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Fly ash, slag, silica fume, and other supplementary cemen-
titious materials (SCMs) are used more and more for pro-
ducing modern concrete. SCMs can provide various benefits
to the concrete industry, such as improving the workability,
early-age performance, and durability of concrete structures,
lowering the materials’ cost of proportions of concrete mix,
and reducing greenhouse gas emissions.Thematerial perfor-
mance of concrete containing SCMs is an important research
theme for the sustainable development of the concrete indus-
try.

To meet the increasing requirements about knowledge
of SCMs from concrete researchers and construction com-
panies, in 2016, we proposed this special issue. This special
issue aroused the interest of researchers around the world.
26 articles were finally published after careful reviews. The
acceptance rate is about 45%. These articles cover different
aspects of materials performance of SCMs blended concrete,
such as chemical admixtures, hydration, strength develop-
ment, shrinkage, chloride ingress, frost, corrosion, and ser-
vice life evaluation.The integratedmaterial-structure studies,
such as the influence of load on durability and structure
performance under low temperature, are also presented.
In addition, the analysis of durability-induced damage and
repairing of damaged concrete structures are discussed in
detail. In summary, this special issue covers material scale
and structure scale and considers the production stage,
service stage, and repair stage of structures. The detailed
experimental studies, theoretical analyses, andwide and deep

discussions will contribute to the realization, utilization, and
development of SCMs.

Finally, we are grateful to the authors, reviewers, and
editors of this journal. The publication of this special issue
embodies the efforts of those authors, reviewers, and editors.

Xiao-Yong Wang
Han-Seung Lee
Xiao-Jian Gao

Yao Luan
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We fabricated crack self-healing capsules using cement powder for mixing into cement composites and evaluated the properties
of the capsule manufacturing process in this study. The manufacture of the self-healing capsules is divided into core production
processing of granulating cement in powder form and a coating process for creating a wall on the surfaces of the granulated cement
particles. The produced capsules contain unhardened cement and can be mixed directly with the cement composite materials
because they are protected from moisture by the wall material. Therefore, the untreated cement is present in the form of a capsule
within the cement composite, and hydration can be induced by moisture penetrating the crack surface in the event of cracking. In
the process of granulating the cement, it is important to obtain a suitable consistency through the kneading agent and to maintain
the moisture barrier performance of the wall material. We can utilize the results of this study as a basis for advanced self-healing
capsule technology for cement composites.

1. Introduction

Smart structures and intelligent materials have emerged as
new trends for reducing cracks in concrete, and extensive
research is being performed on the self-healing of concrete
cracks. Self-healing structures can detect early-stage cracks
and heal themselves, thereby reducing time and cost involved
in maintenance and repair, compared to those of general
structures. A major advantage of self-healing is that repairs
can be performed easily, even for structures that are diffi-
cult to access physically [1, 2]. Among the various meth-
ods enabling self-healing, one approach is to encapsulate
materials that have self-healing capabilities and introduce
them as admixtures in concrete. Such capsules can hold
large amounts of self-healing materials [3, 4] and reactions
can be selectively induced at cracks. In one international
study, self-healing materials and catalysts were encapsulated
as microsized capsules [5, 6]. Meanwhile, in Korea, self-
healing microsized capsules capable of reacting with sunlight
or moisture without catalysts have been applied in actual
construction [7]. Two conclusions can be derived from these

case studies at home and abroad. First, the target of self-
healing capsules is not the structure’s matrix, but its surface.
Second, materials that have self-healing capabilities can be
applied to organic chemical products [8, 9]. The number of
capsules available for self-healing is limited, because they are
normally utilized as coatings to protect the concrete surface,
which impedes the healing of deep cracks. Because most of
the structure’s matrix comprises inorganic composites, the
self-healing performance can be enhanced by using inorganic
materials with similar thermal properties instead of organic
materials with varied thermal properties. While directly
mixing the cementitious composites, the thickness of the
matrix in the capsule can be freely adjusted as necessary.
The self-healing performance can also be maximized by
introducing more self-healing capsules.

To develop cementitious composites with self-healing
capabilities by distributing self-healing capsules within the
structure’s matrix, this study developed self-healing capsules
with the same properties as that of the target cementitious
composites, as well as capsules suitable for direct mixing with
cementitious composites. The properties of the self-healing
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Table 1: Chemical components and physical properties of cement.

Types
Items

CaO
(%)

SiO
2

(%)
Al

2
O

3

(%)
MgO
(%)

Fe
2
O

3

(%)
SO

3

(%)
L.O.I.a
(%)

Surface area
(cm2/g)

Density
(g/cm3)

OPC 61.40 21.60 3.40 2.50 3.10 2.50 0.03 3,540 3.15
aLoss on ignition.

(a) Core production equipment (b) Wall coating equipment

Figure 1: Capsule manufacturing device.

capsules were also evaluated. This study did not consider the
healing effects of the self-healing capsules.

Instead, it focused on evaluating the core production
processes for granulating cement in powder form, the coating
process of walls on the surface of the granulated cement
particles, and the effects of capsule addition on the quality
of the cementitious composites. The results of this study
can serve as a valuable reference for developing self-healing
capsules and capsule-containing cementitious composites.

2. Experimental Outline

2.1. Fabrication of Self-Healing Capsules

2.1.1. Core Material. The core material of the self-healing
capsules, hereinafter referred to as “SHCs,” was common
ordinary Portland cement powder, hereinafter referred to
as “OPC.” Table 1 shows the chemical composition and
physical properties of the OPC used as the core material.
Since cement generally reacts with water via hydration [10],
four high-purity reagents are utilized as kneading agents;
they contain little water, provide coagulation, and are easily
evaporated. The four reagents used as the kneading agent are
methyl alcohol (CH

4
O), chloroform (CHCl

3
), dichlorometh-

ane (CH
2
Cl

2
), and acetone (C

3
H

6
O). In order to evaluate the

quality of the core material according to the type of knead-
ing agent, the core material utilizing each kneading agent
(hereinafter, “KA”) was pulverized to measure the density.
A 50% water/cement (W/C) paste was prepared and used
to evaluate the compressive strength. The granulated cement
powder was processed by a capsule core manufacturing

apparatus as dough to prepare the core material. Figure 1(a)
shows the capsule core manufacturing equipment used in the
experiment.

2.1.2. Wall Material. Because the core material granulated
with cement (hereinafter, “core material”) can react with
water when it is mixed with the cement composite, thereby
losing the components of the cement composite and the
mixer, three suitable wall materials were selected and tested.
The wall materials were liquid rubber (“LR”), an acryl-based
material of poly(methyl methacrylate) (“AM”), and silicate-
based materials (a mixture of sodium silicate, potassium
silicate, and lithium silicate, hereinafter referred to as “SM”).

Because AM is solid in the operating temperature range,
dichloromethane (CH

2
Cl

2
, hereinafter referred to as “MC”)

was used as a solubilizer in order to dissolve AM. The
performance of each wall material was assessed by applying
the test methods specified in KS L 5105 “testing method
for compressive strength of hydraulic cement mortars” after
standard mortar mixing. Moisture resistance was assessed
through the permeability test specified in KS F 4930 “pen-
etrating water repellency of liquid type for concrete surface
application,” and the strength was evaluated for samples
cured for 3 days according to KS L 5105 “testing method for
compressive strength of hydraulic cement mortars.”

The core material is inserted into the chamber of Fig-
ure 1(b) and the wall material is coated and dried, while the
chamber rotates at a certain rate. Figure 2 shows the wall
materials of the capsules used in the experiment, and Figure 3
presents the samples used to assess the moisture resistance
and strength of the wall material.
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(a) LR (b) Dissolved AM (c) SM

Figure 2: Wall materials.

Coating of wall materials

Pretreatment
with epoxy bond

100ＧＧ

3
0
Ｇ
Ｇ

(a) Permeability tests (KS F 4930)

50ＧＧ

5
0
Ｇ
Ｇ

5
0
Ｇ
Ｇ

Coating of
wall materials

(b) Strength test (KS L 5105)

Figure 3: Evaluation methods for wall material.

2.2. Experimental Method

2.2.1. Shape. The shape of the core material was magnified
by 300 times and observed using a video camera, and the
resistance of the capsule shell to moisture was assessed.

2.2.2. Density. To evaluate the effect of the remaining mois-
ture of KA, the cores prepared with each KA type were
pulverized and their densities were measured according to
KS L 5110 “testing method for specific gravity of hydraulic
cement.”

2.2.3. Moisture Resistance. For the moisture resistance of
the wall material, a test piece as shown in Figure 3(a) was
prepared in accordance with KS F 4930 “penetrating water
repellency of liquid type for concrete surface application” and
a permeability test was conducted.

2.2.4. Compressive Strength. The compressive strengths of
the core materials produced from each KA and the wall
materials were measured according to KS L 5105 “testing
method for compressive strength of hydraulic cement mor-
tars.” Figure 3(b) shows the specimen used for compressive
strength testing.

2.2.5. Loss Rate. The loss rate of SHCs was evaluated by
measuring the lost mass of SHCs by performing a washing

test using the method specified in KS F 2511 “testing method
for amount of material finer than 0.08mm sieve in aggregate”
immediately after mixing the blended mixture of SHCs.

3. Experimental Results and Discussion

3.1. Fabrication of SHCs

3.1.1. Consistency. SHCs are produced by creating the core
material followed by coating. The core material must have
a certain consistency for successful processing by the core
material fabricator. If the kneading state is too thin or too
thick, it is difficult to fabricate the core material. This study
utilized OPC as the core material and applied methyl alcohol
at three levels (Step 1: 10, 20, or 30mass%) of theOPCmass to
obtain the desired consistency. For a quantitative analysis of
consistency, a table flow test was performed, and consistency
standards for the corematerials were established based on the
slump values.

Table 2 and Figure 4 give the shapes of Step 1 samples
immediately after kneading and the results of the table flow
test. The results show that samples with 10% and 20% methyl
alcohol are easily agglomerated, but the table flow test cannot
be performed, as the samples are crushed under very slight
shocks. In addition, for the 30% alcohol mixture, the flow
value is obtained rather than the table flow value because the
kneading consistency is too watery.
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Table 2: Consistencies of Step 1 test group.

Types Immediately after mixing Test results of flow

10%

20%

30%

500

400

300

200

100

0

Re
su

lt 
of

 fl
ow

 te
st 

(m
m

)

Non. Non.

10 20 30

Mixing proportion of KA (OPC mass%)

Figure 4: Results of flow test for Step 1 group.

The capsule core machine uses the pressure generated
by the chamber lid and the mixing blades in the chamber
to pass through the micropores on the side walls of the
chamber to produce the core material. 10% and 20% showed
good agglomeration immediately after mixing, but they were
easily pulverized when subjected to impact through table
flow test. Therefore, kneading states such as those of the
10% and 20% methyl alcohol mixtures, which are unable to
withstand shocks, are unsuitable, because they are pulverized
when the wall material is applied or during drying. Similarly,
the kneading state achieved with 30% methyl alcohol cannot
agglomerate because the mixture is too watery after the core
material is formed.Therefore, an adequate consistency can be
achieved between 20% and 30% methyl alcohol by mass. To
obtain a suitable consistency, the experiments were repeated
with five mixing ratios (Step 2: 21, 22, 23, 24, and 25 mass%).

Table 3 and Figure 5 show the shapes of Step 2 specimens
immediately after kneading and the results of the table flow
test. In the case of 21% methyl alcohol, agglomeration occurs
immediately after mixing, but measurements are difficult
because the exterior collapses. Samples of 22% and 23%
alcohol maintain agglomerated forms with slump values
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Table 3: Consistencies of Step 2 test group.

Types Immediately after mixing Test results of flow

21%

22%

23%

24%

25%
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Table 4: Form of produced capsule cores.

Types Produced capsule core Magnified observation result

22%

23%

Re
su

lt 
of

 fl
ow

 te
st 

(m
m

)

Non.

Mixing proportion of KA (OPC mass%)

400

300

200

100

0

21 22 23 24 25

Table flow
Flow

Figure 5: Results of flow test for Step 2 group.

obtained based on the table flow results. Similar to the results
for the 30% samples, the samples with 24% and 25% methyl
alcohol are too watery to become agglomerated, and the flow
value is judged to be meaningless. These results indicate that
an adequate consistency in creating the core material can be
achieved by mixing the KA at 22-23 mass%.

Table 4 and Figure 6 show the production and loss ratio
of the core material after mixing the KA at 22% and 23%.

Re
su

lt 
of

 fl
ow

 te
st 

(m
m

)

Mixing proportion of coagulant (OPC mass%)

150

120

90

60

30

0

22 23

Production efficiency of capsule core

Product
Loss

5 20

Figure 6: Production efficiency of capsule core.

The results of Table 4 show that 22% of the particles
retained the shape of the particles but 23% of the particles
showed aggregation of the particles during the production
process.When examining the loss of corematerial in Figure 6,
samples of 22% show 5% losses in mass, while samples of
23% show segregation of the KA from pressure within the
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100.0
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s%
)

KA-1 KA-2 KA-3 KA-4
Type

KA-1: methyl alcohol
KA-2: chloroform

KA-3: dichloromethane
KA-4: acetone

22

40 40

22

Figure 7: Required amount of KA.

chamber because of the thinner consistency of the materials.
The latter also has a greater loss inmass, with the capsule cores
sticking to one another. Therefore, the production efficiency
of the capsule core can be optimized by mixing the coagulant
at 22 ± 0.5% when creating the core material.

3.1.2. Influence of Kneading Agent Type. Figure 7 shows
the amounts used to obtain the required kneading amount
according to the KA type. Each KA type was evaluated
in the same way as in Section 3.1.1. KA-1 is the methyl
alcohol used in Section 3.1.1, while KA-2, KA-3, and KA-
4 correspond to chloroform, dichloromethane, and acetone,
respectively. The amounts of KA-2, KA-3, and KA-4 required
to obtain suitable kneading consistencies are approximately
40%, 40%, and 22%. The mass percentages of KA-2 and KA-
3 are approximately 1.8 times larger than those of KA-1 and
KA-4.

Figure 8 shows the density changes of the core materials
according to the KA type. The KA species are high-purity
volatile reagents with very low water content, but the change
of quality is evaluated according to the degree of hydration
of the core material from any water in the KA. The densities
of the pulverized powders of the core materials using KA-1,
KA-2, KA-3, and KA-4 are measured as 3.04, 3.10, 3.14, and
3.12 g/cm3. The pulverized core materials show tendencies
to decrease in density by approximately 3–5%, except for
the mixture using KA-3. These results are attributed to two
causes. First, small traces of moisture in the KA may react
with the OPC of the core material. Second, the crushed
core material may react with moisture within the constant-
temperature and -humidity devicewhen left inside for drying.
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Figure 8: Density of core material according to KA type.

The decrease in density can be related to the reactivity of
the SHCs; this study focused on evaluating and examining the
phenomena of reactivity.While the reason for the decrease in
densitywas not analyzed thoroughly here, the reactivity of the
core material is expected to be lower than that of the initial
state.

Figure 9 shows the compressive strengths of the paste
samples of 50% W/C using the pulverized core materials
made with each KA, as shown in Figure 8. The data marked
“plain” represents the paste sample of the OPC without a
KA. The compressive strengths of the mixtures with KA-
1, KA-2, KA-3, and KA-4 tend to decrease by 51, 9.8, 0.1,
and 14% compared to the plain specimen. These results are
attributed to the same causes as the density test results,
and KA-1 is considered to cause a decrease in strength by
approximately half. In addition, the strengths of the KA-2 and
KA-4 specimens are decreased by approximately 10%; KA-3
alone does not significantly affect the strength.Therefore, the
use of KA-3 is expected to maximize the reactivity of SHCs.

3.1.3. Properties of Wall Materials. Since the core material
reacts with moisture, moisture must be blocked from the
core material until cracks occur; this way, the core material
maintains the activation energy necessary for self-healing.
To assess the properties of the wall materials, permeability
and compressive strength tests were performed after standard
mortar mixing.

Figures 10 and 11 show the results of the permeability
and compressive strength tests. The permeation amounts of
LR, AM, and SM are smaller than that of the plain sample
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Figure 9: Compressive strength of core material according to KA
type.
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Figure 10: Amount of permeation water according to membrane
material.

without anywall material by 88%, 57%, and 98%, respectively.
AM is relatively less permeable than LR and SM are. This
can be attributed to the dilution of AM by 20 times in the
dissolvent and the decreased uniformity of the dissolvent
coating from the relatively high-viscosity AM compared to
those of LR and SM. Even for a uniform AM coating, the
effective amountmay vary depending on the number of layers

30

25

20

15

10

5

0

Plain LR AM SM
Types

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

Figure 11: Compressive strength according to wall materials.

of the coating and the time elapsed since the solvent of the
coated AM has evaporated. The effects of AM dissolution
on the effective content and coating require further review
through permeability tests.

Figure 11 shows that the compressive strengths of the LR-,
AM-, and SM-coated specimens are higher than that of
the plain sample by approximately 15.8%, 12.7%, and 10.0%,
respectively. The strengths of the wall materials tend to
increase, improving the surface strength of the core material.
In addition, SM is considered to be highly resistant to
moisture because it is mainly used as a waterproof material
in structures. However, since SM contains a large amount of
water, in this study, LR was used as a trial wall material first.

3.2. Quality of SHCs

3.2.1. Shape. Figures 12 and 13 show the shapes of the
fabricated SHCs. The particle size of SHCs is found to be in
the range of 70–1,500 𝜇m. The particle shapes are spherical,
angular, or in the form of cylindrical grains. Most particles
are shaped like cylindrical grains because they are fabricated
through the holes on the side walls of the pressurized
chamber in the core material manufacturing apparatus. In
addition, the SHCs are fabricated with wide ranges of particle
size, which can be adjusted using the pressure within the
chamber or the RPM of the mixing blades. The effect of the
particle sizes of the SHCs on the quality of the unhardened
cementitious composites and the quality and self-healing
effects of the cured composites should be analyzed more
thoroughly in the future.

Figure 14 shows the evaluation of the SHCs after applying
the wall material. The formation of the capsule shell is
qualitatively assessed based on the surface tension.The results
of Figure 14 show that moisture is immediately absorbed for
samples without wall materials, whereas droplets are formed
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Figure 12: Cylindrical shape.

Figure 13: Sphere shape.

by the larger surface tension of samples with wall materials.
The presence of the wall material can be determined in this
manner. Further quantitative analysis may be performed to
assess the efficiency of the wall material coating.

3.2.2. Loss Rate. Figures 15 and 16 show the washing tests and
losses of SHCs when they are mixed into cement composites.
Fresh cement composites containing SHCs were sampled and
the remainders, excepting the SHCs, were washed out and
dried. As can be seen from Figures 15 and 16, the loss is
less than 5% for the paste after mixing and about 10 to 15%
for the mortar. When the SHCs are mixed with the paste
and mortar, they are likely influenced by the mixing blades
during mixing. Because mixing with the mortar involves the
production of fine aggregates, the rate of loss is increased by
two to three times compared to that of the paste. This loss
could be compensated by reinforcing the wall material.

4. Conclusion

As part of the basic research required to develop cemen-
titious composites with self-healing capabilities, this study
fabricated self-healing capsules with cement powders that
exhibit the same properties as cementitious composites used

(a) Before coating

(b) After coating

Figure 14: Formation of wall materials according to surface tension.

for construction and added them to cementitious composites
during the mixing stage. The following conclusions were
derived:

(1) When cement powder was utilized as the core mate-
rial, the optimal kneading agent mixing ratio for
adequate consistency was obtained. However, the
tests required repetition to obtain the optimal knead-
ing agent mixing ratio, especially for core materials
including substances other than cement powder or
those containing at least two materials.

(2) It is considered that the test for obtaining a suitable
kneading agent must be repeated because the amount
of the agent used to obtain a suitable kneading
consistency varies depending on the type of kneading
agent. In addition, it is necessary to analyze in more
detail the effects on the quality of the core material
depending on the kneading agent.

(3) By applying the wall material, the core material can
be protected from moisture and the strength of the
surface of the capsules can be improved. However,
further quantitative analysis of uniform coatings of
the wall material, coating thickness, time, and effec-
tive content is necessary.
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(a) Sampling (b) Washing

Figure 15: Washing test of SHCs.
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Figure 16: Loss of SHCs immediately aftermixingwith cementitious
composites.
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The grey correlation theory and multiple regression method are used to reveal macro performance degradation rules of road
concrete under loading and freeze-thaw and drying-wetting cycles; then the correlation between mesoscopic pore structure and
residual strength and antifreezing index of concrete is analyzed. Under the freeze-thaw and drying-wetting cycles with 50% loading
level, the pore structure parameters that influence concrete strength show the following sequence: fractal dimension > most
probable pore size > porosity > less harmful pore. The correlation between strength and pore parameters can be represented
with multiple nonlinear equations. A negative correlation is shown between strength and fractal dimension and most probable
pore size. Conversely, a positive correlation is shown between strength, porosity, and less harmful pore. Under the freeze-thaw
and drying-wetting cycles with 80% loading level, the pore structure parameters that influence concrete strength show another
sequence: fractal dimension > porosity > less harmful pore >most probable pore size. The correlation between antifreezing index
and pore parameters should be described with multiple linear equations. The relative dynamic elastic modulus shows a positive
correlation to most probable pore size, pore surface area, and porosity but a negative correlation to less harmful pore and pore
spacing coefficient.

1. Introduction

Establishing the relationship betweenmaterials structure and
performance has been a central content of materials sci-
ence research. Professors Wu and Lian [1, 2] propose that
the relation between different structure dimensions should be
paid attention in research of concrete science and technology.
Currently, scholars at home and abroad have carried out
mechanical and durability research of concrete based on the
mesostructure and microstructure level [3–8]. But the re-
search achievement was rarely obtained about the relation-
ship between pore structure and macro performance. So the
fracture mechanics of concrete are urgent to be resolved. The
destruction of road concrete is attributable to the interac-
tion of loading and environment temperature-humidity. The

performance degradation of concrete would be accelerated
when these factors alternate frequently. The failure condition
of concrete in seasonal frozen area is studied in this paper.The
relationship between mesostructure and macro performance
is established which provides theoretical basis for concrete
application and performance evaluation of this area.

Themesopore structure of concrete has a significant influ-
ence on themacro strength and antifreezing performance [9–
12]. The pore structure is composed of several parameters,
such as porosity, pore surface area, area median aperture,
average aperture, most probable aperture, and pore fractal
dimension. The concrete performance is affected by these
parameters in different aspects and degrees [13–17]. In order
to determine influence degree of every parameter and the
main parameter, the grey system theory [18, 19] is needed
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Table 1: Fatigue test conditions under loading and freeze-thaw and
drying-wetting cycles.

Climatic region

Factors

Loading
Temperature and

humidity
Winter Summer

Alternating cold
and drying-wetting
region

50%; 80%

Temperature:−18∘C∼+5∘C;
humidity:
20%∼40%

Temperature:
25∘C∼35∘C;
humidity:
60%∼80%

as traditional mathematical theory cannot be achieved. Grey
correlation analysis is an effective system analysis method
in grey system theory. It takes the uncertainty system with
small sample and poor information as research object. After
data processing, the main factors that influence research
object would be found in random factors series. Therefore,
it is especially suitable for the analysis of uncertain and
complicated problems.

The basic steps of grey correlation analysis to deal with
the problem are as follows.
(1)Determine reference sequence that reflects the behav-

ior characteristics of system Χ𝑖 = {𝑥𝑖(𝑘)|𝑥𝑖(1), 𝑥𝑖(2), . . .,𝑥𝑖(𝑛)|}, 𝑖 = 0, 1, 2, . . . , 𝑚, and comparative sequence com-
posed of each factor which affects system behavior 𝑌𝑖 ={𝑦𝑖(𝑘)|𝑦𝑖(1), 𝑦𝑖(2), . . . , 𝑦𝑖(𝑛)|}, 𝑖 = 0, 1, 2, . . . , 𝑚.(2) In order to avoid the different data dimension
as different physical meaning of each factor, make refer-
ence sequence and comparative sequence being dimension-
less: Χ𝑖 = {𝑥𝑖 (𝑘)|𝑥𝑖(1)/𝑥𝑖(1), 𝑥𝑖(2)/𝑥𝑖(1), . . . , 𝑥𝑖(𝑛)/𝑥𝑖(1)|},𝑖 = 0, 1, 2, . . . , 𝑚; 𝑌𝑖 = {𝑦𝑖 (𝑘)|𝑦𝑖(1)/𝑦𝑖(1),𝑦𝑖(2)/𝑦𝑖(1), . . . ,𝑦𝑖(𝑛)/𝑦𝑖(1)|}, 𝑖 = 0, 1, 2, . . . , 𝑚. Calculate the difference
sequence and range according toΔ 𝑖(𝑘) = |𝑥𝑖(𝑘)−𝑦𝑖(𝑘)|.Then
calculate grey correlation coefficient of reference sequence
and comparative sequence based on 𝛾𝑖 = (𝑚 + 𝜉𝑀)/(Δ 𝑖(𝑘) +𝜉𝑀), (𝜉 = 0.5); Finally calculate the correlation degree by𝛾0𝑖 = (1/𝑛)∑𝑛𝑘=1 𝛾𝑖(𝑘).(3) Sort the correlation degree so as to reflect influence
degree of each factor.

2. Test Scheme and Method

2.1. Test Scheme Design. The test loading is 50% and ultimate
flexural loading is 80%, which correspond to ordinary traffic
and heavy traffic levels. Freeze-thaw and drying-wetting
cycles’ environmentmainly occurs in the temperatemonsoon
climate region: −18∘C∼+5∘C in winter and 25∘C∼35∘C in
summer. The relative humidity is 20%–40% in winter and
60%–80% in summer, which refers to the average humidity
distribution given by Gao et al. [20] about five regions of
Northeast China and North China, East China and Central
China, Northwest China, South China, and Southwest China.
The design conditions of concrete durability test under load-
ing and freeze-thaw and drying-wetting cycles are shown in
Table 1.

The test scheme is as follows.

First Stage. Firstly, the test beam is loaded 36 thousand times
(50% stress level) or 12 thousand times (80% stress level) on
the fatigue test machine. Then 50 freeze-thaw cycles (50%
stress level) or 25 freeze-thaw cycles (80% stress level) at
4 hours intervals are conducted in environment box, with
temperature range of −18∘C∼+5∘C and humidity range of
20%∼40%with uniform rate. Take out the samples for second
same loading and then place them in the environment box
and reset temperature-humidity program: temperature range
of 25∘C∼35∘C and humidity range of 60%∼80% with control
interval at 4 h and a period of amonth.At the end, the samples
are taken out to test the strength, antifreezing index, and
mesopore structure.

Second Stage. On the basis of the first stage, the cumulative
test is conducted in accordance with the same procedure as
the first phase. At the end, the samples are taken for the tensile
strength test and mesostructure test.

Third Stage. On the basis of the second stage, fatigue loading
was 18 thousand times (50% stress level) or 6 thousand times
(80% stress level). Then 25 freeze-thaw cycles at 4 hours
intervals are conducted in environment box under winter
conditions. Take out the samples for the second 18 thousand
times (50% stress level) or 6 thousand times (80% stress level)
loading and then place them in the environment box and set
the summer temperature-humidity conditions, with control
interval at 4 h and a period of amonth.At the end, the samples
are taken for the above characterization test.

Fourth Stage. The test is conducted in accordance with the
same procedure as the third phase until fatigue destruction.
Then the samples are taken for the above characterization test.

2.2. Materials and Test Methods. Cement is Qinling P.O
42.5R;mineral filler is S95 class; fly ash is class I; coarse aggre-
gate with nominal maximum size is 19mm; fineness modulus
of river sand is 2.6; water-reducing rate of high performance
water reducer is 26%; water is tap water. 28 d concrete tensile
design strength is C1, 4.5MPa, and C2, 5.0MPa.

The fatigue test is carried out on a 10 t MTS-810 fatigue
testing machine; loading frequency is 10HZ, loading mode
is three-point sine wave, and low and high stress ratio is 0.1.
Mesopore structure parameters aremeasured byAutoPore IV
9510 mercury porosimetry. Strength and antifreezing index
test is in accordance with the specification.

3. Results Analysis and Discussion

3.1. Relationship between Pore Structure Parameters and Resid-
ual Flexural Strength under Loading and Freeze-Thaw and
Drying-Wetting Cycles. The analysis result of grey correlation
between pore structure parameters and residual flexural
strength under different loading and freeze-thaw and drying-
wetting cycles is obtained, as is shown in Table 2. It is
known that, in the case of 50% loading level and freeze-thaw
and drying-wetting cycles, the sequence of the correlation
between pore structure parameters and residual flexural
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Table 2: The grey correlation degree between pore structure parameters and strength under different loading levels and freeze-thaw and
drying-wetting cycles.

Strength
Parameters

Porosity/% Total pore surface
area/m2/g

Area median
aperture/nm

Average
aperture/nm

Most probable
pore size/nm

Pore fractal
dimension

50% loading
C1 0.866 0.736 0.531 0.596 0.903 0.845
C2 0.889 0.749 0.549 0.538 0.893 0.850

80% loading
C1 0.862 0.765 0.643 0.601 0.973 0.926
C2 0.886 0.728 0.670 0.575 0.909 0.910

Strength

Parameters
More

harmful
pore/nm

Harmful pore/nm Less harmful
pore/nm

Harmless
pore/nm

Pore spacing
coefficient /

50% loading
C1 0.777 0.627 0.858 0.815 0.716 /
C2 0.749 0.713 0.884 0.807 0.724 /

80% loading
C1 0.856 0.771 0.915 0.823 0.843 /
C2 0.796 0.799 0.891 0.789 0.798 /

strength after three cycles is as follows: most probable pore
size > porosity > less harmful pore > pore fractal dimension>harmless pore>more harmful pore> total pore surface area>pore spacing coefficient>harmful pore> areamedian aper-
ture and average aperture. Results showed that the main pore
structure parameters that influence the concrete strength are
most probable pore size, porosity, less harmful pore, pore
fractal dimension, and pore spacing coefficient. Similarly, in
the case of 80% loading level and freeze-thaw and drying-
wetting cycles, the sequence is as follows: most probable
pore size > pore fractal dimension > less harmful pore >
porosity > more harmful pore > pore spacing coefficient >
harmless pore > harmful pore > total pore surface area >
area median aperture and average aperture. The main pore
structure parameters that influence the concrete strength are
most probable pore size, pore fractal dimension, less harmful
pore, porosity, and more harmful pore.

According to the results of grey correlation analysis,
when establishing the relationship between strength and pore
structure parameters under different loading and freeze-
thaw and drying-wetting cycles, the four parameters of most

probable pore size, porosity, less harmful pore, and pore
fractal dimension can be chosen as the main influencing
factors. Formulas (1)∼(4) are obtained by multiple linear
regression analysis and multiple nonlinear regression anal-
ysis. When the loading level is 50%, a higher accuracy can
be displayed using multiple nonlinear equation with the
correlation coefficient of 0.970. A negative correlation is
shown between strength and fractal dimension and most
probable pore size. Conversely, a positive correlation is shown
between strength and porosity and less harmful pore. The
sequence according to influence degree is as follows: fractal
dimension > most probable pore size > porosity > less
harmful pore. When the loading level is 80%, the 0.999
correlation coefficient can be displayed, using both multiple
linear equations andmultiple nonlinear equations. A negative
correlation is shown between strength and less harmful pore.
Conversely, a positive correlation is shown between strength
and fractal dimension, most probable pore size, and porosity.
The sequence according to influence degree is as follows:
fractal dimension > porosity > less harmful pore > most
probable pore size.

𝜎
𝜎0 = 8.310 + 0.647 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 − 7.432 ×
𝐹𝑝
𝐹𝑝0 − 1.633 ×

𝑅𝑝
𝑅𝑝0 + 1.099 ×

𝑃𝑔
𝑃𝑔0

(multiple linear regression at 50% loading levels, 𝑅 = 0.931) ,
(1)

𝜎
𝜎0 = 0.977 × (

𝑃𝑙ℎ𝑃𝑙ℎ0)
0.986 × ( 𝐹𝑝𝐹𝑝0)

−10.457

× ( 𝐼𝑝𝑅𝑝0)
−2.637

× ( 𝑃𝑔𝑃𝑔0)
1.036

(multiple nonlinear regression at 50% loading levels, 𝑅 = 0.970) ,
(2)
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Table 3: Grey correlation degree between pore structure parameters and antifreezing index under different loading levels and freeze-thaw
and drying-wetting cycles.

Strength
Parameters

Porosity/% Total pore surface
area/m2/g

Area median
aperture/nm

Average
aperture/nm

Most probable
pore size/nm

Pore fractal
dimension

50% loading
C1 0.905 0.838 0.533 0.585 0.782 0.733
C2 0.930 0.885 0.587 0.569 0.787 0.785

80% loading
C1 0.842 0.896 0.579 0.561 0.749 0.731
C2 0.819 0.943 0.624 0.563 0.737 0.737

Strength

Parameters
More

harmful
pore/nm

Harmful pore/nm Less harmful
pore/nm

Harmless
pore/nm

Pore spacing
coefficient /

50% loading
C1 0.692 0.600 0.835 0.931 0.655 /
C2 0.710 0.699 0.807 0.957 0.704 /

80% loading
C1 0.721 0.644 0.762 0.873 0.695 /
C2 0.690 0.700 0.739 0.900 0.691 /

𝜎
𝜎0 = 0.382 − 0.279 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 + 0.440 ×
𝐹𝑝
𝐹𝑝0 + 0.025 ×

𝑅𝑝
𝑅𝑝0 + 0.433 ×

𝑃𝑔
𝑃𝑔0

(multiple linear regression at 80% loading levels, 𝑅 = 0.999) ,
(3)

𝜎
𝜎0 = (
𝑃𝑙ℎ𝑃𝑙ℎ0)
−0.701 × ( 𝐹𝑝𝐹𝑝0)

−0.547

× ( 𝑅𝑝𝑅𝑝0)
0.564

× ( 𝑃𝑔𝑃𝑔0)
0.411

(multiple nonlinear regression at 80% loading levels, 𝑅 = 0.999) .
(4)

3.2. Relationship between Pore Structure Parameters and
Antifreezing Index under Loading, Freeze-Thaw, and Drying-
Wetting Cycles. The analysis result of grey correlation
between pore structure parameters and antifreezing index
under different loading and freeze-thaw and drying-wetting
cycles is shown in Table 3. The sequence of grey correlation
degree is as follows: harmless pore > porosity > total pore
surface area > less harmful pore > most probable pore
size > pore fractal dimension > more harmful pore > pore
spacing coefficient > harmful pore > area median aperture
and average aperture, in the case of 50% loading level and
freeze-thaw and drying-wetting cycles. Similarly, in the case
of 80% loading level and freeze-thaw and drying-wetting
cycles, the sequence is as follows: total pore surface area >
harmless pore> porosity> less harmful pore>most probable
pore size > pore fractal dimension > more harmful pore >
harmful pore and average aperture > area median aperture >
pore spacing coefficient.

According to the results of grey correlation analysis and
considering the importance of less harmful pore and pore

spacing coefficient, when the relationship between antifreez-
ing index and pore structure parameters is established under
different loading and freeze-thaw and drying-wetting cycles,
the five parameters, porosity, total pore surface area, less
harmful pore, most probable pore size, and pore spacing
coefficient, are chosen. Formulas (5)∼(8) are obtained by
regression analysis. Under these two loading levels and
freeze-thaw and drying-wetting cycles, a higher accuracy
can be displayed using multiple linear equation with the
correlation coefficient of 0.999. The relative dynamic elastic
modulus shows a positive correlation to most probable pore
size, total pore surface area, and porosity but a negative
correlation to less harmful pore and pore spacing coefficient.
When the loading level is 50%, the sequence of pore structure
parameters’ influence on relative dynamic elastic modulus is
as follows: pore spacing coefficient > total pore surface area> porosity > most probable pore size > less harmful pore.
Meanwhile, when the loading level is 80%, the sequence is
as follows: most probable pore size > porosity > pore spacing
coefficient > less harmful pore > total pore surface area.
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𝐸
𝐸0 = −0.336 + 0.291 ×

𝑅𝑝
𝑅𝑝0 + 0.336 ×

𝑆𝑔
𝑆𝑔0 − 0.048 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 + 0.296 ×
𝑃𝑔
𝑃𝑔0 − 0.365

𝐿𝑝
𝐿0

(multiple linear regression at 50% loading levels, 𝑅 = 0.999) ,
(5)

𝐸
𝐸0 = 0.998 × (

𝑅𝑝
𝑅𝑝0)
0.146

× ( 𝑆𝑔𝑆𝑔0)
0.267

× ( 𝑃𝑙ℎ𝑃𝑙ℎ0)
−0.233 × ( 𝑃𝑔𝑃𝑔0)

0.329

× (𝐿𝑝𝐿0 )
−0.891

(multiple nonlinear regression at 50% loading levels, 𝑅 = 0.985) ,
(6)

𝐸
𝐸0 = −0.184 + 1.170 ×

𝑅𝑝
𝑅𝑝0 + 0.132 ×

𝑆𝑔
𝑆𝑔0 − 0.203 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 + 0.521 ×
𝑃𝑔
𝑃𝑔0 − 0.461

𝐿𝑝
𝐿0

(multiple linear regression at 80% loading levels, 𝑅 = 0.999) ,
(7)

𝐸
𝐸0 = (

𝑅𝑝
𝑅𝑝0)
4.612

× ( 𝑆𝑔𝑆𝑔0)
0.058

× ( 𝑃𝑙ℎ𝑃𝑙ℎ0)
−1.633 × ( 𝑃𝑔𝑃𝑔0)

2.134

× (𝐿𝑝𝐿0 )
−1.685

(multiple nonlinear regression at 80% loading levels, 𝑅 = 0.998) .
(8)

4. Conclusion

(1) Under the ordinary traffic loading and freeze-thaw and
drying-wetting cycles, the main pore structure parameters
that influence concrete strength consist of most probable
pore size, porosity, less harmful pore, pore fractal dimension,
and pore spacing coefficient. Meanwhile, under the heavy
traffic loading and freeze-thaw and drying-wetting cycles,
the main pore structure parameters are most probable pore
size, pore fractal dimension, less harmful pore, porosity, and
more harmful pore.The reason is the stress concentration and
stress diffusion process caused by superposition of multiple
fields, along with the pore structure of the compression, and
splitting effect occupied the leading position. The loading
affects the pore size of the structure. As the loading level
increased from 50% to 80%, the pore fractal dimension (pore
complexity) has more influence on the stress diffusion than
porosity. The amount of pore nucleation is only the inducing
factor of the rapid development of concrete damage, but for
the fracture of concrete under overloading, the effect of pore
fractal dimension is more significant.(2) Under the ordinary traffic loading and freeze-thaw
and drying-wetting cycles, the correlation between strength
and pore parameter should be represented with multiple
nonlinear equation. A negative correlation is shown between
strength and fractal dimension and most probable pore size.
Conversely, a positive correlation is shown between strength
and porosity and less harmful pore. The sequence according
to influence degree is as follows: fractal dimension > most
probable pore size> porosity> less harmful pore.Meanwhile,
under the heavy traffic loading and freeze-thaw and drying-
wetting cycles, a same high accuracy can be displayed using
multiple linear equations and multiple nonlinear equations.
A negative correlation is shown between strength and less
harmful pore. Conversely, a positive correlation is shown
between strength and fractal dimension, most probable pore

size, and porosity.The sequence according to influence degree
is as follows: fractal dimension > porosity > less harmful pore>most probable pore size.
(3) Under freeze-thaw and drying-wetting cycles, under

the ordinary traffic or heavy traffic loading, there is a higher
correlation between antifreezing index and the five pore
structure parameters: porosity, total pore surface area, less
harmful pore, most probable pore size, and pore spacing
coefficient.
(4) Under these two loading levels and freeze-thaw and

drying-wetting cycles, the correlation between antifreezing
index and pore parameters should be described withmultiple
linear equation. The relative dynamic elastic modulus shows
a positive correlation to most probable pore size, total pore
surface area, and porosity but a negative correlation to
less harmful pore and pore spacing coefficient. Under the
ordinary traffic, the sequence of pore structure parameters’
influence on relative dynamic elastic modulus is as follows:
pore spacing coefficient > total pore surface area > porosity> most probable pore size > less harmful pore. Meanwhile,
under the heavy traffic, the sequence is as follows: most
probable pore size > porosity > pore spacing coefficient > less
harmful pore > total pore surface area.
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[6] J. Wawrzeńczyk and W. Kozak, “Protected paste volume (PPV)
as a parameter linking the air-pore structure in concrete with
the frost resistance results,” Construction and Building Materi-
als, vol. 112, pp. 360–365, 2016.

