm was approximately 3
times higher than that of the hardened cement paste [4].
Increase in aggregate content and reduction in cement paste
for a given volume resulted in higher resistivity values
because of replacing the porous hardened cement paste with
denser aggregates. The investigation on comparing effect
of two different aggregate sizes (0–4mm and 16–32mm)
on electrical resistivity showed that larger aggregate size
resulted in higher electrical resistivity values. Morris et al.
[18] also reported that the variability was greater on the
specimens with larger maximum aggregate size. Two possible
causes of this variability originate from the tortuosity effect
and formation of more interfacial transition zone (ITZ)
(more porous structure compared to bulk cement paste)
for smaller aggregate/particle size. Therefore, variation in

aggregate content and size should be taken into account when
comparing the resistivity values of different concretes.

As reported in the Sengul study [4], aggregate type also
affected the electrical resistivity of concrete. For electrical
resistivity measurements, comparison between the crushed
limestone aggregate and gravel showed higher values when
crushed limestone was used [4]. Gravel was rounded shaped
aggregates with smooth surface whereas the limestone aggre-
gates have rough surface texture. Therefore, using rounded
aggregates such as gravel results in poor bonding between
gravel and cement paste which may also be a reason behind
the variations in resistivity readings. In addition, tortuosity
can be higher for crushed stone aggregates due to the
rough surface texture and irregular particle shape, which,
in turn, may reduce the rate of electrical flow and affect
resistivity [4]. Comparable standard deviation values were
also observed when different aggregate type was used with
the same maximum aggregate size [18]. Furthermore, using
granite as coarse aggregate with fly ash also resulted in
higher resistivity measurements than the mixture containing
limestone aggregate type [44]. Hence, the effects of aggregate
type should not be ignored during resistivity measurements.

5.1.3. Effect of Curing Conditions. The resistivity evolution
of concrete is affected by the curing regimes [48]. Two key
elements influence this variation in resistivity: the degree
of hydration of the cementitious material and the degree of
saturation of the specimen. The numerical study performed
by Weiss et al. [70] attempted to simulate a mortar with a
water to cement ratio of 0.42 with three curing conditions: (a)
sealed during curing and testing, (b) sealed during curing and
saturated during testing, and (c) saturated during curing and
testing. It was concluded that the specimen that was sealed
during both curing and testing had the highest resistivity
whereas the sample that was sealed during curing and
saturated at the time of testing had the lower most resistivity
[70].This difference can be explained by the saturation degree
of the sample. The results recommend that storing a sample
underwater in the lab may cause a remarkably different
degree of hydration than what may occur in a field structure.
The sample that was continually saturated and the sample
that was sealed and saturated at the time of testing had a
similar resistivity for the same degree of hydration; however,
the continually saturated sample had a higher degree of
hydration at the same age [70]. For specimens cured under
saturated lime water, it has also been hypothesized that
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the volume of solution in which samples are stored can
affect resistivity measurements due to possible pore solution
concentration or dilution via leaching [43, 70]. According
to AASHTO TP 95-11 [3], for the samples cured in a lime-
water tank, the average resistivity value needs to bemultiplied
by 1.1 while this coefficient is 1 for the specimens stored in
a 100% relative humidity moist room. For a given water-
cement ratio, it was observed that better curing procedure
yielded higher electrical resistivity [49]. For both wet and
dry curing conditions experimented in the study [8], the
resistivity distinctly increased with increasing age. Sample
storage and curing conditions are important, as they can
influence the degree of hydration, the degree of saturation,
and the pore structure and solution through leaching [43].
Differences in resistivity can develop as a result of sample
storage conditions and wetting the specimens prior to the
resistivity measurements is recommended.

5.2. Factors Affecting the Electrical Resistivity Measurements

5.2.1. Presence of Rebar. A number of researchers have been
exploring the effect of embedded rebar presence on concrete
electrical resistivity through experimental and numerical
investigation. Theoretically, electrical current fluxes take
pathways having the least amount of resistivity and when
there is embedded rebar in concrete, the current field is dis-
torted. However, the alternation in current field is dependent
on many factors such as orientation of rebar with respect to
the probe, rebar diameter and spacing, and depth at which it
is located [17, 23, 71].

Millard [71] and Gowers and Millard [17] utilized an
experimental setup with steel rebar in the tanks filled with
conductive medium solution and its finite element modeling
in order to study the effects of concrete cover thickness as well
as rebar diameter and spacing on concrete resistivity using
four-point Wenner probe. According to this study, distance
between the probe and embedded rebar was found to be the
main influential parameter when measurements were taken
on top of the bar. It was also reported that rebar diameter
is not impactful in its disturbance. Moreover, it was found
that measurement errors were increased by reducing rebar
spacing while measurements are taken between two parallel
rebars. However, it should be noted that results were obtained
from measurements on the conductive solution tank and
not from real concrete block. Similar study of resistivity
measurements utilizing Wenner probe on concrete block
with embedded steel reinforcement showed that orienting the
probe perpendicular to reinforcements significantly reduced
their influence on resistivity measurements [23]. It is more
common in reinforced concrete structures that rebars are
available in both directions and electrically linked together
but, in the tested concrete block, no lateral rebarswere present
which thenmay have different effects onmeasured resistivity.

Practical general guidelines were developed by Polder’s
work [7] from summarizing literature for the RILEM TC
154 [14] technical recommendation for taking resistivity
measurement on concrete. It was identified that placing all
four electrodes over an embedded rebar at 10 or 20mmdepth
can result in errors by a magnitude of two to six times that

C
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Figure 3: Resistivity using four electrodes at various spots in the
same area to minimize influence of rebars [7].

of true resistivity and even if one of the four electrodes was
near a rebar, results will lead to errors. Because of lack of
research on resistivity measurements over rebar meshes, it
was recommended that resistivitymeasurementwithWenner
probe are taken in diagonal alignments on the concrete
surface (Figure 3). Fivemeasurements, each a fewmillimetres
in distance from one another, and taking themedian of them,
are also suggested for collecting the resistivity value of the
interested area. However, no recommendations were made
for the case where it is not possible to fit all four electrodes
inside the mesh unit created by the rebars. In addition, the
recommended scheme in this study was not supported by any
experimental and numerical works.

Another similar experimental investigation, done by Sen-
gul and Gjorv [8], studied the effects of different parameters
on concrete resistivity measurement using Wenner probe
setup due to rebar presence. The study included the effective
parameters: cover thickness, probe measurement directions
relative to embedded rebar, electrode spacing, and probe
measurement distance away from the embedded rebar. In
total, five different probe positionswith respect to the location
of embedded steel reinforcementwere considered, where four
of these configurations were parallel to the rebar and the
last one was perpendicular (Figure 4). Similar to Weydert
and Gehlen’s study [23], only a single rebar was positioned
in the slab and two different thicknesses of 50mm and
70mm were studied. Their findings similar to the previous
works stated that placing the probe orthogonally to the rebar
did not influence the resistivity measurements, although
significant errors were obtained once measurements were
taken directly above and parallel to the rebar. It was also
suggested that all measurements should be captured as far
away as possible from embedded steel to reduce errors and
if it is not possible due to dense reinforcement configuration,
then space between electrodes should be kept relatively small.
As only one rebar was placed in the tested concrete block
as well as a small slab size was being used, this possibly
contributed to errors due to edge effect. Hence, it may be
difficult to extrapolate these conclusions to real cases.

Presuel-Moreno et al. [24, 72] have recently attempted to
numerically and experimentally understand the influences
of the number and configuration of embedded steel rein-
forcement along with the location and angle of the Wenner
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Figure 4: Five Wenner probe configurations with respect to embedded rebar tested by Sengul and Gjorv [8].

probe with respect to rebar alignment on concrete resistivity
measurements. One of the few studies considered the effect
of rebar mesh as well as orientation of the Wenner probe
and demonstrated the difference between data achieved once
there is a rebar mesh rather than a single rebar. Overall,
six and five different orientations were investigated for the
presence of a single rebar and rebar mesh, respectively.
Like previous studies, it is also recommended to take the
measurements perpendicular to the rebar location. However,
the performance of Wenner probe due to variation in rebar
spacing, cover thickness, or location and orientation of the
probe with respect to the rebar mesh was not considered in
this study.

Salehi et al. [9, 73] numerically characterized the effects
of different concrete and slab thicknesses, rebar diameter,
and probe arrangements with respect to the rebar mesh and
rebar mesh densities on concrete electrical resistivity mea-
surements with rebar presence using the four-point Wenner
probe technique. It was concluded that the smallest error will
result while setting up the probe parallel to the top rebar
within the rebar mesh and perpendicular to bottommost
rebar during measurements taken, as illustrated in Figure 5.
It was also found that the observed resistivity decreased once
the rebar mesh densities increased and the rebar diameter
effect on concrete resistivity measurements can be neglected,
although the numerical study results were not validated by
experimental investigation.

For cylindrical concrete specimens with a single embed-
ded steel rebar, study conducted by Chen et al. [25] suggests
a correction factor to be applied to resistivity measurements
corresponding to the ratio of specimen length to electrode
spacing as well as the ratio of specimen diameter to electrode
spacing. It was stated that no correction factor for prismatic
specimens was necessary with the possibility that the applied
current did not pass through the reinforcement.This research
also lacked a discussion on the use of a multiple rebar and
consideration of larger concrete specimens.

The effect of rebar presence on mortar electrical resis-
tivity conducted by the four-point Wenner method was also
investigated numerically and experimentally by Garzon et
al. [26] and Lim et al. [27]. In Garzon et al.’s experimental
study, small scaled cylindrical and prismatic specimens were
casted. As polarization will happen due to double layer
at the steel and concrete interface acting as a resistance-
capacitor, resistivitymeasurements taken directly above rebar
will result in errors. Hence, a rebar factor was suggested to
be applied to the obtained resistivity results. In addition,
modified Wenner equations are recommended for various
geometric parameters [26]. Only reinforced cylindrical and

Probe
location

Reinforcement

Figure 5: Probe configuration with respect to rebar mesh suggested
to reduce electrical resistivity measurement error [9].

prismatic specimens were included in the experimental
setup without considering a reinforced slab. However, in a
numerical study, a slab with embedded rebar was consid-
ered [26]. The experimental investigation lacked in using
concrete mixture instead of a mortar mixture which is not
exactly representative of real-world cases and may lead to
more errors. Furthermore, the proposed rebar factor may
not be applicable to a large concrete slab with multiple
rebar because their experimental conclusions are based on
laboratory testing. Lim et al. [27] also studied the effects
of cover depth, electrode spacing, rebar diameter, and the
resistivity of concrete and reinforcement in the numerical
model. However, only one probe configuration taken right
above and parallel to rebar was considered. It was suggested
to apply a geometric effect rate that ranges from 0 to 1 in
order to estimate the reinforcement geometry impact and
this rate is derived utilizing a resistivity estimation model.
The geometric effect rate was also validated through the
experimental investigation for on-site measurements. Based
on experimental findings, it was stated that the geometric
effect rate decreased with increasing concrete cover thickness
and increased with increasing rebar diameter and increasing
electrode spacing. Again, using mortar mixture, only one
single rebar, and a single probe configuration with respect
to rebar is not completely representative of real-world con-
ditions. An error to resistivity measurements may also be
introduced while the epoxy coating on the mortar specimens
was used in this study due to a barrier between the electrodes
and mortar surface.

The last and recent study in this category belongs to
Sanchez et al. [74] who numerically proposed a modified
4-point Wenner method based on the experimental data,
deployed on a bridge over the River Danube in Romania.
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Figure 6: Four-probe square array principle [10].

In this study, a “rebar factor,” 𝑓𝑏, was introduced through
the modified version of Wenner method to measure the
resistivity in reinforced concrete structureswith thin concrete
covers. Effect of rebar presence on concrete electrical resistiv-
itymeasurements also can be found in detail in similar studies
by [17, 28, 29, 65, 75].

5.2.2. Presence of Cracks in the Concrete Cover. Due to
the presence of cracks, apart from embedded rebar, the
electrical resistivity measurements may vary using Wenner
probe technique because it is initially assumed that concrete
is homogeneous and isotropic with semi-infinite geometry.
In this section, some researchers’ investigations in order
to characterize cracks in concrete conducted by electrical
resistivity measurements are summarized.

Lataste et al. [10] attempt to identify and locate cracks
and spalling in concrete by means of electrical resistivity. For
this a utilized instrument was built to measure the electrical
resistivity through the use of four electrodes in a square con-
figuration, rather than linearly conventional Wenner probe
arrangement (Figure 6). The specified built probe allows tak-
ing the measurements in two orthogonal directions without
having to rotate the probe betweenmeasurements. To change
the function of electrodes from current imposing to potential
measurement, the use of an electrical switch was considered.
Both on-site measurements on a reinforced concrete slab and
laboratory measurements on a cracked reinforced concrete
beam were experimentally studied. To observe the effects
of crack characteristics, such as crack opening and bridging
degree between crack lips and depth of crack, a numerical
model was developed as well and validated experimentally.
It was reported that when a conductive crack was present,
depending on the direction of imposed electrical current,
resistivity readings could overestimate or underestimate the
true resistivity. Once current was orthogonally imposed to
the crack, no impact was detected; however, reduction in
electrical resistivity measurements was observed while the
crack was parallel to the imposed electrical current. For
an insulated crack, perpendicular readings overestimated
resistivity, and parallel measurements underestimated it. It
was also concluded that crack depth has a direct relation
to the electrical resistivity measurements (increase in crack
depth leads to increase in the resistivity measurements).

A couple of assumptions and conclusions in Lataste et
al.’s work [10] may not be adaptable with reality. First, it was
assumed that the rebar effect on the resistivity measurements
is independent of crack depth or type which might not
be true for the cases that rebar mesh or conductive crack
present. Second, simulations on limited size concrete block
can possibly exaggerate the crack impact. Finally, the four-
electrode square configuration, which is a less common
electrode setup compared to the Wenner probe array, may
generate different measurement errors.

Goueygou et al. [30] used the same square probe con-
figuration proposed in Lataste et al.’s work [10] to com-
pare electrical resistivity measurements with transmission of
ultrasonic waves for characterizing, detecting, and localizing
the surface cracks. For taking measurements in both direc-
tions (parallel and perpendicular), concrete beam specimens
bent via three-point loading to induce one main crack were
constructed. Both nondestructive techniques were capable
of identifying the main simple crack inside the concrete
specimens; however, complexity rose when the number of
cracks increased and in most cases became impossible to
detect cracks depth and patterns. Similarly, experimental
and numerical investigations in detecting and characteriz-
ing cracks using electrical resistivity measurements with a
square probe were done by Shah and Ribakov [76]. In their
study, two experimental setups including a set of five cubic
laboratory concrete specimens and a small area on a 40-
year-old reinforced concrete slab as well as numerical model
to identify the crack depth and differentiating insulated and
conductive crackswere involved.Overall, it was observed that
higher resistivity values were obtained from insulative cracks
while lower values resulted from conductive ones. From field
data and numerical work, variations on electrical resistivity
measurements were observed for different crack depth and
opening [76].

Experimental study conducted by Wiwattanachang and
Giao [11] also investigated the capability of concrete elec-
trical resistivity measurements with Wenner probe method
in detecting a crack development in the concrete beams.
Artificial cracks made up of plastic sheet inside a concrete
beam to simulate insulated cracks as well as cracks being
induced in a beam by a four-step loading test on its tension
face were studied in this work. After correcting resistivity
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Figure 7: Electrical resistivity image of a concrete beam with cracks [11]: (a) concrete beam with artificial plastic sheets as crack; (b) concrete
with cracks being developed from a four-point loading.

readings for the specimens’ geometry, it was concluded that
obtained data were increased for both crack types; although
only insulated cracks were examined, conductive cracks were
not. Simulated images of electrical resistivity were plotted
from obtained results, as demonstrated in Figure 7. Although
using electrical resistivity measurements for detecting cracks
inside concrete was explored in the study, investigations on
different type of cracks and their orientations toward the
probe were ignored.

It was also numerically found that when cracking and
delamination were present in reinforced concrete structures,
electrical resistivity measurements were different from when
they were not present [77]. Similar to previous studies, this
finding gave rise to the conclusion that delamination at
early stages can be detected using resistivity measurements
with 21 linearly aligned electrodes instead of four-point
Wenner method. However, proposed model in Chouteau
and Beaulieu [77] only identified the effect on resistivity
measurements as being different when cracking was present.
In addition, to evaluate and detect cracks and discontinuities,
such as joints, in massive concrete structures within preexist-
ing boreholes, electrical resistivity measurements with a DC
current was stated to be a good quality assessment indicator
[78]; however, using a DC current rather than AC current
may result in unfavorable results due to polarization effect
which was not considered in Taillet et al. [78].

A comprehensive numerical study by Salehi et al. [79]
on the effect of different cracks types, depths, and widths
incorporating both the presence of cracks and rebar mesh
indicated that measurements on conductive cracks result
in lower electrical resistivity values. For conductive cracks,
numerical results showed that decreasing crack depth did not
significantly disturb the electrical resistivity measurements.

Furthermore, for an insulated crack between two inner
electrodes, electrical resistivity readings led to a maximum
error of about 200% higher than actual concrete resistivity.
Conductive crack in here represents as a crack filled with
water and insulated one denotes a crack without bridging
and filled with air. It was also concluded that once the
crack depth decreased, lower errors were observed. Also,
the rebar and crack were found to act independently of one
another while rebar mesh was present. Salehi et al.’s work
lacked validating numerical investigationwith an experimen-
tal study. Following this study, Morales [75] experimentally
investigated the effect of rebar, chloride ingress, corrosion,
and various crack types on concrete electrical resistivity
measurements. For all moisture conditions, it was suggested
that discrete cracks of all depth and conductivity properties
should be avoided in order to minimize potential errors
when performing resistivity measurements. Although it was
observed that electrical resistivity measurements were not
significantly affected by surficial microcracking, it may be
able to identify delamination as the difference observed
between measured resistivity of in-tact and delaminated
concrete covers. Still, investigations on the effects of cracking
induced by corrosion and insulated and conductive cracks
with bridging conducting electrical resistivity measurements
lacked in this study.

5.2.3. Probe Spacing. Concrete is considered to be a heteroge-
nous material and this is one of the assumptions behind the
Wenner probe method. However, this assumption appears to
be a likely source of error since aggregates inside concrete
typically have greater resistivity and they propagated widely
in different locations with various sizes. Hence, this inconsis-
tency in the initial assumption of concrete homogeneity may
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affect resistivity measurements. To mitigate this issue, some
researchers recommended considering enough wide space
between electrodes (usually between 20mm and 70mm) in
order to reduce the influence of nonhomogeneity due to the
aggregates presence [8, 18, 71]. It was suggested to take several
readings at various locations and then these measurements
should be averaged. Many commercial instruments are also
equipped with a variable probe spacing as well to allow
the device to measure concrete resistivity involving larger
aggregate size.

One recommendation to help reduce variance in resis-
tivity measurements is to consider probe spacing 1.5 times
higher than themaximum aggregate size [17]. It was observed
that when probe spacing became smaller than the maxi-
mum aggregate size, standard deviation in the measurements
increased to around 10% (Figure 8) [17]. For various probe
spacing (16mm, 25mm, and 50mm), Millard [71] experi-
mentally found that as the maximum aggregate size became
closer to the probe spacing, the scattering in the observed
results increased.Therefore, to compensate for the local effect
of aggregates, larger electrode spacing should be considered
for practical purposes. For concrete cubes (100 × 100 ×
100mm),while the electrode spacingwas changed in different
steps from 20 to 35mm, the relative resistivity measurements
increased by approximately 70% [37]. Increasing electrode
spacing also resulted in increasing resistivity values to even
a greater extent than that in the cubes for concrete cylinders
[37]. Increase in resistivity observed due towider spacing is in
part also due to finite geometry andnot just the aggregate size.
The results of the resistivity measurements preformed on 28-
day water-cured concrete slabs with and without embedded
steel rebar indicated only a small difference for probe spacing
less than 30mm [8]. For larger electrode spacing, however,
both the steel rebar and the probe spacing showed significant
impact on the electrical resistivity measurements, and the
larger the electrode spacing, the larger the effect of the steel
rebar. For instance, increase in electrode spacing from 20 to
70mm led to increase in resistivity by approximately 26%
for the slab without any steel reinforcement whereas the
resistivity values either increased by 33% or decreased by
25% depending on the orientation of taken measurements
(perpendicular or parallel) for the slab with rebar [8].

According to Polder [7], the electrical current may travel
through the concrete volume with approximately the same
depth as that of the electrode spacing. Hence, as the probe
spacing increases, the current flows deeper inside the con-
crete volume and when the electrical current reaches the
surface of the rebar, the current is transported through the
reinforcement and, thus, results in lower resistivity observa-
tion [8]. For prismatic specimens, it was also suggested by
Chen et al. [25] that the effects by the probe spacing can be
ignored when the spacing is larger than 40mm; however,
the resistivity values increased with less electrode spacing.
For application of Wenner probe method, the important
role of electrode spacing should be definitely considered
during electrical resistivity measurements as it will affect the
obtained results.
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Figure 8: Effect of contact spacing on resistivity measurement [17].

5.2.4. Electrode Contact. The contact area between the elec-
trodes and concrete surface may alter the electrical resistivity
measurements using four-point Wenner probe. The experi-
mental investigation in electrolytic tanks and finite element
modeling resulted in the fact that the contact between the
concrete surface and the probes has no significant influence
on Wenner probe resistivity measurements [17, 71]. It was
also reported a maximum error of 6% in resistivity (without
stating lower or higher readings) when the diameter of
electrode contact area varied from 1mm to 40mm [71].
According to Gowers and Millard work [17], misleading
values can be lessened by use of a fairly low frequency
and alternating current (AC). Practically, electrode contact
area becomes vital for both external current imposing and
internal potential measurement electrodes. It was observed
by Ewins [80] that contact resistance between electrodes and
concrete surface can lead to significant increase in electrical
resistivity values. Both symmetry of the system and the probe
performance as it was also confirmed inGowers andMillard’s
work [17] may be affected by the contact resistance [80].

In two-electrode method (bulk resistivity measure-
ments), poor contact between the plate electrode and the test
cylinder surface ismainly responsible for electrode resistance.
One solution to minimize the contact resistance effect is to
use flexible electrodes [18]. Also, to mitigate this issue in lab-
oratory testing, using an aid that allows for a good electrical
contact such as an electrically conductive jelly was recom-
mended [81, 82]. Other alternative solutions included the use
of soft conductivemedium, saturated sponges, chamois cloth,
and paper towels [38, 83]. By using a saturated sponge, only an
average of 2%difference in resistancewas reported for contact
resistance between the sponge and concrete surface [39].
The sponge resistance is largely dependent on the moisture
content of the sponges and the conductivity of the solution
in which they are saturated. It was shown that, in the two-
point measurement procedure, a sponge contacting system
can give a higher resistivity than those obtained using four-
point techniques, and careful consideration must be given
to the electrode-sample contacting system when trying to
evaluate concrete resistivity [40]. According to McCarter et
al.’s work [40], the sponge contacting method introduced
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a misleading resistance originating from the sponge-sample
interface that was in series with the bulk resistance of the
sample. Therefore, an operator using an electrical resistivity
device needs to ensure proper contact between the electrodes
and concrete surface as poor contact may affect the electrical
resistivity readings. The influence of electrode contact is less
governing in the Wenner probe method than in the uniaxial
method and, hence, measurements can be performed in a
wider frequency range (10Hz to 10 kHz) [6].

5.2.5. SpecimenGeometry. In the four-pointWennermethod,
the electrical resistivity measurements are initially presumed
to be performed on the domain of semi-infinite medium
which is not a practically accurate assumption. This assump-
tion leads to deviation from the ideal condition of having
infinitely large geometrywhich can possibly occur in different
electrode orientations. For relatively small size concrete
elements (e.g., cylinder or prism specimens), constriction of
current to flow into a different field pattern is one of themajor
reasons for this deviation. Even though several researchers
have realized the effect of specimens’ geometry, only very
limited information is available on this topic.

To account for interference between current flow and
coarse aggregates in a small size sample, a suggested cor-
rection coefficient factor (or geometry correction factor)
has been established in Spragg et al.’s work [84], using the
simulations developed by Morris et al. [18]. The correction
coefficient factor proposed formula is outlined below (see
(5)) and only needs to be used when 𝑑/𝑎 ≤ 6 or 𝐿/𝑎 ≤ 6
(where 𝑎 and 𝑑 are parameters related to electrode spacing
and specimen diameter, resp.) [84]:

𝑘 = 1.10 − 0.730
𝑑/𝑎 + 7.34

(𝑑/𝑎)2 . (5)

For a standard cylinder size (𝜑100mm × 200mm), the
correction coefficient value ranges from 1.8 to 1.9 while using
the probe spacing of 38mm [41, 84]. Also, for the correction
factor (𝑘), Morris et al. [18] plotted a graph based on the finite
element modeling data to study a wide range of geometrical
variations in concrete cylinders (Figure 9). However, this
study provides wide-ranging values for correction factor; dif-
ferent electrode spacing and configuration as well as various
geometrical concrete element types were not investigated
(only 25.4mm electrode spacing for concrete cylinders was
considered).

According to Millard [71] and Gowers and Millard [17]
through experimental findings, electrode spacing should be
1/4 times smaller than concrete section dimensions and half
the distance of the contact area from any element edge due
to the three-dimensional current flow restriction closer to
the edge. It was also observed that when the domain of
the medium becomes smaller than the ideal semi-infinite
condition, overestimated resistivity values resulted. Study
performed by Bryant et al. [42] found an average of 24%
higher electrical resistivity values for cylindrical samples in
comparison with concrete slab specimens for various ages
evenwhen the geometry correction factor was used; however,
Shahroodi [85] reported an average 25.8% lower resistivity
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Figure 9: Cell constant correction to determine the concrete
resistivity [18].

value.The differences in the mentioned values could possibly
originate from variation in geometry correction coefficient,
surface texture, device, operator, material, production, and
curing process [86]. Measured resistivity values can also
change by the geometry of themeasuring plane.The variation
in resistivity values observed experimentally by Chen et al.
[25] on the curved surface and the cutting flat surface showed
an increase with the volume of cutting portion. Therefore,
correction factor should be applied accordingly, especially for
large size specimen. They also confirmed that the resistivity
of the cylindrical samples varied with the specimens’ size
even though the electrode spacing remains the same [25].
Furthermore, for the two-electrode method, since electrical
current passes through the entire specimen volume, this
measurement method is independent of specimen geometry
while, for the four-point method, the depth of the electrical
current passing through the concrete volume is related to
both the geometry of the sample and the distance between the
electrodes. This independency was also reported in Sengul
and Gjorv’s work [37] when the electrical resistivity values
using both two- and four-electrode methods for concrete
block of size 300mm × 300mm × 200mm (semi-infinite
geometry) and standard cylinder samples were almost the
same.

5.2.6. Electrical Signal Shape and Frequency. Due to resistor-
capacitor circuits’ behaviour in saturated cementitious sys-
tem, it introduces a phase difference between electrical
current imposing and the measured potential (impedance)
[43]. At different frequencies, there is a significant difference
in impedance and it follows that the real component of the
impedance at zero phase angle is the true uniaxial resistance.
Since the phase is almost never zero, the meters record
the total impedance: the real and imaginary components
added in quadrature. The impedance spectrum consisting of
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Figure 10: Schematic representation of the AC Impedance response
of concrete [6].

two arcs in high and low frequency ranges is illustrated in
Figure 10 [6]. At higher frequencies, the impedance spectrum
characteristics are featured by the concrete microstructure
but these characteristics are mainly attributed to the condi-
tions at the electrode-concrete interface for low frequency
domain. Generally, the frequency range in between 0.5 and
10 kHz is used for uniaxial electrical resistivity measurements
method; however, no general statement can be found on the
optimum frequency since it varieswithmoisture contents and
mixture proportions. At lower frequencies (below 500Hz), it
was stated that electrical resistivity measurement can result
in overestimated data because of electrode-concrete contact
interface impact [6]. As it is described in Section 5.2.4, this
effect is less dominant in the four-point probe method, and a
wide-ranging frequency (10Hz to 10 kHz) can be conducted
[6].

Two signal shapes used usually for electrical resistivity
measurements are sine-wave and square-wave AC current.
Ewins [80] reported 800% error in results when high fre-
quency (600Hz) sinusoidal signals with poor contact were
used for taking the resistivity measurements. Presence of
parasitic capacitors and uneven contact resistance were the
two major error sources that affected the accuracy of the
measurements. However, impact from parasitic capacitors
was larger. To avoid unwanted effects, using low frequency
square-wave signal, instead of sine-wave, was recommended
in Ewins work [80]. Similarly, it was found that sine-wave
Wenner probe with 300Hz frequency was adversely affected
by the addition of external resistors compared to the case
for which square-wave Wenner probe was used or frequency
of the sine-wave signal was reduced [71]. The external
resistors were used to mimic the unbalanced contact area
resistance. Having unbalanced contact resistor in the voltage
measurement circuit has the most significant effect on the
accuracy of four-point probe method while high frequency
sinusoidal AC signal is being used.

5.2.7. Effect of Temperature. Temperature variation has been
reported to have a significant influence on electrical resis-
tivity of concrete, and an increase in temperature results in
a decrease in resistivity. Electrical current generally flows
through the ions dissolved in the pore solution and can
be affected by temperature which causes changing the ion
(Na+, K+, Ca2+, SO4

2−, and OH−) mobility and ion-ion and
ion-solid interactions, as well as the ion concentration in
porous media [7, 87, 88]. It was reported that the effect of
temperature on bulk pore solution resistivity was noticeably
different from that of cement paste or mortar with the same
ion concentration, which was most likely because of strong
ion-solid interactions in cement paste or mortar and less
internal ionic frictions [17]. Increase in temperature has
an impact on concrete isotherm curves and also tends to
reduce the moisture content of concrete which indirectly
affects the resistivity readings [89]. So, temperature plays
an important role in concrete electrical resistivity and a
number of researchers attempted to correlate its effect with
true concrete resistivity values. It should be noted that not
all studies performed the resistivity measurements for the
different temperatures at the same moisture content. If not
saturated (i.e., immersed), the concrete needs to be left for
a long enough time at a given temperature and moisture.
Castellote et al. [87] as well as Liu and Presuel-Moreno [41]
have attempted to produce equations to convert from one
temperature to a normalized temperature.

Studies conducted by Millard et al. [90] and Gowers and
Millard [17] found that decrease in ambient temperature led
to increase in resistivity values and suggested a correction
factor of 0.33 KΩ-cm/∘C in order to compensate for the
variation in temperature; however, the range of temperatures
used in their studies was limited. For simplicity, a change
of 3% to 5% on resistivity measurements per ∘C has been
recommended for temperature range of 0∘C to 40∘C [7, 67].
A linear relationship has been developed on temperature
dependency of resistivity [45, 88, 91]:

𝜌 = 𝜌0 (1 + 𝛼 ⋅ Δ𝑇) , (6)

where 𝜌 is resistivity at temperature 𝑇 (∘C), 𝜌0 is resistivity
at reference temperature 𝑇0, Δ𝑇 is temperature difference
between 𝑇 and 𝑇0 and 𝛼 is temperature coefficient (between
0.022 and 0.035/∘C).

It was found that the above equation is only applicable
over a limited interval of ±5∘C to the reference temperature
[45, 88, 91]. A model developed in DuraCrete [92] also
describes the correlation between 𝜌𝑇 at temperature 𝑇 (∘C)
and resistivity 𝜌20 at 20∘C:

𝜌𝑇 = 𝐾𝑇 ⋅ 𝜌20, (7)

where𝐾𝑇 is characteristic value of the temperature factor for
resistivity and 𝐾𝑇 is defined as

𝐾𝑇 = 1
1 + 𝐾 (𝑇 − 20) , (8)

where 𝐾 = 0.025 when 𝑇 < 20∘C and 𝐾 = 0.073 when 𝑇 >
20∘C.
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Several researchers also defined a wide agreement for this
correlation using Arrhenius law [41, 45, 87, 88, 91, 93]:

𝜌𝑇 = 𝜌0 ⋅ exp [𝐸𝑎,𝜌𝑅 ( 1𝑇 − 1
𝑇0)] , (9)

where 𝜌 is resistivity at temperature 𝑇 (K), 𝜌0 is resis-
tivity at reference temperature 𝑇0 (K), 𝑅 is gas constant
(8.314 kJ−1mol−1), and 𝐸𝑎,𝜌 is activation energy for resistivity
(J/mol) (ranges from 16.9 J/mol to 42.77 J/mol).

The activation energy of conduction (𝐸𝑎,𝜌) can be deter-
mined using the slope of a plot of the natural logarithm of
resistivity and the inverse of temperature [43]. The slope of
the best-fit line is multiplied by the negative of the universal
gas constant [8.314 kJ−1mol−1] to determine the activation
energy of conduction. The above-mentioned correlation is
published using only standard cylinder samples (𝜑100 ×
200mm) and additional work is still needed for real-world
resistivity measurements and also to consider the influence
generated by moisture content as an additional factor. For
standard curing conditions in water at 20∘C, it was suggested
that the effect of temperature can be eliminated [4]. Spragg
et al. [43] stated that the resistivity measured using the
same mature sample can differ by as much as 80% when
the temperature of the sample fluctuates between 10∘C and
45∘C. Additionally, several other studies showed in detail
a prominent effect on resistivity results due to temperature
variation [46, 47, 51, 52]. In summary, when the temperature
increases, electrons move faster causing higher electrical
conductivity, thus lowering resistivity.

5.2.8. Effect of Moisture Content. Moisture content is one of
the influencing factors that can inversely affect the concrete
electrical resistivitymeasurements. Essentially, electrical con-
ductivity increases with an increase in moisture content due
to change in the ionmobility [41, 94]; however, there could be
a difference in resistivity between immersed samples (either
water or lime water) and those in high humidity. Larsen et
al. [94] found that when moisture degree decreases from
88% to 77%, the resistivity increases by an average of two
times and from 88% to 66% it increases by an average
of 6 times. In the air-dry state, it was also reported that
concrete had approximately 50% higher resistivity than that
in saturated condition [4]. As the electrical current is carried
by ion flowing through the pore solution in concrete, higher
moisture content leads to easier electrical flow and thus
the electrical resistivity reduced. However, at low resistivity
values, moisture content has less effect on the accuracy of the
resistivity measurements [46]. For quality control purposes,
it is essential to ensure that the same moisture degree in
different mixtures and also the resistivity measurements of
the specimens with low moisture content are inappropriate
[25]. Furthermore, it was experimentally found that poor
surface saturation using pressurized water and static ponding
can lead to misinterpretation of resistivity of over 30%
compared to full laboratory saturation [86]. So, additional
research is still required to simulate the on-site saturation
by different systems and to understand how much time is
required for water to penetrate through concrete surface in

order to obtain constant moisture level through the bulk
specimen.

6. Correlation between Concrete Resistivity
and Its Durability Characteristics

Through following sections, relationship between electrical
resistivity and the two main concrete durability characteris-
tics including chloride ingress and corrosion of embedded
reinforcements will be presented.

6.1. Correlation between Electrical Resistivity and Chloride
Diffusivity. Diffusivity is the controlling parameter which
determines the time it takes for chloride ions to diffuse into
concrete and reach the critical chloride threshold for corro-
sion initiation. Typically, this can bemeasured through Rapid
ChlorideMigration (RCM) test, Rapid Chloride Permeability
Test (RCPT), or Bulk Diffusion (BD) method [95]. However,
such test methods are either time-consuming or expensive
for evaluating the concrete permeability properties. Hence,
electrical resistivity was found experimentally and theoreti-
cally to be an efficient method that can be applied indirectly
to determine concrete chloride permeability.

In theory, the relationship between diffusivity of ion
species 𝑖 and its partial conductivity can be described by
Nernst-Einstein equation [96]:

𝐷𝑖 = 𝑅𝑇𝜎𝑖
𝑍2𝑖 𝐹2𝐶𝑖 , (10)

where 𝐷𝑖 is the diffusivity of ion 𝑖 (m2/s); 𝜎𝑖 is the partial
conductivity of ion 𝑖 (s/m);𝑅 is the gas constant (8,314 J/mol);
𝑇 is absolute temperature (K); 𝑍𝑖 is the charge of ion 𝑖; 𝐹
is Faraday’s constant (96500 Coulombs/mole); and 𝐶𝑖 is the
concentration of ion 𝑖 (mol/m2). By applying Archie’s law,
the correlation between the bulk resistivity, pore solution
resistivity, and porosity can be expressed by the following
[37, 97]:

𝐹 = 𝜌
𝜌0 =

𝜎0
𝜎 = 𝑎 ⋅ 𝜑−𝑚, (11)

where 𝐹 is formation factor; 𝑎 and 𝑚 are constants; and 𝜑 is
porosity of concrete.𝑚 is dependent on tortuosity of concrete
and has been found to be 1.5 to 3.2 [37, 97]. Combining the
above equations gives the formation factor as a function of
effective chloride diffusion coefficient of concrete (𝐷eff) and
chloride ion diffusion coefficient in the pore solution (𝐷0):

𝐹 = 𝐷0
𝐷eff

. (12)

Several researchers have also conducted various experi-
ments to investigate the relationship between concrete resis-
tivity and chloride diffusivity. A strong correlation between
these two parameters has been reported for various concrete
mixtures at different ages [4, 42, 47, 50–52]. Due to presence
of chloride, experimental results showed that the electrical
resistivity of mortar was reduced [17]. The concrete resis-
tivity was inversely related to chloride ingress, where lower
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Table 5: Classification of concrete permeability to surface resistivity values.

RCP test versus surface resistivity

Chloride ion
permeability

RCP test
charged passed
(Coulombs)

Surface Resistivity Test

4 × 8 cylinder
(kΩ-cm)

𝑎 = 1.5 𝑘 = 1.8
(measured)

6 × 12 cylinder
(kΩ-cm)

𝑎 = 1.5 𝑘 = 1.8
(measured)

Semi-infinite slab
(real)

KDOT
4 × 8 cylinder
(kΩ-cm)

𝑎 = 1.5 𝑘 = 1.8
(measured)

High >4000 <12 <9.5 <6.7 <7.0
Moderate 2000–4000 12–21 9.5–16.5 6.7–11.7 7.0–13.0
Low 1000–2000 21–37 16.5–29 11.7–20.6 13.0–24.3
Very low 100–1000 37–254 29–199 20.6–141.1 24.3–191
Negligible <100 >254 >199 >141.1 >191

resistivity indicated the area where chloride penetration
will be faster [7]; however, its effect on electrical resistivity
readings is relatively small compared to carbonation process
[7, 50]. Recent field experience indicated that the relationship
between surface resistivity at 28 days and 56 days with
RCP data was moderate [53]. Experimental investigation by
Florida Department of Transportation (FDOT) on wet cured
concrete specimens in a controlled environment or cured
samples in lime water, using RCP test and 4-point Wenner
method in conjunction, confirmed the inverse correlation of
chloride resistivity [98, 99].The summary of FDOTproposed
relationship between resistivity and chloride can be found
in Table 5. The table also shows an indication of the risk of
chloride penetrability with regard to charge passed based on
ASTM C1202 standard [100]. In RCP test, a 60V potential
is applied across the sample of 95mm diameter and 50mm
thickness for 6 hours. Current readings are taken every 30
minutes, at minimum, and then the total charge passed in
Coulombs is calculated by integrating the Current versus
Time graph developed from the readings taken.

Similar experimental investigation conducted by the
Louisiana Transportation Research Center (LTRC) also
found a good correlation between resistivity and RCP test
while the classified concrete permeability to surface resistivity
values are equal to those proposed by FDOT as shown in
Table 5 [31]. Following these experimental investigations,
AASHTO published a provisional method TP 95-11 for indi-
cating the concrete’s ability to resist chloride ion penetration
using surface resistivity measurement method [3]. However,
Kansas Department of Transportation (KDOT) reported
different value range for surface resistivity [54]. For instance,
it is considered that chloride penetration is highwhen surface
resistivity value is less than 7.0 kΩ-cm for 4 × 8 cylinder
with 1.5-inch probe spacing which is a relatively small value
compared to two other experimental results (Table 5) [54].

In addition to the experimental study on laboratory speci-
mens, the correlation between electrical resistivity and appar-
ent diffusivity coefficients (𝐷app) is reported by researchers
for field specimens [53, 55]. Due to complexity of the expo-
sure environments such as humidity difference, temperature,
and the elevation fromwater level, results are scattered. How-
ever, a recent investigation on Florida bridges showed a better

correlation between resistivity and apparent diffusivity once
resistivity was measured under saturated condition [65]. The
authors of this paper are currently involved in a study where
the effect of full or partial saturation is being studied. To pre-
dict chloride threshold (ClTH) values, the electrical resistivity
methodwas used periodically during 1000-daymonitoring of
reinforced concrete element exposure tomarine environment
[28]. After applying the geometrical factor, the relationship
between chloride content, in terms of chlorides relative to
the weight of cement, and resistivity (𝜌) can be expressed as
shown in the following [28]:

ClTH (%) = 0.019𝜌 + 0.401. (13)

A good correlation between RCM coefficients and elec-
trical resistivity measured by two-electrode method was
reported in European Union-Brite EuRam III experimental
investigation [92]. Similarly, this correlation for resistivity
measured byWenner method is reported in Dhir et al.’s work
[101]. Although resistivity measurements can be possibly a
good alternative or replacement for the RCM test, more
experiments need to be conducted to validate this correlation.
The electrical resistivity test was suggested to be used as a
quality control predictor of the chloride ingress resistance,
but not as a predictor of diffusion behaviour of all kinds
of concretes or as replacement of the long-term diffusion
tests [56]. FDOT long-term monitoring of various concretes
concluded that correlation between the RCM and the long-
term tests was equal to or slightly better than those obtained
by the RCP and surface resistivity due to less sensitivity
of RCM test to presence of supplementary cementitious
materials [102]. A linear trend exists between chloride dif-
fusion coefficient (𝐷RCM) derived by RCM test and con-
crete electrical conductivity using two-electrode resistivity
measurements [33, 46, 57, 58]. Additionally, to account for
the retardation of chloride penetration due to the chloride
reaction or binding with the cement phases, a factor needs to
be applied to electrical resistivity measurements [59]. A reac-
tion factor (𝑟cl) is defined as the ratio between the diffusion
coefficients 𝐷app and 𝐷eff assuming lineal chloride binding
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Figure 11: Schematic descriptions of factors whichmay affect corrosion rate of steel in concrete: (i) O2 availability and (ii) electrical resistance
of concrete (reproduced from [19]).

as shown in (14) where 𝜌app and 𝜌eff are apparent and effective
electrical resistivity [59]:

𝑟cl = 𝐷eff
𝐷app ⋅ 𝜑 = 𝜌app

𝜌eff . (14)

6.2. Correlation between Electrical Resistivity and Reinforce-
ment Corrosion. Once rebar is depassivated and corrosion
is initiated by chloride ions or carbonation, corrosion rate
will be the most influential parameter that determines how
fast the reinforced concrete structure is deteriorating. It is
dependent onmany parameters including oxygen availability,
ratio of anodic/cathodic area, relative humidity (RH), and
concrete electrical resistivity (Figure 11) [19]. When enough
oxygen is available to supply the anodic current especially
under aerated state (such as the splashing area zone), cathodic
control no longer exists. In this condition, the corrosion rate
can be limited by controlling the flowof ionic current through
concrete which is directly related to electrical resistivity of
concrete [19]. Therefore, several researchers have attempted
to correlate the corrosion probability and corrosion rate to
concrete electrical resistivity [60, 103–108].

Among all the studies conducted so far, there is an agree-
ment that corrosive environment in reinforced concrete and
electrical resistivity of concrete have an inverse relationship.
As the electrical resistivity of concrete decreases, the rate of
steel reinforcement corrosion increases. A theory by Glass et
al. [103] stated that the corrosion rate of reinforced concrete is
under anodic control with the anodic reaction being limited
by the mortar resistivity. Glass’s anodic resistance theory is
also supported by studies conducted by Morris et al. [60]
and Bertolini and Polder [104]. In their investigations, it
has been found that concrete resistivity affected not only
corrosion rate, but also the corrosion potential [60, 104]. The
only standardized test method for corrosion monitoring is
the ASTM C876 half-cell potential mapping technique [105].
Hence, electrical resistivity measurements can be an effective

standard indicator of steel reinforcement corrosion potential
and rate.

Combining both half-cell potential and electrical resistiv-
ity measurements techniques makes it possible to examine
corrosion probability and corrosion rate once it is initiated
[106]. For high resistivity values, Carino [106] stated that
even if the embedded rebar in concrete is actively corroding,
detected by half-cell potential technique, the corrosion rate
may be slow when steel rebar depassivates; thus the concrete
electrical resistivity has better correlation with corrosion
rate than half-cell potential. Experimental investigation on
reinforced concrete specimens immersed in saline solution
came to the conclusion that steel rebar is likely to reach
a corrosion state while resistivity readings are lower than
10 kΩ⋅cm and reach a passive state when resistivity measure-
ments are higher than 30 kΩ⋅cm [60].The results also showed
that the risk for chloride-induced corrosion and the chlo-
ride threshold value that will initiate the corrosion process
can be estimated via a straightforward and nondestructive
technique like concrete resistivity [28]. For various concrete
mixture types, Polder and Peelen [50] indicated the corrosion
initiationwith respect to electrical resistivity under simulated
deicing salt, but no relationship or effect was established.
Similarly, Basheer et al. [57] and Smith et al. [46] used both
electrical resistivity measurements and half-cell potential to
evaluate the probability of corrosion in embedded steel rebar
but, then again, no correlation was developed. It was also
confirmed that corrosion potential can be detected by means
of electrical resistivity but it was not specifically indicated
how this can be done [107]. In addition, using the electrical
resistivity or half-cell potential measurements was suggested
to evaluate the deterioration caused by corrosion in the
experimental study preformed on a concrete bridge deck
[108]. In this study, it was stated that having no need of
electrical connection to embedded rebar is the main advan-
tage of electrical resistivity over half-cell potential technique.
The effect of concrete cover as an influential parameter on
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Figure 12: Assessment of corrosion probability in concrete slabs through half-cell potential and resistivity measurements [20].

Table 6: Concrete resistivity and risk of corrosion of steel reinforce-
ment.

Corrosion risk

Resistivity values (kΩ⋅cm)

Polder [7]

Song and
Saraswathy [66],

Elkey and Sellevold
[67]

Commercial
Wenner probe
instrument

manuals [68, 69]
High <10 <5 ≤10
Moderate 10–50 5–10 10–50
Low 50–100 10–20 50–100
Negligible >100 >20 ≥100

corrosion detection using both electrical resistivity and half-
cell potential measurements has been studied experimentally
[75]. For small concrete cover thickness, it was observed that
both measurements corresponded well together, but more
discrepancy in measurements values was obtained when
concrete cover became thicker [75]. From few published
papers in this area that examined the possibility of corrosion
by applying both electrical resistivity and half-cell potential
technique, it was difficult to find a systematic methodology.
As a rule of thumb, methodology proposed in Figure 12 by
Sadowski [20] can be used when possible corrosion areas
are identified by both half-cell potential and a four-point
Wenner probe. Only identifying the probability of corrosion
was suggested when conducting a corrosion assessment [20].

A number of researchers as well as commercial Wenner
probe instrument manuals (Proceq and Giatec Scientific Inc.
[68, 69]) provided a general guideline in terms of corrosion
risk when interpreting electrical resistivity measurements,
as seen in Table 6. The difference between provided resis-
tivity values originates in the various experimental setup,
concrete quality, concrete composition, and initial chloride
concentration. For example, the corrosion state resistivity for
passivation value reported in Polder’s [7] review is higher

than the one recorded in Morris et al.’s work [60] due to
different experimental setup and test conditions.

A linear relationship between concrete electrical conduc-
tivity and corrosion rate has been found in several articles
[104, 106, 109–111]. Experimental study on carbonated mor-
tars also confirmed this linear trend and showed a different
slope in case of chloride presence as the corrosion rate was
affected by Cl−/OH− ratio [110]. Variation in concrete cover
depth as well as concrete composition also showed an effect
on the slope of linear trend between resistivity and corrosion
rate [104]. Andrade and Alonso [112] proposed an empirical
equation describing relationship between resistivity and cor-
rosion rate:

𝐼corr ≅ 3 × 103
𝜌 . (15)

Two other similar models have been proposed by
DuraCrete R17 [92] and LIFECON [113], as illustrated below:

𝐼corr = 𝑘0
𝜌 (𝑡) × 𝐹cl × 𝐹Galv × 𝐹O2

, (16)

where 𝐼corr is corrosion rate in 𝜇𝐴/cm2, 𝑘0 is constant
regression parameter in 𝜇m⋅Ωm/𝑎, 𝜌(𝑡) is actual resistivity at
time 𝑡 in Ωm, 𝐹cl accounts for the influence of the chloride
content, 𝐹Galv is influence of galvanic effect, and 𝐹O

2

is
availability of oxygen.

In most cases, 𝐹cl is dependent on the chloride concen-
tration at the location that corrosion occurs and 𝐹Galv and
𝐹O

2

equal 1. Due to microcell geometric arrangements of
anodic and cathodic sites, concrete electrical resistivity plays
an important role in controlling corrosion rates [111]. Similar
to Glass et al.’s study [103], it was stated by Gulikers [111]
that overall corrosion cell resistance is not inherently con-
trolled by concrete electrical resistivity, but rather cathodic
activation controlsmostly. It should always be considered that
the interpretation of electrical resistivity measurements is
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Figure 13: Instrumented circular hollow columns being studied by authors to establish the relationship between electrical resistivity and
durability characteristics.

a challenging task due to many variables affecting the results
like moisture condition, salt content, and so forth.

In summary, it can be concluded that still large range
and scatter exist for correlation between corrosion rate
and concrete resistivity. Also, effect of moisture state and
temperature as well as corrections to corrosion rate mea-
surements should be considered during an investigation on
finding correlation between resistivity and corrosion rate.
Knowledge is still lacking in the literature to understand
which mechanism dominates the corrosion process and
how resistivity measurements are impacted. To practically
determine the corrosion and resistivity relationship, more
field data should be collected and analyzed. In order to
address some of these issues, authors of this paper initiated
a project with field specimens as shown in Figure 13. In
this study, influence of various parameters (noted below)
on resistivity is being studied (parameters: cover thickness,
crystalline water-proofing admixtures effect, and cement
type). In addition, authors are also studying the effect of self-
sealing on resistivity of concrete. Previous work done in this
area (self-sealing) is reported elsewhere [114, 115].

7. Correlation between Electrical Resistivity
and Compressive Strength

One of themost importantmechanical properties of concrete
is compressive strength. It can be simply measured by
compression testingmachine, as load at the failure divided by
area of specimen gives the compressive strength of concrete
[56]. Thus, a number of researchers performed different
experiments to understand the relation between compressive
strength and electrical responses in cementitiousmaterials. In
the compressive strength, one of the key factors is the strength

of interfacial transition zone (ITZ) that has no remarkable
impact on concrete electrical resistivity. It was observedwhen
different cementitious materials were used in concrete mix-
ture that there was no sensible relationship between concrete
resistivity and compressive strength (𝑅2 = 0.413) [56]. This
is mainly linked to the fact that chemical compound of pore
solution does not have a great impact on compressive strength
while affecting the concrete resistivity significantly. On the
other hand, for the case of similar cementitious materials,
better correlations can be achieved between compressive
strength and concrete resistivity due to relationship between
permeability and compressive strength [56]. As the strength
increases, the electrical resistivity increases correspondingly
for the same concrete mixture design. The study on the
electrical properties of concrete withWhite Portland Cement
also found an approximately linear trend between these two
properties as both directly depend on the porosity of the
matrix at early age. As concrete matured, this relationship
was affected by other properties such as the conductivity of
the pore solution and the degree of concrete saturation [34].
Also, as the density and compactness of the concrete structure
increase, its compressive strength and the electrical resistivity
will both increase. It was reported that, at the same w/c ratio,
the changes of the specimens’ resistivities with different sizes
(𝜑100mm × 200mm and 𝜑150mm × 300mm) were close to
those changes of the compressive strengths. For example, the
differences between the resistivities or compressive strengths
of the specimens were both around 93% at w/c of 0.6 and
95% at w/c of 0.4 [25]. No direct relationship between 56-
day concrete electrical resistivity and 28-day compressive
strength was found in Gudimettla and Crawford’s work
[53] due to variety of samples taken from different field
projects. In terms of activation energy, the investigation done
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by Liu and Presuel-Moreno [44] showed that resistivity is
noticeably higher than the reported activation energy for
compressive strength. In conclusion, there is no practical
correlation between electrical resistivity and compressive
strength for various cementitious materials; however, for the
same mixture design, electrical resistivity is linearly related
to compressive strength. Generally, as concrete permeability
decreases, both electrical resistivity and compressive strength
increase.

8. Correlation between Surface and Bulk
Electrical Resistivity

As it is discussed in previous sections, every electrical resis-
tivity (𝜌) measurement is composed of a resistance (𝑅) and a
geometry correction factor (𝑘) that convert the resistance to
resistivity which is a geometry independent intrinsicmaterial
property [21]. The correction factor (𝑘) depends on the
geometry and size of the sample and the electrodes location.
Hence, for the same concrete material, variation in electrode
geometries and sample size may result in different resistance
values but eventually will yield the same resistivity using (17).
Four common measurement electrode geometries that have
been employed in several studies to conduct electrical test on
cementitious cylinders are included: (1) uniaxial resistance
(or bulk resistance), (2) surface resistance, (3) embedded
sensors, and (4) disc method (one external electrode). In
this section, researchers’ review on correlation between the
first two common (bulk and surface) resistivity measurement
methods is summarized.

𝜌 = 𝑅 ⋅ 𝑘. (17)

Theoretically, the ratio of surface and bulk resistance for
standard size cylinder specimen (100mm × 200mm) and
probe spacing of 𝑎 = 50mm can be computed in the
following equation [18]:

𝑅1
𝑅2 = (𝜌1𝜌2)(

1
8) , (18)

where 𝑅1 is resistance measured by 4-point Wenner method
(surface resistance), 𝑅2 is resistance measured by uniaxial
method (bulk resistance), 𝜌1 is resistivity measured by 4-
point Wenner method (surface resistivity), and 𝜌2 is resistiv-
ity measured by uniaxial method (bulk resistivity).

The ratio of two different resistivity types (𝜌1 and 𝜌2) is
equal to 2.63 [18]. Therefore, the theoretical ratio of surface
and bulk resistance can be computed as

𝑅1
𝑅2 =

2.63
8 = 0.33. (19)

Also, a number of researchers experimentally attempted
to study this correlation between bulk and surface resis-
tivity data. Studies performed by Ghosh and Tran [61, 62]
showed the correlation between bulk and surface resistivity
for different groups of binary and ternary mixtures. It was
observed that for most groups of mixtures, the coefficient of
determination (𝑅2) values for linear trend line was higher

than 0.8 and sometimes close to 1 except some silica fume
mixtures at early-ages where the coefficient became less than
0.80.The linear trend line varied from 0.29 to 0.47 at different
concrete ages of 7, 14, 28, 56, 91, and 161 days. For probe
spacing 𝑎 = 38.1mm, Spragg et al. [39] also reported a strong
linear correlationwith an𝑅2 = 0.9986, with surface resistivity
measurements tending to be 1.86 times higher than bulk
resistivity which supports previous work done byMorris et al.
[18]. Several Department of Transportation (DOT) and other
agencies participated in a round robin program (summarized
by Indiana DOT). A recent study on specimens casted during
actual concrete production in the field through different
US states proved that the surface and bulk measurements
correlate extremely well with each other at 28- and 56-day age
[53]. It was observed that the surface resistivity results were
typically 1.9 times higher than the bulk resistivity obtained
data. Authors have found a similar correlation between bulk
and surface resistivity (𝑅2 = 0.979).

Both surface and bulk resistivity measurement methods
have been used to determine the presence of a heterogeneity
problem [21]. To investigate the heterogeneous systems, the
surface and uniaxial resistivity tests were performed on
the cylindrical specimen with a 10-mm thick white cement
paste on outer layer and the prismatic specimens with two
separate layers of white and grey cement pastes setup in
parallel and series configurations, as illustrated in Figure 14
[21]. For the uniaxial case, the total resistivity (𝜌𝑐) can be
calculated through the proposed equations (20a) and (20b)
for parallel and series configurations. A correction factor
(D) has been developed for heterogeneity which depends on
the material of interest and an approach was proposed to
compare the resistivities measured from a surface test and
a bulk test. In this approach, if there is heterogeneity, the
values from the two tests will be different. This difference
can give an indication as to whether the surface layer is
more or less resistive [21]. Similarly, correlation between
surface and bulk resistivity found in other studies indicated
a strong relationship between the resistivity values when the
appropriate geometry factor was applied [8, 37]:

1
𝜌𝑐 =

𝑛

∑
𝑖=1

𝐴 𝑖
𝜌𝑖 (Parallel configuration) , (20a)

𝜌𝑐 =
𝑛

∑
𝑖=1

𝜌𝑖 ⋅ 𝐿 𝑖 (Series configuration) . (20b)

In summary, the coefficient of determination value (𝑅2)
for linear trend between bulk and surface resistivity in
different literatures for various ages is shown in Table 7.
Based on the reported data, it can be concluded that a strong
relationship exists between resistivity measured by surface
and bulk tests. However, in practical cases, caution is needed
for multilayered cementitious composite systems as electrical
current flows differently in these two techniques and for the
types of layered electrical properties that can occur due to
moisture gradients, chemical changes, and ionic gradients
[21]. More complicated situations for resistivitymeasurement
that arise during field measurements where seasonal and
wet/drying might take place at the tidal section on partially
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Figure 14: Schematic of the (a) parallel and (b) series models of heterogeneous systems (reproduced from [21]).

Table 7: Coefficient of determination (COD) value for linear trend
between bulk and surface resistivity in the literatures.

Reference Coefficient of determination
value (𝑅2)

Sengul and Gjorv [37] (2008) 0.99
Sengul and Gjorv [8] (2009) 0.99
Spratt et al. [39] (2011) 0.9986
Ghosh and Tran [61] (2015) 0.82–0.95
Gudimettla and Crawford [53]
(2016) 0.98

Authors’ work (2016) 0.979

immersed structures have been studied by Presuel-Moreno
et al. [65].

9. Summary and Conclusions

Through an extensive literature review, this paper identifies
several factors which might have potential influence on the
electrical resistivity of concrete. Effect of each parameter is
briefly summarized below.

(i) In agreement with most studies, when there is an
embedded rebar in the concrete, the electrical current
field is distorted, and thus errors can result in the
electrical resistivity measurements. To minimize this
effect, it is suggested to place all electrodes per-
pendicular to the embedded rebar on the concrete
surface and take at least five measurements, each a
few millimetres in distance from one another. Also,
a correction factor should be applied to resistivity
measurements once rebar is present in concrete.
However, effect of rebar presence on the resistivity
measurements is well-understood; just a few studies
could be found to identify the rebar presence effect

and more field investigations are still needed in this
area.

(ii) Presence of cracks in concrete was also identified as
an influential parameter on electrical resistivity since
it is initially presumed that concrete is homogenous,
isotropic, and uncracked. Depth of crack, orientation
of probes on crack, and type of crack (conductive
or isolated) can individually affect the resistivity
readings.As suggested for embedded rebar in the con-
crete, all electrodes should be placed in perpendicular
direction to cracks. It was reported that higher resis-
tivity readings were obtained from conductive cracks
whereas lower resistivity values were gained for insu-
lated cracks. However, no information is provided
to show how much cracking induced by corrosion
influences concrete resistivity. In addition when both
insulated and conductive cracks are bridged together,
their integrated influence on electrical resistivity is
not well-understood.

(iii) The moisture state and temperature of concrete dur-
ing resistivity measurements were also found to be
of major influence on recorded data. As temper-
ature increases, the ions mobility becomes faster;
consequently, electrical conductivity of concrete also
increases. To lessen the temperature effect on resistiv-
ity results, no practical correlation is still published for
real-world conditions. Essentially, electrical resistivity
reduces with an increase in moisture content as a
result of changing in the ion movement. It is strongly
recommended to take resistivity measurements when
concrete is in Saturated Surface Dry (SSD) condition.
Yet, more investigations are required to understand
how much time is needed for water to infiltrate the
concrete to obtain constantmoisture level through the
bulk sample.
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(iv) The studies related to resistivity measurement test
device confirmed that electrical signal shape and
frequency, electrode contact with concrete surface,
and probe spacing of surface resistivity measurement
device can affect the resistivity results. To minimize
the effect of signal shape and frequency, using low
frequency range square-wave signal for surface resis-
tivity and high frequency range for bulk resistiv-
ity is recommended. Proper contact should also be
provided to not mislead resistivity readings. Using
a saturated sponge between electrodes and concrete
surface can reduce this effect. In 4-point Wenner
probe method, as it is assumed that concrete is
homogenousmaterial, aggregates inside concrete also
affect its homogeneity due to their higher resistivity.
Therefore, providing enough wide spaces between
electrodes is essential to diminish aggregates effect. As
a rule of thumb, probe spacing 1.5 times higher than
the maximum aggregate size should be considered.

(v) Aggregate content and type were identified to have an
influence on concrete resistivity. Increase in aggregate
content results in higher resistivity values due to their
less porosity and lower electrical conductivity. Also,
aggregates with rough surface texture were found to
have higher resistivity as their tortuosity is higher.
Therefore, the effect of aggregates content and type
should be accounted for in resistivity measurements.

(vi) Carbonation process in aged concrete forms a multi-
layered system that results in various resistivity values
through the concrete depth. So, its effect should
be mitigated during resistivity measurements. Lower
resistivity is also generated when w/b ratio is high due
to higher percentage of porosity.

Correlation between concrete electrical resistivity and its
certain durability characteristics such as chloride diffusivity,
compressive strength, and corrosion potential/rate was dis-
cussed in this paper and is summarized below.

(i) Concrete resistivity is inversely related to chloride
ingress, where lower resistivity indicated the area
where chloride diffusion will be faster. A retardation
of chloride can be taken into account through the
introduced reaction factor (𝑟cl). More research is still
required to better simulate sea site conditions.

(ii) Furthermore, a strong correlation can be found
between increasing electrical resistivity of concrete
and the corrosion rate. The relationship can be seen
when corrosion has initiated (active conditions). It
will not be valid in the case of saturated concrete,
where although the resistivity is low, the corrosion
rate will be small because of lack of oxygen. Field data
was considered in just a few investigations and, thus,
it is of high interest to gather more field experience.

(iii) In addition, concrete compressive strength and its
electrical resistivity have a direct relationship with
each other as both directly depend on the porosity of
the matrix at early age. However, at a later age, the

conductivity of the pore solution and the degree of
concrete saturation both influence this relationship.
No practical relationship was identified in the liter-
atures between compressive strength and electrical
resistivity.

(iv) Four common measurement electrode geometries
that have been employed in several studies to conduct
electrical test on cementitious cylinders were intro-
duced in this article. Among them, a strong direct
linear correlation between two common methods of
resistivity measurements (concrete surface and bulk
resistivity) was presented. However, more attention
should be paid to multilayered cementitious com-
posite systems in the field as electrical current flows
differently in these two techniques and for the types of
layered electrical properties that can happen because
of moisture gradients, chemical changes, and ionic
gradients.
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To predict the durability of a concrete structure under the coupling degradation consisting of the frosting and chloride attack,
microstructural analysis of the concrete pore structure should be accompanied. In this study, the correlation between the pore
structure and chloride migration for OPC concrete was evaluated at the different cement content in the concrete mix accounting
for 300, 350, and 400 kg/m3 at 0.45 of a freewater cement ratio.The influence of frosting damage on the rate of chloride transportwas
assessed by testing with concrete specimens subjected to a rapid freezing and thawing cyclic environment. As a result, it was found
that chloride transport was accelerated by frost damage, which was more influential at the lower cement content. The microscopic
examination of the pore structure showed that the freezing environment increased the volume of the large capillary pore in the
concrete matrix.

1. Introduction

Concrete structures such as concrete pavements and concrete
bridge decks in the cold climate often experience the deicer
to mitigate the slipperiness of the pavement surface arising
from snowing. Sodiumchloride (NaCl) salt and calciumchlo-
ride (CaCl2) are the representative deicers, which however
imposes a potential risk of chloride-induced corrosion of steel
in the concrete structure. Steel embedment in concrete is
usually protected from the risk of corrosion by a thin oxide
layered film, the so-called “𝛾-Fe2O3 passive film” generated
in the alkaline concrete pore solution [1]. Notwithstanding,
chloride ions present in the concrete, pore solution may
activate the electrochemical reaction then to corrode steel [2].
Once corrosion starts on the steel surface, the volume of the
steel rebar expands about 3–8 times of the original volume [3],
leading to a loss of the tensile capacity of steel and spalling of
cover concrete, which substantially could bring a devastating
failure of the structure. Despite the risk of steel corrosion,
the deicing salt is an unavoidable manner to secure the traffic
condition against snowing.

Moreover, the concrete pore structure may be damaged
by freezing and thawing in the cold climate. Water confined
in the pore system of cement matrix, when freezing, exposes
the pore walls to stresses, which might cause intense damage
to the structure. In particular, in the presence of the deicing
salt, the destruction of the pore structure can be accelerated.
Ice bodies, which have already been formed in coarser pores,
are able to attract unfrozen water from finer capillary pores
and gel pores, due to the difference in free energy between
ice and water [4]. Then, there would be a water transfer to
the freezing site, thereby a growth of the ice body in the
pores and a breakdown of cement paste surrounding the pore
system (i.e., a generation of microcracking). Substantially,
the frost damage may provide a better path for chloride
ions to reach at the depth of the steel in concrete, as
being associated with further corrosion process and thus the
severer deterioration of the concrete structure may occur.
However, the combined deterioration, especially about a
degradation of physical property and accelerated chloride
penetration induced by frost damage, has not been fully
clarified.

Hindawi
Advances in Materials Science and Engineering
Volume 2017, Article ID 8212856, 7 pages
https://doi.org/10.1155/2017/8212856

https://doi.org/10.1155/2017/8212856


2 Advances in Materials Science and Engineering

Table 1: Oxide composition of use material.

Binder type Oxide compositions (%)
CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3

OPC 64.7 20.7 4.6 3.0 1.0 0.13 0.65 3.0

In this reason, the present study is concerned about the
combined effect of the two deteriorations (i.e., chloride attack
and frost damage) by measuring relative dynamic modulus
of elasticity and the degree of chloride transport. Moreover,
microstructure analysis was also conducted to verify the
change of pore system during repetitive freezing and thawing
condition.

2. Experimental Work

Concrete specimens were fabricated in a cylindrical
(Ø100mm × 200mm) and cuboidal (100 × 100 × 400mm)
mould for chloride migration test and relative dynamic
modulus of elasticity test, respectively. The specific gravity of
the fine aggregate was 2.60 and coarse aggregate was 2.65.
The maximum size of the coarse aggregate used in a concrete
mix was always 10mm to minimize the disruption of ionic
transport. The ratio of the fine aggregate to total was 0.4 for
all mixes. Ordinary Portland cement (OPC) was used for a
binder and its oxide composition is given in Table 1.

The binder content was ranged from 300, 350 and
400 kg/m3. The freezing and thawing test specimens gener-
ally manufactured by less than 0.35 of water-cement ratio.
However, since the purpose of this study is to observe
the combined deterioration induced by frost damage and
chloride attack, the water-cement ratio was kept at 0.45 for all
cases. Moreover, no chemical admixture such as air entrainer
was used to avoid unexpected chemical reaction which
can influence the test result. All concrete specimens were
demoulded 24 hours after casting and cured in a chamber
with 95% RH at 20 ± 2∘C for 500 days of which hydration
effect become negligible during the test. After curing, the
concrete specimens were directly subjected to the freeze-
thaw condition, followed by tests for chloride migration and
microscopic investigation. For all tests, the replications were
always five to cover the variation in the values. The details of
each test procedure are given in the following.

2.1. Testing for Frost Damage. To emulate the frost damage
on concrete, the concrete specimens were exposed to a
cyclic freeze and thaw environment. The concrete specimens
after 500 days of curing were allowed to rapidly freeze
in the atmospheric condition and then to thaw in water
in an insulting chamber. The temperature variation in the
chamber ranged from 5 to −18∘C. For the freezing period,
the temperature of the chamber was kept at −18∘C for 1.5
hours and then still water was supplied to thaw the specimens
by increasing the temperature back to 5∘C within 5.0 h. The
freezing and thawing rate were kept at 10∘C/h. The cyclic
freeze and thaw were repeated up to 60, 120, and 180 cycles.
The details of testing procedure are given elsewhere [5].

The relative dynamic modulus of elasticity of concrete
specimens was measured to detect internal degradation by
applying ultrasonic pulse. The test was conducted at 60, 120,
and 180 cycles of freeze and thaw, accompanied with chloride
migration test and MIP.

2.2. Testing for Chloride Migration. Cylindrical concrete
specimens sawed off to produce a disc sample with 50mm in
the thickness, after the completion of curing for 500 days.The
specimen was connected to two chambers filled with 10.0%
NaCl and with 0.3M sodium hydroxide (NaOH) solutions,
respectively, to form an electric cell. A direct current at 30V
was applied to the cell for 30 hours.

After applying the current, the specimens were axially
split into two pieces and 0.1M silver nitrate (AgNO3) solution
was sprayed on the surface of the split section to form the
visible precipitation of silver chloride (AgCl). The depth of
the precipitation of silver chloride was measured by a ruler
four times and then the average value was chosen as the
chloride penetration depth. Then, the migration coefficient
was calculated by (1), derived by the Nernst-Plank equation.
The detailed procedure for measuring the chloride migration
coefficient is given elsewhere [6].

Dmig = 0.0239 (273 + T) L(U − 2) t
{{{
Xd

− 0.0238√ (273 + T) LXd
U − 2

}}}
,

(1)

where Dmig is migration coefficient, ×10−12m2/s; U is applied
voltage, V; T is temperature of the cell, ∘C; L is thickness of
the specimen, mm; 𝑋𝑑 is chloride penetration depth, mm; t
is test duration, hour.

2.3. Testing for Microscopic Examination. Deformation of
pore structure after severe freeze-thaw environment was
examined using mortar sample, not to reflect the distortion
effect of coarse aggregate. The mortar samples, after 500 days
of curing, were crushed to obtain the middle of specimen,
which may form a homogeneous pore matrix. Then, the
sample was dried out in an oven at 50∘C for 7 days to liberate
water content inside of the material that might otherwise
give undesired test result. The sample was initially evacuated
to about 50 𝜇m mercury (Hg) and the low pressure was
generated up to 0.21MPa by nitrogen gas, and then the
pressure was gradually increased to 117.21 × 103MPa at the
rate of 9.1 × 103 kPa/s. The pressure was converted to the
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Figure 1:Migration coefficient for concrete after frosting depending
on binder content.

equivalent pore diameter using the Washburn equation as
given in (2).Then the pore volume distribution at a given pore
diameter was obtained. The pore volume was adjusted to the
percentage of the volume of each sample.

𝑑 = −4𝛾 cos 𝜃𝑃 , (2)

where d is pore diameter, m; 𝛾 is surface tension, N; 𝜃 is
contact angle, ∘; P is pressure, MPa.

3. Result and Discussion

3.1. Frost Damage. After an exposure of concrete specimens
to different cyclic durations for freeze and thaw (i.e., 0, 60,
120 and 180 cycles), the migration coefficient of chloride ions
of the specimens was calculated by (1), as given in Figure 1.
The initial migration coefficient for 300, 350, and 400 kg of
cement content was 0.109 × 10−10, 0.134 × 10−10, and 0.162× 10−10m2/s, respectively, before being subjected to a freeze
and thaw cyclic environment. The migration coefficients
increased with the number of cycles, irrespective of cement
content. This implies that the pore structure was presumed
to turn more porous in the process of freeze and thaw, due
to the internal pressure generated by ice formation in the
pore solution, which could, in fact, enhance the connectivity
between capillary pores including even isolated pores. Thus,
continuous pore fractions can be used for chloride ions
to increase the mobility through the pores. Furthermore, a
reduction of the concrete surface in the process of freeze and
thaw could produce further porosities, in terms of cracking of
cover concrete, which provides additional paths for chloride
transport. It is notable that, at a high number of freeze
and thaw cycles, the rate of chloride penetration was less

increased. At the initial cycles, up to 60, the migration
coefficient was more rapidly increased, compared to longer
exposure period, from 60 to 180. For example, the migration
coefficient for 300 kg of cement content was 3.47 × 10−10m2/s
at 60 cycles and reached 9.77× 10−10m2/s after 180 cycles.This
may be attributed to limited deterioration of cover concrete
arising from freeze and thaw cyclic conditions. An increase
in the pore connectivity and cracking-originated pores may
result from frost damage more or less, and however, after a
certain level of deterioration, the pore structuremay be stably
sustained with no increase in the capillary pores. Then, ionic
transport would be less influenced by the number of freeze
and thaw cycles in a long term.

It is evident that increased cement content in the concrete
mix was more resistant to chloride migration under frost
damage. It was observed that an increase in the cement
content resulted in a lower migration coefficient with cycles
of freeze and thaw. In fact, there was a marginal variation in
the migration coefficient with cement content at no exposure
to freeze and thaw condition. Then, with increasing the
cycles of freeze and thaw, the higher cement content in
mix produced the lower migration coefficient. For example,
at 180 cycles, the migration coefficient for 300, 350, and
400 kg/m3 of cement accounted for 9.77 × 10−10, 7.73 × 10−10,
and 4.70 × 10−10m2/s, respectively. It may reflect that the
higher cement content may resist the frost damage. As a
given free water cement ratio (0.45) was used in concrete
mixes, no possibility of the variation in the pore structure
could be achieved, as long as the pores are assumed to be
produced in the cement matrix. However, the higher cement
content, in turn, implies the lower aggregate content and
thus lowers interfacial porosity between cement paste and
aggregate, which is usually vulnerable to frost damage. Thus,
the higher cement content in the concrete mix may be more
resistant to frost damage in terms of increased porosities, in
particular, connectivity between capillary pores.

This phenomenon can be confirmed by measuring the
relative dynamic modulus of elasticity of concrete subjected
to freeze and thaw cycles, as given in Figure 2. An increase in
the cycle numbers of freeze and thaw resulted in a decrease
in the relative dynamic modulus of elasticity, irrespective
of cement content. However, concrete at the lower cement
content produced a more rapid reduction of the relative
dynamic modulus of elasticity at a given number of the
freeze and thaw cycles. For example, for 300 kg/m3 of cement
content, the relative dynamicmodulus of elasticity accounted
for 88.29, 72.32, and 49.39% of elasticity at 60, 120, and 180
cycles, whilst 400 kg/m3 produced 87.55, 75.28, and 58.59%
at the equivalent cycles. Thus it can be said that the higher
cement content may benefit in raising the resistance to frost
damage at a given free water cement ratio, except for the
use of air-entraining agents. Notwithstanding, all specimens
did not maintain the minimum level for the relative dynamic
modulus of elasticity to secure the safety of the structure,
accounting for 60% at 300 cycles; in fact the relative dynamic
modulus of elasticity was lower than 60% at 180 cycles due
to the absence of air entraining agent and the higher water-
cement ratio rather than guided values.
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Figure 2: The relative dynamic modulus of elasticity under freeze-
thaw condition.

3.2. Pore Structure Analysis. To ensure a modification of the
porosity under freeze and thaw damage, the pore structure
was examined by the mercury intrusion porosimetry (MIP).
The total pore volume was obtained at each cycle and cement
content as given in Figure 3. It is evident that cement content
was crucial in increasing the total pore volume; the initial
porosity was 11.91, 14.60, and 15.51mL/g for 300, 350, and
400 kg/m3 of cement content, respectively. However, after 180
cycles of freezing and thawing, the total pore volume was
changed to 18.04, 18.61, and 17.10 for 300, 350, and 400 kg/m3
of cement content, respectively. This may be attributed to the
resistance of porosity or/and air bubble to frost damage. In
fact, increased porositymay buffer internal stress arising from
freezing the pore solution in the pores and thus frost damage
could be mitigated. The higher porosity may benefit in
lowering breakage of pore network, resulting from freeze and
thaw cycles. Additionally, it was observed that an increase in
the porosity was observed at 60 cycles rather than subsequent
cycles, at which there was no significant change in the total
pore volume for 350 and 400 kg/m3 of cement content and
onlymarginal increase was observed for 300 kg/m3 of cement
content. It implies that the crack-induced porosity would be
formed at an early stage of freeze and thaw cycles, which
would buffer subsequent internal stress from freezing the
pore solution and thus no further formation of cracking was
formed.

The pore size distribution was used to determine modi-
fication of pore structure change after frost damage, as given
Figure 4. The pore diameter of pore at the highest peak (i.e.,
critical diameter) was determined, and simultaneously, pores
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Figure 3: Total pore volume for 300, 350, and 400 kg/m3 of cement
content at 0, 60, 120, and 180 cycles.

were classified by the size as small capillary (d < 0.1 𝜇m),
large capillary (0.1 < d < 10 𝜇m), andmacropores (d > 10 𝜇m).
At 0 cycle, the peak of porosity was observed at about 0.5–
0.7 𝜇m in the diameter. It was seen that the pore volume
was strongly dependent on large capillary pore, of which the
volume accounted for 4.32, 5.12, and 6.95mL/g, respectively,
and 300, 350, and 400 kg/m3 of cement with no exposure
to freeze and thaw cycles. With increasing cycles of freeze
and thaw, the volume of large capillary pore was significantly
increased, compared to other sizes of pores. This may be due
to the fact that crack formed in the process of freeze and
thaw would be equated to the large capillary pores in size.
The other pores were also modified by the freeze and thaw.
For example, the breakage of small capillary porewas reduced
by suspended pressure in the pore network, which in turn
gave relatively lower expansive force [7]. It is notable that
freeze and thaw cycleswere influencing critical pore diameter,
which was, for example, 0.045, 0.072, 0.088, and 0.095 𝜇m
at 0, 60, 120, and 180 cycles of freeze and thaw, respectively,
for 300 kg/m3 of cement. The shift of peak diameter was
commonly observed in all cement contents. Thus, small
capillary pore has onlymarginal impact from freeze and thaw
in the total volume.Themacropore may reflect the resistance
to frost damage in terms of spacing factor [8], which can be
defined as average length of connected small poreswith voids.
Thus, ice formationmay largely affect themacro pore wall but
the degree of degradation become reduced as capillary pore
fraction increases.

3.3. Combined Degradation. As a parametric value of frost
damage, the volume of large capillary pore at each cycle was
used to relate the migration coefficient as given in Figure 5.
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Figure 4: Pore-size distribution for 300, 350, and 400 kg/m3 of cement content at (a) 0, (b) 60, (c) 120, and (d) 180 cycles.
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pore volume of large capillary pores for three different cement
content in the concrete mix at freeze-thaw environment.

It is seen that there was a linear relation between the large
capillary pore volume and migration coefficient. It has an
important implication in predicting the corrosion risk of
concrete under coupling degradation of frost damage and
chloride attack. The pore distribution is usually influenced
by a free water cement ratio and binder type (i.e., highly
grained pozzolanic materials). However, in this study, the
pore volume, in particular, large capillary pores, were further
generated by the freeze and thaw cyclic condition. Substan-
tially, an increase in the large capillary pores resulted in an
increase in the chloride migration. Once a certain level of
capillary pores was generated/produced by the freeze and
thaw condition, the cement content had a marginal influence
on chloride migration. The critical pore is regarded as the
smallest pore that can complete the connection of pores to
form pore network.Thus, a further formation and generation
of pores in terms of increased critical pore diameter during
freeze and thaw cycles may increase the penetration of
chloride ion. Additionally, the critical pore diameter is crucial
on concrete permeability [9, 10].

The relation between the chloride migration coefficient
and relative dynamic modulus of elasticity was depicted in
Figure 6. The relative dynamic modulus of elasticity was
strongly influenced by the cement content; an increase in
the cement content resulted in an increase in the relative
dynamic modulus of elasticity at a given cycle of freeze
and thaw. Substantially, a reduction of the relative dynamic
modulus of elasticity was accompanied by increased migra-
tion of chloride ions. It is evident that the higher cement
content concrete imposed the low increasing rate of chloride
migration coefficient. Thus, to protect steel from corrosion
in concrete, the relative dynamic modulus of elasticity also
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Figure 6: The relation between chloride migration coefficient and
relative dynamic modulus of elasticity.

must be kept high against freezing climate, for example,
the concrete pavements or bridge deck exposed to the de-
icing salts in the cold climate. It suggests that the higher
cement content could benefit in lowering frost damage and
thus mitigating the rate of chloride transport after the frost
damage.

4. Conclusion

In this study, the coupling degradation of concrete, when
exposed to a chloride and frost environment, was assessed
by experimental works using OPC. Concrete and mortar
specimens were exposed to a cyclic freeze-thaw environment
to induce the frost damage, and then the chloride migration
and pore structure were examined. The freeze and thaw was
repeated up to 180 cycles to meet the quality of concrete
specimens for chloride transport. The conclusion obtained
from experiments is given as follows:

(1) With no frost damage, the rate of chloride transport in
terms of migration was increased by cement content
at a given free water cement ratio, which could
increase the porosity of the concrete matrix, arising
from an increase in the amount of cement paste.

(2) When concrete is subjected to chloride permeation
and frost damage, the rate of chloride transport was
increased by the number of cycles of freeze and thaw;
especially a rapid increase was sighted up to 60 cycles,
presumably due to increased large capillary pores
produced by microcracking in the cement matrix.

(3) Furthermore, the higher cement content lowered the
rate of chloride transport at a given number of cycles
of freeze and thaw, since the cement contents increase
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the porosity to resist against frost damage. Substan-
tially, higher cement contents in concrete benefits
against the freeze and thaw environment and thus
chloride permeation.
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The high quality liquid crystal display (LCD) processing waste glass (LPWG) generated from the manufacturing process of Korea’s
LCD industries, having the world’s highest technological level and production, was finely ground into particles smaller than cement
particles (higher fineness than OPC) to verify their applicability and performance as a replacement for cement. For a concrete mix
having a W/B ratio of 0.44, cement was replaced with LPWG glass powder (LGP) at ratios of 5, 10, 15, and 20% (LGP12) and 5 and
10% (LGP5) according to the particle size to prepare test cylinder specimens, which were tested with respect to air contents, slump
in fresh concrete, and compressive strength and splitting tensile strength of hardened concrete. The microstructure of the concrete
specimens was analyzed through Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), and a Mercury Intrusion
Porosimetry (MIP). Replacement of cement with LGP for cement could effectively decrease the quantity of cement used due to the
excellent performance of LGP. It may positively contribute to the sustainable development of the cement industry as well as waste
recycling and environment conservation on a national scale.

1. Introduction

The 21st century’s concrete and cement technology requires
various functions, durability, and quality stability to attain
sustainability, environment-friendliness, high performance,
high strength, and economic feasibility. In harmony with
these requirements, many researchers have made efforts
to reduce the utilization of cement and to maximize the
performance [1–4]. In particular, liquid crystal display (LCD)
waste glass has been produced in a large amount due to
the development of the display industry. The international
display market share was 39.2% in Korea, 27.4% in Taiwan,
15.5% in China, and 17.9% in other countries in 2015. Korea’s
investment in the LCD industry is as high as 27 billion
USD per year, and the production in Korea is 480,000

panels per month (the 8th generation, 50 inches), which is
the highest in the world. On the basis of the production
of mobile devices, such as smartphones and tablet PCs,
and the future demand, LCD production is predicted to
continuously increase. Accordingly, the amount ofwaste LCD
has increased since the early 2000s to reach 2 million panels
or more in 2015, and the weight of waste LCD generated
each year is about 460,000 tons [5]. As most waste LCD is
incinerated or buried, it wastes resources and causes various
types of environment pollution on a national scale [6].

LCD waste glass is classified into three categories: (1)
LCD cullet, (2) LCD waste glass, (LPWG), and (3) end
of life (EOL) LCD waste glass. LPWG, used in this study,
is waste glass generated from LCD manufacturers due to
defects in processing and cutting or bonding in the LCD
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Table 1: Physical properties of cement.

Specific gravity Blaine (cm2/g) Stability (%) Setting time Compressive strength (MPa)
Initial (min) Final (min) 3 days 7 days 28 days

3.15 3,450 0.04 205 295 29.5 43.8 58.9

Table 2: Physical properties of sand and aggregate.

Fineness modulus (FM) Water absorption (%) Weight of unit volume (kg/m3) Specific Gravity Others
Fine aggregate 2.92 2.40 1,597 2.60 Pass 2.2% (#200 sieve)
Coarse aggregate 7.27 0.6 1,648 2.65 20mm (𝐷Max)

Table 3: Mix proportions of concrete with WLGP.

W/C (%) Unit water content (kg/m3) S/a (%) LCD glasses powder content (%) By the mass of binder (kg/m3)
C S G LGP SP

44 175.03 43.7

OPC 397.8

705.3 943.1

0 3.9

12𝜇m

5 377.9 19.9 3.7
10 358.0 39.8 3.5
15 338.1 59.7 3.3
20 318.2 79.6 3.1

5 𝜇m 5 377.9 19.9 3.7
10 358.0 39.8 3.5

manufacturing process. Such elements as Cu, Mn, Mo, and
Fe may exist at a ppm level on the glass surface due to
chemical processing in the manufacturing process. LCD
products including these elements may not be recycled due
to product quality degradation that occurs during remelting,
and thus they are incinerated or buried. About 40,000 tons
of LPWG in 2015, which is unavoidable waste from the
LCD manufacturing process, is generated each year, and the
amount of generated LPWG is dependent on the LCDmarket
size [7].

Studies on waste glass as a replacement material for
cement have been conducted with soda-lime glass, which
may cause expansion or cracking through a reaction of alkalis
(Na and K), which are contained in considerable amounts
in soda-lime glass, with silica (SiO

2
) [8]. Considering the

alkali-silica reaction is very important when using a material
for the replacement of cement. However, the dependency of
the reactivity of glass on the type, components, and physical
properties of glass should also be taken into account [9]. In
particular, ground glass powder, as a Pozzolanic material, has
an effect of reducing alkali-aggregate reaction (AAR) and
inhibiting alkali-silica reaction (ASR) in the paste [10, 11].
The LCD used in this study may be appropriately used as
a replacement material for cement because the LCD is free
of alkalis (particularly Na) due to the intended use of the
LCD product and has constant material quality [12, 13]. In
addition, the LCD contains SiO

2
as the main component,

which is similar to silica fume (SF), fly ash (FA), and blast
furnace slag (BS) that enable improved Pozzolanic reactivity
[14, 15]. Many researchers have recently investigated LCD
because of these advantages. In particular, many reports have
been published in Taiwan, which has the second highest LCD
market share in the world. Most of the research conducted in

Taiwan has been focused on methods of replacement LCD as
an aggregate. Studies about using LCD as a replacingmaterial
for cement have not been conducted sufficiently yet [16–20].
In this study, LPWG generated in the manufacturing process
of glass for LCD was investigated experimentally to improve
the properties and performance as a replacement material for
cement or as a binder for concrete.

2. Materials and Methods

2.1.Materials. Thecement compliedwithKS L 5201Ordinary
Portland Cement. The physical properties of the cement are
shown in Table 1. And, the standard sand was used as fine
aggregate. Aggregate has a 20mm nominal maximum size
(𝐷max) which was used as coarse aggregate. The physical
properties of the aggregates are shown in Table 2. LPWG
powder (LGP) was provided by Inno Co. Ltd. in Korea. The
pure alkali-free glass is used only, such as 0.4∼1.1mm the
average film thickness and the other chemical compositions
are not indicated. Also, two different types of LGP, according
to the average diameter and fineness, were used in this study.
It was ground separately through the ball mill to distinguish
the spread of two different diameter; its density is 2.79.

2.2. Specimens and Test Variables. The concrete mixer was
used to make cylindrical specimens such as Table 3. After the
dry mixing was completed, admixture and water were added
to the concrete mix. Two types of LGPwere based on the 0.44
W/B ratio. It was replaced every 5% by themass of OPC up to
20% (LGP12), such as 5%, 10%, 15%, and 20%, for the effective
and efficient performance as a replacement of cement [4, 16,
20]. In addition, a total of seven types of the specimens were
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Table 4: Test method for concrete with LGP.

Test item for concrete
Test method
(KS, Korea
Standard)

Reference (ASTM)

Fresh concrete
Air content KS F 2421 ASTM C 231
Slump KS F 2402 ASTM C 143

Hardened concrete
Compressive strength KS F 2405 ASTM C 39
Splitting tensile strength KS F 2423 ASTM C 496

Microstructure
SEM — —
EDX — —
MIP — —

made, including two different types of specimens that were
replaced by high fineness LGP (LGP5) such as 5% and 10%.
Water reducing admixture (superplasticizer, SP) based on
Polycarboxylate (Dongnam Ltd. Co. FlowMix 3000S, specific
gravity: 1.05 ± 0.05, pH: 5.0 ± 1.5) was added at 1% for a
high strength and improving the workability of concrete.The
specimens were followed by KS F 2403 specification which
made 100 × 200mm cylindrical concrete specimens and it
cured for 24 hours in the mold. After that, specimens were
cured in moist curing chamber (21 ± 2∘C, 100% RH) for the
each necessary period, such as 3, 7, 14, and 28 days.

2.3. Analysis Methods. LGP concrete specimens including
OPC concrete were performed following test of the fresh
and hardened concrete. The tests applied in this study to
investigate the properties of concrete containing LGP as
cement replacement are shown in Table 4.

(1) Test for Air Content of Fresh Concrete by Pressure Method.
The measuring steel vessel had a capacity of 7 L and a
minimum diameter equal to 0.75 to 1.25 times height of
cylindrical in shape. Working pressures of 7.5 to 30.0 psi (51
to 207 kPa) had been used satisfactorily.

(2) Test for Slump of Concrete. The following form of mold
shell was used in this test: the top, 100mm in diameter;
the base, 200mm in diameter; the height, 300mm; and the
thickness, 1.5mm. After the mold is removed immediately
from the concrete by raising it, we measured its collapsed
height.

(3) Test for Compressive Strength of Concrete. The specimens
were made by following the KS F 2403 and measured by a
consistent load of added force (0.6 ± 0.4MPa/s) until the
specimens were the failure from the compression tester. 7
types of specimens were conducted on 3, 7, 14, and 28 days.

(4) Test for Splitting Tensile Strength of Concrete. The speci-
mens were made by following the KS F 2403 and measured
by a consistent load of added force (0.06 ± 0.04MPa/s) until

the specimens were the failure from the UTM tester. 7 types
of specimens were conducted on 28 days.

(5) SEM-EDX. Through the scanning electron microscope
(SEM), which was able to use EDX (energy dispersive X-
ray), we confirmed the microstructure of LGP concrete. The
cement paste was observed in the hydration process and we
analysed compositions of the specific point in image. The
equipment “JSM-6500F” wasmade by “JEOL” that supported
0.5 kV∼20 kV, 1.5 nm (15 kV). It was conducted 7 types of
specimens on 3 and 28 days.

(6) MIP. In order to confirm the internal pore size and
pore distribution of the concrete specimens on the 7 and 28
days, it was measured by the Mercury Intrusion Porosimetry
(MIP) method after using the 24-hour drying oven. The
equipment “POROSIMETER” was made by “Micromeritics”
that supported 60,000 psi of maximum pressure and 0.003∼
360 𝜇m range of pore size.

3. Results and Discussion

3.1. Characteristics of LGP. LGP as a replacement for cement
was classified into two types depending on particle size. High
fineness of the glass power may enable improved Pozzolanic
activity, and the particle size is a critical parameter regarding
the characteristics of the Pozzolanic reaction [21]. Therefore,
the first type of LGP12 was prepared as particles size of
12.651 𝜇m, which is similar to that of cement, and the second
type LGP5 with fine particles size of 5.807 𝜇m with particle
size about two times smaller than that of cement. Both
types of LGP contained fine powder smaller than 1 𝜇m.
Figure 1 shows the particle size distribution of the two LGP
types.

LGP used in the experiment was prepared by using a Ball
mill to obtain an average particle size smaller than that of
OPC in order to increase the applicability and performance
as a replacement for cement. While the size of the smallest
particles of OPC is about 3 to 5𝜇m, LGP used in test included
some particles having a size smaller or slightly greater than
1 𝜇m. In other words, the fine powder of LGP is smaller than
OPC, although the pattern of the particle size distribution of
the LGP was similar to that of OPC. The smaller particle size
of LGPmay help to improve the strength and durability of the
cement paste in a concrete, either physically or chemically,
as LGP contributes the role of filler or participates in the
Pozzolanic reaction [21]. Figure 2 shows SEM images of the
cement and the two types of LGP. Since the magnification
of all the images is 1,000 times, the size of the particles may
be compared with each other. As shown in Figure 2, the
particle size of the LGP was smaller than that of OPC, and
the LCP particles were smooth on the surface but rough at
the edges. Table 5 indicates the chemical properties of LGP
and compares the compositions with those of OPC.The basic
chemical compositions of the LGP were SiO

2
(60.1%) and

Al
2
O
3
(16.1%). LGP having low alkali content and a rich SiO

2

content may be hydrated with more Ca(OH)
2
to enhance the

Pozzolanic reaction.
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Figure 1: Particle size distributions of OPC (a), LGP12 (b), and LGP5 (c).

3.2. Air Content. Figure 3 shows the air content depending
on LGP particle size and replacement.The overall air content
was from 1.8% to 2.4%, which was lower than that of OPC.
Comparison of the air content between LGP of different sizes
showed that the air content was higher in LGP5 than in
LGP12. Comparison of the air content of LGP with different
replacement ratios showed that the air content was reduction
in the LGPhaving a replacement ratio up to 10%. Soliman and
Tagnit-Hamou replaced cement with fine glass powder (with
a particle size less than 30 𝜇m) in high-strength concrete
(containing PC based SP admixture) at a replacement ratio
from 10% to 50%, by increments of 10% and reported that

the air content was increased by 0%, 10.52%, 7.89%, 10.53%,
and 23.68%, respectively [22]. The high specific surface area,
nonabsorbability, and friction depending on particle form of
LGP may reduce the workability when LGP replaces cement
in concrete. Therefore, adding a proper amount of admixture
(SP) may be appropriate to secure workability and durability
of high fineness LGP.

3.3. Slump. The slump test with LGP12 having a replacement
of 5% and 10% was higher than that of the other substitution
amounts and OPC. Figure 4 shows result of slump with
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Figure 2: SEM images (×1,000) of (a) cement, (b) LGP12, and (c) LGP5.
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Figure 3: Air content of concrete with LGP amount.

different replacement and LGP particle size. The slump of
LGP12 having a replacement of 10% was higher than that
of OPC, although it slightly decreased when compared with
a replacement ratio of 5%. This result indicates improved
slump caused by the lower absorptivity and smooth particle
surface of LGPdespite the similar particle sizes [18]. However,
the slump behavior in LGP12 replacement of 15% and 20%
was significantly reduction. The slump of fresh concrete is
influenced by the material roughness or shape even when
the particle size is similar. As shown in the SEM images of
Figure 2(b), the surface and the edges of LGP particle were
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Figure 4: Slump of concrete with LGP amount.

angled and sharp.The effect of the surface roughness resulted
in decrease of the slump at replacement of 15% or more. In
the case of LGP5, the slump at a replacement of 5% was lower
than that of OPC by 16% and the trend of decreased slump
at replacement ratios of 10% or higher was similar to that of
LGP12. The decrease of the slump in LGP5 may be attributed
to the increase of specific area and aggregation, because LGP5
was added at a higher fineness due to the fact that larger water
demand generally results in a decrease in compactness [11].
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Table 5: Composition of the ordinary Portland cement and LCD
glass powder by XRD.

OPC LCD glass powder
LGP12 LGP5

Fineness (cm2/g)
KS L 5106 3,450 2,729 4,462

Density (g/cm3) 3.15 2.79
SiO
2
(%) 21.7 60.1

Na
2
O (%) — 0.07

MgO (%) 3.2 0.85
K
2
O (%) — 0.01

Ca (%) 63.1 7.3
Fe
2
O
3
(%) 3.2 0.04

Al
2
O
3
(%) 5.7 16.1

TiO
2
(%) — 0.02

ZrO
2
(%) — 0.05

CuO (%) — 0.02
BaO (%) — 0.41
SrO (%) — 4.25
SnO
2
(%) — 0.25

B
2
O
3
(%) — 10.1

SO
3
(%) 2.2 —

Ig-Loss (%) 0.9 0.43
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Figure 5: Comparison on each age strength development of LGP
concrete cylinders.

3.4. Compressive Strength. Figure 5 shows the compressive
strength of concrete at different curing days with the LGP
depending on the replacement ratio for OPC. The over-
all compressive strength of LGP concrete was high, likely
because of the water-reducing effect of an added polycar-
bonate admixture (SP) and the increase of the dispersion
and plasticity. The effect of the environmental conditions of
the experiment (specifically the curing temperature, where
the average air temperature during the experiment was
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Figure 6: Relationship of compressive strength activity and age.

exceeding 38∘C) should also be taken into account. Increased
curing temperature accelerates the activation of Pozzolanic
materials including glass powder, and then the compressive
strength indicated that the glass powder had a greater effect
on the Pozzolanic material activation than fly ash [23].
The compressive strength of LGP concrete specimens was
generally higher than that of OPC, except in the early age
(3 days). Figure 6 shows the compressive strength activity in
comparison with OPC. On 3 days, the compressive strength
of LGP12 replacement of 15% and 20% was lower than OPC
by 4.93% and 8.17%, respectively. However, the compressive
strength of all the specimens was higher than that of OPC
after 7 days. The compressive strength was the highest in
LGP replacement of 5%, regardless of the particle size before
14 days. However, the compressive strength was the highest
in both LGP12 and LGP5 replacement of 10% after 14 days.
In particular, the compressive strength of LGP5 was notably
increased. This is because the Pozzolanic materials begin in
earnest contribution to the Pozzolanic reaction 3 to 14 days
after the hydration has begun. At that time, approximately
70% to 80% of Alite in OPC already proceeded to reaction
[24]. Therefore, the Si and Al ions eluted from LGPmay have
reacted with the Ca ions included in the pore solution to
produce C-S-H andC-A-H tomake the dense andmore com-
pact. Comparison of the compressive strength with different
particle sizes (LGP5 andLGP12) showed a higher compressive
strength of LGP5 than LGP12 after 7 days. This result clearly
showed the effect of LGP replacement on the concrete, and
smaller particle size and high fineness as replacement for
cement may increase not only the compressive strength
but also the durability. Therefore, the Pozzolanic material
activation may be enhanced by fine grounding the LGP into
smaller particles [15, 25–27].

3.5. Splitting Tensile Strength. The splitting tensile strength
of LGP concrete was similar to OPC (see Figure 7). The
splitting tensile strength was increased as the compressive
strength of LGPwas increased. LGP12 5% showed the highest
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Figure 7: Comparison on splitting tensile strength of LGP concrete
cylinders.
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Figure 8: Relationship of splitting tensile by compressive strength
ratio and LGP proportion.

splitting tensile strength, 4.31MPa, which was 83% higher
than that of OPC. LGP5 10% specimen showed the lowest
splitting tensile strength, 2.81MPa, which was 19% higher
than that of OPC. However, the splitting tensile strength
tends to decreasewith increasing proportion of LGP replaced.
Figure 8 shows relationship of splitting tensile by compressive
strength ratio and LGP proportion on 28 days. LGP12 5%
specimen showed the highest ratio, 7.35%. The ratio of
OPC was 4.36%. Mcdonald reported the splitting tensile by
compressive strength ratio in a range from 5.8% to 8.2% in
concrete mixed with silica fume, a Pozzolanic material, at
same ages [28]. The splitting tensile by compressive strength
ratio of hardened concrete is dependent on the properties of
added materials. The results showed that LGP had a positive
effect on the enhancement of the splitting tensile.

3.6. Interfacial Microstructure SEM of Concrete. The interfa-
cial microstructure of the specimens was analyzed at different

Cement particle

Ettringite

Ca(OH)2

C-S-H

Figure 9: SEM image of OPC (3 days).