[7] X.-C. Pu and Y.-W. Wang, “Study on pore structure and
interface structure of super high strength and high performance
concrete,”China Concrete and Cement Products, vol. 3, pp. 9–13,
2004.

[8] W.-B. Xu, Z.-H. Shui, J.-T. Ma, and W. Chen, “Carbonation of
Fly Ash Concrete Investigated with micro hardness analysis,”
Bulletin of the Chinese Ceramic Society, vol. 30, no. 1, pp. 7–12,
2011.

[9] A. G. Graeff, K. Pilakoutas, K. Neocleous, and M. V. N. N.
Peres, “Fatigue resistance and cracking mechanism of concrete
pavements reinforced with recycled steel fibres recovered from
post-consumer tyres,” Engineering Structures, vol. 45, no. 10, pp.
385–395, 2012.
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Structural damage can be detected using frequency response function (FRF) measured by an impact and the corresponding
responses. The change in the mechanical properties of dynamic system for damage detection can seldom be estimated using FRF
data extracted from a very limited frequency range. Proper orthogonal modes (POMs) from the FRFs extracted in given frequency
ranges and their modified forms can be utilized as damage indices to detect damage. The POM-based damage detection methods
must be sensitive to the selected FRFs. This work compares the effectiveness of the damage detection approaches taking the POMs
estimated by the FRFs within five different frequency ranges including resonance frequency and antiresonance frequency. It is
shown from a numerical example that the POMs extracted from the FRFs within antiresonance frequency ranges provide more
explicit information on the damage locations than the ones within resonance frequency ranges.

1. Introduction

Structural damage is detected based on the variation in
dynamic responses due to the local change of physical
properties at damage region.There have been many attempts
to provide the accurate damage detection methods related to
structural healthmonitoring.Many indices likemode shapes,
mode shape curvature, frequency response function (FRF)
curvature, modal strain energy, and so forth to evaluate the
structural performance have been utilized [1, 2].

One of the measurement data types is FRF data set.
The FRF can be estimated by impact hammer test and
the energy is propagated from the impact point. The FRF
data measured from experimental work are utilized to
estimate the characteristics of dynamic system. It indicates
that the measured FRF data set can be used as an index
to detect damage. Phani and Woodhouse [3] proposed the
FRF curvature method based on only the measured data
without the need for any modal identification. Lee and
Kim [4] proposed a structural damage detection method
to determine both location and magnitude of damage from

perturbation equations of FRF data. Fritzen [5] evaluated a
FRF-based model updating algorithm using experimentally
collected data and presented a protocol for measurement
selection and a regularization technique. Rahmatalla et al.
[6] presented a feasiblemethod for structural vibration-based
health monitoring to reduce the dimension of the initial FRF
data and to employ artificial neural network. Sampaio et al.
[7] provided a structural damage identification technique
using changes of the FRF to be related to the changes of
the stiffness and mass through damage sensitivity equations.
Wang et al. [8] developed amethodology by coupled response
monitoring through the emergence of peaks on a FRF plot
to determine the damage existence. Garcia-Palencia et al.
[9] exhibited that the curvatures of FRF at frequencies other
than natural frequencies can be used for identifying both the
existence of damage and the location of damage. Bandara
et al. [10] presented a damage identification method using
the changes in the distribution of the compliance of the
structure due to damage. Bandara et al. [11] investigated the
advantages and limitations to use vibration-based damage
detection methods from the measurements of mode shapes
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and FRFs. Nozarian and Esfandiari [12] identified parameter
matrices using FRF data measured at specific positions and
constraints and provided a damage detection method from
their variations.

Proper orthogonal decomposition (POD) analysis cap-
tures most of the kinetic energy in the least number of
modes possible. Its application is similar to that of Fourier
analysis, except that it normally requires far less modes to
represent the system within a desired level. POMs extracted
from the FRF data in a prescribed frequency range are
utilized as an index to recognize the existence of damage.
The POD method has been widely applied in various fields
of engineering and science. Ramanamurthy et al. [13] related
the POM to normal modes of vibration in systems for
lightly modally damped systems. They exhibited that the
POMs represent the principal axes of inertia formed by
the distribution of data on the modal coordinate curve.
Using statistical process control technique, Mondal et al. [14]
investigated the applications of principal component analysis
for damage diagnosis. Choi et al. [15] provided a damage
detection algorithm based on the POD technique to filter
out the influence of operational/environmental variation in
the dynamic response. De Medeiros et al. [16] applied a
POD statistical method to the field of damage detection
for continuous static monitoring systems. Feeny and Kap-
pagantu [17] presented a damage detection method based
on fuzzy 𝑐-means clustering algorithm and measured FRF
data reduced by principal component analysis. De Boe and
Golinval [18] developed a POMs-based damage identification
approach using acceleration dynamic responses of shear-type
buildings. Shane and Jha [19] presented a neural networks-
based damage detectionmethod using FRF data.Themethod
reduces the dimension of the initial FRF data and employs an
artificial neural network for the actual damage.

The parameter matrices as well as damage region of
dynamic systems can be predicted using FRF data sets within
a specific frequency range rather than at a specific frequency.
The FRF data sets are transformed to the POM to represent
the principal axes of inertia formed by the distribution
of data on the modal coordinate curve. The POM can be
changed depending on the FRF data sets extracted from
full sets of FRFs. Beginning with the FRFs measured from
the dynamic finite element model, this work investigates
the sensitivity of the damage detection method using the
POMs to be estimated from the FRFs corresponding to five
different frequency ranges including resonance frequency
and antiresonance frequency. A numerical example compares
the sensitivity of the damage detectionmethod depending on
the extracted FRFs.

2. FRF and POM

The dynamic behavior of a structure, which is assumed to
be linear and approximately discretized for n DOFs, can be
described by the equations of motion:

Mü + Cu̇ + Ku = F (𝑡) , (1)

whereM,K, andC denote the 𝑛 × 𝑛 analytical mass, stiffness,
and damping matrices, respectively, u = [𝑢1 𝑢2 ⋅ ⋅ ⋅ 𝑢𝑛]𝑇,
and F(𝑡) is the 𝑛 × 1 load excitation vector.

Frequency response functionH(Ω) is defined as the ratio
of the complex spectrum of the response to the complex
spectrum of the excitation:

H (Ω) = U (Ω)
F (Ω) , (2)

where U(Ω) and F(Ω) denote the complex spectrum of
the response and the complex spectrum of the excitation,
respectively. The magnitude of the FRF |H(Ω)| denotes the
ratio of |U(Ω)|/|F(Ω)|.

For the case of a displacement response at station 𝑝
and a disturbing force at station 𝑞, the numerical frequency
response can be constructed as

𝐻𝑝𝑞 (Ω) =
𝑛

∑
𝑖=1

𝜙𝑖𝑝𝜙𝑖𝑞
𝜔2𝑖 − Ω2 + 2𝑗𝜉𝑖𝜔𝑖Ω, (3)

where 𝜙𝑖𝑝 denotes the 𝑝th element of the vector 𝜙𝑖 and 𝜔𝑖
and 𝜉𝑖 denote the circular natural frequency and the damping
ratio, respectively, for the 𝑖th mode, 𝑗 = √−1.

The FRF data, �̂�𝑝𝑞, contaminated by external noise rarely
provide the accurate information on the dynamic system. In
this study, they can be described by adding a series of random
numbers to the calculated FRF response data expressed by

�̂�𝑝𝑞 = 𝐻𝑝𝑞 (1 + 𝛼𝜎𝑝𝑞) , (4)

where 𝛼 denotes the relative magnitude of the error, and 𝜎𝑝𝑞
is a random number variant in the range [−1, 1].

The measured FRFs can be reduced by the POD and are
transformed to the POD to extract extremal data set. The
POD technique is effectivemethod because basis elements are
formed in an optimal way. The POD basis collects snapshots.
The FRFs of a system are generated by forcing the system.
𝐻𝑝𝑞(Ω) expresses an FRFon afinite number of points in space
and a finite frequency intervalΩmin ≤ Ω ≤ Ωmax.The FRFs at
𝑛 dofs are sampled 𝑚 frequencies and the data are arranged
in a snapshot matrix Ĥ:

Ĥ =
[[[[[[[
[

�̂�1𝑞 (Ω1) �̂�1𝑞 (Ω2) ⋅ ⋅ ⋅ �̂�1𝑞 (Ω𝑚)
�̂�2𝑞 (Ω1) �̂�2𝑞 (Ω2) ⋅ ⋅ ⋅ �̂�2𝑞 (Ω𝑚)

... ... d
...

�̂�𝑛𝑞 (Ω1) �̂�𝑛𝑞 (Ω2) ⋅ ⋅ ⋅ �̂�𝑛𝑞 (Ω𝑚)

]]]]]]]
]𝑛×𝑚

. (5)

Let the 𝑚 × 𝑚 autocovariance matrix C be defined as

C = H𝑇𝑚𝑒𝑎H𝑚𝑒𝑎, (6)

where𝑚 is the number of the FRF data sets extracted. Matrix
C is a Hermitian positive semidefinite matrix to possess a
complete set of orthogonal eigenvectors with corresponding
nonnegative real eigenvalues. Solving the eigenvalue problem
of (6) at the core of the POD method, (6) satisfies

C𝜑𝑘 = 𝜆𝑘𝜑𝑘, 𝑘 = 1, . . . , 𝑚, (7)
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j Node number
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Figure 1: Slope of POM.

where the eigenvalues reflect the energies in different POMs
and are arranged in descending order as follows:

𝜆1 ≥ 𝜆2 ≥ ⋅ ⋅ ⋅ ≥ 𝜆𝑚 ≥ 0, (8)

where the eigenvalues 𝜆𝑘 are the POVs, and the correspond-
ing eigenvector 𝜑𝑘 of the extreme value problem is associated
with a POV 𝜆𝑘. The greatest POV is the optimal vector to
characterize the snapshots.

The POMs may be used as a basis for the decomposition
of H𝑚𝑒𝑎. The POM associated with the greatest POV is the
optimal vector. If the eigenvalues are normalized to unit
magnitude, then they represent the relative energy captured
by the corresponding POM. The eigenvalue reflects the
relative kinetic energy associated with the corresponding
mode. The energy is defined as the sum of the POVs. The
POMs are written as

𝜓
𝑘 = Ĥ𝜑𝑘Ĥ𝜑𝑘


, 𝑘 = 1, . . . , 𝑚, (9)

where Ĥ denotes the 𝑚 × 𝑚 FRF matrix in (5) and 𝜑𝑘
represents the 𝑚 × 1 eigenvector corresponding to the
eigenvalue 𝜆𝑘. The POMs 𝜓 are arranged as follows:

𝜓 = [𝜓1 𝜓2 ⋅ ⋅ ⋅ 𝜓𝑚] . (10)

The slope of the POMdata corresponding to two adjacent
nodes from Figure 1 can be defined as

𝜃𝑗 =
𝜓
1
𝑗+1 − 𝜓1𝑗

ℎ , 𝑗 = 1, 2, . . . , 𝑛 − 1, (11)

where ℎ is the distance between two adjacent nodes.The sum
of the squared slope of the POM at two adjacent nodes is
defined as

𝜂𝑗 = 𝜃2𝑗 + 𝜃2𝑗+1, 𝑗 = 1, 2, . . . , 𝑛 − 2. (12)

Damage introduced into the flexural beam to be modeled
as finite elements also leads to local changes in the shape of
POM curvature obtained by POMs. The curvature at each

location j on the structure, 𝜓𝑗 , is numerically obtained by a
central difference approximation:

𝜓

𝑗 = 𝜓𝑗−1 − 2𝜓𝑗 + 𝜓𝑗+1

ℎ2 , 𝑗 = 2, 3, . . . , 𝑛 − 1, (13)

where 𝜓𝑗 is the second derivatives at the 𝑗th node and ℎ
is the distance between two successive nodes. The damage
is evaluated by the POM curvature extracted from the
measured FRFs without the baseline data.

3. Numerical Experiment

A numerical experiment was performed in detecting the
damage in a finite element model of a three-span continuous
beam shown in Figure 2 to examine the validity of the
proposed method depending on the selected FRF data sets.
The nodal points and the elements are numbered as shown
in the figure. The continuous beam with a length of 9m is
modeled using 100 beam elements. The beam has an elastic
modulus of 2.0 × 105MPa and a unit mass of 7,860 kg/m3.
The beam’s gross cross section is 500mm × 200mm, and its
damage section is established as 90% of themoment of inertia
of the undamaged beam. The damping matrix is assumed as
a Rayleigh damping to be expressed by the stiffness matrix
and a proportionality constant of 0.0001. This application
considers the damage detection of a beam with multiple
damage at elements 55 and 85 .The FRF data are numerically
simulated by the responses at all nodes due to the impact at
node 18. The measurement data in (4) include 1% external
noise.

The damage leads to the local stiffness deterioration
and the variation of the natural frequencies. Its existence
can be recognized through the comparison with the natural
frequencies at the undamaged state. The first three natural
frequencies of the damaged dynamic system exist at 24.67Hz,
40.89Hz, and 69.69Hz, respectively. Figure 3(a) represents
the mode shapes corresponding to the first, second, and
third natural frequencies, respectively. The damage can be
detected by the comparison of themode shapes at both states.
However, it is not easy to collect the accurate mode shapes
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Table 1: Frequency ranges of the extracted FRFs.

Location (A) (B) (C) (D) (E)
Selected frequencies 10Hz ± 0.1Hz 24.67Hz ± 0.1Hz 34.25Hz ± 0.1Hz 40.89Hz ± 0.1Hz 50.93Hz ± 0.1Hz

Less than first resonance Resonance Antiresonance Resonance Antiresonance

· · ·· · ·· · ·

Damage Damage

Beam 2 Beam 3

7.65m

3.15 m 2.7 m

200 mm

500 mm

1.62 m Impact

Beam 1

4.95m

3.15 m

1 2 33 34 35 36 37 68 69 70 71 72 98 99

Figure 2: A three-span continuous beam structure model.
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Figure 3: Dynamic characteristics of the system: (a) mode shapes and (b) FRF curve.

corresponding to the resonance frequencies due to external
noise. Thus this work utilizes a set of FRFs and they are
transformed to the POMto take extremal data set. Figure 3(b)
displays the FRF receptance curve of the responses at all
nodes due to a single impact at node 18. It is shown
that the first three resonance frequencies coincide with the
natural frequencies. The resonance frequencies correspond
to the peaks in the plots and the antiresonance frequencies
correspond to the valleys.

This numerical study investigates the sensitivity of the
damage detection depending on the FRFs extracted in the
neighborhood of two resonance frequency ranges at points
(B) and (D) in Figure 3(b), two antiresonance frequency
ranges at points (C) and (E), and point (A) less than the first
resonance frequency in Figure 3(b).TheFRFswere calculated

at the intervals of 0.02Hz for this numerical experiment.
Eleven FRF data sets simulated in the frequency range
of ±0.1Hz from the resonance and antiresonance frequen-
cies are extracted to establish the POMs as shown in Table 1.

Figure 4 represents the normalized POM curve of beams
1, 2, and 3 corresponding to the first POV depending on the
noise-free FRFs in the selected five frequency ranges shown
in Figure 3(b). Figure 4(a) displays the POM curves of beam
1 depending on the FRFs to be chosen. It is observed that the
POMplots corresponding to the first resonance frequency (B)
and its neighboring frequency (A), and the second frequency
(D) and its neighboring frequency (E) are very similar except
the curve (C) corresponding to the antiresonance frequency.
The valley of the curve corresponding to (C) corresponds to
the impact location. Figure 4(b) represents the POM curves
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Figure 4: POM curves using noise-free FRFs within the five
different frequency ranges: (a) beam 1, (b) beam 2, and (c) beam 3.

of beam 2. It is shown that the peak of the curves moves little
by little to the right with the increase of the frequency region
to extract the FRF data except the POM curve corresponding
to region (E). Figure 4(c) exhibits the POM curves of beam
3. The peak of the curves moves little by little to the right
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Figure 5: POM curvature curves using noise-free FRFs: (a) beam 1,
(b) beam 2, and (c) beam 3.

with the increase of the frequency region to extract the FRF
data. It is found that the plots in Figure 4 do not provide the
information on the damage in the beam.

Figure 5 exhibits the POM curvature curves approx-
imated numerically using the central difference method
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Figure 6: POM curvature curves using FRFs in the region (A) containing 1% external noise: (a) beam 1, (b) beam 2, and (c) beam 3.

of (11). The damage locates at the region to display the abrupt
variation of the curvature curve. The impact at node 18 of
beam 1 leads to the abrupt change of the POM curvature
curve as shown in Figure 5(a). Curve (E) in Figure 4(b)
looks like the second mode shape to take the absolute. The
abrupt change in the neighborhood of the inflection point
is observed. Except those variations, the local change in
the neighborhood of elements 55 and 85 is observed. It is
observed that the noise-free POM curvature curves taken
from the FRF data of the first four regions shown in Table 1
properly indicate the damage regions.

Figures 6–10 display the POMcurvature curves estimated
from the FRF data corresponding to the five different fre-
quency regions. The simulated FRF data contain 1% external
noise in (4). The plots exhibit the large and small variations
of the curvature due to the presence of the external noise
so that the damage cannot be detected. The abrupt variation
nearby the impact location at node 18 of beam 1 is observed

in the plots. Figure 6 represents the plots corresponding to
region (B) including the first resonance frequency. It is shown
that the POM curve in Figure 6(a) corresponds to first mode
shape. The other curves indicate explicitly the damage at the
37th element only. The other damage cannot be recognized
because of the noise contained in the measurement data. It
is understood that the POM extracted in the first resonance
frequency range is sensitive to the external noise.

Figure 7 represents the curves corresponding to region
(C) including the second antiresonance frequency. It is
found in Figure 7(a) that the POM curve after the impact
node 33 does rarely respond and cannot obtain the damage
information. The other plots in Figure 7 give the damage
information at the 22nd element only and the other damage
location cannot be recognized. It is observed that the POM
extracted in this region is also sensitive to the external noise.

Figure 8 represents the plots corresponding to region (D)
including the second resonance frequency. It is shown that
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Figure 7: POM curvature curves using FRFs in the region (B)
containing 1% external noise: (a) beam 1, (b) beam 2, and (c) beam
3.

the POM curve in Figure 8(a) corresponds to the absolute
curve of the second mode shape. It is obtained from Figures
8(b)-8(c) that the damage at the only 22nd element can
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Figure 8: POM curvature curves using FRFs in the region (C)
containing 1% external noise: (a) beam 1, (b) beam 2, and (c) beam
3.

be explicitly detected and the other damage should be
recognized through close examination. The abrupt change of
the plots in the center of the span is due to the result that the
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Figure 9: POM curvature curves using FRFs in the region (D)
containing 1% external noise: (a) beam 1, (b) beam 2, (c) beam 3.

POM curve takes the absolute curve as shown in Figure 8(a).
It is known that the POM extracted in this region is also
sensitive to the external noise.
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Figure 10: POM curvature curves using FRFs in the region (E)
containing 1% external noise: (a) beam 1, (b) beam 2, and (c) beam
3.

Figure 9 exhibits the plots corresponding to region (E)
including the third antiresonance frequency. It is analyzed
that the POM curve in Figure 9(a) cannot obtain any infor-
mation on the damage location. It is shown that the curves
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in Figures 9(b)-9(c) lead to the abrupt variation at the damage
locations except impact node 33 and the damage can be
explicitly detected. From this numerical experiment, the
damage detectionmethod can be explicitly andwidely carried
out by the three damage indices of the POM corresponding
to the first POV to extract the FRFs in the first and third
antiresonance frequencies despite the external noise. The
POM-based approaches using the FRFs extracted in the other
ranges should be sensitive to the external noise and can be
utilized by close examination of the POM curve.

4. Conclusions

This work compared the damage detection methods utilizing
three different damage indices depending on the extracted
FRFs within five different frequency ranges including reso-
nance frequency and antiresonance frequency. It is shown
from a numerical example that the damage detectionmethod
can be explicitly and widely carried out by the three damage
indices of the POM corresponding to the first POV to extract
the FRFs in the first and third antiresonance frequencies
despite the external noise. The POM-based approaches using
the FRFs extracted in the other ranges should be sensitive to
the external noise and can be utilized by close examination of
the POM curve.
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An experimental study was conducted to investigate the impact of cyclic loading on the mechanical performance and chloride
diffusivity of RC beams exposed to seawater wet-dry cycles. To induce initial damage to RC beam specimen, cyclic loading
controlled by max load and cycles was applied. Then beam specimens underwent 240 wet-dry cycles of seawater. Results show
that the chloride content increased as max load and cycle increased.The chloride content at steel surface increased approximatively
linearly as average crack width increased.Moreover, themax load hadmore influence on chloride content at steel surface than cycle.
The difference of average chloride diffusion coefficient between tension and compression concrete was little at uncracked position.
Average chloride diffusion coefficient increased as crack width increased when crack width was less than 0.11mm whereas the
increasing tendencywasweakwhen crackwidth exceeded 0.11 mm.The residual yield load and ultimate load of RCbeams decreased
as max load and cycle increased. Based on univariate analysis of variance, the max load had more adverse effect on yield load and
ultimate load than cycle.

1. Introduction

Reinforced concrete (RC) structures in coastal environment
are damaged by service load and seawater erosion. Chloride
ion penetrates into concrete through cracks, which causes
steel corrosion. RC structures in coastal environment suffer
compound action of service load and corrosion environment,
leading to quick degradation of mechanical performance. In
previous work (Rodriguez and Hooton [1]; Şahmaran [2];
Bentz et al. [3]; Jang et al. [4]), the correlativity between
crack width of concrete and chloride diffusion coefficient was
studied.The study ofWang andZhang [5] presented a numer-
ical procedure to simulate chloride ingression into cracked
concrete with different crack geometry characteristics. The
results showed that, with the increasing of crack width,
crack depth, and crack amount, chloride ingression would
be aggravated.The chloride transmission in cracked concrete
was studied by Li et al. [6] experimentally and numerically.
Results showed that when the crack width was less than

0.05mm, the influence of the crack could be neglected.When
the crack width increased from 0.08mm to 0.1mm, the
dispersion increased. When the crack width was larger than
0.1mm, the chloride transmission was similar to that in the
liquid. The chloride penetration depth from both specimen
surface and crack surface was studied by Win et al. [7].
Results showed that the chloride penetration depth from the
crack surface was equal to or slightly higher than that from
specimen surface with ratio w/c of 0.45 and 0.65. In the study
of Li [8, 9], the effect of crack width on chloride diffusion
was investigated experimentally and crack width threshold
0.1mm was proposed.

Many studies focused on the chloride diffusion model.
Park et al. [10] considered binder hydration and curing ages
and developed a numerical model to predict time-dependent
chloride diffusion coefficients by slag-blended concrete. Fan
and Wang [11] presented a numerical model to analyse
cement hydration reaction and chloride ion penetration
process simultaneously. In the study of Han [12], modified
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Figure 1: Geometry size and reinforcement of beam specimens.

chloride diffusion coefficient was proposed as a function of
chloride binding, evaporable water content, and diffusion
coefficient. In coastal environments, alternation of dry and
wet accelerates the transmission of chloride into concrete.
Chloride ingress under wet-dry cycles was conducted by
many researches. In the study of Li et al. [13], under dry-
wet cycles influential depth of moisture transport in concrete
was analysed to obtain water loss and intake balance, based
on which an equilibrium drying-wetting time ratio was
proposed. In the study ofWu et al. [14], the influences of dry-
wet cycles, stress ratios, and exposed ages on chloride ions
transport in concrete were studied and the chloride diffusion
coefficient under loads was calculated by regression method.
In the study of Ye et al. [15, 16], to describe the transport
of chloride ions in cracked concrete under dry-wet cycles,
crackwidth, crack surface roughness, tortuosity, and capillary
pores at crack surface were considered to develop a model by
Poiseuille law.

In coastal environment, both chloride diffusivity and
mechanical performance need to be considered to study the
durability of RC structures. Diao et al. [17] experimentally
studied the durability and bearing capacity of RC beams
under combined action of environmental and sustained load-
ing.The effect of air content (3.2% and 6.1%) was considered.
The results showed that the yield load, as well as the ultimate
load, and the ductility of RC beams with higher air content
increased after the combined action of freeze-thaw cycles and
seawater immersion. Shen et al. [18] studied the effect of sea
water wet-dry cycle on mechanical performance of eccentric
RC columns with different crack width and found that the
bearing capacity decreased obviously when the crack width
exceeded 0.1mm.

However, the studies considering initial damage from
cyclic loading were fewer in the existing literature. In coastal
environment, the RC bridges structures are under combined
action of cyclic loading and seawater wet-dry cycle. This
paper reports on laboratory experiments on RC beam spec-
imens after combined effects of cyclic load and seawater
wet-dry cycles, which included two steps. First, to simulate
initial damage, cyclic loading was controlled bymax load and
cycles. During every cycle, max load was 0.4, 0.5, and 0.6
times ultimate load. And 1, 5, 10, and 20 cycles of loading
were applied on RC beam specimen. Second, coastal chloride
environment was simulated in laboratory by 240 alternate

Table 1: The proportions of concrete mixture.

Concrete composition (/m3) (/kg)
Cement 500
Water 225
River sand 660
Coarse aggregate 990
Fly ash 60
Water reducer 8 L

action of seawater wet and dry. After 240 times seawater wet-
dry cycles, chloride diffusivity and mechanical performance
of RC beam specimen were tested and analysed.

2. Experimental Method

2.1. RC Beam Specimens. Fourteen RC beam specimens were
designed with same size, reinforcements, and concrete. As
shown in Figure 1, the beam specimen size was 100mm× 150mm × 800mm and the concrete cover was 35mm.
Deformed steel bars with diameter 10mmwere used as tensile
bars and plain steel bars with diameter 6mm were used
as stirrups. The yield strength and ultimate strength of the
tensile barwere 349MPa and 456MPa, respectively. Concrete
was made of ordinary Portland cement, gravel, river sand, fly
ash, andwater reducer.Themaximumsize of coarse aggregate
was 10mm.The proportion of concretemixture was shown in
Table 1. 28 d concrete cubic compressive strengthwas 55MPa.

2.2. Experimental Method

2.2.1. Loading History. This paper focuses on initial damage
from cyclic loading. The bending load increased from 0 to
max load and decreased to 0, which formed one cycle of
loading. Different cycles of loading were applied to beam
specimen to simulate cyclic loading. Table 2 gives test
condition of beam specimens. In Table 2, 𝑃𝑢 was ultimate
load of beam specimen B-Ref at the age of 28 d and the
value of 𝑃𝑢 was 40.5 kN. 𝑃𝑢 was reference to max load of all
beam specimen. To explain loading history, beam specimen
B-0.6P20C was taken as an example. During every cycle of
loading, the bending load increased from 0 to 0.6𝑃𝑢 and
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Table 2: Test condition of beam specimens.

Specimen Cyclic loading Environment
Max load Cycles

B-0P0C 0.0𝑃𝑢 0 W-D cycle
B-0.4P1C 0.4𝑃𝑢 1 W-D cycle
B-0.5P1C 0.5𝑃𝑢 1 W-D cycle
B-0.6P1C 0.6𝑃𝑢 1 W-D cycle
B-0.4P5C 0.4𝑃𝑢 5 W-D cycle
B-0.5P5C 0.5𝑃𝑢 5 W-D cycle
B-0.6P5C 0.6𝑃𝑢 5 W-D cycle
B-0.4P10C 0.4𝑃𝑢 10 W-D cycle
B-0.5P10C 0.5𝑃𝑢 10 W-D cycle
B-0.6P10C 0.6𝑃𝑢 10 W-D cycle
B-0.4P20C 0.4𝑃𝑢 20 W-D cycle
B-0.5P20C 0.5𝑃𝑢 20 W-D cycle
B-0.6P20C 0.6𝑃𝑢 20 W-D cycle
B-Ref 0 0 No

F

300 mm 300 mm100 mm

Figure 2: Schematic diagram of 4-point bending on beam speci-
mens.

decreased to 0.20 cycles of loading was applied to beam
specimen B-0.6P20C. Figure 2 gives the diagram of loading
test. As shown in Figure 2, 4-point bending test was adopted
for all beam specimens. After cyclic loading, the crack widths
on beam specimens were measured and measuring points
were marked to track the evolution of crack width during
seawater corrosion.

2.2.2. Simulation of Seawater Corrosion. The w-d cycle was
alternative action of seawater spraying and air drying (atmo-
sphere environment). Every w-d cycle lasted 6 h, including
5 h air drying and 1 h seawater spraying, that is, wet : dry time
= 1 : 5. To apply wet-dry cycle in laboratory, a self-designed
automatic sprinkler system was used. Figure 3 exhibits the
schematic diagram of the automatic sprinkler system for w-
d cycle. The simulated sea water (hereinafter referred to as
seawater) was artificially made of 3.5% NaCl (mass fraction).
All beam specimens experienced 240 w-d cycles.

2.2.3. Mechanical Performance and Chloride Content Test.
After 240 w-d cycles of seawater, mechanical performance

AtomizerSpecimen

Pipe

PumpCisternElectric fan

Timer

Figure 3: Schematic diagram of the automatic sprinkler system for
seawater w-d cycle.

Cut

Specimen

Core samples

Slice

DCBA

dcba

M

m

Figure 4: Schematic diagram of core sample drilling and sheet
subcutting.

of beam specimen was tested. The 4-point bending test
was conducted on beam specimens to study the residual
yield load, ultimate load, and ductility. After the failure of
beam specimen, chloride content was tested. Figure 4 gives
the schematic diagram of core sample drilling and sheet
subcutting. As shown in Figure 4, core samples with diameter
of 50mm were drilled in the tension of concrete (positions a,
b, m, c, d) and the compression concrete (positions A, B, M,
C, D). The spacing of drilling position was 100mm.The core
sample was then cut into 5 pieces of slices and then the slices
were grinded up to powder. According to the test results, the
free chloride content (percentage of cementitiousmaterial) in
different positions and depths of concrete can be obtained by
Ion Selective Method [19].

3. Testing Results and Discussion

3.1. Evolution of Crack Width. During cyclic loading, cracks
appeared in tension concrete of beam specimen. The crack
width in same position was monitored before and after w-d
cycle. On account of various crack developing, 3 measuring
points were demanded at least for each crack; therefore
dozens of measuring points were set andmarked for tracking
every crack. The variation of crack width before and after
w-d cycle was collected in Table 7. Both width and number
of cracks increased as max load and cycle increased. The
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Figure 5: Evolution of crack width before (left) and after (right) w-d cycles: (a) completely self-healing; (b) partly self-healing; (c) remaining
stable.

maximum crack width of specimens B-0.4P1C, B-0.4P5C,
and B-0.4P10C was below 0.2mm when the cyclic loading
was 0.4𝑃𝑢. When max load was higher the cracks became
wider and the maximum crack width exceeded 0.2mm.
During the period of w-d cycle, self-healing completely was
observed when crack width was narrower than 0.1mm and
self-healing partly was observed when crack width ranged
from 0.1 to 0.2mm. When crack width was wider than
0.2mm, the cracks remained relatively stable after w-d cycles.
When the cracks width was narrower than 0.1mm, self-
healing was observed. Due to the hydration reaction in
cracks, the production of reaction CaCO3 is insoluble in
water and subsequently filled the cracks, which can be verified
with XPS [2]. Figure 5 shows three typical situations of the
crack width before and after w-d cycles.

3.2. The Chloride Ion Transmission in Concrete

3.2.1. Chloride Transmission Model in W-D Cycle Environ-
ment. The chloride ion penetrates into concrete mainly by
diffusion and convection under w-d cycles. (1) Diffusion:
the chloride ion moves from high to low concentration in
the pore solution due to the concentration gradient. (2)
Convection: when the liquid permeates in porous medium,
the solute is transported with the liquid from high pressure
to low pressure due to the pressure gradient. The two types
of chloride ion transfer pattern exist at the same time.
When the concrete turned from drying to wetting in the
w-d cycles, the seawater transferred rapidly into the dry
concrete carrying a great deal of chloride ion. The transfer
effect of chloride ion convection is stronger than diffusion
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in the near surface region because the saturation gradient
is great near the concrete surface. In the inner concrete,
the variation of saturation with depth is small and chloride
ion transferred mainly by diffusion. In w-d cycle, the liquid
loss and intake affect a limited depth from concrete surface
[13, 20]. When the liquid permeates in concrete, the chloride
ion is transported with the liquid and hence generates the
convection flux:

𝑗𝑐,cl = 𝑞𝑤 ⋅ 𝑐, (1)

𝑞𝑤 = 𝑗𝑤𝜌𝑙 . (2)

𝑐 is chloride ion content (mol/m3). 𝑞𝑤 is liquid volumetric
flux (m/s) and can be expressed by 𝑗𝑤 ⋅𝜌𝑙 is liquid density.The
chloride ion diffusion flux can be calculated by

𝑗𝑑,cl = −𝐷cl∇𝑐. (3)

𝐷cl is diffusion coefficient of chloride ion Θ which is
saturation of concrete.

The total chloride ion flux in concrete is

𝑗𝑐 = 𝑗𝑐,cl + 𝑗𝑑,cl. (4)

The chloride ion mass conservation can be expressed as𝜕𝑐𝜕𝑡 = −∇ ⋅ 𝑗cl. (5)

From (1), (3), (4), and (5), the chloride ion transfer
equation can be expressed as𝜕𝑐𝜕𝑡 = ∇ [𝐷cl∇𝑐] − ∇ (𝑞𝑤𝑐) . (6)

In (6), the chloride ion absorption is ignored. Due to
the fact that influence region of w-d cycles on chloride ion
transfers to the near surface of concrete, the chloride ion
transfer equation can be expressed as (7) in deeper concrete
which is affected by diffusion.

𝜕𝑐𝜕𝑡 = ∇ [𝐷cl∇𝑐] . (7)

The concrete was in nonsaturation state during w-d cycle
and therefore 𝐷cl is a function of saturation Θ and diffusion
time 𝑡. Due to the fact that chloride ion only can diffuse
in pore solution, there are two reasons causing 𝐷cl decrease
when Θ decreased: (1) the area used for transmission is
reduced; (2) the transmission path for chloride ion becomes
longer because part of the pore is not connected. The
influence of Θ has been investigated by several researchers
[21–24]. The chloride ion diffusion coefficient decreased as
concrete age increased because of the continuous hydration
of the binders. In Tang and Nilsson’s research [25] and Life-
365 program [26], (8) was used which contained the effect of
time.