Cement particle

CHLGP
C-S-H

Figure 10: SEM image of composition paste which contained LGP12
10% (3 days).

ages of concrete hydration, on 3 and 28 days, by using SEM
images. An EDX analysis was performed to identify the atoms
and their weight ratios from the SEM images.The SEM image
in Figure 9 shows the microstructure of OPC on 3 days.
The OPC was hydrated in a typical manner to produce C-
S-H and Ca(OH)

2
hydrates, but the darker regions of the

image indicate that a considerable amount of water or air was
included in the pores.

Figure 10 is a SEM image of LGP12 10%, and Figure 11
shows the EDX analysis results of LGP12 10%. The LGP12
10% specimen shown in Figures 10 and 11 had a cement paste
structure where LGP having a material age of 3 days was
substituted, as in the case of the specimen shown in Figure 9.
Figure 10 verifies that the LGPparticles stably existed between
the C-S-H (gel) and C-H hydrates (crystals). LGP has a wave
pattern on the cutting section due to the high hardness. The
image of the LGP particles on 3 days showed that a significant
amount of hydrates had already been generated but the LGP
particles were not fully involved in the Pozzolanic reaction.
This result showed that the LGP particles, unlike cement, did
not immediately participate in the hydration reaction with
water in early age.This indicates that a high LGP replacement
ratio in concrete may have a negative effect on strength at
early age. Figure 11 shows the results of the surface component
investigation through EDX, indicating that it is rich in Si, O
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Element Weight% Atomic%
O 46.90 63.33
Al 7.51 6.01
Si 24.52 18.86
S — —
K 8.63 4.77
Ca 11.67 6.29
Total 100.00

1

2

1

3

Element Weight% Atomic%
O 58.80 76.11
Al 2.37 1.82
Si 8.23 6.07
S 1.31 0.85
K 1.32 0.70
Ca 27.96 14.45
Total 100.00

2

3
Element Weight% Atomic%
O 55.11 73.75
Al 3.32 2.64
Si 8.11 6.18
S 1.33 0.89
K 1.02 0.56
Ca 25.98 13.88
Total 100.00

Figure 11: SEM view and chemical detected property by EDX of LGP12 10% (3 days).

CH

LGP

C-S-H

Figure 12: SEM image of composition paste which contained LGP12
10% (28 days).

and has a material composition similar to that of LGP raw
material.

Figures 12 and 13 show the microstructure of the LGP
cement paste on 28 days. As shown in Figure 12, the
structure included well-developed hydrates and was more
compact than of OPC, such that independent LGP par-
ticles could not be identified. LGP particles were assim-
ilated with cement paste and partially existed inside the
hydrates. The dark regions containing pores were signif-
icantly reduced, and increase of C-S-H hydrates closely
reflected the hydrate composition as a result of the Pozzolanic
reaction. The binding of C-S-H hydrates to apparent LGP
particles was found in the microstructure, indicating that
the Pozzolanic reaction occurred more easily on crushed
edge sections than on the relatively smooth and stable
surfaces. The EDX analysis on 7 and 28 days showed that
the C/S ratio of the C-S-H hydrates was changed with
time. The increased calcium content on 28 days might
have affected the improvement of the strength of the
concrete.

Table 6: Comparison of reduction average pore diameter.

Average pore diameter (nm)
7 days 28 days

OPC 17.7926 14.4250
LGP12 5% 16.3242 13.6883
LGP12 10% 16.9954 13.7393
LGP5 5% 18.3079 13.7930
LGP5 10% 19.2284 13.2687

3.7. MIP. The pore distribution in the cement matrix is
generally dependent on the quantity of hydrates, because the
pores are distributed by the hydrates contained in the cement
matrix. The results shown in Figure 14 indicate that porosity
of the high fineness LGP5 on 7 days was 18.31% in LGP5 5%
and 19.23% in LGP5 10%, which were higher than that of
OPC. However, the entire LGP porosity was reduced, which
was lower than 7 days by 2.6% to 6%. The decrease of the
porosity is closely related to the strength, consistent with
the results described in Section 3.4. The Pozzolanic reaction
is generally slower than the cement hydration reaction of
OPC. Hence, concrete has been replaced with the Pozzolanic
material showing high permeability in early age, but the
permeability is decreased as the reactions progress. Since the
capillary porosity is related to permeability, the addition of
LGP may reduce permeability to contribute to improvement
of the material durability.

The hydration reaction and the secondary Pozzolanic
reaction reduced the capillary porosity in the entire pore
size range, except the capillary pore (medium size) range,
and decreased the maximum pore size. Table 6 shows the
average pore size of LGP concrete depending on curing ages.
The decrease of the pores was significant particularly in the
pore size range from 50 to 110 nm. Considering LGP particle
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Element Weight% Atomic%
C K 6.82 12.48
O K 40.54 55.67
Al K 1.01 0.83
Si K 11.18 8.75
S K 0.75 0.52
K K 1.08 0.61
Ca K 38.61 21.16
Total 100.00

Element Weight% Atomic%
C K 6.43 11.84
O K 38.04 52.58
Al K 11.44 9.38
Si K 7.47 5.88
S K 0.78 0.53
K K 1.02 0.58
Ca K 34.83 19.22
Total 100.00

1
Element Weight% Atomic%
O K 43.86 59.63
Mg K 0.96 0.86
Al K 14.13 11.39
Si K 25.71 19.91
S K 0.44 0.30
K K 7.18 3.99
Ca K 5.98 3.25
Fe K 1.73 0.67
Total 100.00

Figure 13: SEM view and chemical detected property by EDX of LGP12 10% (28 days).
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Figure 14: Porosity characteristics of concrete with LGP.

size distribution, the decrease of pores in this range may
not be ascribed simply to the pore filling effect of LGP.
Rather, as the cement paste was sufficiently hydrated, the
produced hydrates developed a compact structure to block
and divide the interconnected capillaries, producing pores
that are interconnected with only gel pores. This might have
considerably contributed to the increase of the strength [29].
In particular, the porosity in the capillary pore (medium
size) range including gel pores of 4 to 50 nm was higher
in the LGP specimen on 28 days than 7 days. The large
pores decreased, but the capillary pores smaller than 50 nm
increased when compared with the OPC. This indicates that
the filling of LGP particles in the large-sized capillary pore
range as well as the production of hydrates through the
Pozzolanic reaction might have filled or divided the large-
sized capillary pores, converting the interconnected pores
into closed pores [30]. As LGP replacement of cement was
increased, the interconnected pores were converted into
smaller pores regardless of the particle size. In addition, in
the pore size range from 50 to 200𝜇m (Interfacial Transition

Zone, ITZ), the porosity of LGP concrete was considerably
decreased on 28 days. Figure 15 shows that the porosity
decrease of OPC in this pore size range was not significant
on 7 and 28 days. On the contrary, as shown in Figure 16, the
porosity of all the LGPwas significantly decreased in this pore
size range. The particle size distribution of LGP5 shown in
Figure 1 indicates that the specimen did not include particles
of size around 100 𝜇m. However, according to the results
shown in Figure 16, the porosity of the LGP specimens in this
pore size range decreased to a similar level, regardless of the
particle size. This suggests that the hydrates produced during
28 days might have made the pores more compact and dense,
thereby increasing the strength.The pore distribution and the
pore size decrease in the ITZ were verified through a chloride
ion permeability test conducted with concrete specimens
produced by mixing Pozzolanic materials, such as SF, BS,
and FA [31]. The most significant factors were a compact
densification filling of microparticles and a modification of
the hydration process [32]. This indicates that the mixing
of concrete LGP materials may reduce the porosity of the
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Figure 15: Relationship incremental intrusion and pore size diameter distribution with OPC.
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Figure 16: Relationship incremental intrusion and pore size diameter distribution with LGP according to replacement and age.

concrete system, increase the matrix density, and develop the
strength.

4. Conclusion

In this study, LGP, which is one of the LPWG and made in
Republic of Korea, replaced the cement depending on the
ratio. LGP is much smaller than cement. It demonstrated
the good performance and utilization possibilities of replace-
ment. Results from the experiment are as follows.

(1) In the case of LGP concrete, it showed lower air
content than OPC. In particular, when the LGP12
replaced 10%, it showed the lowest amount of air
content. LGP5 concrete showed similar air content
with OPC. Considering the replacement dosage of
cement and high fineness of LGP, the use of admixture
(SP) is considered appropriate for improvement of
workability, freeze-thaw resistance, and durability.

(2) LGP12 has 9% higher slump than OPC in 5% replace-
ment, due to the smooth surface and low absorption
of the LGP. However, the slump decreases while
the replacement is increasing. In the case of LGP5,

slump was 16% lower than OPC in 5% replacement.
The slump tends to drop with an increasing LGP
replacement and high fineness.

(3) Compressive strength of LGP is higher than OPC in
28 days. The highest compressive strength showed
in 10% replacement, which is the highest in LGP5.
The tendency of strength development showed lower
strength than OPC in the replacement of over 15%
until 3 days. But after 7 days, entire compressive
strength of LGP is higher thanOPC. After 14 days, the
compressive strength activity was increased due to the
pozzolanic reaction.

(4) Entire splitting tensile strength is higher than OPC
in 28 days. The maximum development was 83% in
LGP5 5%, indicating that increasing LGP replacement
would result in a decrease in splitting tensile strength.
In case of LGP5 replacement, it showed the lowest
level of splitting tensile strength development (19%
increased). Relationship of splitting tensile strength
by compressive strength ratio indicated 4.5∼7.4%
level.
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(5) SEM results indicate that the dense hydrate was
produced at the interface between the LGP and the
cement paste, which can verify some of LGP with C-
S-H gel. The compressive strength of LGP concrete
may have a deleterious effect with increased LGP
replacement in early age, because low cement content
may deteriorate the hydration reaction.

(6) The porosity of LGP concrete is decreased, which
is expected to have a positive effect on improving
durability and permeability. Therefore, the result of
hydration and pozzolanic reaction showed a tendency
to transfer pores to a relatively smaller pore distri-
bution pattern. Furthermore, Capillary porosity of
50∼110 nm and ITZ of 50∼200𝜇m indicated porosity
reductionwhichmeans that an increase in the density
and a decrease in the porosity with LGP.
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The paper deals with an experimental analysis focusing on the utilization of a specific measurement technique for determining the
development of shrinkage and for monitoring structural changes in fine-grained cement-based composites during their ageing.
Advanced measurement equipment and procedure allowing simultaneous measurement of length changes, mass losses, acoustic
responses, and temperature development were designed and verified by the experimental investigation. The main scope of the
experiments performedwas focused on finding the relationships between the characteristics being investigated whilemaintaining a
uniform test setup. For the purpose of the experimentalmeasurement, three fine-grained cement compositemixtures were designed
and manufactured. The mixtures differed in the water-to-cement ratio (w/c) and in the amount of plasticizer. The measurement
outputs are presented in the formof diagrams showing the relations between the studied parameters, such as relative length changes,
mass losses, temperature progress, and acoustic emission (AE) activity during solidification of the composites. The measurement
results showed close relations between the examined characteristics. The progress of relative length changes together with the
progress of mass losses and temperature development is reflected in the AE activity. The advanced measurement procedure and
technique provided valuable information about the behaviour of cement-based composites during early setting and long-term
hardening.

1. Introduction

The determination of the volume change development and
crack formation in cement-based composites is currently
receiving attention from civil engineers and concrete produc-
ers. Along with the design of new materials, factors influ-
encing volume changes appear throughout the whole period
of their setting and hardening [1, 2]. Progress in technology
and the composition of building materials require advance-
ments in test procedures for determining the physical and
mechanical parameters of new materials. The current testing
approach is based on the earliest possible identification of
disruptions in the internal structure of structural elements,
which facilitates early diagnostics of the problem allowing
relevant precautions to be taken in order to prevent later
collapse of the structure being designed.

The reason why this area is being focused on is because
many problems with cracking of cement composites arise at
early ages [3–5]. In civil engineering, crack formation and
propagation are closely associated with tensile strength (the
value of which is generally only about 10 percent of that of
compressive strength) and with fracture parameters. At early
ages, there are internal stresses generated by volume changes
but the strength of the element is not yet fully developed.
Controlling the variables that affect volume change can
minimize high stresses and cracking [4, 6, 7]. Recent mea-
surements suggest the necessity of assessing themagnitude of
shrinkage in two consecutive stages of a composite’s ageing, at
an early age and at later ages [7–10]. Early-age measurements
reveal differences in the development of volume changes
as well as differences in the initiation and propagation of
cracks which cannot normally be identified with traditional
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measurementmade after specimens have been removed from
moulds (typically after 24 hours) [11]. Literature offers a num-
ber of approaches to determine the value of cement-based
composite shrinkage [12–14]. However, thesemethodsmostly
determine separate components of shrinkage at an early age,
for example, methods for determining plastic or autogenous
shrinkage [5, 6, 9, 13, 15–18] andmethods for determining the
shrinkage due to drying (defined mainly in the standards of
various countries). Contemporary approaches to shrinkage
measurement are based primarily on the determination of
relative length changes. In most cases, measurement begins
after removing specimens frommoulds, which is typically no
sooner than 24 hours of ageing. In important or complicated
concrete structures, such as bridges, suspended slabs, or
structures with a complex shape, shrinkage can be measured
directly on a concrete element using a special type of wire
strain gauge designed to be embedded directly in the con-
crete. Such gauges are typically fixed to the reinforcement
cage of the element by means of rebar extensions [19–23].
Guidelines reflecting recent progress in theoretical and exper-
imental research in the field of cement composite creep and
shrinkage (especially concrete) have been published under
RILEM TC-242-MDC (chair Zdeněk P. Bažant) [24].

In recent years, the method of acoustic emission (AE) has
also been widely used as supplemental measurement in the
nondestructive monitoring of changes in a specimen’s inter-
nal structure during static and dynamic loading tests as well
as for themonitoring of the behaviour of composite materials
during setting and hardening [11, 25, 26]. The AE method
is considered to be a “passive” nondestructive technique
because it usually identifies defects as they develop during the
test [27] and allows the monitoring of changes in the beha-
viour of materials over a long period of time without moving
any of their components. This, together with its ability to
detect crack propagation taking place not only on the surface
but also deep inside the material, makes the technique quite
unique.

A crack developing in a material is accompanied by the
release of stored strain energy, which is then consumed by
nucleating new external surfaces (cracks) and emitting elastic
waves known as AEwaves.The elastic waves propagate inside
a material and are detected by an AE sensor. With the excep-
tion of contactless sensors, AE sensors are directly attached
to the surface [28].

In practice, there are situations where attaching a sensor
directly onto the surface is not possible, for example, instal-
lation onto a part of an element that is inaccessible or onto
a surface which reaches very high temperatures. Detection
sensitivity can be increased by using a waveguide. A typical
case in civil engineering is the placement of awaveguide into a
prepared hole in a fresh composite. An acoustic waveguide is
a physical structure for guiding soundwaves, that is, a sound-
propagation duct that behaves like a transmission line. The
duct contains some sound-propagation medium [8].

2. Experimental Part

2.1. Materials. Three fine-grained cement composite mix-
tureswere designed andmanufactured for the purposes of the

experiment. They differed in the water-to-cement ratio (w/c)
and in the amount of plasticizer. Compositions of mixtures
are based on the standard ČSN EN 196-1 [29].The fresh com-
posite wasmadewith standardized quartzite sand (maximum
nominal grain size of 2mm pursuant to ČSN EN 196-1 [29])
and CEM I 42.5 R Portland cement and water at a ratio of
3 : 1 : 0.5 (S : C :W), 3 : 1 : 0.47, and 3 : 1 : 0.35 with the addition
of SIKA SVC 4035 superplasticizer (polycarboxylate ether-
based technology) at an amount of 1% by cement mass. A
mixing device with controllable mixing speed was used to
prepare the fresh mixtures. Six specimens with the dimen-
sions of 100 × 60 × 1000 were prepared from each mixture.
Table 1 shows basic information about the composition,
manufacturing, and fresh-state properties. The workability
was determined using the flow table with a calibrated scale
designed for the testing of fresh mortars pursuant to ČSN
EN 1015-3 [30]. Bulk density of the fresh composite was
determined in accordance with ČSN EN 1015-6 [31] using a
calibrated vessel with the volume of 1 dm3.

2.2. Test Equipment and Procedures

2.2.1. Determination of Length Changes. The measurement
procedure designed to determine the progress of cement
composites’ shrinkage was designed to simultaneously record
relative length changes, mass losses caused by free drying,
temperature inside the tested specimens, and AE activity
due to structural changes during solidification. The ambient
temperature and relative humidity were also monitored.
The measurement of shrinkage was performed using mea-
surement equipment standardized pursuant to the Austrian
standard OENORM B 3329:2009-06-01 [32]. Special moulds
of 1000mm in length and with a 60 × 100mm cross section
were used for recording the length changes measured along
the central axis of the specimens using an inductive sensor
leaning against themovable head of themould.Thesemoulds
are primarily designed for cement composite shrinkage mea-
surement in the early stages of setting and hardening. Special
markers designed at the Brno University of Technology
(BUT) were used to perform subsequent long-term mea-
surement of relative deformation [33]. These markers were
embedded into the upper surface of the cement composite
placed in the shrinkage moulds. This way, two gauging bases
were created for further measurement (see Figure 1). This
arrangement enabled the capture of the total relative length
change of the composite since the time at which the com-
posite is placed into the mould until its long-term ageing
after the specimen has been removed from the shrinkage
mould. Details about the marker types and their drawing and
arrangement can be found in [33]. A polyethylene foam mat
(MIRELON) of 2mm in thickness was placed on the bottom
and along both sides of the shrinkage moulds in order to
ensure that the specimen can move freely in the mould.
The shrinkage moulds were filled with a fine-grained cement
composite and placed onto a special weighing table that
enables continuous recording of mass losses caused by free
drying of the specimen surfaces. For more details about the
weighing table, see [34].
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Table 1: Composition and properties of fresh composites.

Components and properties Units Composite ID
0 III IV

Sand kg 45.9 45.9 45.9
Cement I 42.5 R kg 15.3 15.3 15.3
Water kg 7.65 7.16 5.35
Superplasticizer SVC 4035 % by cement mass — — 1.0
w/c ratio — 0.5 0.47 0.35
Mixing speed Revolutions/min 20 30 40
Workability mm 140 128 135
Bulk density kg/m3 2200 2210 2280
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1
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3
5

Figure 1: Arrangement of measurement devices (1: shrinkage mould; 2: weighing table; 3: acoustic emission sensor with a waveguide; 4:
temperature probe; 5: markers for long-term measurement).

A thermal sensor COMET was embedded at one end of
the shrinkage moulds in order to measure the temperature
inside the specimens. The ambient temperature and relative
humidity were recorded by an automatic gauging station
COMET.

This measurement configuration enabled simultaneous
measurement of all investigated parameters of the composite
placed in a shrinkage mould. The final arrangement of the
measurement devices before starting the measurement is
shown in Figure 1.

Note that the measurement in shrinkagemoulds can only
be started after the composite has set a little so that the
movable head of the mould is not pushed out under the
composite’s own weight. Due to the consistency of the fresh
composite,measurement was started approximately one hour
after the composite was poured into the moulds. The length
change was measured on the specimens in themoulds, which
were placed on the weighing table standing on hard rubber
pads in a climate control chamber at a temperature of 21 ±
2∘C and relative humidity of 60 ± 10% until the composite
was 3 days old. The top surface of the composite was not
protected from drying. During this time, the chamber was
locked,which prevented people fromentering the chamber so
that the measurement could continue undisturbed. Also, the
shrinkage moulds and all measurement devices were secured
against movement.

Once early measurement was finished, the specimens
were extracted from the moulds, placed on the table, and left

to dry freely in the climate chamber at a stable temperature
of 21 ± 2∘C and relative humidity of 60 ± 10%. The following
measurements were performed using a strain gauge which
was fixed onto the surface of the specimens. The positions of
the gauging points were predefined by themarkers embedded
at spacing of 200mm. The specimens were left to dry freely
throughout the entire time of the measurement and were
weighed at regular intervals.

2.2.2. Determination of Structural Changes by Acoustic Emis-
sion Method. Changes in the specimens’ internal struc-
ture during the early stage of setting and hardening were
monitored using the nondestructive passive method of AE.
Magnetic AE sensors (type IDK09 with 35 dB preamplifier)
were placed in positions predefined by the embedded steel
probes (waveguides) (see Figure 1). Drawing on experience
from previous measurements, the threshold was set to the
value of 72 𝜇V. The threshold value of the signals was set
with the aim of eliminating background noise and recording
only the signals produced by the formation of the material’s
microstructure and internal cracking. The measurement
chain consists of the measurement sensor attached to the
waveguide followed by a preamplifier with a gain of 35 dB and
finally there is a data recorder with a software preamplifier
with a gain of 40 dB. The internal structure changes were
monitored with two AE sensors placed in each shrinkage
mould: the first one was placed near the movable head (AE2)
and the second one was located near the other end of the
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Figure 2: Development of compressive strength (a) and dynamic modulus of elasticity (b) during composite ageing.

mould (AE3). This way, the progress of events occurring
during the cement composites’ setting and hardening was
recorded continuously. AE signals were being detected for 72
hours by the measuring equipment DAKEL XEDO with two
channels. The measurement of AE was started together with
the measurement of relative length changes, mass losses, and
temperature. To eliminate outside noise, guard sensors were
placed on the bottom of the frame of the shrinkage moulds.
This setup ensured that AEwaves coming from the area being
measured hit the sensors on thewaveguides before hitting any
of the guards. Conversely, waves from outside hit at least one
of the guards before hitting the sensors on the waveguides.

3. Results and Discussion

The measurement results are presented below. Table 2 and
Figure 2 show the development of compressive strength and
dynamicmodulus of elasticity determined for all themixtures
being examined. The results confirm general presumptions.
The highest values of both parameters were found in mixture
IV (low w/c with the addition of plasticizer).

Concerning shrinkage measurement, the following
trends were found. Figure 3 shows the progress of relative
deformation and mass losses determined at an early age. The
data were obtained from measurements performed on the
specimens in shrinkage moulds placed on a weighing table.
As shown below, different progress of shrinkage and mass
losses were recorded for the mixtures being investigated (see
Figure 3). Shortly after the start of the measurement, both
mixtures without plasticizer were expanding (length incre-
ment), while specimens with plasticizer were shrinking rap-
idly (see Figure 3(a)).

Also, the progress of mass losses recorded within the first
72 hours of ageing is different inmixtures which contain plas-
ticizer and which do not. The mass losses of both composites

without plasticizer are higher than in the case of the com-
posite with plasticizer (see Figure 3(b)). This progression is
closely linked with the adjustment of water content. Once
plasticizer is added, water content is reduced which influ-
ences the progress of volume changes as well as mass losses.
Thus, the w/c ratio of the composites without plasticizer was
rather high (see Table 1). No component segregation in fresh
mixture was observed during either the mixing or the manu-
facturing of the test specimens.On the other hand, a relatively
large amount of water rose to the upper surface of the test
specimens after their manufacturing and storing. This phe-
nomenon is commonly known as bleeding [35]. Gradually,
during the solidification of the composite, a part of the water
evaporates from the specimen surface, causing mass losses,
while some amount is drawn back into the pore structure of
the composite, contributing to the composite’s expansion [9].

It is known andhas been proven by previous experimental
measurements [36] that the addition of plasticizer also has a
substantial influence on cement hydration. The addition of
superplasticizer retards cement hydration and has a critical
influence on its overall progress. The margin of hydration
retardation is strongly dependent on the amount and prop-
erties of the cement and plasticizer used in the composite
mixture [37].

The progress of shrinkage corresponds well with the
progress of temperature measured inside the test specimens
(see Figure 4). In case of composites without superplasticizer,
the highest temperature was recorded approximately 11 hours
after the start of measurement. At that same time, a surge of
expansion (length increment) can be seen as well.This length
increment can be ascribed to the cement composites’ thermal
expansion. It was proved by earlier measurements that the
initial expansion is typical for cement composites with a
high w/c ratio [4]. The origin of this expansion is not fully
understood and is the object of ongoing research. Similar
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Table 2: Values of compressive strength and dynamic modulus of elasticity.

Composite ID

Age of specimens [days]
3 28 90 3 28 90

Compressive strength [N/mm2]
(standard deviation)

Dynamic modulus of elasticity [N/mm2]
(standard deviation)

0 27.28
(1.84)

36.53
(2.57)

37.62
(2.32)

27340
(669)

27735
(724)

28693
(492)

III 30.80
(1.92)

42.38
(4.01)

49.03
(3.87)

29487
(473)

30698
(424)

31047
(610)

IV 50.61
(2.90)

54.90
(5.49)

62.10
(5.08)

36962
(782)

37500
(786)

37903
(854)

−1000

−900

−800

−700

−600

−500

−400

−300

−200

−100

0

100

Re
la

tiv
e d

ef
or

m
at

io
n


(
m

/m
)

10 20 30 40 50 60 700

Time (hours)

_0

_III
_IV

(a)

10 20 30 40 50 60 700

Time (hours)

−200

−150

−100

−50

0

M
as

s l
os

sm
(g

/g
·1

0
−
4
)

m_0
m_III
m_IV

(b)

Figure 3: Relative deformations and mass losses measured during the first 72 hours of specimen ageing.
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Figure 4: Relative deformations and temperature measured inside
the test specimen (during the first 72 hours of specimen ageing).

relationship between temperature and progress of deforma-
tion was recorded in the composite with superplasticizer.
The presence of the superplasticizer retarded early hydration
and delayed temperature growth by approximately 5 hours
(in comparison with the composite without the plasticizer).
A dormant period accompanied by short expansion during
the progress of shrinkage was observed after the maximum
temperature was measured.

Next progress of shrinkage in all mixtures is affected by
the setup of the experiment. Note that in this stage of mea-
surement the test specimens are placed in the shrinkage
moulds and only the specimens’ upper surface is not pro-
tected fromdrying.This fact is also reflected in the progress of
mass losses whereas the most prominent effect was observed
in mixture IV (see Figures 3(b) and 9(b)).

Concerning the AE measurement, different results were
again obtained for mixtures with and without superplas-
ticizer. The acoustic waves recorded by the measurement
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Figure 5: Relative deformations and AE overshoots measured during the first 72 hours of specimen ageing for mixtures without a super-
plasticizer.

equipment were converted to a number of overshoots for the
purposes of result interpretation. This number of overshoots
indicates the number and size of structural changes taking
place within a certain period. Note that there is not a strict
relationship between a particular structural change and the
number of overshoots. This number can be defined as a
relative value relating to the setting of the measurement
sensitivity that must always be the same for all measurements
performed as part of comparative tests. At the start of mea-
surement, a high number of AE signals’ overshoots exceed
the adjusted threshold value (see Figure 5). The high number
of AE overshoots is due to the physical and chemical changes
which take place in this early setting phase. During the first
hours of composite solidification, plastic shrinkage is taking
place. The movement of particles and the formation of new
hydration products are the primary sources of the acoustic
waves’ formation. The data show that, in this early setting
phase, the mixture with plasticizer (composite IV, Figure 6)
exhibited a lower number of AE overshoots than both mix-
tures without plasticizer, composites 0 and III (Figure 5).This
is closely connected with the w/c ratio and initial bleeding
observed in composites without superplasticizer. After the
initial setting was finished, no notable structural changes
were recorded for the mixtures without plasticizer until 20
hours of age (see Figure 5).Themixture with superplasticizer
behaved rather differently; after the initial activity, another
acoustic response was recorded at the time of initial temper-
ature growth. Within the same period, a surge of shrinkage
was recorded too (see Figures 4 and 6).This behaviour is asso-
ciated with the low w/c ratio (of mixture IV), retardation of
early hydration, and temperature growth due to the presence
of plasticizer (as mentioned above). After 20 hours of ageing,

more acoustic activity was recorded again in all the mixtures.
Taking into account the fact that all of the composites had
hardened by this stage, it is possible that the increased AE
activity originated from the creation of microcracks (the
highest AE activity recorded in mixture 0 with the high-
est w/c ratio) and continuing formation of microstructure.
Determining whether the AE activity is actually due to the
formation of microcracks would require further research to
verify that relationship. The lowest AE activity was recorded
in mixture IV. This behaviour is connected with the rapid
growth of strength which is typical for composites with a low
w/c ratio with the addition of a superplasticizer (see Table 2
and Figure 2).

The AE responses are also presented in connection with
the progress of relative deformations and mass losses of the
mixtures. The results are presented in Figures 7(a), 7(b), and
8 showing curves representing the relationship between the
relative length changes (𝜀) and mass losses (𝑚) of the speci-
mens during the first 72 hours of ageing together with the AE
responses recorded during the same period. Figure 7 shows
the results for mixtures without superplasticizer. The graphs
show that the progress of the initial part of the 𝜀−𝑚 relation-
ship is in both mixtures affected by their initial expansion
(length increment) caused by thermal expansion and water
reabsorption. Supposing that the increased initial AE activity
due to plastic settlement and the initial formation of the com-
posite microstructure are not taken into account, there are
two other significant factors which lead to an increase in the
AE activity during composite solidification: actual thermal
conditions inside the test specimens and rapid changes in the
progress of shrinkage.
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Figure 6: Relative deformations andAE overshootsmeasured during the first 72 hours of specimen ageing formixture with a superplasticizer.
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Figure 7: Relationship between deformations andmass losses togetherwith theAE overshootsmeasured during the first 72 hours of specimen
ageing for mixtures without a superplasticizer.

Figure 7(a) shows measurement results for the mixture
with the highest w/c ratio. The first appearance of increased
AE activity (a high number of overshoots) between 25 and
40 hours of age corresponds to the time when the tem-
perature measured inside the test specimens dropped to its

steady-state value. Within this time period, the temperature
no longer contributes to the specimen expansion.The second
period with high AE activity is visible at the time when the
expansion (length increment) is changed to the shrinkage
(length decrement). The curvature of the 𝜀 − 𝑚 relationship
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Figure 8: Relationship between deformations and mass losses
together with the AE overshoots measured during the first 72 hours
of specimen ageing for mixture with superplasticizer.

is also visibly changed. Similar results were recorded also in
mixture III (see Figure 7(b)). Results obtained for mixture
IV are rather different because the progress of shrinkage and
mass losses were not affected by initial expansion and the
temperature growthwas delayed due to the presence of super-
plasticizer. Nevertheless, the results shown in Figure 8 indi-
cate that the increasedAE activity corresponds to the changes
in curvature of the 𝜀 − 𝑚 relationship.

Concerning the results of long-term measurement, it can
be stated that the addition of superplasticizer has a substantial
influence on the total progress of relative deformations (see
Figure 9). The initial rapid growth of shrinkage influences
also its final values which are more than two times higher
than the values recorded in the cement composite without the
superplasticizer with a w/c ratio of 0.5. The period of expan-
sion appears not to be very significant in terms of magnitude.
However, the initial expansion delayed the start of shrinkage
bymore than 20 hours.This delay can be of great benefit to the
later development of physical and mechanical properties of
cement composites. The total progress of mass losses cor-
responds well with the water content of the mixtures (see
Table 1). The lowest mass loss was recorded in the composite
with the superplasticizer with a w/c ratio of 0.35.

The relationship between relative length changes and
mass losses was observed over the whole time of the cement
composite ageing (see Figure 10). However, the initial part
of the curve is influenced by water reabsorption and thermal
expansion.

4. Conclusion

The main aim of the experiments performed was to present
comprehensive test techniques that can be used for the deter-
mination of shrinkage development in fine-grained cement-
based composites and for monitoring structural changes thr-
oughout their ageing. The experimental investigation made
use of advanced measurement equipment and procedure
allowing the simultaneous measurement of length changes,
mass losses, acoustic responses, and temperature develop-
ment. The results were compared in terms of the overall
behaviour of the studied materials with respect to a uniform
setup of the test equipment (accuracy, sensitivity, curing
conditions, etc.). Based on the results, it can be stated that the
measurement technique described in the paper and used in
the experiment fully satisfies the requirements for early-age
diagnostics of the material’s behaviour. The measurement of
relative length changes together with the recorded progress
of mass losses and temperature measured inside the test
specimens provided comprehensive information about the
behaviour of the material in the early stage of its setting and
hardening. The possibility of continuing to measure the rela-
tive length changes as well as mass losses of the test speci-
mens, after they were removed from moulds, provided data
about the continuous progress of the investigated characteris-
tics during the whole time of the composites’ setting and
hardening. The method of acoustic emission appears to be
another suitable tool for continuous nondestructivemonitor-
ing of the structural changes taking place while the materials
solidify.The conclusions presented in the article contain only
a small fraction of the information contained in the AE data.
The aim of the performed measurements was to compare the
results obtained by measurements of three different mixtures
manufactured, cured, stored, and measured under the same
conditions. In this case, the absolute number of overshoots is
not very important. Responses of the changes in the internal
structure are strongly dependent on the material’s compo-
sition (the same response can induce a different number of
overshoots in different materials). More important for the
presented measurements was to record the moment and time
spectrum (interval) of the overshoots’ appearance.Therefore,
it was important to keep the same test setup across all mea-
surements.

The possibility of determining the occurrence of microc-
racks during the setting and hardening of cement composites
may be of great use in the early diagnostics ofmaterial failures
in the future. The number of microcracks present in the
cement composites substantially affects their final mechan-
ical properties (i.e., strength, modulus of elasticity, frac-
ture parameters, durability, etc.). The application of the AE
method for continuous monitoring of cement composites
during the setting and hardening can be useful for early
detection of micro disruptions. This information about the
behaviour of thematerial may be later used for improving the
material composition or adjusting the curing method which
can lead to the design of cement composite structures with
better properties. Data obtained from the experiment are of
great use in the creation of new and verification of existing
computational models designed for the prediction of the
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Figure 9: Progress of relative deformations and mass losses measured over the whole time of specimen ageing.
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progress of volume changes and microcrack development in
cement-based composites.
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Advance in high-range water-reducing admixture revolutionizes the workability and constructability of conventional vibrated
concrete as well as self-consolidating concrete. Its need from construction fields has increased, and consequently a variety of new-
type polycarboxylates, base polymers for the admixture, are being formulated in these days. Synthesizing new polymers needs a
quick, but reliable, test to evaluate its performance on concrete.The test is also asked for selecting the best applicable brand of them
before a test concrete will bemixed.This paper proposes a “channel flow test” and its usage for the purpose.The proposed procedure
for the test includes the mix proportion of a test mortar, the test method, and rheological interpretation of the test results.

1. Introduction

Polycarboxylate- (PCE-) based high-range water-reducing
admixture (HRWRA) was firstly introduced by Nippon
Shokubai, Inc. (cement dispersant, JP 842,022; S59-018338;
1981), and then it became one of themost important polymers
for chemical admixtures [1–3].Themerits of PCE, a rawmate-
rial for HRWRA, can be found on its superior performance
based on steric repulsion and its variability to control the time
of its functioning. Changing its polymeric structure, such as
trunk chain length and grafts’ configuration, allows us to con-
trol the degree and speed of its absorption on cement grains,
which results in controlling the time-dependent fluidity of
cement-based materials.

A variety of polymeric structures have been developed
to respond to needs from construction fields. A simple test
to evaluate its performance in the middle of development is
accordingly required in a polymer-synthesizing lab. Testing
its application on concrete mixtures is certainly necessary at
the end.The former can be called “alpha test,” evaluating it in
the producing lab, and the latter is “beta test” to evaluate its
final blend with the field materials such as Portland cement
and aggregates. A mini slump flow test [3–5] using a Hager-
man cone has been widely used for the alpha test, but it has
several limitations on considering the aggregate effect and the

sensitivity on fluidity [6]. The cone used for the mini slump
flow test was originally designed for a thick mortar. Its flow is
triggered by dropping the sample using a so-called flow table.

This paper proposes the use of a channel flow test as an
alpha test of PCEs. The volume of a sample increases com-
pared to themini slumpflow test, which expects to get a stable
measure of the test result. Finding the mix proportion for a
test mortar is also one of the important tasks. The fluidity of
the testmortar should represent that of concrete to be applied.
Finally, a model functions to evaluate the rheological proper-
ties based on the results of channel flow test of the test mortar.

2. Channel Flow Test for a Test Mortar

2.1. Apparatus. The channel flow test is designed to sensi-
tively measure the enhanced fluidity of a mortar sample. A
volumeof 100mm× 100mm× 100mm(its total volume is 1 L)
of a mortar sample is placed in the cubic space surrounded
by a gate and walls, as shown in Figure 1. The higher volume
of a sample, compared to the mini slump flow test (180mL),
increases the reliability of the measurements. Lifting up the
gate induces themortar flow by its self-weight.When the flow
stops, the final length of the channel flow and the time to
get the final length or 500mm approach are measured. The
channel guided to one-direction flow gives higher sensitivity
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Figure 1: Equipment for (a) channel flow test and (b) grout flow test
(dimensions are in mm).

than the radial flow by the mini slump flow test. The one-
directional flow is based on the idea of the grout flow test (EN
13395-2. Products and systems for the protection and repair
of concrete structures. Test methods. Determination of work-
ability. Test for flow of grout or mortar). While the grout flow
test permits the drop of a mortar sample from the charging
hopper, a sample in the channel flow test is not subjected to
such a dynamic motion. Note that the cross section of the
grout flow apparatus is 130mm in width by 75mm in height
and a one liter sample of grout is required for the test.

2.2. Resolution, Sensitivity, and Stability. The prototype of
the channel flow test was priorly applied to only indicate
the fluidity of mortar samples, where its application was
acceptable [7, 8]. More pretests using various cement paste
andmortarmixes support the fact that the range of 300mmto
700mm is acceptable for the channel flow. A sample showing
less than 300mm channel flow is so thick that it collapses
when the gate opens. The collapse of a sample is not wanted
to evaluate its flow behavior. On the other hand, a sample
showing more than 700mm channel flow is susceptible to
segregation. Assuming a thin layer is composed at the end of
the high channel flow, a sample showing the channel flow of
700mm would be 14.3mm thick (1 L-volume divided by the
planer section 100mm × 700mm). The front-end thickness
is lower than the calculation in practice because the top
surface is inclined. Fine aggregates have the maximum grain
of 5mm, which is higher than the one-third of the thin layer
thickness.The aggregate segregation is likely to occur in such
a case. Note that the effective range of the mini slump flow is
considered as 200mm to 400mm with the same reason.

A resolution test is accomplished in comparison to the
mini slump flow test. Figure 2 shows the results of 10 repli-
cated mixes, where two samples were used: one was a neat
cement paste prepared by the water-to-cement ratio (w/cm)

Channel flow test (0.04%)
Mini slump test (0.04%)

Channel flow test (neat)
Mini slump test (neat)
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Figure 2: The result of resolution and repeatability.

of 0.40 and the other having the same w/cm incorporated a
HRWRA (0.04% dosage per cement mass). The superplas-
ticzed cement paste gave the channel flow of 500 ± 13mm,
which is approximately ±3% variation on their average. Its
mini slump flow was 210 ± 8mm (±4% variation approxi-
mately). The neat cement paste showed the channel flow of350 ± 15mm (±4% variation) and the mini slump flow of165 ± 5mm (±3% variation). On the other hand, comparing
the HRWRA effect on both flows indicates the sensitivity of
the tests. While the mini slump flow showed 27% increase in
its measurement (from 165mm to 210mm), the channel flow
did 43% increase (from 350mm to 500mm).Therefore, it can
be said that the channel flow test has better sensitivity on the
fluidity of a sample and its resolution is in the same range,
within ±4%, of the mini slump flow.

The viscosity of a sample is generally related to the time
of spreading. One measure to consider the spreading time is
the time to get 500mm spread, similar to the slump flow test.
The other measure for the viscosity evaluation is the time to
get the final spread, which showed better correlation on the
mini slump flow test [4].Themeasuring stability of each time
was compared in Figure 3. A total of 4 replicatedmixes having
w/cm = 0.35 and sand-to-cement ratio of 1.5 by mass were
tested. A commercially available HRWRA (0.06% dosage per
cement mass) was applied. For a single test, both times for
500mm and the final spread were measured together. As
can be compared in Figure 3, the times for the final spread
and 500mm spread showed 10 s variation (±22%) and 3 s
variation (±23%), respectively. The value for 500mm spread
was more stable, even though the resolutions for each of the
measurements are similar in percentage. Therefore, the use
of the time for 500mm spread is recommended because the
viscosity is very sensitive to the value of spreading time.

2.3. Rheological Analysis for the Results. Developing a rela-
tionship between the rheological properties and the results of
a field test allows us to have quantitative understanding on the
flow behavior. A theoretical analysis [9] concluded an inverse
relationship between the yield stress and the slump flow of
a concrete mix. The relationships for the mini slump flow
test andmarsh cone test were summarized and compared [5],
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where the volume-of-fluid (VOF) simulation was adopted.
For example, the yield stress (𝜏𝑦) and the plastic viscosity (𝜂𝑝)
can be obtained from the measurement of the mini slump
flow test [4]:

𝜏𝑦 = 0.00660𝐷−5.81𝑓 , (1)

𝜂𝑝 = 𝜏𝑦 (0.00641𝑇𝑓 − 0.00194) , (2)

where 𝐷𝑓 and 𝑇𝑓 are the mini slump flow, in meter, and the
time to get the final mini slump flow, in second, respectively.

The volume-of-fluid (VOF) technique was also applied
to simulate the channel flow test. A half-symmetric model
was composed with 8-node hexagonal elements. The average
mesh size was 10mm, which is small enough to have an
accuracy in the flow simulation of cement-based materials
[10]. Thus, the number of elements was 2,700 for modeling
an 800mm long channel. The time increment for explicit
computationwas 0.1 s, and the channel flowwas simulated for
65 s. Input variables for the flow simulation were yield stress
and plastic viscosity assuming a mortar sample is a Bingham
model fluid. Its densitywas set to 2,200 kg/m3. Figure 4 shows
an example result of flow simulation: (a) snapshots of theVOF
simulation and (b) time spread curve for a Bingham fluid
having 15 Pa yield stress (𝜏𝑦) and 30 Pa⋅s plastic viscosity (𝜂𝑝).
The front of the channel flow was determined by the volume
fraction of each element.

In order to establish database of the flow simulation, each
spread curve was fitted by a logarithmic function:

𝐶 (𝑡) = 𝛼 + 𝛽 ln (𝑡) , (3)

where 𝛼 and 𝛽 are the parameters related to the final
length of spread and its damping, respectively. As shown in
Figure 4(b), the logarithmic function showed a satisfactory
fitting than an exponential function. The coefficient of deter-
mination was higher than 0.95 for most of spread curves.
Assigning a cut-off velocity (𝑉𝑓) of 1mm/s allows us to catch
the time for the Bingham fluid stops: its flow front stops
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Figure 4: Simulation contour and spread curve of channel flow
simulation.

moving at the time of 𝛽/𝑉𝑓 from the derivative of (1). The
final spread of the channel flow test is then calculated by

𝐶𝑓 = 𝛼 + 𝛽 ln( 𝛽𝑉𝑓) , (4)

which is a measure of the channel flow (𝐶𝑓). In addition, the
time for its 500mm flow is

𝐶50 = exp(500 − 𝛼𝛽 ) . (5)

The flow simulations were conducted for the range of 1 to
60 Pa yield stress and 0 to 100 Pa⋅s plastic viscosity. A total
of 48 combinations were parameterized by (3). Finally, the
database composed of 𝜏𝑦, 𝜂𝑝, 𝐶𝑓, and 𝐶50 developed using
(4) and (5).

Figure 5(a) shows the correlation between the rheological
properties and the results of the channel flow test. The chan-
nel flow (𝐶𝑓) was inversely proportional to the yield stress of
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Figure 5: Correlation for the rheological evaluation.

a Bingham fluid, which is similar to the tendency for the
slump flow. The inverse proportionality was modeled by

𝜏𝑦 = 𝑘1 exp(−𝐶𝑓𝑘2 ) , (6)

where 𝑘1 and 𝑘2 are fitting coefficients in the unit of “Pa”
and “mm,” respectively. Their values determined by a linear
regression are listed in Table 1. In addition, as shown in
Figure 5(b), the 500mm flow time had a power-law relation
with the plastic viscosity when the yield stress is fixed. Encap-
sulating the effect of the yield stress in the model parameters
gave

𝜂𝑝 = 𝑎 ⋅ (𝐶50𝑘6 )
𝑏 , (7)
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Figure 6: Regression analysis for the model parameters 𝑎 and 𝑏.

where 𝑘6 is a coefficient determining the unit of the plastic
viscosity, here in “s.” The model parameters, 𝑎 and 𝑏, were
then functions of the yield stress:

𝑎 = −𝑘3 ln(𝜏𝑦𝑘4) ,

𝑏 = (𝜏𝑦𝑘5)
2 + 1,

(8)

where 𝑎 and 𝑏 were dimensionless parameters, and the units
of 𝑘3, 𝑘4, and 𝑘5 were determined to “Pa⋅s,” “Pa,” and “Pa,”
respectively, for nondimensionalization. Excepting the cases
having a high yield stress (𝜏𝑦 ≥ 10 Pa), the coefficients of
determination were larger than 0.99 for a linear regression
with respect to 𝑎 and 𝑏. Figure 6 shows the results of the linear
regression for the 𝜂𝑝-𝐶50 relationship. The high yield stress
cases also follow the trends in (8) with marginal errors.
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Table 1: Coefficients for the correlating model.

k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11
729 Pa 126mm 0.616 Pa⋅s 11.2 Pa 13.8 Pa 1.0 s 3.0 s 1568 Pa 46.1 s 11.6 Pa 1 Pa⋅s

In the same way as the 𝜂𝑝-𝐶50 relationship, that for the
time to get the final spread (𝜂𝑝-𝐶𝑡𝑓) could be correlated. One
may refer to the previous study [11]. Here, the result of the
correlation is reported:

𝜂𝑝 = 𝑘11 exp(𝐶𝑡𝑓 − 𝑑𝑐 ) ,

𝑐 = −𝑘7 ln(𝜏𝑦𝑘8) ,

𝑑 = 𝑘9 exp(−𝜏𝑦𝑘10 ) ,

(9)

where the value of each coefficient is listed in Table 1.

2.4. Mix Design of a Test Mortar. PCEs are usually applied for
having the fluidity of self-consolidating concrete (SCC), and
then a test mortar needs to represent the rheophysical state of
SCC. The rheophysical state of a concentrated suspension is
usually described by solid volume fraction [12]. Suspension
models such as Krieger-Dougherty equation also indicate
that the volume fraction of aggregates is critical [13, 14]. The
aggregate volume fraction for SCC is intentionally reduced
to decrease its yield stress, and its water-to-cement ratio
is also reduced to have better stability. For example, an
SCC’s mix proportion by mass ratio is given by 0.33 : 1 : 1.63
(cementitious binder, water, and fine and coarse aggregates,
resp.).The volume fraction of aggregates is 0.65 in themix. In
comparison, normal concrete is proportioned by 0.56 : 1 : 2.74
and the volume fraction of aggregates is 0.71. Finally, the mix
proportion for a test mortar is regularized by 0.35 : 1 : 1.5 for
considering the rheophysical state of SCC.

Using a bag of standard sand (ISO 679.Methods of testing
cements. Determination of strength) makes it easy to prepare
a sample. The mass of the bag is 1.35 kg, and then those of
water and cement become 0.315 kg and 0.9 kg, respectively.
Approximately 1.12 L of a test mortar is then produced. Note
that ISO 679 provides the mix proportion of 0.5 : 1 : 3 for
measuring the cement strength. The mix proportion for eva-
luating the PCE effect needs a higher water-to-cement ratio
(0.35) and relatively smaller content of sand (1.5).

The optimal procedure to evaluate the performance of
PCE is finally established:

(1) A test mortar sample is prepared with the cement-to-
sand ratio of 1.5 and the water-to-cement ratio of 0.35.
Approximately 1.12 L will be obtained with 0.315 kg-
water, 0.9 kg-cement, and 1.35 kg-standard sand. The
dosage of PCE needs to be adjusted to get the channel
flow of 300 to 700mm.

(2) The raw materials are mixed for 5min using a plane-
tary mixer.

(3) The channel flow test is followed. The final length
of spread, 𝐶𝑓, the time taken for the sample to have
500mm spread, 𝐶50, and the time when the flow
stops, 𝐶𝑡𝑓, are measured.

(4) The channel flow test is repeated at an interval of
30min, generally for 2 h, where it is important to
remix the sample for 1min before each repeatingmea-
surement. In between the measurements, the loss of
water in the sample should be prevented using a
plastic cover.

(5) The measured values of 𝐶𝑓 and 𝐶50 at 0, 0.5, 1.0, 1.5,
and 2.0 h are reported. Finally, the yield stress and
plastic viscosity of a test mortar can be computed
using the correlating equations.

3. Application

A total of 6 PCEs were tested. Monomers for their polymeri-
zation were the same, acrylic acid and polyethylene oxide.
All of them were categorized in the MPEG-type [1]. Their
molecular structures, however, varied by different process
of polymerization, which results in showing various perfor-
mance. Following their designed performance, the PCEswere
divided into water-reducing type or consistency-maintaining
type. The water-reducing PCEs, labeled by LA, LB, and LC,
show fast adsorption on cement grains, and then amix shows
high fluidity with a small dosage. In terms of total solid
content, a water-reducing PCE was incorporated in 0.12% of
cement mass. The consistency-maintaining PCEs, labeled by
LD, LE, and LF, were in 0.16% of cement mass. They were
adsorbed rather slowly and the samples incorporating them
show less fluidity.

Table 2 shows the results of the channel flow test accom-
panied with the mini slump flow test. The channel flow test
was applied into the test mortar following the optimal pro-
cedure in Section 2.4, but the mini slump flow test was done
with a cement paste having the water-to-cement ratio of 0.34.
The dosage for each PCE was the same for both tests.

The channel flows for the water-reducing PCEs were
similar to each other at 0 h, and they decreased over time.
Only 71%, 54%, and 73% of channel flow of LA12, LB12 and
LC12, respectively, were maintained for 2 h. However, the
corresponding mini slump flows showed discrepancy: LB12
showedmuch less fluidity even at 0 h. Loss ofmini slump flow
wasmuch smaller than that of channel flow.Their application
in concrete mixes supports the trend of the channel flow,
where the loss of slump flow was observed with all the water-
reducing PCEs.

In the case of consistency-maintaining PCEs, LE16 and
LF16 had rather lower initial channel flows, and then each of
them had nearly doubled in 2 h. Note that the values in the
parentheses exceed the limit of the measuring range, which
was 300–700mm for the channel flow and 200–400mm
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Table 2: Performance test results.

Label Mini slump flow of pastes (mm) Channel flow of mortars (mm)
0 h 1 h 2 h 0 h 1 h 2 h

LA12 400 390 360 635 555 450
LB12 290 260 260 645 430 350
LC12 360 350 340 640 610 470
LD16 280 300 310 520 360 320
LE16 260 370 400 (235) 430 510
LF16 310 (440) (440) 300 530 560

Table 3: Rheological evaluation on the results of channel flow test.

Label 𝐶𝑓 (mm) 𝐶50 (s) 𝜏𝑦 (Pa) 𝜂𝑝 (Pa⋅s)
LA12 635 71 4.7 10.1
LB12 645 62 4.4 5.58
LC12 640 63 4.5 6.14
LD16 520 36 11.8 3.72
LE16 235 5 113 1.88
LF16 300 7 67.4 2.07

for mini slump flow as previously stated. The results of the
mini slump flow corresponded with the increasing trend of
fluidity and comparatively worse performance with LE16.
LD16 showed a similar increase in the mini slump flow.
However, its channel flow initially gave the highest values and
it lost the fluidity within 1 h.

Figure 7 comparatively shows the channel flow of the test
mortars and the mini slump flow of the test pastes. Each
linear line provides a correlation between twomeasurements.
The correlations for the water-reducing PCEs again indicate
poor sensitivity of the mini slump flow of the test pastes: it
did not reveal the loss of fluidity. Even though the results of
consistency-maintaining PCE samples are on a single line,
the right line in the figure, the other PCE samples are far
from the coherent trend. Therefore, it can be concluded that
the mini slump flow of the test pastes does not represent the
flow behavior of the corresponding mortar samples. The use
of a test mortar, accompanied with the channel flow test, is
believed to better explain the fluidity of concrete mix.

More investigation on the performance of PCE could be
made by rheological interpretation. For the initial measure-
ment of channel flow test, (4) to (6) calculated the rheological
properties of the test mortars. Table 3 reports the calculated
properties. Even though the water-reducing PCEs show the
same fluidity (𝐶𝑓 ≈ 640mm and 𝜏𝑦 ≈ 4.5Pa), the plastic
viscosity is different: 10.1, 5.58, and 6.14 Pa⋅s for LA12, LB12,
and LC12, respectively. A PCE having lower plastic viscosity
is preferable for higher workability of concrete.

4. Discussion

The channel flow of a test mortar is also dependent on the
characteristics of constituting materials such as cement and
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Figure 7: Comparison of channel flow and mini slump flow.

aggregates. Therefore, in order to compare the performance
of PCEs, it is required to use the samematerials for producing
a test mortar. The variation according to the constituting
materials is summarized here for future reference.

4.1. Batch of Portland Cement. Even if Portland cement,
type I, is manufactured by an identical company, the min-
eral contents of cement can be different depending on the
manufacturing time and process of production [15]. Table 4
shows the oxide composition of Portland cement from three
different batches. The channel flows of LC12 using the three
cements were in the range of 490 ± 150mm (517.7 ± 5.91 in).
The variation is approximately ±31%, which is beyond the
resolution of the test (±4%) and then not an error factor.

4.2. Types of Binder. Blended cement is generally used to
increase the fluidity [16] and the resistance against segrega-
tion. In this paper, a ternary binder (40% cement A, 50%
ground-granulated blast furnace slag, and 10% fly ash) was
compared. The test mortar using the ternary binder was
segregated with LC12, while the channel flow of 100% cement
A-LC12 was 550mm (21.7 in), as reported in Table 4. When
the PCE dosage was decreased, the channel flow of 100%
cement A-LC10 was 340mm (13.4 in) and that using the
ternary binder was 900mm (35.4 in). In addition, the channel
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Table 4: Oxide composition of three batches.

Label CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O TiO2
𝐶𝑓 for
LC12

Cement A 64.0% 19.3% 4.4% 3.8% 3.4% 2.4% 1.3% 0.4% 0.3% 550mm
Cement B 64.6% 18.0% 4.8% 3.3% 3.7% 3.6% 1.1% 0.2% 0.3% 640mm
Cement C 64.9% 17.9% 4.7% 3.3% 3.7% 3.6% 1.1% 0.2% 0.3% 345mm

Table 5: The rheological properties of each mortar sample.

Type TSC/C 𝜏𝑦 (Pa) 𝜂𝑝 (Pa⋅s)

BE

0.18% 26.13 2.96
0.21% 19.03 3.18
0.24% 12.80 1.97
0.27% 6.27 1.28

LC
0.10% 49.26 3.59
0.12% 9.32 3.53
0.14% 7.35 4.84

flowof LC10 increases up to 780mm(30.7 in)when thewater-
to-cement ratio increased from 0.35 to 0.40. Thus, the use
of ternary binder is very effective in increasing the flow of
cement-based materials.

4.3. Types of Sand. The standard sand is required for prepar-
ing a test mortar. The use of the other sand dramatically
changes the channel flow even though its quality is “good”
and its grading is comparable with the standard sand. A com-
parison was made with good-quality river sand. The average
particle size and fineness modulus of river sand are 0.45mm
(0.0178 in) and 2.60, respectively, while those of standard
sand were 0.77mm (0.0303 in) and 2.51. Their difference was
highlighted on the absorption rate: 0.79% versus 2.20% for
the standard sand and the river sand, respectively. Adding
7.11 g (0.0157 lb; 0.79%-absorption) water to compensate the
water adsorption of standard sand increased 10mm channel
flow of a test mortar, where the reference was 550mm
(21.7 in) for LC12, 100% cement A. However, the mortar
proportioned with river sand did not flow in spite of adding
19.8 g (0.0437 lb; 2.20%-absorption) water. Inconsistency on
the aggregate changes to a great extent the rheophysical state
of a test mortar.

4.4. Dosage of PCE. The effect of PCE dosage can be com-
pared with the results of channel flow test. For the mortar
samples with a different dosage, the channel flow was firstly
conducted. Table 5 shows the test results, where BE and LC
are different-type PCEs. The dosage is reported in total solid
content (TSC) per cement bymass.The rheograph, originally
developed for SCC [17], was developed in Figure 8, where
the PCE dosage is represented with the size of each symbol.
A smaller dosage is depicted with a bigger circle symbol,
which illustrates higher sensitivity to the dosage dependence.
Adding more BE sample decreases both yields stress and
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Figure 8: Rheograph showing the effect of PCE dosage.

plastic viscosity of a mix. However, LC sample dominantly
decreases the yield stress first, and then its excessive dosage
(0.12% to 0.14%) increases the plastic viscosity, while its yield
stress holds a constant value.

5. Conclusions

This paper has introduced the alpha test to evaluate the per-
formance of PCE or HRWRA before a test concrete is mixed.
The alpha test needs to be quickly finished and less loaded in
terms of labor. The mini slump flow test for a test paste, cur-
rently widely used, has the limit on its sensitivity and repre-
senting the aggregate effect. The channel flow test with a test
mortar is therefore proposed. The final spread and the time
to get the stoppage of the spread are measures of the test, and
a model converting them into rheological properties is also
developed. The mix proportion of a test mortar is taken to
represent the aggregate volume fraction of SCC. Future work
will focus on ways to stack performance data of various PCEs
or HRWRAs and quantitatively evaluate their performance
grade.
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The chloride diffusion coefficient is considered to be a key factor for evaluating the service life of ground-granulated blast-furnace
slag (GGBS) blended concrete. The chloride diffusion coefficient relates to both the concrete mixing proportions and curing ages.
Due to the continuous hydration of the binders, the capillary porosity of the concrete decreases and the chloride diffusion coefficient
also decreases over time. To date, the dependence of chloride diffusivity on the binder hydration and curing ages of slag-blended
concrete has not been considered in detail. To fill this gap, this study presents a numerical procedure to predict time-dependent
chloride diffusion coefficients for slag-blended concrete. First, by using a blended cement hydrationmodel, the degree of the binder
reaction for hardening concrete can be calculated.The effects of the water to binder ratios and slag replacement ratios on the degree
of the binder reaction are considered. Second, by using the degree of the binder reaction, the capillary porosity of the binder paste
at different curing ages can be determined. Third, by using the capillary porosity and aggregate volume, the chloride diffusion
coefficients of concrete can be calculated. The proposed numerical procedure has been verified using the experimental results of
concrete with different water to binder ratios, slag replacement ratios, and curing ages.

1. Introduction

Chloride ingress is considered to be one of the major factors
in the deterioration mechanisms of reinforced concrete in
marine environments. The resulting corrosion of steel rein-
forcements causes serious detrimental effects, such as con-
crete cover cracking, reduced reinforcement in cross sections,
decreased bonding between the steel rebar and concrete,
and reduced yield strength and ductility of the steel rebar
in reinforced concrete structures. However, to improve the
resistance of concrete against chloride ingress, slag is widely
used as a mineral admixture. Generally, incorporating GGBS
into blended binders can increase the total porosity but will
refine the pore size. Slag-blended concrete presents a lower
chloride diffusivity and higher chloride binding capacity than
control concrete [1].

The chloride diffusion coefficient is a key factor in the
service life evaluation of slag-blended concrete. As for the
chloride diffusivity in ordinary Portland cement (OPC)

concrete or slag-blended concrete, Papadakis [2] and Demis
et al. [3] evaluated the chloride diffusivity of fully hardened
concrete as a function of the ultimate porosity. Alexander
andThomas [4] evaluated the chloride diffusivity of concrete
after 28 days of curing as a function of the water to binder
ratios. The Life-365 program [5] also uses the Alexander and
Thomas equation [4] to determine concrete diffusivity. How-
ever, the Papadakis [2], Demis et al. [3], and Alexander and
Thomas [4] models are not perfect. The Papadakis [2] and
Demis et al. [3] models assume that cement is completely
hydrated (i.e., the hydration degree is 100%) regardless of
the water to cement ratio. Wang and Lee [6] reported that
concretes with lower water to cement ratios had slower rates
of hydration and lower ultimate degrees of hydration. The
chloride diffusivity calculated according to theAlexander and
Thomasmodel [4] does not consider other factors, such as the
binder content, binder reactivity, and curing methods.

The composition of hydration products, capillary poros-
ity, and chloride diffusivity relate closely to the degree of
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hydration in hardening or hardened concrete. Han [7] and
Fan andWang [8] proposed hydration-based chloride ingress
models. Time-dependent chloride diffusivity was calculated
by using the development of the capillary porosity of concrete
over time. However, the Han [7] and Fan andWang [8] mod-
els do not consider the reaction of mineral admixtures and
are only valid for Portland cement concrete. In the literature,
some models have been proposed that evaluate the chloride
diffusivity of concrete containing mineral admixtures. Song
et al. [9, 10] calculated the final degrees of reaction of cement
and silica fume in silica fume-blended concrete.The capillary
porosity, chloride diffusivity, and water permeability were
determined by considering the final degrees of the binder
reaction and the concrete mixing proportions. Oh and Jang
[11] evaluated the chloride diffusivity of fly ash and slag-
blended concrete by considering the final degrees of the
binder reaction and the concrete porosity. However, Song
et al. [9, 10] and Oh and Jang [11] studies are only valid for
fully hardened concrete; they do not consider the dependence
of chloride diffusivity on curing ages because their models
do not account for the kinetic reaction processes of mineral
admixtures.

As for the time dependence of chloride diffusivity,
Nokken et al. [12] and Yu and Ye [13] found that chloride
diffusion into concrete decreased over time. Concrete con-
taining mineral admixtures has shown reduced chloride
diffusivity compared to reference concrete. An empirical
time parameter [14–16] has frequently been used to describe
the age dependence of the chloride diffusion coefficient.
However, this empirical time parameter cannot fully describe
the evolution of the hardening concrete microstructure. The
influence of various factors, such as the cement type, water
to binder ratio, and slag replacement ratio, on this empirical
time parameter requires further investigation [17].

To address the shortcomings of these currentmodels, this
paper presents a numerical procedure that analyzes the time
dependence of the chloride diffusion coefficient. By using a
blended cement hydration model, the degree of the reaction
of binders and the capillary porosity of binder paste were
calculated. Furthermore, the chloride diffusion coefficients
at different curing ages were determined, considering the
capillary porosity and aggregate volume.

2. Cement Hydration Model and Chloride
Diffusion Coefficient Model

2.1. Cement HydrationModel. Wang and Lee [6, 18] proposed
a hydration model for concrete containing supplementary
cementitious materials, such as silica fume, fly ash, and
slag. Hydration equations were proposed for cement and
mineral admixtures, respectively, and themutual interactions
between cement hydration and mineral admixture reactions
are considered with the capillary water content and calcium
hydroxide content. The hydration model is valid for concrete
with different water to binder ratios, mineral admixture
replacement ratios, and curing temperatures [6, 18].

The reaction degrees of cement and mineral admixtures
are used as fundamental indicators to evaluate the develop-
ment of concrete properties. The degree of cement hydration

(𝛼) is defined as the ratio of the mass of hydrated cement to
the mass of cement in the mixing proportion. The value of
the degree of cement hydration (𝛼) ranges between 0 and 1.
A degree of cement hydration of 𝛼 = 0 means the absence
of any hydration, and a degree of cement hydration of 𝛼 = 1
means that cement has fully hydrated.

By using an integration method, the degree of cement
hydration can be determined as follows:

𝛼 = ∫𝑡
0

(𝑑𝛼𝑑𝑡 ) 𝑑𝑡, (1)

where 𝑡 is time and 𝑑𝛼/𝑑𝑡 is rate of cement hydration. The
detailed equations for 𝑑𝛼/𝑑𝑡 are available in our former
research [6, 18].

Similarly, the reaction degree of a mineral admixture
(𝛼𝑀) is defined as the ratio of the mass of reacted mineral
admixture to themass of themineral admixture in themixing
proportion.The value of the degree of the mineral admixture
reaction (𝛼𝑀) ranges between 0 and 1. 𝛼𝑀 = 0 means the
absence of any mineral admixture reaction, and 𝛼𝑀 = 1
indicates that the mineral admixture has reacted completely.
The reaction degree of the mineral admixture reaction can
also be determined using an integration method in the time
domain as follows:

𝛼𝑀 = ∫𝑡
0

(𝑑𝛼𝑀𝑑𝑡 ) 𝑑𝑡, (2)

where 𝑑𝛼𝑀/𝑑𝑡 is the rate of the mineral admixture reaction.
The detailed equations for 𝑑𝛼𝑀/𝑑𝑡 are available in our former
research [6, 18].

In cement-mineral admixture blends, the production of
chemically boundwater relates to both cement hydration and
mineral admixture reactions. The chemically bound water
content can be determined as follows:

𝑊cbm (𝑡) = 0.25 ∗ 𝐶0 ∗ 𝛼 + 0.3 ∗𝑀0 ∗ 𝛼𝑀, (3)

where 𝑊cbm is the chemically bound water content, 𝐶0 is
the mass of cement in the mixing proportion, and𝑀0 is the
mass of themineral admixture in themixing proportions.The
expression 0.25 ∗ 𝐶0 ∗ 𝛼 is the mass of the chemically bound
water from cement hydration, and the expression 0.3 ∗𝑀0 ∗𝛼𝑀 is the mass of the chemically bound water from the slag
reactions [6, 18].

In the cement-mineral admixture blends, both cement
hydration and mineral admixture reactions contribute to
the formation of gel water. The content of gel water can be
calculated as follows:

𝑊gel (𝑡) = 0.15 ∗ 𝐶0 ∗ 𝛼 + 0.15 ∗ 𝛼𝑀 ∗𝑀0, (4)

where𝑊gel is the mass of gel water, 0.15∗𝐶0∗𝛼 is the mass of
gel water produced from cement hydration, and 0.15 ∗ 𝛼𝑀 ∗𝑀0 is the mass of gel water produced from slag reaction.

Themass of combinedwater equals the sum of chemically
bound water and gel water. The mass of combined water can
be determined as follows:

𝑊𝑐 (𝑡) = 𝑊gel (𝑡) + 𝑊cbm (𝑡) , (5)

where𝑊𝑐(𝑡) is the mass of combined water.
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In cement-mineral admixture blends, capillary water is
consumed by both cement hydration and mineral admixture
reactions. The capillary water content can be calculated as
follows:

𝑊cap (𝑡) = 𝑊0 − 0.4 ∗ 𝐶0 ∗ 𝛼 − 0.45 ∗ 𝛼𝑀 ∗𝑀0, (6)
where 𝑊cap is the mass of capillary water in the hardening
concrete and 𝑊0 is the mass of water in the mixing propor-
tion.The expression 0.4∗𝐶0∗𝛼 is the mass of capillary water
consumedby cement hydration and the expression 0.45∗𝛼𝑀∗𝑀0 is the mass of the consumed capillary water from the slag
reactions.

For hardened concrete, the capillary porosity equals the
sum of capillary water and chemical shrinkage. The capillary
porosity can be determined as follows:

𝜙cap (𝑡) = 𝑊cap (𝑡) + 0.0625 ∗ 𝐶0 ∗ 𝛼 + 0.1 ∗ 𝛼𝑀
∗𝑀0,

(7)

where 𝜙cap(𝑡) is the capillary porosity of hardening concrete,0.0625 ∗ 𝐶0 ∗ 𝛼 is the chemical shrinkage from cement
hydration, and 0.1 ∗ 𝛼𝑀 ∗𝑀0 is the chemical shrinkage from
slag reactions.

2.2. Chloride Diffusion CoefficientModel. Concrete is a three-
phasematerial consisting of a cement pastematrix, aggregate,
and interfacial transition zones (ITZs) between the cement
paste matrix and aggregate. The interfacial transition zone
has a higher capillary porosity and contains higher calcium
hydroxide volume fractions compared to the bulk matrix.
Interfacial zones are formed due to the particle-packing
effect and the one-sided growth effect [19]. The particle-
packing effect arises because the cement particles cannot pack
together as well near a flat edge as in a free space. The one-
sided growth effect is reactive growth from the cement side,
but not from the aggregate side. The cement paste matrix is
interconnected through interfacial transition zones. Garboczi
[19] found that when the aggregate volume fractions are
greater than 50%, the interfacial transition zone will be fully
percolated. This observation agrees with the experimental
results from Princigallo et al. [20]. Because most concretes
have aggregate volume fractions above 50%, the interfacial
transition zones in the usual concrete are percolated.

Due to the cement particle-packing effect, the ITZ shows
a higher water to cement ratio. Therefore, the effective water
to cement ratio in the bulk cement paste will be reduced.
Nadeau [20, 21] proposed a model to consider water to
cement gradients between the aggregate and bulk cement
paste. The model is a function of the overall water-cement
ratio, volume fraction and radius of the aggregate, specific
gravity of cement, and thickness of the ITZ.The equations for
determining the effective water to binder ratio of bulk cement
paste in concrete are given as follows [21, 22]:
𝑉𝐶
= 10 (1 − 𝑉𝑎)
(1 + (𝑊0/ (𝐶0 +𝑀0)) 𝐺𝐶) [𝑎𝑐𝑉𝑎𝜀 {𝜀2 + 5𝜀 + 10} + 10 (1 − 𝑉𝑎)] ,

𝑊𝐶 = 1 − 𝑉𝐶
𝐺𝐶𝑉𝐶 ,

(8)

where 𝑉𝐶 is the binder volume fraction in the bulk binder
paste, 𝑉𝑎 is the volume of the aggregate,𝑊0/(𝐶0 +𝑀0) is the
overall water to binder ratio of concrete, 𝐺𝐶 is the specific
gravity of the binder, 𝑎𝑐 is a constant equal to approximately
−0.5, and 𝜀 is the thickness ratio of ITZ. 𝑊𝐶 is the effective
water to binder ratio in the bulk binder paste, whereas 1 −𝑉𝐶
indicates the water volume fraction in the bulk binder paste.

The diffusivity of the cement paste phase 𝐷𝑃 is mainly
dependent on the capillary pores in the cement paste, which
can be determined as follows [8]:

𝐷𝑃 (𝑡) = 𝐴1 ∗ (𝜙paste)𝐴2 , (9)

𝜙paste = 𝜙cap
𝑉𝑃 , (10)

where 𝐴1 and 𝐴2 are the relation coefficients between the
capillary porosity and chloride diffusivity, respectively; 𝜙paste
is the capillary porosity in the binder paste; and𝑉𝑃 is volume
of binder paste calculated from the effective water to binder
ratio𝑊𝐶. In (9), the intrinsic diffusion coefficient𝐴1 relates to
the type of binder, such as cement or slag. Exponent𝐴2 (𝐴2 >1) relates to the pore size distribution or the complexity of
the microstructure of the reaction products. As shown in (9)
and (10), with the progress of binder hydration, the capillary
porosity of concrete decreases and the chloride diffusion
coefficient decreases correspondingly.

When the diffusivity of the aggregate particle inclusions is
assumed to be zero, according to the composite sphere assem-
blage (CSA) model [11], the chloride diffusion coefficient of
concrete can be determined as follows:

𝐷
𝐷𝑃 = 1 + 𝑉𝑎

1/ (2 (𝐷𝑖/𝐷𝑃) 𝜀 − 1) + (1 − 𝑉𝑎) /3 , (11)

where𝐷 is the diffusivity of concrete and𝐷𝑖 is the diffusivity
in the interfacial transition zone.

By using a hard core/soft shell model, Garboczi [19]
evaluated the connectivity of the interfacial zones for different
choices of interfacial zone thicknesses. Furthermore, by
comparisonwith cementmortarmercury intrusion data [23],
a choice of 20 𝜇m for the interfacial zone thickness was
found to give the best agreement with the mercury data.
Themean radius of coarse aggregate is approximately 10mm.
Hence, in this study, a thickness ratio of ITZ of approximately
𝜀 = 0.002 is used.

Bentz and Garboczi [24] studied the effects of mineral
admixtures on the interfacial transition zone. They found
that smaller admixtures allow better packing nearer to the
aggregate edge, and the reactivity of the mineral admixture
controls the consumption of the calcium hydroxide. For fly
ash blended mortar, the fraction ratio of CSH between ITZ
and the bulk matrix is similar to plain cement mortar [22].
Similarly, based on an analysis of the chloride diffusivity of
concrete with various fly ash and slag additions, Oh and
Jang [11] proposed that, for Portland cement concrete, fly
ash blended concrete, and slag-blended concrete, the ratios
between𝐷𝑖 and𝐷𝑃 are almost the same (𝐷𝑖/𝐷𝑃 = 7).

The effects of slag addition on the chloride diffusion
coefficients of concrete are summarized as follows: first,
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Table 1: Properties of binders [15].

Types Chemical composition (mass%) Physical properties
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Lg. loss Specific gravity (g/cm3) Blaine (cm2/g)

Cement 21.96 5.27 3.44 63.41 2.13 1.96 0.79 3.16 3214
Slag 32.74 13.23 0.41 44.14 5.62 1.84 0.2 2.89 4340

Table 2: Mixing proportions of concrete [15].

𝑊/𝐵1 𝑆/𝐵2 Water Cement (kg/m3) Slag (kg/m3) Sand (kg/m3) Gravel (kg/m3) Superplasticizer (% of binder)
0.37 0 168 454 0 767 952 1%
0.42 0 168 400 0 787 976 0.9%
0.47 0 168 357 0 838 960 0.85%
0.37 0.3 168 318 136 762 946 0.8%
0.42 0.3 168 280 120 783 972 0.75%
0.47 0.3 168 250 107 835 956 0.65%
0.37 0.5 168 227 227 760 943 0.75%
0.42 0.5 168 200 200 780 969 0.7%
0.47 0.5 168 178 179 832 853 0.6%
1Water to binder ratio. 2Slag to binder ratio.

incorporating GGBS into blended binders can increase the
total porosity because the reactivity of slag is lower than
the reactivity of cement. This point is considered using slag-
blended cement hydration models ((1) and (7)). Second, cal-
cium silicate hydrate (CSH) gel produced from slag reactions
has finer gel pores than the gel from cement hydration. This
effect is considered using an intrinsic diffusion coefficient
𝐴1 in (9). Third, the formation of slag reaction products
can fill large capillary voids and reduce the average pore
size. This effect is considered using a chloride diffusion
exponent𝐴2 in (9). In our study, the evolution of the chloride
diffusion coefficient over time is directly related to the time-
dependent development of capillary porosity. We do not use
the empirical time parameter [14–16] to describe the age
dependence of the chloride diffusion coefficient. Compared
with the empirical time parameter method [14–16], the
physicalmeaning of themodel proposed in this study ismuch
clearer.

However, the proposed model in this study for the
chloride diffusion coefficient of concrete shows some limits.
First, the chloride diffusivity in the ITZ is dependent on the
distance from the aggregate surface [25, 26]. The chloride
diffusivity in the ITZ is not analyzed in detail in this study.
Second, for hardening concrete, the moisture transport from
the water-rich ITZ to the drying bulk paste is not considered
[25]. Water transport plays a prominent role in the hardened
ITZmicrostructure [27].Therefore, the present version of the
proposed model is not perfect and needs to be improved.

3. Verification of the Proposed Model

The experimental results from Song and Kwon [15] were used
to verify the proposedmodel. Song and Kwon [15] performed
a systematic experimental study of the chloride diffusivity of
slag-blended concrete. They measured a chloride diffusion
coefficient for slag-blended concrete with various mixing

proportions at different curing ages. Table 1 shows the chem-
ical and physical properties of the cement and slag. Table 2
shows the mixing proportions of the concrete specimens.
Concrete specimens with three different water to binder
ratios of 0.47, 0.42, and 0.37 and two different slag contents
of 30% and 50% were prepared. Concrete cylinder specimens
were cured under moist conditions. At curing periods of
28 days (four weeks), 90 days (three months), 180 days (six
months), and 270 days (nine months), the chloride diffusion
coefficients were measured through an electrical accelerated
method. After the electrical accelerated test, a silver nitrate
solution (AgNO3 with a concentration of 0.1mol/L) was
used as an indicator to measure the chloride penetration
depth thatwas achieved, and the chloride diffusion coefficient
was calculated according to the penetration depth [15]. The
diffusion coefficient determined by this test is a migration
coefficient, which does not include binding, among other
effects.

3.1. Reaction Degree of Cement. The addition of slag presents
a dilution effect on cement hydration. A dilution effect means
that, in cement-slag blends, the addition of slag makes the
water to cement ratio increase. As shown in Figures 1(a) and
1(b), in cement-slag blends, the reaction degree of cement
is higher than in plain cement paste. The more the slag
additions, the higher the reaction degree of cement. When
the water to binder ratio increases from 0.37 (Figure 1(a)) to
0.47 (Figure 1(b)), the degree of cement hydration increases
because the concentration of the capillary water and available
deposit space of hydration products increases.

3.2. Reaction Degree of Slag. The slag reaction relates to both
the water to binder ratios and slag replacement ratios. As
shown in Figures 2(a) and 2(b), when thewater to binder ratio
increases from 0.37 to 0.47, the reaction degree of the slag
increases because the concentration of capillary water and
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Figure 1: Reaction degree of cement.
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Figure 2: Reaction degree of slag.

available deposit space of the hydration products increases.
However, when the slag replacement ratio increases from30%
(Figure 2(a)) to 50% (Figure 2(b)), the reaction degree of the
slag decreases because the alkali activation effect on the slag
reaction becomes weaker.

3.3. Combined Water. As shown in (3)–(5), both cement
hydration and the slag reaction contribute to the production
of combined water. Figure 3 shows the amount of combined
water as a function of curing ages. As shown in Figures 3(a)
and 3(b), when thewater to binder ratio increases from0.37 to

0.47, the amount of combined water decreases. For concrete
containing 50% slag (Figure 3(b)), the amount of combined
water is lower than in plain concrete (Figure 3(a)) because the
reaction rate of slag (shown in Figure 2) is much slower than
the reaction rate of cement (shown in Figure 1).

3.4. Capillary Porosity. In hydrating cement-slag blends,
with the increase in combined water, the reaction products
deposit in the capillary pore space and the capillary porosity
decreases. Figure 4 shows the amount of capillary porosity
in binder paste as a function of the curing ages. As shown in
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Figure 3: Combined water.
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Figure 4: Capillary porosity.

Figure 4, when thewater to binder ratio increases from0.37 to
0.47, the amount of capillary porosity increases. For concrete
containing 50% slag, the amount of capillary porosity is
higher than in plain concrete.

3.5. General Equation of the Chloride Diffusion Coefficient
for Slag-Blended Concrete. As mentioned in Section 2.2, the
intrinsic diffusion coefficient 𝐴1 and exponent 𝐴2 in (9) are
not dependent on the water to binder ratios and only relate

to the type of binders. We assume that cement and slag
contribute to both the intrinsic diffusion coefficient 𝐴1 and
the exponent𝐴2 relating to binderweight fractions as follows:

𝐴1 = 𝐵1 ∗ 𝐶0
𝐶0 +𝑀0 + 𝐵2 ∗

𝑀0
𝐶0 +𝑀0

𝐴2 = 𝐶1 ∗ 𝐶0
𝐶0 +𝑀0 + 𝐶2 ∗

𝑀0
𝐶0 +𝑀0 ,

(12)
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Figure 5: Comparisons between experimental results and analyzed
results.

where 𝐵1 and 𝐵2 are the contributions of cement and slag,
respectively, to the intrinsic diffusion coefficient 𝐴1; 𝐶1 and𝐶2 are the contributions of cement and slag, respectively, on
the exponent 𝐴2. 𝐶0/(𝐶0 + 𝑀0) and 𝑀0/(𝐶0 + 𝑀0) are the
weight fractions of cement and slag, respectively, in cement-
slag blends. As shown in (12), when the replacement ratio
of slag equals zero, the chloride diffusion coefficient is only
dependent on the values of𝐵1 and𝐶1, which relate to cement.
When slag is used as a mineral admixture, the chloride
diffusion coefficient is dependent on the values of 𝐵1, 𝐵2, 𝐶1,
and 𝐶2.

Using the experimental results from chloride diffusion
coefficients measured at different ages for various mixing
proportions, the values of 𝐵1, 𝐵2, 𝐶1, and 𝐶2 are calibrated
as 3.90𝑒 − 10, 0.72𝑒 − 10, 1.21, and 2.31, respectively. As
shown in Figure 5, the analyzed results generally agree
with the experimental results. The correlation coefficient
between the analyzed results and experimental results is
0.96. The addition of slag can reduce the intrinsic chloride
diffusion coefficient 𝐴1 (because 𝐵1 > 𝐵2) because the gel
produced from the slag reaction has finer gel pores than
the gel produced from cement hydration. In addition, the
addition of slag can increase the chloride diffusion expo-
nent 𝐴2 (because 𝐶1 < 𝐶2). This increase may be due
to the pore size refinement effect resulting from the slag
reactions. With the reduction of the intrinsic chloride diffu-
sion coefficient 𝐴1 and the increase of the chloride diffusion
exponent 𝐴2, the chloride diffusion coefficients decrease
correspondingly.

The relationship between capillary porosity in the binder
paste and the chloride diffusion coefficients is shown in
Figure 6(a). As seen in Figure 6(a), given the same capillary
porosity, the chloride diffusion coefficients of slag-blended

concrete are much lower than the chloride diffusion coef-
ficients of Portland cement concrete, possibly because the
formation of slag reaction products can fill large capillary
voids and reduce the average pore size [6]. As shown in
Figures 6(b)–6(d), the analyzed results generally agree with
the experimental results. With increasing slag replacement
levels or decreasing water to binder ratios, the chloride
diffusion coefficients decrease. By relating the chloride dif-
fusion coefficients to binder hydration, the proposed model
can generally reflect the dependence of chloride diffusion
coefficients on the curing ages, water to binder ratios, and
slag content. However, because the proposed model does not
consider the evolution of the Ca/Si ratio in calcium silicate
hydrate (CSH) during the binder hydration process [6], the
analyzed results show slight deviations from experimental
results (especially for 50% slag concrete).

3.6. Comparisonwith Life-365Model. In addition to our anal-
ysis results, the analyzed results from the Life-365 program
[5] are shown in Figure 7. In the Life-365 program, the
time-dependent chloride diffusion coefficient is calculated as
follows:

𝐷 (𝑡) = 𝐷ref (𝑡ref𝑡 )𝑚 ,

𝐷ref = 10(−12.06+2.4w/cm),

𝑚 = 0.2 + 0.4 (% FA
50 + % SG

70 ) ,

(13)

where 𝐷ref is the chloride diffusion coefficient at time 𝑡ref =28 days, 𝑚 is the diffusion decay index, w/cm is the water-
cementitious material ratio, and % FA and % SG are the
levels of fly ash and slag, respectively, in the mixtures. The
Life-365 program assumes that fly ash or slag does not affect
the early age chloride diffusion coefficient 𝐷ref (chloride
diffusion coefficient at 28 days). The Life-365 program con-
siders that fly ash and slag impact the rate of reduction in
diffusivity only over time. With the increase of the slag or
fly ash replacement levels, the value of𝑚 increases and more
reduction in chloride diffusivity occurs over time. As shown
in Figure 7, the trends of the calculation results from the Life-
365 program are similar to our proposedmodel. However, for
Portland cement concrete (Figure 7(a)) and 30% slag concrete
(Figure 7(b)), the chloride diffusivity calculated from the
Life-365 program is lower than the experimental results,
possibly because the reactivity of cement and aggregate
content in our study are different from those in the Life-365
program.

4. Conclusions

This study presents a numerical procedure to predict
the time-dependent chloride diffusion coefficients of slag-
blended concrete. This numerical procedure starts with a
slag-blended cement hydration model. The reaction degree
of the binders is calculated using this hydration model. By
using the reaction degree of binders, the combined water
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Figure 6: Chloride diffusion coefficients.

and capillary porosity of hardening concrete at different
curing ages is determined. Furthermore, by using the cap-
illary porosity and aggregate volume, the chloride diffusion
coefficients are calculated. A general equation for the chloride

diffusion coefficient for hardening slag-blended concrete is
proposed. The increase of total porosity due to slag addition,
pore refinement on the macroscale by slag due to the filling
effect, and pore refinement on the microscale due to the
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Figure 7: Chloride diffusion coefficients calculated from Life-365 model.

latent-hydraulic properties and pozzolanic reaction of slag
are analyzed. The proposed model is valid for concrete with
different water to binder ratios, slag replacement ratios, and
curing ages.
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Chloride transport in different types of high alumina cement (HAC)mortar was investigated in this study.ThreeHAC cement types
were used, ranging from 52.0 to 81.1% of aluminum oxides in clinker. For the development of the strength, the setting time of fresh
mortar was measured immediately after mixing and the mortar compressive strength was cured in a wet chamber at 25 ± 2∘C and
then measured at 1–91 days. Simultaneously, to assess the rate of chloride transport in terms of diffusivity, the chloride profile was
performed by an exposure test in this study, which was supported by further experimentation including an examination of the pore
structure, chloride binding, and chemical composition (X-ray diffraction) analysis. As a result, it was found that an increase in the
Al2O3 content in the HAC clinker resulted in an increase in the diffusion coefficient and concentration of surface chloride due to
increased binding of chloride. However, types of HAC did not affect the pore distribution in the cement matrix, except for macro
pores.

1. Introduction

High alumina cement (HAC),mainly consisting of aluminum
oxide (Al2O3) from about 50 to 85% in cement clinker,
could be often used for a special application, due to both
high resistance to aggressive chemical ions (i.e., sewer con-
crete) and rapid development of strength within 24 hours
[1–4]. However, its use in concrete structures has been
severely restricted by the loss of strength in the process of
conversion; metastable hydrates (CaO⋅Al2O3⋅10H2O, CAH10;
2CaO⋅Al2O3⋅8H2O, C2AH8) are transformed to stable ones
(3CaO⋅Al2O3⋅6H2O, C3AH6) as follows [5–8]:

3CAH10 → C3AH6 + 2AH3 + 18H (1)

3C2AH8 → 2C3AH6 + 2AH3 + 9H (2)

Due to the release of water molecules in the conversion,
however, further hydration of anhydrous phases in cement
matrix progresses steadily [1, 2, 9], thereby compensating for
the reduced strength and thus the required performance in
structural members. Thus, HAC may be used for structural
concrete structures, under the condition that rapid hydration

is arrested in situ by any means, together with reduced
economic price.

It is also intuitively supported that the high portion of
aluminumoxide inHAC, which is in fact related to formation
of CA-type hydration, for example, C3A, to remove free
chlorides from the concrete pore solution, might be preferred
to enhance resistance to chloride-induced corrosion of steel
in concrete [10]. Steel embedment in concrete is usually
protected by the passive layer (i.e., 𝛾-Fe2O3), formed in a
high alkaline environment, in which the value of pH accounts
for about 12.0 up to 13.5 [11], although chloride ions at the
depth of the steel in concrete would subsequently depassivate
the steel surface, followed by corrosion propagation to the
entire surface of steel [12, 13]. Simultaneously, corrosion of
steel could be more or less mitigated by the removal of free
chloride ions in the pore solution. In the majority of previous
studies [14, 15], the increased binding capacity of HAC paste
enabled more adsorption and binding of chloride ions in
the pore solution to mitigate the risk of chloride-induced
corrosion. In fact, the corrosion resistance of HAC in terms
of critical chloride concentration for the onset of corrosion
was increased up to 2.4%, whilst OPC concrete ranged from
0.2% to 1.0% for the chloride threshold [10].
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Table 1: Oxide composition and chemical properties of different HAC types.

Oxide composition (%) Ignition loss (%) Fineness (cm2/g) Density
CaO Al2O3 SiO2 Fe2O3 SO3 MgO K2O Na2O MnO

HAC I 38.83 52.03 5.02 0.86 0.09 0.42 0.68 0.17 0.03 0.50 5,150 3.03
HAC II 32.01 67.25 0.11 0.08 0.01 0.21 0.01 0.28 0.02 0.61 4,800 2.92
HAC III 18.35 81.09 0.06 0.06 0.01 0.08 0.01 0.32 0.01 1.21 8,540 3.19

When it comes to the corrosion-free service life of
structures, the rate of chloride transport in HAC concrete,
however, is of no concern to date. As chloride transport
is affected by the distribution of pores and simultaneously
the reactivity of the cement matrix with chloride ions,
predicting the corrosion-free life must be accompanied by
the rate of chloride transport. In particular, HAC concrete
imposes the increased pores in the process of conversion
from the hexagonal to cubic phases, which may accelerate
the chloride permeation and offset the benefit in increasing
the resistance to chloride-induced corrosion. Moreover, the
binding capacity of HAC concrete may affect the buildup
of chloride ions on the surface of concrete, when immersed
in a salt solution, which subsequently would increase the
diffusivity of chloride ions.

To ensure the characteristics of chloride transport in
HAC concrete, the rate of chloride transport in terms of
diffusivity was investigated by an exposure test in this study.
Refinement of the pore structure was examined by the intru-
sion of mercury into a specimen to quantify the influence
of conversion on the pore distribution. Simultaneously, the
chloride binding capacity of HAC paste was determined to
assess its effect on both corrosion resistance and chloride
transport. Three different HAC types were used containing
52.0, 67.3, and 81.1% of aluminum oxides in HAC clinker.

2. Experimental Works

2.1. Compressive Strength and Penetration Resistance. The
oxide composition of HAC used in the present study was
determined by X-ray fluorescence (XRF) and physical prop-
erties of HAC are given in Table 1. For the development of
the compressive strength, mortar specimens were fabricated
in a cylindrical mould (Ø 100 × 200mm). Mix proportion
for the cement : water : sand (Grade M) was 1.00 : 0.40 : 2.45.
The specific gravity of sand was 2.65. This mix proportion
for mortar was subsequently used for the chloride profile
and mercury intrusion porosimetry. The mortar specimens
were demoulded in 12 hours after casting and then cured in
a wet chamber at 25 ± 2∘C to reduce the influence on the
transformation of hexagonal to cubic phases in hydration
products. The compressive strength for mortar specimens
was measured at various ages to monitor the influence of
the conversion process in the HAC mortar on the strength
development.

A fresh mortar was poured in a cubic mould (100 ×
100 × 400mm) to determine the penetration resistance with
time and was subsequently measured by a set of standard
needles (16, 32, 65, 161, 312, and 645mm2 in diameter)
at a given time interval. After interpolating the curve for

the penetration resistance with time, the setting time was
determined, assuming that the initial and final sets are
defined as time for the penetration resistance to reach 3.43
and 27.46MPa, respectively.

2.2. Chloride Profile. The mortar specimens fabricated in
the cylindrical mould (Ø 100 × 200mm) were cured in
an identical wet chamber for 91 days to maximise the
hydration degree, and then the specimens were cut into
50mm thickness, in which all the surfaces were coated by
epoxy resin except for one surface to induce one-way chloride
penetration. Then, the mortar disks (Ø 100 × 50mm) were
immersed in a 1.0M NaCl solution for 100 days, followed
by grinding the specimens every 5mm depth increments up
to 20mm from the specimen surface to measure chloride
concentration in each sample. The obtained sample was
stirred for 5min in 50mL distilled water at 50∘C to extract
the water-soluble chloride, and then, for reaching a chemical
equivalent in solution, a further 30min of standing was
carried out. After filtering the sample, the concentration
of chloride ion in sample was measured by the titration
method using ion selective electrode (ISE) for chloride.
An identical procedure was adopted to determine the acid
soluble chloride concentration using 2.0 nitric acid (HNO3)
for solvent instead of distilled water.

Once the total and free chloride concentrations were
obtained at all depths, the surface chloride (𝐶𝑆) and an
apparent diffusion coefficient (𝐷app) were determined by
fitting to the error function solution to Fick’s second law for
nonsteady state, given by

𝐶 (𝑥, 𝑡) = 𝐶𝑆 (1 − erf 𝑥2√𝐷𝑡) , (3)

where 𝐶(𝑥, 𝑡) is chloride concentration at depth 𝑥 after time
𝑡 (%/m3), 𝐶𝑆 is surface chloride concentration (%/m3), 𝑥 is
depth (mm),𝐷 is apparent diffusion coefficient (m2/s), and 𝑡
is time of exposure (s).

When free chloride concentration was determined at a
given total, the chloride binding capacity was represented by
the Langmuir isotherm. In this study, water-soluble chlorides
were taken as free, while acid soluble ones were taken as
total chlorides.The concentration of bound chloride ions was
determined by subtracting the free chloride concentration
from the total.

2.3. Chlorides in the Matrix. The X-ray diffraction method
was used to identify the bound chlorides in the HAC paste.
To react with chlorides from an external environment, a
thin layered HAC paste (Ø 100 × 5mm) at 0.4 of a free
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W/C was immersed in 1.0M NaCl solution for 100 days.
Then, the specimens were immersed in isopropanol for 7
days to prevent further hydration, followed by remaining in a
dessicator for 1 day to remove/evaporate the residual water-
based solvent. After removing water, the paste specimen
was ground and sieved with the 300 𝜇m sieve to obtain the
dust sample, which was analysed with D/MAX-2500 model
(Rigaku) and Jade 9.5 software. The scan range was from 5 to
45∘ of 2𝜃 at a scan rate of 4∘/min.

2.4. Pore Structure Examination. To examine the pore distri-
bution at a given pore diameter, the HAC mortar specimens
were fabricated in a cylindrical mould (Ø 10 × 10mm) and
cured for 91 days in the wet chamber at 25 ± 2∘C. Prior
to examining the pore structure, the residual water in the
specimen was removed by an identical method for the X-
ray diffraction test. The porosimeter used in this study was
Autopore IV 9500 model (Micromeritics Instrument) to fit
the low and high pressure. The first step was applied by low
pressure of mercury (Hg) up to 0.51 psia using nitrogen gas to
measuremacroporosity, and then themaximumpressure was
gradually increased to 33,000 psia formicroporosity.Thepore
volume versus pore diameter calculated by the Washburn
equation at a given pressure was plotted in the cumulative
pore volume and incremental curve. Hence,

𝑑 = −4𝛾 cos 𝜃𝑃 , (4)

where 𝑑 is pore diameter (m), 𝛾 is surface tension (N), 𝜃 is
contact angle (∘), and 𝑃 is pressure (MPa).

3. Results and Discussion

3.1. Compressive Strength and Penetration Resistance. The
penetration resistance of freshHACmortar with time is given
in Figure 1. The initial and final sets were determined by
the best-fitted curve for the penetration resistance with time
(𝑦 = 𝑎𝑒𝑏𝑥). It was seen that the setting time was strongly
dependent on theHAC type; an increase in the Al2O3 content
in clinker resulted in an increase in the time for the initial
and final sets. For example, the time for the initial and final
sets of HAC I imposed the rapid hardening, accounting for
185 and 230min for the initial and final sets, respectively,
while HAC III indicated 291min and 409min, respectively.
TheHAC is usually divided into three groups: (1) low alumina
(50–60% in Al2O3), (2)medium alumina (65–75% in Al2O3),
and (3)high alumina (>80% inAl2O3).The anhydrous phases
consist of CA, a main hydraulic constituent in HAC, 𝛼-
Al2O3, C12A7, and CA2, being significant, according to raw
materials. Guirado and Gaĺı [16] showed that an increase
in ratio of CaO/Al2O3 (hereinafter C/A) resulted in both
an increase in CA2 content and a decrease in CA ones,
measured by the Rietveld analysis. As the hydration process
in HAC is governed by the amount of Ca2+ and Al(OH)4−
ions in solution, the quantities and solubility in each clinker
could be influencing the development of the strength. Klaus
et al. [17] investigated the hydration of mixture of CA and
CA2 (W/C ratio: 0.45; curing temp.: 23 ± 0.2∘C) in terms
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Figure 1: Penetration resistance of fresh concrete with time to
determine the setting time for different HAC types.

of their dissolution. They found that the dissolution of CA
progressively appeared at the initial stage (up to about 6
hours), followed by that of CA2. Moreover, the dissolution
behaviour of CA was constant in the presence of various
CA2 content. In addition, it was reported that CA in HAC
clinker is reactive more than CA2 at ambient temperature
(20–30∘C) [18]. Consequently, as CA leads to rapid setting
and hardening at the early stage in the process of hydration,
it is possible to control the setting behaviour for HAC by
modifying the C/A ratio in clinker at the manufacturing step.

The compressive strength of mortar with different HAC
types was measured at 1–91 days as shown in Figure 2. As
expected, the strength forHACmortar rapidly increasedwith
time at an early age, regardless of types, up to 7 days, and
then decreased at 14 days, except for HAC I. In particular,
the strength of HAC I mortar showed a considerable high
strength at an early age, reaching beyond 66.3MPa at 7 days,
and then gradually decreased to 47.7MPa at 56 days, while
HAC III mortar faced a sudden decease from 65.1MPa at
7 days to 51.4MPa at 14 days. The high early compressive
strength is attributed to an inherent characteristic of HAC,
which may be attributed to rapidly elevated heat (up to about
90∘C in adiabatic temperature) during hydration within 10–
12 hours [1]. A reduction of the compressive strength may
reflect the conversion process from the hexagonal (CAH10
and C2AH8) to cubic (C3AH6) phases during hydration of
HAC paste, accompanying the densified matrix, and thus
in turn increased porosity in the cement matrix [6, 7]. It is
notable that amarginal increase for compressive strength was
observed after 14 days of curing in all types. It is evident that
further hydration of anhydrous phases, such as CA, CA2, and
C12A7, may maintain a certain strength, despite a risk of the
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Figure 2: Development of compressive strength of mortar for
different HAC types with curing age.

conversion process, which is, in fact, related to generation
of porosity and in turn may decrease the concrete strength
[6, 7]. Substantially, all the mortar compressive strengths
achieved a high level of their ultimate compressive strength,
exceeding about 50MPa at 91 days, which could not seem to
further increase or decrease. Thus, it can be said that there
would be no adverse effect in using the HAC for structural
concrete, presumably due to the unstable development of the
compressive strength.

3.2. Chloride Transport. After exposure of mortar specimens
to the 1.0 NaCl solution for 100 days, the chloride concentra-
tion was measured at each depth with increments of 5.0mm
for the acid- and water-soluble chlorides, corresponding to
total and free chlorides, respectively. Then, the chloride pro-
filewas used to determine the apparent diffusion coefficient of
chlorides and the surface chloride content for nonsteady state
by fitting to the error function solution to Fick’s second law,
as shown in Figure 3. It is obvious that an increase in the C/A
ratio (i.e., lower content of Al2O3 in oxides in HAC clinker)
resulted in a decrease in the chloride ingress at every depth.
In particular, the concentration of total surface chloride was
strongly dependent on the C/A ratio in cement. For example,
HAC I at the higher C/A ratio produced 0.84% of the surface
chloride by weight of cement, while HAC III increased up
to 2.08%. This may be ascribed to the chemical equilibrium
for chloride ions at the interface between specimen surface
and solution. The higher Al2O3 content in cement clinker
would enhance the formation of chloroaluminate hydrates,
which often would result from a reaction between cement
paste and free chlorides to remove/immobilise them from the
pore solution [10, 19]. The higher chloride binding capacity,
resulting from increased C3A content, may impose increased

concentration of bound chloride on the surface of concrete
at a given free chloride concentration due to the chemical
balance between concrete surface and saline media [20].
Thus, the lower C/A ratio in HAC may enhance the buildup
of chlorides on the concrete surface, leading to an increase in
the concentration gradient to accelerate the rate of chloride
transport.

It is evident that the diffusion coefficient of chlorides was
much affected by the C/A ratio in HAC. In fact, an increase
in the C/A resulted in a decrease in the diffusion coefficient.
For example, the HAC I produced the lowest diffusivity of
1.61 × 10−11m2/s, while HAC II and HAC III indicated 1.85
× 10−11m2/s and 2.17 × 10−11m2/s, respectively. However,
the diffusion coefficient calculated for free chloride transport
had no significant effect arising from different C/A ratios;
the diffusion coefficient for free chlorides in HAC was in a
small range from 1.31 × 10−11 to 1.43 × 10−11m2/s, irrespective
of types of HAC. The rate of chloride transport is affected
by the pore structure (i.e., distribution of capillary pores in
the cement matrix) and chemical reactivity between cement
paste and chloride ions, such as chloride binding. The HAC
paste is always subjected to the conversion process from
the hexagonal phases (CAH10 and C2AH8) to cubic phases
(C3AH6), depending on the curing regime, temperature, and
C/A ratio, which subsequentlymay govern the pore structure.
Simultaneously, the reactivity between cement paste and
chloride ions in HAC would be very accelerated rather than
in OPC, due to increased formation of reactive hydration
products such as CA, CA2, and C12A7. Thus, these influ-
encing factors must be quantified to determine the chloride
transport in HAC concrete. For example, examination of the
chloride binding capacity and the pore structure must be
accompanied.