𝐷cl (𝑡) = 𝐷ref (𝑡ref𝑡 )𝑚 , (8)

where𝐷ref is the chloride ion diffusion coefficient at time 𝑡ref
= 28 days and 𝑚 is the diffusion decay factor. In this study,
core sampleswith diameter of 50mmwere drilled in the cover
of beam specimen.The chloride ion transferred into concrete
from two directions: (1) the top (or bottom) surface and (2)
the side surface of concrete beam. Therefore, the chloride
ion of core sample consisted of two-direction ingress. The
chloride content from side direction ingress was only from
the region whose depth was 25mm to 75mm (started from
side surface) because the drill hole was in the centre of top (or
bottom) surface of concrete beam. However, the chloride ion
content change rate is rather small when the depth of concrete
was greater than 25mm. Hence, the chloride ingress from
side direction had an ignorable influence on chloride ingress
from top (or bottom) direction in the region of core sample.
Assuming chloride ion transmission into concrete in core
sample region to be one dimensional, (7) can be expressed
as (9) when taking concrete saturation and ageing effect into
account:𝜕𝑐𝜕𝑡 = (𝑡ref𝑡 )𝑚

⋅ [𝜕𝐷cl,ref (Θ)𝜕Θ ⋅ 𝜕Θ𝜕𝑥 ⋅ 𝜕𝑐𝜕𝑥 + 𝐷cl,ref (Θ) ⋅ 𝜕2𝑐𝜕𝑥2] , (9)

where𝐷cl,ref (Θ) is the chloride ion diffusion coefficient when𝑡 = 𝑡ref . In this study, the w-d cycle was wetting dominated
and the saturation of deeper concrete remained stable with
time and depth. For this reason, 𝐷cl,ref (Θ) = 𝐷cl,ref ,non
is a constant where 𝐷cl,ref ,non is the chloride ion diffusion
coefficient when 𝑡 = 𝑡ref and saturation Θ ̸= 100%. Hence,
(9) changes to (10):

𝜕𝑐𝜕𝑡 = 𝐷cl,ref ,non ⋅ ( 𝑡ref𝑡 )𝑚 ⋅ 𝜕2𝑐𝜕𝑥2 . (10)

Equation (10) is a nonlinear partial differential equation.
To solve (10), variable substitution is used as follows where 𝑡0
is the age of concrete when chloride ion ingress begins:

𝑇 = ∫𝑡
𝑡0

𝐷cl,ref ,non ⋅ ( 𝑡ref𝑡 )𝑚 𝑑𝑡
= {{{{{{{

𝐷cl,ref ,non ⋅ 𝑡𝑚01 − 𝑚 (𝑡1−𝑚 − 𝑡1−𝑚0 ) 𝑚 ̸= 1
𝐷cl,ref ,non ⋅ 𝑡0 ln 𝑡𝑡0 𝑚 = 1,

𝑑𝑇𝑑𝑡 = 𝐷cl,ref ,non ⋅ ( 𝑡ref𝑡 )𝑚 .
(11)

According to the derivation rule of compound function,

𝜕𝑐𝜕𝑡 = 𝜕𝑐𝜕𝑇 ⋅ 𝑑𝑇𝑑𝑡 = 𝐷cl,ref ,non ⋅ ( 𝑡ref𝑡 )𝑚 ⋅ 𝜕𝑐𝜕𝑇 . (12)

Equation (13) can be obtained by comparing (10) and (12):

𝜕𝑐𝜕𝑇 = 𝜕2𝑐𝜕𝑥2 . (13)
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Figure 6: Chloride profiles of beam specimen B-0.4P5C. (a) Compression concrete. (b) Tension concrete.

Considering three boundary conditions, (1) the content of
chloride ion on concrete surface is constant,𝐶(𝑥 = 0, 𝑡) = 𝐶𝑠;
(2) the content of chloride ion in concrete is 𝐶0 at the initial

time, 𝐶(𝑥, 𝑡 = 0) = 𝐶0; (3) the content of chloride ion in
concrete is𝐶0 at infinity,𝐶(𝑥 = ∞, 𝑡) = 𝐶0, a special solution
can be obtained from (13).

𝐶 (𝑥, 𝑇) = 𝐶0 + (𝐶𝑠 − 𝐶0) [1 − erf ( 𝑥2√𝑇)]𝐶 (𝑥, 𝑡)

=
{{{{{{{{{{{{{{{{{{{

𝐶0 + (𝐶𝑠 − 𝐶0) [[[1 − erf ( 𝑥√4𝐷cl,ref ,non ⋅ 𝑡𝑚0 (𝑡1−𝑚 − 𝑡1−𝑚0 ) / |1 − 𝑚|)]]] 𝑚 ̸= 1
𝐶0 + (𝐶𝑠 − 𝐶0) [[[1 − erf ( 𝑥√4𝐷cl,ref ,non ⋅ 𝑡0 ln 𝑡/𝑡0)]]] 𝑚 = 1.

(14)

3.2.2. Test Results of Chloride Content and Analysis of Chloride
Ion Diffusivity. Figure 6 shows the chloride profiles of beam
specimen B-0.4P5C. Because the chloride profiles from all
beam specimens were similar, hence the chloride profiles of
beam specimen B-0.4P5C were taken as example to illustrate
the chloride ion distribution. As can be seen from Figure 6,
the chloride content of tension concrete was higher than that
in compression concrete and the chloride content decreased
as depth increased.

The relationship between chloride content at steel surface
(depth 31.5mm) and average crack width (𝜔avg) is shown in
Figure 7. As shown in Figure 7, the chloride content increased
approximatively linearly as average crack width increased.
This implied that the effect of chloride ion transmission
became more obvious when crack width increased.

Figure 8 shows chloride content at steel surface and
sum of chloride ion content in concrete cover with max
load and cycle. As shown in Figure 8, the chloride content

increased as max load increased. Compared with other
specimens, chloride content was most when beam specimens
experienced 20 cycles of loading. It can be concluded that the
chloride content at steel surface was affected bymax load.The
higher max load led to wider cracks and hence more chloride
ion transferred into concrete. What is more, compared with
the effect of max load, the effect of cycle on chloride content
was little. A possible explanation was that, under the same
max load, the crack width differed insignificantly when cycles
increased from 1 to 10. The influence of cyclic load on
crack width was discernible when cycles were 20. As can be
observed from Figure 8(a), for the specimens whose average
crack width was below 0.10mm (under the lower line in
Figure 8), the difference of chloride content was minor. For
the specimens whose average crack width exceeded 0.13mm
(above the higher line in Figure 8), the chloride content
increased obviously. As shown in Figure 8(b), the sum of
chloride content in tension concrete increased as the max
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Figure 8: (a) Chloride ion content with load amplitudes and cycle numbers at steel depth. (b) Accumulation chloride ion content in tensile
concrete cover.

load amplitude and cycle increased. The sum of chloride
content intension concrete mainly depended on the crack
width which was controlled by max load.

In this study, the values of different parameters are 𝑡0 =80 days, 𝑡0 = 140 days, and 𝑚 = 0.28 following the
research of Park et al. [10] and the Chinese standard for
durability assessment of concrete structures [27], 𝐶0 =0.0008mol/L. There are two unknown parameters 𝐶𝑠 and𝐷cl,ref ,non remaining in (14). The unknown parameters can be
estimated by using nonlinear least-squares fitting method in
MATLAB. Equation (14) is used to fit the results of chloride
content in concrete. The data of chloride content in deeper
concrete was used in fitting. The residual sum of squares of
fitting function is below 1 × 10−4. A part of fitting curves are
shown in Figure 9 as an example.

In order to evaluate the average chloride ion diffusion
effect during chloride ingress, the average chloride ion dif-
fusion coefficient𝐷avg is calculated as follows:

𝐷avg = ∫𝑡
𝑡0
𝐷cl,ref ,non (𝑡ref/𝑡)𝑚 𝑑𝑡𝑡 − 𝑡0 . (15)

Figure 10 shows the value of𝐷avg in different core sample
position. Specimens B-0.4P20C and B-0.5P5C were taken as
example. The missing value of position M in compression
side was due to the concrete crush. The difference of 𝐷avg
between tension concrete and compression concrete was not
significant in the uncracked position such as sample a, d in
Figure 10. 𝐷avg in sampling position which contained cracks
or near crackswas higher than the other positions. It indicates
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Figure 9: Curve fitting of chloride ion concentration.
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Figure 10: Average chloride diffusion coefficient in different core sample position.

that the value of 𝐷avg was significantly affected by crack
distribution.𝐷avg values of core samples with cracks are exhibited
in Figure 11. The mean of 𝐷avg in uncracked concrete was
calculated from the uncracked core samples and showed
in Figure 11 as a long dash line. As can be observed, 𝐷avg
increased as crack width increased when the crack width was
less than 0.11mm whereas the increasing tendency was weak
when the crack width exceeded 0.11mm.Moreover, when the
crack width increased from 0.11mm to 0.23mm,𝐷avg ranged
from 1.1 to 1.6 × 10−11m2/s which were 1.9 to 2.4 times𝐷avg of
uncracked concrete.This was similar to the study of Djerbi et
al. [28]. It was concluded that the influence of crack width on

𝐷avg may not be linear and cracks can enhance the effect of
chloride penetration.

3.3. Results of Loading Test. For all of the beam specimens,
the failuremode was bending failure, where tensile reinforce-
ment bars yielded and then concrete in the compression zone
crushed. Table 3 gives the testing results of 4-pointmonotonic
loading of beam specimens which were damaged by cyclic
loading and suffered 240 w-d cycles of seawater. As shown
in Table 3, for the same cycles, the residual yielding load and
ultimate load decreased as max load increased. And for the
same max load, the residual yielding load and ultimate load
decreased as cycles increased.These results indicated that the
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Table 3: Testing results of beam specimens under monotonic loading.

Specimen Yield load Ultimate load Ultimate deflection Ductility𝑃𝑦/kN 𝛿𝑦/mm 𝑃𝑢/kN 𝛿𝑢/mm 𝛿𝑓/mm 𝛿𝑓/𝛿𝑦
B-0P0C 41.09 2.06 50.50 17.37 37.82 18.4
B-0.4P1C 36.81 2.75 46.51 31.23 36.25 13.2
B-0.4P5C 36.20 3.21 41.28 15.51 16.34 5.09
B-0.4P10C 36.12 3.01 42.96 16.84 28.89 9.60
B-0.4P20C 30.08 3.44 39.66 18.79 19.81 5.76
B-0.5P1C 33.03 2.56 41.99 20.56 26.89 10.5
B-0.5P5C 31.29 3.66 34.98 20.31 22.16 6.05
B-0.5P10C 32.11 2.93 36.56 10.41 18.01 6.15
B-0.5P20C 29.29 4.38 35.76 15.03 18.55 4.24
B-0.6P1C 27.32 2.27 38.79 17.54 17.81 7.8
B-0.6P5C 28.50 3.40 36.69 16.50 28.16 8.28
B-0.6P10C 28.42 3.01 35.46 17.59 24.95 8.29
B-0.6P20C 23.09 3.41 34.05 18.25 22.62 6.63
Note. 𝑃𝑦 is yield load, 𝛿𝑦 is the span center deflection corresponding to yield load, 𝑃𝑢 is the ultimate load and corresponding deflection 𝛿𝑢 at the midspan, 𝛿𝑓
is the ultimate deflection which corresponds to the load when decreasing to 85% of ultimate load, and 𝛿𝑓/𝛿𝑦 is displacement ductility factor.

load amplitude, cycle number, and w-d cycles of seawater
influenced obviously the residual mechanical performance of
RC beams.

The load-deflection curves of beam specimens were
shown in Figure 12. As listed in Table 3 and shown in
Figure 12, after damage by cyclic loading and 240w-d cycles of
seawater, the residual yield load and ultimate load decreased
rapidly as max load increased. Compared with undamaged
RC beam specimens, the ductility of RC beams damaged by
cyclic loading reduced significantly. It was concluded that the
combined action of cyclic load and seawater w-d cyclic had a
great impact onmechanical performance of beam specimens.

3.4. Degradation ofMechanical Performance. Comparedwith
the beam specimen B-0P0C, which was in the same environ-
ment but undamaged by cyclic loading, the reduction of yield
load, ultimate load and ductility of other beams are shown
in Table 4. Figure 13 exhibits the yield load and ultimate of

beam specimen subjected to different max load. As shown in
Table 4 and Figure 13, after being damaged by cyclic load and
experienced 240w-d cycles of seawater, the residual yield load
and ultimate load of beam specimens reduced as max load
and cycles increased.

Difference of yield load and ultimate reduction between
1 cycle, 5 cycles, and 10 cycles was insignificant. Compared
with beam specimen after 1 cycle of loading, the reduction of
yield load and ultimate load was analysed. After 20 cycles of
loading whose max load was 0.4𝑃𝑢, the yield load decreased
by 18.3% and the ultimate load decreased by 14.7%. After
20 cycles of loading whose max load was 0.6𝑃𝑢, the yield
load decreased by 15.5% and the ultimate load decreased
by 12.2%. It implied that, under the same max load, cycle
times have greater impact on the yield load than on the
ultimate load. When cycles were 20, the yield load and
ultimate load decreased obviously under the same max load.
This shows that the cycle had a great influence on the
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Figure 12: Load-deflection curves of RC beams: (a) 1 cycle; (b) 5 cycles; (c) 10 cycles; (d) 20 cycles.
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Figure 13: Yield load and ultimate load with load amplitudes and cycle numbers: (a) yield load; (b) ultimate load.



Advances in Materials Science and Engineering 11

(a) (b)

(c) (d)

Figure 14: Corrosion of steel reinforcement in concrete ((a), (b), (c)) crack region and (d) uncracked region.

Table 4: Reduction of yield load, ultimate load, and ductility of
specimens.

Specimen ReductionΔ𝑃𝑦/% Δ𝑃𝑢/% Δ𝜇a/%
B-0.4P1C 10.4 7.9 28.3
B-0.4P5C 11.9 18.3 72.3
B-0.4P10C 12.1 14.9 47.8
B-0.4P20C 26.8 21.5 68.7
B-0.5P1C 19.6 16.9 42.9
B-0.5P5C 23.9 30.7 67.1
B-0.5P10C 21.9 27.6 66.6
B-0.5P20C 28.7 29.2 77.0
B-0.6P1C 33.5 23.2 57.6
B-0.6P5C 30.6 27.3 55.0
B-0.6P10C 30.8 29.8 54.9
B-0.6P20C 43.8 32.6 64.0
Note. aDisplacement ductility factor.

degradation of mechanism performance of RC beams. From
Table 7, the maximum crack width of specimen B-0.4P1 was
less than 0.2mm; however the reduction of yield load and
ultimate load exceeded 5% and the reduction of ductility
ratio exceeded 20%. Under combined action of cyclic loading
and w-d cycles of seawater, the reduction of yield load and
ultimate load of beam specimen after 5, 10, and 20 cycles of
loading were more than 12%, even though the max load was
0.4𝑃𝑢.

After beam specimens were damaged by cyclic load and
experienced 240 w-d cycles of seawater, the corrosion of steel
reinforcement in cracked region was found due to chloride
ingress, as shown in Figures 14(a), 14(b), and 14(c). However,

visually corrosion of steel bars was not found in uncracked
region by drilling several holes as Figure 14(d). As shown
in Figures 14(a), 14(b), and 14(c), the most serious corrosion
occurred in crack position and corrosion was observed to
be gradually weakened along steel bar from crack position
to uncracked concrete. This could be responsible for the
degradation of mechanical performance of beam specimens.

A univariate analysis of variance was conducted with
SPSS statistical software. The dependent variable was reduc-
tion of yield load and ultimate load and factors were cycle and
max load. The results are shown in Table 5. From Table 5(a),
the significance levels of cycle and max load are below 0.05,
whichmeans that cycle andmax load had a significant impact
on reduction of yield load and ultimate load. Besides, max
load had a more pronounced effect on reduction of yield
load and ultimate load than cycle. The crack width increased
obviously asmax load increased. However, it increased gently
as the cycle increased under the same max load. It implied
thatmax load played amain role in the reduction of yield load
and ultimate load. Tables 5(b) and 5(c) show the results of
multiple comparisons. As shown in Table 5(b), the cycle can
be divided into two subsets. One subset includes 1, 5, and 10
and the other includes 20, whichmeans that the effect of cycle
number on yield load reduction increased when cycle was
20.The differences were not statistically significance between
different max loads by making multiple comparisons. When
the dependent variable changed to reduction of ultimate
load, the groups whose cycle was 1 and max load was 0.4𝑃𝑢
had a significant difference compared with other groups
but the other intergroup differences were not statistically
significance.

Table 6 shows the comparison of bending rigidity of beam
specimens between before and after w-d cycles. As shown
in Table 6, the bending rigidity of specimens decreased and
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Table 5

(a) Tests of between-subjects effects

Dependent variable Source Type III sum of squares Df Mean square 𝐹 Sig.

Reduction of yield load

Corrected model 1053.732a 5 210.746 30.072 0.000
Intercept 7203.000 1 7203.000 1027.817 0.000
Cycles 297.247 3 99.082 14.138 0.004

Max load 756.485 2 378.242 53.973 0.000
Error 42.048 6 7.008
Total 8298.780 12

Corrected total 1095.780 11

Reduction of ultimate load

Corrected model 597.754b 5 119.551 22.438 0.001
Intercept 6528.667 1 6528.667 1225.338 0.000
Cycles 235.289 3 78.430 14.720 0.004

Max load 362.465 2 181.233 34.015 0.001
Error 31.968 6 5.328
Total 7158.390 12

Corrected total 629.723 11
Note. a𝑅 squared = 0.962 (adjusted 𝑅 squared = 0.930). b𝑅 squared = 0.949 (adjusted 𝑅 squared = 0.907).

(b) Post hoc test (dependent variable: reduction of yield load)

Cycles 𝑁 Subset Max load 𝑁 Subset
1 2 1 2 3

1 3 21.1667 0.4𝑃𝑢 4 15.3000
10 3 21.6000 0.5𝑃𝑢 4 23.5250
5 3 22.1333 0.6𝑃𝑢 4 34.6750
20 3 33.1000
Sig. 0.680 1.000 Sig. 1.000 1.000 1.000
Note. The error term is mean square (error) = 7.008. Alpha = 0.05.

(c) Post hoc test (dependent variable: reduction of ultimate load)

Cycles 𝑁 Subset Max load 𝑁 Subset
1 2 1 2

1 3 16.0000 0.4𝑃𝑢 4 15.6500
10 3 24.1000 0.5𝑃𝑢 4 26.1000
5 3 25.4333 0.6𝑃𝑢 4 28.2250
20 3 27.7667
Sig. 1.000 0.109 Sig. 1.000 0.241
Note. The error term is mean square (error) = 5.328. Alpha = 0.05.

Table 6: Comparison of bending rigidity of specimens between
before and after w-d cycles.

Specimen Before w-d cycles After w-d cycles Reduction
B/kN⋅m2 B/kN⋅m2 ΔB/%

B-0P0C — 41.03 —
B-0.4P1C 33.82 32.14 4.9
B-0.4P5C 23.85 22.59 5.3
B-0.4P10C 30.33 24.62 18.8
B-0.4P20C 20.76 16.4 21.0
B-0.5P1C 27.43 25.18 8.2
B-0.5P5C 28.79 26.60 7.6
B-0.5P10C 28.27 22.95 18.8
B-0.5P20C 26.87 20.64 23.2
B-0.6P1C 28.88 24.36 15.7
B-0.6P5C 23.87 20.72 13.2
B-0.6P10C 29.46 20.47 30.5
B-0.6P20C 25.33 17.91 29.3

the degree of reduction increased as max load increased. The
bending rigidity of beam specimens after 20 cycles of loading
deceased obviously compared with beam specimens after 1
cycle.

4. Conclusions

An experimental study was conducted to investigate the
impact of cyclic loading on the mechanical performance and
chloride diffusivity of RC beams exposed to seawater wet-
dry cycles. Based on the results of monotonic loading and
analysis of chloride diffusivity, the following conclusions can
be drawn:

(1) The chloride content increased as the max load
increased. At same max load, the chloride content
at steel surface did not change regularly when cycles
were 1, 5, and 10. However, when cycles were 20,
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Table 7: Statistics of crack width variation before and after w-d cycles.

Code Crack width Measure points1 Crack evolution2

A3 B4 C5

B-0.4P1C
<0.1 15 9 4 2

0.1–0.2 15 2 3 10≥0.2 0 0 0 0

B-0.4P5C
<0.1 12 8 2 2

0.1–0.2 18 3 2 13≥0.2 0 0 0 0

B-0.4P10C
<0.1 13 10 2 1

0.1–0.2 19 2 5 12≥0.2 0 0 0 0

B-0.4P20C
<0.1 18 12 3 3

0.1–0.2 19 6 1 12≥0.2 2 0 0 2

B-0.5P1C
<0.1 15 12 2 1

0.1–0.2 17 1 4 12≥0.2 4 0 0 4

B-0.5P5C
<0.1 11 6 2 3

0.1–0.2 18 2 6 10≥0.2 4 0 0 4

B-0.5P10C
<0.1 15 10 3 2

0.1–0.2 20 2 3 15≥0.2 4 0 0 4

B-0.5P20C
<0.1 14 6 4 4

0.1–0.2 18 0 2 16≥0.2 7 0 0 7

B-0.6P1C
<0.1 26 15 6 5

0.1–0.2 20 2 3 15≥0.2 8 0 0 8

B-0.6P5C
<0.1 19 8 6 5

0.1–0.2 16 1 2 13≥0.2 8 0 0 8

B-0.6P10C
<0.1 25 16 6 3

0.1–0.2 24 2 5 17≥0.2 10 0 0 10

B-0.6P20C
<0.1 17 12 2 3

0.1–0.2 23 1 3 19≥0.2 15 0 0 15
Note. (1) Before w-d cycles; (2) after w-d cycles; (3) completely self-healing; (4) partly self-healing; (5) stable crack.

chloride content at steel surface was most. The max
load had more influence on chloride content at steel
surface than cycles.

(2) Chloride content at steel surface increased approx-
imatively linearly as average crack width increased.
The value of 𝐷avg was significantly affected by
crack distribution because 𝐷avg in the positions
with cracks or near cracks was higher than the
uncracked positions. 𝐷avg increased as crack width
increased obviously when crack width was less than
0.11mmwhereas𝐷avg increased slowly as crack width

increased when crack width exceeded 0.11mm. The
difference of𝐷avg between tension concrete and com-
pression concrete was little in uncracked position.

(3) After cyclic loading and 240 wet-dry cycles of seawa-
ter, the residual yield load and ultimate load of RC
beam specimens decreased as themax load amplitude
and cycles increased. Compared with undamaged
beam specimen, after 20 cycles of loading whose max
load was 0.4𝑃𝑢, the yield load reduction increased
from 10.4% to 26.8% and the ultimate load reduction
increased from 7.9% to 21.5%. After 20 cycles of



14 Advances in Materials Science and Engineering

loading whose max load was 0.6𝑃𝑢, the yield load
reduction increased from 33.5% to 43.8% and the
ultimate load reduction increased from 23.2% to
32.6%.

(4) Based on univariate analysis of variance, themax load
had more adverse effect on yield load and ultimate
load than cycles. The 20 cycles of loading had more
adverse effect on yield load than 1, 5, and 10 cycles of
loading.
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The present study concerns the influence of cementitious binder on electrochemical treatment of steel embedded in salt
contaminated mortar. As binder, ordinary Portland cement (OPC) and ground granulated blast furnace slag (GGBS) were used
and the current density of 250–750mA/m2 was applied for 4 weeks to complete electrochemical chloride extraction. To evaluate
the effect of electrochemical treatment the chloride profile and corrosion behaviour covering chloride concentration, galvanic
current density, linear polarization resistance, open circuit potential, and mass loss were measured. An increase in the applied
direct current density resulted in a decrease in the chloride concentration at the vicinity of steel, accompanying the mitigated
corrosion damage. The performance of electrochemical treatment was more remarkable in mortar containing GGBS presumably
due to binding mechanism. However, corrosion damage was more detrimental in GGBS rather than OPC at a given potential,
while GGBS had superior corrosion resistance to a corrosive environment and treatment conditions.Therefore, the electrochemical
treatment should be conducted prudently to evaluate the corrosion state of embedded steel depending on binder type.

1. Introduction

Chloride ions in steel reinforced concrete structure have
been considered as the most aggressive factor of degradation
process associated with steel corrosion, thereby leading to
reduction in structural serviceability. To improve the corro-
sion resistance in terms of high resistivity to deteriorating
mass ingress, ordinary Portland cement (OPC) blending with
supplementary cement such as granulated blast furnace slag
(GGBS) and pulverized fuel ash (PFA) was widely used [1,
2]. As compared with OPC concrete, this blending cement
concrete generally has lower diffusion coefficient, resulting
from lower connectivity with small capillary pores [3, 4] and
higher binding capacity [5, 6]. As to the chemical resistance
of thesematerials to the steel interface on which the corrosive
agents accumulate, the lower buffering capacity to prevent
pH reduction at steel surface has been reported [7]. To
enhance the direct corrosion resistance of the concrete made
with the pozzolanic materials after long term degradation
proceeds, few researches according to the electrochemical
chloride extraction treatment for concrete made with sup-
plementary cements have been performed [8]. The impact of

electrochemical treatment on ensuring better performance of
concrete structure submitted to corrosive environment has
been first issued in the 1970s [9] and later used to investigate
its influence on interface of steel-cement matrix properties
in terms of bond strength [10] and formulation of hydration
products [11]. However, it is still ambiguous as to whether
the addition of pozzolanic materials in concrete is benefi-
cial when electrochemical chloride extraction treatment is
applied to the materials contaminated with chloride ions.

In the present study, the influence of binder types, con-
sisting of sole OPC and blending cement with GGBS, on the
removal of initially contained chlorides from the inside of
steel reinforced mortars and the resultant corrosion rehabil-
itation was evaluated by measuring polarization resistance
and corrosion potential under variation of cathodic current
densities between 250 and 750mA/m2. Simultaneously, the
amount of corrosion products was determined by measuring
mass loss of corroded steel in order to find the relation-
ships between cathode current density and rate of corrosion
process. From these works, it was possible to determine the
corrosion resistance of GGBS based cementitious material
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Figure 1: Schematic for steel (a), electrochemical chloride extraction of concrete (b), and electrochemical measurement of corrosion
behaviour (c).

Table 1: Oxide composition of binders.

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O Mn2O3 Ti2O3 SO3
OPC 64.7 20.70 4.60 3.00 1.00 0.13 0.65 — — 3.00
GGBS 41.20 34.20 11.70 1.43 8.81 0.29 0.31 0.30 0.58 —

Table 2: Mortar mix proportion for the experimental works.

Unit weight (kg/m3) Air content (%)
Cement GGBS Water Sand

OPC 557 — 251 1394 3.1–4.5
GGBS 221 332 249 1383

under variation of cathodic current densities and to assess its
efficiency of enhancing the durability by cathodic protection.

2. Experimental Work

2.1. SpecimenPreparation. Thebinder types used in this study
are OPC and GGBS where the oxide composition is given in
Table 1. The mix proportion of the mortar specimens used in
this study was shown in Table 2 in which NaCl solution was
used as mixing water to maintain the initial chloride content,
3.0% of chlorides by weight of binder.Mortar specimens were
cast with a centrally located steel bar, masked on the ends
by cement rich paste to prevent corrosion under masking
materials, in a 70mm × 70mm × 150mm cube mould as
seen in Figure 1.Themortar specimens were demoulded after
24 h and then wrapped in a polythene film to avoid leaching
out of chemical components or intrusion of aggressive ions
into specimens. After 56 days of curing in a chamber at
20 ± 2∘C was completed, the steel protruded from specimen
was connected with wire to compose the electric circuit. The
specimens were surrounded with titanium mesh, which was

then connected with wire used as an anode. To evaluate
the corrosion behaviour and the effect on chloride removal,
mortar specimens were fabricated in two groups having four
replications for each test. Although both of the groups were
dealt equally to the end of electrochemical treatment, onewas
set up for monitoring galvanic currents after the testing of
polarization and crushed to assess a mass loss of steel in a
mortar. The initial mass of steel rebar, embedded in mortar
specimen belonging to this group, should be measured in
advance to calculate the mass difference of steel before/after
corrosion. Another was ground to acquire the content of
chloride at the vicinity of steel at electrochemical treatment.

Subsequently, a DC current was applied to the embedded
steel and the titanium mesh for electrochemical treatment.
The specimens were introduced into the electrolyte to help
the passage of electrons and the current density applied
varied between 250, 500, and 750mA/m2 related to surface
area of unprotected steel for 28 days. Immediately after
electrochemical treatment, the testing of polarization and
measurement of open circuit potential were conducted to
all the specimens including specimens for the untreated
condition.

2.2. CorrosionBehaviour. Thepolarization resistance and cor-
rosion potential were measured by using potentiostat per-
forming the testing of polarization technique and open circuit
potential after electrochemical treatment as seen in Figure 1.
The protrusion of steel, targeted at investigating corrosion
properties, was connected to the potentiostat as a working
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Table 3: Average of chloride contents at steel depth after electrochemical treatment depending on the applied current densities and binder
type.

Binder type Chloride content at steel depth (%, binder)
Untreated 250mA/m2 500mA/m2 750mA/m2

OPC 2.92 2.16 2.08 1.93
60% GGBS 3.06 1.94 1.84 1.62

electrode. Meanwhile, the titanium mesh was used for the
auxiliary electrode and the standard calomel electrode was
placed close to the specimen as the reference electrode. The
potential was swept at ±25mV from the corrosion potential
at a low scan rate of 0.1mV/s. The polarization resistance was
derived from the change of current in a linear range when the
potential was swept.Hence, the polarization resistance, which
is related to corrosion rate of steel, can be calculated by

𝑅𝑝 = (Δ𝐸Δ𝑖 )Δ𝐸→0 , (1)

where Δ𝐸 is the overpotential meaning a difference between
the applied potential and corrosion potential, Δ𝑖 is the
current when overpotential is applied to steel, and 𝑅𝑝 is the
polarization resistance.

The current flowing between embedded steel and tita-
nium mesh was monitored every 12 h by measuring the
potential drop across a resistor of 10 kΩ. The galvanic current
density was calculated by Ohm’s law. Corrosion initiation
can be defined as the time at which a sharp increase of
current density appears between the steel and the cathode. To
measure the mass loss resulting from corrosion of steel rebar,
the specimens were split at the end of galvanic cell test after
the corrosion initiation of the last specimen occurred. The
mass of steel rebar, of which rust was removed by brushing in
the Clark solution within 30min, cleaning in distilled water,
and drying, was measured. Then, the mass loss could be
calculated by subtracting the weight of steel after removing
corrosion from the original weight. Four uncorroded steel
rebars were also dealt with the same procedure to compensate
the additional mass loss due to application of strong acid
solution to the steel surface.

2.3. Chloride Removal at the Vicinity of Steel. Chloride con-
centration distribution in the mortar samples after cathodic
current application were measured to assess the effects of
electrochemical treatment on the removal of chloride. The
titaniummesh enclosing the specimen was removed to grind
the specimen by a diamond-grit plate of 50.0mm in the
diameter and obtain the dust sample at the point of 28.5mm
from the surface sequentially. The chloride content at the
vicinity of steel was determined by acid soluble extraction
using a nitric acid solution, followed by potentiometric
titration against silver nitrite.

3. Results and Discussion

3.1. Relationship between Chloride Content and Corrosion Ini-
tiation. The chloride concentrations in a vicinity of the steel

after electrochemical treatment depending on the applied
current density and mortar mix are given in Table 3. The
chloride contents were measured at 27.0–30.0mm due to the
limited investigation at 30.0mm of cover depth. Although
there was a negligible variation between specimens untreated
perhaps due to a distribution of aggregate, it is apparent that
electrochemical treatment was very effective in removing of
chloride ions from steel surface by driving repulsive forces
between anions and steel, as the cathode, irrespective of
binder type. A reduction of chloride ions was remarkable
at only the lowest current density (i.e., 250mA/m2), while
a slight reduction of chloride ions was observed in the case
of higher current densities at identical increment of current
density. On the other hand, reduced chloride concentrations
were always higher in GGBS compared with OPC at all the
current densities.

The galvanic current monitoring was conducted for up
to 100 days and terminated where corrosion initiation was
observed [12]. Generally, the passive film can be interpreted
as being broken when the current density increases sharply
through 1-2mA/m2. Hence in the present work, the corrosion
initiation was defined as a time when the galvanic current
density exceeds 2mA/m2 completely, taking into account the
possibility of repassivation.The period required for corrosion
initiation inOPCwas 12, 34, 42, and 66 days when the applied
current density was 0, 250, 500, and 750mA/m2, respectively,
as seen in Figure 2. In the case of mortar containing GGBS,
the corresponding times were 9, 40, 60, and 84 days with
increasing applied current densities. For the control case, it
seemed that GGBS did not have an influence on the durability
of mortar because the content of chloride ions near the steel
rebar was already over the chloride threshold level, ranging
from 0.3% to 2.0% by weight of binder by blending NaCl
of 3% with mixing. The corrosion initiation for GGBS was
always later than OPC except for the untreated condition.
Meanwhile, the higher the applied current density, the later
the corrosion initiation regardless of binder type. Moreover,
it was also notable that the galvanic current densities for
GGBS showed sharp increments after corrosion initiation,
compared with the stepwise trend of OPCs.

3.2. Corrosion Behaviour Depending on Binder Type and Cur-
rent Density. Thepolarization resistance and open circuit po-
tential measurement subjected to the applied current density
in electrochemical treatment of 4 weeks were measured as
seen in Figure 3. The polarization resistance for OPC varied
about 1.82, 4.67, 23.58, and 40.46Ω⋅cm at 0, 250, 500, and
750mA/m2 of current density, respectively. When it comes
to GGBS, the polarization resistance ranged about 3.35,
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Figure 2: Galvanic current densities of steel in concrete after electrochemical treatment of 0, 250, 500, and 750mA/m2 for 4 weeks depending
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Figure 3: Polarization resistance (a) and corrosion potential (b) in different concrete mix after electrochemical treatment at 250, 500, and
750mA/m2 for 4 weeks.

6.32, 47.08, and 102.51 Ω⋅cm depending on applied current
density. The polarization resistance, which is in inverse
proportion to corrosion rate regarding Ohm’s law, can be
interpreted in the state of steel rebar quantitatively in relation
to how fast corrosion takes place on the steel surface. It can

be known, therefore, that the corrosion rate was strongly
dependent on the degree of electrochemical treatment; an
increase in the applied current density always resulted in
reduced corrosion rate. Simultaneously, for OPC, the cor-
rosion potential untreated, which accounted for −655mV
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Table 4: Average of mass loss of steel arising from corrosion after galvanic cell monitoring depending on the applied current density and
binder type.

Binder type Mass loss (%)
Processing loss Untreated 250mA/m2 500mA/m2 750mA/m2

OPC 0.23 0.89 0.55 0.33 0.30
60% GGBS 0.79 0.48 0.27 0.27
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Figure 4: The reduction of chloride contents (a) and increment of corrosion potential (b) according to the applied current densities.

versus SCE, increased to −520, −485, and −475 at equivalent
current densities in the electrochemical treatment, while
the corrosion potential for GGBS was enhanced from −610
to −412, −377, and −310mV versus SCE. The open circuit
potential, called corrosion potential, in the present study is
the voltage difference between the steel embedded in mortar
and the reference electrode, which indicates the possibility
of corrosion on the surface of steel; the higher the corrosion
potential, the lower the probability of corrosion. In the same
sense, it is evident that the higher polarization resistance and
corrosion potential, when the current density was applied,
signified the mitigation of steel corrosion; furthermore, the
reduction of corrosion risk was more remarkable at GGBS
mix than OPC.

The rust of steel rebars, obtained from the specimens
by crushing at the end of galvanic current monitoring, was
removed by cleaning and brushing in the acid solution. The
average values of mass difference of steel rebar before/after
corrosion are given in Table 4 including the processing loss,
expressed by the percentage of mass loss to the original mass
of steel rebar. It was shown that an increase in the applied
current density resulted in a decrease in the mass loss of
steel; in other words, the mass loss strongly depends on
the applied current density. GGBS also lowered the mass
loss from chloride-induced corrosion slightly than OPC. It

was evident, however, that the corrosion for all of the steel
embedded in mortar specimens occurred according to all of
the mass loss exceeding the processing loss, meaning that
those are visible in spite of the significant influences of applied
current density and GGBS in repassivation.

3.3. Effect of Chloride Removal on Corrosion Behaviour. The
reduction of chloride contents at the vicinity of steel of
nontreated specimen and the increase of corrosion potential
depending on the applied current densities are given in
Figure 4. The reduction ratio of chlorides for OPC was
26.0, 28.8, and 33.0 at the current density of 250, 500, and
750mA/m2, respectively; meanwhile, it was 36.6, 39.8, and
47.0 at the identical current density for GGBS. The efficiency
of electrochemical treatment for GGBS was anticipated to
be worse than OPC due to the higher binding capacity,
whereas the results showed the reversed tendency. The
difference between expectation and practice was attributed
to binding mechanism presumably, divided into physical
and chemical process. Physical binding resulted from the
adsorption of chloride ions on the surface of the C-S-H
hydrates in the cement matrix by electrostatic or Van der
Waals forces between charged particles. In a case of chemical
binding, the formation of Friedel’s salt, having immobility,
is accomplished through ion exchange mechanism meaning
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Figure 5: Corrosion rate calculated by mass loss of specimens with
high corrosion potential.

absorption or the reactions of C3A and C4AF among clinkers
with chlorides during hydration [6, 13]. The bound chlorides
physically can be dissolved to chloride ions under electro-
chemical treatment; on the contrary the chemical bound
chlorides are still immobile and not removed as crystalline
salt form. It is regarded, therefore, that the reduction of chlo-
ride contents in mortar for GGBS mix was more remarkable
due to the physical bound chloride accounting for the high
proportion of total bound chloride, even though the chloride
binding capacity for GGBS is superior to OPC. However, a
ratio of physical and chemical binding for each binder was
not mentioned in the present study.The relationship between
the chloride contents and the corrosion potential can be
deduced from the similar trend of results varying with the
magnitude of the current, where the probability of corrosion
is strongly dependent on the concentration of chloride ions.
It seemed that the corrosion potential rose with the decrease
of corrosion probability because the steel rebar was stabilized
depending on the amount of chloride ions existing, which are
aggressive ions for corrosion, at the vicinity of steel.