3.3. Chloride Binding. To render the binding isotherm, the
relation between free and bound chlorides for different
HAC types was depicted in Figure 4, using the Langmuir
isotherm. The concentration of free and bound chloride was
determined in the process of chloride profiling at different
depths and at different total chloride concentrations. As
expected, an increase in the free chloride concentration
resulted in an increase in the bound chlorides, regardless
of the HAC types. It is evident that the C/A ratio was
significantly influencing the chloride binding capacity at a
given total chloride concentration. In fact, HAC III was
ranked the highest chloride binding capacity, presumably
arising from increasedAl-based clinkers, which subsequently
would form the CA-type hydrates to arrest chlorides into
Friedel’s salt. Due to a marginal difference in the pH of the
pore solution, the pH seems to be less influencing on the
chloride binding capacity [15], and the conversion process in
the HAC matrix is, moreover, less affected. Substantially, the
binding of chlorides into a crystallised form may solely be
affected by the concentration of Al2O3 in clinker, although
other hydration products may contribute to the reaction with
chlorides in a limited margin.

The HAC paste immersed in the NaCl solution was
analysed by X-ray diffraction as seen in Figure 5. It is
seen that the peaks for hydration products were mostly



Advances in Materials Science and Engineering 5

Total
Free
Bound

Total 0.84

Free 0.60

0

0.5

1

1.5

2

2.5
Ch

lo
rid

e c
on

te
nt

s (
%

, c
em

)

5 10 15 20 250
Depth (mm)

CS (%, cem) Dapp (m2/s)

1.61 × 10−11

1.33 × 10−11

(a) HAC I

Total
Free
Bound

1.40

0.64

0

0.5

1

1.5

2

2.5

Ch
lo

rid
e c

on
te

nt
s (

%
, c

em
)

5 10 15 20 250
Depth (mm)

Total

Free

CS (%, cem) Dapp (m2/s)

1.85 × 10−11

1.31 × 10−11

(b) HAC II

Total
Free
Bound

2.08

0.77

0

0.5

1

1.5

2

2.5

Ch
lo

rid
e c

on
te

nt
s (

%
, c

em
)

5 10 15 20 250
Depth (mm)

Total

Free

CS (%, cem) Dapp (m2/s)

2.17 × 10−11

1.43 × 10−11

(c) HAC III

Figure 3: Chloride profiles of mortar for different HAC types after 100 days of exposure to 1.0M NaCl solution.

identical between HAC pastes, imposing similar generation
of hydration, except for unreactive 𝛼-Al2O3 in HAC III. It
is notable that no metastable crystals (CAH10 and C2AH8)
were identified for all the HAC types in the X-ray diffraction
curves, implying that the hexagonal phases formed in the
cement matrix were completely converted to cubic phases
during curing consisting of 91 days of wet curing and 100 days
of exposure to a salt solution at 25 ± 2∘C. The high intensity
was commonly observed at 11.0–11.2∘ of 2𝜃 in HAC pastes,

indicating that Friedel’s salt was quite formed, depending on
the C/A ratio. In fact, an increase in the C/A resulted in
a decrease in Friedel’s salt. This may confirm that the high
content of Al2O3 may be of benefit in forming Friedel’s salt,
due to increased possibilities of the formation of chloride-
reactive CA hydration products.

3.4. Pore Structure. The pore distribution in the HACmortar
was determined by mercury intrusion porosimetry, as given
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Figure 5: X-ray diffraction pattern of cement paste with different HAC types after 100 days of exposure to 1.0MNaCl solution. (a) Hydration
products and (b) Friedel’s salt.

in Figure 6, together with incremental pores at different
sizes. Irrespective of types of HAC, the total pore volume
was in the range of 0.076–0.088mL/g. The distribution of
capillary pore was not much affected by the types of HAC,
which would provide paths for ions to transport in the form
of interrelated network. However, macro pore distribution
was dependent on the HAC types; an increase in the C/A
resulted in an increase in the volume of macro pores, which
are not interconnected with the capillary pore and thus
may block the ionic transport [21]. As seen in Figure 3, the

HAC III produced the highest rate of chloride transport in
terms of apparent chloride diffusion coefficient. This may be
attributed to a lower volume of the macro pores, enhancing
the connectivity between pores and thus chloride transport.
Moreover, a reduction of themacro pore volumemay increase
the development of the concrete strength at a given hydration
degree; in fact, HAC III was ranked the highest strength as
seen in Figure 2 after 14–28 days of curing. Despite further
generation of the pores in the conversion process from the
hexagonal to cubic phases, a modified pore structure after the
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Figure 6: Pore size distribution of mortar to a given pore diameter with different HAC types.

conversion was not identified in this study, because the pore
distribution before the conversion process, presumably at a
very early age, was not obtained.

4. Conclusion

In this study, the ionic transport in different types of HAC
mortar was investigated by the chloride profile, which was
supported by further experimentation including an exam-
ination of the pores structure, chloride binding capacity,
and chemical microscopic analysis (X-ray diffraction anal-
ysis). The HAC was classified by the content of Al2O3 in
cement clinker ranging from 52.0 to 81.1%. Simultaneously,
development of the compressive strength and setting time
were measured to secure their applicability in situ. Detailed
experimental results and conclusion derived from the study
are given as follows:

(1) An increase in the Al2O3 in the HAC clinker resulted
in an increase in the setting time, and, moreover, the

gap between initial and final sets was also increased,
due to increasedCA2 formation.HACmortars gained
rapidly the compressive strength at an early age,
accounting for 66.3MPa at 7 days, which was reduced
at 14 days of curing presumably due to the conversion
process from the hexagonal to cubic phases and then
again marginally increased or/and converged to a
certain level up to 91 days, ranging from 49.36 to
53.92MPa.

(2) The apparent diffusion coefficient and surface chlo-
ride concentration of HAC mortars immersed in a
salt solution were obtained by profiling of chloride
concentration at each depth. An increase in the
Al2O3 in HAC clinker resulted in an increase in
the surface chloride and diffusion coefficient, due
to increased chloride binding capacity and modified
pore structure.The surface chloride ranged from 0.84
to 2.08%, while the diffusion coefficient of chlorides
in HAC mortar was in the range of 1.61–2.17m2/s.
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(3) The chloride binding capacity, rendered by the Lang-
muir isotherm, was increased by Al2O3 in HAC
clinker, which would form CA-type hydration prod-
ucts to react with chloride ions into Friedel’s salt.
However, types of HAC did not have an influence on
the pore distribution in the cement matrix, except for
macro pores.
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The compositions and formation process of f-CaO in BOF slag were revealed and simulated to understand its expansion rules
and why its hydration activity is low. BSE showed the compositions of f-CaO, which included calcium iron phase and calcium
iron manganese phase, were diverse. The hydration activity sequence was Ca2Fe2O5 and Ca3Fe1.5Mn1.5O8 in tricomponent f-CaO< CaO in tricomponent f-CaO < monocomponent f-CaO; only Ca2Fe2O5 and Ca3Fe1.5Mn1.5O8 were hard to hydrate, and the
volume expansion rates of the tricomponent f-CaO varied with different compositions. Inductively, in BOF slag, the hydration
activity sequence was solid solutions CaO-FeOx and CaO-FeOx-MnOy in tricomponent f-CaO < CaO in tricomponent f-CaO <
monocomponent f-CaO; the volume expansion rates of tricomponent f-CaO changed with different compositions, and CaO-FeOx
and CaO-FeOx-MnOy were difficult to hydrate. The reason why solid solutions CaO-FeOx and CaO-FeOx-MnOy were hard to
hydrate was that their hydration reaction driving force, which is the absolute value of standard molar reaction Gibbs functions,
decreased.

1. Introduction

BasicOxygen Furnace (BOF) slag is the industrial by-product
from the steel-refining process in a conversion furnace, and
its output accounts for 15∼20% by mass of the total output
of crude steel [1]. In China, 1.5 × 108 tons of BOF slag was
produced in 2015 [2]. However, the current utilization rate
of BOF slag in China is only 22%. Massive amounts of BOF
slag have been dumped as waste, which not only leads to
the occupation of farm land and serious pollution to the
environment but is also an extreme waste of resources. This
situation also has a very negative effect on steel enterprise
regarding sustainable development [3]. In China, approxi-
mately two billion tons of Ordinary Portland Cement (OPC)
is produced every year [4, 5]. BOF slag and OPC possess the
same chemical andmineral compositions, and it is possible to
use BOF slag in cement and concrete industry as a resource;
meanwhile, this use is effective to realize a high added value
application and sustainable development. However, its low
hydration activity [6, 7] and the volume expansion that
occurs after blended OPC binder containing BOF slag (CBS)

hardens [8–10] have restricted the application of BOF slag in
cement and concrete industry. It is imperative to find ways
to stimulate its hydration activity and resolve the volume
expansion of BOF slag.

There have been a great number of studies on stimulating
the hydration activity of BOF slag, but there have been very
limited studies on resolving the volume expansion of BOF
slag. Currently, it is universally acknowledged that there is the
possibility that f-CaO and f-MgO, which are in a dead-burnt
state and whose hydration activity is very low, will continue
to slowly hydrate in BOF slag after CBS hardens, causing
a volume expansion, which may damage the construction.
In this study, f-CaO was considered to be the major factor
of the volume expansion of BOF slag. F-CaO, which will
cause the volume expansion after CBS hardens, is a mineral
phase in BOF slag, and its main composition is CaO [11–13].
To address the volume expansion caused by f-CaO, Wang
et al. [8] have found a theoretical equation based on both
chemical reaction and physical changes of f-CaO in BOF slag
during the hydration process to predict the volume expansion
of BOF slag. The calculated volume expansion data can be
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used as evaluation criteria for a given slag that is used in
an engineering application, which is significant to applying
BOF slag in OPC. At the same time, Wang [9] has noted
that the volume expansion data of BOF slag tested by the
current ASTM (2006) standard test method [10] are not
directly related to the expansion behavior of BOF slag under
confined conditions. The expansion force is the direct factor,
and the allowable stress of a rigid matrix should also be
considered when BOF slag is applied in OPC. Kuo et al.
[14, 15] have put forward that high temperature rapid catalytic
technology can accelerate f-CaO hydration and forecast the
volume expansion within a short time. Moreover, it can
verify the volumetric stability of a steel material, identify the
possible expansion risk before use, and forecast the durability
of concrete mixed with different amounts of BOF slag.

So far, the literature has shown that there has been a
great amount of attention paid by exploring the relationship
between a certain amount of f-CaO and the volume expan-
sion that is caused.However, a limited number of studies have
revealed a clear explanation of the causes related to the low
hydration activity of f-CaO. Therefore, the current aims to
resolve volume expansion and establish evaluation criteria are
difficult and, to a certain extent, rely on experience.Therefore,
it is theoretically and practically significant to study how the
factors that influence the hydration activity of f-CaO lead to
a minimal hydration activity of f-CaO.

Through a molten temperature of approximately 1600∘C,
f-CaO in BOF slag is in a dead-burnt state, and the compo-
sitions and the distribution of f-CaO are heterogeneous. It is
possible that iron oxide (FeOx) andmanganese oxide (MnOy)
may dissolve in f-CaO during the steelmaking process [11–
13]. The steelmaking process occurs at a high temperature
(about 1600∘C) and oxidation state [16]. Under this condition,
transition metals, such as Fe and Mn, often form nonstoi-
chiometric oxides [17, 18]. If f-CaO is transformed into the
combination of metal oxides, it will present with the form of
CaO⋅aFeOx⋅bMnOy [12].The values of 𝑎, 𝑏, 𝑥, and 𝑦 of f-CaO
in different areas of BOF slag are different and uncertain.

Taking the formation process and the compositions of
f-CaO into consideration, the factors that influence the
hydration activity of f-CaO are absolutely connected with
both the time of high temperature process and dissolved FeOx
andMnOy. Under the influence of these factors, the hydration
activity of f-CaO may become low. Since the system of BOF
slag is very complex, the relationship between the hydration
activity of f-CaO and the duration of the high temperature
process, especially the quantitative relationship between the
hydration activity of f-CaO and its compositions, is still not
definite.

With the aim of better understanding the compositions
of f-CaO in BOF slag, why the hydration activity of f-
CaO is low, and its expansion rules, as well as providing
theoretical support to address the volume expansion caused
by f-CaO, first, the compositions and formation process of f-
CaO in different BOF slags were revealed using backscattered
electron images (BSE) and energy dispersive analysis (EDS)
of scanning electron microscope (SEM) images. Secondly,
based on these observations, the formation process and
compositions of f-CaO were simply simulated through the

calcination experiment. Simulatedmonocomponent f-CaO is
not the same but it is similar to monocomponent f-CaO in
BOF slag and tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2
system is not the same but it is similar to the tricomponent
f-CaO of CaO⋅aFeOx⋅bMnOy system in BOF slag. These
components were thoroughly studied by scanning electron
microscope (SEM), X-ray diffraction (XRD), energy disper-
sive spectrometer mapping (EDS-mapping), and hydration
heat evolution test. The latter was used to explore the influ-
ence mechanisms of the calcination time on the hydration
activity of monocomponent f-CaO and dissolved Fe2O3 and
MnO2 on the hydration activity of tricomponent f-CaO of
CaO⋅aFeO1.5⋅bMnO2 system. The aim of this study was to
provide useful fundamental knowledge regarding complex
systems by studying simplified systems. Then, the influence
mechanisms were extended to monocomponent f-CaO and
tricomponent f-CaO of CaO⋅aFeOx⋅bMnOy system because
of their similarity. Finally, the main mechanisms behind
tricomponent f-CaOofCaO⋅aFeOx⋅bMnOy systemwere con-
firmed by thermodynamic theory. Thermodynamic theory
was applied to confirm why the hydration activity of solid
solutions CaO-FeOx and CaO-FeOx-MnOy in tricomponent
f-CaO in BOF slag was low and weaker than that of CaO.

2. Materials and Methods

2.1. Materials. Four types of BOF slags were obtained from
Jiangsu Tieben Steel and Iron Co., Ltd.; Ma’anshan Steel
and Iron Co., Ltd.; Cangzhou Steel and Iron Co., Ltd.; and
Baoshan Steel and Iron Co., Ltd., being denominated as SS,
MS, CS, and BS, respectively. They were treated by heat-
stewed process and then underwent natural cooling in ware-
house. The chemical compositions of the BOF slags were
determined by wavelength dispersive X-ray fluorescence
(XRF) spectrometry (Thermo Electron ADVANT’ XP). The
samples were scanned over a range of 5∘ and 90∘ 2𝜃. The
scans were measured in step scan mode at 2 s per 0.02∘
2𝜃. Their chemical compositions and the average chemical
compositions of BOF slag in China are given in Table 1 [2, 3].
From Table 1, it can be seen that the four types of BOF slags
are representative in China.

The commercial materials used in this study included
analytical grade CaO (Sinopharm Chemical Reagent Co.,
Ltd.), Fe2O3 (Xilong Chemical Co., Ltd.), MnO2 (Xilong
Chemical Co., Ltd.), and deionized water (self-manufac-
ture).

2.2. Sample Preparation. BOF slag particles were crushed,
rubbed, and inserted in a mould to be polished achieving a
smoothness≤ 0.5 um. Subsequently, the sampleswerewashed
and coated by carbon film.

Analytical grade CaO was placed in a 𝜑50mm × 10mm
cylindrical mould under a pressure of 20MPa for 3min and
then demoulded; calcinated for 1, 3, 5, and 7 h at 1600∘C
in the electric furnace (Luoyang Shenjia Kiln Co., Ltd., SSJ-
17); and cooled in air rapidly to prepare the four mono-
component f-CaO samples. After the calcinations, the sam-
ples were fractured, milled, and sieved below 180 um. Finally,
the samples were stored in a dryer for the tests.
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Table 1: Chemical composition of BOF slag from different steel plants and the average composition in China.

Source
Chemical composition (w/%)

CaO SiO2 Al2O3
Fe2O3 MgO MnO P2O5 TiO2 Others f-CaO
(FeO)

SS 43.29 13.63 3.23 24.34 10.37 1.05 2.78 0.56 0.75 5.68
MS 41.4 9.79 2.69 25.25 13.6 4.67 0.98 0.79 0.83 6.29
CS 37.37 12.21 1.01 27.90 11.5 3.32 4.10 1.02 1.37 4.19
BS 39.42 11.63 0.83 30.43 8.50 2.21 3.23 0.67 3.08 4.81
BOF slag 40∼50 10∼15 1∼5 24∼28 10∼12 <5 <8 <2 / <10

The three samples of tricomponent f-CaO of
CaO⋅𝑎FeO1.5 ⋅ 𝑏MnO2 system were prepared from mixing
analytical grade CaO, Fe2O3, and MnO2 according to 𝑎
and 𝑏 that were equal to 0.17 and 0.03, 0.14 and 0.06, 0.1,
and 0.1, separately, and then, the other procedures were the
same as above, except that the calcination time was 3 h. The
nomenclature used for the three samples of the tricompo-
nent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system is C⋅0.17F⋅0.03M,
C⋅0.14F⋅0.06M, and C⋅0.1F⋅0.1M according to the difference
of 𝑎 and 𝑏. C, F, and M represent CaO, FeO1.5, and MnO2,
respectively. Ca2Fe2O5, whose molar ratio of CaO to Fe2O3
was 2, and Ca3Fe1.5Mn1.5O8, whose molar ratio of CaO,
Fe2O3, and MnO2 was 4 : 1 : 2, was prepared by similar
procedures.

2.3. Methods

2.3.1. The Compositions of f-CaO in the Four Types of BOF
Slags. The backscattered electron image (BSE) was used
to observe the micromorphology of the mineral phase in
solid matter, in which brighter area corresponds to higher
atomic number. The morphology and distribution of the
mineral phase in BOF slags were observed using BSE, and,
with the energy dispersive spectrometer analysis (EDS), the
element compositions of f-CaO in BOF slags were revealed
by frequency histogram method in statistics.

2.3.2. Simulated Monocomponent f-CaO Calcinated for
Different Times

(1) XRD Characterization. The monocomponent f-CaO sam-
ples were ground to 45 um, and then the sieved samples
were used for XRD (Siemens D5000) with a scanning range
between 5∘ and 90∘ 2𝜃 at a scanning speed of 1 s/step and a
resolution of 0.05∘/step. The X-ray diffraction patterns were
analyzed by the diffraction software Jade-6 equipped with
the ICCD (International Centre for Diffraction Data) PDF-2
database to calculate the crystalline sizes of the monocompo-
nent f-CaO samples using the Scherrer equation [19].

(2) SEM Characterization. The fractured monocomponent
f-CaO samples were coated with gold and observed by a
SEM (Japanese Electronics Co., Ltd., JSW-780f) to analyse the
influence of the calcination time on the microtopography of
the monocomponent f-CaO samples.

(3) Hydration Heat Evolution Test. The monocomponent f-
CaO samples, whose initial masses were 0.6 g, were for the
hydration heat evolution test at a water/powder mass ratio
= 10/3 at 20∘C with isothermal calorimetry (Toni Technik
GmBH, Germany, ToniDCA7338, sensitivity ratio 0.2 J/g).
The results represent the hydration activity of the samples.

2.3.3. Simulated Tricomponent f-CaO of
CaO⋅aFeO1.5⋅bMnO2 System

(1) XRD Characterization. The samples of tricomponent f-
CaO of CaO⋅aFeO1.5⋅bMnO2 system were ground below
45 um. Then, the sieved samples were dehydrated, hydrated
at 20∘C after 36 h, and autoclaved after 3 h (𝑃 = 2.0MP, 𝑇 =216∘C). The samples were used for XRD (Siemens D5000)
with a scanning range between 10∘ and 50∘ 2𝜃, a scanning
speed of 1 s/step, and a resolution of 0.02∘/step. Ca2Fe2O5
and Ca3Fe1.5Mn1.5O8 and the products of Ca2Fe2O5 and
Ca3Fe1.5Mn1.5O8 hydrated at 20∘C after 28 d were also used
forXRDunder the similar condition, except that the scanning
range was between 20∘ and 70∘ 2𝜃. The X-ray diffraction
patterns were analyzed by the diffraction software Jade-6
in Section 2.3.2(1). The differences in the compositions of
the samples were analysed before and after hydration under
different conditions.

(2) EDS-Mapping Characterization. The fractured sam-
ples were observed by EDS-mapping (Hitachi Co., Ltd.,
HITACHIS-47000) to identify the distribution patterns and
interactions of different phases in tricomponent f-CaO of
CaO⋅aFeO1.5⋅bMnO2 system.

(3) Hydration Heat Evolution Test.This test was the same as in
Section 2.3.2 (3), except that the samples were tricomponent
f-CaO of CaO⋅aFeO1.5⋅bMnO2 system.

3. Results and Discussion

3.1. The Morphology of Mineral Phase and the Element
Compositions of f-CaO in BOF Slags

3.1.1. TheMorphology of Mineral Phase in BOF Slags. Figure 1
shows the BSE images of the four types of BOF slags. With
EDS for every unique area, it can be found that the black
calcium silicate phase marked by A had a round or leaf shape;
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Figure 1: BSE images of the four types of BOF slag.

the white calcium iron aluminium phase indicated by B had
a crosslinked shape; the iron magnesium phase, which is
labelled by C1, was black in the center and white at the edge;
the iron magnesium manganese calcium phase labelled by
C2 was light grey and in an irregular or striation shape; the
calcium iron phase marked by D1 had a large particle shape;
and the gathering calcium iron manganese phase shown as
D2 had a grey small particle shape.There was a small amount
of f-MgO, labelled by E that is shown by a black small particle
shape aswell as Fe particles, indicated as F, that had a light and
round shape. As shown in Figure 1, the mineral phase distri-
bution is not uniform. Although they were in the same phase,
for example, the black calcium silicate phase, their morphol-
ogy, and distribution were different in different BOF slags.

F-CaO in BOF slag was considered as a phase which
includes not only main CaO but also some iron oxide
(FeOx) andmanganese oxide (MnOy) [11–13]. From the above
observations, therewas the possibility that calcium iron phase
(D1) and calcium iron manganese phase (D2) were classified
as f-CaO. In the following section, the element compositions
of calcium iron phase and calcium iron manganese phase
were analysed by frequency histogram method in statistics
to identify whether the calcium iron phase and calcium iron
manganese phase could be regarded as f-CaO or not.

3.1.2. The Element Compositions of the Calcium Iron Phase
and Calcium Iron Manganese Phase in BOF Slags. Frequency
histogrammethod in statistics was used to reveal the element
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Figure 2: Frequency patterns of 𝑛Fe/𝑛Ca in calcium iron phase of the four types of BOF slag.

compositions of calcium iron phase and calcium iron man-
ganese phase in BOF slags.

(1) The Element Compositions of Calcium Iron Phase. Figure 2
presents frequency histograms of themole ratio of Fe to Ca in
the calcium iron phase of the four types of BOF slags. In the
BSE images, 70 microareas in BS, 90 microareas in MS, 50
microareas in CS, and 70 microareas in BS were analysed by
EDS, producing the frequency histograms of the mole ratio
of Fe to Ca. Figure 2 indicated that the frequency histograms
of 𝑛Fe/𝑛Ca in the calcium iron phase were irregular and varied
in different BOF slags, but their values were all less than 0.3.
Therefore, the calcium iron phase in BOF slags was a phase of
CaO⋅aFeOx system, whose compositions were not fixed.

(2) The Element Compositions of Calcium Iron Manganese
Phase. Figure 3 shows frequency histograms of the mole ratio
of (Fe + Mn) to Ca in the calcium iron manganese phase of
the three types of BOF slags. In BSE images, the calcium iron
manganese phase was not found in SS, and 70 microareas
in MS, 90 microareas in CS, and 50 microareas in BS were
analysed by EDS, producing the frequency histograms of the
mole ratio of (Fe + Mn) to Ca. Based on Figure 2, it can be

obtained that Figures 3 and 2 possess similar characteristics.
The frequency histograms of (𝑛Fe + 𝑛Mn)/𝑛Ca in the calcium
iron manganese phase were irregular and varied in different
BOF slags, and the values were all less than 0.5. Therefore,
the calcium iron manganese phase in BOF slags was a phase
of CaO⋅aFeOx⋅bMnOy system, whose compositions were
diverse.

It can be concluded that the calcium iron phase and
calcium iron manganese phase could be regarded as f-CaO
because CaO was the main component and FeOx and MnOy
were minor components.

Table 2 is frequency table of elements in the calcium
iron manganese phase of the three types of BOF slags. It is
evident that the average contents of Ca, Fe, andMn decreased
gradually, and although Figure 3 gives that the frequency
histogram of (𝑛Fe + 𝑛Mn)/𝑛Ca in the calcium iron manganese
phase was irregular, the average values of (𝑛Fe + 𝑛Mn)/𝑛Ca
were about 0.2. From Figure 1, it is clear that the f-CaO of
the calcium iron phase was adjacent to the calcium iron
aluminium phase or Fe and that the f-CaO of the calcium
iron manganese phase was close to the iron magnesium
manganese calcium phase. From this, it can be speculated
that the compositional difference between the f-CaO of
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Figure 3: Frequency patterns of (𝑛Fe + 𝑛Mn)/𝑛Ca in calcium iron manganese phase of the three types of BOF slag.

Table 2: Frequency table of elements in calcium iron manganese phase of BOF slags from different steel plants.

Type Microarea number Parameter Element number/% Molar ratio
Ca Fe Mn (Fe + Mn)/Ca

MS 100 Range 30.13–47.41 2.81–9.70 0.78–6.51 0.09–0.52
Average 45.28 5.85 4.20 0.22

CS 150 Range 32.71–48.27 1.92–7.81 1.29–5.71 0.07–0.40
Average 41.50 4.56 3.06 0.18

BS 110 Range 29.42–45.91 3.71–10.07 0.63–4.62 0.10–0.47
Average 37.59 5.26 2.61 0.21

the calcium iron phase and the f-CaO of the calcium iron
manganese phase was due to the difference of the phases
adjacent to different f-CaO. In the high temperature process
of steelmaking, some FeOx dissolved in CaO, which was next
to the calcium iron aluminium phase or Fe, forming f-CaO of
the calcium iron phase, and both FeOx and MnOy dissolved
in CaO adjacent to the iron magnesium manganese calcium
phase to form the f-CaO of the calcium iron manganese
phase. In the process of solid solution formation, compared
with the radii of Mg2+ in MgO and Al3+ in Al2O3, the radii

of Fe2𝑥+ in FeOx and Mn2𝑦+ in MnOy may be closer to Ca2+

(there is a special example: Ca2+: 0.099 nm, Mn2+: 0.091 nm,
Fe2+: 0.083 nm, and Mg2+: 0.078 nm, Al3+: 0.057 nm) [11, 12].
Therefore, FeOx and MnOy may be easier to dissolve in CaO
than MgO and Al2O3, and the main compositions dissolved
in f-CaO were FeOx and MnOy, but not MgO and Al2O3.

The formation mechanism of f-CaO was achieved by
dissolving FeOx and MnOy in CaO by using high tempera-
ture process of steelmaking. So two factors influencing the
hydration activity of f-CaO inBOF slag can be considered: the
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different times.

duration of the high temperature process and the dissolved
FeOx and MnOy. Since the system of BOF slag is very com-
plex, the influence of these factors on hydration activity of f-
CaO was simply studied through the calcination experiment.

So far, the majority of the published literatures have
thought that both FeOx and MnOy dissolve in f-CaO [11, 12],
so in the following section, the influence of the duration of the
high temperature process and the components of both FeOx
andMnOy on hydration activity of f-CaO was simply studied
firstly. If it is necessary, the influence of FeOx on the hydration
activity of f-CaO will be further explored in later studies.

F-CaOwas divided into two categories: monocomponent
f-CaO and tricomponent f-CaO of CaO⋅aFeOx⋅bMnOy sys-
tem. F-CaO, composed of only CaO, was calledmonocompo-
nent f-CaO, and f-CaO, composed of CaO, Fe2O3 andMnO2,
was called tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 sys-
tem. Monocomponent CaO, which is not the same but is
similar to monocomponent f-CaO in BOF slag, was prepared
to explore the influence mechanisms of the calcination time
on the hydration activity of monocomponent f-CaO, and
tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system, which
is not the same but similar to tricomponent f-CaO of
CaO⋅aFeOx⋅bMnOy system in BOF slag, was prepared to
study the influence mechanisms of the dissolved Fe2O3 and
MnO2 on the hydration activity of the tricomponent f-CaO
of CaO⋅aFeO1.5⋅bMnO2 system. The aim of this study was to
provide useful fundamental knowledge for complex system
through studying simplified systems.

3.2. Microtopography and Hydration Heat Evolution Rate
Curves of Monocomponent f-CaO Calcinated for Different
Times. Figure 4 shows the crystalline sizes of monocom-
ponent f-CaO calcinated for 1, 3, 5, and 7 h, and Figure 5
presents their microtopography. With the development of
the calcination time, the crystalline sizes of monocomponent
f-CaO initially increased but ultimately decreased, and the
crystalline size of the monocomponent f-CaO calcinated for

3 h was 51 nm, which was the largest size. Figure 5 indicates
that, compared withmonocomponent f-CaO calcinated for 1,
5, and 7 h, the microtopography of monocomponent f-CaO
calcinated for 3 h was more complete and its microstructure
was denser. This was probably because the calcination time
affects the crystal growth, and the degree of growth will
increase with calcination time; however, an unreasonable
extension of the calcination time would aggravate secondary
recrystallization, which can damage the crystal structure,
increasing the number of crystal defects [20].

Figure 6 shows the hydration heat evolution rate curves of
monocomponent f-CaO calcinated for 1, 3, 5, and 7 h. Figure 6
shows that all of the samples were still not fully hydrated after
3 h. It can be inferred that calcination at 1600∘C could restrain
the hydration activity of CaO to a certain extent. Compared
with monocomponent f-CaO calcinated for 1, 5, and 7 h,
the hydration heat evolution peaks of monocomponent f-
CaO calcinated for 3 h fell behind.This was probably because
the better the degree of the growth of the crystal, the
lower the hydration activity. Figures 4 and 5 show that the
crystallinity of monocomponent f-CaO calcinated for 3 h was
more complete and its microstructure was denser than those
of monocomponent f-CaO calcinated for 1, 5, and 7 h.

3.3. Characterization of Simulated Tricomponent f-CaO of
CaO⋅aFeO1.5⋅bMnO2 System. Figure 3 indicated that the fre-
quency histograms of (𝑛Fe + 𝑛Mn)/𝑛Ca in the calcium iron
manganese phase were irregular and varied in different BOF
slags, but Table 2 shows the average contents of Ca, Fe,
and Mn decreased gradually with the sequence of Ca, Fe,
and Mn, and the average values of (𝑛Fe + 𝑛Mn)/𝑛Ca were
about 0.2. Therefore, the metal oxides compositions of tri-
component f-CaO samples were CaO⋅0.17FeO1.5 ⋅0.03MnO2,
CaO⋅0.14FeO1.5 ⋅0.06MnO2, and CaO⋅0.1FeO1.5 ⋅0.1MnO2 in
this study. To explore the influence mechanisms of dissolved
Fe2O3 and MnO2 on their hydration activity, the following
tests were carried out.

3.3.1. XRD Analyses. Figure 7 shows the X-ray diffrac-
tion patterns of the three samples of tricomponent f-
CaO of CaO⋅aFeO1.5 ⋅bMnO2 system, samples hydrated at
20∘C for 36 h and samples autoclaved for 3 h. The phases
present in samples C⋅0.17F⋅0.03M and C⋅0.14F⋅0.06M were
the same, CaO, Ca3Fe1.5Mn1.5O8, and Ca2Fe2O5. After
they had hydrated at 20∘C for 36 h, the detected phases
were Ca(OH)2, Ca3Fe1.5Mn1.5O8, and Ca2Fe2O5. After they
had been autoclaved for 3 h, Ca(OH)2, Ca3Fe1.5Mn1.5O8,
Ca2Fe2O5, FeMnO3, and Fe2O3 were detected in both sam-
ples.The phases present in sample C⋅0.1F⋅0.1Mwere CaO and
Ca3Fe1.5Mn1.5O8. After it had hydrated at 20∘C for 36 h, the
detected phases were Ca(OH)2 and Ca3Fe1.5Mn1.5O8. After it
had been autoclaved for 3 h, Ca(OH)2, Ca3Fe1.5Mn1.5O8, and
FeMnO3 were detected.

Figure 8 shows the X-ray diffraction patterns of samples
Ca2Fe2O5 and Ca3Fe1.5Mn1.5O8 and they hydrated at 20∘C
after 28 d. There were no new peaks after Ca2Fe2O5 and
Ca3Fe1.5Mn1.5O8 were hydrated at 20∘C for 28 d. This
may be because the hydration activity of Ca2Fe2O5 and
Ca3Fe1.5Mn1.5O8 was so low that Fe2O3 and FeMnO3
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Figure 5: SEM images of monocomponent f-CaO calcinated for different times.
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Figure 6: Hydration heat evolution rate curves of monocomponent
f-CaO calcinated for different times.

contents in their hydration products were less than the
detection limit of XRD.

From Figures 7 and 8, it can be concluded that CaO in
the tricomponent f-CaO can fully hydrate at 20∘C after 36 h,
even though it went through the calcination at 1600∘C, but
Ca3Fe1.5Mn1.5O8 and Ca2Fe2O5, which were autoclaved for
3 h, were only slightly hydrated.Thehydration activity of both
Ca3Fe1.5Mn1.5O8 and Ca2Fe2O5 was so low that hydration
was undetected at 20∘C after 28 d. The hydration products

of Ca2Fe2O5 were Ca(OH)2 and Fe2O3, and the hydration
products of Ca3Fe1.5Mn1.5O8mainly containedCa(OH)2 and
FeMnO3. Ca2Fe2O5 and Ca3Fe1.5Mn1.5O8 formed by CaO,
Fe2O3, and MnO2 were difficult to hydrate.

Because the hydration reactions occurred in different
phases in the tricomponent f-CaO, the volume expansion
rates of the solid phases can be calculated and are presented
in Table 3. From Table 3, because of the hydration reactions
of CaO, Ca2Fe2O5, and Ca3Fe1.5Mn1.5O8, the volumes of
the solid phases increased by 97.88%, 43.44%, and 52.02%,
respectively. Their volume expansion rates were different,
so the volume expansion rates of the tricomponent f-CaO
varied with different proportions of CaO, Ca2Fe2O5, and
Ca3Fe1.5Mn1.5O8.

3.3.2. EDS-Mapping Analyses. Figure 9 shows EDS-mapping
of the tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system.
From Figure 7, it can be observed that the main phases in
the tricomponent f-CaO were CaO, Ca3Fe1.5Mn1.5O8, and
Ca2Fe2O5. Figure 9 shows CaO was widespread, Ca2Fe2O5
distributed as dendritic patterns, and Ca3Fe1.5Mn1.5O8
irregularly distributed in the tricomponent f-CaO.
Ca3Fe1.5Mn1.5O8 is distributed with widespread diffusion
patterns in C⋅0.1F⋅0.1M sample.

In order to study the influence of dissolved Fe2O3 and
MnO2 on the hydration activity of the tricomponent f-CaO
of CaO⋅aFeO1.5 ⋅bMnO2 system, except for Ca2Fe2O5 and
Ca3Fe1.5Mn1.5O8 in the tricomponent f-CaO that were hard
to hydrate, the hydration activity of CaO in tricomponent f-
CaO should also be investigated. It is meaningful to identify
whether and how the distribution of the patterns of Ca2Fe2O5
and Ca3Fe1.5Mn1.5O8 influenced the hydration activity of
CaO in the tricomponent f-CaO.
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Figure 7: X-ray diffraction patterns of tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system and their hydration products under different
hydration conditions (a: no hydration, b: hydration at 20∘C for 36 h, and c: autoclave hydration for 3 h).

3.3.3. Hydration Heat Evolution Analyses. The increasing
curves shown in Figure 10 are the cumulative hydration
heat curves of the monocomponent f-CaO and tricompo-
nent f-CaO of CaO⋅aFeO1.5 ⋅bMnO2 system. There were no
increases in the cumulative hydration heats of C⋅0.17F⋅0.03M,
C⋅0.14F⋅0.06M, and C⋅0.1F⋅0.1M after 30 h, and the cumula-
tive hydration heats of them were similar after 30 h. When
their initial masses were 0.6 g, the contents, expressed by
the amount of substance with different compositions, could
be calculated as shown in Table 4. Table 4 shows the
CaO contents related to C⋅0.17F⋅0.03M, C⋅0.14F⋅0.06M, and
C⋅0.1F⋅0.1M being 0.0064, 0.0061, and 0.0057mol, respec-
tively. It was clear that their CaO contents were similar. Since
CaO was totally hydrated, but no hydration was detected in
Ca2Fe2O5 and Ca3Fe1.5Mn1.5O8 when the tricomponent f-
CaO took part in the hydration process at room temperature

within a short time, the final cumulative hydration heat of
C⋅0.17F⋅0.03M, C⋅0.14F⋅0.06M, and C⋅0.1F⋅0.1M was similar.

The single peak type curves shown in Figure 10 are the
hydration heat evolution rate curves of monocomponent
f-CaO and tricomponent f-CaO of CaO⋅aFeO1.5 ⋅bMnO2
system. Compared with the narrow and high hydration heat
evolution peak ofmonocomponent f-CaO, the hydration heat
evolution peaks of the tricomponent f-CaO were wide and
low. Compared with monocomponent f-CaO, the hydration
heat evolution peaks of tricomponent f-CaO fell slightly
behind, and the larger the 𝑏/𝑎 was, the further its hydration
heat evolution peak fell behind. It is clearly indicated that,
compared with monocomponent f-CaO, the hydration activ-
ity of CaO in the tricomponent f-CaO decreased continu-
ously with increasing 𝑏/𝑎.When the contact of CaO andH2O
became more difficult, the hydration activity of CaO reduced
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Table 4: The compositions of tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system.

Tricomponent f-CaO CaO⋅0.17FeO1.5⋅0.03MnO2 CaO⋅0.14FeO1.5⋅0.06MnO2 CaO⋅0.1FeO1.5⋅0.1MnO2
Mass (g) 0.6
molecular mass 72.26 72.47 72.76
Amount of substance (mol) 0.0083 0.0083 0.0082
Phase composition Ca3Fe1.5Mn1.5O8 Ca2Fe2O5 CaO Ca3Fe1.5Mn1.5O8 Ca2Fe2O5 CaO Ca3Fe1.5Mn1.5O8 CaO
Amount of substance (mol) 0.0002 0.0006 0.0064 0.0005 0.0003 0.0061 0.0008 0.0057

a

b

a

b
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2𝜃 (∘)

Ca3Fe1.5Mn1.5O8

Ca2Fe2O5

Figure 8: X-ray diffraction patterns of Ca2Fe2O5, Ca3Fe1.5Mn1.5O8,
and their hydration products (a: no hydration and b: hydration at
20∘C for 28 d).

[21], so it may be that the distribution patterns of Ca2Fe2O5
and Ca3Fe1.5Mn1.5O8 in tricomponent f-CaO can restrain
the contact between CaO and H2O in the hydration process
of tricomponent f-CaO; the effect became more serious
with increasing Ca3Fe1.5Mn1.5O8 contents and decreasing of
Ca2Fe2O5 contents. Combined with the analyses of Figure 7,
the sequence of the hydration activity of monocomponent
f-CaO and tricomponent f-CaO was as follows: Ca2Fe2O5
and Ca3Fe1.5Mn1.5O8 in tricomponent f-CaO < CaO in
tricomponent f-CaO <monocomponent f-CaO.

Since simulatedmonocomponentCaOand tricomponent
f-CaO of CaO⋅aFeO1.5 ⋅bMnO2 system in this study are
similar to monocomponent f-CaO and tricomponent f-CaO
of CaO⋅aFeOx ⋅bMnOy system in BOF slag, the conclusions
of this study can be extended to monocomponent f-CaO
and tricomponent f-CaO of CaO⋅aFeOx ⋅bMnOy system in
BOF slag. The following deductions can be made: (i) the vol-
ume expansion rates of tricomponent f-CaO of CaO⋅aFeOx⋅bMnOy system in BOF slag, due to the different volume
expansion rates of CaO and solid solutions CaO-FeOx and
CaO-FeOx-MnOy, varied with different proportions of CaO
and solid solutions CaO-FeOx and CaO-FeOx-MnOy, which
was different from the current view that the volume expan-
sion rate, due to f-CaO hydration, is merely 97.88% [8]; this
study showed that 97.88% was only suitable for monocompo-
nent f-CaO; (ii) in BOF slag, the sequence of the hydration

activity of monocomponent f-CaO and tricomponent f-CaO
of CaO⋅𝑎FeOx ⋅𝑏MnOy system should be solid solutions
CaO-FeOx and CaO-FeOx-MnOy in tricomponent f-CaO <
CaO in tricomponent f-CaO <monocomponent f-CaO; (iii)
monocomponent f-CaO and CaO in tricomponent f-CaO of
CaO⋅aFeOx ⋅bMnOy system, which underwent calcination
at 1600∘C, could hydrate fully in the hydration process at
room temperature within a short time, but solid solutions
CaO-FeOx andCaO-FeOx-MnOywere hard to hydrate. In the
following section, the reason why solid solutions CaO-FeOx
and CaO-FeOx-MnOy in tricomponent f-CaO in BOF slag
were hard to hydrate was explained by theoretical analysis.

4. Theoretical Analysis of the Reason
Why the Solid Solutions CaO-FeOx and
CaO-FeOx-MnOy in Tricomponent f-CaO
Were Hard to Hydrate

AO𝑛, BO𝑚, and A(OH)2𝑛 were used to represent metal oxides
and the hydration product, and (1) and (2) represent the
hydration reaction of AO𝑛 and the solid solution reaction of
AO𝑛 and BO𝑚, separately.

AO𝑛 + 𝑛H2O → A (OH)2𝑛 , Δ 𝑟𝐺𝜃𝑚,A (1)

𝑥AO𝑛 + 𝑦BO𝑚 → 𝑥AO𝑛-𝑦BO𝑚, Δ 𝑟𝐺𝜃𝑚, (2)

where 𝑥AO𝑛-𝑦BO𝑚, Δ𝑓𝐺𝜃𝑚,Δ 𝑟𝐺𝜃𝑚, and (𝜕Δ 𝑟𝐺𝜃𝑚/𝜕𝑥)𝑦 repre-
sent bicomponent metal oxide solid solution with a certain
proportion of 𝑥/𝑦, standardmolar formationGibbs function,
standard molar reaction Gibbs function, and partial molar
quantity of standardmolar reactionGibbs function of bicom-
ponent metal oxide solid solution, respectively.

The hydration of 𝑥AO𝑛-𝑦BO𝑚 gradually proceeded. The
first stage was associated with the hydration of AO𝑛 whose
hydration activitywas higher than that of BO𝑚.Thehydration
reaction of this stage is described by
𝑥AO𝑛-𝑦BO𝑚 + 𝑛𝑥H2O → 𝑥A (OH)2𝑛 + 𝑦BO𝑚. (3)
The second stage was related to the hydration of BO𝑚 if its

hydration was possible.The hydration reaction of this stage is
described by

BO𝑚 + 𝑚H2O → B (OH)2𝑚 . (4)
The overall hydration reaction of 𝑥AO𝑛-𝑦BO𝑚 was as

follows:
𝑥AO𝑛-𝑦BO𝑚 + (𝑛𝑥 + 𝑚𝑦)H2O
→ 𝑥A (OH)2𝑛 + 𝑦B (OH)2𝑚 . (5)
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Figure 9: EDS-mapping images of fractured tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system.
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Figure 10: Hydration heat curves of monocomponent f-CaO and
tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system.

For first stage, the hydration of AO𝑛 in 𝑥AO𝑛-𝑦BO𝑚 can
be classified into two types.

The first type was related to the fact that all AO𝑛 in𝑥AO𝑛-𝑦BO𝑚 took part in hydration reaction. The hydration
reaction was as follows:

𝑥AO𝑛-𝑦BO𝑚 + 𝑛𝑥H2O → 𝑥A (OH)2𝑛 + 𝑦BO𝑚,
Δ 𝑟𝐺𝜃𝑚,A(mix). (6)

After calculation,

Δ 𝑟𝐺𝜃𝑚,A(mix) = ∑
C
]CΔ𝑓𝐺𝜃𝑚 (C)

= 𝑦Δ𝑓𝐺𝜃𝑚 (BO𝑚) + 𝑥Δ𝑓𝐺𝜃𝑚 (A (OH)2𝑛)
− 𝑛𝑥Δ𝑓𝐺𝜃𝑚 (H2O)
− Δ𝑓𝐺𝜃𝑚 (𝑥AO𝑛-𝑦BO𝑚)
= 𝑥Δ 𝑟𝐺𝜃𝑚,A − Δ 𝑟𝐺𝜃𝑚.

(7)

So (8) showed the standardmolar reactionGibbs function
of the hydration reaction ofAO𝑛 in𝑥AO𝑛-𝑦BO𝑚 for this type.

Δ 𝑟𝐺𝜃𝑚,A(mix,1) = Δ 𝑟𝐺𝜃𝑚,A − Δ 𝑟𝐺
𝜃
𝑚𝑥 . (8)

The second type was associated with the fact that part
of AO𝑛 in 𝑥AO𝑛-𝑦BO𝑚 took part in hydration reaction. The
hydration reaction was expressed as

𝑥AO𝑛-𝑦BO𝑚 + 𝑛𝑑𝑥H2O
→ 𝑑𝑥A (OH)2𝑛 + (𝑥 − 𝑑𝑥)AO𝑛-𝑦BO𝑚,

Δ 𝑟𝐺𝜃𝑚,A(𝑑).
(9)

After calculation,

Δ 𝑟𝐺𝜃𝑚,A(𝑑) = ∑
C
]CΔ𝑓𝐺𝜃𝑚 (C)

= Δ𝑓𝐺𝜃𝑚 ((𝑥 − 𝑑𝑥)AO𝑛-𝑦BO𝑚)
+ 𝑑𝑥Δ𝑓𝐺𝜃𝑚 (A (OH)2𝑛)
− 𝑛𝑑𝑥Δ𝑓𝐺𝜃𝑚 (H2O)
− Δ𝑓𝐺𝜃𝑚 (𝑥AO𝑛-𝑦BO𝑚) .

(10)

So (11) showed the standard molar reaction Gibbs func-
tion of the hydration reaction of AO𝑛 in 𝑥AO𝑛-𝑦BO𝑚 for this
type.

Δ 𝑟𝐺𝜃𝑚,A(𝑑,1) = −(𝜕Δ 𝑟𝐺
𝜃
𝑚𝜕𝑥 )
𝑦

+ Δ 𝑟𝐺𝜃𝑚,A. (11)

In general, the values of Δ 𝑟𝐺𝜃𝑚 and (𝜕Δ 𝑟𝐺𝜃𝑚/𝜕𝑥)𝑦 of the
bicomponent metal oxide solid solution are negative [22]. It
can be deduced that whether all or part of AO𝑛 in 𝑥AO𝑛-𝑦BO𝑚 took part in the first stage of the hydration of 𝑥AO𝑛-𝑦BO𝑚, the absolute values of Δ 𝑟𝐺𝜃𝑚,A(mix,1) and Δ 𝑟𝐺𝜃𝑚,A(𝑑,1)
both were smaller than the absolute value of Δ 𝑟𝐺𝜃𝑚,A of the
hydration reaction of AO𝑛 alone. It can be speculated that the
first stage of the hydration of 𝑥AO𝑛-𝑦BO𝑚 was more difficult
than the hydration of AO𝑛 alone, so the overall hydration of𝑥AO𝑛-𝑦BO𝑚 must be more difficult than that of AO𝑛 alone.
Tricomponentmetal oxide solid solution𝑥AO𝑛-𝑦BO𝑚-𝑧CO𝑘
was the product of the solid solution reaction among AO𝑛,
BO𝑚, and CO𝑘 with a certain proportion of 𝑥/𝑦/𝑧. Tricom-
ponent metal oxide solid solution 𝑥AO𝑛-𝑦BO𝑚-𝑧CO𝑘 can be
seen as a pseudo-bi-component metal oxide solid solution of
AO𝑛 and 𝑦BO𝑚-𝑧CO𝑘 with a proportion of 𝑥/1. If the values
of Δ 𝑟𝐺𝜃𝑚 and (𝜕Δ 𝑟𝐺𝜃𝑚/𝜕𝑥)𝑦,𝑧 of pseudo-bi-component metal
oxide solid solution 𝑥AO𝑛-𝑦BO𝑚-𝑧CO𝑘 were still negative,
its hydration must also be more difficult than that of AO𝑛
alone.Therefore, there was the possibility that solid solutions
CaO-FeOx and CaO-FeOx-MnOy in tricomponent f-CaO in
BOF slag were difficult to hydrate because of the decreased
hydration reaction driving force, namely, the absolute value
of standard molar reaction Gibbs function.

This study indicated that only solid solutions CaO-FeOx
and CaO-FeOx-MnOy in tricomponent f-CaO were hard to
hydrate, and their hydration activity was very low.Therefore,
if f-CaO can make contact with H2O during the hydration
process of CBS, all of themonocomponent f-CaO andCaO in
tricomponent f-CaO of CaO⋅aFeOx ⋅bMnOy system undergo
hydrationwithin a short time, whichwill not lead to a volume
expansion of BOF slag after the CBS hardens; however, solid
solutions CaO-FeOx and CaO-FeOx-MnOy will continue to
slowly hydrate after the CBS hardens, resulting in the volume
expansion.
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5. Conclusions

The following conclusions can be drawn from the test results
and discussion.

In BOF slag, f-CaO included at least the calcium iron
phase and calcium iron manganese phase whose composi-
tions were diverse. The reason why f-CaO had different com-
positions was that different compositions of f-CaO were
found in different phases.

Simulated experiment indicated that high temperature
calcination can restrain the hydration activity of CaO.
Since the volume expansion rates of CaO, Ca2Fe2O5, and
Ca3Fe1.5Mn1.5O8 in tricomponent f-CaO of CaO⋅aFeO1.5⋅bMnO2 system were 97.88%, 43.44%, and 52.02%, respec-
tively, the volume expansion rates of tricomponent f-CaO
varied with different proportions of CaO, Ca2Fe2O5, and
Ca3Fe1.5Mn1.5O8. The hydration activity sequence was as
Ca2Fe2O5 and Ca3Fe1.5Mn1.5O8 in tricomponent f-CaO< CaO in tricomponent f-CaO < mono-component f-
CaO. Monocomponent f-CaO and CaO in tricomponent f-
CaO of CaO⋅aFeO1.5 ⋅bMnO2 system can hydrate fully at
room temperature within a short time, but Ca2Fe2O5 and
Ca3Fe1.5Mn1.5O8 were difficult to hydrate.

In BOF slag, the volume expansion rates of tricomponent
f-CaO of CaO⋅aFeOx ⋅bMnOy system changed with different
proportions of CaO and solid solutions CaO-FeOx and
CaO-FeOx-MnOy. The hydration activity sequence of mono-
component f-CaO and tricomponent f-CaO of CaO⋅aFeOx⋅bMnOy system was solid solutions CaO-FeOx and CaO-
FeOx-MnOy in tricomponent f-CaO < CaO in tricompo-
nent f-CaO < monocomponent f-CaO. If f-CaO can make
contact with H2O during the hydration process of CBS,
only CaO-FeOx and CaO-FeOx-MnOy in bicomponent f-
CaO, due to its low hydration activity, will lead to volume
expansion after the CBS hardens. The reason why solid
solutions CaO-FeOx and CaO-FeOx-MnOy were difficult to
hydrate was that their hydration reaction driving force, the
absolute value of standardmolar reactionGibbs function, de-
creased.
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Pore structure in cement based composites is of paramount importance to ionic diffusivity. In this paper, pore structure in cement
paste is modeled by means of the recently proposed solid mass fractal model. Moreover, an enhanced Maxwell homogenization
method that incorporates the solid mass fractal model is proposed to determine the associated ionic diffusivity. Experiments are
performed to validate the modeling, that is, mercury intrusion porosimetry and rapid chloride migration. Results indicate that
modeling agrees well with those obtained from experiments.

1. Introduction

Ionic (i.e., chloride ion) diffusivity is one of the critical
parameters in service life design of cement based composites
for coastal infrastructures [1]. In recent years, much attention
has been drawn to the direct assessment of ionic diffusivity
on a basis of pore structure which could be obtained from
experiment or modeling [2]. However, a practical challenge
still exists as a result of the intrinsic complexity of cement
based composites. In particular, the pore size distribution
may range from nanometer (C-S-H gel pore) to micrometer
(capillary pore) of several orders [3].Themultiscale approach
is therefore an option, which deals with C-S-H gel and
capillary pore in terms of the packing of basic globules and
hydration products, respectively [4, 5]. Nevertheless, as it has
to assign a large number of parameters and assumptions, the
multiscale approach often leads to substantial disadvantages
in efficiency and viability. More robust approaches would be
beneficial to describe the complex pore structure as well as
ionic diffusivity for cement based composites.

The fractal characters have been recognized among
natural and artificial porous materials such as limes, soils,
rocks, and ceramics [6–10]. In essence, fractal describes a
natural phenomenon or object that exhibits similar pattern
at different scales [11]. Usually, if one-dimensional length of

fractal is magnified, the occupied space of fractal is then
magnified by a noninteger power. This power is called the
fractal dimension. For a fractal phenomenon or object, the
character of similarity at different scales facilitates property
characterization.

In an early work, Winslow reported the fractal nature
of internal surface for cement paste [12]. Thereafter, the
fractal characters in cement paste have been discussed a
lot during past decades [13–20]. It was revealed that three
types of fractal might be present in cement paste, that is,
the pore mass fractal, the pore surface fractal, and the solid
mass fractal [21]. Based on the fractal geometry theory, the
complex pore structure in cement paste could be modeled
via simple iterations, as done in literatures [9, 10, 17, 21].
Moreover, the fractal geometry theory was able to account
for various transport properties for porous materials such as
permeability [22, 23] and electrical or thermal conductivity
[24–28]. In this regard, the fractal modeling shows a great
potential to well describe the complex pore structure as well
as ionic diffusivity for cement based composites.

In this paper, pore structure in cement paste is mod-
eled by means of the recently proposed solid mass fractal
model [21]. Moreover, an enhanced Maxwell homogeniza-
tion method that incorporates the solid mass fractal model
is proposed to determine the associated ionic diffusivity.
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Figure 1: Schematic illustration of the solid mass fractal model with 𝐸 = 2, 𝑛 = 3, and 𝑏 = 5. Gray denotes the iterating phase and black
denotes the pore phase.

Experiments are performed to validate the modeling, that
is, mercury intrusion porosimetry (MIP) and rapid chloride
migration (RCM).

2. Solid Mass Fractal Model

As shown in Figure 1, for the solid mass fractal to model
porous medium, the generator refers to two distinct phases,
that is, the pore phase and the iterating phase. At the initial
step, a blank region with linear length 𝐿 is defined in E-
dimension Euclidean space which can further be divided into𝑁 identical subregions. Let 𝑛 be the number of subregions
in each dimension such that 𝑁 = 𝑛𝐸. Moreover, let 𝑤 and
b, respectively, be the proportion and number of iterating
phase in the generator such that 𝑏 = 𝑤𝑁. Upon successive
iterations, the pattern of generator is repeated for the iterating
phase at different scales. The generated pore structure can be
analyzed as follows.

Step 1. Thenumber of iterating phase and pore phase with the
size 𝑎1 = 𝐿/𝑛 reads 𝑤𝑁 and (1 − 𝑤)𝑁, respectively.

Step 2. The number of iterating phase and pore phase with
the size 𝑎2 = 𝐿/𝑛2 reads (𝑤𝑁)2 and (1 −𝑤)𝑤𝑁2, respectively.
Step i. Thenumber of iterating phase and pore phase with the
size 𝑎𝑖 = 𝐿/𝑛𝑖 reads (𝑤𝑁)𝑖 and (1 − 𝑤)𝑁𝑖𝑤(𝑖−1), respectively.

For the generated porous medium, the solid fraction or
density 𝜒 is defined as the ratio of solid volume to the total
volume that

𝜒 = 𝑉tot − 𝑉𝑉tot , (1)

where𝑉tot is the total volume and𝑉 is the resultant volume of
pore phase. As a result, the solid fraction at Step i of iteration
holds that 𝜒𝑖 = 𝑤𝑖. If a constant 𝐷 = log(𝑁𝑤)/ log(𝑛) is

defined, the solid fraction 𝜒𝑖 can then be rewritten as follows
with respect to 𝑎𝑖 = 𝐿/𝑛𝑖 and𝑁 = 𝑛𝐸:

𝜒𝑖 = (𝑎𝑖𝐿 )
𝐸−𝐷 . (2)

Equation (2) suggests that the generated porous medium
is a solid mass fractal with the dimension of 𝐷. In a log-
log diagram, the linearity shall be detected for the solid
fraction 𝜒𝑖 against the pore size 𝑎𝑖. In addition, the pore size
distribution in terms of 𝑓 versus 𝑎𝑖, that is, the cumulative
porosity f that counts from the large to the small pores, can
be expressed as follows:

𝑓 (≥ 𝑎𝑖) = 1 − 𝜒𝑖 = 1 − (𝑎𝑖𝐿 )
𝐸−𝐷 . (3)

3. Modeling of Pore Structure

TheMIP test was performed to validate the solid mass fractal
model [29]. Figure 2 shows the pore size distribution of
cement paste with water cement (w/c) of 0.4 and age of 28
days, which was cured at the condition of 95% ± 10% relative
humidity and 20∘C ± 1∘C temperature. For the solid fractal
mass model, solid fraction is plotted against pore diameter
in the log-log diagram, as shown in Figure 3. It can be noted
that the sound piecewise linearity exists. Moreover, the slope
of linearity varies within two pore ranges. Let 𝑑low and 𝑑upp be
the lower and upper limit of pore diameter, and let 𝑑thr be the
threshold of pore diameter for the two pore ranges.The values
of 𝑑low, 𝑑thr, and 𝑑upp can be determined as 𝑑low = 0.004 𝜇m,𝑑thr = 0.1 𝜇m, and 𝑑upp = 2 𝜇m. In other words, the two
pore ranges, that is, the large and the small pore range, are
located as 𝑑upp ∼ 𝑑thr and 𝑑thr ∼ 𝑑low, that is, 2 ∼ 0.1 𝜇m and0.1 ∼ 0.004 𝜇m.The large pore range corresponds to capillary
pores, while the small pore range corresponds to C-S-H gel
pores.

With the determined pore ranges (𝑑upp ∼ 𝑑thr, 𝑑thr ∼𝑑low), the least square method is then applied to fit the
associated slopes (𝑘upp = 0.0206, 𝑘low = 0.0607) as well as
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Figure 2: Porosimetric data example: cumulative intrusion volume
against pore diameter.

the fractal dimensions (𝐷upp = 2.9794, 𝐷low = 2.9393) since𝐷upp = 𝐸 − 𝑘upp,𝐷low = 𝐸 − 𝑘low, and 𝐸 = 3. Meanwhile, it is
possible to specify the partial porosity of large and small pore
range (𝑓upp = 0.0746, 𝑓low = 0.1497) with the total porosity
f holding that 𝑓 = 𝑓upp + 𝑓low. In rough comparison, the
fractal dimension of small pore range is smaller than that of
large pore range, that is, 𝐷low < 𝐷upp. The partial porosity
of small pore range is larger than that of large pore range,
that is, 𝑓low > 𝑓upp. The fractal modeling of pore structure
in cement paste refers to two specific structures, that is, two
fractal generators for the large and the small pore range.

For the large pore range, let two integers 𝑖upp and 𝑛upp
be the step of iterations and the number of subregions such
that 𝑖upp = log(𝑑upp/𝑑thr)/ log(𝑛upp). The solid mass fractal
model requires 𝑛upp ≥ 2, 𝑖upp ≥ 2, and 𝑛upp⋅∧𝐷upp ≥ 1. In
this paper, the symbol ⋅∧ denotes the power operator.Without
complicated mathematical analysis, it leads to 𝑛upp = 4 and𝑖upp = 3. The value of 𝑤upp is obtained via log(𝑤upp) =(𝐷upp−3)⋅ log(𝑛upp).The number of iterating phase 𝑏upp holds
that 𝑏upp = 𝑤upp ⋅ (𝑛upp)3. The intrinsic porosity of generated
pore structure 𝑓∗upp holds that 𝑓∗upp = 1 − [𝑏upp/(𝑛upp)3]⋅∧𝑖upp.
Details of analysis for the example are shown as follows:

The large pore range: 𝑛upp = 4, 𝑖upp = 3
Theproportion of iterating phase:𝑤upp = 𝑛upp⋅∧(𝐷upp− 3) = 4⋅∧(−0.0206) = 0.9718
Thenumber of iterating phases: 𝑏upp = 𝑤upp ⋅(𝑛upp)3 =0.9718 ∗ 4⋅∧3 = 62
The intrinsic porosity: 𝑓∗upp = 1 − [𝑏upp/(𝑛upp)3]⋅∧𝑖upp
= 1 − (62/64)⋅∧3 = 0.0909

For the small pore range, let two integers 𝑖low and 𝑛low be
the step of iterations and the number of subregions, which
holds that 𝑖low = log(𝑑thr/𝑑low)/ log(𝑛low). The solid mass
fractal model requires 𝑛low ≥ 2, 𝑖low ≥ 2, and 𝑛low⋅∧𝐷low ≥ 1.
It leads to 𝑛low = 3 and 𝑖low = 3. The value of 𝑤low is
obtained via log(𝑤low) = (𝐷low − 3) ⋅ log(𝑛low). The number

−2 −1 0 1 2 3−3

Pore diameter log (d)

−0.12

−0.10

−0.08

−0.06

−0.04

−0.02

0.00

dupp = 2m

dthr = 0.1 m

dlow = 0.004 m

So
lid

 fr
ac

tio
n
lo
g

(
)

Figure 3: Parametric analysis: log-log diagram of solid fraction
against pore diameter.

of iterating phase 𝑏low holds that 𝑏low = 𝑤low ⋅ (𝑛low)3. The
intrinsic porosity of generated pore structure 𝑓∗low holds that𝑓∗low = 1 − [𝑏low/(𝑛low)3]⋅∧𝑖low. Details of analysis for the
example are shown as follows:

The small pore range: 𝑛low = 3, 𝑖low = 3
The proportion of iterating phase: 𝑤low = 𝑛low⋅∧(𝐷low− 3) = 3⋅∧(−0.0607) = 0.9355
The number of iterating phases: 𝑏low = 𝑤low ⋅ (𝑛low)3 =0.9355 ∗ 3⋅∧3 = 25
The intrinsic porosity:𝑓∗low = 1−[𝑏low/(𝑛low)3]⋅∧𝑖low =1 − (25/27)⋅∧3 = 0.2062

The build-up of pore structure in cement paste follows
from the large to the small pore range. In particular, after𝑖upp steps of iteration to generate the large pore range, the
size and number of iterating phase is 𝑑thr and (𝑏upp)⋅∧𝑖upp,
respectively. Note that during the process to generate the small
pore range, not all the iterating phases with size of 𝑑thr are to
be further iterated but a proportion of 𝛾 (𝛾 ≤ 1). In other
words, the 1−𝛾 proportion of iterating phases with size of 𝑑thr
shall not be performed with further iterations. With respect
to the chemical composition of cement paste, such 𝛾 and1 − 𝛾 proportion of iterating phases are introduced as C-S-
H gel and solid phases, respectively. The solid phases may
be anhydrous cement, calcium hydroxide crystal, Aft, and
gypsum. It is necessary to determine 𝛾 to fulfill the build-up
of pore structure in cement paste.Herewith, consider the total
porosity 𝑓 satisfying 𝑓 = 𝑓∗upp + 𝑓∗low ⋅ 𝛾 ⋅ (𝑤upp)⋅∧𝑖upp. Then,𝑓 = 0.2243, 𝑓∗upp = 0.0909, 𝑓∗low = 0.2062,𝑤upp = 0.9718, and𝑖upp = 3 lead to 𝛾 = 0.7115. Figure 4 shows one realization
of modeled pore structure in cement paste. In particular, it
refers to two specific structures, that is, the capillary structure
and the C-S-H gel structure. The capillary structure of large
pore range consists of three phases, that is, the (capillary) pore
phase, the solid phase (anhydrous cement, calciumhydroxide
crystal, AFt, and gypsum), and the C-S-H gel phase.The C-S-
Hgel structure of small pore range consists of two phases, that



4 Advances in Materials Science and Engineering

(a) (b)

Figure 4: Realization of pore structure in cement paste (a) C-S-H gel structure (𝑛low = 3, 𝑖low = 3, 𝑏low = 25) with element size of 0.004𝜇m;
(b) capillary structure of cement paste (𝑛upp = 4, 𝑖upp = 3, 𝑏upp = 62, 𝛾 = 0.7115) with element size of 0.1 𝜇m. Black denotes the pore phase,
white denotes the solid phase, and gray denotes the C-S-H gel phase.

is, the (gel) pore phase and the solid phase (molecule layers
within C-S-H gel). The pore size distribution can be written
in terms of the piecewise form:

for 𝑑 > 𝑑thr, 𝑑 = 𝑑upp/(𝑛upp⋅∧𝑗), 𝑓(≥ 𝑑) = 1−𝑤upp⋅∧𝑗,𝑗 = 1, . . . , 𝑖upp;
for 𝑑 ≤ 𝑑thr, 𝑑 = 𝑑thr/(𝑛low⋅∧𝑗), 𝑓(≥ 𝑑) = (1 −𝑤upp⋅∧𝑖upp) + (1 − 𝑤low⋅∧𝑗) ⋅ 𝛾 ⋅ (𝑤upp⋅∧𝑖upp), 𝑗 =1, . . . , 𝑖low.

In particular, for example, it holds that

for 𝑑 > 0.1 𝜇m, 𝑑 = 𝑑upp/(4⋅∧𝑗), 𝑓(≥ 𝑑) = 1 −(62/64)⋅∧𝑗, 𝑗 = 1, 2, 3;
for 𝑑 ≤ 0.1 𝜇m, 𝑑 = 𝑑thr/(3⋅∧𝑗), 𝑓(≥ 𝑑) = 1 −(62/64)⋅∧3+[1−(25/27)⋅∧𝑗] ⋅𝛾 ⋅(62/64)⋅∧3, 𝑗 = 1, 2, 3.

4. Enhanced Maxwell Homogenization Method

Thecalculation of effective properties of heterogeneousmate-
rials that contain inclusions of diverse shape and/or prop-
erties withstands a long history. Numerous homogenization
schemes have been developed so far [30–32]. Among them,
the Maxwell homogenization method is probably the oldest
and also most famous one [33]. It considers heterogeneous
materials with unknown effective ionic diffusivity (𝐷eff )
consisting of bulk phase with ionic diffusivity (𝐷𝐵) and
inclusion phase with ionic diffusivity (𝐷𝐼). Mathematically,
the Maxwell homogenization method can be described as
follows:

𝐷eff = 𝐷𝐼 + 2𝐷𝐵 + 2 (𝐷𝐼 − 𝐷𝐵) 𝑐𝐷𝐼 + 2𝐷𝐵 − (𝐷𝐼 − 𝐷𝐵) 𝑐 𝐷𝐵, (4)

where 𝑐 is the volume fraction of inclusions.

An enhanced Maxwell homogenization method is pro-
posed that incorporates the solid mass fractal model to
calculate ionic diffusivity of cement paste. In particular,
cement paste is viewed as the composite material consisting
of two phases. One refers to the low-diffusivity C-S-H gel
structure being bulk. The other refers to the high-diffusivity
capillary structure being inclusions. The treatment of two
distinct phases was also applied in the general effective media
theory [34–36]. For bulk (C-S-H gel structure) and inclusion
(capillary structure), the associated ionic diffusivity can be
approximated in a power form of intrinsic porosity [37, 38]:

𝐷𝐵 = 𝛾𝐷1 (𝑓∗low)𝛿1 ,
𝐷𝐼 = 𝐷2 (𝑓∗upp)𝛿2 ,

(5)

where 𝐷1 and 𝐷2 are constants, that is, ionic diffusivities in
water corresponding to C-S-H gel and capillary structures.𝛿1 and 𝛿2 are the cementation exponent in Archie’s law for
C-S-H gel and capillary structures. Other parameters, that is,𝑓∗upp, 𝑓∗low, and 𝛾 are defined in the solid mass fractal model.
In addition, the volume fraction of inclusions is derived from

𝑐 = 𝑓upp𝑓upp + 𝑓low . (6)

As presented above, the Maxwell homogenization
method is enhanced with critical parameters determined
from the solid mass fractal model and Archie’s law. Then, the
enhanced Maxwell homogenization method can be applied
to predict effective ionic diffusivity of cement paste.

5. Rapid Chloride Migration Test

The RCM test was performed to measure ionic (chloride)
diffusivity of cement paste [39, 40]. Cement paste samples
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Figure 5: Porosimetric data of cement pastes with varying w/c
ratios.

of 50mm in thickness and 100mm in diameter were pre-
pared. Samples were then subjected to the vacuum saturation
treatment. The saturated samples were treated to be surface-
dry. Three samples of replicates were tested at the same time.
Power sources with constant voltage outputs (adjustable in
the range of 0 ∼ 80V, accuracy of 0.05V) were applied.
The used catholyte and anolyte were 10% NaCl solution
and 0.3M NaOH solution, respectively. The electrolytes were
refreshed after each series of tests. After themigration test, the
samples were split and sprayed with a 0.1M AgNO3 solution
in order to determine the penetration depth of chlorides.The
non-steady-state migration coefficient 𝐷RCM, that is, ionic
(chloride) diffusivity, was calculated according to the NT
Build 492 as follows:

𝐷RCM = 0.0239 (273 + 𝑇) 𝑙(𝑈 − 2) 𝑡𝑑 (𝑥𝑑
− 0.0238√ (273 + 𝑇) 𝑙𝑥𝑑𝑈 − 2 ) ,

(7)

where 𝐷RCM is the non-steady-state migration coefficient,×10−12m2/s; 𝑈 is absolute value of the applied voltage, V; 𝑇
is average value of the initial and final temperatures in the
anolyte solution, ∘C; 𝑙 is thickness of the specimen, mm; 𝑥𝑑 is
average value of the penetration depth, mm; and 𝑡𝑑 is the test
duration, h.

6. Results and Discussions

Cement pastes with w/c ratios of 0.4, 0.5, and 0.6 were
compared, as shown in Figure 5. All samples were cured at
the same condition (28 days, 95% ± 10% relative humidity,
20∘C ± 1∘C temperature). Figure 6 shows the parametric
analysis with respect to the solid mass fractal model. Results
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Figure 6: Parametric analysis of cement pastes with varying w/c
ratios.

Table 1: Fractal dimensions and the associated porosities.

w/c ratio 𝐷low 𝑓low 𝐷upp 𝑓upp
0.4 2.9393 0.1497 2.9794 0.0746
0.5 2.9089 0.1769 2.9701 0.1052
0.6 2.9008 0.2161 2.9467 0.1789

Table 2: Parameters of the solid mass fractal model.

w/c ratio 𝑏low 𝑛low 𝑖low 𝛾 𝑏upp 𝑛upp 𝑖upp
0.4 25

3 3
0.7115 62

4 30.5 24 0.8123 62
0.6 24 0.8928 60

Table 3: Parameters used for the enhanced Maxwell homogeniza-
tion method.

𝐷1 𝐷2 𝛿1 𝛿2
1.25 × 10−10m2/s 1.25 × 10−9m2/s 1.8 1.5

are summarized in Tables 1 and 2. Table 1 suggests that as
w/c ratio increases, the partial porosities (𝑓upp, 𝑓low) increase,
while the fractal dimensions (𝐷upp, 𝐷low) decrease. Table 2
suggests that some parameters, that is, 𝑛low, 𝑖low, 𝑛upp, and𝑖upp, do not change with w/c ratio, while some parameters,
that is, 𝑏upp, 𝑏low, and 𝛾, do. That means the three parameters(𝑏upp, 𝑏low, 𝛾) are critical to characterize the effect of w/c ratio
on geometry of capillary and C-S-H gel structure. Figure 7
shows the comparison of modeled and measured pore size
distributions of cement pastes.

With the enhanced Maxwell homogenization method,
ionic diffusivity of cement paste can be obtained.The param-
eters listed in Tables 1 and 2 are used, that is, (𝑓upp, 𝑓low)
and (𝑛low, 𝑖low, 𝑛upp, 𝑖upp, 𝑏upp, 𝑏low, 𝛾). Besides, values of
the parameters (𝐷1, 𝐷2, 𝛿1, 𝛿2) are suggested in Table 3. In
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Figure 7: Modeled and measured pore size distribution of cement
pastes with varying w/c ratios.

Table 4: Parameters measured in RCM test of cement pastes.

w/c ratio 𝑇 (∘C) 𝑈 (V) 𝑡𝑑 (hour) 𝑙 (mm) 𝑥𝑑 (mm)
0.4 26.0 25 24 49.6 18.7
0.5 25.1 15 24 49.8 18.9
0.6 23.5 15 24 50.2 29.5

particular, 𝐷1 = 1.25 × 10−10m2/s is empirical. It leads
to the ionic (chloride) diffusivity of C-S-H gel around 8 ×10−12m2/s, which is comparable to the value suggested in
[41]. 𝐷2 = 1.25 × 10−9m2/s is taken after [42]. The
cementation exponents of 𝛿1 = 1.8 and 𝛿2 = 1.5 for C-S-H
gel and capillary structures are suggested from extensive tests,
which differs from the usual range of 1.8–2.0 for consolidated
sandstones [37].

For the RCM test, the measured parameters are listed in
Table 4, which leads to an easy calculation of the non-steady-
state migration coefficient 𝐷RCM. As shown in Figure 8,
results of the fractal modeling (𝐷eff ) agree well with those
obtained from experiment (𝐷RCM). In this regard, the present
fractal modeling provides an optional description of pore
structure as well as ionic diffusivity for cement paste.

7. Concluding Remarks

In this paper, modeling of pore structure as well as ionic
diffusivity for cement paste is performed based on the
fractal geometry theory. The solid mass fractal model is
applied to model pore structure, and an enhanced Maxwell
homogenization method that incorporates the solid mass
fractal model is proposed to calculate the associated ionic
diffusivity. Some general conclusions are drawn as follows:
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Figure 8: Modeled and measured ionic diffusivity of cement pastes
with varying w/c ratios.

(1) The solid mass fractal model well describes pore
structure in cement paste in terms of two pore ranges,
that is, the large (capillary) and the small (C-S-H gel)
pore range. The fractal generator varies with the pore
range.

(2) The enhancedMaxwell homogenizationmethod con-
siders cement paste consisting of low-diffusivity C-S-
H gel structure and high-diffusivity capillary struc-
ture. Archie’s law is applicable to approximate ionic
diffusivity for C-S-H gel and capillary structures.

Nomenclature

𝐿: Linear length of modeling space𝐸: Dimension of Euclidean space𝑁: Total number of identical subregions𝑛: Number of identical subregions in one
dimension𝑤: Proportion of iterating phase in
generator𝑏: Number of iterating phases in generator𝑖: Step of iteration𝑎𝑖: Size of iterating phase𝜒: Solid fraction or density𝑉tot: Total volume of porous medium𝑉: Volume of pore phase𝐷: Fractal dimension𝑓: Cumulative porosity f that counts from
large to small pore𝑑: Equivalent pore diameter𝑑low, 𝑑thr, 𝑑upp: Lower, threshold, and upper limit of
equivalent pore diameter𝑘upp, 𝑘low: Slope of large and small pore range𝐷upp, 𝐷low: Fractal dimension of large and small
pore range
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𝑓upp, 𝑓low: Partial porosity of large and small
pore range𝑖upp, 𝑖low: Step of iteration to generate large and
small pore range𝑛upp, 𝑛low: One-dimension number of
subregions for large and small pore
range𝑤upp, 𝑤low: Proportion of iterating phase in
generator for large and small pore
range𝑏upp, 𝑏low: Number of iterating phases in
generator for large and small pore
range𝑓∗upp, 𝑓∗low: Intrinsic porosity of large and small
pore range𝛾: Proportion of iterating phase being
C-S-H gel𝐷eff : Effective ionic diffusivity of porous
medium𝐷𝐵, 𝐷𝐼: Ionic diffusivity of bulk and inclusion
phase𝑐: Volume fraction of inclusions𝐷1, 𝐷2: Ionic diffusivity in water
corresponding to gel and capillary
pore𝛿: Cementation exponent in Archie’s
law𝐷RCM: Non-steady-state migration
coefficient𝑈: Absolute value of the applied voltage𝑇: Average value of the initial and final
temperatures in anolyte solution𝑙: Thickness of the specimen𝑥𝑑: Average value of the penetration
depth𝑡𝑑: Test duration.
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This research analyzes the thermal and strain behavior of external thermal insulation cladding systems (ETICS) with Glazed
Hollow Beads (GHB) thermal insulation mortar under hygrothermal cycles weather test in order to measure its durability under
extreme weather (i.e., sunlight and rain).Thermometers and strain gauges are placed into different wall layers to gather thermal and
strain data and another instrument measures the crack dimensions after every 4 cycles. The results showed that the finishing coat
shrank at early stage (elastic deformation) and then the finishing coat tends to expand and become damaged at later stage (plastic
deformation). The deformation of insulation layer is similar to that of the finishing coat but its variation amplitude is smaller.
Deformation of substrate expanded with heat and contracted with cold due to the small temperature variation. The length and
width of cracks on the finishing coat grew as the experiment progressed but with a decreasing growth rate and the cracks stopped
growing around 70 cycles.

1. Introduction

Due to the rapid economic development, there has been
a constant increase in the building energy consumption
in China. According to the relevant statistics, the building
energy consumption accounts for about 30% of the total
energy consumption of the society at large [1]. As for a build-
ing, according to the statistics, the external walls of a build-
ing, or the barriers between the internal and the external
parts, roughly account for 45% of the total building external
area. The energy dissipated through the walls from the
structure enclosure accounts formore than 60% of the energy
loss of the entire building [2]. Accordingly, the most effective
way of reducing the energy dissipation through the walls is to
improve the thermal insulation of its external walls.

Many approaches have beenmade referred to the thermal
insulation systems for the peripheral structures of buildings.
Dozens of thermal insulation systems for the external walls
of buildings were developed [2–4]. Specifically, by using an
insulating layer made of porous inorganic materials, the

external thermal insulation composite systems with Glazed
Hollow Bead thermal insulation mortar (ETICS GHB) are
characterized by the high thermal insulation and fireproof
performances. The ETICS GHB have been widely applied in
China and many researchers investigated this system in the
preparation and molding [5–7], thermal insulation property
and shrinkage deformation [8–10], mechanical property [11,
12], and antifrost property [13]. However, only the functional
analyses were focused on the GHB mortar or concrete and
single material was concerned in most approaches. Little
was taken accounted for the ETICS GHB, a system made
of laminated composite materials, from their hygrothermal
properties [10], especially from durability in a hygrothermal
environment.

In practice, due to the heat blocking action of the
insulating layer, heat is usually stored in the finishing coat
of the ETICS. For instance, in the summer, the temperature
of the ETICS finishing coat may reach 70∘C. On the other
hand, if a rainstorm occurs after several sunny days, the
surface temperature may suddenly drop to 50∘C [14]. This
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temperature change caused by sunshine and rain will reduce
the strength and the thermal insulation effect of the materials
in the ETICS. The temperature change may also cause
hygrothermal deformation of the materials and thereafter
result in the damage in the structure (such as cracking of the
insulating layer, separation of the insulating layer from the
base, and falloff of the finishing coat). These damage affect
the normal service of ETICS [15–17]. For this reason, a high
temperature-rain simulation test on ETICS, in the current
study, was conducted in order to determine the hygrothermal
deformation and hygrothermal mechanical properties of the
finishing coat material. The test may provide vital scientific
and engineering information both in evaluating the reliability
and service life of the ETICS and in formulating guidelines for
a safe ETICS design.

Many approaches have been made on the hygrothermal
deformation of ETICS, Zirkelbach et al. [18] conducted a
five-year hygrothermal coupling analysis on themineral wool
ETICS in three European countries with various climatic
conditions. He compared the temperature and humidity data
from southern Portugal and northern Finland with those
measured in central Germany. Zhang et al. [19] used a finite
difference method to analyze the temperature stresses in the
internal and external thermal insulation walls. Collina and
Lignola [20] combined stress-strain to analyze the influence
of various stresses (such as shear stress and thermal stress)
on the durability of ETICS. Balocco et al. [21] used the finite
element software ANSYS to conduct a thermal fatigue study
on ETICS. Passa et al. [22] conducted the thermal strain
test on various structural layers of EPS thermal insulation
systems in oven heating and analyzed the influence of
external temperature on the deformation of various structural
layers. Yiu et al. [23] used a simple equipment to conduct
the hygrothermal cycle test on the small-scale wall test
specimens pasted with strain gauges in order to obtain the
deformation curves of the concrete, rendering, and tiles.
Griciute and Bliudzius [24] conducted the contrast tests in
the indoor and natural ageing on ETICS made of three
finishing coat materials (i.e., acrylic, silicone, and silicate).
They analyzed the change features in the microstructures,
ingredients, and water contents of these materials. Daniotti
et al. [25] used six cameras to monitor the finishing coat
of the ETICS in the accelerated ageing test and recorded
the degradation failure phenomena at different deformation
stages.

However, the degradation features of various structural
layers in the ETICS GHB under hygrothermal cycle are of
great importance; few of the existing studies, as we know,
focused on these features. In this study, referring to the test
method as described in the European standard ETAG 004
[26], a high temperature-rain periodic test was conducted on
large-scale ETICS GHB. The temperature sensors and strain
gaugeswere embedded in various structural layers tomeasure
the temperature and strain of various structural layers under
hygrothermal cycles. The changes in temperature and strain
in various structural layers of the ETICS GHB were also
examined. The degradation characteristics of the finishing
coat with the number of cycles were thereafter quantitatively
investigated.

Table 1: Properties of GHB.

Properties Values
Particle size (mm) 0.5–1.5
Cylindrical compress strength (kPa) ≥150
Bulk density (kg/m3) 80–130
Thermal conductivity (W/(mK)) 0.032–0.045
Surface vitrified close cell content (%) ≥95
Volatile water absorption (%) 20–50
Volume floating rate (%) ≥98

Figure 1: Glazed Hollow Bead dimension (mm).

2. Materials and Experimental Procedure

2.1. Glazed Hollow Bead. Glazed Hollow Beads were pro-
duced by Henan Xinyang Yongxin Perlite Plant (China). The
GHB particle sizes dimensions are shown in Figure 1. The
properties of GHB particles are shown in Table 1.

2.2. Preparation of Rig for Test. The substrate of the rig
was prepared in accordance with the dimensions in [26],
which is 3.0m (width) × 2.0m (height) concrete wall with
0.6mm (height) × 0.4m (width) aluminum alloy window
(see Figure 2). The structure of the rig from inside to
outside is formed by substrate, bonding layer, insulation layer,
reinforced base coat, and finishing coat (see Figure 3). The
thermal parameters of the rig wall are detailed in Table 2.

The preparation procedure was described as follows. The
substrate base was first cleaned and moisturized. The adhe-
sion agent was then brushed. After drying the adhesion agent
for at least 24 h, two layers of the GHB thermal insulation
mortar were applied. The second layer was applied after
setting the initial conditions of the system and completing the
first layer. After curing the insulating layer in three days, two
layers of the anticrack mortar were applied on and pressed
in the alkali-resistant glass fiber mesh between the first and
second layers which were set. Then, the anticrack layer was
cured for three days and the flexible putty was applied twice
after being cured for at least one day.The external wall water-
proof priming coatwas sprayed and the top layerwas finished.
Furthermore, the system was cured at laboratory for 28 days.
After completing the curing stage, the weathering test was
conducted. To monitor the distribution of the temperature at
different positions and structural layers along the horizontal
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Figure 2: Schematic graph of measuring points (mm).
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in the bonding layer

Strain gauge/
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in the finishing coat

Figure 3: Strain gauges and temperature sensors profiles in the
vertical section.

and vertical directions of the test wall surface, the strain
gauges and temperature sensors in preparing ETICS GHB
should be installed at the same positions as the concrete
base, the insulating layer (outer surface), and the finishing
coat. Seven strain gauges and six temperature sensors were
installed in each layer (see Figures 2–4).

2.3. Test Apparatus. (1) The weathering test chamber can
simulate the effect of hot and rainy summer weather with
evaporators and fans on the ceiling and spraying system set
up by the two sides of the chamber near the testing rigs
(see Figure 5). Altogether the test chamber can reproduce
the damage to ETICS in a few weeks that occur over many
years outdoors, where the range of simulated temperature is
from −25∘C to 100∘C and the range of simulated rainwater
temperature is 10∘C to 20∘C with the precision of ±1.0∘C.

(2) INV2312N wireless bus static strain test system: the
system is characterized by high sampling rate and high
stability with a temperature drift less than 1 𝜇𝜀/∘C, a time drift

less than 3 𝜇𝜀/4 h, and the measurement precision of ±0.3%
FS ± 2 𝜇𝜀.

(3) KON-FK (N) crack width detector: the detector may
automatically and quickly record the width of a crack with a
precision of 0.01mm.

(4) GM eight-channel temperature acquisition system: in
connecting to the DS18B20 waterproof copper sensor probe,
the systemmay simultaneously record temperature signals at
32 points within the temperature from−55∘C to 125∘C and the
resolution of 0.0625∘C.

(5) Scanning electron microscopy (SEM) micrographs of
the top coat and GHB mortar were obtained, respectively,
using the types of SU-1510 and JSM-6700 (Hitachi, Japan) at
various cycles.

(6) KFG/KFW-5-120-D16-11L1M2S strain gauge: the biax-
ial overlapping configuration was used in the strain gauge
in substrate combining with polyimide resin. The strain
temperature drift in this arrangement may show by itself
without connecting to a compensating plate. It is noted that
the KFG series strain gauges were mainly laid out in the
internal structures of the ETICS tomake high waterproof and
moisture-resistant performance.The series of strain gauges in
KFW were mainly laid on the outdoor surface of the ETICS,
even in the underwater or rainy environments. Table 3 shows
the performance indexes of the strain gauges.

2.4. Artificial Weathering Tests. The cured ETICS GHB test
specimens were placed inside the large-scale weathering test
chamber. The strain gauges and temperature sensors should
be properly connected Figure 6 shows the assembled test
specimens. During a hygrothermal cycle test, the temperature
range of hygrothermal cycle was set from 15∘C to 70∘C, and
the number of cycles was set at 80 with each cycle lasting for
6 h.Theheating process consists of raising the air temperature
to 70∘C in approximately 60 minutes and then maintaining
the temperature at 70 (±5)∘C for 120minutes.The rain process
consists of spraying water continuously for 60 minutes and
then resting for 120 minutes. Both strain and temperature
were recorded at an interval of 10min. A shutdown surface
observation of the test wall was carried out at an interval
of once in every four cycles to monitor the effect exerted
by the thermal fatigue damage (i.e., crack, detachment, and
swell). In order to quantitatively compare the surface damage
results of the test specimen after different number of cycles,
the surface of the test specimen was subdivided by a grid
spacing of 15 cm (i.e., 20 grids in the horizontal direction and
13 grids in the vertical direction), as shown in Figure 2.

3. Results and Analysis

3.1. Temperature Field. To analyze the effect of tempera-
ture changes on various structural layers, it is necessary
to determine the temperature features in various layers
in the weathering test chamber. Taking 80 cycles in the
hygrothermal conditions as an example, the data recorded
at the fifth cycle were selected to examine the local change
features in temperature at each point. Figure 7(a) shows
the temperature changing curves at the measuring points T-
I/II/III-4, T-I/II/III-5, and T-I/II/III-6 on the wall surface in
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Figure 4: (a) The rig wall during construction phase and instrumented with temperature sensors and strain gauges between GHB mortar
and reinforced base coat. (b) Temperature sensor. (c) Strain gauge.

Table 3: Performance indexes of KFG/KFW.

Series Self-compensating
temperature range/∘C

Self-compensating expansion
coefficient/10−6/∘C Strain limit/% Fatigue life/number of times

KFG 10–100 11.0 5.0 1.2 × 107

KFW 0–80 10.8 2.8 3.0 × 104

Test wall

Spraying
system

Evaporators and fans

Figure 5: The weathering test chamber.

the vertical direction. Figure 7(b) shows the related curves
at the measuring points T-I/II/III-2, T-I/II/III-5, and T-III-
7 on the wall surface in the horizontal direction. Figure 8
shows the variations in temperature at the measuring points
T-I/II/III-1, T-I/II/III-2, T-I/II/III-5, and T-I/II/III-6 along
the wall thickness direction.

(1) As shown in Figure 7, the temperature changing trend
at different measuring points on the surfaces of the
finishing coat and the insulating layer are similar and
have a shape of a rectangular wave. However, the
changing trend on the surface of the bonding layer
has a shape of a triangular wave. The results imply
that the GHB insulating material has an excellent
thermal insulation effect in reducing the temperature
transferred from the external temperature on the
substrate wall; the temperature change rate of the
bonding layer would slow down during the rising
phase and raining phases and improve the indoor
thermal comfort.

(2) As shown in Figure 7(a), the test chamber caused
a progressively top-down decline in the temperature
of the finishing coat, insulating layer, and bonding
layer along the vertical direction of the wall surface.
In this case, the largest temperature differences are
among the upper and lower parts (i.e., 30∘C for the
finishing coat, 26∘C for the insulating layer, and 12∘C
for the bonding layer). These temperature differences
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Figure 6: Data acquisition system of temperature and strain.

resulted in the deformation on the wall surface along
the vertical direction and of the cracks along the hori-
zontal direction. Figure 7(b) displays the temperature
difference between the bonding layers and insulating
layer is only about 1∘C along the horizontal direction
of the wall surface. Furthermore, the fluctuations at
the measuring point T-III-7 of the finishing coat are
more significant than those at the other points in the
middle part, indicating that there is an unbalance in
the local temperature in the test chamber.

(3) As shown in Figure 8, the maximum temperature
differences between the upper points T-I-1 and T-
III-1, the middle points T-I-2 and T-III-2 near the
window, the middle points T-I-5 and T-III-5 near the
center, and the lower points T-I-6 and T-III-6 were
30.9∘C at 60min, 22∘C at 120min, 22∘C at 120min,
and 17.3∘C at 180min, respectively. These results indi-
cate that the surface temperatures at various points
were affected by the local positions along the wall
thickness direction. However, the differences in the
temperatures from the top to lower parts are smaller
with the largest one happening later.

3.2. Strain Field. In the test, the data recorded by the strain
gauges are the total strain in each structural layer of the wall.
The data in a total of 80 hygrothermal cycles were analyzed
here. For the purpose of comparison, the measured tempera-
tures near eachmeasuring point, the strain-time-temperature
relationship curves of the finishing coat, insulating layer, and
bonding layer at different positions were depicted in Figures
9, 10, and 11.

(1) As shown in Figure 9, for each period at the tem-
perature rising and maintaining phases, the strain of the
finishing coat changes synchronously with the temperature
in the external layer. This indicates that the material of the
finishing coat tended to expand with heat and to contract
with cold surroundings at these two phases. At the raining
phase, the temperature and strain of the finishing coat drop
abruptly with a slight lag in the later curve (see Figures 9(b),
9(d), and 9(f)). At the resting phase, the temperature of the
finishing coat continues to fall at a slower rate. On the other
hand, the strainwould increase followed by an initial decrease
as the temperature reaches that at the rising phase in the next

period. These results are consistent with those obtained by
Yiu et al. [23]. Therefore, the increase in strain during the
resting phase may be caused by the hygroscopic expansion
of the finishing coat material. For the entire cycle process, the
maximumvertical and horizontal strains at the upper point S-
III-1 and the lower point S-III-4 on the surface of the finishing
coat are 9469 𝜇𝜀 and 1752 𝜇𝜀 at N = 80, 1379 𝜇𝜀 at N = 78, and
682 𝜇𝜀 at N = 5, respectively (N stands for the hygrothermal
cycle). However, the vertical and horizontal strains at the
middle point S-III-6 rapidly drop to failure at N = 60 and at
N = 70, respectively. These results indicate that the thermal
deformation of the wall surface caused by the temperature
difference in the vertical direction is two to four times of the
deformation in the horizontal direction; in the finishing coat
of the large-scale ETICS, the temperature gradient generated
by the heat blocking action of the insulating layer results in
an inconsistent overall hygrothermal deformation in different
directions.These deformation gradients would accelerate the
cracking of the finishing coat material and thereby shorten
the durability of the material, as verified in Figures 15 and 16.

The finishing coat shrinks at early stage and expands after
a number of cycles. The reason is that the micropores on
the surface of the finishing coat are gradually blocked by the
carbonized crystals at early time while the macropores may
be generated between the crystals regions under the cycle
load [24]. Figure 12 shows the scans electronic microscopy
of the top parts of the finishing coat, respectively, before and
after the test.Themacropore structures appeared between the
crystals in Figure 12(b). These pores resulted from the water-
loss and shrinkage of the finishing coat. In the late stage of
the 20th cycle, there is insignificant change in the structural
porosity of the finishing coating material. As a consequence,
the expansion with heat and the contraction with cold
occurred in most positions, especially as in the maintaining
phases. At this stage, an irreversible temperature-dependent
creep deformation in the finishing coating material might
be generated and accumulated with the cyclic temperature
fluctuations. The continuous expansion would cause the
coating material to split.

(2) Figures 9 and 10 show the results of the strains on the
surfaces of the finishing coat and insulating layer.The change
trends in these two figures are basically similar to each other,
implying that the strain in the insulating layer may effectively
illustrate the deformation of the insulating layer.However, the
measured strain in the insulating layer is much smaller than
that in the finishing coat due to the less influences of the exter-
nal temperature and humidity on the GHB material of the
insulating layer. FromFigures 9 and 10, it can be also seen that
most of the drying-shrinkage deformation occurred in the
early stage and some of the thermally expansion deformation
occurred at the later stage. During the hygrothermal cycle,
the maximum/minimum vertical and horizontal strains were
495/−962 𝜇𝜀 and 1072/−188 𝜇𝜀, respectively. As shown in
Figure 11, the strain in the bonding layer decreases abruptly
due to the protection effect of the insulating material. None
of the deformation exceeds the elastic limit in the concrete
substrate regions. Hence, the safety is guaranteed for the
internal concrete enclosure structure; the service life of the
concrete might be lengthened. The maximum/minimum
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Figure 7: Temperature changing curves at various measuring points.
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Figure 8: Temperatures at various instants for different measuring points along the direction of wall thickness.
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Figure 9: Strain-time-temperature relationship of three surfaces.

vertical and horizontal strains on the surface of the bonding
layer are 359/−181 𝜇𝜀 and 330/−120 𝜇𝜀, respectively.

The different thermal deformation modes demonstrate
that the hygrothermal resistance property of the bonding

layer is better than that of the insulating layer. The improve-
ment in hygrothermal resistance of the bonding layer can be
explained by the influence of GHB particles. From Figure 13,
it can be seen that the microstructure of GHB mortar did
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Figure 10: Strain-time-temperature relationship of insulating layer.

not change obviously under various hygrothermal cycles,
the internal honeycomb pores were relatively smooth, and
no significant deterioration was observed. Hence, GHB can
improve hygrothermal behavior of the GHBmortar in reduc-
ing thermal deformation of the concrete substrate surface.

(3) The strain-time relationship changing curve may
be divided into three stages (see Figure 14). Before the
20th hygrothermal cycle, the strain of each structural layer
decreases with the increase of𝑁, that is, implying the shrink-
age deformation occurs (see Figure 15). The most, second to
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Figure 11: Strain-time-temperature relationship of bonding layer.
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Figure 12: SEM graphs of top finish on the finishing coat.
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Figure 13: SEM graphs of GBH mortar on insulating layer.
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most, and less significant shrinkage are located in the finish-
ing coat, insulating layers, and bonding layers, respectively.
On the whole, the deformations in the materials may be
regarded at the elastic stage. At 𝑁 = 70, the changing trends
in the strains of various structural layers are not similar. The

horizontal strains in the finishing coat and the total strains
in the insulating and bonding layers increase continuously
with a relative slowly rate until the end of the test. Conversely,
the vertical strains in the finishing coat increase, implying
that the expansion deformation generated (see Figure 16).The
tensile strain only recovers partially, especially the vertical
strain of the finishing coat behaviors of the plastic deforma-
tionmode.These changing trends are consistent with those of
change features in the temperature shown in Figure 7. During
the last ten cycles, there is an abrupt change in the vertical
strain in the finishing coat. To be specific, the changes in the
strains are not significant at the upper position (Figure 9(a))
and at the lower position (Figure 9(e)) on finishing coat sur-
face; while the strain gauge placed atmiddle position (see Fig-
ure 9(c)) damages, the deformation enters the failure mode.

3.3. Surface Crack. Figures 15 and 16 show the sketches of the
cracks recorded by the crackwidth detector at𝑁= 20 and𝑁=
80. In these two instants, the cracks and swells on the finishing
coat appeared as lines and circles. In all procedure of the
test, the cracks, swells, and other degradation always occurred
on the finishing coat. The rules relations between the length,
width, and distribution of the cracks on the finishing coat and
the number of cycles are relatively obvious. The degradation
characteristics of the finishing coat from the perspectives of
crack length and width will be examined as follows.

(1) On the surface of the finishing coat (see Figure 15),
most of the cracks are in the horizontal direction,
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Figure 16: Crack propagations on the finishing coat, the 80 cycles.

the second to most of the cracks are vertical ones,
and very few of the oblique cracks appeared. The
reason is that the temperatures on the surface of the
finishing coat in the vertical direction changed more
intensely than those in other directions (see Figures
7 and 8). So, the newly generated temperature stress
made it easier for cracks to emerge. As a result, under

the repeated actions of the hygrothermal load, most
of the cracks formed along the horizontal direction
and developed relatively quickly. These cracks may
converge to some extent. To be specific, the horizontal
and vertical cracks converged regionally, while the
oblique cracks distributed locally. The cracks on the
finishing coat only initially existed on the surface
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Table 4: Number, length, and increase magnitude of cracks.

Number of cycles/𝑁 Number Total length/m Increase magnitude/% Max. width/mm
Number Total length

12 28 8.51 — — 0.07
20 45 12.13 61 43 0.09
40 64 18.22 42 50 0.10
60 80 22.05 25 21 0.12
72 89 24.18 11 10 0.16
80 92 24.68 3 2 0.17

of the coating material but subsequently extended
to the inside of the material. However, they did not
penetrate the finishing coat.

(2) As shown in Table 4, the number, the length, and
width of the cracks on the surface of the finishing coat
gradually increase with the increase in the number
of cycles. Specifically, the most significant increase is
the number of cracks, followed by the total length
of cracks. The increase in the width of cracks is not
significant. All of these three parameters decrease
with the increasing in 𝑁. In particular, for 𝑁 >
20, the cracks on the surface of the finishing coat
developed rapidly, also being verified by the strains in
Figure 9(c). For𝑁 = 72, only a few new cracks formed
and stably propagated. Therefore, after 72 hygrother-
mal cycles, the degradation of the ETICS is not signifi-
cant, suggesting that setting the number of hygrother-
mal cycles at 80 in ETAG 004 [26] is appropriate.

4. Conclusions

In this study, the temperature and strain in three various
structural layers (i.e., finishing coat, insulating layer, and the
bonding layer) of the ETICS GHB under the hygrothermal
cycles were investigated. Based on the test results, the follow-
ing conclusions were obtained:

(1) Due to the differences in the thermophysical proper-
ties, the relations between temperature distributions
on the surface and inside the chamber are different for
three structural layers. These differences contributed
to the internal stresses in the structural layers. The
temperature difference between different positions on
the same plane of the finishing coat and the insulating
layer is 20∘C. On the other hand, for the bonding
layer, the difference is only around 5∘C. The local
temperature difference existing on the surface of the
finishing coat may cause the surface crack openning
on the finishing coat.The temperature of the bonding
layer is not excessively high because of the thermal
insulation action of the insulating layer.