3.4. Relationship between Corrosion Potential and Corrosion
Rate. It is given that the prevailing corrosion potential trend
of the corrosion rate is based on real corrosion in Figure 5.
The corrosion rate was calculated from mass loss measured
after galvanic current monitoring though Faraday’s law. It
was notable that the lower corrosion potential steel has the
higher corrosion rate which occurred for each binder type.
The similar galvanic current density of 4.5–6mA/m2 between
all cases implies that the steel corrosion already initiated,
as indicated in Figure 2, attributed more corrosion which
resulted during an identical period at the lower corrosion
potential to the earlier onset of corrosion. When it comes
to the critical corrosion potential having to be the onset of

corrosion, which is defined as −278mV versus SCE [14], the
corrosion potentialmeasured after electrochemical treatment
for all specimens was still lower than threshold values
indicating the onset of corrosion. Inevitably, the corrosion
occurred within the corrosion monitoring of 100 days at all
specimens according to the corrosion probability over 90%.
Consequently, the applied current density, which is varied
between 250 and 750mA/m2 to perform the electrochemical
chloride extraction, could not fully achieve protection of
the steel in chloride contaminated mortars from corrosion.
Furthermore, it is pointed out that the corrosion rate of GGBS
mix was higher than OPC mix having the same corrosion
potential, although the GGBS was evaluated to mitigate
corrosion farmore under electric field due to binding capacity
and binding mechanism. Hence, it is crucial that GGBS is
exposed to further corrosion risk at the similar corrosion
potential compared with OPC, even though GGBS shows
better durability than OPC under the same environment or
the identical treatment condition.

4. Conclusion

The influence of electrochemical treatment on mortar con-
taminated by 3% chlorides related to the binder in the form of
NaCl was identified experimentally by evaluating corrosion
behaviour and the content of chlorides at the vicinity of steel
rebar embedded. All of the specimens, which were divided
into two groups for each purpose, were treated identically
till the end of electrochemical treatment. OPC and 60%
GGBS were used to investigate the benefit of mix design
and the current density was applied to the mortar ranging
250–750mA/m2 in relation to the surface of unprotected steel
for 4 weeks tomimic the electrochemical chloride extraction.
The conclusion derived experimentally from this present
study is given as below:

(1) Chloride profiles and the galvanic currentmonitoring
of 100 days after measuring the corrosion perfor-
mance were conducted simultaneously to identify the
benefit of electrochemical treatment for corrosion
initiation. It is notable that electrochemical chloride
extraction affected more removal of chlorides at the
vicinity of steel with an increase of applied current
density. Furthermore, in galvanic current cell moni-
toring, the corrosion was initiated at 12, 34, 42, and
66 days forOPCwhen the applied current density was
0, 250, 500, and 750mA/m2, respectively; meanwhile,
the initiation of corrosion for GGBS was 9, 40, 60,
and 84 days at identical applied current density;
an increase in the concentration chloride extracted
from treatment resulted in an increase in a period
of passivation of steel. For untreated condition, it
seemed that GGBS did not have an effect on the onset
of corrosion because the content of chlorides at the
depth of steel in the mortar was already over the
chloride threshold level.

(2) The corrosion behaviour, including polarization resis-
tance, open circuit potential, and mass loss, was
evaluated at the end of electrochemical treatment.The
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polarization resistance and the corrosion potential of
rebar in a salt contaminated mortar were enhanced
when current density was applied; in other words,
electrochemical treatment reduced the corrosion rate
and probability of corrosion. When it comes to mass
loss, it was also shown that an increase in the applied
current density resulted in a decrease in the mass
loss of steel and GGBS lowered the mass loss from
chloride-induced corrosion than OPC.

(3) The influence of electrochemical chloride extraction
was dependent on binder type in mix due to mecha-
nism of chloride binding.The reduction ratio of chlo-
rides for OPC and GGBS was 33% and 47%, respec-
tively, at the highest current density of 750mA/m2.
This result was attributed presumably to a lower
chemical immobilization of chlorides in GGBS mix,
of which physical binding mechanism accounts for
the high proportion of total bounded chlorides. The
reduction of chloride contents in mortar for GGBS
mix wasmore remarkable becausemore chloride ions
adsorbed on the surface of hydrates in GGBS were
decomposed into free ions havingmobility thanOPC.
Consequently, the increase of corrosion potential for
GGBS was more significant than OPC according to
the steel rebar becoming stabilized depending on the
amount of chloride ions existing at the depth of steel.

(4) When the corrosion rate calculated by the erosion
of steel and the corrosion potential measured at the
end of the electrochemical treatment were compared,
all of the steel could not be repassivated completely,
although the benefit of electrochemical treatment was
more remarkable in GGBS than OPC. It seems that
corrosion damage is more fatal in GGBS than OPC
at the same corrosion potential, while GGBS has
superior corrosion performance compared to OPC
under the same environment and treatment condi-
tions. Therefore, it should be conducted prudently to
evaluate corrosion state depending on binder type.
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Different studies investigate the use of waste glass in Portland cement compounds, either as aggregates or as supplementary
cementitious materials. Nevertheless, it seems that there is no consensus about the influence of particle color and size on the
behavior of the compounds. This study addresses the influence of cement replacement by 10 and 20% of the colorless and amber
soda-lime glass particles sized around 9.5𝜇m on the performance of Portland cement mortars. Results revealed that the partial
replacement of cement could contribute to the production of durable mortars in relation to the inhibition of the alkali-aggregate
reaction.This effect wasmoremarked with 20% replacement using amber glass. Samples containing glass microparticles weremore
resistant to corrosion, in particular those made of colorless glass. The use of colorless and amber glass microparticles promoted a
reduction in wear resistance.

1. Introduction

Portland cement production is associated with high-energy
consumption, greenhouse gas emissions, and the consump-
tion of natural resources [1, 2]. The use of wastes as supple-
mentary cementitious materials is an alternative to mitigate
such negative impacts. Depending on particle size, silica
content, and the degree of crystallinity, these wastes can be
used as cements, pozzolanic admixture, or filler [3–5]. The
most common wastes used in blended cements are blast-
furnace slag, fly ash, silica fume, rice husk ash, and sugarcane
bagasse ash [6–10]. Published results report that the use of
glass particles for the partial replacement of aggregates or
cement can result in beneficial or deleterious effects on the
performance of cementitious compounds materials [11–17].

Waste glass is a noncrystalline ceramic material with high
silica content and is inert and nonbiodegradable. These
wastes in the form of cullets present high recovery and
recycling rates [2]. However, in Brazil, waste glass in the form
of powders constitutes an environmental liability because its
recycling is not economically viable [18].

Studies on the incorporation of waste glass in cementi-
tious materials began with its use as an aggregate and have
extended to the present time [15, 19]. According to some
authors [11, 12, 17, 20], its use as aggregate is limited by
the possibility of occurrence of the alkali-silica reaction.
Moreover, there is the possibility of the formation of a weak
transition zone, in the case of coarse aggregates, and low
workability of the resulting compounds [13–15]. Idir et al. [21]
consider that, depending on the particle size and color of the
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glass, such a reaction could be inhibited by the use of waste
glass.

A number of published results report the existence of a
critical size thatwould enable the pozzolanic reactionwithout
the subsequent formation of an expansive gel as a result of
the alkali-silica reaction [12, 13, 21–24]. However, there is no
consensus about the influence of particle size and color on the
behavior of the compounds.

According toThomas [4] and Idir et al. [12], glass particles
below 140 𝜇m could exhibit significant pozzolanic activity.
For Khmiri et al. [17], Shao et al. [23], and Shi et al. [24],
only ground waste glass below 38 or 45 𝜇m or even a few
tenths of a micrometer could present pozzolanic activity. On
the other hand, the pozzolanic activity of powdered glass
can be optimized by curing at above ambient temperatures
[19]. There is no consensus on the influence of glass color
on the performance of compounds manufactured with waste
glass in the replacement of aggregates. Du and Tan [11],
Dhir et al. [20], and Topcu et al. [25] suggest that colorless
glass has higher reactivity with alkalis than green and amber
glasses, whereas others show that colorless glasses promote
smaller expansions. A recent research work [11] using glass
particles in partial and total replacement of sand reveals
that, in comparison with green glass, amber glass causes less
expansion due to the alkali-silica reaction. This is due to
the pozzolanic reaction and the presence of internal cracks
in the larger green glass particles. For different authors,
glass particles of micron-order dimensions are effective in
reducing the expansion of the alkali-silica reaction in the
same manner as the effects of fly ash and slag [4, 18,
21, 26, 27]. It has also been reported that color does not
influence the alkali-aggregate reaction and that green glass
has better pozzolanicity than amber glass. Mirzahosseini
and Riding [28] reveal that green glass may present higher
pozzolanic reactivity than colorless glass depending on the
curing temperature. Dyer and Dhir [29] showed that mortar
containing colorless and green glasses result in compressive
strengths somewhat higher than that of the mortar without
glass, while the compound containing amber glass shows
similar compressive strength.

An improvement in the resistance to sulfate attack has
also been observed [22, 23, 30–33], together with lower
porosity of compounds, reduction in the width of the pore
microstructure, a significantly lower chloride ion diffusion
coefficient associated with improved resistance to chloride
penetration, greater resistance to leaching of Ca ions, and
lower shrinkage of concrete. Few studies have assessed the
depth of carbonation in cementitious compounds manufac-
tured with glasses and some of them address the use of waste
as aggregate [14, 33, 34]. Studies on abrasion resistance are
limited to assessing the effects of the use of waste glass to
replace fine aggregates and the findings are contradictory
[35, 36].

Though there are many studies on the use of micropar-
ticles in Portland cement compounds, there are still some
points that need to be analyzed. The influence of glass color
on the inhibition of alkali-aggregate reaction, on compressive
strength, and on the abrasion resistance and electrical resis-
tivity still need to be clarified.

Table 1: Physical and chemical characterization of colorless and
amber glass microparticles.

Item Colorless Amber
Insoluble residue (%) 92.72 94.39
Loss on ignition (%) 0.22 0.37
Silicon dioxide 73.93 72.95
Calcium oxide 9.18 9.28
Aluminium oxide 0.25 0.82
Ferric oxide 0.92 0.66
Magnesium oxide 3.75 3.58
Sulphur trioxide 0.23 0.25
Sodium oxide 9.18 5.99
Potassium oxide 0.02 0.02
Alkali equivalent (%) 9.19 6.00
Specific mass (g/cm3) 2.60 2.54
Specific surface, BJH (m2/kg) 4.265 4.918
Specific surface, Blaine (m2/kg) 371.8 366.3

Preliminary results indicate that the use of colorless
glass residue to replace cement decreases the permeability of
the cementitious compound to oxygen, whereas it increases
the thickness of carbonated layer, inhibits the alkali-silica
reaction, and promotes the decrease of wear resistance [37].
In sequence, the present study evaluates indicators for the
durability of a Portland cement composite made with the
replacement of 10 and 20% of amber and colorless glass
microparticles in comparison with a reference mortar. The
tests performed were compressive strength, permeability
to oxygen, accelerated carbonation, alkali-silica reaction,
electrical resistivity, and wear resistance. As industrial glass
waste of micrometric dimensions contains glasses of different
chemical composition, flocculants, and dust, we have chosen,
in this study, to produce the waste in the laboratory. This
is, therefore, a preliminary study to support the use of
microparticles produced by the glass drilling and processing
industry in the production of Portland cement compounds.

2. Materials and Methods

The type of cement used was high initial resistance Portland
cement. Glass wastes were produced in the laboratory to
eliminate possible contaminants (Table 1). Each type of glass
was collected from the industry in the form of plates, washed,
dried, and submitted manually to a first reduction using
ceramic balls. The pieces of glass were then crushed in a steel
ball mill, with tempered steel balls. Glass composition and
specific mass vary as a function of color, as described in the
specific literature [38].

The values for particle size distribution of the glass
microparticles obtained by light amplification by stimulated
emission of radiation in a Cilas 92 particle sizer are presented
in Table 2. Considering the specific surface (Table 1), it follows
that types of the glass fineness are similar.

The X-ray diffraction of particles for both glasses showed
diffuse spectra and absence of isolated peaks, typical of glass
phases [18]. Shimadzu equipment, model XRD 7000s, was
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Table 2: Laser particle size distribution of colorless and amber glass
microparticles.

Percentages Colorless (𝜇m) Amber (𝜇m)
10% ≤0.97 ≤1.07
50% ≤4.70 ≤5.65
90% ≤22.34 ≤28.35
Mean diameter 8.93 10.61

Table 3: Modified Chapelle test results.

Glass microparticles
Result

mg of Ca(OH)
2
/g of material

Sample 1 Sample 2 Sample 3 Average
Colorless 565.83 580.42 540.13 562.13
Amber 645.06 670.43 650.12 655.20

used for measurement, with a maximum output of 3 kW,
copper pipe, Theta-Theta goniometer with radius of 200 to
275mm, minimum step angle 0.0001∘, operation angle range
from −6 to +82, slewing speed 500∘/min, scanning speed of
1∘/min, and distance of X-rays (axis) 85mm.

The pozzolanicity of the glasses was evaluated via modi-
fied Chapelle test (Table 3). In this test, the calcium hydroxide
content is determined and fixed by a material in an aqueous
medium [38]. The mean values of 562.13 and 655.20mg of
Ca(OH)

2
/g considered in the samples analyzed are similar

to the results reported by Bonneau et al. [39] for active
silica (crushed quartz). Raverdy et al. [40] and coworkers
established that the minimum intake of calcium hydroxide
necessary for the material to present pozzolanic activity is
330mg of Ca(OH)

2
/g of the sample. We thus conclude that

the microparticles possess pozzolanic activity.
For the production of mortar, natural silica sand was

used as a fine aggregate, having specific mass of 2,650 kg/m3
and containing equal proportions of particles sized 1.2, 0.6,
0.3, and 0.15mm. The adopted proportion was of 1 binder
(cement or cement + glass microparticles) to 3 of sand
(with equal amounts of the four different particle sizes). The
water/cement ratio was 0.5. The mortars produced had an
average workability of 210mm in the spread test.

Compressive strength tests were carried out at 28 days on
5 × 10 cm cylindrical test samples in a TC-PS 003 press with
a load application of 0.5MPa/s, in conformity with ASTM
C39/C39M-16b standard [41]. Three samples per compound
have been tested.

Oxygen permeability tests were performed according to
the recommendations of RILEM TC 116-PCD [42]. After
28 days of curing, the cylindrical mortar samples (5 cm in
height × 5 cm in diameter) were placed in an oven at 80∘C
for 24 hours for drying and were cooled prior to testing.
The equipment used was a permeameter for measuring the
gas flow through the confined porous material, subjected to
a pressure differential between the points considered. Three
tests were carried out for each type of mixture studied.
Equation (1) is used to calculate the permeability of the

sample and takes into account the compressibility and the
viscosity of oxygen.

𝑘 =
4.04𝑄𝑃

2
𝐿

𝐴 (𝑃2
1
− 𝑃2
2
)
10−16, (1)

where 𝑘 denotes intrinsic permeability (m2); 𝐿 denotes the
length of the sample (m);𝐴 denotes the cross sectional area of
the sample (m2); 𝑄 denotes the flow rate (cm3/s); 𝑃

1
denotes

the absolute pressure applied (in bar); and 𝑃
2
denotes the

pressure flow (in bar). According to this equation, the larger
the coefficient, the higher the rate of permeation of the fluid
through the mortar due to the pressure difference.

Carbonation resistance was carried out in a climate-
controlled Thermo Fisher Scientific Chamber, model 3000T
RCO-5-VBC, according to the recommendations of RILEM
TC 116-PCD [42]. Cylindrical samples of 5 cm in diameter
× 10 cm in height were produced for each type of mixture.
The samples were immersed in water and cured for 28
days. After curing, the surfaces were brushed and rinsed to
remove residues that could hinder the diffusion of carbon
dioxide inside the cement compounds.The sampleswere then
dried in an oven and exposed for 60 days to an atmosphere
containing 5% of CO

2
, of 48% humidity, and temperature of

27.5∘C ± 2. The samples were then sectioned longitudinally
and the carbonation depth determined from spraying a
solution of 70% absolute ethanol, 29% distilled water, and 1%
phenolphthalein.Using a digital vernier caliperwith accuracy
of 0.01mm, three measurements were performed on each
sample.

The electrical resistivity test was carried out to evaluate
the probability and intensity of the corrosion of the reinforc-
ing bars in reinforced concrete due to chloride action [43,
44]. The electrical resistivity of the cementitious compounds
was calculated by measuring the volumetric resistivity in a
saturated condition, by means of electrodes positioned on
opposite sides of the samples, to which a potential difference
was applied, measuring the current generated between them
[45, 46]. For each type of mixture, 5 × 10 cm cylindrical
samples made of mortars with and without addition of glass
microparticles were cast and cured for 28 days. After 24 hours
of saturation in clean water, the samples were pressed in the
longitudinal direction against two copper plates (electrodes).
In order tomaximize contact, steel woolwas inserted between
the plates and the ends of the samples. Using an alternating
current source with sinusoidal waves and varying frequencies
(10–7500Hz), a potential difference was applied (between 2
and 8V). A standard frequency of 50Hz was established for
the tests.

For the evaluation tests of the alkali-aggregate reaction,
prismatic samples of 25× 25× 250 cmwere produced for each
type of compound. For the alkali-silica reaction tests, sand
produced by crushing and grinding basalt rocks was used as
indicated byASTMC1260-14 [47].The proportionwas 1 : 2.25
(cement/sand) by mass and the water-cement ratio 0.47. The
tests were performed at a temperature of 80∘C.The expansion
thresholds were measured at 16 days and scheduled dates (0,
3, 6, 10, 19, and 30 days), and the final value was calculated
using the average of three bars for each age.
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Figure 1: Mortar compressive strength results (average values and
standard deviations).

For abrasion resistance, prismatic samples measuring 70
× 70 × 30mm have been prepared. The test was carried out
using Amsler equipment. ASTM C 418-12 [48] was used as
reference. After 28 days of curing, the sampleswere submitted
to wear with quartz sand under a load of approximately 66N
at a rate of (30± 1) rpm. Measurements were performed after
500 laps, which corresponds to 1000meters. After 500meters,
the samples were placed upside down on the coupling device
support in such a way as to avoid distortion (skewness) of the
material. After the course, the reduction in the thickness of
the four sides of the samples was measured to evaluate wear.

Scanning electronic microscopy (SEM) was used to eval-
uate the morphology of the samples on a Quanta 200-FEG-
FEI in high vacuum. Energy dispersive spectroscopy (EDS)
linked to the SEM microscope was used to confirm the
composition of the nanoparticles.

3. Results and Discussion

3.1. Compressive Strength Tests. Figure 1 shows the average
values and standard deviations of measurements obtained in
the composite compressive strength tests with and without
the use of glass microparticles. The addition of 10% colorless
or amber glass is associated with a slight increase of the
mechanical strength of samples.The addition of 20%glass has
a lower influence on the compressive strength of compounds.
The same trends are observed in all the ages. According to
Dyer and Dhir [29], using 10 or 20% of amber glass particles
(44% mass retained on the 45 𝜇m sieve) to replace cement
does not affect the resistance to compression of mortars at 7
and 28 days.

Khmiri et al. [17] showed that only at 90 days does the
compressive strength of mortars with 20% substitution of the
cement by glass particles of 20 𝜇m present values close to
compounds cast without glass. Calmon at al. [49] observed
a reduction in compressive strength when 10–20% of the
cement was replaced by waste glass from windshields. They
associated this effect to the cracking of the matrix due to the
formation of calcium sulphoaluminate at later ages, caused
by the alumina content (5%) in the mixture, introduced by
the glass. As the glasses analyzed in this work possessed
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Figure 2: Results of oxygen permeability test after 60 days of curing.

an alumina content of 0.25 to 0.82%, this microcracking did
not occur. In general, the slowness of the hydration reactions
observed when 20% glass microparticles were used provides
evidence of their pozzolanic nature.

3.2. Oxygen Permeability Tests. Figure 2 shows the measured
and average values for the permeability coefficient for oxygen
(bars) after 60 days of curing. The result was calculated
from (1) for samples with and without partial replacement
of cement by glass. According to Lee et al. [50] in regard to
the durability, a concrete with coefficient of permeability to
oxygen below 1 × 10−16m2 is considered good; between 1 ×
10−16 and 3 × 10−16m2 is moderate, and above 3 × 10−16m2
is considered poor. By extrapolating the above information
for mortar, it was found that the use of colorless glass
microparticles in replacement of cement did not alter the
durability classification of cementitious compounds: mod-
erate. The experimental data showed significant dispersion.
However, the statistical analysis of the data by means of
Analysis of Variance (ANOVA) indicated that the use of
glass microparticles in replacement of cement contributes to
reducing permeability and that this influence is independent
of the chemical characteristics of glass microparticles. Jain
and Neithalath [32] and Calmon et al. [49] studied cement
pastes with and without microparticles and found that the
glass particles replacement led to smaller porosity. Probably,
the permeability improvement was due to the chemical com-
position and the structure of the noncrystalline silica, which
favors the occurrence of a pozzolanic reaction, when the
glass is put into contact with calcium hydroxide.The reaction
products reduce thewidth of the pores, increase the tortuosity
in the pore network, and reduce pore connectivity [33, 51].

This reduction in permeability does not result in an
increase in compressive strength. This could be related to the
fact that the glass microparticles might also be acting as filler,
the void filling mechanism having less effect on mechanical
strength, which depends strongly on the slow pozzolanic
reaction.

3.3. Accelerated Carbonation Test. Figure 3 shows the mean
results of the accelerated carbonation test and their standard
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Figure 3: Accelerated carbonation test results, 60 days.

deviations after 60 days in a carbonation chamber. It was
observed that all samples suffered carbonation after 60 days.
The addition of glass microparticles increased the thickness
of the carbonated layer by 1.3mm when compared with the
control sample. It was also remarked that the larger the
glass content, the greater the carbonation depth. It was not
possible to identify the effects of the nature (color) of the
glassmicroparticles (differences of 0.25mmand similar trend
lines). It should be noted that the rates of carbonation gain
were small. This could be related to the fact that the samples
were stored at 48% humidity, as this low humidity condition
could impede the diffusion of CO

2
in the pores. The fastest

carbonation rates occur at relative humidity between 50 and
75%, as reported in studies by Parrot [52] and De Ceukelaire
and Van Nieuwenburg [53].

3.4. Tests of the Alkali-Aggregate Reaction. Theaverage results
of the three measurements and the respective standard devi-
ations of the correspondingmeasurements obtained from the
alkali-silica reaction test are shown in Figure 4. According to
ASTM C 1260-14 [47], an expansion below 0.10 and higher
than 0.20% at 16 days may indicate respectively aggregates
with innocuous and reactive behaviors. Expansions between
0.10 and 0.20% are considered potentially reactive. Thus,
it was decided to take the test to up to 30 days. After 16
days, the sample containing 20% amber glass remained in
the nonreactive class. The samples with 10 and 20% colorless
glass microparticles and 10% amber glass remained in class
II, namely, potentially reactive material. At 30 days, the use
of 20% amber glass classifies the material as II. All other
mixtures changed to a higher class of alkali-silica reaction,
being in the range of potentially reactive materials. Results
of Kara [54] show that the lower expansion due to alkali-
silica reaction occurs when the cement was replaced by 30%
of amber glass particles (Blaine of 542m2/kg). It was evident
that the use of amber glass microparticles can inhibit alkali-
silica reactions evenwhen highly reactive aggregates are used.
Recently, similar results were obtained by Cociña et al. [10]
and Serpa et al. [55].

The results of several publications indicate that the use of
glass microparticles as supplementary cementitious material
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Figure 4: Alkali-silica reaction test results.

is effective in reducing the expansion of the alkali-silica reac-
tion [4, 5, 56, 57]. This could indicate that the alkalis present
in glass in quantities greater than those recommended for
pozzolanic materials became inert or did not contribute to
the occurrence of the alkali-silica reaction. According to the
literature, the silica present in microparticles promotes the
increase of calcium-silicate-hydrate content in the mixture
due to the pozzolanic reaction.This can turn the paste denser
and, consequently, less porous and permeable, hindering the
movement of alkalis and the alkali-silica reaction [58, 59].
The present results indicate that the permeability of the
paste changed with the use of glass microparticles. Another
possible explanation for the inhibition of the alkali-silica
reaction with the use of glass particles is that the hydrated
calcium silicate formed by the pozzolanic reaction leads to
increased paste strength, which is then able to withstand the
expansive stresses associated with the alkali-silica reaction
[58]. On the other hand, the pozzolanic reaction produces
silicates of low CaO/SiO

2
ratio, which are able to encapsulate

part of the alkalis that thus become unable to react [59–61].
Other hypotheses addressed in published studies concern the
reduced viscosity of expansive gel in media with high Na/Si
ratio or the nonpolymerization of the alkali-silica reaction
product in a medium of high alkalinity [62].

3.5. Volumetric Electrical Resistivity Test. Mean values and
standard deviations relative to electrical resistivity tests at
28 days are shown in Figure 5. Results of the same order of
magnitude were found by Carsana et al. [63] in a 28-day study
of mortars with and without replacement of cement by fine
glass powder derived from green bottles (30%).

An important parameter for evaluating the durability of
concrete in relation to the action of the chloride ion is the
concrete electrical resistivity, since this variable is sensitive
to the flow of ions diffused in the cementitious compounds,
through the water present in the pores. According to Gowers
and Millard [64], the ionic flow between the anode and
the cathode regions of the reinforcement is regulated by the
concrete electrical resistance. The lower the resistivity of the
concrete, the higher the electrical current between anode
and the cathode and the speed of reinforcement corrosion.
Hence, it is possible to evaluate the risk of corrosion of
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Table 4: Average thickness loss values obtained by abrasion test (1000m).

Age Control Percentage values
Colorless 10% Amber 10% Colorless 20% Amber 20%

28 days 2.34 5.53 5.43 6.90 7.74
Standard
deviation 0.65 0.34 0.73 0.90 0.61
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Figure 5: Results of electrical resistivity test in mortars, 28 days.

the reinforcement by measurement of electrical resistivity
of concrete. According to Whiting and Nagi [44], a very
high reinforcement corrosion risk range has concrete resis-
tivities below 5 kΩ⋅cm. While a high corrosion risk range
is between 5 and 10KΩ⋅cm, moderate to low corrosion
risk is between 10 and 20KΩ⋅cm and low corrosion risk
is above 20 kΩ⋅cm. According to the European Concerted
Action EC-COST 509 [65], a high reinforcement corrosion
risk range corresponds to resistivity values below 10 kΩcm,
while the range of moderate corrosion risk is between 10
and 50KΩ⋅cm, low corrosion risk range is between 50 and
100 kΩ⋅cm, and insignificant corrosion risk range is above
100 kΩ⋅cm. Hoppe [66] and Lübeck [67] underscore the high
sensitivity of resistivity to various intrinsic factors such as
water/binder ratio, consumption and type of cement, and
aggregate and mineral admixtures, as they promote changes
in the pore size and distribution, internal moisture content,
and pH, among others, and thus decrease the corrosion
rate. The values obtained reveal that the samples with and
without glass microparticles are within the moderate/low
corrosion risk range. Nevertheless, samples containing glass
microparticles—particularly colorless glass—are more resis-
tant to reinforcement corrosion. The increase in resistivity
due to the use of glass microparticles can be explained by the
fact that, within the concrete containing glass, the ion flow is
lower due to the pozzolanic reaction, which consumes Ca2+
and OH−, or as a result of the change in pore structure due
to the pozzolanic reaction. According to Hunkeler [68], the
increased resistivity of the pore solution and a smaller frac-
tion of the conductive phase, calcium hydroxide, explain the
higher resistivity of concrete with pozzolanic additions. The
higher resistivity due to the use of pozzolans may also be due
to the reduction in width and increased tortuosity of the pore
network, thus hindering ion mobility and interaction [50].

3.6. Abrasion Resistance Tests. The results of the test for
resistance to wear by abrasion after 1,000meters are shown in
Table 4, where the average values of loss of thickness of three
samples are presented. These values were measured at four
points across the sample after 28 days of curing in a humid
chamber and the test was performed at 90 days. Cement
replacement with 10 to 20% of colorless and amber glass
microparticles was seen to have reduced wear resistance. We
can therefore note that both the type and the amount of glass
used influenced this result. These data reveal that a weaker
layer was formed on the concrete surface, probably due to
the higher exudation and accentuated by the presence of glass
particles [69]. The experimental results found by Nassar and
Soroushian [16] show that the abrasion resistance of mortars
made with 23% of ground waste glass (25 𝜇m) in replacement
of concrete increases with the percentage of substitution.

3.7. Analysis of the Microstructure. Figure 6 shows the
microstructures of compounds with and without the replace-
ment of glass microparticles. These microstructures were
amplified 350 times and were obtained by means of a
backscattered electron detector. A higher magnification was
adopted in such a way as to achieve a more general descrip-
tion of the microstructure of the analyzed material. The
presence of quartz was observed in all samples (by energy
dispersive spectroscopy) probably due to the type of sand
used.

In all the samples the presence of calcium hydrox-
ide, calcium carbonate, tricalcium silicate, aluminium and
calcium hydrosulphate, tetracalcium sulphoaluminate, and
hydrated calcium silicate was detected, all of them normal
constituents of Portland cement paste [70]. As suggested by
Matos and Coutinho [2] there were no glass particles in the
paste. Sobolev et al. [71] have found that mortars containing
glass particles in partial replacement of cement have smaller
crystals and low calcium hydroxide content as compared
to mortars made only with cement, due to the occurrence
of the pozzolanic reaction, which could contribute towards
greater durability of the compound [69]. Even with large
amplifications of the analyzed images, it has not been possible
to observe differences in the size of sodiumhydroxide crystals
identified by EDS.

4. Conclusions

(i) The replacement of 10 and 20% of the cement content
with amber and colorless glass microparticles helps
reduce the oxygen permeability of the compounds.

(ii) The use of 20% amber glass microparticles observed
in the samples resulted in the lowest oxygen
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Figure 6: Images obtained by scanning electron microscopy (backscattered electrons) for samples with and without the replacement of glass
microparticles.

permeability, indicating that the chemical and phys-
ical characteristics of amber glass (and in greater quan-
tity) can contribute to a lower open porosity of the
mixture.

(iii) When compared with the control sample, the thick-
ness of the carbonated layer in samples with glass
microparticles increased.

(iv) Glass microparticles inhibit alkali-silica reactions
even with the use of reactive aggregates. This effect
was more marked when the replacement was 20% of
amber glass.

(v) The high silica content present in the glass did not
promote the cement alkali-silica reaction, possibly
due to the specific surface and the amorphous nature
of the silica, which caused the silica to react with
calcium hydroxide at early ages, with no silica content
for later reactions.

(vi) The values for concrete electrical resistivity revealed
that samples with and without glass microparticles
were within the moderate/low reinforcement corro-
sion risk range. However, samples containing glass
microparticles were observed to be more resistant to
corrosion risk, in particular those made of colorless
glass.

(vii) The use of colorless and amber glass microparticles
promoted a reduction in wear resistance due to
increased exudation itself possibly due to the presence
of glass particles. The higher the level of cement
replacement with glass, the higher the reduction in
wear resistance. This reduction is more marked when
amber glass is used.
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This paper investigates the effect of the high-temperature curing methods on the compressive strength of concrete containing high
volumes of ground granulated blast-furnace slag (GGBS). GGBS was used to replace Portland cement at a replacement ratio of
60% by binder mass. The high-temperature curing parameters used in this study were the delay period, temperature rise, peak
temperature (PT), peak period, and temperature down. Test results demonstrate that the compressive strength of the samples with
PTs of 65∘C and 75∘C was about 88% higher than that of the samples with a PT of 55∘C after 1 day. According to this investigation,
there might be optimum high-temperature curing conditions for preparing a concrete containing high volumes of GGBS, and
incorporating GGBS into precast concrete mixes can be a very effective tool in increasing the applicability of this by-product.

1. Introduction

About 14 million tons of blast-furnace slag, the by-product
of steel industry, is produced annually in Korea [1]. Ground
granulated blast-furnace slag (GGBS), either as a constituent
of cement or as a mineral admixture, is widely used to make
not only traditional concrete but also high-performance
concrete, which has several advantages including worka-
bility, long-term strength, and durability [2]. Recently, to
reduce CO

2
production in the cement and concrete indus-

try, many studies have been conducted on environmentally
friendly concrete with high-volume supplementary cemen-
titious materials [3–9]. It was reported [10–12] that concrete
using GGBS has the advantage of an earlier strength devel-
opment under high-temperature curing conditions owing to
the temperature-dependent characteristic of GGBS. Owing
to this, GGBS might be effectively used in preparing precast
concrete manufactured with high-temperature curing.

While significant literature is available on supplementary
cementitious materials in concrete, such as GGBS and fly

ash, few works have studied the effect of high-temperature
curing conditions on the strength properties of concrete
containing high-volume supplementary cementitious mate-
rials [11, 13–15]. Miura and Iwaki [11] evaluated the strength
development of concrete incorporating high levels of GGBS
at low temperatures, demonstrating that GGBS concrete with
a specific surface area of 400m2/kg faces serious strength
development problems at early ages and with low curing
temperatures. Aldea et al. [13] investigated the effects of
curing conditions on the properties of concrete preparedwith
slag replacement. Test results indicated that slag replacement
of up to 50% by mass had little effect on strength and steam
curing reduced the compressive strength as compared to
other curing types (such as autoclaving and normal curing).
Yazici et al. [14] investigated the effect of steam curing on
class C high-volume fly ash concretemixtures, indicating that
steam curing accelerated the 1-day strength development but
the long-term strength was greatly reduced. Liu et al. [15]
evaluated the influence of steam curing on the compressive
strength of concrete containing supplementary cementing
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Figure 1: Autotemperature-controlled curing chamber.

materials. Test results indicated that the concrete containing
ultrafine fly ash (UFA) had a low early strength after 13
hours of steam curing and the difference between the 28-day
compressive strength of 13-hour steam-cured concrete and
that of moist-cured concrete was large.

This study examines how the compressive strength of
concrete containing high volumes of GGBS is affected by
various high-temperature curing methods. To date, the
compressive strength development of high-volume GGBS
concrete according to various high-temperature curing
conditions—including delay period, temperature rise, peak
temperature and period, and temperature down—has not
been reported. The goal of this work is to demonstrate how
GGBS can be used more efficiently and effectively in precast
concrete using high-temperature curing methods.

2. Materials and Methods

2.1. Materials. ASTM Type I Portland cement with a specific
gravity of 3.15 and crushed gravel with a specific gravity of
2.67 and fineness modulus of 6.75 were used. The fine aggre-
gates used were crushed sand and washed sea sand (specific
gravities of 2.62 and 2.66, resp.), which are commonly used
in Korea. GGBS with a specific gravity of 2.89 and Blaine
fineness of 4490 cm2/g was obtained from Po-hang, South
Korea. The chemical composition of the cement and GGBS,
determined by X-ray fluorescence, is shown in Table 1.

2.2. Mix Proportions and Specimen Preparation. In this study,
GGBS was used to replace Portland cement at a replacement
ratio of 60% by binder mass. A constant water-to-binder
ratio (w/b) of 0.35 was used in this investigation. The mix
proportions are given in Table 2.

Concrete was mixed in a twin shaft mechanical mixer.
Specimens were cast in a cylindrical mold (100mm diameter,
200mm length) for the compressive strength test. After cast-
ing, the cylinder molds were moved to the autotemperature-
controlled curing chamber with a 100% relative humid-
ity, shown in Figure 1, and cured according to various
high-temperature curing methods. The samples were then
removed from the molds and cured in a water-curing tank
before the compressive strength test.
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Figure 2: High-temperature curing cycle.

Figure 2 shows the common high-temperature curing
cycle used in manufacturing precast concrete. The high-
temperature curing methods used in this investigation
involved delay periods (DPs) of 2, 3, and 4 h at 20∘C; tem-
perature rises (TRs) of 10, 15, and 20∘C/h; peak temperatures
(PTs) of 55, 65, and 75∘C; peak periods (PPs) of 3, 4, and
5 h; and temperature downs (TDs) of 5, 10, and 15∘C/h. The
high-temperature curing methods are detailed in Figure 3
and Table 3. The compressive strength of the concrete was
tested after 1, 14, and 28 days, in accordance with ASTM C39.
Each strength is the average value of three samples.

3. Results and Discussion

3.1. Delay Period and Compressive Strength. The variation in
the compressive strength with DP is shown in Figure 4. The
1-day compressive strength of concrete mixes with DPs of 2,
3, and 4 hwas 30, 32.5, and 31MPa, respectively. After 14 days,
the values for the mixes with a DP of 3 h were about 4.8–8.8%
higher than the other mixes. In addition, the compressive
strength of the concrete mix with a DP of 3 h was greater than
the other mixes after 28 days, with a value of 49.5MPa. In
contrast, the DP of 2 h gave the lowest values for each test day.
After 28 days, the compressive strength of the 3 hDP concrete
was about 10% higher than that with a DP of 2 h.

3.2. Temperature Rise and Compressive Strength. The com-
pressive strength variation with TR is given in Figure 5 at
different ages. The 1-day compressive strength of the sample
with a TR of 15∘C/h was 32.5MPa, and this value was higher
than that of other samples with a compressive strength of 27-
28MPa.The compressive strength of the 20∘C/h TR concrete
was 28MPa after 1 day, about 3.7% higher than that for the
10∘C/h TR concrete. However, the later compressive strength
of the 20∘C/h TR concrete was 41MPa (14 days) and 47MPa
(28 days), about 2.1–5.0% lower than the corresponding
values of 10∘C/h TR sample. This test results demonstrate
that high heating rate might result in an advantageous high
early strength development, but a disadvantageous long-term
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Figure 3: Various high-temperature curing methods used in this study.
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Table 1: Chemical composition of Portland cement and GGBS.

Materials SiO
2

Al
2
O
3

Fe
2
O
3

K
2
O CaO MgO Na

2
O SO

3

Cement 21.20 4.64 2.91 1.22 61.90 1.87 0.29 2.31
GGBS 34.00 16.40 0.50 0.45 37.20 6.29 1.33 2.71

Table 2: Mixture proportions of concrete.

W/B
%

Cement
kg/m3

GGBS
kg/m3

Water
kg/m3

Gravel
kg/m3

Crushed sand
kg/m3

Sea sand
kg/m3

35 168 252 140 1012 406 413

Table 3: Steam curing methods.

Curing methods DP, hours TR, ∘C/h PT, ∘C PP, hours TD, ∘C/h
Delay period (DP) 2, 3, 4 15 65 4 10
Temperature rise (TR) 3 10, 15, 20 65 4 10
Peak temperature (PT) 3 15 55, 65, 75 4 10
Peak period (PP) 3 15 65 3, 4, 5 10
Temperature down (TP) 3 15 65 4 5, 10, 15
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Figure 4: Compressive strength versus delay period.

strength development. An earlier study [11] reported that
heat curing seems to have an adverse influence on strength
development, particularly at later ages.

3.3. Peak Temperature and Compressive Strength. Figure 6
shows the compressive strength variation of concrete mixes
with different PTs at different ages. The 1-day compressive
strength of the 65∘C and 75∘C PT samples was 32.5 and
32MPa, respectively. These values are about 88–91% higher
than that of the sample with the lowest PT of 55∘C (17MPa).
This result is similar to that of a previous study [10]. Barnett et
al. reported that the early-age strength ismuchmore sensitive
to temperature for samples with higher levels of GGBS. The
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Figure 5: Compressive strength versus temperature rise.

lowest 14-day compressive strength was for the sample with a
PT of 55∘C (36MPa). After 28 days, the compressive strength
of the 65∘C PT concrete was the greatest (49.5MPa), being
about 10–18% higher than the samples with PTs of 55∘C and
75∘C.

3.4. Peak Period and Compressive Strength. The variation in
compressive strength with PP is given in Figure 7 for different
ages. The 1-day compressive strength was highest for the
concrete with a PP of 4 h. The 1-day compressive strength
values of the samples with PPs of 3, 4, and 5 h were 25,
32.5, and 28MPa, respectively. In addition, after 14 days, the
compressive strength of the 4 h PP condition was 4.8% higher
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Figure 7: Compressive strength versus peak period.

than that of the concrete with a PP of 3 h. After 28 days, the
compressive strengths of all the samples were the same with
values ranging from 49.5 to 50MPa.

3.5. Temperature Down and Compressive Strength. Figure 8
shows the variation in the compressive strength for the
concrete with different TD values at different ages. The 1-
day compressive strength of the concrete with a TD of 5∘C/h
(35MPa)was about 30%higher than that with a TDof 15∘C/h.
It is assumed that the rapid cooling during steam curing
might have a negative influence on the concrete compressive
strength at an early age. The compressive strength of the
15∘C/h TD condition was 40.5MPa after 14 days, around
6–11% lower than the other mixes. However, the compressive
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Figure 8: Compressive strength versus temperature down.

strength of the concrete with a TD of 15∘C/h was similar to
that for the 10∘C/h TD condition after 28 days.

4. Conclusions

The following conclusions were obtained from the present
investigation.

(1) The compressive strength of the concrete mix with a
DP of 3 h (49.5MPa) was greater than that of the other mixes
after 28 days. In contrast, the compressive strength of the mix
with a DP of 2 h was the lowest value after 28 days.

(2) The compressive strength of the sample with a TR
of 20∘C/h was about 3.7% higher than that of the 10∘C/h
TR sample after 1 day. However, the compressive strength
of the sample with 20∘C/h TR was lower than that of the
sample with a TR of 10∘C/h. This demonstrates that the
high heating rate might result in an advantageous high
early strength development, but a disadvantageous long-term
strength development.

(3) The 1-day compressive strength of the samples with
PTs of 65∘C and 75∘C was about 32MPa, about 88% higher
than the 55∘C PT condition. After 28 days, the value for the
sample with a PT of 65∘C was the greatest.

(4) The compressive strength of the sample with a PP
of 4 h was 4.8% higher than that of the 3 h PP sample after
14 days. After 28 days, the compressive strength of all the
samples was the same.

(5) The 1-day compressive strength of the sample with
a TD of 5∘C/h was about 30% higher than that with a TD
of 15∘C/h. It is assumed that the rapid cooling during steam
curing might adversely affect the compressive strength of the
concrete at an early age.

The results of this investigation suggest that there might
be optimum high-temperature curing conditions for the
preparation of concrete containing high volumes of GGBS.
Incorporating GGBS into precast concrete mixes can be a
very effective tool in reducing CO

2
production in the cement
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industry and increasing the applicability of GGBS. Further
studies are needed to establish the relationships between
the strength properties of concrete containing high volumes
of supplementary cementitious materials and the water-to-
binder ratio, mineral admixture type, and so on.
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The rate of chloride transport by diffusion in concrete containing ground granulated blast-furnace slag (GGBS) wasmathematically
estimated to predict the corrosion-free service life of concrete structures exposed to seawater environment. As a factor to
corrosiveness of steel embedment, replacement ratio of GGBS was selected, accounting for 25 and 50% to total binder. As a result,
it was found that an increase in the GGBS content resulted in an increase in the chloride binding capacity, which would give
rise to a lower chloride diffusion rate, thereby reducing the risk of chloride-induced corrosion. When it comes to the sensitivity
of parameters to service life, the effective diffusivity showed a marginal influence on serviceability, irrespective of GGBS contents
while surface chloride content and critical threshold concentration revealedmore crucial factors to long term chloride diffusion. As
the GGBS replacement increased, the variation in service life has become less influential with changing parameters. Substantially,
GGBS concrete at high replacement ratio enhanced the service life due to a combination of dense pore structure and enhanced
chloride binding capacity.

1. Introduction

Steel corrosion in concrete mainly occurs by dissolution of
passive film (i.e., thin layer of iron oxide) which is formed in
the high alkaline pore solution and can protect the steel from
corrosion [1].When a certain amount of chloride ions reaches
the steel embedment, pit nucleation on the steel surface ac-
companies a pH drop in the concrete pore solution to initi-
ate the corrosion process [2].Then, volume expansion of cor-
rosion products induces cracking of cover concrete, together
with a reduction of steel area, leading to structural failure.

To mitigate the corrosion process in terms of chloride
transport and corrosiveness, lots of attention has been drawn
to development of durable concrete using supplementary
cements such as GGBS, silica fume, and fly ash. Among them,
GGBS concrete is known to be durable material in terms of
dense pore structure and chemically improved resistance to
chloride penetration. GGBS has high alumina content typi-
cally within 8–18% [3], compared with OPC which enables
binding chloride ions penetrating into concrete at much

higher level. Though the initial development of strength is
generally weaker, the effect of latent hydration promotes
durability of the material after enough curing period. This is
especially dominant in using high replacement ratio, about
55–60% by binder mass [4]. Moreover, efficiencies to reduce
cost for Portland cement usage and generation of CO2 from
the cement production [4] are also valid in using GGBS
concrete.

Despite these potential feasibilities in GGBS concrete,
serviceability assessment for GGBS concrete as to long term
chloride attack has been rarely conducted. For example,
dealing with chloride diffusion in GGBS concrete for 30 years
of chloride exposure shows substantial reduction of chloride
diffusivity with time [5]. Though time dependent chloride
diffusivity was considered, the effect of chloride binding
capacity on the rate of chloride diffusion was not reflected
in this analysis. This might give rise to unrealistic chloride
profile which would otherwise lead to the concentration
dependent rate of diffusion if chloride binding capacity is
considered [6–8].
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This study concerns chloride diffusion in GGBS concrete
depending on its replacement ratio where chloride binding
capacity and chloride diffusivity are affected. Determination
of chloride binding capacity was achieved by the Freundlich
isotherm with experimentally obtained data to represent
the nonlinear relation of chloride phases during diffusion
process. Additionally, the rate of chloride adsorption was
considered based on mass transfer theory [9], representing
nonequilibrium state of chloride phase transition, in terms
of resistance to chloride binding. Accordingly, the concentra-
tion dependent chloride binding capacity and chloride diffu-
sivity were achieved and then chloride diffusion at nonsteady
state was determined to predict chloride diffusion in GGBS
concrete.

2. Transient Diffusion Model

To evaluate durability of GGBS concrete against chloride-
induced corrosion, chloride diffusion under nonsteady state
was modeled. As for the chloride phases in concrete, this
paper considers free chloride, defined as a mobile phase in
pore solution, bound chloride defined as immobilized phase
adsorbed in hydrates, and total chloride for the sum of the
free and bound chlorides. The free chloride is only one
phase that diffuses through concretemedia under continuous
adsorption process. For the mixes, GGBS based blended
cements, of which replacement ratios are 0, 25, and 50% by
total binder mass with 0.5 of water-to-binder ratio (W/B),
were maintained.

2.1. Governing Equation. In this study, chloride diffusion was
considered as a main driving force through concrete media,
assuming that the electrical interruption with other ionic
species and moisture gradient are absent in concrete pore
system. Hence, chloride transport in concrete submerged in
a saline environment can be described as a one-dimensional
transient diffusion such that

𝑑𝐶𝑓𝑑𝑡 = 𝐷𝑎 (𝐶𝑓)
𝑑2𝐶𝑓𝑑𝑥2 , (1)

where 𝐶𝑓 is the free chloride concentration (percentage by
binder mass), 𝑡 is the time (sec), 𝑥 is the penetration distance
(m), and 𝐷𝑎 is the apparent diffusion coefficient (m2/s). The
apparent diffusivity, incorporating effects of pore structure
and chloride binding on the rate of chloride penetration, can
be written as

𝐷𝑎 = 𝐷𝑒1 + 𝑑𝐶𝑏/𝑑𝐶𝑓 , (2)

where 𝐷𝑒 is the effective diffusion coefficient (m2/s) and 𝐶𝑏
is the bound chloride concentration (percentage by binder
mass). The derivative term, 𝑑𝐶𝑏/𝑑𝐶𝑓, in (2) corresponds
to the binding capacity [7] which in turn leads to the
concentration dependent diffusivity.

2.2. Chloride Binding. Distribution of chlorides in concrete
during the diffusion process is continuously affected by
chloride reaction with hydrates. As for nonlinear relation
between free and bound chlorides, the present study adopted

Freundlich isotherm, describing equilibrium state of chlo-
rides in concrete such that

𝐶𝑏 = 𝛼 (𝐶∗𝑓)𝛽 , (3)

where 𝛼 and 𝛽 are the regression parameters from Freundlich
isotherm and 𝐶∗𝑓 is the free chloride concentration at inter-
face between pore solution and solid surface (percentage by
binder mass). To consider the concentration dependent rate
of chloride adsorption, transition of 𝐶𝑓 in relatively unstable
pore solution (i.e., agitated solvent) into𝐶∗𝑓 in relatively stable
state of pore solution directly contacted with the surface of
hydrate was described using the mass transfer theory [9].
Accordingly, the amount of adsorbed chlorides at given unit
time can be expressed as

𝑑𝐶𝑏𝑑𝑡 = 𝑘 (𝐶𝑓 − 𝐶∗𝑓) , (4)

where 𝑘 is the overall mass transfer coefficient (1/s) that
specifies velocity of mass transfer from bulk pore solution
into adsorption site of hydrates. When the 𝐶𝑓 is relatively
smaller than that of interface (i.e.,𝐶∗𝑓), the desorption process
occurs in the system.

2.3. Mathematical Treatment. To predict the chloride diffu-
sion in concrete in the presence of chloride binding, the
governing equation described in (1) was modified using
(2)–(4) such that

𝑑𝐶𝑓𝑑𝑡 + 𝑘(𝐶𝑓 − (𝐶𝑏𝛼 )
𝛽−1) = 𝐷𝑒 𝑑

2𝐶𝑓𝑑𝑥2 . (5)

Due to nonlinearity in partial differential form (i.e., (5)),
explicit finite difference method with 0.001m and 1.0 day as
the step sizes of distance and time, respectively, was used
to solve it. The derivative terms for time and distance were
expressed as forward difference and central difference, re-
spectively. Then, those chloride concentrations (i.e., 𝐶𝑓 and𝐶𝑏) were calculated by applying the mass balance equation to
(5) such that

𝑑𝐶𝑡𝑑𝑡 =
𝑑𝐶𝑓𝑑𝑡 + 𝑑𝐶𝑏𝑑𝑡 = 𝐷𝑒

𝑑2𝐶𝑓𝑑𝑥2 , (6)

where 𝐶𝑡 is the total chloride (percentage by binder mass).
Iterative procedure was carried out on (5) and (6) until rela-
tive change of solutions in a unit time increment is achieved
below 10−6. As for the boundary condition, the external chlo-
ride concentration submitted to the concrete surface was set
by 0.5Mof sodiumchloride, aiming tomimic that of seawater
together with initially zero concentration in concrete.Thus, it
is possible to implement numerical solutions for free, bound,
and total chloride concentrations along the concrete depth
with time.

2.4. Determination of Input Parameters. For chloride dif-
fusion analysis using concrete mixes varying with GGBS
replacements, an experimental work for chloride binding test
was conducted. Fabrication of samples was carried out on
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Table 1: Parameter values of pore structure.

Binder type Water filled porosity (ml/g) Effective diffusivity
(𝐸 − 12m2/s) [12]

OPC 0.26 1.82
25% GGBS 0.34 1.39
50% GGBS 0.31 1.01

cement paste with 0.5W/B in which nine levels of sodium
chloride content (0.1–3.0% by cement) were initially mixed.
Then, water curing under 20 ± 1∘C was taken on all the sam-
ples for 56 days. After that, about 5 g of powder was collected
from fragments of cement pastes and was mixed with water
at 50∘C, followed by stirring about 30min until equilibrium
state is reached in the solution. Then, the concentration of
chloride in solution, filtered with filtering paper, was mea-
sured by potentiometric titration against silver nitrate. Thus,
free chloride concentrations were determined directly by
this procedure and thus bound chloride concentrations were
obtained by subtracting free one from initial total chloride
content. Hence, it is possible to obtain binding isotherm
constants, 𝛼 and 𝛽, by regression analysis using Freundlich
model (3). As for the mass transfer coefficient, 𝑘, it was set
by 7.58 × 10−7 s−1 for all the cases due to marginal difference
observed within the values from related analysis [10, 11].

To determine the surface chloride content, mercury
intrusion porosimetry was carried out on mortar samples
with OPC, 25% and 50% GGBS. The samples for the test
were made by adjusting a mix proportion as 0.5W/B and
2.12 of sand-to-binder ratio. After water immersion for 56
days, fragments from the samples were obtained and dried
in oven to evacuate most of pore solution inside the mate-
rials. At constant contact angle (130∘) for mercury intrusion
and extrusion, the pressure from the device was gradually
increased up to maximum pressure (228MPa). After the test,
total intrusion of mercury for given samples was obtained.
Then, using the values and information of unit bindermass, it
is possible to obtainwater filled porosity, defined by volumeof
pore solution per mass of binder.Those parameters including
literature values of effective diffusivity for GGBS concrete
[12] which are comparable with mixtures considered in this
study are given in Table 1. As increasing the GGBS contents,
the values of effective diffusivity were reduced due to denser
pore structure while the values of water filled porosity appear
to be inconsistent with the replacement ratio. This might be
due to lower density of GGBS mortar at same unit mass of
binder applied as compared with OPCmortar. Moreover, the
latent hydration in GGBS gives rise to lower connectivity of
pore network for effective diffusion path [13], which is more
dominant in the case of higher GGBS replacement.

3. Result and Discussion

3.1. Effect of Chloride Binding on Diffusion Behavior. GGBS
concrete has relatively higher amount of C3A content, impos-
ing the increased binding capacity [19]. For determining
binding capacity with GGBS replacement ratios, the relation
of free and bound chlorides was experimentally obtained
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Figure 1: Regression plots of Freundlich isotherm with experimen-
tal data.
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using the Freundlich relation. As shown in Figure 1, the Fre-
undlich isotherm was reasonably fitted by the data in all the
range of concentrations. As replacement ratio increases, the
relative amount of bound chloride at a given free one was
increased. Accordingly, 50% GGBS indicated the highest
binding capacity, followed by 25% GGBS while OPC showed
the lowest one. However, at about 0.8% free chloride content
over that of the external solution (i.e., 0.5M of chloride ion),
the crossover in binding capacity between OPC and 25%
GGBSwas observed. To evaluate the effect of binding capacity
on chloride concentration at surface, external reservoirs
for chloride source up to 1.0M were used to derive the
corresponding free, bound, and total chlorides. As shown
in Figure 2, total chlorides were gradually increased with
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Figure 3: Prediction of concentrations for free, bound, and total chlorides at 10 and 50 years.

the concentration of external solution while free chlorides
showed a proportional increase to the external concentration.
Despite the low free chloride, 50% GGBS showed the highest
total chloride content, irrespective of external concentrations.
In case of OPC, total chloride was lowest at all the concentra-
tion range. This reveals that the binding capacity would be
a more deterministic factor to the surface chloride content
rather than open porosity. Hence, the chloride diffusion
might be affected as concentration gradient is enhanced by
the higher surface chloride content arising from chloride
binding.

To assess the effect of chloride binding on the diffusion
front, 10 and 50 years of chloride penetration were simulated,
as given in Figure 3. It is seen that the shape of total chloride

profile for OPC differs between 25% and 50% GGBS while
those for free chloride are similar to each other, irrespective
of time. Higher binding capacity at lower concentration is
much dominant in case of GGBS, as indicated by Figure 1.
This leads to sharp decrease in total chloride near the
maximum penetration depth; see Figures 3(b) and 3(c).Thus,
relatively even chloride distribution can be achieved in OPC
due to smaller change in binding capacity with chloride
concentration, as shown in Figure 3(a). The surface chloride
content accounts for 1.86, 2.23, and 2.75 in percentage of
bindermass forOPC, 25%and 50%GGBS, respectively.These
concentrations are constant with time in the assumption of
instantaneous chlorides equilibrium condition between salt
solution and concrete surface. This implies that in long term
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Figure 4: Contour plots of total chloride contents with variation of depth and time.

chloride exposure, sudden increase in chloride accumulation
at steel depth could be imposed in case of GGBS due to
relatively large amount of total chloride supplied from higher
surface chloride content.

3.2. Rate of Chloride Diffusion. Chloride distribution in con-
crete with a sequent exposure for 100 years was calculated to
determine the chloride diffusion in GGBS concrete, as given
in Figure 4. Values on each contour color correspond to equal
concentration range and dash lines denote the maximum
penetration depth, defined by a location where concentration

starts to drop below 10−3% by binder mass. The chloride
concentrations along the concrete depth are dependent on
time of exposure, indicating initially higher rate of penetra-
tion, defined herein as the ratio of maximum penetration
depth to the corresponding exposure time, followed by
gradual trend. The rate of increment in maximum pene-
tration depth over 100 years accounted for approximately
0.81, 0.64, and 0.45mm/year for OPC, 25% and 50% GGBS,
respectively. For OPC, the rate of chloride penetration was
mostly higher with all the exposure time, leading to the
linearly distributed concentration along depth, as seen in
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Table 2: Chloride threshold values from literatures with variation of GGBS replacement.

CTL, % by binder Replacement, % by binder Water-to-binder ratio Chloride source Corrosion detection Reference

0.5–1.0 0 0.5–0.7 Internal Macrocell current [14]

0.78–0.93 — 0.35–0.55 — Half-cell potential [15]

0.74–0.93 — 0.4 — Polarisation [2]

0.47–1.52 — 0.45 External Galvanic current [16]

0.97 30 0.45 Internal Half-cell potential [15]

1.0–1.5 50 0.5–0.6 Internal Macrocell current [14]

0.4–0.9 — 0.4 External Polarisation, galvanostatic pulse [17]

0.29–0.44 60 0.4 Internal Polarisation [2]

0.53–0.80 65 0.4 External Galvanic current [16]

0.82–1.14 70 0.48 External Half-cell potential [18]

Figure 4(a). This might contribute to the relatively higher
chloride diffusivity where chloride binding is less significant
and then to enhancing the rate of chloride diffusion. AsGGBS
replacement ratio increased, the rate of chloride penetration
significantly decreased, despite the higher concentration at
surface of the media. In particular, for 50% GGBS, all the
chloride concentrations below 50mm of concrete depth
over 100 years were smaller than 0.4%. This implies that
concrete made with high portion of GGBS would be highly
recommended in applying to a chloride laden environment
if the possibility of releasing bound chloride is marginal.This
might adversely induce the risk of corrosion if a pH reduction
accompanying carbonation or acid attack is involved in the
same environment [3].

To assess the concentration dependent characteristics
on the rate of chloride ingress, the binding capacity along
penetration distance was calculated from the concentration
profile. As shown in Figure 5, it is seen that convergence of
binding capacity started from the nearmaximumpenetration
depth since a change in the chloride concentration over the
region was negligible. Also, increasing replacement ratio and
exposure time led to increasing the chloride binding capacity
along the penetration depth. As indicated in Figure 1, this
relates to the concentration dependent binding capacity, of
which the relative amount of bound chloride decreased with
increasing free chloride content. Accordingly, a large portion
of lower chloride content increased with chloride exposure
time and simultaneously imposed the higher binding capacity
within the depth. This consequently leads to a reduction in
the rate of chloride penetration with time, as given in (2).
Also, the nonsteady state condition where the rate of chloride
diffusion is largely dependent on the chloride binding became
nearly steady state in the chloride diffusion. After long period
of the exposure, the equilibrium condition in concrete with
concentrations of chlorides becomes preferably achieved near
the external chloride source, as seen in the cases of 50 years
in Figure 5, and simultaneously the variation of diffusion flux
through the concrete depth gradually decreases. Hence, at
that time the effective diffusivity became amore crucial factor
to chloride transport.
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Figure 5: Distribution of binding capacity along chloride penetra-
tion with time.

3.3. Sensitivity Analysis of Chloride Diffusion. To evaluate
serviceability of GGBS concrete in terms of chloride-induced
corrosion, the chloride threshold level (CTL) was collected
from literature data [2, 14–18]. As shown in Table 2, no dis-
tinct relation was observed in CTL with GGBS replacement
ratio. The irregular data might be attributed to (1) different
mix condition and curing regime (2) different method for
determination of CTL. Thus, for practical purpose, it was
assumed that CTL was defined as 0.79% of total chloride by
bindermass in the present study; the value was obtained from
the average from all the data in literature review.

Sensitivity analysis to service life was carried out on the
mixes with the rate parametric value of chloride transport
(𝐶𝑠 and 𝐷𝑒) and CTL, as shown in Figures 6 and 7. The
service life was defined by the chloride exposure period at
which total chloride content begins to exceed CTL at the
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Figure 6: Sensitivity of parameters to service life estimation with percentage change of variables.

steel depth, assumed to be 25mm which is the minimum
cover depth according to BS 8110 [20]. The relative variation
of parameters for OPC and its influence on the corrosion-
free life in terms of service life were calculated as given in
Figure 6. It is evident that reducing 𝐶𝑠 and increasing CTL
are highly beneficial in all the materials while influence of𝐷𝑒 on serviceability is relatively low. It may arise from the
variation range of 𝐷𝑒, which is usually in the range of one
order of magnitude depending on concrete mix proportion
including binder type and a free water binder ratio [21]. Thus
the margin of 40% to the original value may have a marginal
influence on the service life. However, 𝐶𝑠 is crucial to the

onset of corrosion, as it imposes a build-up of chlorides on
the concrete surface, which subsequently leads the driving
force of chloride transport in terms of diffusivity in concrete.
Moreover, the CTL would be more promising to secure the
service life. For concrete exposed to a saline environment
such as seawater, the maximum chloride concentration in
concrete cannot exceed 2.0% by weight of cement, which in
turn accounts for 0.8–1.0% for free chloride ions. Thus, at
the depth of the steel, the concentration of chloride would be
more or less in the range of 0.5–1.0%. It implies that a margin
for the CTL would be more sensitive to the corrosiveness
or inhibition. Substantially, an increase in the CTL and a
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Figure 7: Sensitivity of GGBS replacement ratio to service life estimation with percentage change of variables.

decrease in the 𝐷𝑒 must be accompanied to enhance the
time to corrosion initiation, rather than rate of chloride
transport, within a marginal range about 50% in the varia-
tion.

The dependence of service life on parametric values was
calculated by the sensitivity of mix design in terms of binder
type, as seen in Figure 7. The sensitivity of parameters to
service life is predominant in OPC and becomes smaller with
increasing replacement ratio, probably due to higher binding
capacity that is much influential in chloride diffusion than
those parameters. Therefore, it is inferred that chemically
improved materials as to (1) using cement with high portion
of alumina content to increase chloride binding capacity,

(2) surface treatment to reduce 𝐶𝑠 [22], and (3) using
corrosion inhibitors to increase CTL [23] are recommended
to enhance the resistance to chloride-induced corrosion. In
fact, a replacement of GGBS in concrete would alternatively
achieve at a lower water-to-binder ratio these barrier effects;
increased binding capacity and dense pore structure would
sustain the steel embedment passive in a long term. However,
the resistance of GGBS concrete to chloride-induced corro-
sion may be adversely lowered, compared to OPC ones. This
was experimentally investigated using 65% GGBS of which
lower buffering capacity was measured [24] where in turn
rate of corrosion may be accelerated by lowered pH in pore
solution in the vicinity of steel. This also could result in a risk
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for bound chloride to participate in steel corrosion process.
However, as indicated by Figure 4, chloride transport resistiv-
ity using high replacement ratio of GGBS is always dominant
in all periods of exposure, compared to OPC. This is also
indicated by Figure 7where relative variation of service life by
reducing CTL is less significant in using GGBS. Accordingly,
despite lower ability of acid neutralization against chloride
ion in steel surface, concretemadewith high portion ofGGBS
cement is quite suitable for application in marine struc-
ture.

4. Conclusion

The present study aims to assess the long term chloride diffu-
sion in concrete in consideration of GGBS replacement ratio.
As a key factor to chloride diffusion, a nonlinear chloride
binding isotherm, dependent on mix proportion, was used
to describe the chloride diffusion behavior with time. From
the result, the conclusion was obtained as follows.

(1) GGBS replacement leads to proportionally increased
chloride binding capacity which in turn increases
the surface chloride concentration at given chloride
source. Moreover, the shape of chloride front was
shown to be largely affected by concentration depen-
dent binding isotherm where small concentration
near the maximum penetration depth imposes a
sharp drop in total chloride content.

(2) Simulation for 100 years of exposure to saline water
was shown where the rate of chloride penetration was
predominant by the effective diffusivity and chloride
binding capacity. Accordingly, OPC concrete showed
highest rate of chloride transport in terms of diffu-
sivity, compared to GGBS at all the exposure period.
From the distribution of chloride binding capacity
along the penetration depth, time dependent rate of
chloride diffusion was observed where high portion
of GGBS content shows large reduction in apparent
diffusivity.

(3) Sensitivity analysis of parameters for the service life
estimation revealed that relatively lower variation of
service life was observed in case of effective diffusivity
while the surface chloride content and CTL were
more crucial factors to the chloride diffusion. Fur-
thermore, increased portion of GGBS showed lower
risk of chloride-induced corrosion with variation of
parameters. This implies that due to higher binding
capacity and lower chloride diffusivity, GGBS con-
crete may be beneficial in a chloride laden environ-
ment despite its low resistivity to corrosion at steel
surface.
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This paper investigated the influences of shrinkage reducing agent and expansive admixture on autogenous and drying shrinkage
of ultrahigh performance concrete (UHPC) containing antifoaming admixture.The shrinkage reducing agent was used at dosage of
0.5%, 1%, and 2% and the expansive admixture was used at dosage of 2% to 4% by mass of cementitious material. The results show
that the air content of UHPC increases with the higher addition of shrinkage reducing agent and expansive admixtures. However,
the fluidity, compressive strength, and shrinkage of UHPC exhibit a declining tendency. The usage of expansive agent at dosage
of 4% significantly reduces the shrinkage of UHPC. The 7-day autogenous shrinkage was decreased by 16.0% and 28-day drying
shrinkage was decreased by 29.5%, respectively. Shrinkage reducing agent at dosage of 2% reduced the 7-day autogenous shrinkage
by 44.3% and 28-day drying shrinkage by 50.2%. Compared with expansive admixture, shrinkage reducing agent exhibits more
efficient shrinkage reduction effect on UHPC.

1. Introduction

As a new generation of concrete, ultrahigh performance
concrete (UHPC) possesses numerous advantages such as
high strength, high durability, high reliability, and high
performance [1]. However, there is no unified standard about
technical requirements for UHPC. In France, the guide
“Ultrahigh Performance Fiber Reinforced Concrete-Interim
Recommendations” described ultrahigh performance fiber
reinforced concrete (UHPFRC) as a highly viscous cement
based composite material with the 28-day compressive
strength over 150MPa, mixed with the steel fiber to increase
toughness and mixed with fine quartz sand as aggregate [2].
And two French standards related to UHPFRC have been
published in April 2016. Japanese Civil Engineering Society
defined UHPC as a cement based material reinforced by
steel fiber with 28-day compressive strength over 150MPa
and mixed with cement and highly active volcanic ash as
cementitiousmaterials [3].The diameter of aggregate was less
than 2.5mmandwater-to-binder ratio was less than 0.24.The
content of steel fiber was less than 2% by volume of concrete.
The diameter of steel fiber ranged from 0.10mm to 0.25mm

and the length of steel fiber was in the range of 10mm to
20mm. At present, the research and application of UHPC in
China are still in the experimental stage and the accumulation
of experimental data and engineering experience is very
necessary.

Low water-to-binder ratio, high-efficiency water reduc-
ing agent, and highly active volcanic ash were applied in
order to achieve the excellent performance of UHPC [4].
Nevertheless, the autogenous and drying shrinkage of UHPC
also increased because of the application of the mentioned
methods. The shrinkage of concrete would lead to the
generation and propagation of internal microcracks, which
could greatly decrease the durability of concrete, shorten its
service life, and even cause serious engineering accidents [5].
Therefore, control of the shrinkage is crucial for the current
research and application of UHPC [6].

Cwirzen et al. systematically studied the mechanical
properties, volume stability, and durability of UHPC [7].
Experimental results showed that high curing temperature
tended to improve the compressive strength of reactive
powder concrete (RPC). The strength of the samples cured
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at high temperature could reach 200MPa, while the high-
est compressive strength of the specimens cured at room
temperature was only 150MPa. The shrinkage of UHPC was
high; furthermore, the shrinkage of the ultrahigh strength
mortar (UHSM) was approximately twice as that of UHPC.
However, UHPC and UHSM possessed excellent durability.
Liu et al. investigated the influences of mineral powders on
volume stability of RPC. The research results indicated that
high content of mineral powders could decrease early-stage
shrinkage value of RPC to 300 × 10−6 and the development
of shrinkage at later age was negligible [8]. Tam et al.
investigated the influences of mixing proportions and curing
conditions on the shrinkage of RPC [9]. The results showed
that shrinkage increased with the decrease of water-to-
cement ratio and the increase of dosage of high-efficiency
water reducing agents. However, the steel fiber and high-
temperature autoclave curing could reduce the shrinkage of
RPC effectively.Wong et al. investigated the shrinkage of RPC
cured at room temperature [10]. The results showed that 1-
day shrinkage accounted for 77% of the 7-day total shrinkage
when curing temperature was 20∘C and the relative humidity
was 50%. Moreover, the size of specimen also had certain
influence on the shrinkage value. The shrinkage of large
specimen was lower than that of small one. Han concluded
that the fly ash and other mineral powders had significant
effects on the early-age shrinkage of RPC. Shrinkage reducing
admixture and expansive agent could effectively decrease the
early-age shrinkage of RPC, while excessive expansive agent
could significantly increase the plastic shrinkage [11].

Shrinkage had negative impacts on the durability of
UHPC, which needed to be controlled [12]. The incorpora-
tion of shrinkage reducing admixture and expansive agent
was the effective method to improve the volume stability of
UHPC. The introduction of antifoaming admixture could
efficiently reduce internal bubbles of UHPC and make the
microstructuremore dense [13].What ismore, the addition of
antifoaming admixture could greatly improve themechanical
and durability properties of UHPC. For UHPC with the
addition of antifoaming admixture, few studies focused on
the influence of shrinkage reducing admixture and expansive
agent on the volume stability. This paper investigated the
effects of shrinkage reducing agent and expansive agent on
the shrinkage of UHPC mixed with antifoaming admixture
and proposed some suggestions for future research work.

2. Raw Materials and Test Methods

2.1. Raw Materials. The cement used was ordinary Portland
cement with the strength grade of 52.5 complying with the
Chinese National Standard GB175-2007. The particle size
distribution of cement was shown in Figure 1. The specific
surface area of silica fume (SF) was 21000m2 kg−1 and the
pozzolanic activity index was 104%. Two types of silica
sand (SS) with bulk density of 1.405 g/m3 and 1.329 g/m3,
respectively, were used. According to the theory of high
packing, the mass ratio of the coarse and fine silica sand
was 3.9 : 4.9. A polycarboxylate-based superplasticizer (SP)
from Harbin Qiang Shi Company was used. It has a water
reducing efficiency greater than 30% and a solid content
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Figure 1: Particle size distribution of cement.

Figure 2: Autogenous shrinkage measuring device.

of about 40%. The antifoaming admixture (AF) used was
produced by Japanese Toho Chemical Industry Company.
The shrinkage reducing agent (SRA) used was produced
by Germany Evonik Industries. The expansive agent (EA)
used was calcium magnesium compound expansive agent
produced by Jiangsu Heitman Company Limited.

2.2. Test Methods. The mixing proportions of UHPC were
shown in Table 1.The water-to-binder ratio was 0.2 for all the
mixtures.

The fluidity of UHPCwas tested according to the Chinese
standard GB/T 2419-2005. The mixture was cast into a
minicone mold uniformly. The mini-slump cone has a base
diameter of 60mm, a top diameter of 36mm, and a height
of 60mm. Then the mold was lifted vertically and two
diameters perpendicular to each other were measured. The
mean value was recorded as slump flow to evaluate the
fluidity. The air content was tested according to the Chinese
standard GB/T 50080-2002. The mixture was cast into a
cylinder container uniformly and the entrapped air content
was recorded through a pressure gauge. The compressive
strength was tested according to the Chinese standard GB/T
50081-2002.

Autogenous shrinkage of UHPC was tested by the self-
designed measuring device shown in Figure 2. UHPC was
mixed and cast into plastic corrugated pipe. After 6 hours,
its initial length was measured. Then the dial gauge readings
were recorded every 24 hours until the age of 7 days.

Drying shrinkage of UHPC was tested by the self-
designed measuring device shown in Figure 3. UHPC was
mixed and cast into the mold with the size of 25mm ×
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Table 1: Mixing proportions of UHPC.

Sample Cement SF SS Water SP AF SRA EA
JP0 100 25 110 25 1.8 0.5 0 0
J1 100 25 110 25 1.8 0.5 0.5 0
J2 100 25 110 25 1.8 0.5 1 0
J3 100 25 110 25 1.8 0.5 2 0
P1 100 25 110 25 1.8 0.5 0 2
P2 100 25 110 25 1.8 0.5 0 3
P3 100 25 110 25 1.8 0.5 0 4

Figure 3: Drying shrinkage measuring device.

25mm × 285mm. After curing under the temperature of
20 ± 3∘C and relative humidity beyond 90% for 2 days, the
UHPC specimens were demolded and the initial length of the
specimen was measured. Then the dial gauge readings were
recorded every 24 hours until the age of 28 days.

The shrinkage of UHPC was calculated using the follow-
ing equation:

𝜀st =
𝐿0 − 𝐿 𝑡

𝐿𝑏
, (1)

where 𝜀stwas the shrinkage ofUHPC,𝐿0was the initial length
of the specimen,measured value, 𝐿 𝑡 is themeasured value, 𝐿𝑏
was the standard length of the specimen.

3. Results and Discussion

3.1. Fluidity and Air Content. Figure 4 exhibited the effects
of shrinkage reducing agent on the air content and fluidity of
UHPC. It could be found that the fluidity of UHPC decreased
with the increase of dosage of shrinkage reducing agent. It
showed that the highest fluidity value reached 256mm when
UHPC was prepared without mixing the shrinkage reducing
agent. But the fluidity of UHPC was decreased by 15.8% to
221mm and by 24.2% to 201mm when shrinkage reducing
agent was used at the dosage of 0.5% and 2.0%, respectively.

The incorporation of shrinkage reducing agent also had a
significant effect on the air content of UHPC mortar. The air
content of UHPC without the shrinkage reducing agent was
1.5%. With the increase of the dosage of shrinkage reducing
agent, the air content of UHPC showed sharp increase. The
air content of UHPC was increased by 106.7% to 3.1% and by
180% to 4.2% when the shrinkage reducing agent was used
at the dosage of 0.5% and 2.0%, respectively. As mentioned
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Figure 4: Effects of shrinkage reducing agent on air content and
fluidity of UHPC.
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Figure 5: Effects of expansive agent on air content and fluidity of
UHPC.

above, the fluidity of UHPC exhibited declining tendency
with the introduction of the shrinkage reducing agent, which
might hinder the release of the air in UHPC during the
vibration procedure and resulted in the increase of the air
content in UHPC.

Figure 5 showed the effects of expansive agent on the air
content and fluidity of UHPC. The results indicated that the
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Figure 6: Effects of shrinkage reducing agent on compressive
strength of UHPC.

fluidity decreased and air content increased obviously with
the addition of expansive agent. Since the main chemical
compositions of the expansive agent were MgO, CaO, and
sulphoaluminate, much of mixing water was consumed due
to the physical absorption and chemical reaction for UHPC
with the introduction of expansive agent. The consumption
of free water decreased the fluidity and hindered the release
of air, which led to the increase of the air content. Some
published research work also indicated that the addition of
the expansive agent decreased the fluidity of concrete [14, 15].

3.2. Compressive Strength. Figure 6 showed the effects of
shrinkage reducing agent on the compressive strength of
UHPC. The results indicated that the compressive strength
of UHPC decreased with the increase of dosage of shrinkage
reducing agent. Some published studies also drew the same
conclusion that the addition of shrinkage reducing agent
decreased the compressive strength of mortar sample [16–
18]. For the samples without mixing with shrinkage reduc-
ing agent, 7-day and 28-day compressive strength reached
114.7MPa and 133.1MPa. However, when the shrinkage
reducing agent was introduced at dosage of 2%, 7-day
and 28-day compressive strength was decreased by 24.4%
to 86.7MPa and by 17.8% to 109.4MPa, respectively. The
reduction caused by shrinkage reducing agent was more
significant for the 7-day strength of UHPC, which indicated
that shrinkage reducing agent had a more obvious effect on
the early-age strength of UHPC.

Figure 7 exhibited the effects of expansive agent on the
compressive strength of UHPC. The results showed that the
compressive strength of UHPC decreased with the increase
of dosage of expansive agent. The published research work
obtained similar conclusion that the compressive strength
of concrete decreased when the dosage of expansive agent
exceeded 40 kg⋅m−3 [19].