(2) Most of the thermal deformation on the surface
of three layers is moisture expansion and drying-
shrinkage one and thermal expansion one, respec-
tively, at the early stage and at the later stage. The

surface strain of the finishing coat shows three stages
of deformation with the increasing of𝑁: for𝑁 < 20,
the shrinking elastic deformation occurs; for 20 <
𝑁 < 70, the expansion-type elastoplastic deformation
occurs; for 𝑁 > 0, the plastic failure deformation
occurs.The change trends of the surface strains in the
insulating and bonding layers with the increase of 𝑁
are similar, except that magnitude in the insulating
layer is smaller. Due to the surface strain of the
bonding layer, the elastic deformation occurs.

(3) The cracks on the surface of the finishing coat mostly
converged into horizontal ones, followed by vertical
cracks, and, lastly, locally formed a few of oblique
cracks. With increasing 𝑁, the most significant
increase is the number of cracks on the finishing coat
and then the length of the cracks. The width of the
cracks increased is gradually. However, the increase
rate of these parameters (i.e., number, length, and
width) decreases with the increase in𝑁.The cracks of
the finishing coat are the generation, expansion, and
saturation modes, respectively, for𝑁 < 20, 20 < 𝑁 <
70, and𝑁 > 70.

(4) GHB mortar with internal honeycomb pores and
smooth closed surface has good water retention
capacity and stable structure. Hence, the special pore
structure can reduce the thermal conductivity ofGHB
mortar, prevent the moisture migration extension
of concrete substrate, and accordingly alleviate the
hygrothermal behavior of the bonding layer.
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Fly ash substitution to cement is a well-recognized approach to reduce CO2 emissions. Although fly ash concrete is prone to brittle
behavior, researchers have shown that addition of fibers could reduce brittle behavior. Previous research efforts seem to have utlised
a single type of fiber or two types of fibers. In this research, three types of fibers, steel, polypropylene, and basalt as 0%, 0.50%, 0.75%,
and 1% by volume of concrete, were mixed in varying proportions with concrete specimens substituted with 50% fly ash (class F).
All specimens were tested for compressive strength, indirect tensile strength, and flexural strength over a period of 3 to 56 days of
curing. Test results showed that significant improvement in mechanical properties could be obtained by a particular hybrid fiber
reinforcement combination (1% steel fiber, 0.75% polypropylene fiber, and 0.75% basalt fiber). The strength values were observed
to exceed previous research results. Workability of concrete was affected when the fiber combination exceeded 3%.Thus a limiting
value for adding fibers and the combination to achieve maximum strengths have been identified in this research.

1. Background

Fly ash is generally an industrial waste obtained fromburning
coal. Fly ash substitution to cement is a well-recognized
approach to reduce CO2 emissions. Malhotra [1] observed
significant improvement in strength and durability with the
substitution of high volume class F fly ash in ordinary Port-
land cement (OPC). Concrete in general and fly ash concrete
in particular with 50% or more high volume replacements
can experience brittle behavior. Under these circumstances,
researchers have trialed the addition of fiber reinforcements
to concrete. Thomas [2] observed that the addition of fibers
led to improved stiffness of concrete or holding the matrix
together after crack initiation or a combination of both
mechanisms. Fiber reinforced cement composites were also
observed to gain much higher strength for increasing strain
rates in comparison to normal concrete [3, 4]. Reference [5]
observed that the function of fibers as secondary reinforce-
ment in concrete inhibited crack initiation and propagation
and improved the mechanical properties of concrete such
as compressive strength, tensile strength, flexural strength,
impact resistance, and toughness. In the case of Hannant [6],

the addition of fibers provided better performance for the
concrete while the addition of fly ash provided better
workability and strength gain. The above references provide
evidence to support the combinations of fly ash concrete with
fiber reinforcements to enhance the mechanical properties.
Some of these works specific to different types of fibers are
noted below.

In the literature, three types of fibers that were added to fly
ash concrete are widely discussed: steel, polypropylene, and
basalt. With the addition of steel fibers concrete toughness
was observed to be proportional to fiber content in both static
and dynamic loading conditions as shown by Zollo [7] and
Yet et al. [8]. Further, improvements in strain rates leading to
enhanced strength were also noted. Steel fiber was observed
to provide better bond strength and enhanced pullout resis-
tance [9]. The equivalent bond strength of straight steel
fibers, which are commonly used in ultrahigh performance
fiber reinforced concrete, was doubled by optimizing the
ultrahigh performance concrete matrix through composition
and particle size distribution. This led to typical pullout load
slip hardening behavior that is desirable for high tensile
strength, high energy absorbing, and strain hardening of
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concrete [9]. Therefore it can be seen that the addition of
steel fibers has the ability to bond well with concrete and can
provide better pullout resistance.

Addition of polypropylene fiber was found to improve
the durability of concrete composites containing fly ash and
silica fume but showed adverse effect on the workability
of concrete. In addition, water permeability, dry shrinkage
strain, and the depth of carbonation of concrete decreased
gradually with the increase of fiber volume fraction [11].
However Yao et al. [12] observed that at constant volume
fraction (0.5%) of hybrid fibers, the addition of polypropylene
fibers to carbon and steel fibers provided varied results.
Notwithstanding these limitations, as a member of polymer
fibers, polypropylene fiber captivated the most recognition
among researchers because of its enhanced shrinkage crack-
ing resistance, low cost, and its excellent toughness in the
concrete [13–16, 19]. Polypropylene fibers were observed to
improve the failure impact resistance of concrete with little
statistical influence on the compressive or flexural strength of
concrete. Flexural toughness and impact resistance showed
an increase in the presence of polypropylene fibers in the
concrete [14, 17]. A large number of polypropylene fibers
distributed uniformly in the concrete composite resulted in
decreased bleeding and segregation of the fresh concrete
mixture due to the formation of grid like structures [18].

The addition of basalt fiber was observed to improve
the deformation and energy absorption properties without
notable enhancement in dynamic compressive strength [19].
Addition of basalt fibers up to 2% of concrete volume
together with mineral admixtures improved the compressive
strength and the improvement in strains corresponded to
maximum compressive strength [20]. The basalt fiber signif-
icantly improved the tensile strength, flexural strength, and
toughness index, whereas the compressive strength showed
no obvious increase [21]. The degradation of basalt fiber
in concrete changed into small parts different from their
original form [22], thus strengthening the mix overall. Steel
fibers were observed as a better strengthening material in
high volume fly ash concrete but the addition of basalt fiber
in combination resulted in decreased compressive strength.
However the fracture energy and flexural strength improved
with the addition of basalt fiber. As the basalt fiber content
increased, concrete showed higher ultimate loads, larger
deflections before failure that resulted in higher fracture
energy values [23].

From the above review, it can be noted that steel fiber
(high modulus fiber) is stronger and stiffer which improves
the concrete strength, while polypropylene fiber (low modu-
lus fiber) has the capacity to strengthen brittle cementitious
materials and is more flexible and has the property to retain
heat for a prolonged time which leads to improved toughness
and strain capacity in the postcracking section and retard
early cracks. Basalt fiber which is high in oxidation resistance
and radiation resistance, fracture energy, and abrasion resis-
tance leads to increase in the flexural strength.

In summary, various researchers have used steel, poly-
propylene, and basalt fibers mostly as individual additions
and rarely as combinations to improve the properties of con-
crete.Therefore, it is logical to postulate that the combination

of fibers may provide reasonable improvements overall and
negate some of the disadvantages noted in the literature.This
postulation requires an experimental investigation. Further
sections of this paper present the experimental program and
test results arising from the combination of fibers (steel,
polypropylene, and basalt) in hybrid form added to high
volume fly ash concrete.

2. Experimental Program

2.1. Materials. Following materials were used in the exper-
imental program: cement, Type I Portland Cement with
specific gravity = 3.14; fine aggregate, river sand that passed
through 4.75mm sieve; and coarse aggregate, granite stone
that passed through 12.5mm IS sieve and retained on 10mm
sieve. Fly ash procured from the Tarong Power Plant was used
and it was tested in the concrete laboratory at RMIT Univer-
sity and the results are presented in Appendix (Table 2). The
steel fiber of length 40mm and diameter 0.3mm, polypropy-
lene fiber of length 15mm with diameter 100𝜇m, and basalt
fiber of length 12mm with diameter 20 𝜇m were used in this
experimental investigation. The water reducing admixture,
naphthalene formaldehyde sulfonate (Sikament), was used
in all mixing in the experimental work. Lime powder was
used to improve the presence of alkali in fly ash. Normal
tap water was used for mixing the concrete throughout the
experimental work. It was ensured that all of these materials
complied with respective material standards or properties.

2.2. Specimen Mix Details. Control specimen is 50% cement
and 50% class F fly ash with no fibers. Although the per-
centage of fly ash mix is dependent on a number of factors,
there is sufficient agreement in the literature that brittle
behavior is dominant once the fly ash percentage crosses
50%. The authors have used 50%-50% mix in our previous
endeavors [24]. Variations of steel fiber are 0.5% and 1%,
polypropylene at 0.5% and 0.75%, and basalt at 0.5%, 0.75%,
and 1% consistent with the literature noted in the previous
section. Although these combinations are selected based on
previous research studies a proper combination of basalt
fibers does not seem to exist. As the basalt fiber dissolves into
the mix, it was decided to include only three ranges into the
mixing regime. These mix details are presented in Table 1.

Cylindrical specimens were cast with dimensions of
100mm diameter × 200mm length for compressive strength
test, cylindrical specimens with dimensions of 150mm diam-
eter × 300mm length for indirect tensile strength test, and
beam specimens with dimensions of 350mm × 100mm ×
100mm for flexural strength test. The numbers of specimens
used for this research are

(i) compressive strength tests, 270 cylinders;
(ii) indirect tensile strength tests, 54 cylinders;
(iii) flexure strength tests, 54 beams.
Methodology for concrete mixing involved the following:
(1) Aggregates and sand were washed with water and

completely dried. Then both were placed in the
concrete mixer and dry mixed for 2 minutes.
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Table 1: Specimen nomenclature.

Sl. number Mix number Fibers Cement Class F fly ash
Steel fiber Polypropylene fiber Basalt fiber

1 C 0% 0% 0% 50% 50%
2 S1 0.50% 0% 0% 50% 50%
3 S2 1% 0% 0% 50% 50%
4 P1 0% 0.50% 0% 50% 50%
5 P2 0% 0.75% 0% 50% 50%
6 B1 0% 0% 0.50% 50% 50%
7 B2 0% 0% 0.75% 50% 50%
8 B3 0% 0% 1% 50% 50%
9 X1 0.50% 0.50% 0.50% 50% 50%
10 X2 0.50% 0.75% 0% 50% 50%
11 X3 0.50% 0.75% 0.75% 50% 50%
12 X4 0.50% 0% 1% 50% 50%
13 Y1 1% 0.50% 0.50% 50% 50%
14 Y2 1% 0.75% 0% 50% 50%
15 Y3 1% 0.75% 0.75% 50% 50%
16 Y4 1% 0% 0.75% 50% 50%
17 Y5 1% 0% 1% 50% 50%
18 Y6 1% 1% 1% 50% 50%

Table 2: Chemical composition of fly ash.

Characteristics Tarong fly ash ASTM class F fly ash
SiO2 65.9

The sum of SiO2 + Al2O3 +
Fe2O3 (min 70%)Al2O3 28.89

Fe2O3 0.38
TiO2 1.97
MnO 0
MgO 0.15
CaO 0.06
Na2O 0.05
K2O 0.26
P2O5 0.08
SO3 0.03 Max, 5%
LOI 1.24 Max, 6%

(2) Cement, fly ash, and lime powder (5%) were added in
themixer with aggregates and sand and drymixed for
2 minutes.

(3) Then fibers (steel fiber, polypropylene fiber, and basalt
fiber) were added one after another and dry mixed
for 1 minute. Then normal water (85%) is added and
mixed for approximately 2 minutes.

(4) Remaining mixing water (15%) and plasticizer were
added to the mixer and mixed for 3 minutes. Then
the mixed concrete was cast into the specimen
moulds and vibrated simultaneously in the vibrator
for 1 minute to remove any air remaining entrapped
mainly to avoid voids. Each specimen was allowed

to stand for 24 hours in concrete laboratory before
demolding.

2.3. Tests and Methods

2.3.1. Compressive Strength Test (AS 1012.9). The compressive
strength test was carried out in accordance with Australian
Standard [25] using MTS machine with a loading capacity
of 1000 kN and a loading rate of 20 ± 2MPa/minute. Three
cylindrical specimens (100mm diameter × 200mm length)
were tested for compressive strength at the age of 3 days, 7
days, 14 days, 28 days, and 56 days after casting. The average
results of the three cylindrical specimens are reported in this
paper.

2.3.2. Indirect Tensile Strength (AS 1012.10). The Indirect
tensile strength test was carried out in accordance with
Australian Standard [26] using MTS machine with a loading
capacity of 1000 kN and a loading rate of 1 ± 0.1MPa/minute
provided with indirect tensile strength test equipment (for
details of testing arrangement refer to [26]).Three cylindrical
specimens (150mm diameter × 300mm length) were tested
for flexural strength at the age of 28 days after casting.
The average results of the three cylindrical specimens are
reported.

The indirect tensile strength (𝑇) of the specimen was
calculated using

𝑇 =
2000𝑃

𝜋𝐿𝐷
, (1)

where 𝑇 is indirect tensile strength (MPa), 𝑃 is maximum
applied force indicated by the testing machine, 𝐿 is length
(mm), and𝐷 is diameter (mm).
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2.3.3. Flexural Strength Test: Four-Point Bending Test (AS
1012.11). The modulus of rupture development of concrete
test was carried out in accordance with Australian Standard
[27] using hydraulic MTS testing machine having a loading
capacity of 1000 kN (for details of testing arrangement refer to
[26]).Three beam specimens were tested for flexural strength
until the maximum load is reached after 28 days of casting.
The average results of the three beam specimens are reported.

The modulus of rupture (𝑓𝑐𝑓) of the specimen was
calculated using

𝑓𝑐𝑓 =
𝑃𝐿 (1000)

𝐵𝐷2
, (2)

where 𝑓𝑐𝑓 is modulus of rupture (MPa), 𝑃 is maximum
applied force indicated by testing machine (kN), 𝐿 is span
length (mm), 𝐵 is average width of specimen at the section
of failure (mm), and 𝐷 is average depth of specimen at the
section of failure (mm).

The modulus of rupture (𝑓𝑐𝑓) is used to find the tensile
strength of the concrete. The correlation between the modu-
lus of concrete rupture and its tensile strength (𝑓𝑐𝑡) based on
Australian Standard [28] Article 3.1.1.3 (a) as follows:

𝑓𝑐𝑡 = 0.6𝑓𝑐𝑓, (3)

where 𝑓𝑐𝑡 is the uniaxial tensile strength (MPa) and 𝑓𝑐𝑓 is the
modulus of rupture in accordance with AS 1012.11 (MPa).

3. Results and Discussion

3.1. Compressive Strength. As can be seen from Figures 1 and
2, an increase in compressive strength between the control
mix and hybridmixes is clearly evident. In particular it can be
seen that at 7 days (Figure 1) some of themixes appear to have
low strengths more than X3, Y3, and Y5 while at around 28
days the strength values seem to stabilize owing to curing of
concrete. An average increase of 30% in compressive strength
of fiber specimens over control concrete is observed at 28
days with a peak value of 75% increase for specimen Y3 (1%
steel, 0.75% polypropylene, and 0.75% basalt). At 56 days no
significant differences in strengths were observed to 28-day
strengths, suggesting that 28-day comparisons are reliable for
further discussion.

As Y3 mix is observed to have the greatest strength
from Figure 2, a comparison of Y3 mix and control mix
with results of OPC obtained by Çolak [10] is presented
in Figure 3. This comparison clearly shows that the control
mix has lower strength values than the OPC which might
be due to the presence of fly ash while the Y3 mix has
increased compressive strength more than both the OPC and
the control mix. We also note there are other mixes such as
Y5 that have greater strength than OPC. In general, it can be
noted that fiber mix concrete can ensure higher compressive
strength than normal OPC.

3.2. Indirect Tensile Strength. Figure 4 presents the compar-
ison of indirect tensile strength test results of all mixes at 3
days, 7 days, 14 days, 28 days, and 56 days. There is a random
strength increase throughout the duration of observation.

0

10

20

30

40

50

60

C S1 S2 P1 P2 B1 B2 B3 X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5 Y6
Steel fiber 0% 0.50 1% 0% 0% 0% 0% 0% 0.50 0.50 0.50 0.50 1% 1% 1% 1% 1% 1%

Polypropylene fiber 0% 0% 0% 0.50 0.75 0% 0% 0% 0.50 0.75 0.75 0% 0.50 0.75 0.75 0% 0% 1%
Basalt fiber 0% 0% 0% 0% 0% 0.50 0.75 1% 0.50 0% 0.75 1% 0.50 0% 0.75 0.75 1% 1%
Cement 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
Class F fly ash 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%
7 days (MPa) 25.2 31.6 35.3 34.8 36.6 33.6 35.7 37.8 33.3 33.2 44.2 33.1 37.4 36.6 46.9 41.1 44.7 38.2

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

Figure 1: Comparison of compressive strength between control
concrete (50% cement, 50% fly ash, and no fibers) and hybrid fiber
mixes at 7 days.
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Figure 2: Comparison of compressive strength between control
concrete (50% cement, 50% fly ash, and no fibers) and hybrid fiber
mixes at 28 days.
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Figure 3: Comparison of compressive strength for hybrid fiber mix
Y3 and control mix with compressive strength of OPC from Çolak
[10].
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Figure 4: Comparison of indirect tensile strength for hybrid fibers
at 28 days.
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Figure 5: Comparison of flexural strength for hybrid fiber mixes at
28 days.

Comparing indirect tensile strength test results, Y1 (1%
steel fiber, 0.5% polypropylene fiber, and 0.5% basalt fiber)
and Y3 (1% steel fiber, 0.75% polypropylene fiber, and 0.75%
basalt fiber) in hybrid form give higher tensile strength when
compared to control concrete and individual fibers.

3.3. Flexural Strength from Four-Point Bending Tests. Figure 5
presents the comparison of flexural strength test results at 3
days, 7 days, 14 days, 28 days, and 56 days. Slight increase
in strengths can be observed throughout the duration of
observation. Comparing flexural strength test results, Y1
(1% steel fiber, 0.5% polypropylene fiber, and 0.5% basalt
fiber) and Y3 (1% steel fiber, 0.75% polypropylene fiber, and
0.75% basalt fiber) in hybrid form give maximum flexural
strength when compared to control concrete, individual fiber
reinforced high volume fly ash concrete, and other hybrid
mix.

Clearly the above figures have shown that the mix Y3
has significantly higher values across the testing regime.
Brief investigations of the contribution of different mix
proportions to the three strengths were analysed using
strength values obtained at 28 days. First, the contribution of
individual fibers is presented in Figure 6. It is interesting to
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Figure 6: Comparison of compressive strengths in individual fiber
mix.
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Figure 7: Comparison of compressive strengths with fiber mix at
different proportions.

note that polypropylene fiber provides higher initial strengths
although it starts to flatten out around 0.75%. A similar but
low level of strength is observed for basalt fiber. However the
trend line for steel is linear up to 1%.This observation suggests
that an increase in steel fiber may be desirable although the
use of basalt and polypropylene fibers beyond 0.75% may
not be necessary. This observation from Figure 6 is quite
interesting as the results show a higher strength value for the
Y3mix (i.e., 1% steel, 0.75% polypropylene, and 0.75% basalt).
We also observed the workability of concrete to be affected
when the combined percentage exceeded 3%.

A comparison of compressive strengths with hybrid
combination is presented in Figure 7. It can be seen that
hybrid combinations up to 1.75% lead to similar strengths but
the noticeable jump is observed only at Y3 combination (a
total of 2.5% with 1% steel and polypropylene and basalt at
0.75%) and when all the three mixed at 3% the values drop
down significantly.
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Figure 8: Specimens cast and ready for testing.

(a) (b)

Figure 9: Crack patterns at ultimate failure load: control specimen (a) and specimen (Y3) (b). Reduced cracks in Y3 specimen.

4. Concluding Remarks

This paper has shown that three fibers (steel, polypropylene,
and basalt) can be added in a hybrid combination to achieve
compressive strengths higher than the normal OPC. In par-
ticular, a hybrid combination of 1% steel, 0.75% polypropy-
lene, and 0.75% basalt provided the highest strength results
in terms of common mechanical properties. The paper has
also shown that significant increase in flexural strength and
tensile strengths can be observed simultaneously leading to
the suggestion that some of the negative effects of individual
fiber additions can be avoided using the hybrid fiber combi-
nation. A limiting combination of 3% overall has also been
determined based on the workability of concrete. Further
workmay include the analysis of specimens in terms ofmatrix
formulations, cracking behavior, and concrete toughness.

Appendix

See Table 2. For photos of specimens see Figures 8 and 9.
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[10] A. Çolak, “A new model for the estimation of compressive
strength of Portland cement concrete,” Cement and Concrete
Research, vol. 36, no. 7, pp. 1409–1413, 2006.

[11] C. X. Qian and P. Stroeven, “Development of hybrid
polypropylene-steel fibre-reinforced concrete,” Cement and
Concrete Research, vol. 30, no. 1, pp. 63–69, 2000.

[12] W. Yao, J. Li, and K.Wu, “Mechanical properties of hybrid fiber-
reinforced concrete at low fiber volume fraction,” Cement and
Concrete Research, vol. 33, no. 1, pp. 27–30, 2003.

[13] N. Banthia and R. Gupta, “Influence of polypropylene fiber
geometry on plastic shrinkage cracking in concrete,” Cement
and Concrete Research, vol. 36, no. 7, pp. 1263–1267, 2006.

[14] A. M. Alhozaimy, P. Soroushian, and F. Mirza, “Mechanical
properties of polypropylene fiber reinforced concrete and the
effects of pozzolanic materials,”Cement & Concrete Composites,
vol. 18, no. 2, pp. 85–92, 1996.

[15] H.A. Toutanji, “Properties of polypropylene fiber reinforced sil-
ica fume expansive-cement concrete,” Construction and Build-
ing Materials, vol. 13, no. 4, pp. 171–177, 1999.
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This study aims to estimate the pumpability and shootability of wet-mix shotcrete (WMS) made with crushed aggregates and
various admixtures such as silica fume, fly ash, ground granulated blast furnace slag (GGBFS), metakaolin, and steel fiber based
on rheological properties. The IBB rheometer was employed as an apparatus to measure the rheological properties of freshly
mixed shotcrete such as flow resistance and torque viscosity. Results have shown that the use of silica fume and metakaolin led
to satisfactory pumpability, whereas mixtures with fly ash and steel fiber failed to meet the pumping criteria at normal pump
pressure. The build-up thickness, an indicator to represent shotcrete shootability, was predicted to vary between 68 and 218mm,
demonstrating that the use of admixtures resulted in a wide spectrum of shootability. In particular, the use of metakaolin was found
to substantially increase the predicted build-up thickness only with a small replacement. The findings of this study are expected
to be used as an easy-to-use guideline for estimating pumpability and shootability of WMS when no compliance testing data is
available.

1. Introduction

Pumpability and shootability are important functional
parameters considered in the design procedure for wet-mix
shotcrete (WMS) mixtures [1]. Even if mechanical and
durability performance requirements are met, shotcrete may
not performper the design intentwithout proper pumpability
and shootability. Commonly, pumpability of WMS has been
quantified via pump pressure and power requirement
measurements [2–6]. Because such methods offer visual
examinations of the pumpability in real time, relatively
accurate and reliable data can be obtained. However, since
the measured pump pressure and power requirement are
subjected to large variations depending on the pumping
equipment used, new compliance testing to assess actual
pumpability is necessary whenever there is a change in
equipment or process for a given project. This step often
involves inefficient, time-consuming, and labor-intensive
tasks as the compliance testing needs to be conducted under
actual field conditions.

One feasible approach to address this limitation is
to indirectly estimate the pumpability through rheological
properties of fresh materials, namely, yield stress and plastic
viscosity of the Bingham model (or equivalent). Several
studies have been conducted to estimate the pumpability
of normal- and high-performance shotcrete/concrete based
on the rheology and other flow characteristics. Browne and
Bamforth [5] attempted to predict the pumpability of fresh
concrete based on slump and pressure bleed tests. Beaupre
[1] correlated the rheological parameters (i.e., flow resistance
and torque viscosity) of WMS to pumpability through pis-
ton pressure measurements. Burns [7] characterized WMS
pumped through small-diameter hoses by identifying the
relationship among rheology, tribology, and pump pressure
based on a solid scientific approach. McAskill [8] proposed
technical tips to prevent pumping problems during wet-mix
process. Seo [9] carried out an experimental study to evaluate
the pumpability and fluidity of concrete on the basis of
rheological properties. Kwon et al. [10] quantified the pump-
ing characteristics of high-strength concrete by means of
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a continuous pumping system. Yun et al. [11] assessed the
rheological properties of WMS with various mineral and
chemical admixtures and correlated them to pumpability by
measuring piston pump pressure.

Even though many theoretical and practical research
attempts to quantify the pumpability of WMS have been
made based on prevailing theories of rheology, research stud-
ies on shootability predictions have been relatively limited.
This is because the shootability is generally subjected to a
number of construction uncertainties (such as workmanship
of a nozzle operator and field conditions including climates as
well as equipment/method used), which made the research
approach towards shootability estimation quite challenging
[11]. Moreover, most previous studies have been limited to
assessing the pumpability and shootability of mixtures with
natural aggregate sources such as river gravel. In recognition
of the issues, this paper contributes to providing a sim-
ple empirical methodology to predict the pumpability and
shootability of WMS containing crushed aggregate obtained
from tunnel excavation and different type and dosage of
admixtures based on rheological measurements, along with
performance criteria given in previous research [1]. In addi-
tion, dosage ranges for each admixture that provide proper
pumpability and shootability were provided to serve as an
implementation guideline for WMS. The findings from this
study would provide an advanced understanding of fresh
WMS behavior, as well as an easy-to-use prediction scheme
for pumpability and shootability of WMS.

2. Experimental

2.1. Materials. A commercially available Type I portland
cement complying with KS L 5201 was employed.The specific
gravity and fineness of the portland cement used were 3.15
and 3,289 cm2/g, respectively. The chemical compositions
were as follows: 20.8% SiO

2
, 6.3% Al

2
O
3
, 61.2% CaO, 3.3%

MgO, 2.3% SO
3
, and 0.61% loss-on-ignition (LOI).

Crushed granite obtained from the surrounding rock of
tunnel walls was used as coarse aggregate after being sieved
and washed. The coarse aggregate used had a maximum
aggregate size of 10mm, a specific gravity of 2.65, and a
fineness modulus of 5.70. As fine aggregate, washed crushed
sand with a specific gravity of 2.62 and a fineness modulus
of 2.77 was employed. The coarse and fine aggregates used in
this study conformed to the gradation specifications of ASTM
C33.

A Type I fly ash as per the classification of the Korean
Industrial Standards (KS) was used. The chemical properties
of the fly ash used were 41.5% SiO

2
, 16.8% C, 22.9% Al

2
O
3
,

4.91% CaO, and 1.84% Fe
2
O
3
, all of which met the require-

ments of KS L 5405. The density of the fly ash used was
2.25 g/cm3, which complied with the specified lower limit of
1.95 g/cm3.

Silica fume with a density of 3.0–3.5 g/cm3, a specific
surface area of 200,470 cm2/g, a 0–45 𝜇mparticle size portion
of 98.0% (by weight), and a moisture content of 1.15% was
employed.The chemical compositions of the silica fume used
were as follows: 90.4% SiO

2
, 2.0% CaO, 3.0% Fe

2
O
3
, 1.5%

Al
2
O
3
, and 2.72% LOI.

Ground granulated blast furnace slag (GGBFS) with a
density of 2.90 g/cm3, a specific surface area of 4,306 cm2/g,
an activity index at 91 days of 117, and a flow of 102%was used.
The chemical properties of the GGBFS used were as follows:
5.61% MgO, 1.0% SO

3
, 0.43% LOI, and 0.007% chloride ion.

Metakaolin with a specific gravity of 2.63 and a specific
area of 12,000 cm2/g was adopted as a mineral admixture.
The chemical compositions of the metakaolin used were 56%
SiO
2
, 37% Al

2
O
3
, 2.4% Fe

2
O
3
, 0.2% CaO, 0.3% MgO, 0.8%

K
2
O, and 0.2% Na

2
O.

A bundle-type steel fiber with a density of 7.80 g/cm3, a
tensile strength of 1,195.5MPa, and an aspect ratio of 60 (𝜙0.5
× 30mm) was used as a reinforcing additive.

2.2. Mixture Proportions. 22 mixtures with a constant water-
to-cementitious material ratio (w/cm) of 0.41 and a fine
aggregate-to-total aggregate fraction (S/a) of 0.71 were pre-
pared while varying replacement/addition levels as seen
in Table 1. The mixture proportions were chosen based
on a survey of previous research [1]. Except for the sil-
ica fume mixtures, a 9.1% silica fume replacement was
consistently used to ensure suitable levels of pumpability
and shootability, slump (220mm), air contents before and
after shooting (17 and 5%, resp.), and 28-day compressive
strength (48MPa). Dosages of sulfonate silica-based air-
entraining agent and polycarboxylate-based superplasticizer
were 0.044 and 4.84 kg/m3, respectively, which were kept
constant among the mixtures.

2.3. Methods

2.3.1. Rheometer Test. The IBB rheometer, of which the
original and revisited designs were devised at The University
of British Columbia and IBB Rheology Inc., respectively, was
employed to monitor the rheological properties of freshly
mixed shotcrete (see Figure 1). The apparatus is proven
to accurately measure the rheological properties of fresh
mixtures with inclusions of coarse aggregate [1, 11]. The
testing procedure was as follows:

(1) Calibrate the torque resolution (±0.5N⋅m) and set the
built-in strain gage to a null position.

(2) Pour freshly mixed shotcrete into a 21-liter mixing
bowl up to a level of 200mm.

(3) Lift the mixing bowl until the H-shaped impeller is
fully buried in the mixture.

(4) Begin operation with the lowest rotational speed, and
gradually increase the speed as required.

During the operation, the torque applied to the rotary
impeller as it stirs the mixture with a specified revolving
speed was continuously measured by means of a load cell.
The testing was conducted under a constant temperature
condition of 23∘C so as to eliminate the unexpected effect
of temperature. Figure 2 presents an example of the obtained
data, which was fitted by the following form of equation:

𝑇 = 𝐺 + 𝐻𝑁 (1)
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Table 1: Mixture proportions of WMS.

Admixture Replacement1 (%) Weight per unit volume (kg/m3)
SF FA GGBFS MK C W F/A C/A

SF

0 0 — — — 440 180 1159 480
5 22 — — — 418 180 1153 478
9.1 40 — — — 400 180 1149 476
15 66 — — — 374 180 1142 473

FA

0 40 0 — — 400 180 1149 476
10 40 44 — — 356 180 1137 471
20 40 88 — — 312 180 1125 466
30 40 132 — — 268 180 1113 461

GGBFS

0 40 — 0 — 400 180 1149 476
10 40 — 44 — 356 180 1146 475
20 40 — 88 — 312 180 1144 474
30 40 — 132 — 268 180 1142 473
40 40 — 176 — 224 180 1140 472

MK

0 40 — — 0 400 180 1149 476
5 40 — — 22 378 180 1146 475
10 40 — — 44 356 180 1144 474
15 40 — — 66 334 180 1141 473

Steel fiber

02 40 — — — 400 180 1149 476
302 40 — — — 400 180 1149 476
402 40 — — — 400 180 1149 476
502 40 — — — 400 180 1149 476
602 40 — — — 400 180 1149 476

Notes. SF = silica fume; FA = fly ash; GGBFS = ground granulated blast furnace slag; MK =metakaolin; C = cement; W = water; F/A = fine aggregate; and C/A
= coarse aggregate.
1% by weight of total cementitious material content.
2A given weight per unit volume (kg/m3) of steel fibers was added to mixtures.

in which𝑇 is the torque exerted on the rotary impeller (N⋅m);
𝐺 is the flow resistance (N⋅m); 𝐻 is the torque viscosity
(N⋅m⋅s); and 𝑁 is the angular speed of the rotary impeller
(rev/s); in other words, the slope of the result plot denotes
the torque viscosity, while the 𝑦-intercept denotes the flow
resistance.

The torque viscosity and flow resistance have comparable
physical meanings to yield stress and plastic viscosity, respec-
tively, by definition of the Bingham model as follows [12]:

𝜏
0
= 136𝐺,

𝜇 = 15.2𝐻,
(2)

where 𝜏
0
is the yield stress (Pa);𝐺 is the flow resistance (N⋅m);

𝜇 is the plastic viscosity (Pa⋅s); and 𝐻 is the torque viscosity
(N⋅m⋅s).

2.3.2. Pumpability Predictions. The pumpability ofWMS was
estimated based on previously published data by Beaupre
[1]. Beaupre correlated the pumpability of various shotcrete
mixtures (total 42 mixtures) with and without steel fibers
subjected to different levels of pump pressure to their rhe-
ological parameters and then determined borderline values
for flow resistance and torque viscosity, as shown in Figure 3.

If a given mixture had flow resistance and torque viscosity
smaller than the suggested borderline values (flow resistance
𝐺 = 4.3N⋅m and torque viscosity𝐻 = 2.9N⋅m⋅s) at the same
time, themixture was considered “pumpable,” whereas it was
considered “nonpumpable” if either or bothwere greater than
the borderline values.

2.3.3. Shootability Predictions. The shootability of WMS is
often characterized by a build-up thickness. In this study, flow
resistance was chosen as an indicator to predict the build-up
thickness ofWMS because the build-up thickness had a fairly
proportional relationship to flow resistance (see Figure 4(a)),
whereas it exhibited a quite random relationship with torque
viscosity, particularly within the torque viscosity range of 0-
1 N⋅m⋅s, as shown in Figure 4(b).

Two different relationships presented in former studies—
one based on the two-point test [13] and the other based
on the zero-speed measurement [1]—were used to construct
a single equation that describes the relationship between
the build-up thickness and flow resistance. As noted in
Figure 4(a), the regression equation encompassing the two
data sets yielded a high level of coefficient of determination
of over 0.85, which would be reliably used to predict the
build-up thickness once the flow resistance is determined via
laboratory experiments.
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(a)

Planetary gears:
16 DP and 45 DP

Bowl = 360mm

Concrete level = 200mm

100mm

130mm

250mm in height
in diameter ×

(b)

Figure 1: IBB rheometer: (a) front and rear view and (b) schematic
diagram.
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Figure 2: Typical data obtained from the IBB rheometer.

3. Results and Discussion

3.1. Rheological Behavior

3.1.1. Results. The results of rheometer tests for various silica
fume mixtures are shown in Figure 5. The results indicate
that increasing the silica fume replacement from 0 to 15%
gradually increased the 𝑦-intercept of the regression line,
thereby increasing the flow resistance. On the other hand, the
silica fume replacement led to a general reduction in torque
viscosity, but this reduction effect was pronounced only when
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Figure 3: Rheological properties for different mixtures and their
borderline values [1].

a 5% silica fume replacement was used, which was different
from the findings of previous studies [1, 14].

Figure 6 shows the applied torque and angular speed
relationships for mixtures containing fly ash with a 9.1% silica
fume replacement. Note that the slope of the regression line
significantly increased upon fly ash replacements, thereby
increasing the torque viscosity. The rate of slope increase
tended to decrease with increased fly ash replacement. Also,
the use of fly ash led to a general increase in flow resistance
by raising the 𝑦-intercept of the regression line. No evident
difference in flow resistance was found between 20 and 30%
mixtures.

The experimental data and their regression lines for
GGBFS mixtures are presented in Figure 7. It is evident
from the results that the GGBFS replacements lowered the
flow resistance by shifting the regression line downwards
along the 𝑦-axis, which may reduce the build-up thickness.
In particular, a substantial reduction in flow resistance was
detected when a 10% GGBFS replacement was used, even
though it was quite difficult to discern evident discrepancies
across the 20, 30, and 40% mixtures. There were no clear
differences in the slope of the regression line among the
GGBFS mixtures.

Figure 8 shows how the applied torque was varied to
obtain prescribed impeller angular speeds for metakaolin
mixtures with 9.1% silica fume. Note that no notice-
able changes in flow resistance and torque viscosity were
observed when 5% metakaolin was used compared with
nonmetakaolin mixture. However, the flow resistance dra-
matically increased uponmore than 10%metakaolin replace-
ments, thereby increasing the predicted build-up thickness.
A significant increase in torque viscosity was obtained when
15% metakaolin was used. This behavior is most likely
attributed to the large specific surface area of the metakaolin
used and eventual microfiller effect (i.e., dense packing of the
cement matrix) [15].
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Figure 4: Relationships between rheological parameters and build-up thickness: (a) flow resistance versus build-up thickness; (b) torque
viscosity versus build-up thickness [1].
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The rheometer test results for steel fiber mixtures with a
9.1% silica fume replacement are given in Figure 9. As the
results show, the regression lines for steel fiber mixtures were
all above the regression line for non-steel fiber reinforced
mixture, indicating that the steel fiber additions increased
the flow resistance of WMS even though the trend was not
consistent. Also noted is that the use of steel fibers resulted
in regression lines with a greater slope, thereby reducing the
pumpability of WMS. The pumpability reduction effect (or
the torque viscosity-increasing effect) tended to becomemore
pronounced when a high dosage (>50 kg/m3) of steel fibers
was used, which is quite unfavorable for WMS applications.

3.1.2. Discussion. Figures 10(a) and 10(b) illustrate the vari-
ations in flow resistance and torque viscosity depending on
the admixture type and replacement level, drawn based on
Figures 5–9. It is remarkable that the use of silica fume led to
an overall decrease in torque viscosity, while increasing the
flow resistance almost in proportion to the replacement level.
This behaviorwould play a beneficial role in both pumpability
and shootability, especially when applied to a project where
strict build-up thickness control is required; for example, a
silica fume replacement should beminimizedwhenmultiple-
layer spraying is allowed, while it should be increased as
required when single-layer spraying is needed. The fly ash
replacement was found to worsen the pumpability of WMS
by markedly increasing the torque viscosity, while improving
the shootability. The use of GGBFS had a negligible effect
on the pumpability by maintaining a similar level of torque
viscosity, while reducing the shootability. Metakaolin was
predicted to have the most significant effect on the shoota-
bility increase particularly when more than 10% replacement
was used, although a substantial increase in torque viscosity
occurred upon 15% replacement. Accordingly, a maximum
of 10% replacement is recommended to exploit the benefits
of metakaolin in shootability, without adversely affecting
the pumpability. Steel fiber additions were likely to cause
severe pumping problems as the torque viscosity of steel fiber

mixtures was 3.6 to 5 times as high as that of controlled
mixture. Thus, caution should be taken when steel fibers are
selected as a reinforcing additive for WMS.

3.2. Pumpability Predictions Based on Rheological Properties.
Figure 11 graphically summarizes the results of pumpabil-
ity prediction for each WMS mixture, in which the area
surrounded by the red dotted lines is the “pumpable” zone
identified by the previous study [1].The zoom-in view around
the “pumpable” zone is also given in the top right corner
of the plot. The results have shown that three silica fume
mixtures (i.e., 5, 9.1, and 15% mixtures) fell within the
“pumpable” zone, meeting the suggested threshold values for
rheological parameters (which enables WMS to be pumped
at normal pump pressure) while non-silica fume mixture
failed to meet the criteria. This was obtained most probably
because an adequate amount of spherical silica fume particles
incorporated promoted the ball-bearing effect and prevented
the drainage of lubricating water from the cement paste
matrix, lowering the torque viscosity of the mixtures [16].
Also noted is that the flow resistance increment between 5
and 15% mixtures was about twice that between 5 and 9.1%
mixtures, whilemaintaining a similar level of torque viscosity.
This implies that, as previously mentioned, the use of silica
fume is quite effective in increasing the build-up thickness,
even without the use of accelerator.

Furthermore, the results of pumpability prediction for fly
ash mixtures are presented in Figure 11. It can be seen that
the pumpable condition was achieved only when no fly ash
was used, while all mixtures with fly replacements (i.e., 10,
20, and 30%) fell on the “nonpumpable” zone. To make the
fly ash mixtures pumpable by reducing the torque viscosity,
an air-entraining agent (AEA) may be used [17], but the use
of AEA was found to rather decrease the pumpability and air
content because part of the AEA was adsorbed by unburned
carbon in fly ash. To obtain the required pumpability, thus, a
greater dosage of AEA is recommended in consideration of
the AEA losses due to adsorption, as well as the fineness of
the fly ash used.

When GGBFS was used, two mixtures (i.e., 0 and 40%)
successfully obtained the pumpable condition, while other
mixtures failed to meet the pumping requirements. However,
it appears that the GGBFS itself had a nonsignificant effect
on the pumpability because the variations in torque viscosity
and flow resistance per the replacement level were quite small
compared with other mixture groups. This, in turn, implies
that the high fineness of the GGBFS used (4,310 cm2/g) had a
minimal effect on the rheological properties of WMS.

The results given in Figure 11 also show how the use of
metakaolin affected the pumpability of WMS. It should be
noted that the 5% metakaolin mixture rather had smaller
torque viscosity and greater flow resistance compared to non-
metakaolin mixture. The metakaolin mixtures were found
to satisfy the pumpable criteria until the replacement level
increased up to 10%, which demonstrates that metakaolin
can be a good alternative or complement to silica fume.
However, because more than 10% metakaolin replacement
may degrade the pumpability by providing a substantial
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Figure 10: Variations in rheological properties for various WMS mixtures: (a) variations in flow resistance and (b) variations in torque
viscosity.
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increase in both torque viscosity and flow resistance, nomore
than 10% replacement is recommended when metakaolin is
chosen as a mineral admixture for WMS.

All mixtures with steel fibers were found to fall on the
“nonpumpable” zone.This is because the steel fiber additions
enormously increased the torque viscosity as high as 9.18–
12.48N⋅m⋅s—about 3.17–4.3 times greater than the border
line value for torque viscosity—while keeping a similar level
of initial slump (i.e., 215–230mm). Accordingly, when steel
fibers are to be used for a shotcrete project, compliance testing
may need to be conducted prior to field practice to check the
actual pumpability.

Table 2 provides the recommended replacement/addition
ranges for each mixture group determined based on the

Table 2: Recommended replacement/addition ranges for each
admixture.

Mixture group Pumpable (%) Nonpumpable (%)
Silica fume only 5–15 <5
Fly ash — All
GGBFS 30–40 <30

9.1% silica fume
Metakaolin 0–10 >10
Steel fiber — All

rheometer test results and data from the previous study [1].
While some of silica fume, GGBFS, and metakaolin mixtures
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Figure 12: Shootability (build-up thickness) predictions for various
WMS mixtures.

met the pumpable criteria, fly ash and steel fiber mixtures
were all unpumpable for entire replacement/addition ranges.
In particular, silica fume and metakaolin mixtures tended to
meet the requirements only with relatively small replacement
levels, which implies that silica fume and metakaolin may
be used in WMS with good expected pumping performance.
To implement those materials in actual shotcrete projects,
additional research is needed to better understand how silica
fume and metakaolin affect other material properties such as
mechanical properties and durability.

3.3. Shootability Predictions Based on Flow Resistance. The
build-up thickness of various WMS mixtures, as a measure
of shootability, was predicted using the regression equation
derived in Figure 4(a) and measured flow resistance, and
the results are presented in Figure 12. The predicted build-
up thickness for silica fume mixtures tended to increase
as the silica fume replacement increased because the use
of silica fume led to an increase in flow resistance. The
shootability of 9.1% mixture was found to be worse than
expected, because there was only a small increment in build-
up thickness between 5 and 9.1% mixtures, compared with
that between 0 and 5%. Also found is that the rate of
build-up thickness increase substantially increased when the
silica fume replacement exceeded 10%, which implies that
modifications to mixture proportions may be needed for the
control of build-up thicknesswhenmore than 10% silica fume
replacement is expected.

Themaximumbuild-up thickness for fly ashmixtureswas
obtained when 10% fly ash was used. The build-up thickness
then decreased as the fly ash replacement increased above
10%. The inconsistent trend of build-up thickness changes
according to the replacement level may be due to the effect of
different air contents among the mixtures—the air contents
for 0, 10, 20, and 30% fly ash mixtures were 18, 15, 11, and 10%,
respectively. A further investigation needs to be conducted
to clearly identify the sole influence of flow resistance on the
build-up thickness.

The build-up thickness of GGBFSmixtures was predicted
as 65–114mm, which was relatively smaller than that of other
mixtures.This is most likely because, as previously described,

Table 3: Predicted build-up thickness ranges for WMS mixtures
meeting pumping requirements.

Mixture group Pumpable range (%) Predicted build-up
thickness (mm)

Silica fume only 5–15 97–173
Fly ash — —
GGBFS 30–40 68–84

9.1% silica fume
Metakaolin 0–10 114–218
Steel fiber — —

Overall range 5–15 68–218

GGBFS gave rise to the ball-bearing effect, thereby increasing
the workability of mixtures. Given the relatively smaller
build-up thicknesses and little effect of GGBFS replacement
level on the build-up thickness, it appears that GGBFS is not
a suitable admixture for shootability improvements.

Metakaolin mixtures led to an overall increase in pre-
dicted build-up thickness with an increased metakaolin
replacement. Specifically, a substantial increase in build-up
thickness was observed when the replacement level became
greater than 5%.This implies that caution should be taken to
control the build-up thickness when proportioning shotcrete
mixtures with more than 5% metakaolin, while up to 5%
metakaolin can be used without essential modifications to
mixture proportions.

The predicted build-up thickness for steel fiber mixtures
was found to increase until the addition level reached up
to 50 kg/m3, whereas a noticeable reduction was observed
at a higher addition level beyond 50 kg/m3. Even though
the build-up thicknesses predicted were overall sufficient for
the use in actual practice, however, steel fiber may not be
a suitable additive given the poor pumpability of WMS, as
previously discussed.

Table 3 summarizes the ranges of predicted build-up
thickness for each mixture group meeting the pumpability
requirements. The results show that the predicted build-
up thickness of 97–173mm was achieved with silica fume
replacements only. Metakaolin with 9.1% silica fume enabled
the build-up thickness to vary in a broad range between 114
and 218mm, whereas GGBFS with 9.1% silica fume resulted
in only small variations in build-up thickness between 68
and 84mm. In particular, a 10% metakaolin replacement
provided a build-up thickness of up to 218mm, which could
be suitably used for massive construction. Build-up thickness
predictions for fly ash and steel fibers mixtures could not be
made since they did not comply with the pumping criteria
at all. Based on the findings, metakaolin, when combined
with silica fume, appears to be a promising admixture that
effectively enhances both pumpability and shootability even
with a small replacement level (i.e., less than 10%).

4. Conclusions and Recommendations

In this paper, the pumpability and shootability of wet-
mix shotcrete (WMS) with crushed aggregates and various
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admixtures were estimated based on a series of rheometer
tests. Optimum replacement/addition ranges for each admix-
ture were also proposed as a guideline for actual practice,
along with expected build-up thicknesses upon shooting.
Based on the findings of this study, the following conclusions
can be made:

(i) Silica fume had positive effects on both pumpability
and shootability by decreasing torque viscosity and
increasing flow resistance simultaneously.

(ii) Fly ash replacements increased the torque viscosity of
WMS, which may lead to poor pumpability.

(iii) Ground granulated blasted furnace slag (GGBFS)
replacements tended to reduce the shootability of
WMS, while it had a nonsignificant effect on the
pumpability.

(iv) Metakaolin replacements significantly increased the
shootability of WMS, while keeping a similar level of
pumpability across the mixtures.

(v) Adding steel fibers resulted in a substantial increase
in torque viscosity, which may not be a good strategy
to enhance the pumping performance.

(vi) While all fly ash and steel fiber mixtures failed to
meet the pumping requirements, several silica fume,
GGBFS, and metakaolin mixtures complied with
the pumping criteria at normal pump pressure. In
particular, silica fume and metakaolin mixtures were
found to have good pumping performance.

(vii) A wide range of build-up thicknesses between 68 and
218mmwas obtained forWMSmixtures with various
type and dosage of admixtures. Particularly, the use
of metakaolin dramatically increased the build-up
thickness only with a 10% replacement.

The results outlined in this study would be used as a
simple estimate of the pumpability and shootability predic-
tions, as far as no compliance testing is conducted for a given
project. A little more conservative approach is recommended
taking into account the errors that may be caused by mea-
surements and material variability. Future research will be
performed to understand how the use of those admixtures
plays a role in actual pumpability and shootability.
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The influence of concrete age and creep on the ultimate axial loading capacity of concrete-filled steel tube (CFST) columns is
experimentally and numerically investigated. After validation of numerical models, a parametric study is conducted and the results
are used to formulate empirical formulas for predicting the ultimate axial load-bearing capacity of the columns. Formulas are also
proposed for predicting both the composite creep and aging coefficients of the CFST columns, which consider the confinement
action of steel tubes on concrete. Then, the proposed formulas are validated independently by comparing their predictions with
existing test results performed by other researchers. The comparisons show that the empirical formulas have the potential to be
used in the practical design of CFST columns.

1. Introduction

Concrete-filled steel tube (CFST) columns have been exten-
sively used in civil engineering structures over the past
few decades. Extensive experimental and theoretical inves-
tigations on CFST components have been conducted and
are well documented in the literature. The experimental
work includes tests reported by O’Shea and Bridge [1] and
Giakoumelis and Lam [2], who conducted research on the
bearing capacity of short CFST columns. Zhong [3] and
Zha [4] also reported their works on short and long CFST
columns. Han et al. [5] and Wang [6] also studied property
of the CFST under long-time load, while these results
cannot be implemented conveniently considering the new
code (GB50936-2014). Although significant work has been
conducted on the properties of matured CFST columns, less
emphasis has been placed on the influence of concrete age.
Tan and Qi [7] have worked systematically by testing the
effect of creep on columns under axially applied eccentric
compressive load. Terry et al. [8] and Luo et al. [9] tested
the creep of CFST columns and plain concrete in order to
investigate the influence of steel tube reinforcement. Ichinose
et al. [10] also reported a series of similar tests to obtain creep
coefficients. Naguib and Mirmiran [11] and Liu et al. [12]

developed an algorithm for the time-dependent behavior of
CFST using the rate of flow method and the double power
law functions for the creep of concrete. Shrestha and Chen
[13] worked on the aging and creep coefficients of confined
concrete, but the effect of steel tube was excluded in their
formulas.