For the samples without mixing with expansive agent,
7-day and 28-day compressive strength reached 114.7MPa
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Figure 7: Effects of expansive agent on compressive strength of
UHPC.

and 133.1MPa. However, when the expansive agent was
introduced at dosage of 2%, 7-day and 28-day compressive
strength was decreased by 12.7% to 100.1MPa and by 7.0% to
123.8MPa, respectively. The reduction caused by expansive
agent was more significant for the 7-day strength of UHPC,
which indicated that expansive agent had a more obvious
effect on the early-age strength of UHPC.

3.3. Autogenous Shrinkage. Figure 8 exhibited the effects of
shrinkage reducing agent on the autogenous shrinkage of
UHPC. The results showed that the autogenous shrinkage
of UHPC decreased with the introduction of shrinkage
reducing agent. A published study obtained similar result
that the use of shrinkage reducing agent was favorable for
improving the restrained autogenous shrinkage behaviors
of UHPFRC [20]. The autogenous shrinkage developed in
the first 3 days was dominant and then the growth rate of
shrinkage tended to be slow. For the sample without mixing
with shrinkage reducing agent, 7-day autogenous shrinkage
reached 1080 × 10−6. However, 7-day autogenous shrinkage
decreased to 718 × 10−6, 649 × 10−6, and 602 × 10−6 when
the shrinkage reducing agent was used at dosage of 0.5%,
1.0%, and 2.0%, respectively. That is to say, 7-day autogenous
shrinkage of samples with shrinkage reducing agent at dosage
of 0.5%, 1.0%, and 2.0% was decreased by 33.5%, 39.9%, and
44.3%, respectively.

Figure 9 showed the effects of expansive agent on the
autogenous shrinkage of UHPC. The results indicated that
the autogenous shrinkage of UHPC decreased with the
introduction of expansive agent. For the sample without
mixing with expansive agent, 7-day autogenous shrinkage
reached 1080 × 10−6. However, 7-day autogenous shrinkage
decreased to 907 × 10−6, 920 × 10−6, and 937 × 10−6 when the
expansive agent was introduced at dosage of 4.0%, 3.0%, and
2.0%, respectively. That is to say, 7-day autogenous shrinkage
of samples with expansive agent at dosage of 4.0%, 3.0%, and
2.0% was decreased by 16.0%, 15.2%, and 13.2%, respectively.
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Figure 8: Effects of shrinkage reducing agent on autogenous
shrinkage of UHPC.
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Figure 9: Effects of expansive agent on autogenous shrinkage of
UHPC.

Compared with the results in Figure 8, shrinkage reducing
agent had more significant shrinkage reducing effect than
expansive agent for autogenous shrinkage of UHPC.

3.4. Drying Shrinkage. Figure 10 exhibited the effects of
shrinkage reducing agent on the drying shrinkage of UHPC.
The results showed that the drying shrinkage developed in
the first five days was dominant and then the growth rate of
shrinkage tended to be slow. The results also indicated that
the variation of drying shrinkage after 10 days was relatively
low. The 10-day drying shrinkage of samples JP0, J1, J2, and
J3 was 719 × 10−6, 442 × 10−6, 404 × 10−6, and 371 × 10−6,
which accounted for 87.2%, 96.9%, 92.9%, and 90.3% of 28-
day drying shrinkage, respectively.

It could also be found that the drying shrinkage of UHPC
decreased obviously when the shrinkage reducing agent was
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Figure 10: Effects of shrinkage reducing agent on drying shrinkage
of UHPC.
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Figure 11: Effects of expansive agent on the drying shrinkage of
UHPC.

introduced. A published research work obtained similar
conclusion [21]. Shrinkage reducing agent was regarded as
one of the important measures to prevent shrinkage cracking
of concrete [22]. 28-day drying shrinkage decreased to 411
× 10−6, 435 × 10−6, and 456 × 10−6 when the shrinkage
reducing agent was introduced at dosage of 2.0%, 1.0%, and
0.5%, respectively. That is to say, 28-day drying shrinkage of
samples with shrinkage reducing agent at dosage of 2.0%,
1.0%, and 0.5% was decreased by 50.2%, 47.3%, and 44.7%,
respectively. With the increase of the dosage, the shrinkage
reducing agent exhibited more significant reducing effect for
the drying shrinkage.

Figure 11 exhibited the effects of expansive agent on the
drying shrinkage of UHPC. The results showed that the
drying shrinkage of UHPC decreased with the introduction
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of expansive agent. It was also reported that expansive
agent decreased the drying shrinkage of UHPC [15]. The
main chemical compositions of expansive agent were MgO,
CaO, and sulphoaluminate; the reaction mechanism of those
crystals are as follows:

MgO +H2O → Mg (OH)2 (2)

CaO +H2O → Ca (OH)2 (3)

C4A3S +H2O → AFt (4)
The generation and growth of these crystals filled the pore

and increased the density of UHPC, which could help in the
expansion of cement paste and decrease the shrinkage of con-
crete. For the sample without mixing with expansive agent,
28-day drying shrinkage reached 825× 10−6. However, 28-day
drying shrinkage decreased to 582 × 10−6, 740 × 10−6, and 800
× 10−6 when the expansive agent was introduced at dosage
of 4.0%, 3.0%, and 2.0%, respectively. That is to say, 28-day
drying shrinkage of samples with expansive agent at dosage
of 4.0%, 3.0%, and 2.0% was decreased by 29.5%, 10.3%, and
3.0%, respectively. Compared with the results in Figure 10,
shrinkage reducing agent hadmore significant reducing effect
than expansive agent for drying shrinkage of UHPC.

4. Conclusion

From the above experimental results, the following conclu-
sions can be obtained.

(1) The air content ofUHPC increaseswith the increasing
dosage of shrinkage reducing agent and expansive
admixture and the fluidity of fresh UHPC shows a
declining tendency.

(2) The higher addition of shrinkage reducing agent and
expansive admixture results in the lower compressive
strength of UHPC. This negative effect on compres-
sive strength is more obvious at early ages.

(3) Both autogenous and drying shrinkage of UHPC
decrease obviously with the higher dosage of shrink-
age reducing agent and expansive admixture. Shrink-
age reducing agent presents a more significant reduc-
tion effect on shrinkage of UHPC than expansive
agent.
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Cement mortar prisms were prepared with three different cement types and different water-to-cement ratios plus 30% mass
of limestone filler. After 28 days of curing in water at room temperature, these samples were submerged in 2% magnesium
sulfate solution at 5∘C and the visual appearance and strength development for every mortar were measured at intervals up
to 1 year. Samples selected from the surface of prisms after 1-year immersion were examined by X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) spectroscopy. The results show that mortars with sulfate resisting Portland cement (SRC) or
sulphoaluminate cement (SAC) underwent weaker degradation due to the thaumasite form of sulfate attack than mortars with
ordinary Portland cement (OPC). A lower water-to-cement ratio leads to better resistance to the thaumasite form of sulfate attack
of the cement mortar. A great deal of thaumasite or thaumasite-containing materials formed in the OPC mortar, and a trace of
thaumasite can also be detected in SRC and SAC mortars. Therefore, the thaumasite form of sulfate attack can be alleviated but
cannot be avoided by the use of SAC or SRC.

1. Introduction

In recent years, it has become a common practice to incor-
porate fine limestone powder as an additional constituent in
the cement production [1]. A high volume of limestone filler
is also used frequently to increase the content of fine par-
ticles and optimize the particle packing in self-compacting
concrete (SCC) mixes [2]. The use of limestone in cement or
concrete seems to have many benefits, such as reducing water
demand, improving strength development, and being eco-
nomical [3, 4]. It was also reported that the addition of a finely
ground limestone filler has a positive effect on the behavior
of mortars exposed to magnesium sulfate solution due to
the improved compactness [5]. However, it has been widely
reported that cement and concrete containing limestone
are subject to a special type of sulfate attack, attributed to
the formation of thaumasite (CaSiO

3
⋅CaCO

3
⋅CaSO

4
⋅15H
2
O)

at low temperatures (lower than 15∘C) [6, 7]. Since the
formation of thaumasite involves the reaction of C-S-H in the
cement paste with carbonate and sulfate ions [8], it results
in severer and quicker decomposition of cement and con-
crete than conventional sulfate attack attributed to ettringite

(3CaO⋅A1
2
O
3
⋅3CaSO

4
⋅31H
2
O). And the use of sulfate resist-

ing Portland cement with low C
3
A content becomes ineffec-

tive to preserve cementitiousmaterials against the thaumasite
form of sulfate attack [9]. Sulphoaluminate cement, being
completely different from Portland cement in mineral com-
position, has been used increasingly in concrete structures
constructed in winter, especially in hydraulic engineering
and structure remedial engineering [10–12], and there are
few published studies concerning the thaumasite form of
sulfate attack of this cement. Therefore, this paper presents
experimental results related to the effect of cement type and
water-to-cement ratio on the resistance to thaumasite sulfate
attack of mortars containing a limestone filler.

2. Experimental

Three types of cement were used: ordinary Portland cement
(OPC), sulfate resisting Portland cement (SRC), and sulphoa-
luminate cement (SAC). All of them have the same strength
grade of 42.5 according to Chinese standards. The chemical
compositions of these cement types are shown in Table 1.
The ground limestone filler has a specific surface area of
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Table 1: Chemical compositions of cement (wt.%).

Number CaO SiO
2

Al
2
O
3

Fe
2
O
3

MgO SO
3

R
2
O IL

OPC 61.27 21.04 6.94 2.36 1.32 1.94 0.97 3.76
SRC 63.52 22.75 4.12 4.37 2.19 2.01 0.68 0.33
SAC 41.53 8.10 30.32 3.41 3.60 11.93 — 0.65

Table 2: Mixing proportions of mortar.

Number OPC SRC SAC Sand Limestone Water
OPC (0.6) 1.0 0 0 2.2 0.3 0.6
SRC 0 1.0 0 2.2 0.3 0.6
SAC 0 0 1.0 2.2 0.3 0.6
SAC50 0.5 0 0.5 2.2 0.3 0.6
0.5 1.0 0 0 2.2 0.3 0.5
0.4 1.0 0 0 2.2 0.3 0.4

420m2/kg (Blaine). The fine aggregate was quartz sand with
a fineness modulus of 2.5, an apparent density of 2.65 g/cm3,
and a bulk density of 1.60 g/cm3. The sulfate solutions were
prepared by synthetic MgSO

4
.

Mortar prisms (40 × 40 × 160mm) were cast according to
the mixture proportions presented in Table 2. The prepared
specimens were kept in a moist cabinet and cured for 24
hours at room temperature. Then, all the specimens were
removed from the mould and cured in water. After 27 days
of curing, all the specimens were immersed into 2%-by-
weight MgSO

4
solution at 5∘C. After every 2 months, the

sulfate solution was replaced keeping the volume ratio of
MgSO

4
solution to prepared specimens at 2 : 1. For every

mixture specimen, the visual appearance and strength were
measured after immersion treatment in MgSO

4
solution at

regular intervals up to 1 year. Samples were selected from the
surface of prisms after strength testing at different immersion
ages. X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopy were used to analyze these samples and
distinguish the degraded products of cement mortar after
sulfate exposure at lower temperature.

X-ray diffraction (XRD) analysis was conducted using
a diffractometer (D/MAX-IIIA, Rigaku, Japan) with Cu-
K𝛼 radiation to identify the phase formed before and after
immersion into the sulfate solution. The diffraction data was
collected for each specimen under the following conditions:
2𝜃 range of 5 to 60∘, a count time of 0.6 s per step, and
sampling width of 0.02∘. Fourier transform infrared (FTIR)
spectroscopy was carried out to identify the chemical and
structural changes using a Nicolet 60 SXB FTIR Spectropho-
tometer. A mixture of synthesized powder and spectroscopic
grade KBr was ground and then pressed at 2000 psi for 5min
to obtain a pellet, and the correspondingwavenumber ranged
from 400 cm−1 to 4000 cm−1.

3. Results and Discussion

3.1. Visual Appearance. Visual appearances of the tested
mortar specimens were detected for every mixture monthly.

It can be found that there is a little of a white precipitate on
the surface of the mortar specimens after the initial 27-day
curing in water for all the mortars except for SAC mixture,
being mainly attributed to the CH leaching out from the
mortar and a little of carbonate in water. During the first
several months of immersion in the sulfate solution, such
white mass exudation continued and it seemed to have no
negative influence on the mortar mechanical performance.
There were firstly some signs of deterioration on the surfaces
and edges of the samples after 4 months for the OPC mortar
but a longer time of 6 months for other mortars.

Visual appearances of the tested specimens were detected
for every mixture after 1-year exposure to sulfate solution
at 5∘C. The results for typical mixtures are presented in
Figure 1. It can be found that there are obvious signs of
deterioration on the specimen surfaces for every specimen.
And a white soft substance was formed on the container’s
bottom resulting from the spalling specimen surfaces. From
the visual appearance, it was found that the OPC mortar
exhibited the worst damage, sulfate resisting Portland cement
(SRC) mortar showed a limited improvement, and the mor-
tars containing sulphoaluminate cement (SAC and SAC50)
underwent much weaker damage. Therefore, both SRC and
SAC showed improved resistance to the thaumasite form of
sulfate attack, and the latter is better. With the decreasing
of the water-to-cement ratio from 0.6 to 0.4, the mortar
presented less appearance damage.

3.2. Strength Development. Figure 2 presents the strength
development of mortars with different types of cement
immersed in sulfate solution. No significant strength reduc-
tion occurred on theOPCmortar during the beginning of the
3 months, and a little strength increase happened on other
mortars. With the continued exposure to sulfate attack, the
strength of every mortar began to decrease and the strength
loss increased evidently with the increasing of immersion
time. After 1-year immersion in sulfate solution, OPC, SRC,
SAC, and SAC50 mortars showed 72.8%, 53.6%, 35.6%, and
25.6% compressive strength loss and 45.6%, 35.1%, 25.0%,
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Figure 1: Visual appearance of mortars after 1-year exposure to sulfate: (a) OPC (0.6), (b) SRC, (c) SAC, (d) SAC50, (e) 0.5, and (f) 0.4.
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Figure 2: Strength development of mortars with different types of cement with immersion time: (a) compressive strength, (b) flexural
strength.

and 15.6% flexural strength loss, respectively. Though sulfate
resisting Portland cement mortar shows a less strength loss
than OPC mortar, it does not behave as good as expected for
the traditional sulfate attack. Sulphoaluminate cement shows
much better resistance to sulfate attack at lower temperature
than OPCmortar.These results agree with those of the above
visual inspection.

Figure 3 presents the strength development of mortars
with different water-to-cement ratios immersed in a sulfate
solution. After the first 3 months of immersion, just a very
little decrease in compressive strength was found for the
control mortar with water-to-cement ratio of 0.6, and the
other two mortars with lower water-to-cement ratios of
0.5 and 0.4 showed an obvious strength increase. With the
continued exposure to sulfate attack, the strength of every

mortar began to decrease and the strength loss increasedwith
the increasing of immersion time. After 1-year immersion in
sulfate solution, mortars with water-to-cement ratios of 0.6,
0.5, and 0.4 showed 72.8%, 26.9%, and 15.0% compressive
strength loss and 45.6%, 9.8%, and 3.1% flexural strength
loss, respectively. This weaker damage is mostly attributed
to the improved porosity and impermeability of mortar with
a lower water-to-cement ratio. Therefore, a lower water-to-
cement ratio is very effective for improving the resistance to
the thaumasite form of sulfate attack.

3.3. Mineralogy. The samples were selected from mortars
after the initial 27-day curing in water and XRD patterns of
them are shown in Figure 4. For all the samples, strong peaks
corresponding to quartz (SiO

2
) from the sand and calcite
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Figure 3: Strength development of mortars with different water-to-cement ratios with immersion time: (a) compressive strength, (b) flexural
strength.
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Figure 4: XRD patterns of mortars before immersion into sulfate solution. ⬦: quartz; I: calcite; : portlandite; ◼: monocarboaluminate; ◻:
ettringite.

(CaCO
3
) from the limestone filler were found. As expected,

a mass of portlandite (Ca(OH)
2
) formed in OPC and SRC

mortars. Monocarboaluminate (3CaO⋅Al
2
O
3
⋅CaCO

3
⋅11H
2
O)

formed as one of the hydration products of C
3
A from OPC

and limestone filler. When the mortar is immersed into
the sulfate solution, sulfate ions penetrate into the mortar
and react with portlandite, monosulfoaluminate, CSH gel
to form ettringite, gypsum, and thaumasite [13, 14]. The
formation of these products leads to the swelling, cracking,
and finally decomposition of the OPC mortar. No detectable

monocarboaluminate was found in the sulfate resisting Port-
land cement mortar containing much less C

3
A, and the

mortar suffered from a slighter attack attributed to ettringite
formation. Other mineral compositions in SRC are similar to
OPC, so the SRC mortar also suffered from the formation
of gypsum and thaumasite and it showed limitedly better
resistance to sulfate attack at low temperature than the OPC
mortar. The main minerals of sulphoaluminate cement are
C
4
A
3
Š, C
2
S, and C

12
A
7
, and their hydration products mainly

contain ettringite, CSH gel, and Al(OH)
3
[15]. Very strong
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Figure 5: XRD patterns of mortars after 1-year immersion in sulfate
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peaks corresponding to ettringite and weak peaks attributed
to portlandite can be found in the XRD pattern of the SAC
mortar. On the one hand, there is no enough portlandite
or unstable aluminates such as monocarboaluminate or
monosulfoaluminate to form gypsum and ettringite. On the
other hand, there is less CSH gel for thaumasite sulfate attack
in the SAC paste than in the OPC paste. Therefore, the SAC
mortar behaves much better than the OPC mortar.

Figure 5 presents the XRD patterns of samples selected
from the surfaces of mortars with different types of cement
after 1-year immersion. In all samples, even no detectable
trace of portlandite can be seen. And a great deal of
sulfate-bearing substances including ettringite/thaumasite
and gypsum formed in the samples. According to the relative
intensities of major peaks at around 9.1∘ and 11.6∘ 2𝜃, there
are more sulfate-bearing substances formed in OPC mortar
than in SRC and SAC mortars which suffered from slighter
deterioration.

It is difficult to distinguish ettringite and thaumasite
from XRD patterns when only small amounts are present
in a sample being attributed to their very similar crystal
structures [16]. So, spectra of samples were further analyzed
by FTIR spectra as shown in Figure 6. For all the samples,
there are strong peaks at around 1110 cm−1 corresponding to
S-O, showing a large number of sulfate-bearing substances
[17]. And the OPC mortar shows a stronger peak, attributed
to more sulfate-bearing substances, than the other two
samples. The C-O peaks at 875 cm−1 and around 1400 cm−1
are occurring in all the samples as expected, and they are
attributable to the presence of carbonates. The obvious peaks
at 499 cm−1 and 669 cm−1, being assigned to the presence of
SiO
6
bonds [18], indicate amass of thaumasite or thaumasite-

containing solid solution formed in the OPC mortar. Weak
peaks of SiO

6
bonds in the other two samples and the XRD

patterns mentioned above show that SRC and SAC postpone
the thaumasite formation.
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Figure 6: FTIR spectra of mortars with different types of cement
after 1-year exposure to sulfate solution.

4. Conclusions

(i) Based on the mechanical performance degradation,
the relative resistance to the thaumasite form of
sulfate attack of cement is outlined below, from the
best to the worst: mixture of sulphoaluminate cement
and OPC, sulphoaluminate cement, sulfate resisting
Portland cement, and OPC.

(ii) A lower water-to-cement ratio leads to better resis-
tance to the thaumasite form of sulfate attack of
cement mortar.

(iii) After 1 year of exposure to sulfate solution, a great
deal of thaumasite or thaumasite-containing mate-
rials formed in the OPC mortar, and a trace of
thaumasite can also be detected in SRC and SAC
mortars. Therefore, the thaumasite form of sulfate
attack can be alleviated but cannot be avoided by the
use of SAC or SRC.
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As structures like skyscrapers and long-span bridges become larger, the demand for higher strength of concrete is increasing.
However, research on ultrahigh-strength concrete (UHSC) is still in its infancy. In particular, UHSC is known to have a considerably
higher level of autogenous shrinkage thannormal strength concrete (NSC), and the possibility of cracking at an early age is very high.
Therefore, in this study, shrinkage and cracking behavior of high-strength concrete (HSC), very-high-strength concrete (VHSC),
and UHSC were evaluated through unrestrained shrinkage test and restrained shrinkage test (ring test). The primary experimental
variables are the compressive strength level according to the water-to-binder ratio (W/B), fly ash content, and concrete specimen
thickness.The experimental results demonstrated that the drying shrinkage decreased as theW/B ratio and the fly ash replacement
ratio increased, and the restraint cracks appeared to be the earliest and most brittle in the UHSC with the smallest W/B. Increased
concrete thickness and incorporation of fly ash were observed to inhibit crack initiation effectively.

1. Introduction

Volume reduction of concrete by shrinkage is constrained
by factors such as rebar, coarse aggregate, and formwork.
Constrained stresses from shrinkage cause initial cracking,
which deteriorates the durability of the structure and causes
sudden destruction of the structure at unexpected loads [1, 2].
Shrinkage is generally divided into autogenous shrinkage and
drying shrinkage. Autogenous shrinkage is not caused by
external influences (load, moisture evaporation, temperature
change, etc.) but rather by the self-desiccation phenomenon
due to hydration reaction. Dry shrinkage occurs when the
free water inside the concrete evaporates to the outside due
to the difference in relative humidity. The main mechanisms
of the shrinkage are (a) capillary tension due to moisture
change, solid surface tension, and disjoining pressure, (b)
chemical shrinkage, (c) thermal shrinkage, and (d) carbon-
ation shrinkage [3].

Planar concrete structures such as bridge decks, road
pavements, parking lots, and factory floors, which are applied

with normal strength concrete (NSC), are subject to large
shrinkage due to increased external exposed surface and free
water, so cracks are likely to occur [4]. Furthermore, high-
strength concrete (HSC) and ultrahigh-strength concrete
(UHSC), which have been actively researched and developed
because interest in high-rise buildings and long-span bridges
has increased rapidly, have considerably higher autogenous
shrinkage than NSC and have a high possibility of cracking
at an early age [5–7].

Previous studies have shown that fly ash increases the
long-term strength, durability, and workability of concrete
and induces initial setting delay and shrinkage reduction
by pozzolanic reaction [8]. In addition, the delay of the
initial hydration reaction reduces the risk of cracking due to
hydration heat and initial restraining stress.

The initial cracking behavior is influenced not only by
the development rate and the amount of concrete shrinkage
but also by the constraint, relaxation of stress, age, and shape
of the structure [9]. Therefore, it is impossible to evaluate
the strength development, the change of concrete stress, and
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Table 1: Mix proportions.

Mix W/B S/A (%) Unit weight (kg/m3) SP (%)
W C SF FA S G

HSC 0.30 41.0 171 580 — — 666 973 0.8
VHSC 0.25 41.5 162 598 52 — 652 934 1.1
UHSC

0.16
32.0 155 824 145 — 414 913 1.9

UHSC-FA10 32.0 155 727 145 97 403 889 1.8
UHSC-FA20 32.0 155 630 145 194 392 865 1.8

the degree of restraint through experiments on unrestrained
shrinkage (autogenous and drying shrinkage tests). In addi-
tion, there is a limit on the evaluation of cracking possibility
and cracking behavior through such experiments. Moreover,
existing studies havemainly evaluated the shrinkage behavior
of NSC and HSC, and there is little research on UHSC [5, 8,
10].

Therefore, in this study, the shrinkage and cracking
behavior were evaluated through unrestrained and restrained
shrinkage experiments of HSC, VHSC (very-high-strength
concrete), and UHSC with water-to-binder ratios (W/B) of
30%, 25%, and 16%, respectively [10]. Notably, in the case of
UHSC of W/B 16%, the shrinkage behaviors according to the
substitution rate of fly ash were compared and evaluated, and
the shrinkage amount affecting actual cracking was evaluated
by comparing the restraint stress and drying shrinkage.

2. Experimental Program

2.1. Materials andMix Proportions. In this study, free shrink-
age behavior and restrained shrinkage cracking behavior of
concrete of three strength levels and the effect of fly ash on
shrinkage behavior of UHSC were investigated experimen-
tally. Although compressive strength is not directly related
to autogenous and drying shrinkage, to compare shrinkage
behavior of UHSC to that of other HSC, mixes that have
been used in the actual construction field were selected
and represented as HSC and VHSC. UHSC with a water-
to-binder ratio of 0.16 and design compressive strength of
120MPa was represented as UHSC. In the case of UHSC,
to obtain designated compressive strength, silica fume with
a replacement ratio of 15% was used for all UHSC mixes.
The materials used for all concrete were Type I Portland
cement, fine aggregate with specific gravity of 2.6, and coarse
aggregatewithmaximumaggregate size of 13mmand specific
gravity of 2.7. The details of mix proportions are presented in
Table 1.

2.2. Tests for Mechanical Properties. For fresh concrete prop-
erties, slump flow, air content, and initial setting time were
measured. Cylinder specimens of 100 × 200mm were pro-
duced for strength tests and elasticmodulus test. For 24 hours
after casting, they were cured in a curing room at 23 ± 1∘C.
After the molds were removed, they were stored in a water
tank at 20∘C up to the testing day. Compressive strength
and splitting tensile tests were carried out in accordance
with ASTM C39/C39M-16 and ASTM C496/C496M-11,
respectively [13, 14]. Elasticmodulus tests were obtained from

Figure 1: Drying shrinkage test specimens cast in molds.

Figure 2: Ring test molds (left: 76mm ring; right: 35mm ring).

the stress-strain curve, which is measured by applying a
uniaxial load to specimens with three strain gauges attached.

2.3. Drying Shrinkage Test. As shown in Figure 1, 100 ×
100 × 400mm specimens were used for the unrestrained
drying shrinkage test. The test method was based on
ASTM C157/C157M-08 [15]. Shrinkage measurement was
performed by using embedded gauges. After concrete place-
ment, the molds were moved and stored in a curing room
with a temperature of 23 ± 1∘C and humidity of 60 ± 3%. All
shrinkage specimens were demolded 24 hours after casting.

2.4. Ring Test. The restrained shrinkage testing was con-
ducted in accordance with ASTMC1581 [16].The test method
involves casting a concrete ring around a steel ring. Figures
2 and 3 show the molds and test setup, respectively. To
investigate the effect of the concrete thickness on the degree
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Table 2: Properties of fresh and hardened concrete.

Mix Slump flow (mm) Air content (%) Initial setting (hr) 𝑓cm (MPa) 𝑓sp,3𝑑 (MPa)
HSC 470/480 3.1 8.2 78.3 4.1
VHSC 400/410 3.6 10.1 98.3 4.5
UHSC 530/540 1.8 12.0 125.7 5.4
UHSC-FA10 520/510 1.7 13.4 123.5 —
UHSC-FA20 550/540 1.8 15.1 122.1 —

Wooden
base

Drying
direction

Concrete

Steel

Sealed Sealed

Strain gauge152mm

267mm
305mm

375 or 457 mm

(a) (b)

Figure 3: Ring test setup: (a) dimensions of ring test; (b) top sealing of ring specimen.

of restraint, the thickness of concrete ring specimens was
varied by 76 and 35mm. Strain gauges were mounted on the
inside of the steel ring to monitor the strain in the steel ring
caused by the shrinkage of the concrete. Because of drying,
concrete tends to shrink, but a steel ring prevents this. Thus,
compressive stress is produced in the steel ring, which is
balanced by tensile stress in the concrete. When cracking
occurs in the concrete, the stress and strain in the steel are
released.

The specimens were cured andmeasured in the following
manner. Immediately after the specimens were fabricated,
they were placed in an environment with a temperature of23 ± 1∘C and humidity of 60 ± 3%. The specimens were
then covered with wet burlap and a 0.15mm polyethylene
sheet and allowed to cure for 24 hours. After 24 hours, the
outer ring mold was removed.The upper side of the concrete
ring was sealed off using silicone-rubber sealer, so that
drying would be allowed only from the outer circumferential
surface, as shown in Figure 3. Steel strain measurements
were conducted using a data logger, and each strain gauge
was automatically recorded. The strain measurement was
monitored from the time of casting until the concrete ring
cracked.

3. Test Results and Discussion

3.1. Material Properties. Table 2 shows the properties of fresh
concrete including workability and setting time. The initial
setting time in UHSC was observed later than in HSC and
VHSC, and incorporation of fly ash delays the initial setting of
concrete.The higher the replacement ratio of fly ash, the later
the initial setting time. Table 2 also shows the compressive
strength at 28 days and splitting tensile strength at 3 days.The
compressive strength of UHSC was approximately 47MPa
and 27MPa larger than those ofHSC andVHSC, respectively,
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Figure 4: Comparison of compressive strengths of test results and
CEB-FIP MC90 [11].

and there was no significant difference for splitting tensile
strength between them. It is noted that compressive strength
slightly decreasedwith increasing replacement ratio of fly ash,
but the decrease is negligible, and it seems that fly ash does not
inhibit long-term strength development. In addition, Figures
4 and 5 show the comparison between compressive strength
and splitting tensile strength test results and predicted values.
The prediction of compressive strength with time was in
accordance with the formula given in CEB-FIP MC90 (see
(1)), and the splitting tensile strength prediction formula was
in accordance with ACI 363R (see (2)) as follows [11, 12].
When theACI 363R equation is applied,𝑓cm(𝑡) obtained from
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(1) is substituted into the value of 𝑓𝑐 . Both compressive and
splitting tensile strength test results were generally similar
to the predicted value trends. It is noted that although the
equation of ACI 363R is applied for concrete compressive
strength of 83MPa or less, the calculated values for VHSC
and UHSCwith higher strength than 83MPa are very similar
to the experimental values.

𝑓cm (𝑡) = 𝑓cm exp{2.0 [1 − (28𝑡 )
1/2]} , (1)

where𝑓cm is the mean compressive strength after 28 days and𝑡 is the age of concrete (days).
𝑓sp = 0.59𝑓𝑐 0.5 for 21MPa < 𝑓𝑐 < 83MPa, (2)

where 𝑓𝑐 is the specified compressive strength.

3.2. Drying Shrinkage under Unrestrained State. Figure 6
shows the effect of W/B on drying shrinkage under the
unrestrained state. In this study, the drying shrinkage stands
for the total drying shrinkage, which consists of autogenous
shrinkage due to internal self-desiccation and pure drying
shrinkage due to water loss to the outside environment. In the
case of HSC andVHSC, the initial drying shrinkage of VHSC
was relatively large, but, after 30 days, it became similar. This
suggests that the initial shrinkage of HSC was small due
to its low autogenous shrinkage, but the drying shrinkage
increased due to the evaporation of free water over time.
UHSC showed a dry shrinkage increase of approximately
250% at 60 days compared to VHSC.The reason for the great
increase in the drying shrinkage of UHSC is mainly the very
large autogenous shrinkage. For UHSC, the suction pressure
due to self-desiccation increases with decreasing size of the
internal pore, and the use of silica fume with high Blaine
fineness enhances the void filling effect [17].
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Figure 6: Drying shrinkage of concrete with different strength
levels.
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Figure 7: Drying shrinkage of UHSC with fly ash.

Figure 7 shows drying shrinkage according to fly ash
content. Fly ash was found to reduce drying shrinkage.
UHSC-FA10 and UHSC-FA20 showed a reduction of drying
shrinkage by 15% and 23% at 60 days, respectively.The reason
for the reduction of drying shrinkage by FA is considered to
be that the evaporation of the free water was hindered by the
fly ash filling the pores in the concrete.

3.3. Drying Shrinkage under Restrained State. Figure 8 shows
the ring test specimen after cracks occurred. Figure 9 shows
the strain of the inner steel ring according to concrete
strength. UHSC demonstrates a much earlier cracking age
and a much higher strain level than HSC and VHSC. In
addition, a more abrupt cracking tendency was observed
for the concrete with a higher strength level. The cracking
ages of UHSC, VHSC, and HSC were 1.5, 2.8, and 3.5 days,
respectively. The number of cracks was only one for all
UHSC specimens, and there was no additional crack after the
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Figure 8: Cracking of ring specimen.
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Figure 9: Average strain in the steel ring of HSC, VHSC, andUHSC
(35mm concrete ring).

first cracking. Although UHSC had higher tensile strength
than HSC and VHSC at all ages, its shrinkage cracking
performance was substantially poorer.This may be due to the
higher free shrinkage, particularly at early ages, lower specific
creep, higher modulus of elasticity, and lower aggregate
interlock along cracked faces [4].

Figure 10 shows the results of ring tests of UHSC with
fly ash. Previous study has shown that restrained shrinkage
in HSC decreases with the replacement of fly ash, and the
same tendency was observed in the test results [18]. At the
35mm concrete ring test, for UHSC-FA10 and UHSC-FA20,
the first crack was delayed by 2.4 and 19.2 hours, respectively,
and the maximum restrained strain decreased by 4.0 and
6.7 𝜇𝜀 compared to UHSC. In the case of the 76mm ring
test, the same tendency as the 35mm ring was shown. The
crack time was delayed by 3.6 and 25.2 hours for UHSC-
FA10 and UHSC-FA20, and the maximum restrained strain
was decreased by 9.3 and 7.3 𝜇𝜀, respectively. In the case of
using fly ash, the phenomenon of retarding the initiation
of shrinkage cracking under the restrained state can be
explained by the relatively low drying shrinkage of UHSC
with fly ash. In addition, from both 35mm and 76mm ring
tests, it was commonly observed that the point at which the
restrained strain increases steeply tends to be delayed because

of the delayed hydration reaction due to the pozzolanic
reaction of fly ash.

3.4. Restrained Stress and Splitting Tensile Strength. To obtain
the equation that describes the state of stress in the concrete,
the ring was separated into a concrete cylinder pressurized
at the inner surface and a steel cylinder pressurized with an
equal and opposite pressure at the outer surface as shown in
Figure 11. The interface pressure can be determined from the
steel ring using the steel properties, geometry of the steel ring,
and strains that were measured at the inner radius of the steel
using the electrical resistance strain gauges. This interface
pressure can then be applied to the inside of the thick concrete
ring to calculate the stresses using only the geometry of the
concrete ring. These two steps can be combined into one
expression for themaximum tensile stress that develops in the
ring (the radial stress at the inner radius of the concrete ring).
In this study, the maximum restrained stress was calculated
from the following equation given by Miyazawa et al. [19]:

𝜎 (𝑡) = 𝜀𝑠 (𝑡) ⋅ 𝐸𝑠𝑡𝑠𝑟1 𝑟22(𝑟21 + 1) (𝑟22 − 𝑟21) , (3)

where 𝜎(𝑡) is the maximal stress applied in concrete, 𝜀𝑠(𝑡) is
the steel strain on the inner radius of the steel ring, 𝐸𝑠 is the
elasticmodulus of the steel ring, 𝑡𝑠 is the thickness of the steel
ring, 𝑟1 is the inner radius of the concrete ring, and 𝑟2 is the
outer radius of the concrete ring.

Figure 12 shows the restrained tensile stresses computed
by (3) for the concrete with various strength levels. The
dotted curves represent the splitting tensile strength of each
specimen calculated by (2). It can be noticed that, at the same
degree of restraint (i.e., the same ring thickness), the higher
the strength levels, the closer the value to the splitting tensile
strength at cracking. In the case of HSC and VHSC, the crack
occurred at the 75∼80% level of splitting tensile strength,
whereas, in the case of UHSC, the restrained tensile stress at
cracking reached the full tensile strength.

Figure 13 shows the restrained tensile stresses according
to the thickness of the concrete ring. As the thickness of
the concrete rings increased, the maximum restrained tensile
stresses increased, and the cracking time of the concrete was
delayed.

3.5. Relationship between Restrained Cracking and Unre-
strained Drying Shrinkage. Figure 14 shows the drying
shrinkage under unrestrained state measured from the bar
specimen from the time of casting. There are two marks on
each curve. The first mark (stick) indicates the free drying
shrinkage strains at the age when the tensile stress in the
concrete ring began to develop. For UHSC, UHSC-FA10, and
UHSC-FA20, they are approximately 505, 54, and 45 𝜇𝜀 at
the ages of 0.6, 0.6, and 0.7 days, respectively. The second
mark (triangle) indicates the strains at the age of cracking
in the ring test. For UHSC, UHSC-FA10, UHSC-FA20, they
are approximately 762, 321, and 316 𝜇𝜀 at the ages of 1.5, 1.6,
and 2.3 days, respectively. In the case of UHSC, although the
absolute drying shrinkage was extremely large, the amount of
drying shrinkage after the setting time was similar to that of
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Figure 10: Average strain in the steel ring of UHSC with fly ash: (a) 35mm concrete ring; (b) 76mm concrete ring.
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Figure 11: Stress transfer mechanism in ring test: (a) inner steel ring; (b) outer concrete ring.
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UHSC-FA10. Thus, the cracking ages of UHSC and UHSC-
FA10 were very similar. The tendency of the later cracking
in UHSC-FA20 can be attributed to the slow shrinkage
rate, especially after the setting time. It is noted that the
difference in the drying shrinkage between the two points
was similar for all three specimens, which was approximately
265 𝜇𝜀 on average. That is, the shrinkage from the setting to
cracking time affected the restrained cracking. Therefore, to
avoid early age cracking in UHSC, it would be effective to
focus on controlling the shrinkage at an early age, especially
after the initial setting time, which is approximately 0.6
days.