This study investigates the effect of concrete age and creep
by experimental test and FEM modeling. Then, empirical
formulas are proposed by treating a CFST column as a
structural component made of a single material through
homogenization.

2. Simulation and Methods

After pouring concrete into the steel tube, the elasticmodulus
of concrete increases with age. At the early stage, the steel tube
is subjected to higher values of load than that specified by the
design code. Thus, the ultimate bearing capacity of the CFST
column is lower than the designed value. In this section,
laboratory tests and FEM model are used to obtain the
time-dependent load-bearing capacity. An empirical formula
is established to provide a simple form of calculation for
estimating the age-related ultimate load-bearing capacity.
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Table 1: Geometrical and mechanical properties of the specimens.

𝐷 (mm) 𝑇 (mm) 𝐿 (mm) 𝑓𝑦 (MPa) 𝑓𝑐𝑘 (MPa) 𝐸𝑠 (MPa)
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Figure 1: Stress strain relations of concrete at different ages.

2.1. FEM Modeling of CFST Columns. The numerical model
is implemented in ABAQUS eight-node quadrilateral in-
plane continuum shell elements which are used for the steel
tube whereas the concrete is modeled employing eight-node
linear brick element. The bilinear material model is adopted
for the steel, with tangent modulus being 5% of the elastic
modulus of 2.06𝑒5MPa. The material model used for the
concrete is the damaged plasticity model, and hardening of
concrete at different ages follows the curves proposed by
Yi et al. [14], as shown in Figure 1. Other mechanical and
geometrical parameters of the column are given in Table 1.
FE meshes of both concrete and steel are shown in Figure 2.
The contact between the steel tube and concrete is assumed
to be perfect; here the nodes on the interface between solid
and shell elements are tied.

Different meshing schemes are tested in order to assess
the convergence of the FEM model, and the details are
listed in Table 2, where𝑁 Ring,𝑁 Radius, and𝑁 Axial are,
respectively, the numbers of elements in the circumferential,
radial, and axial directions. 𝐸 Section and 𝐸 Total are the
total number of elements on a cross section and of the whole
column, respectively.𝑁 3 d and𝑁 28 d are the ultimate axial
loads of the column at ages of 3 days and 28 days.

Figure 3 shows terms of load against relative displacement
of the different meshing FE model for concrete at the age 3
of and 28 days. With the increase in the number of elements,
fromM1 toM6, Table 2 shows the convergence of the ultimate
load. When the elements number is more than that of M4,

the difference between the different meshing schemes is
nonsignificant. Therefore, meshing scheme M4 will be used
in the following numerical simulations.

Laboratory tests have been conducted (see Figure 4) on
the column specified in Table 1 in order to verify the FEM
model. Load-bearing capacity tests are conducted at ages
equal to 3, 7, 14, 21, 28, and 49 days.

The experimental test results of the time-dependent
elastic modulus at different ages are shown in Table 3, and
the load-bearing capacity of the CFST column is shown in
Figure 5 as a function of the considered ages. Comparison
between experimental and numerical results shows that the
FEmodel can clearly predict the age-dependent load-bearing
capacity.

2.2. Empirical Formulaof theAge-Related Load-BearingCapac-
ity. Parametric studies on a variety of CFST columns pre-
sented in Table 4 are conducted to derive an empirical
formula for the load-bearing capacity of the CFST columns,
whose numerical results are presented in Table 5.

Supposing that the age-strength relationship of concrete
in the steel tube has the same form as when it is unconfined,
according to ACI-209 [15], the following equation can be
established:

𝑁ut − 𝑁𝑘
𝑁𝑢28 − 𝑁𝑘 =

𝑡
𝑎 + 𝑏𝑡 , (1)

where the two unknown constants in the equation can be
estimated by fitting FE results presented in Table 5. Then,
𝑎 = 1.243 and 𝑏 = 0.977 are obtained with the maximum
error of 3.4%. Therefore, the ultimate load-bearing capacity
of the CFST column is obtained as follows:

𝑁ut = 𝑁𝑘 + (𝑁𝑢28 − 𝑁𝑘) 𝑡
1.243 + 0.977𝑡 . (2)

The previously presented equation is validated through
its application on the specimen defined in Table 1, and a
comparison between experimental and numerical results is
shown in Figure 6. 𝐹(exp) and 𝐹(FEM) are obtained applying
(2) to the experimental and numerical results, respectively,
shown in Figure 5. The predicted ultimate loading capacities
obtained from the formula are consistent with those obtained
from the experimental tests and FE modeling.

3. Influence of Creep on CFST Columns

In this section, a composite creep coefficient of CFST col-
umns is proposed, in order to consider steel confinement,
and the factor of the effective aging coefficient is obtained by
regression on the FEM results.

3.1. Creep Coefficient of the CFST Column. Yi et al. [14]
proposed the age-adjusted effective modulus method, also
known as BT theory, which represents an effective method
to analyze the long-term effect of concrete creep. An aging
coefficient was introduced in order to consider the effect of
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(a) (b)

Figure 2: Finite element mesh of (a) concrete and (b) steel tube.

Table 2: Meshes parameter and results.

Model 𝑁 Ring 𝑁 Radius 𝑁 Axial 𝐸 Section 𝐸 Total 𝑁 3 d (kN) 𝑁 28 d (kN)
M1 12 2,3 18 56 1120 2240 2868
M2 12 3,4 18 68 1224 2256 2904
M3 16 3,4 18 96 1728 2285 2942
M4 20 3,4 18 104 1872 2358 2965
M5 24 3,4 18 132 2376 2372 2972
M6 28 3,4 18 160 2880 2377 2979

concrete aging on the ultimate creep, and the integral equa-
tion for creep was transformed into an algebraic equation by
employing the integral mean value theorem.

When stress varies with time, the corresponding total
strain at time 𝑡 can be expressed as follows:

𝜀𝑐𝑐 (𝑡) = 𝜎0𝑐1 (𝜏0)
𝐸𝑐 (𝜏0) [1 + 𝜑 (𝑡, 𝜏0)]

+ 1
𝐸𝑐 (𝜏0) ∫

𝑡

𝜏0

𝑑𝜎𝑐1 (𝜏)
𝑑𝜏 [1 + 𝜑 (𝑡, 𝜏)] 𝑑𝜏,

(3)

where 𝜀𝑐𝑐(𝑡) is the strain of concretewhen creep is with no steel
confinement at age 𝑡 days, 𝜎0𝑐1(𝜏0) is the stress of the concrete
at 𝜏0 days, 𝐸𝑐(𝜏0) is the elastic modulus of concrete at 𝜏0 days,
and 𝜑(𝑡, 𝜏0) is the creep coefficient at 𝑡when loaded at 𝜏0 days.

Applying the integral mean value theorem on formula (3)
leads to

𝜀𝑐𝑐 (𝑡) = 𝜎0𝑐1 (𝜏0)
𝐸𝑐 (𝜏0) [1 + 𝜑 (𝑡, 𝜏0)] +

𝜎𝑐1 (𝑡) − 𝜎0𝑐1 (𝜏0)
𝐸𝜑 . (4)

Consider

𝐸𝜑 = 𝐸𝑐 (𝜏0)
1 + 𝜌𝜑 (𝑡, 𝜏0) , (5)

where 𝜎𝑐1(𝑡) is the stress of concrete at age of 𝑡 days. 𝐸𝜑 is the
age-adjusted effective modulus. 𝜌 is the aging coefficient of
concrete that is calculated as follows:

𝜌 = 𝐸𝑐 (𝜏0)
1 − 𝑒−𝜑(𝑡,𝜏0) −

1
𝜑 (𝑡, 𝜏0) . (6)

The following calculation is based on the assumption of
plane section and superposition principle of creep regardless
of the toroidal shrinkage and strain. The axial strains of
concrete and steel tube at age of 𝜏0 are denoted as 𝜀0𝑐1 and𝜀0𝑠1, respectively, whereas 𝜎0𝑐1 and 𝜎0𝑠1 represent the related
stresses. The creep of concrete with no steel confinement is
𝜀𝑐𝑐 = 𝜀0𝑐𝜑(𝑡, 𝜏0) at the age of 𝑡. As a result of the effect of the
steel tube confinement, the concrete creep is reduced to 𝜀𝑐𝑐1,
as shown in Figure 7.

It is clear that the strain increment of the steel tube is the
actual concrete creep. Hence,

𝜀𝑐𝑠𝑐1 = 𝜀𝑐𝑠1,
𝜀𝑐𝑠1 = 𝜀𝑐𝑐 − 𝜀𝑐𝑐1,
𝜀0𝑠1 = 𝜀0𝑐1,

(7)

where 𝜀𝑐𝑠𝑐1 is the axial creep strain of the CFST column, 𝜀𝑐𝑠1 is
the axial strain of steel tube due to concrete creep, 𝜀𝑐𝑐 is the
creep strain of the concrete with no steel confinement, 𝜀𝑐𝑐1 is
the reduced strain of the concrete considering the steel tube
confinement, 𝜀0𝑠1 is the strain of the steel tube when loaded at
𝜏0 days, and 𝜀0𝑐1 is the strain of the concrete when loaded at 𝜏0
days.

The total strain of CFST, or concrete in the steel tube, is
derived as follows:

𝜀 (𝑡) = 𝜀0𝑐1 + 𝜀𝑐𝑐 − 𝜀𝑐𝑐1. (8)
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Figure 3: The load curve for different meshes at the (a) age of 3 days and (b) age of 28 days.

From (3), it becomes

𝜀 (𝑡) = 𝜎0𝑐1
𝐸𝑐 (𝜏0) [1 + 𝜑 (𝑡, 𝜏0)]

+ 1
𝐸𝑐 (𝜏0) ∫

𝑡

𝜏0

𝑑𝜎𝑐1 (𝜏)
𝑑𝜏 [1 + 𝜑 (𝑡, 𝜏)] 𝑑𝜏,

𝜀0𝑐1 = 𝜎0𝑐1
𝐸𝑐 (𝜏0) ,

𝜀𝑐𝑐 = 𝜎0𝑐1
𝐸𝑐 (𝜏0)𝜑 (𝑡, 𝜏0) .

(9)

From (8) and (9), it is obtained that

𝜀𝑐𝑐1 = − 1
𝐸𝑐 (𝜏0) ∫

𝑡

𝜏0

𝑑𝜎𝑐1 (𝜏)
𝑑𝜏 [1 + 𝜑 (𝑡, 𝜏)] 𝑑𝜏 (10)

and by considering (4) and (5)

𝜀𝑐𝑐1 = −
[1 + 𝜌𝜑 (𝑡, 𝜏0)] [𝜎𝑐1 (𝑡) − 𝜎0𝑐1]

𝐸𝑐 (𝜏0)

= −[1 + 𝜌𝜑 (𝑡, 𝜏0)] 𝜎
𝑐
𝑐1

𝐸𝑐 (𝜏0) ,
(11)

where 𝜎𝑐𝑐1 is the stress change of the concrete due to creep.
In spite of extensive microcracks that will be induced in the
core as reported by previous researchers and splitting cracks
that can occur at 30% to 40% stress [16–18], the cracks could
close if they are subject to an outer sustained compression

Figure 4: Load-bearing capacity test of the CFST column.

Table 3: Elastic modulus of the concrete at different age.

Age (days) 3 7 14 21 28
𝐸𝑐 (MPa) 30680 32319 34053 35101 35905

load at an early age. The confining stress would delay the
formation of splitting cracks and restrict the widening of
splitting cracks [19, 20], and the confinement effect appears
based on the splitting cracks formation [21]. There will be
no or little splitting cracks in the core concrete under the
maximumsustained load after seven stages at an early age that
is 40% bearing capacity of the specimens in the experiment
and this had been contained naturally in the total creep.
Therefore, the effect of splitting cracks on the creep was not
considered separately here.
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Table 4: Axially compressed short columns.

Number 𝐷 × 𝑇 × 𝐿 (mm) 𝑓𝑦 (MPa) 𝑓𝑐𝑘 (MPa) 𝛼 𝜉
1 1000 × 12 × 3000 345 40.7 0.050 0.422
2 1000 × 18 × 3000 345 40.7 0.076 0.645
3 1000 × 24 × 3000 345 40.7 0.103 0.876
4 1000 × 30 × 3000 345 40.7 0.132 1.117
5 1000 × 36 × 3000 345 40.7 0.161 1.366
𝛼 is the area ratio of the steel with respect to that of concrete (𝛼 = 𝐴𝑠/𝐴𝑐),
whereas 𝜉 is the hoop effect coefficient (𝜉 = 𝐴𝑠𝑓𝑦/𝐴𝑐𝑓𝑐𝑘).

The equilibrium force condition in the axial direction
satisfies the following equations:

𝜎𝑐𝑐1𝐴𝑐 + 𝜎𝑐𝑠1𝐴 𝑠 = 0,

𝜎𝑐𝑐1 = −𝐴 𝑠𝜎
𝑐
𝑠1

𝐴𝑐 = −𝛼𝜎𝑐𝑠1,
(12)

where 𝜎𝑐𝑠1 is the stress change of steel tube due to creep.
Not considering the creep of the steel tube and taking steel

as elastic modulus value a constant give

𝜀𝑐𝑠1 = 𝜎𝑐𝑠1
𝐸𝑠 = −

𝜎𝑐𝑐1
𝛼𝐸𝑠 (13)

and (11) becomes

𝜎0𝑐1
𝐸𝑐 (𝜏0)𝜑 (𝑡, 𝜏0) +

[1 + 𝜌𝜑 (𝑡, 𝜏0)] 𝜎𝑐𝑐1
𝐸𝑐 (𝜏0) = − 𝜎

𝑐
𝑐1

𝛼𝐸𝑠 ; (14)

letting 𝑛 = 𝐸𝑠/𝐸𝑐(𝜏0) in (14), the change in stresses on
concrete and steel tube because of the concrete creep is
expressed as follows:

𝜎𝑐𝑐1 = − 𝛼𝑛𝜎0𝑐1𝜑 (𝑡, 𝜏0)
1 + 𝛼𝑛 [1 + 𝜌 (𝑡, 𝜏0) 𝜑 (𝑡, 𝜏0)] , (15a)

𝜎𝑐𝑠1 = 𝑛𝜎0𝑐1𝜑 (𝑡, 𝜏0)
1 + 𝛼𝑛 [1 + 𝜌 (𝑡, 𝜏0) 𝜑 (𝑡, 𝜏0)] . (15b)

Consider the following equations:

𝜎𝑐𝑠1 = 𝜀𝑐𝑠1𝐸𝑠 = 𝜀𝑐𝑠𝑐1𝐸𝑠,

𝜎0𝑐1 = 𝐸𝑐 (𝜏0) 𝜀0𝑠𝑐1 = 𝐸𝑠𝜀0𝑠𝑐1
𝑛 .

(16)

Equations (16) are introduced into (15a) and (15b) to
obtain the total creep strain 𝜀𝑐𝑠𝑐1 of the CFST column, as
follows:

𝜀𝑐𝑠𝑐1 = 𝜀0𝑠𝑐1𝜑 (𝑡, 𝜏0)
1 + 𝛼𝑛 [1 + 𝜌 (𝑡, 𝜏0) 𝜑 (𝑡, 𝜏0)] . (17)

Here the creep prediction function 𝜑(𝑡, 𝜏0) employed
the equation from ACI-209 [15]. Then, the composite creep
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Figure 5: Load-bearing capacity of the CFST column at different
ages.
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Figure 6: Comparisonwith the experimental and numerical results.

coefficient of the CFST, 𝜑𝑠𝑐(𝑡, 𝜏0) = 𝜀𝑐𝑠𝑐1/𝜀0𝑠𝑐, is obtained as
follows:

𝜑𝑠𝑐 (𝑡, 𝜏0) = 𝜑 (𝑡, 𝜏0)
1 + 𝛼𝑛 [1 + 𝜌𝑠𝑐 (𝑡, 𝜏0) 𝜑 (𝑡, 𝜏0)] , (18a)

𝜑 (𝑡, 𝜏0) = (𝑡 − 𝜏0)0.6
10 + (𝑡 − 𝜏0)0.6

𝜑cu, (18b)

𝜑cu = 2.35𝛾la𝛾ℎ𝛾𝜓𝛾𝑠𝛾𝜆𝛾𝑎, (18c)
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Table 5: Ultimate load-bearing capacity of the axially compressed columns.

𝑁𝑘 (kN) 𝑁ut (×103 kN) (𝑁ut − 𝑁𝑘)/(𝑁𝑢28 − 𝑁𝑘)
Concrete age (day) 0 1 3 7 14 28 1 3 7 14
Number 1 13.070 30.876 43.497 49.731 52.161 54.934 0.425 0.727 0.876 0.934
Number 2 19.235 38.841 51.250 57.432 59.979 63.839 0.440 0.718 0.856 0.913
Number 3 25.238 45.828 58.000 64.098 66.483 70.591 0.454 0.722 0.857 0.909
Number 4 31.084 52.171 64.129 70.131 72.343 76.533 0.464 0.727 0.859 0.908
Number 5 36.770 58.070 69.795 75.706 77.777 81.960 0.471 0.731 0.862 0.907
𝑁𝑘 = 𝐴𝑠𝑓𝑦;𝑁𝑢28 is the load-bearing capacity when the concrete age is equal to 28 days.
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Figure 7: Creep strain of CFST member under axial compression.

where 𝜑cu is the ultimate creep of concrete; 𝛾la is the influence
coefficient of loading age; 𝛾ℎ is influence coefficient of average
thickness or the ratio of volume and area of the component;
𝛾𝜓 is influence coefficient of the fine aggregate content; 𝛾𝑠 is
influence coefficient of the concrete slump; 𝛾𝜆 is influence
coefficient of the ambient humidity; 𝛾𝑎 is influence coefficient
of the air content.

In this study, 𝜌𝑠𝑐(𝑡, 𝜏0) represents the aging coefficient that
introduce the effect of not only concrete age but also the steel
tube confinement when the CFST column is considered as
a single homogeneous material, which is distinguished by
𝜌(𝑡, 𝜏0), the aging coefficient of concrete.

Experimental test and FEM creep analysis of the CFST
column are conducted in order to determine the aging
coefficient, 𝜌𝑠𝑐(𝑡, 𝜏0).
3.2. Experimental Test and FEMSimulation of the CreepModel
during Construction. A special loading device was designed
and manufactured in order to simulate the loading process
during construction, as shown in Figure 8. Six columns,
divided into two groups,were tested.The three columns in the
first group are filled with concrete with recycled aggregates,
whereas the other three columns in the second group are
filledwith concretewith conventional aggregates.The volume
percentage of the expansive agent is 0%, 5%, and 10% for the

Figure 8: Experimental testing devices.
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Figure 9: The dead load applied at related time.

three columns in each group, respectively. The design details
of the columns are shown in Table 6.

The ultimate bearing capacity of the columns is designed
as 1,100 kN, whose 40% represents the maximum dead load
of 350 kN reached at the final stage of loading. The entire
loading process is divided into seven stages and the load at
each stage is recorded by the force sensor, as shown in Table 7
and Figure 9. An initial load of approximately 50 kN is applied
to all columns of the two groups when concrete is three days
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Table 6: Geometrical and mechanical properties of tests columns.

Number 𝐷 (mm) 𝑇 (mm) 𝐻 (mm) 𝑓𝑦 (MPa) 𝑓𝑐𝑘 (MPa) Aggregate kind Percent of expansive
1# 133 4.5 400 345 30.4 Recycled 0
2# 133 4.5 400 345 30.4 Recycled 5
3# 133 4.5 400 345 30.4 Recycled 10
4# 133 4.5 400 345 30.4 Conventional 0
5# 133 4.5 400 345 30.4 Conventional 5
6# 133 4.5 400 345 30.4 Conventional 10

Table 7: Registered load at each stage (kN).

Number 1st stage 2nd stage 3rd stage 4th stage 5th stage 6th stage 7th stage
1# 53.05 102.45 154.42 204.31 253.60 306.10 355.20
2# 53.31 103.40 153.87 203.30 252.75 305.05 354.28
3# 53.54 102.70 152.94 202.90 252.58 303.37 349.58
4# 54.48 103.40 151.44 208.40 253.92 305.79 355.70
5# 52.90 103.16 150.71 204.46 253.00 304.43 354.28
6# 49.40 103.50 152.39 205.95 255.11 306.54 355.99
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Figure 10: Longitudinal creep deformation curve obtained by FE
model.

old. Dead load increases by approximately 50 kN at each stage
with a three-day interval, until it reaches 350 kN.

The creep deformation of the columns is measured by
excluding the instantaneous displacements from the total
displacement, as shown in Figure 10. Instantaneous dis-
placements from the dead load are recorded immediately
after such a load is applied, at each stage of the loading
process. From Figure 10, the longitudinal deformation of the
columns caused by the creep is notable and an increase in the
expansion agent results in a larger creep deformation.

Column 4 is modeled by ABAQUS using a user-supplied
subroutine of the creep effect. The creep model of ACI-209
[15], which considers the moist-cured condition, is adopted
in the subroutine, where the progression method proposed
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Figure 11: Experimental and numerical longitudinal creep deforma-
tion curves of specimen 4#.

by Gao et al. [22] is used to consider the change in concrete
elastic modulus with age.

Creep deformation of column 4 obtained from the FE
analysis is compared with the experimental results shown in
Figure 11. In general, the FE solutions are consistent with the
experimental test results.

After validating the FE analysis, themodel is used to eval-
uate the aging coefficient 𝜌𝑠𝑐(𝑡, 𝜏0) of the columns specified
in Table 8; here the composite creep coefficient 𝜑𝑠𝑐(𝑡, 𝜏0) is
obtained by ratio between creep and instantaneous displace-
ments from the numerical result, shown in Figure 12.
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Table 8: Parameters of column needed in calculation.

𝐷 (mm) 𝑇 (mm) 𝐻 (mm) 𝑓𝑦 (MPa) 𝑓𝑐𝑘 (MPa) 𝜏0 (day) TL (day) 𝜑cu
1000 12∼36 4000 345 40.7 7 50 2.12
TL is the time of the load duration; 𝜑cu is the ultimate creep coefficient of concrete according to Terry et al. [8].
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Figure 12: Composite creep coefficient.
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Figure 13: Aging coefficient of CFST column.

𝜌𝑠𝑐(𝑡, 𝜏0) can be back calculated employing (18a), (18b),
and (18c) with known 𝜑𝑠𝑐(𝑡, 𝜏0) in Figure 12. Figure 13 shows
the resulting aging coefficients, which are almost linear for
the steel ratio 𝛼 ranging from 0.05 to 0.20, representing
the typical reinforcement ratio of practical designs. Thus,
the aging coefficient within this range can be approximately
computed as follows:

𝜌𝑠𝑐 (𝑡, 𝜏0) = 0.848 + 0.16𝛼. (19)

Then, the composite creep coefficient 𝜑𝑠𝑐(𝑡, 𝜏0) of a CFST
column can be calculated employing (18a), (18b), (18c), and
(19).
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Figure 14: Composite creep coefficient compared with results of
Terry et al. [8].

Predictions by (18a), (18b), and (18c) are compared with
the test results from the studies of Terry et al. [8], in order
to verify such equations, as shown in Figure 14, where
Equ(Terry-1) is the equation result obtained by (18a), (18b),
and (18c) related to the experimental test of Terry-1. A quite
agreement can be seen, with some differences due to the
different value adoptions of the ultimate creep of concrete and
the loading duration.

4. Conclusion

In this study, the effect of concrete age and creep on
the ultimate loading capacity of CFST columns had been
experimentally and numerically investigated. The validated
numerical models were employed in order to propose a set
of empirical equations that can be used to predict the axial
loading capacity of CFST columns with different concrete
ages and composite creep coefficients.

According to the analysis of formula derivation and
verification by experimental test and FEmethod, the ultimate
bearing capacity considering the age of the CFST column
can be calculated using (2). When treating the CFST column
as a single material, both the unity creep and the aging
coefficient, determined by employing (18a), (18b), (18c), and
(19), respectively, can be used for long-termproperty analysis.
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Equations in this study will be simplified to a certain
degree on the design and time-dependent analysis of the
CFST column. More studies considering the step upload will
be conducted in the future.

Symbols

𝐸𝑐(𝑡): The elastic modulus of concrete at time 𝑡
𝐸28𝑐 : The elastic modulus of concrete at 28th day
𝐸𝑠: The elastic modulus of the steel tube
𝐸𝑠𝑐: The elastic modulus of the CFST column
𝐴𝑐: The area of the cross section of the

concrete
𝐴 𝑠: The area of the cross section of the tube
𝛼: Ratio between cross areas of steel and

concrete
𝑛: The ratio between the elastic modulus of

the steel and the concrete at 𝑡 time
𝑁ut: The ultimate bearing capacity of CFST

column at 𝑡 time (days)
𝑁𝑘: The bearing capacity of hollow steel tube
𝑁𝑟: The stability of the CFST column
𝑁𝑢28: The ultimate bearing capacity of CFST

column at 28th day
𝐸𝑐(𝜏0): The elastic modulus of concrete at loading

age 𝜏0𝜑(𝑡, 𝜏0): The concrete creep coefficient
𝜉 = 𝛼𝑓𝑦/𝑓𝑐𝑘: The hoop effect coefficient
𝐷: The outer diameter of the steel tube
𝑇: The thickness of the steel tube
𝐿: The length of the steel tube
𝑡: The age of the concrete
𝑒: The eccentricity of the load
𝜆: The slenderness of the column
𝜀𝑐𝑐(𝑡): The total strain of concrete when creep is

with no steel confinement at age 𝑡 days
𝜎0𝑐1(𝜏0): The initial stress of the concrete when

loaded at 𝜏0 days𝐸𝑐(𝜏0): The elastic modulus of concrete at 𝜏0 days𝜑(𝑡, 𝜏0): The creep coefficient at 𝑡 when loaded at 𝜏0𝜎𝑐1(𝑡): The stress of concrete at age 𝑡 days
𝜌: The aging coefficient of concrete
𝐸𝜑: The age-adjusted effective modulus
𝜀𝑐𝑠𝑐1: The axial creep strain of the CFST column
𝜀𝑐𝑠1: The axial strain of steel tube due to

concrete creep
𝜀𝑐𝑐 : The creep strain of the concrete with no

steel confinement
𝜀𝑐𝑐1: The reduced strain of the concrete due to

the effect of the steel tube confinement
𝜀0𝑠𝑐1: The initial strain of CFST when loading
𝜀0𝑠1: The initial strain of the steel tube when

loaded
𝜀0𝑐1: The initial strain of the concrete when

loaded
𝜎𝑐𝑐1: The stress change of concrete due to creep
𝜎𝑐𝑠1: The stress change of steel tube due to creep
𝜑𝑠𝑐(𝑡, 𝜏0): The unity creep coefficient of CFST
𝜌𝑠𝑐(𝑡, 𝜏0): The aging coefficient of CFST.
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The study outlined the raw materials and mix proportions to prepare composite cement pastes with the addition of silica-based
micro- and nanoparticles. The effects of amorphous nano-SiO

2
on the early-age properties, including the consistency, setting

time, early-age strength, and chemical and autogenous shrinkages, were investigated. Under the condition of the same dosage
of superplasticizer used, the consistency of cement paste with nano-SiO

2
is higher than that with silica fume. Significant reductions

of the initial and final setting times are observed especially for nano-SiO
2
addition groups, and the time difference between the

initial and final setting times goes up with the increasing proportions of nano-SiO
2
. The addition of nano-SiO

2
is more helpful

to the improvement of early-age strengths of the paste with or without fly ash admixed than silica fume additive for the same
mass proportion. Both the chemical and autogenous shrinkages of cement paste develop with the increasing amount of micro- or
nanolevel silica particles; however, nano-SiO

2
plays amore active role than silica fume in inspiring early-age shrinkage.The physical

and chemical mechanisms of nano-SiO
2
in cement paste are also discussed.

1. Introduction

Silica fume, as the most widely used supplemental cementi-
tious materials (SCMs) in cement-based materials, has been
successfully studied and applied formore than 80 years. Silica
fume (SF for short), consisting essentially of silica in non-
crystalline form with a high specific surface, exhibits great
pozzolanic activity and thus has been commonly adopted
to manufacture HPC. In recent years, nanotechnology has
attracted considerable scientific interest due to the new
potential uses of particles in nanometer (10−9m) scale, such
as the application of nano-SiO

2
(NS) to manufacture Ultra-

HPC [1, 2] or high-volume fly ash concrete [3] or the addition
of nano-TiO

2
photocatalysis into cementitious materials to

minimize air pollution in urbanized areas [4] and to produce
self-cleaning concrete [5].

It was reported that dramatically improved properties
could be obtained with NS added to cement-based materials
if compared to the conventional grain-size materials of the
same chemical composition [6–8]. Based on mini spread-
flow test, Quercia et al. [9] found that water demand of

cement paste decreased when amorphous NS was added.
However, Lin et al.’s research [10] indicated that the amount of
water needed at standard consistency increased as more NS
was added; and obvious increasing values of the torque, yield
stress, and plastic viscosity in mortar samples prepared with
the use of 0∼3% NS and 0.5 water/binder weight ratio were
measured [11]. Therefore, the influence of NS particles on the
water demand and consistency of cement paste still needed
more testing and verification.

Zhang and Islam [12] reported that, in comparison to the
reference concrete with 50% fly ash, the incorporation of 2%
NS by mass of cementitious materials, respectively, reduced
the initial and final setting times by 90 and 100min and raised
3 d and 7 d compressive strengths by 30% and 25%. It was also
demonstrated that the NS was more valuable in enhancing
strength than SF [13, 14], and the results of SEM examinations
[15, 16] showed that NS reacted with calcium hydroxide (CH)
and increased the amount of calcium silicate hydrate (C-S-
H) produced, leading to a compact microstructure. Not only
did NS particles behave as a filler to improve microstructure,
but also they behaved as an activator to promote pozzolanic
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Table 1: Chemical compositions and properties of cementitious
materials.

Items OPC FA SF NS
SiO
2
(%) 23.4 59.5 98.0 99.9

Al
2
O
3
(%) 5.1 28.1

CaO (%) 60.3 1.6
MgO (%) 1.5 0.4
Fe
2
O
3
(%) 4.4 5.7

SO
3
(%) 2.5 0.3

LOI (%) 2.6 2.1 1.1 0.1
Specific gravity (g/cm3) 3.17 2.73
Avg. particle size 16 𝜇m 12𝜇m 0.1 𝜇m 30 ± 10 nm

reaction, resulting in the consequently improvingmechanical
properties of hardened mixtures [17–19]. Though there were
some confirmed conclusions about the effects of NS on
both setting time and early-age strength of cement paste, a
comparative analysis of the addition of silica-based micro-
and nanoparticles at the same additive levels seemed valuable.
Besides, it should be noted that though the volume stability
(especially at early ages) of cement-based materials with the
nanoscale additives is ofmuch significance for the application
in civil engineering structures, very limited research has been
conducted.

The presented study outlined the raw materials and mix
proportions to prepare composite cement pastes with the
addition of silica-based micro- and nanoparticles. And by
comparative analysis, the effects of NS on the early-age
properties, including the consistency, setting time, early-age
strength, and chemical and autogenous shrinkages as the
main focuses, were investigated in detail.

2. Experiment Program

2.1. Materials and Properties. Cementitious materials used
were ordinary Portland cement (OPC), fly ash (FA), silica
fume (SF), and amorphous nano-SiO

2
(NS) particles, with the

details listed in Table 1.The SiO
2
content of SF reached 98.0%,

while NS had 99.9%. Scanning electron micrograph (SEM)
photographs of both SF and NS were shown in Figure 1.
In order to promote the NS or SF particles homogeneously
dispersing in all mixes, a polycarboxylic superplasticizer (SP)
with relative density of 1.09 was incorporated. The content of
SP was adjusted for each mix to ensure that no segregation
and bleeding would occur.

2.2. Mix Proportions and Tests. Referring to Table 2, cement
pastes with different silica addition for test were prepared.
Based on pretests, the ratio of water to the total cementitious
materials in mass for all mixes was determined as a typical
value of 0.36 for moderate paste consistency in general,
in order that the properties of composite cement pastes
could be investigated on the condition of the same water-
to-cementitious materials ratio. First, the designed dosage of
SP was diluted in a proper amount of water; then, SF or NS
powderwas added to the produced liquid for 5min ultrasonic

Table 2: Mix proportions of composite cement pastes (unit: wt%).

Serial
number OPC FA SF NS SP

0# 100 0.3
A1 98.0 2.0 0.3
A2 96.0 4.0 0.4
A3 94.0 6.0 0.5
B1 98.0 2.0 0.4
B2 96.0 4.0 0.9
B3 94.0 6.0 1.2
C1 70 30 0.2
C2 66.0 30 4.0 0.3
C3 66.0 30 4.0 0.6

mixing using ultrasonic mixer with 90W power input; at
last, all other cementitious materials were blended to make
homogenousmixtures.Themixing consisted of a sequence of
mixing that involved a total of 2min at a paddle speed of both
62 rpm (revolution) and 140 rpm (rotation), a 15 s stop, and
another total of 2min at a speed of both 125 rpm (revolution)
and 285 rpm (rotation).

The following experiments were carried out:

(1) Test of consistency and setting time of cement pastes:
the consistency and setting time of fresh pastes were
tested according to GB 1346-2011 [20]. The consis-
tency was ascertained by putting the paste in a mold
consisting of a steel ring (40mm in height) on a
sheet of glass and by determining the penetration
depth of a plunger applied to the top surface of the
paste specimen.The initial and final setting time were
determined using the needle of the Vicat apparatus.

(2) Test of strength: compressive strength tests were
carried out on 40mm cube specimens and bending
strength tests used 40 × 40 × 160mm beam speci-
mens, which were demolded 20 h after casting, cured
in 23±0.5∘Cwater, and then dried 4 h prior to testing
for every mix at 1, 3, and 7 days. Each specimen was
tested for at the given ages by a hydraulic press with
100 kN capacity and 0.5MPa/s loading speed.

(3) Test of chemical and autogenous shrinkages: chemical
shrinkage of cement pastes was measured basically
according to ASTM C1608-2012 [21]. However, the
glass bottles for chemical shrinkage measurement
might crack due to the inconsistent deformation of
the samples and the bottles, leading to the interrup-
tion of testing. So the modified ASTMC1608 method
was recommended. As illustrated in Figure 2, an open
ultrathin elastic cap was adopted to be filled with
the paste mixtures to avoid its direct contact with
the internal wall of the glass bottle. The chemical
shrinkage values of the paste at the ages of 90min, 3 h,
6 h, 12 h, 24 h, 48 h, 3 d, 7 d, and 14 d were recorded.
Autogenous shrinkage of cement pastes was surveyed
in strict accordance with ASTM C1698-2014 [22].
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(a) (b)

Figure 1: SEM photographs of SF (a) and NS (b).
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Figure 2: Sketch map of improved experimental apparatus for
ASTM C1608 1#, A2, B2, and C1 samples at the age of 3 d.

The time for length measurement of corrugated pipe
samples was individual at 30min, 1 h, 3 h, 12 h, 1 d, 3 d,
7 d, and 14 d after the final setting of the paste.

(4) For each mixture, 5 samples were measured for all
the above properties, and the average value was
recorded and analyzed. But anymeasured valuewhich
exceeded the average by 15% was deleted; and if there
were more than 2 invalid pieces of data, this mixture
must be reprepared and retested. All test data listed
in the paper and illustrated in the figures were the
effective average value.

3. Results and Discussions

3.1. Consistency and Setting Time. In the present study, the
dosage of SP added was accurately adjusted to produce each
mix until the standard consistency of cement paste was
obtained. Test results were illustrated in Figure 3. Compared
to the control group 1#, with the increasing of the mass

0#
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A3
B1
B2
B3
C1
C2
C3
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r

0.2 0.4 0.6 0.8 1.0 1.20.0
SP dosage (%)

Figure 3: SP needed for all mixes for standard consistency.

percentages of SF or NS, the needed SP obviously rises, but
the increments for NS addition groups are more dramatic
than those for SF added. For instance, on the basis of 4.0%
amorphous silica addition, the SP dosage forA2 is 0.4%,while
that for B2 is 0.9%. In particular, when theNS amount reaches
6.0%, B3 mixture needs an amazing 1.2% of SP to achieve the
standard consistence. When 30% FA in mass percentage is
blended into cement paste, a similar conclusion can be made.

The increase of paste consistency is due to the improve-
ment of water adsorption by fresh mixture, since very high
specific surface areas in the paste are created by NS. The
effectiveness of SP in adjusting the flow behavior (after
mechanical mixing) in pastes with distinct concentrations
of NS is very important for the control of the following
impact of nanoparticles. Moreover, the rheological behavior
of nanoparticle dispersed in a suspension depends not only
on the particle diameter but also on an adequate relation
between solid fractions and the optimummolecular weight of
dispersant [11]. At high dosages of SP, the long chains of poly-
carboxylic superplasticizer are forced bymutual repulsion out
into the solution where they interact with other particles, and
consequently, the plastic viscosity values increase [23].

The setting times of all mixes were provided in Table 3.
Significant reductions of the initial and final setting times
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Table 3: Setting time and early-age compressive strength of cement pastes.

Serial number Setting time Compressive strength (MPa)
Initial Final Time difference 1 d 3 d 7 d

0# 8 hr 15min 9 hr 20min 1 hr 5min 12.3 27.1 34.0
A1 8 hr 10min 9 hr 10min 1 hr 13.0 28.4 36.7
A2 6 hr 50min 8 hr 5min 1 h 15min 14.5 31.3 40.1
A3 6 hr 35min 7 hr 55min 1 h 20min 15.2 35.4 45.0
B1 5 hr 50min 7 hr 20min 1 h 30min 15.3 36.0 45.4
B2 5 hr 25min 7 hr 15min 1 hr 50min 16.7 38.2 47.2
B3 4 hr 50min 6 hr 45min 1 hr 55min 16.0 39.4 47.5
C1 9 hr 10min 10 hr 20min 1 hr 10min 6.7 14.5 28.4
C2 7 hr 40min 9 hr 1 hr 20min 10.8 28.7 38.6
C3 6 hr 15min 7 hr 45min 1 hr 30min 14.0 32.5 41.7

were observed for both SF andNS addition groups by contrast
with group 1#. The incorporation of 2.0%, 4.0%, and 6.0% SF
reduces the initial and final setting times of cement pastes by
5, 85, and 100min and 10, 75, and 85min, respectively; and
the corresponding reduction values for NS additives are 145,
170, and 208min and 120, 125, and 155min. The effects of NS
are remarkably surprising, even though FA is also admixed to
produce composite cement paste. Besides, the time difference
between the initial and final setting times goes up with the
increasing proportions of SF or NS in cement paste, while
there are by far wider time gaps for NS groups than SF ones
at the same mass content.

Test data indicate that the time shortened is mainly a
result of the shortening of the initial setting, which is caused
by the reduction in the hibernation period of hydration.With
NS added to the paste, the increase in surface energy of the
mixes speeds up the rate of the hydration reaction.Therefore,
the C-S-H gel and Ca(OH)

2
are generated at a faster speed,

and an early initial setting time is achieved. The reduction in
setting time becomes noticeable when the increased amount
of NS is admixed [10].

3.2. Early-Age Strength. Figure 4 shows the compressive
strength development of all specimens at the ages of 1 d, 3 d,
and 7 d. As can be seen, the early-age compressive strength
developed in pastes containing SF or NS particles in every
case is apparently higher than that of the reference group
1#. The strengths of A1, A2, and A3 specimens with the
addition of 2.0%, 4.0%, and 6.0% SF improve obviously,
but the strengthening effects are far inferior to those of
NS. In general, it is noticed that the compressive strengths
of the specimens, especially before the age of 7 d, sharply
drop as a large amount of FA is added, which is mainly
due to the immature pozzolanic reaction in the paste and
the preventive growth of C-S-H gel caused by the blended
SCMs. As demonstrated in Figure 4, the addition of NS is
more helpful to the improvement of early-age compressive
strength of the paste with FA admixed than SF additives on
the condition of the same mass proportion. The compressive
strength of C2 with 4.0% SF rises by 61.2%, 98.0%, and
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Figure 4: Early-age compressive strength of composite cement
pastes.

35.9% at 1 d, 3 d, and 7 d, respectively, compared to that of
the reference group C1, while the corresponding increments
of C2 with the same amount of NS are 109.0%, 124.1%, and
46.8%.

Table 4 provided the compressive and bending strengths,
as well as the ratios of bending to compressive strength of
cement stone at the prescribed age of 7 d. As for SF and NS
additives concerned, their effects on the bending strength
are quite similar to those on the compressive strength, while
from the data of ratios of bending to compressive strength
at the same age, 3 fundamental principles can be deduced:
(1) both SF and NS particles are helpful to increase the early-
age strength, but it seems that bending strength increments
are more significant by comparison; (2) with the increasing
amount of SF or NS, the development of bending strength is
clearly superior to that of compressive strength; and (3) on
the condition of the same 4.0% of SF and NS admixed (i.e.,
C1, C2, and C3), the addition of FA appears very estimable to
further improve the bending strength along with SF or NS.

Both NS and SF are highly reactive silica, but the average
primary particle size of the former is about 10 times smaller
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Table 4: Strength and ratio of bending to compressive strength of hardened cement paste at 7 d.

Serial number Compressive strengthA (MPa) Bending strengthB (MPa) Ratio of bending to compressive strengthB ÷A
0# 34.0 3.6 0.106
A1 36.7 3.9 0.106
A2 40.1 4.4 0.110
A3 45.0 5.1 0.113
B1 45.4 5.3 0.117
B2 47.2 5.6 0.119
B3 47.5 5.7 0.120
C1 28.4 3.3 0.116
C2 38.6 4.8 0.124
C3 41.7 5.1 0.122

than that of the latter, referred to in Figure 1.Themechanisms
by which SF modifies cement paste, mortar, and concrete
were summarized in ACI Committee 234 report [24]. As the
particle sizes of the NS are much smaller than those of the
SF, the physical and chemical effects of the former are likely
more substantial than the latter, which are discussed in the
later section.

3.3. Chemical and Autogenous Shrinkages. With SF or NS
additives in paste, the early-age shrinkage of cement paste
undoubtedly gets more complicated. Figures 5 and 6 provide
test results of the chemical shrinkage of all mixes listed in
Table 2. The following conclusions can be drawn:

(1) Vigorous hydration of cementitious materials in turn
results in significant growth of the chemical shrinkage
in all pastes with time passing. Until the age of
14 d, as an example, 1#, A2, B2, C1, C2, and C3 are
measured at 0.0411, 0.0478, 0.0678, 0.0287, 0.0433,
and 0.0611mL/g of chemical shrinkage individually,
based on the absolute volume method according to
modified ASTM C1608.

(2) Compared to pure cement paste (1#), both SF and NS
promote the chemical shrinkage of all cement pastes
during the time period under study, except that A1
with only 2.0% SF addition indicates almost similar
development of the chemical shrinkage, because of its
very low admixing amount. In general, the chemical
shrinkage of cement paste goes up with the increas-
ing amount of micro- or nanolevel silica particles;
however, it is evident that NS plays a more active
role than SF in inspiring early-age shrinkage. Based
on the control group 1#, the chemical shrinkage of
A3 with 6.0% SF admixed, for instance, increases by
83.9%, 48.0%, and 45.7% at the age of 6 h, 48 d, and
7 d separately, while the values recorded for B3 with
the same amount of NS reflect the corresponding
increments of 148.4%, 83.2%, and 73.7%.

(3) The line, the closest one to cross axis in Figure 5, illus-
trates the growth of chemical shrinkage of C1, whose
cement is replaced by 30% of FA in mass percentage.
As can be seen, the amorphous spherical FA particles,
uniformly dispensing into the cementmatrix, are very

0
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A2: 4.0% SF
A3: 6.0% SF
B1: 2.0% NS

B2: 4.0% NS
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C1: 30% FA
C2: 30% FA, 4.0% SF
C3: 30% FA, 4.0% NS

−0.0100

0.0000

0.0100

0.0200

0.0300

0.0400

0.0500

0.0600

0.0700

0.0800

Ch
em

ic
al

 sh
rin

ka
ge

 (m
L/

g)

14d7d3d48h24h12h6h3h90min

Figure 5: Chemical shrinkage of composite cement pastes at early
ages.

helpful to reduce its chemical shrinkage at early ages.
Nevertheless, the influences of SF and NS on the
chemical shrinkage of composite cement paste with
admixture of FA are quite similar to those on pure
cement paste.

Self-desiccation driving the development of autogenous
shrinkage has been used extensively across literature [25, 26].
In reality, a volume change commences immediately after
the cementitious materials and water come in contact during
mixing. Therefore, less pozzolanic activity of FA is beneficial
to control the autogenous shrinkage of cement paste, but
both SF and NS, due to their very high potential and ability
of hydration, have the opposite effects, which are clearly
demonstrated in Figure 7.

Three different incorporation percentages, 2.0%, 4.0%,
and 6.0%, are all taken into consideration, and the addition
of SF in cement paste leads to 15.8%, 33.0%, and 31.7% of
the average increasing percentages of autogenous shrinkage,
separately at 3 d, 7 d, and 14 d in contrast with the control
group 1#. In addition, the corresponding average values
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Figure 6: Chemical shrinkage of composite cement pastes at 14 d.
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Figure 7: Autogenous shrinkage of composite cement pastes at early
ages.

change to 68.8%, 70.5%, and 54.1% at the same ages, as
NS is admixed. Though FA additive limits the autogenous
shrinkage of cement paste before 14 d, seen fromC1 group, the
compound adding of NS (C3) still endows 57.9% and 35.9%
of the autogenous shrinkage increments at 7 d and 14 d, if
compared to the pure paste (1#).

Early-age shrinkage of cementitious matrices is the
result of several complex physicochemical phenomena.Those
phenomena are related to the hydration reactions between
cementitiousmaterials andwater and to the progressive hard-
ening of the mineral skeleton. It is generally considered that
when cement hydrates, chemical shrinkage occurs, because
the hydration products occupy less space than the original
reactants, and that at mature ages, in autogenous conditions,
the autodesiccation of the material, that is, the progressive
desaturation of its porosity, generates compressive forces
high enough to cause volume changes called autogenous
shrinkage. These forces are particularly intense in cement-
based matrices with low water-to-cementitious materials
ratio.

As an example, Figure 8 reveals that different additives
result in the diverse hydration products and microstructures
at 3 d, leading to different early-age shrinkages. The addition
of SF consumes the bulky crystal Ca(OH)

2
produced by

cement (seen from Figure 8(a)) and promotes the hydra-
tion of composite paste, generating a large amount of C-
S-H and short needle AFt (shown in Figure 8(b)). More
complex hydration products and densermicrostructure bring

the higher chemical and autogenous shrinkages. Moreover,
Figure 8(c) is the SEM photograph intensified by 5000 times
of the sample B2 with the admixture of 4.0% NS. By com-
parison with Figure 8(b), the hydration products are smaller,
are more uniformly distributed, and have more homogenous
and compact microstructure. Besides, the incorporation of
a certain amount of FA also consumes Ca(OH)

2
but limits

the hydration and shrinkage of paste because as indicated in
Figure 8(d), quite a number of unhydrated FA particles fill
and support the microstructure to keep its volume stable to a
certain extent.

In summary, the effects of NS on the early-age properties
of cement paste can be explained as follows: from the chem-
ical point of view, the extremely fine particles of amorphous
NS not only have high surface energy (atoms in the surface
have a high activity, which leads the atoms to react on
outer ones easily) but also greatly develop the very early-age
hydration by providing high amount of nucleation sites for
precipitation of cement hydration products. From physical
perspective, in addition to the nucleation effect, NSmay act as
reactive filler to reduce bleeding and increase packing density
of solidmaterials by occupying space between cement and FA
particles. Besides, the small amount of aggregating NS is not
a weak zone, so the strength of cement paste increases with
the increasing content of NS even when the small amount
of NS is not well dispersed. Consequently, the pozzolanic
activity of NS at early ages is higher than that of SF. The
microstructure of the mixture containing NS reveals a dense,
compact formation of hydration products and a reduced
number of Ca(OH)

2
crystals [15, 16].

4. Conclusions

(1) The needed SP to produce cement pastes with SF
or NS added rises, and its dosages for NS addition
groups are more than those for SF added. Under
the condition of the same dosage of SP used, the
consistency of cement paste with NS is higher than
that with SF.

(2) There are significant reductions of the setting times
for SF or NS addition groups by contrast of pure
cement. But the effects of NS are remarkably sur-
prising, even though FA is also admixed. The time
difference between the initial and final setting times
goes up with the increasing proportions of NS in
cement paste.

(3) The early-age compressive strength develops in pastes
containing SF or NS particles, and the improvement
of bending strength seems more evident. But the
strengthening effects of SF are inferior to those of NS,
and the addition of FA appears estimable to further
improve the bending strength along with SF or NS.

(4) Both chemical and autogenous shrinkages of cement
paste develop with the increasing amount of SF or
NS; however, NS plays a more active role than SF in
inspiring early-age shrinkage. The extra admixture of
FA in cement paste shows the similar principals.
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(a) 1#: pure cement (b) A2: addition of 4.0% SF

(c) B2: addition of 4.0% NS (d) C1: addition of 30% FA

Figure 8: SEM photographs of 1#, A2, B2, and C1 samples at the age of 3 d.

(5) The above phenomena resulting from the NS additive
can be explained as follows: since the particle sizes of
NS are much smaller than those of SF, the physical
and chemical effects of the former are likely more
substantial than the latter. Extremely fine particles of
the NS, with high surface energy and high activity,
accelerate cement andFAhydration by providing high
amount of nucleation sites for precipitation of cement
hydration products. Besides, NS may act as superfine
filler to manufacture more homogeneous and denser
microstructure of cement stone.
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