4. Conclusions

The following conclusions were drawn from the results of the
restrained and unrestrained shrinkage tests of HSC, VHSC,
and UHSC.(1) UHSC of 120MPa was produced from W/B of 16%
using general compounding material and coarse aggregate.
The compressive strengths ofUHSCwere 47MPa and 27MPa
higher than HSC and VHSC with W/B of 30% and 25%,
respectively, but there was no significant difference in the
tensile strength. In addition, the compressive strength of
UHSC at 28 days was somewhat small when fly ash was
mixed, but it was not significant.(2)The compressive and tensile strengths of the concrete
according to CEB-FIP MC90 and ACI 363R showed good
agreement with the experimental data.(3) Drying shrinkage under the unrestrained state
increased sharply when W/B decreased from 25% to 16%,
which is considered to be due to a very large autogenous
shrinkage. However, as the amount of fly ash was increased,
the amount of drying shrinkage was observed to decrease.(4)As a result of the restrained shrinkage experiment, the
cracks due to the restraint of the inner steel ring occurred
earlier, and the cracking patterns were more brittle as W/B

decreased. Fly ash showed delayed occurrence of cracking,
and tensile stress at cracking decreased slightly.(5) The degree of restraint by the ring test decreased
as the thickness of concrete increased. Fly ash also showed
a tendency to decrease the restraint, and the effect was
increased as the thickness of concrete increased.Therefore, it
is considered that the increase of the concrete thickness and
the use of fly ash under the restraint condition can effectively
reduce the possibility of cracking of the concrete structure.(6) Comparing the restrained cracks with the unre-
strained drying shrinkage, it was found that restrained cracks
occurred when the drying shrinkage after the initial setting
occurred by more than a certain amount. Therefore, to
control the initiation of the restrained cracks, it is necessary
to make the occurrence of drying shrinkage slow and small
after the concrete begins to set.
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In order to deal with the divergence and instability due to the ill-posedness of the nonlinear finite element (FE) model of strain-
softening structure in implicit static analysis, the dynamic relaxation method (DRM) was used with kinetic damping to solve the
static increments in the incremental solution procedure so that the problem becomes well-posed. Moreover, in DRM there is no
need to assemble and inverse the stiffness matrix as in implicit static analysis such that the associated computational cost is avoided.
The ascending branch of static equilibrium path was solved by load increments, while the peak point and the descending branch
were solved by displacement increments. Two numerical examples illustrated the effectiveness of such application of DRM in the
FE analysis of static equilibrium path of strain-softening structures.

1. Introduction

The static equilibrium path analysis is important in structural
analysis. The finite element (FE) method is an important
means for structural analysis. In nonlinear FE analysis of
structures, the incremental method is the key [1]. The static
equilibrium path analysis of a strain-softening structure is
a tough problem due to the existence of descending branch
after peak load point. Concrete is a well-known strain-
softening material widely used in civil engineering.

Implicit static algorithm (ISA) [2], explicit quasi-static
algorithm (EQSA) [2], and dynamic relaxation method
(DRM) [3] are the three main methods used for structural
static analysis.

According to the increment control type, ISA can be
divided into load-control, displacement control, and arc-
length control. Firstly, for the load-control method, it was
proven mathematically that ISA such as Newton method,
modifiedNewtonmethod, and quasi-Newtonmethod cannot
snap the load peak, search the descending branch of static
equilibrium path, and handle local instability because of the
nonpositive stiffness matrix K or the instability of node
displacement a [4]. Secondly, comparing to the load-control
method, usually a better convergence rate as well as crossing

the load peak point can be obtained by adopting the displace-
control method [5]. However, not only do dissymmetry and
disbandment of K raise the compute cost [6], but also it is
difficult to select the unstable displacement components as
displacement control ones [7]. Otherwise, it was reported
that displacement control method cannot trace the snap-
back equilibrium path [8] and cannot be fitting for analyzing
strain-softening structure [5]. Thirdly, the arc-length control
method [9], which is usually used in analysis of structure
static problem, can snap load peak point and track descend-
ing branch caused by geometrical nonlinearity [8] but cannot
deal with local instability problem caused by strain-softening
or local buckling and cannot snap the bifurcation point
[2, 10, 11]. For these reasons, Duan proposed local arc-
length method which decomposes a structure into damaged
zone, failure zone, and dysfunction zone and when doing
structure analysis by the local arc-length method, the con-
straint equation only contains the displacement increment
of nodes in failure zone and dysfunction zone [11]. From
the numerical case studies that have been reported, local
arc-length method can conduct analysis of strain-softening
structure, but these studies mainly deal with strain-softening
under tension [11, 12]; moreover, the constraint equation
needs to be updated during incremental-iterative procedure
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according to the changing of damaged zone and failure
zone.

The literature [2] suggests employing explicit dynamic
algorithm (EDA) to do static analysis of structures character-
ized with local instability; and, in this way, static problem is
treated as quasi-static problem in which the inertia effect can
be ignored. And we define the EDA as EQSA when it is used
to solve quasi-static problem. Some applications of EQSA can
be seen in literature [13, 14]. Being different from implicit
algorithm, EQSAuses explicit time integral formula to update
displacement vector, which can avoid the construction and
inversion of K [5]. However, there are difficulties in using
EQSA. First of all, EQSA is a conditionally stable algorithm;
it is that the stable solution of static problems depends on
the minimum size of finite elements under the hypothesis
that every element has the same physical properties [2].
This condition increases the computational cost of the dis-
crete model with small-dimension elements. Secondly, it is
required to reduce the loading rate if a reasonable pseudo
static solution is prospected, but it will increase the number of
time steps (computational cost). Increasing the loading rate
will introduce noise in the loading response (nonnegligible
inertia effect) [2] and will even make the computation result
completely deviate from the test result [15]. In order to
reduce the computational cost, the node mass scaling may
also introduce noise into the load response [2]. The deter-
mination of viscous damping coefficient has a strong empiri-
cal dependence [2].

The explicit time integration algorithm is used to update
the a vector, and the static solution is obtained by the kinetic
energy dissipation of virtual dynamic process which includes
viscous damping type and kinetic damping type [16]. DRM
can use the virtual mass and kinetic damping, so as to avoid
the situation that computational cost of EQSAdepends on the
small size of the model, and the viscous damping coefficient
depends on the analysis experience. The application of DRM
in the static analysis of structures began in the 50th and 60th
of the last century [17–19], and its application scope gradually
expanded in recent years [20–22], and recently it was often
used in the analysis of tension structures [3, 23, 24]. However,
it is less common in the application and analysis of strain-
softening structures.

In the paper, kinetic damping DRM is used to calculate
the static equilibrium path of strain-softening structure.
Firstly, the paper gives the problem description and then
describes the process of structural static problem based on
DRM in two levels. And two examples and the corresponding
results are described. Finally, the discussion and conclusions
are given.

2. Description of the Problem

Theproblem to be solved is a boundary problem in static solid
analysis. The condition for material softening is given by [25,
26]

�̇�
𝑇
�̇� ≤ 0, (1)

where �̇� is the stress rate vector and �̇� is the strain rate vector.
The material strain-softening makes the equation of the

boundary problemno longer elliptic [27], and accordingly the
solution lost well-posedness [28]. That introduced time into
the problem can make the equation become well-posed [29],
but the original boundary problem changes to initial bound-
ary value problem. In order to solve the original boundary
problem, we can firstly divide the whole problem solving
process into several incremental loads or displacement steps;
secondly we attach masses to the nodes to form the diagonal
mass matrix M and then use DRM to solve the incremental
steps.The essence of DRM is that the original solid problem is
turned into the one of well-posed damped vibration problem:
the dissipation of mechanical energy caused by damping will
make the quasi-static displacement solution of the vibration
problem approaches the solution of the original problem as𝑡 → ∞. And at any time point 𝑡, if the displacement vector
satisfies the convergence criterion, then it is also the solution
of the original static problem.

For the FE discrete model of the solid, all the degrees
of freedom (DOFs) can be divided into those with load-
ing and those without loading. Here, we define the DOFs
whose nodes are either with load increment or with displace
increment as loading DOFs and the remaining DOFs as
nonloading DOFs. In the nonlinear FE static analysis of
the structure, it is assumed that the boundary of the solid
is sufficiently restrained such that it becomes geometrically
stable system with no rigid body displacement. The set of
nonlinear equilibrium equations to be solved corresponding
to all DOFs is

𝜓 (f , a) = f − p (a) = 0, (2)

where 𝜓 is the residual nodal load vector, f = {𝑓1, . . . , 𝑓𝑟} is
the external nodal load vector, a = {𝑎1, . . . , 𝑎𝑟} is the nodal
displacement vector, p = {𝑝1, . . . , 𝑝𝑟} is internal nodal load
vector, and 𝑟 is the total number of DOFs in the system.

Let the index set I1 = {1, . . . , 𝑟}, the index set I2 ={𝑠1, . . . , 𝑠𝑟} ⊂ I1, and the index set I3 = {𝑡1, . . . , 𝑡𝑟} ⊂ I1,
where I1 denotes the total DOFs, I2 denote the loadingDOFs,
I3 denotes the nonloading DOFs, and I1 = I2 + I3. For
an arbitrary vector k = {V1, . . . , V𝑟} with 𝑟 elements, define
k(I2) = {V𝑠1, . . . , V𝑠𝑟} and k(I3) = {V𝑡1, . . . , V𝑡𝑟}. Also define
the constitutive status of Gaussian points of elements as the
set C ≜ {𝜀,𝜎, s} in which 𝜀 is strain vector, 𝜎 is stress vector,
and s is status vector of stress-strain relation.The norm of the
vector x = {𝑥1, 𝑥2, . . . , 𝑥𝑛} is defined as ‖x‖2 = max1≤𝑖≤𝑛|𝑥𝑖|.

During loading increment, a is the unknown and f is the
known; in this case, the elements in f(I2) are all not zero,while
f(I3) = 0. During displacement increment, a(I2) is the known
and a(I3) and f(I2) are the unknown, while f(I3) = 0. The
vector p is computed according to p = ∫

Ω
B𝑇𝜎 dΩ [1], where

B is 𝑛𝜎 × 𝑟 geometry matrix, 𝜎 is 𝑛𝜎 × 1 stress vector, 𝑛𝜎 is the
total number of elements in 𝜎, andΩ is the space occupied by
the solid.

3. Solution of the Problem

In this paper, the incremental method is used to solve the
static problem (2), and DRM is used to solve the increment.
In the solution process of DRM, there are several processes
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in which the kinetic damping is applied. And the method
for applying kinetic damping in this paper is to set the nodal
velocity vector corresponding to maximum kinetic energy of
the system to zero.

3.1. Incremental Solution Method and Solution Process for
the Static Problem. Either load increment or displacement
increment is used in the global solution of static problem (2)
using incremental method.When load increment is used, the
load increment Δfload = {Δ𝑓𝑠1, . . . , Δ𝑓𝑠𝑟}; when displacement
increment is used, the displacement increment Δaload ={Δ𝑎𝑠1, . . . , Δ𝑎𝑠𝑟}, where Δaload is a reasonably assumed quan-
tity such as the displacement mode of a structure observed
during a strong earthquake.

The solution process for increment step 𝑛 is as follows.(1) At the beginning of the increment 𝑛: (1) the known
quantities are f𝑛−1 = f𝑛−2 + Δf𝑛−1 = ∑𝑛−1𝑖=1 Δf𝑖, a𝑛−1 = a𝑛−2+Δa𝑛−1 = ∑𝑛−1𝑖=1 Δa𝑖, and C𝑛−1, where Δf is the nodal incre-
mental load vector, Δa is the nodal incremental displacement
vector, and the subscripts denote the sequence number of
increment steps; here no superscripts are used because the
quantities are the converged ones; (2) now either loading
increment or displacement increment is used depending on
the computation results of increment step 𝑛 − 1 (refer to
Section 3.3); (3) if 𝑛 = 1, use load increment, f𝑛−1 = f0,
a𝑛−1 = a0, and C𝑛−1 = C0, where C0, f0, and a0 represent
the status of the discrete system before increment Step (1).(2) When load increment is used, the known quantities
are Δf𝑛(I2) = Δfload, Δf𝑛(I3) = 0, and C𝑛−1, and the unknown
are Δa𝑛 and C𝑛. When displacement increment is used, the
known quantities areΔa𝑛(I2) = Δaload,Δf𝑛(I3) = 0, andC𝑛−1,
and the unknown are Δa𝑛(I3), Δf𝑛(I2), and C𝑛.(3) The unknown given above are all solved by using
DRM, so we get f𝑛 = f𝑛−1 + Δf𝑛, a𝑛 = a𝑛−1 + Δa𝑛, and C𝑛.(4) If the convergence criterion is satisfied, go to the
solution process for increment step 𝑛 + 1.
3.2. The Increment Step Solution Method and Solution Process
for DRM. Before solving the increment step by using DRM,
the time domain is discretized with fixed interval ℎ to get
the points ih (𝑖 = 0, 1, . . .) along the time axis. During the
solution, the discrete time domain is sequentially divided into
series {𝐷𝑘} in which 𝐷𝑘 (𝑘 = 1, 2, . . .) is 𝑘th motion segment
with application of kinetic damping. In detail,𝐷𝑘 includes an
undamped motion process and a final time point at which
the kinetic damping is applied. The beginning point of 𝐷𝑘 is
the ending point 𝑗𝑘−1h of𝐷𝑘−1, and the ending point of𝐷𝑘 is
the beginning point 𝑗𝑘ℎ of 𝐷𝑘+1. Through the series 𝐷𝑘 (𝑘 =1, 2, . . .), the dynamic responses f 𝑖𝑛, a

𝑖
𝑛, C
𝑖
𝑛 (the superscripts

represent the time point sequence number) approach the
static solution f𝑛, a𝑛, C𝑛.

The control process based on dynamic response for
solving𝐷𝑘 is as follows:(1) Determining the status quantities at the beginning
time point of 𝑗𝑘−1h of𝐷𝑘.(1-1) If 𝑘 = 1, then 𝑗0ℎ = 0; the status at this time point is as
follows. Firstly, the nodal velocity vector ȧ0𝑛 = 0; secondly, the
vector a0𝑛 = a𝑛−1 if load increment is used, or a0𝑛 = a𝑛−1 + Δa0𝑛

if displacement increment is used, in which Δa0𝑛(I2) = Δaload
andΔa0𝑛(I3) = 0; thirdly, the status vectorC0𝑛 = C𝑛−1; fourthly,
the vector p0𝑛 is derived from C0𝑛 according to (7); fifthly, the
vector f0𝑛 ≡ f𝑛−1 + Δf𝑛 if load increment is used, or f0𝑛 (I2) =
p0𝑛(I2) and f0𝑛 (I3) = 0 if displacement increment is used.(1-2) If 𝑘 > 1, then the status at this time point 𝑗𝑘−1ℎ is
as follows. The vectors ȧ𝑗𝑘−1𝑛 = 0, a𝑗𝑘−1𝑛 , and C𝑗𝑘−1𝑛 are known;
secondly, the vector p𝑗𝑘−1𝑛 is derived from C𝑗𝑘−1𝑛 according to
(7); thirdly, the vector f𝑗k−1𝑛 ≡ f𝑛−1 + Δf𝑛 if load increment
is used, or f𝑗𝑘−1𝑛 (I2) = p𝑗𝑘−1𝑛 (I2), f𝑗𝑘−1𝑛 (I3) = 0 if displacement
increment is used.(2)Using the status quantities (a𝑗𝑘−1𝑛 , ȧ𝑗𝑘−1𝑛 , C𝑗𝑘−1𝑛 , p𝑗𝑘−1𝑛 , and
f𝑗𝑘−1𝑛 ) at the beginning time point 𝑗𝑘−1ℎ of 𝐷𝑘 as the initial
status, the status quantities at 𝑡 ≥ 𝑗𝑘−1 can be obtained by
solving the undamped motion equation

M𝑛ä𝑛 (𝑡) = f𝑛 (𝑡) − p𝑛 (𝑡) (𝑡 ≥ 𝑗𝑘−1ℎ) (3)

in which M𝑛 is the diagonal mass matrix, and the method
for determiningM𝑛 and h is shown in Section 3.3. The status
quantities a𝑖𝑛, C

𝑖
𝑛, p
𝑖
𝑛, f
𝑖
𝑛 at ih time point (𝑖 = 𝑗𝑘−1, 𝑗𝑘−1 + 1, . . .)

are solved by using explicit time integration algorithm.(2-1)We compute a𝑖𝑛 and C
𝑖
𝑛 and the control based on a𝑖𝑛.(2-1-1) The central difference method formulas ȧ𝑖−3/2𝑛 =(a𝑖−1𝑛 − a𝑖−2𝑛 )/ℎ, ä𝑖−1𝑛 = ȧ𝑖−1/2𝑛 − ȧ𝑖−3/2𝑛 /ℎ based on velocity and

acceleration are used to construct explicit time integration
algorithm to solve (3). The formulas for a𝑖𝑛 are [30]

a𝑖𝑛 = a𝑖−1𝑛 + ℎ2b𝑖𝑛2 (𝑖 = 𝑗𝑘−1 + 1)
a𝑖𝑛 = 2a𝑖−1𝑛 − a𝑖−2𝑛 + ℎ2b𝑖𝑛 (𝑖 > 𝑗𝑘−1 + 1) ,

(4)

where b𝑖𝑛 = M−1𝑛 (f 𝑖−1𝑛 − p𝑖−1𝑛 ).(2-1-2)We compute C𝑖𝑛 from a𝑖𝑛, a
𝑖−1
𝑛 , C𝑖−1𝑛 .(2-1-3) If the system kinetic energies E𝑖−3/2𝑛 =0.5(ȧ𝑖−3/2𝑛 )𝑇M𝑛ȧ𝑖−3/2𝑛 , E𝑖−1/2𝑛 = 0.5(ȧ𝑖−1/2𝑛 )𝑇M𝑛ȧ𝑖−1/2𝑛 at time

points 𝑖 − 3/2, 𝑖 − 1/2, respectively, obtained by difference
calculation from a𝑖𝑛, a

𝑖−1
𝑛 , and a𝑖−2𝑛 that had been calculated

satisfy the criterion

E𝑖−1/2𝑛 < E𝑖−3/2𝑛 ; (5)

then it is taken that the maximum kinetic energy of the
system happens at time point (𝑖−1)ℎ, and, thereby, the kinetic
damping is applied, and the nodal velocity vector at time
point 𝑗𝑘ℎ is simultaneously set to zero (ȧ𝑗𝑘𝑛 = 0), at the same
time, the process𝐷𝑘 ends, which gives the status quantities at
time point 𝑗𝑘ℎ: a𝑗𝑘𝑛 = a𝑖−1𝑛 , ȧ𝑗𝑘𝑛 = 0, C𝑗𝑘𝑛 = C𝑖−1𝑛 . After that, the
process𝐷𝑘+1 begins.(2-1-4) If a𝑖𝑛 satisfies the divergence criterion when load-
ing increment is used,

a𝑖𝑛 (𝐼2)2 ≥ 𝑐1, (6)
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where 𝑐1 is a limiting value, then it is taken that f𝑛 ≡ f𝑛−1+Δf𝑛
is near or surpasses the peak point of static equilibrium path,
and the computation for increment step 𝑛 is restarted and the
displacement increment is used.(2-2) We compute f 𝑖𝑛 and p𝑖𝑛 and the control based on f 𝑖𝑛
and p𝑖𝑛.

(2-2-1) If load increment is used, f 𝑖𝑛 ≡ f𝑛−1 + Δf𝑛; if
displacement is used, f 𝑖𝑛(I3) = 0 and f 𝑖𝑛(I2) = p𝑖𝑛(I2); the latter
guarantees that Δa𝑖+1𝑛 (I2) = Δaload (see (4)).

(2-2-2) The vector

p = 𝑛𝑒∑
𝑒=1

T{𝑒}p{𝑒} = 𝑛𝑒∑
𝑒=1

T{𝑒} ∫
Ω{𝑒}

(B{𝑒})𝑇 𝜎{𝑒}dΩ{𝑒} (7)

in which the subscripts 𝑛 for increment step sequential
number and the superscripts 𝑖 for time point sequential
number are both omitted [5]. In (7), e is the element number;𝑛𝑒 is the total number of elements; p{𝑒}, B{𝑒}, 𝜎{𝑒}, andΩ{𝑒} are
the internal nodal load, geometry matrix, stress vector, and
occupied space of element 𝑒, respectively; p{𝑒}, B{𝑒}, and 𝜎{𝑒}
are 𝑛{𝑒}
𝑓

× 1, 𝑛𝜎 × 𝑛{𝑒}
𝑓
, and 𝑛𝜎 × 1 matrix in which 𝑛{𝑒}

𝑓
is the

DOFs number of elements 𝑒;T{𝑒} is the transformationmatrix
for element 𝑒 with the size 𝑟 × 𝑛{𝑒}

𝑓
where 𝑟 is the total DOFs

of the system.(2-2-3) If f 𝑖𝑛 and p𝑖𝑛 satisfy convergence criterion

𝜓𝑖𝑛2f 𝑖𝑛 − f𝑛−1
2 ≤ 𝑐2, (8)

where 𝑐2 is the limiting value, then the dynamic responses
f 𝑖𝑛, a
𝑖
𝑛, and C𝑖𝑛 at the time point 𝑖 are taken as the solution of

increment step 𝑛; that is,
f𝑛 = f 𝑖𝑛,
a𝑛 = a𝑖𝑛,
C𝑛 = C𝑖𝑛,

(9)

and increment step 𝑛+1 is started. If displacement increment
is used in increment step 𝑛 and if (Δf𝑛(I2))𝑇Δa𝑛(I2) > 0
at convergence, then the current point is at the hardening
segment of the static equilibrium path, and therefore load
increment will be used in increment step 𝑛 + 1.(2-2-4) If the computed f 𝑖𝑛 and p𝑖𝑛 do not satisfy the
convergence criterion, then 𝑖 ← 𝑖 + 1, and repeat steps “(2-1)
and (2-2)”.
3.3. Parameter Setting. The explicit time integration algo-
rithm is conditionally stable. For discrete linear system, the
condition for stability is ℎ ≤ 2/𝜔mos

max, where𝜔mos
max is the highest
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Figure 1: Geometry, meshing, and illustration of stress-strain
relation of Model I.

circular eigenfrequency of the system. The computation of𝜔mos
max is costly [10]. It is pointed out that [23] if

ℎ ≤ √ 2𝑚𝑘nosmax
(10)

then the algorithm is stable, where𝑚 is nodal mass and 𝑘nosmax
is nodal linear displacement stiffness. The nonlinear discrete
system can be approximated as linear discrete system within
one incremental step. The DRM with kinetic damping solves
for the static solution of increment step 𝑛 through virtual
vibration process. Before starting increment step 𝑛, the value
of ℎ can be chosen so that the nodal mass 𝑚 can be adjusted
for all nodes to satisfy the stability condition. We take

𝑚 = 𝑐3𝑘donmaxℎ22 ≥ 𝑚min, (11)

where 𝑐3 is a coefficient greater than 1 and 𝑘donmax is the
maximum linear stiffness among the four displacement
directions at each node in the directions of the orthogonal
coordinate system in the 2-dimensional case. This stiffness
is estimated by applying infinitesimal displacement node by
node to calculate the corresponding nodal load. The term𝑚min is lower bound value for the nodalmass, whose function
is to avoid the formation of local negative stiffness associated
with negative mass. Thereby the global diagonal mass matrix
M𝑛 can be constructed.

4. Numerical Case Studies

4.1. Model I: Plane Truss. Model I is a plane truss constructed
by 3 tension bars (Figure 1). The section area 𝐴 of each bar
is 1mm2. Each tension bar is divided into 4 line elements,
and linear polynomial is used as the shape function. By
calculating the axial stress 𝜎𝑙 of line element, p{𝑒} can be
computed precisely by using direct force-balance method.
And the axial stress of the element which is used to calculate𝜎𝑙 can be written as 𝜀𝑙 = (𝑙 − 𝑙ini)/𝑙ini, where 𝑙ini is the
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Table 1: Analysis parameters for Models I and II.

Model Δfload
(kN)

Δaload
(mm)

𝑐1
(mm)

I Δ𝑓1𝑦 = 0.1 × 10−3 Δ𝑎1𝑦 = 10 3000

II Δ𝑓1𝑦 = Δ𝑓5𝑦 = 5 Δ𝑎1𝑦 = Δ𝑎5𝑦 = 0.02 20Δ𝑓2𝑦 = Δ𝑓3𝑦 = Δ𝑓4𝑦 =10 Δ𝑎2𝑦 = Δ𝑎3𝑦 = Δ𝑎4𝑦 =0.02

undeformed axial length of the element, and 𝑙 is the deformed
axial length.

The artificial one-dimensional stress-strain constitutive
relation used in Model I is so constructed that it is charac-
teristic of strain-softening and history dependence. And it is
defined as (Figure 1)

𝜎𝑙 =
{{{{{{{{{

7.72𝜀𝑙𝑒−3.86𝜀2𝑙 𝜀𝑙 ≥ 𝜀𝑙,un𝜀𝑙𝜎𝑙,un𝜀𝑙,un 0 < 𝜀𝑙 < 𝜀𝑙,un
0 𝜀𝑙 ≤ 0,

(12)

where 𝜀𝑙,un and 𝜎𝑙,un are maximum tension strain and max-
imum tension stress during the strain history of material,
respectively.

In Figure 1 the loaded nodes and loaded degrees of
freedom are also shown. Some of the analysis parameters are
valued as ℎ = 0.1 s, 𝑐2 = 0.0002, 𝑐3 = 4.0, and 𝑚min = 0.3 kg,
and the values of other analysis parameters are shown in
Table 1.

If there is an element whose 𝜀𝑙 > 1.4 in each of the three
bars, then the computation is finished.

4.2. Model II: A Concrete Column Subjected to Axial Com-
pression. Model II is a concrete column subjected to axial
compression (Figure 2), whose thickness 𝑡 is 150mm. The
meshing is illustrated in Figure 2. The meshing-style in 𝑦
direction is denoted as IIA, IIB, and IICwhose 𝑛×𝑙 are 1×400,2 × 200, and 4 × 100, respectively, where 𝑛 is the number of
elements and 𝑙 is the length of each element in 𝑦 direction.
The element ofModel II is rectangular type with 4 nodes, and
the quadratic polynomial is chosen as the shape function; p{𝑒}
can be computed approximately by using 4 Gauss integration
points.

A scalar damage constitutive model which was put
forward by Mazars and Pijaudier-Cabot [31, 32] is used in
Model II. In the constitutive model, the material is supposed
to behave elastically and to remain isotropic.The constitutive
equation can be written as

𝜎 = (1 − 𝜔)Dini : 𝜀 (13)

in which 𝜎 is tress tensor, 𝜔 is damage scalar, Dini is initial
stiffness tensor, 𝜀 is strain tensor, and the symbol “:” indicates
the tensorial product contracted on two indices. Dini can be
constructed by elasticity modulus 𝐸 and Poisson ratio ]. The
damage scalar 𝜔 can be calculated by the following:

𝜔 = max (𝜔max, 𝛼+𝜔+ + 𝛼−𝜔−) (14)
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Figure 2: Geometry, meshing, and illustration of uniaxial compres-
sion stress-strain relation of Model II.

in which 𝜔max is the maximum damage value during the
strain history of material and the value of the expression𝛼+𝜔+ + 𝛼−𝜔− can be regarded as real-time damage value. In
(14), the weights 𝛼+ and 𝛼− are functions of the strain state;𝜔+ and 𝜔− are defined as uniaxial tension and compression
damage value [31]. The expressions of 𝜔+ and 𝜔− are
𝜔±

= {{{{{{{

0 𝜀 ≤ 𝐾ini

1 − (1 − 𝐴±)𝐾ini

𝜀 − 𝐴±
exp [𝐵± (𝜀 − 𝐾ini)] 𝜀 > 𝐾ini,

(15)

where𝐾ini is the initial damage threshold,𝐴+, 𝐵+,𝐴−, and 𝐵−
are characteristics of thematerial, and 𝜀 is called the notion of
equivalent strain, whose definition and expressionwere given
in [31]. In Model II, the material parameters are as follows:𝐸 = 25500N/mm2, ] = 0.2; 𝐾ini = 9.8 × 10−5, 𝐴+ = 0.95,𝐵+ = 11,500, 𝐴− = 1.38, and 𝐵− = 2,000. And by following
these material parameters, we got the uniaxial compression
strength 𝑓𝑐 = 24.4N/mm2 and corresponding strain 𝜀𝑐 =1.75×10−3.The illustration of the uniaxial compressive stress-
strain relation is shown in Figure 2.

In Figure 2 the loaded nodes and loaded degrees of
freedom are also shown. Some of the analysis parameters are
chosen as ℎ = 0.1 s, 𝑐2 = 0.0002, 𝑐3 = 4.0, and 𝑚min = 0.3 kg,
and the values of other analysis parameters are shown in
Table 1.

When the expression 𝑓𝑛,3𝑦 < 0.5‖{𝑓1,3𝑦, 𝑓2,3𝑦, . . . , 𝑓𝑛,3𝑦}‖
is satisfied, then the computation is finished.

5. Results and Discussion

ForModel I, the load-deflection curve of node 1 in𝑦 direction
is given in Figure 3, which shows not only the hardening-
stages, softening-stages, and load peaks, but also the load-
breaks caused by softening of elements.
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Figure 3: Load-deflection curve of node 1 in 𝑦 direction of Model I.
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Figure 4: Load-deflection curve of node 3 in 𝑦 direction of Model
II.

The load-displacement curves of node 3 in 𝑦 direction
of Models IIA, IIB, and IIC are presented in Figure 4.
These curves show the hardening-stage and softening-stage of
Model II under the axial compression. It is shown in Figure 4
that the different meshes not only present the same load peak
value but also give the same equilibrium path before this load
peak. The displacement value and load value at peak point

of the equilibrium path are close to their estimated values𝜀𝑐𝑙 = 1.75 × 10−3 × 400 = 0.7mm, and 𝑓𝑐𝐴 = [24.4 × (200 ×150)]/4 = 183 kNwith the assumption that 𝑎1𝑦 = 𝑎2𝑦 = 𝑎3𝑦 =𝑎4𝑦 = 𝑎5𝑦 and 2𝑓1𝑦 = 𝑓2𝑦 = 𝑓3𝑦 = 𝑓4𝑦 = 2𝑓5𝑦. After the load
peak, different static equilibrium paths are obtained, which is
in the accordance with the nonuniqueness of static solution
for strain-softening solid [1].

InModel I, an artificial, one-dimensional strain-softening
constitutive model is used such that the static equilibrium
path for a simple plane truss is solved. In spite of the simple
structure, the solution process incorporates the concept
associated with the structure of the universal first law of
thermodynamics that is basis of the kinetic damping DRM
for the solution of the increment steps. That is, it reflects the
law of dissipation of kinetic energy and conversion among
the external potential energy, internal potential energy, and
kinetic energy. Therefore, the application of the method is
in essence not limited by the constitutive relation of material
and the type of elements. Thereby, further application of the
method can be expected in which constitutive model can be
calibrated against experimental data so that it is suitable for
use in static analysis of engineering structure.

InModel II, theMazars elastic damage constitutivemodel
with one scalar damage variable is used. Although the result-
ing stress-strain relation is simple and smooth enough, it is
relatively poor in reflecting the constitutive relation under
multiaxial state of stress [33]. In future studies, the elastic
and/or plastic damage constitutive model with 2 scalar dam-
age variables should be used in the static analysis of different
concrete members in order to truly reflect the tension-
compression difference of concrete material under compli-
cated condition [34].

6. Conclusions

(1) The process for the solution of static problems based on
nonlinear finite element DRM method is clarified with three
depths of global, increment step, and themotion process with
application of kinetic damping. The method of DRM makes
the original ill-posed static problem become well-posed and
solvable by introducing the time domain for the virtual
dynamic process such that the static solution is obtained by
way of dissipation of mechanical energy.(2) The global analysis including the ascending branch,
the peak point, and the descending branch of the equilibrium
path of the strain-softening structure is realized by applica-
tion of kinetic damping to themotion process, by introducing
the rule for conversion between load increment and displace-
ment increment and by introducing the divergence crite-
rion.(3) Two instances of structures with strain-softening and
the associated ill-posedness, one model with geometrical
nonlinearity and the other model with mesh size sensitivity,
are successfully solved using DRM.
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This study presents the hydration reactivity and alkali silica reaction (ASR) of ultrahigh strength concrete (UHSC) that has been
mademore sustainable by using spent foundry sand. Spent foundry sand not only is sustainable but has supplementary cementitious
material (SCM) characteristics. Two series of UHSC mixtures were prepared using a nonreactive and reactive sand (in terms of
ASR) to investigate both the impact of a more reactive aggregate and the use of spent foundry sand. Conduction calorimetry was
used to monitor the heat of hydration maintained under isothermal conditions, while ASR was investigated using the accelerated
mortar bar test (AMBT). Additionally, the compressive strengths were measured for both series of mixtures at 7, 14, and 28 days
to confirm high strength requirements. The compressive strengths ranged from 85MPa (12,345 psi) to 181.78MPa (26,365 psi).
This result demonstrates that a UHSC mixture was produced. The calorimetry results revealed a slight acceleration in the heat of
hydration flow curve compared to the control from both aggregates indicating increased hydration reactivity from the addition of
foundry waste. The combination of foundry sand and reactive sand was found to increase ASR reactivity with increasing additions
of foundry sand up to 30% replacement.

1. Introduction

The challenges facing the concrete industry in the 21st
century are greater than ever due to familiar problems such
as various durability issues plaguing our infrastructure and
their associated life-cycle impacts.These issues, coupled with
increasing stringent environmental regulations, have resulted
in the need of a sustainable ultrahigh strength concrete
(UHSC) that can achieve the goal of safer, durable, and
more environmentally-friendly infrastructure. For instance,
more effective utilization of locally available industrial
wastes/byproducts in concrete such as foundry sand, fly ash,
and slag can impart enhanced fresh and hardened properties
to concrete, while significantly reducing the disposal volume
of these materials. Given the fact that concrete is the most
widely used man-made building material in the world,
there is an opportunity for significant economical savings

and environmental benefits from increased incorporation of
waste material in concrete.

The American Concrete Institute (ACI) has defined
UHSC as a concretemeeting high strength that cannot always
be achieved routinely, using conventional constituents and
normal mixing, placing, and curing practice [1]. In the 1950s,
concrete with compressive strength of 34MPa (5000 psi) was
considered high strength [1]. Today, high strength concrete
is defined as concrete with specified compressive strength
of 55MPa (8000 psi) or higher [1]. In many markets today,
concrete having specified compressive strength in excess of
69MPa (10,000 psi) is routinely produced on a daily basis [1].
UHSC itself is considered a sustainable construction building
material due to the high requirement of silica fume and fly
ash, both of which are waste products from other industries,
which provides beneficial mechanical and durability prop-
erties for concrete [1]. Not only does UHSC utilize a high
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percentage of fly ash and/or silica fume, the high strength
requirement results in higher specific strength of thematerial.
The specific strength of a material is the ratio of the strength
to its density [1]. The density of conventional concrete and
UHSC is relatively the same, but the strength significantly
increases with UHSC; therefore the specific strength is much
higher. This fact impacts sustainable construction through
decreased transportation cost and emissions as thinner struc-
tural elements can be produced out of UHSC, which will
require less fuel and produce less carbon emissions during
transportation.

Spent foundry sand (FS) is a by-product of ferrous and
nonferrous metal casting industries primarily consisting of
high quality silica sand with uniform physical characteristics.
Approximately 6–10 million tons of this waste is produced
annually by the foundry industry in the U.S. alone. Spent
foundry sand, when used as partial replacement of fine
aggregate in concrete, has been shown to improve the
mechanical properties of concrete [2–5]. Existing studies,
however, limit their focus to conventional concrete and few
report on the inherent durability and hydration properties of
these sustainable mixtures.

Alkali silica reaction (ASR) has been one of the most
destructive distress mechanisms dominating our infrastruc-
ture for several decades. The reaction occurs due to the high
pH of the concrete pore solution as a result of the alkalis
from the cementitious material. This aggressive solution
attacks certain siliceous minerals found in coarse and fine
aggregates that may result in a hydrophilic gel that absorbs
water causing abnormal expansion. This expansion can lead
to excessive cracking, often resulting in a reduction in the
service life of affected structures. Since FS is highly siliceous,
ASR expansion can be accelerated from the addition of FS in
the mixture.

In the present research, multiple UHSC mixtures with
locally available foundry sand were produced and analyzed
for their hydration and alkali silica reactivity. Two control
UHSC mixtures were developed based on a literature survey
and bench line strength. One control used manufactured
sand as the sole aggregate, which is a commonly used fine
aggregate and typically not reactive (in terms of ASR). In
order to assess the impact of foundry waste on the reactivity
sequestration of UHSC mixtures, a second control mixture
was developed that consisted of reactive sand as the sole
aggregate. Foundry sand was then used to partially replace
the fine aggregate in the control mixtures in 10, 20, and 30%
by volume increments and their strength, hydration, andASR
performance were compared to the control values.

2. Literature Review

2.1. Background Information. UHSC, like conventional con-
crete, can have a broad range of designs. Most UHSC are
being designed without coarse aggregate, or coarse aggregate
that is ≤9.5-mm (0.375-in.) [1]. In the case that coarse
aggregate is omitted, fine aggregate is the sole aggregate
in the mixtures, which makes for a more homogenous
mixture. Most UHSC mixtures also contain supplemental
cementitious materials (SCMs) such as silica fume, fly ash,

granulated ground blast furnace slag (GGBFS), and quartz
powder, fibers, and high range water reducing admixture
(HRWRA). When used in optimum dosages, the HRWRA
reduces the water-to-cement (or water-to-cementitious) ratio
while improving the workability (viscosity) of the concrete.
The addition of the SCMs enhances the mechanical proper-
ties of the cement paste by producing secondary hydrates,
filling voids, and enhancing rheology [6, 7]. Due to the
burgeoning large structure industry, there aremore andmore
requirements for higher strength concrete. UHSC has been
in development since the mid 1950s and many researchers
are still investigating the optimum andmost efficient manner
to produce this material [2]. However, modern construc-
tion practices are moving towards sustainable construction
through lower cost and sustainable materials; therefore,
UHSC improvements should also be focused on becoming
more sustainable and more affordable.

In recent years, there has been extensive research con-
ducted to study the effect of FS in concrete production. Fiore
and Zanetti [8] categorized the various ways and means of
reusing foundrywaste.The research conducted by the authors
describes the potential for using spent foundry sand from
molds in concrete.The focus of the study by Fiore and Zanetti
[8] is to describe the potential that foundry sand possesses
to ultimately benefit concrete construction materials. The
authors begin by describing the particle size of spent foundry
sand and the specific size range recommended for concrete.
The authors comment that the foundry sand fraction between
0.1mm and 0.0025mm (0.0039-in and 9.84𝐸 − 9-in.) can
be used as an SCM and any particle size larger than that
can be used as fine aggregate in the production of concrete.
The authors then focus on the chemical nature of foundry
sand and its suitability in concrete. Concrete manufacturers
generally require that the chemical percentage of cement
be approximately 65% CaO, 25% SiO

2
, 4–10% Al

2
O
3
, and

1–3% Fe
2
O
3
[8]. Therefore, Fiore and Zanetti [8] conducted

a chemical test on foundry sand and the results showed there
was over 95% SiO

2
in all samples and due to the high silica

content and its inert and fine particulate nature, foundry sand
is suitable in concrete as either an SCM or a fine aggregate
replacement.

Ganesh Prabhu et al. [9] experimented on the use of FS
in lieu of fine particulate aggregates in the production of
concrete. Density, slump cone, split tensile strength, flexural
strength, and compressive strength tests were used in ascer-
taining the effect of FS in concrete. Five different concrete
mixtures with and without foundry sand (control sample)
were prepared. Those five sample mixtures were at 10%,
20%, 30%, 40%, and 50% FS replacement levels. The authors
also used blue-gray sandstone as coarse aggregate and fine
sand sourced from the bank of rivers as fine aggregates. The
foundry sand had a specific gravity value of 2.24 and density
of 1576 kg/m3. Test results also showed that FS had water
absorption value (1.13%), which is considered to be higher
than normal. This can be attributed to the ash and wood
contents of the foundry sand. Grain size distribution analysis
conducted via sieve analysis showed that 8% of the FS is less
than 75 𝜇m. According to stipulated standards (IS 2720), this
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is a satisfactory equivalency value for fine aggregates size.The
compressive strength test was carried out at curing ages of
7, 28, 90, and 180 days. The authors also evaluated splitting
tensile and flexural strength at 28, 90, and 180 days. A slump
cone test was used in analyzing theworkability of the concrete
mixtures.This was conducted at initial time of 0 minutes and
duration/interval of 30 and 60 minutes.The results show that
an increase in the replacement level of FS negatively impacts
the workability of concrete. This is because water absorption
increases with an incremental change in FS proportion.
Increase in water absorption also has a direct correlation with
the fineness of foundry sand. Alternatively, the authors also
postulated that the high absorption properties could possibly
be attributed to the ash and clay content of FS. However, the
results also show negative impact on the workability of the
concrete mixture is insignificant at 10% replacement level.
The authors postulated that a modification of water quantity
could potentially counteract the slump loss attributed from
the fineness of FS and its ash and clayey content. The authors
were able to experimentally show that, in all ages of curing,
there was a consistent decrease in compressive strength.
However, the compressive test result also showed that the
sample mix with 20% FS has compressive strength value that
is similar to that of the control mix. The authors postulated
that the reduction of the specific gravity of the concrete due to
its ash and clay content might explain the resultant reduction
in compressive strength. The flexural strength and splitting
tensile strengths results were also similar to the compressive
strength results. This shows a marginally incremental change
in flexural strength, with progression in the age of curing.
However, there was no remarkable enhancement in flexural
strength for all tested samples. Once again the only exception
is with the concrete mixture of 20% FS replacement level,
which showed a distinct similarity in flexural strength as the
control mix. The splitting tensile strength result shows that
high replacement proportion (40%, 50%) will enormously
decrease the tensile strength of concrete. The authors con-
cluded that the fineness and impurity of FS are underlying
factors that impact the compressive, flexural, and tensile
strength of a concrete mix with FS as replacement for fine
aggregates. However, appropriately determining the right
proportion (20%) will inevitably counteract any negative
impact on the mechanical properties of a concrete mix.

Siddique et al. [2] have shown the potential of using FS
in the production of concrete. Their experimental investiga-
tion showed how different replacement levels of FS as fine
aggregate affect the mechanical properties of concrete. The
mechanical properties investigated are compressive strength,
splitting tensile strength, flexural strength, and modulus
of elasticity. The values of the investigated properties were
determined at different ages of concrete samples (28 days, 56
days, 91 days, and 365 days). The authors categorized their
experiment at 3 replacement level percentages (10%, 20%, and
30%). Based on binder system content, FS can be classified
into clay bonded FS, otherwise known as green sand, and
chemically bonded FS. This classification is centered on
physical and environmental factors. Previous researches have
also shown that the naturally occurring components such as
high quality silica sand (85–95%), bentonite clay (4–10%), and

carbonaceous additive (4–10%) make clay bonded FS ideal
for use as replacement material. This is largely because of
high silica content and also the adhesive properties and fine
particulate nature of its clayey content. The locally sourced
FS was also chemically tested as per standards specified by
IS 383-1970. Physical analysis shows that FS used has lower
unit weight and fineness modulus, in comparison to Portland
cement. Siddique et al. [2] also used locally sourced coarse
aggregates of 10mm and 20mm gradation as per IS: 383-1970
23 standards. Melamine-based superplasticizers were used in
the mixing and preparation of all tested samples.The authors
prepared four different concrete mixtures. Three of the
mixtures were of 10%, 20%, and 30% FS percentage weight.
All concrete samples were stored at 23∘C temperature tomin-
imize loss of moisture, demolded after 24 hours, and then put
in a water-curing tank. The authors investigated properties
such as slump, unit weight, temperature, and air content as
stipulated by Indian Standard Specifications IS: 1199-1959.
The results showed that all specimens attained a marginally
significant increase in compressive strength at 28 days of
curing. The control mixture showed compressive strength
value of 28.5MPa. The other test samples (20% and 30%)
had compressive strength values of 30.0MPa and 31.3MPa,
respectively. Quantitatively, test samples of 20% replacement
and 30% replacement showed compressive strength increases
of 5.2% and 9.8%, respectively. All tested concrete mixtures
showed increases in compressive strength that is directly
proportional to curing age. The consistency in the results of
all tested concrete mixtures showed that FS can positively
impact the compressive strength of concrete. The authors
postulated that this could be attributed to the fineness of
FS. Splitting tensile strength, flexural strength, and elasticity
modulus test result showed a lot of similarity to the compres-
sive strength result. At 28 days of curing, concretemixtures of
0%, 10%, 20%, and 30% replacement showed splitting tensile
strength values of 2.75MPa, 2.85MPa, 2.9MPa, and 3.0MPa,
respectively. Concrete mixtures of 0%, 10%, 20%, and 30%
replacement achieved flexural strength of 3.41MPa, 4.0MPa,
4.1MPa, and 4.18MPa, respectively. Lastly, the concrete
mixtures of 0%, 10%, 20%, and 30% replacement showed
modulus of elasticity values of 25.1 GPa, 26.75GPa, 27.60GPa,
and 28.4GPa. This marginal increase in tensile strength and
flexural strength was directly proportional to increase in
curing age. The authors were able to experimentally show
that an increase in FS as replacement for fine aggregate has
a positive impact on the mechanical properties of concrete.

MohammedViquaruddin andAbdullahMohammed [10]
were able to show the impact of foundry sand on themechan-
ical and durability properties of concrete.The authors studied
the intrinsic physical effects of foundry sand when used
as partial replacement material. The mechanical properties
studied were compressive strength, split tensile strength,
and flexural strength. The tested samples were categorized
according to percentage weight (0%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, and 100%) of foundry sand
used as replacement material. The authors carried out an
all-encompassing analysis that ranged from partial to total
percentage replacement. Previous researches enunciated by
the authors show a definitive pattern of the impact of FS
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Table 1: Chemical and mineral composition of cement and silica
fume.

Compound Cement Silica fume
SiO
2

20.23% 95.8%
Al
2
O
3

5.79% 0.18%
Fe
2
O
3

1.97% 0.19%
CaO 62.02% 0.30%
K
2
O NA 0.29%

Na
2
O 0.77% (equiv.) 0.20%

MgO 1.4% 0.20%
SO
3

3.3% 0.11%

on concrete. This established postulation is centered on
experiments buffering the notion that FS positively impacts
the mechanical properties of concrete. However, some results
have also shown that, above or below a particular percentage
replacement value (20%), there is a reduction in strength
performance and density of concrete mixtures tested. The
authors postulated that this could be because of the increased
water absorption ratio of the concrete mixture with percent-
age weight of FS. Mohammed Viquaruddin and Abdullah
Mohammed [10] also investigated the absorptivity, initial
surface absorption, and water absorption properties of all
concrete samples tested. The results showed that increase in
FS negatively impacted the workability of all tested concrete
mixes. The results also showed a consistent increase in the
compressive strength of concrete mixture samples up to 90%
FS replacement level. However, concrete samples with 100%
FS replacement showed a decrease in compressive strength.
The concrete samples also showed increase in splitting tensile
strength up to 70% FS replacement level. However, other
samples showed reduced split tensile strength. Optimum split
tensile strength was achieved at 40% FS replacement. The
results also showed that increased age of curing positively
impacts split tensile strength of all tested samples. All tested
samples exhibited an increase in flexural strength with the
exception of concrete mixture samples with FS replacement
value more than 50%. The duration of curing also enhanced
the flexural strength of all tested concrete samples.

3. Experimental Program

3.1. Cementing Materials. A single ASTM C150 [11] Type I/II
ordinary Portland cement (OPC) clinker produced locally
was used as a part of this study. The cement has been
used extensively within this lab as a control binder for
various studies; therefore, the long-term performance of this
material is well documented and understood.The total alkali
equivalent (Na

2
Oeq) for this cement is 0.77%. Additionally,

a densified silica fume was used at a 25% replacement by
mass of cement in order to produce the UHSC requirements
(≥70MPa [10 ksi]) [1]. The silica fume used in this study
conformed to ASTMC1240 [12] standards.The chemical and
physical properties of the cementing materials are given in
Table 1.

Table 2: Mineral composition of foundry sand.

Compound Foundry sand
MgO 0
Al
2
O
3

1.7
SiO
2

94.1
K
2
O 0

P
2
O
5

0
CaO 0.2
TiO
2

0
MnO 0
Fe
2
O
3

5.8

Table 3: Grain size distribution for the sand.

Sieve number Sieve size, mm (in.) Percentage passing
Manufactured sand

30 0.60 (0.0236) 98.19
50 0.30 (0.0118) 34.45
100 0.15 (.00591) 3.14

Reactive sand
30 0.60 (0.0236) 98.39
50 0.30 (0.0118) 20.4
100 0.15 (.00591) 3.5

Foundry sand
30 0.60 (0.0236) 98.59
50 0.30 (0.0118) 34.81
100 0.15 (.00591) 4.24

3.2. Aggregates. A reactive (siliceous) and a nonreactive
(manufactured limestone) fine aggregate were used as a part
of this study to produce two separate control UHSCmixtures.
The siliceous sand contained quartz (64.0%), chert (17.1%),
and feldspar (11.5%) and was procured from El Paso, TX.
Previous research completed by Folliard et al. [13] showed
this aggregate to be highly ASR reactive based on ASTM
C1260 [14] andASTMC1293 [15] test methods.The limestone
aggregate was procured fromwithin the central Texas region.
The spent foundry sand (FS) was obtained from a local metal
casting company. The sand is spent sand from molds used in
their facility and is classified as a green sand (clay bonded
system) [2]. Since the FS is unique and has prior processing,
the chemical composition of the obtained FS was determined
through X-ray fluorescence (XRF) and the results are shown
in Table 2.

Based on a literature survey, it is recommended to only
use fine aggregate in UHSC mixtures in order to increase the
particle packing density and therefore increase strength [6].
It is specifically recommended to use fine aggregate passing
ASTM number 30 sieve. Therefore, the two fine aggregates
and FS were sieved and collected past the number 30 sieve.
The grain size distribution for each aggregate can be seen in
Table 3 while the physical properties are presented in Table 4.
The specific gravity and densities were very close in value
ranging within 2.43–2.62 and 1,411–1,510 kg/m3, respectively.
However, the water absorption for the FS was very low
compared to the control measuring only 0.08%.



Advances in Materials Science and Engineering 5

Table 4: Physical properties of aggregates and foundry sand.

Property Standard Unit Manufactured sand Siliceous sand Foundry sand
Unit weight ASTM C29 kg/m3 (lb/ft3) 1,432 (89.4) 1,510 (94.3) 1,411 (88.0)
Water absorption ASTM C127 % 1.94 0.99 0.08
Bulk specific gravityssd

a ASTM C127 — 2.52 2.56 2.62
Bulk specific gravityod

b ASTM C127 — 2.43 2.52 2.62
assd, saturated surface dry condition; bod, oven dried condition.

Table 5: Concrete mixture proportions.

Mixture
name

Cement Silica fume Manufactured
sand Reactive sand Foundry sand Steel fibers HRWRA Water

kg/m3 (lb/yd3) kg/m3 (lb/yd3) kg/m3 (lb/yd3) kg/m3 (lb/yd3) kg/m3 (lb/yd3) kg/m3 (lb/yd3) l/m3 (gal/yd3) kg/m3 (lb/yd3)
NR-Cont 890 (1500) 222 (375) 821 (1384) — — 119 (200) 29.7 (6) 222 (375)
NR-10FS 890 (1500) 222 (375) 739 (1246) — 90 (152) 119 (200) 29.7 (6) 222 (375)
NR-20FS 890 (1500) 222 (375) 657 (1108) — 180 (303) 119 (200) 29.7 (6) 222 (375)
NR-30FS 890 (1500) 222 (375) 575 (455) — 270 (455) 119 (200) 29.7 (6) 222 (375)
RA-Cont 890 (1500) 222 (375) — 842 (1419) — 119 (200) 29.7 (6) 222 (375)
RA-10FS 890 (1500) 222 (375) — 757 (1276) 90 (152) 119 (200) 29.7 (6) 222 (375)
RA-20FS 890 (1500) 222 (375) — 673 (1134) 180 (303) 119 (200) 29.7 (6) 222 (375)
RA-30FS 890 (1500) 222 (375) — 589 (992) 270 (455) 119 (200) 29.7 (6) 222 (375)
NR: nonreactive (manufactured sand); RA: reactive aggregate (siliceous sand); FS: foundry sand.

3.3. UHSC Mixtures. The concrete mixtures were developed
based on the literature [1, 6, 7]. In these studies, UHSC
mixtures incorporating high volumes of cement and silica
fume, as well as finely graded natural sand, were produced.
In this study, the final UHSC mix designs consisted of fine
aggregate sieved and collected past the #30 sieve (<0.595-
mm [0.0234-in]), OPC, silica fume, and steel fibers. The steel
fibers are a common addition for providing additional duc-
tility and fracture toughness in UHSC mixtures. Two series
of UHSC mixtures utilizing both fine aggregates (designated
as NR and RA for the nonreactive and reactive aggregates,
resp.) were prepared at a water-cementitious ratio (w/cm) of
0.20 to monitor the impact of spent foundry sand on the
hydration and alkali silica reactivity. Spent foundry sand,
with a size of <0.595-mm [0.0234-in] to match the size of
the virgin fine aggregates, was utilized at 10, 20, and 30%
replacement by volume of fine aggregate, where the 100%
virgin aggregate represented the control. A polycarboxylate-
based HRWRA was used to achieve desired workability. The
mixture proportions of the two mixtures including their
10, 20, and 30% foundry waste replacements are shown in
Table 5.

3.4. Specimen Preparation. The aggregates used in this study
were sieved to obtain the desired size needed as described
previously.The aggregates were then thoroughly washed over
a number 200 sieve to remove any fine dust or debris. After
washing, the aggregates were oven-dried at 44∘C (110∘F) for a
minimum of 24 hours to achieve a 0% moisture content.

The constituents of each mixture were then mixed for
approximately 20 minutes using a laboratory pan mixer. The
dry constituents (aggregate, cement, and silica fume) were

mixed for the first 2 minutes and then 75% of the water was
added. After thorough mixing, the HRWRA was added with
the remaining 25% of the water.This preparationmethodwas
used based on the literature and experience [1, 6, 7].

3.5. Curing Regimens. In order to minimize as many vari-
ables as possible, one curing regimen was tested for the
compression testing samples, which was selected based on
the literature review developed by Shaheen and Shrive [16].
This curing regimen consists first of curing the samples at
room temperature 23∘C (73∘F) for the first 24 hours. After
demolding, the specimens were then heat cured in a water
bath at 50∘C (122∘F) until 2 days prior to testing. At two
days prior to testing, the specimens were removed from the
water bath and dry cured at 200∘C (392∘F). The dry curing
was added based on recommendation from the literature
review [16], such that a high dry curing 2 days prior to testing
accelerates strength gain.

3.6. Compression Testing. Compressive strength specimens
were molded using 50-mm (2-in.) cube molds. Cubes spec-
imens were used to avoid problems with end preparation of
cylindrical specimens [2]. After the specimens were properly
cured, they were individually tested according to BS 12390-3-
2009 [17].The British Standardwas used as it provides greater
detail to testing hardened concrete cubes in compression than
ASTM C 39-15a [17, 18]. An average of three samples was
tested per data point reported in the Results.

3.7. Calorimetry. Mortar samples from each mixture were
used to monitor the heat development using a Calmetrix
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isothermal calorimeter suitable for paste, mortar, and con-
crete samples. A standard 23∘C isothermal temperature was
used in this experimental program. Immediately after mix-
ing, roughly 50 grams was weighed and placed in plastic cup
molds designed specifically for use in the calorimeter. The
average hydration curves of two samples from each batch
were used and are presented in the Results.

3.8. Alkali Silica Reaction. The accelerated mortar bar
method (AMBT) ASTM C1567 [19] was used for evaluating
the potential reactivity of the aggregate in different foundry
sand blends. However, modifications to the standard were
used in this experimental program. The standard specifies a
standard gradation for the fine aggregate andw/cm ratio to be
used during testing. In this program, mixtures were propor-
tioned according to the details mentioned in Section 3.2 to
achieve the UHSC requirement. The modifications to ASTM
C1567 included using a lower water-cement (w/c) ratio and
fine aggregate sieved and collected past the #30 sieve (<0.595-
mm [0.0234-in]).

A minimum of four prisms 25 × 25 × 285-mm [1 × 1
× 11.25-in] were used to determine the change in length as
outline in ASTM C1567 [19]. Immediately after casting, the
molds were covered and placed in a moist curing room at
23∘C for 24 hours. Thereafter, the bars were preconditioned
for 24 hours in water maintained at 80 ± 2∘C. The length
of the mortar bars was measured, and then the bars were
immediately transferred to storage filled with 1N NaOH
solution maintained at 80∘C for testing. The length of the
prisms was periodically measured over a 28-day period
instead of the normal 14-day period recommended in ASTM
C1569 procedure as outlined by Thomas et al. [20]. This
decision was made due to the unique mixture proportion
nature ofUHSCand the use of fibers, whichThomas et al. [20]
do not have recommendations for; therefore measurements
were taken over a longer period.

4. Results and Discussion

4.1. Strength Development. The compressive strengths for the
UHSC mixtures with different percentages of spent foundry
sand at 7, 14, and 28-day curing are shown in Figures 1 and 2
for the nonreactive and reactive aggregates, respectively.

The average control compressive strength for all ages was
approximately 119MPa (17,300 psi), which is well above the
minimum compressive strength threshold set for UHSCmix-
tures. This result demonstrates that, at minimum, a UHSC
mixture was produced and the impact of FS replacement
is investigated. The mixtures incorporating FS ultimately
demonstrate a loss in compressive strength with an increase
in FS percentage. At 10% inclusion of FS, the average
compression strength for all ages dropped to approximately
107MPa (15,586 psi), which is approximately a 10% reduc-
tion in strength from the control. At a 20% fine aggregate
replacement with FS, the average compressive strength for all
ages dropped to approximately 102MPa (14,849 psi), which is
a 15% drop in compressive strength when compared to the
control. Lastly, at a 30% FS replacement level, the compres-
sive strength dropped to approximately 96MPa (14,000 psi),

7 days
14 days
28 days

0
2000
4000
6000
8000
10000
12000
14000
16000
18000

C
om

pr
es

siv
e s

tre
ng

th
 (p

si)

NA-10FS NA-20FS NA-30FSNA-Cont
Mixture

0

20

40

60

80

100

120

140

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

Figure 1: Compressive strength of manufactured (nonreactive)
sand: foundry sand mixtures at 7, 14, and 28 days.
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Figure 2: Compressive strength of reactive sand: foundry sand
mixtures at 7, 14, and 28 days.

which is 21% loss in compressive strength when compared to
the control samples. To confirm if these results are statistically
significant, Student’s 𝑡-test was completed. This statistical
evaluation was performed at 95% confidence interval and a
statistical significance (𝑝 value) of 0.05 level of confidence.
This analysis was completed comparing each FS replacement
level to the control strength to determine if the noticed trend
is significant.The statistical analysis shows that the 10%, 20%,
and 30% FS replacement mixtures are statistically significant
with a 𝑝 value of 0.041, 0.015, and 0.005, respectively. This
result confirms that an increase in FS replacement, up to the
30% replacement level tested, yields a loss in compression
strength. However, it should be noted that at the highest
replacement level tested (30%) the average compressive
strength for all ages was still quite high (96MPa (14,000 psi))
and still considered UHSC; therefore there is still application
for this mixture, which is more sustainable than the control.
Lastly, it should be noted that the nonreactive sand showed
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an increase in strength with age aside from the 20% FS
replacement, which showed a drop in strength of approxi-
mately 4% from the 7-day strength to the 14-day strength;
however, the 28-day strength remained the highest obtained
strength. Although the average value of the NR-20FS was
lowest at 14 days, this minor deviation from the overall trend
is still within the standard deviation of the increasing strength
with age trend of all other samples. Student’s 𝑡-test was also
performed on this value to further demonstrate that the
14-day strength (NR-20FS) value was not significant when
compared to the 7-day strength (NR-20FS) with a 𝑝 value
of 0.18. Overall, the compression strength performance of
the nonreactive (manufactured sand) demonstrated that all
mixtures producedwere of UHSC quality with varied degrees
of strength and sustainability.

On the other hand, mixtures incorporating reactive
siliceous sand showed substantially higher strength perfor-
mance. The control mixture showed the highest compressive
strength overall, exceeding 150MPa (21,755 psi) after only 7
days of curing. Interestingly, a sharp reduction in compressive
strengthwas noted after 14 days of curing for allmixtureswith
the exception of 20% foundry sand. This may be attributed
to the self-desiccation of the low w/cm concrete mixture
limiting the continued hydration for the additional formation
of hydration product [21]. However, a notable change in
the strength development after 28 days of heat curing was
observed showing the highest compressive strength overall
for all UHSC mixtures. Similarly to the mixtures incorporat-
ing the nonreactive manufactured limestone, a drop in com-
pression strength was observed with increasing replacement
of foundry sand. To determine if these results are statistically
significant, Student’s 𝑡-test was completed similarly as before.
The statistical analysis shows that the 10%, 20%, and 30%
FS replacement mixtures are statistically significant with a
𝑝 value of 0.045, 0.027, and 0.019, respectively. The 𝑡-test
confirms that there is a reduction in compressive strength
relative to the control with increasing replacement of FS at
up to 30% replacement.

The control mixture reached a compressive strength
of 181.78MPa (26,365 psi), whereas mixtures RA-10FS, RA-
20FS, and RA-30FS observed a compressive strength of 167.21
(24,252 psi), 137.70 (19,972 psi), and 137.90MPa (18,550.33),
respectively. This is contrary to what previous studies have
shown that spent foundry sand used as a partial replacement
of fine aggregate can improve the mechanical properties of
concrete [2, 3]. However, these past studies limited their
focus to normal-strength concrete. Thus, the results may
indicate that the addition of foundry sand may contribute to
additional imperfections between the paste-aggregate inter-
phase and limiting the concrete’s ability to achieve higher
compressive strengths.Nonetheless, the compressive strength
results between all the mixtures demonstrate that up to
30% of foundry waste can be used to replace the virgin
fine aggregate while still exceeding the UHSC requirements
(≥70MPa (10,000 psi)) [1].

4.2. Alkali Silica Reactivity. The potentials for alkali silica
reactivity for both the nonreactive and reactive aggregates
containing foundry sand are presented in Figures 3 and 4.
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Figure 3: Expansion curves of manufactured (nonreactive) sand:
foundry sand mixtures.
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Figure 4: Expansion curves of reactive sand: foundry sand mix-
tures.

After 28-day storage in NaOH solution, mixtures contain-
ing foundry sand showed a slight increase in expansion
compared to their control, although the final expansion
value between the two aggregates is not very remarkable.
The results indicate that as higher replacements of foundry
sand are incorporated into the mixture, expansion of the
prisms is also higher. The effects are pronounced for those
mixtures utilizing the reactive siliceous aggregate. This may
be attributed to the additional silica content coming from the
foundry sand waste [22].

Note that the prisms were cast using high capacity steel
fibers as a part of the matrix. Thus, only minor changes in
length were observed for both series of mixtures and well
under the expansion limit of 0.10% for deleterious alkali silica
reactivity as suggested by [23, 24]. As discussed previously,
the steel fibers provide extra restraint against tensile stresses
and thus contributed to reduced expansion observed in the
prisms. However, cracking was still apparent surrounding
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Figure 5: Cracking of reactive bars observed after 28 days in NaOH solution: (a) RA-30FS; (b) RA-10FS.
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Figure 6: Heat flow curves for UHSC-FS mixtures using nonreac-
tive aggregate.

the edges of the prisms for the mixtures incorporating the
reactive aggregate (see Figure 5) indicating there still exists
a large potential for ASR reactivity.

4.3. Heat of Hydration. Isothermal calorimetry was chosen
as the method for investigating the hydration of UHSC mix-
tures with various replacement of foundry waste. Isothermal
calorimetry measures the heat flow from cement hydration
reactions by differential heat flow sensors that allow for
comparison of different mixtures and provide a time-lapsed
understanding of the hydration mechanisms.The timing and
shape of heat flow curves can provide an understanding of the
performance of different cementitious systems. Additionally,
heat flow curves combined with compressive strength data
can provide insight on the mechanisms through which
the addition of mineral admixtures such as foundry waste
influences strength development.

The data from isothermal calorimetry test were used
to plot curves showing the rate of heat produced during
hydration and are presented in Figures 6 and 7 for the
nonreactive and reactive sand, respectively. A summary of
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Figure 7: Heat flow curves for UHSC-FS mixtures using reactive
aggregate.

the peak heat flow for each mixture compared to that of the
control is also listed in Table 6. Each heat flow curve has been
normalized to the amount of cement in the mortar (i.e., 50-
grammortar sample).The shape and position of the heat flow
curves for the foundry waste UHSC mixtures relative to the
curve of the control provide valuable information regarding
the effect of the foundry waste on cement hydration. A
leftward shift of the heat flow curve relative to the control
curve indicates an advancement in the onset of cement
hydration which in turn suggests an acceleration of cement
hydration kinetics. From Figure 6, it can be observed that
the rate of heat curve for the foundry waste UHSC mixtures
using nonreactive aggregate shifted significantly to the left
of the control curve. On the other hand, the rate of heat
curves for similar mixtures using reactive aggregate did not
show a significant deviation to the left of the control curve.
In fact, mixture RA-10FS showed slight delay in activity with
a slight shift to the right from the control (see Table 6). The
increase activity from the addition foundry waste is most
likely attributed to additional nucleation sites and increased
reactivity of hydration products, or the “size filler effect”
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Table 6: Heat of hydration summary for concrete mixtures.

Mix-ID Avg. peak heat flow
(mW/g cement)

Deviation from control sample
(mW/g cement)

Avg. time until peak heat flow
(Hr)

Deviation from control sample
(Hr)

NR-Cont 2.04 — 13.58 —
NR-10FS 2.06 0.02 12.30 1.28
NR-20FS 2.15 0.11 10.92 2.67
NR-30FS 1.98 −0.06 10.77 2.82
RA-Cont 1.64 — 12.65 —
RA-10FS 1.66 0.03 12.90 −0.25
RA-20FS 1.71 0.07 12.63 0.02
RA-30FS 1.55 −0.09 12.40 0.25

[25–27]. The finer particle distribution of the foundry waste
compared to that of the reactive sand (see Table 3) provided a
better particle packing of materials. This may have resulted
in an increase in the number of foundry sand particles
available per grain of cement for nucleation and increased
hydration reactivity. For the foundry waste UHSC mixtures
using nonreactive sand, the average deviation in time to
reach the peak heat flow was 1.28, 2.67, and 2.82 hours
relative to the control, which is approximately a 9.4%, 19.6%,
and 20.7% reduction for 10%, 20%, and 30% foundry waste
replacement, respectively. For the equivalent mixtures using
reactive siliceous sand, the deviation in time to reach the peak
heat flow was −0.25, 0.02, and 0.25 hours relative to their
control, which is approximately a 2.0% increase and 0.0016%
and 2% reduction for 10%, 20%, and 30% foundry waste
replacement, respectively. Note that a negative sign indicates
a delay in hydration reactivity (rightward shift) relative to the
control and vice versa for a positive value.

From Figures 6 and 7 and Table 6, it can be observed that
the average measured peak heat flow between each foundry
waste replacement relative to their control did not show a
significant deviation.However, therewas somenotable differ-
ences in the peak heat flow between the two aggregate types
(see Table 6). On average, mixtures using the nonreactive
(manufactured) sand exhibited a 24.4%, 24.1%, 25.7%, and
27.7% increase in average peak heat flow for the control,
10%, 20%, and 30% foundry waste replacement compared to
the reactive sand mixtures, respectively. This suggests that
the foundry waste UHSC mixtures containing nonreactive
aggregate, which has a similar particle size distribution
to the foundry waste, exhibited enhanced nucleation and
growth of hydration products, whereas the size filler effects
are minimal in the mixtures containing reactive aggregate.
Interestingly, themeasured compressive strength between the
two aggregate types also observed apparent differences. Note
that all mixtures used equivalent cementitious contents and
only the influence of foundry waste was investigated in this
study.

5. Conclusions

A sustainable, high strength concrete mixture using waste
foundry sand was investigated in this study. Mechanical
properties, hydration reactivity, and alkali silica reactivity

were monitored on two series of UHSC mixtures blended
with spent foundry sand up to 30% replacement of fine aggre-
gate by volume. Based on the investigation, the following
conclusions can be drawn:

(i) For both series of UHSC mixtures using nonreactive
and reactive fine aggregate, a decrease in compressive
strength was observed with the replacement of natu-
ral fine aggregate with that of foundry waste up to the
30% replacement investigated.

(ii) UHSC mixtures using the reactive siliceous sand
yielded the highest compressive strengths com-
pared to those using the nonreactive manufactured
sand. However, the minimum compressive strength
observed was 85MPa (12,345 psi) at the highest
replacement level tested (30%) for the series of mix-
tures using nonreactive sand and is still considered
UHSC.

(iii) The alkali silica reactivity for mixtures containing
foundry sand showed an increase in expansion
with increasing replacement of foundry waste up to
30%. The effects are pronounced for those mixtures
blended with foundry waste and reactive siliceous
aggregate.

(iv) The calorimetry data showed that the addition of
foundry waste enhanced the growth of hydration
products by providing extra nucleation and growth
sites with their finer particle size distribution. This
was very pronounced for the UHSC mixtures using
nonreactive fine aggregate.

Acronyms

ACI: American Concrete Institute
ASTM: American Society for Testing and Materials
ASR: Alkali silica reaction
AMBT: Accelerated mortar bar test
CIM: Concrete Industry Management
FS: Foundry sand
GGBFS: Granulated ground blast furnace slag
HRWRA: High range water reducing admixture
NR: Nonreactive
OD: Oven dry
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OPC: Ordinary Portland cement
RA: Reactive aggregate
REP: Research Enhancement Program
SCM: Supplementary cementitious material
SSD: Saturated surface dry
UHSC: Ultrahigh strength concrete
XRF: X-ray fluorescence.
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The transfer process of chloride ion under the action of the convection-diffusion coupling was analyzed in order to predict the
corrosion of reinforcement and the durability of structure more accurately. Considering the time-varying properties of diffusion
coefficient and the space-time effect of the convection velocity, the differential equation for chloride ion transfer under the action
of the convection-diffusion coupling was constructed. And then the chloride ion transfer model was validated by the existing
experimental datum and the actual project datum. The results showed that when only diffusion was considered, the chlorine ion
concentration increased with the time and decreased with the decay index of time. Under the action of the convection-diffusion
coupling, at each point of coupling region, the chloride ion concentration first increased and then decreased and tended to stabilize,
and the maximum appeared at the moment of convection velocity being 0; in the diffusion zone, the chloride ion concentration
increased over time, and the chloride ion concentration of the same location increased with the depth of convection (in the later
period), the velocity of convection (in the early period), and the chloride ion concentration of the surface.

1. Introduction

Chloride ion is the main factor affecting the durability of
RC structures in subsea environment [1–6]. It can cause the
corrosion of steel bars, diminish the bearing capacity of struc-
tures, and even influence the service life that cannot meet the
design requirement [7, 8]. In the salt fog environment and
splash zone, where the concrete structure is in an unsaturated
state between water saturated and completely dry, the ion
on the surface of concrete migrates into concrete by the
diffusion of concentration and capillary absorption [9–11].
In the environment of pressure water, chloride ion transfers
to internal parts mainly through convective motion caused
by concentration diffusion and pressure infiltration [12]. It
can be seen that the convection-diffusion coupling is the
main approach of the transfer of chloride ion in concrete.
Therefore, in order to improve the durability of concrete
structure, studying the concentration distribution of chloride
ion under the coupled action is of great significance.

Traditional research of the transmission of chloride ions
in concrete considers only the diffusion effect, induces the

analytical solution of chloride concentration based on the
partial differential equation of the Fick’s second law [13–17],
and modifies the equations according to the service environ-
ment [18–20]. Since the transmission mechanism of chloride
ion is complex and the parameters for the partial differential
equation are a lot, there is no accepted and precise analytical
formula for chloride concentration. The methods adopted
include empirical method, finite element method, difference
method, and analytic method. DuraCrete [21] proposed an
experience method which considers that within 0 ∼ Δ𝑥 (Δ𝑥
is the total convection depth) the chloride ion convection
is mainly caused by pore fluid flow while that outside this
region is mainly caused by concentration diffusion. Jin et al.
[9] adopted the method of finite difference to calculate the
chloride ion concentration in the region of the convection-
diffusion coupling. Based on the law of conservation of
matter, Pan and Chen [22] deduced convection-diffusion
equation of chlorine ion in unsaturated concrete, and the
preliminary analysis for stability of the parameters in the
model and finite element calculation has been carried out. Li
[23] analyzed themigration ofmoisture in concrete under the
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action of the pressure and established a theoretical model for
chloride ion concentration in the unsaturated concrete, under
the action of water flow rate, depth of penetration, and the
convection-diffusion coupling. Xiang [24] distinguished the
region of the convection-diffusion coupling and diffusion
area and solved the equation of the convection-diffusion cou-
pling by using the finite difference method. By assuming the
initial boundary conditions and using traditional solutions,
the questions of diffusion zone were answered. On this basis,
Yue et al. [25] adopted the method of separation and substi-
tution of variables, respectively, to solve the transfer of the
chloride ion in the coupling and diffusion area. It is supposed
that the speed of convection is constant and irrelevant to
the position or time. The transfer of chloride ion in the
concrete under the conditions of convectionwas obtained. Jia
et al. [26] studied the transmission law of chloride ion in
unsaturated concrete and steel structures by numerical sim-
ulation. Feng et al. [27] considered the difference of water
transport between dry and wet cycles; a convection-diffusion
equation for chloride ion transport in unsaturated concrete
was derived. For the research above, the differential equations
of the coupling of diffusion-convection are mostly the same,
but the convection velocity is different. To simplify the
calculation, the time-varying nature of diffusion coefficient
was not considered in those researches.

With the consideration of a time-varying characteristic of
diffusion coefficient, the differential equation for the transfer
of chloride ion under the action of the convection-diffusion
coupling was set up. The coupling zone and the diffusion
zone were distinguished by the convection velocity. The
numerical analysis with MATLAB was adopted to predict
the concentration of chloride ion, and the influences of the
parameters were analyzed.

2. The Differential Equation of Transfer
of Chloride Ion under the Action of the
Coupling of Chloride Ion

Because the depth of capillary absorption and penetration
is limited, the convective region exists only within a certain
depth beneath the surface of the concrete. DuraCrete [21]
thought that the depth of influenced convection was 14mm.
Lei [28] concluded that the depth of a convection zone in an
underground structure was approximately 5mm to 10mm.
Within this depth, the chloride ion transferred into internal
layer of the concrete under the action of the convection-
diffusion coupling. If the depth was greater than this value,
the transfer of the chloride ion was mainly under the
influence of diffusion.

The one-dimensional equation of the transfer of chloride
ion under the action of convection-diffusion is shown below
[9, 25]:

𝜕𝐶
𝜕𝑡 =
𝜕
𝜕𝑥 [𝐷
𝜕𝐶
𝜕𝑥 − 𝐶 (V𝑝 + V𝑐)] . (1)

In the expression, 𝐶 value refers to the concentration of
chlorine; 𝐷 is the diffusion coefficient of chloride ion; 𝑥 is
the calculating depth of chloride ion. V𝑝 and V𝑐 refer to flow

velocity of pore fluid under the action of pressure permeabil-
ity and capillary, respectively.

An initial condition is

𝐶|𝑡=0,𝑥>0 = 𝐶0. (2)

Boundary conditions are

𝐶|𝑥=0 = 𝐶𝑠,
𝐶|𝑥=+∞ = 𝐶0.

(3)

In the expression, 𝐶𝑠 is the concentration of free chlorine ion
on the surface of the concrete; 𝐶0 is the initial concentration
of free chloride ion for the concrete.

2.1. The Diffusion Coefficient of Chloride Ion. In the transfer
process of chloride ion, diffusion coefficient is very important
[29, 30]. In the current research, diffusion coefficient is
mainly considered in three situations.

(1) Constant. The diffusion coefficient is invariant during the
whole service period; the expression is

𝐷 = 10−12.06+2.4𝑊/𝐵. (4)

In the expression,𝑊/𝐵 is water-binder ratio.
(2) Time-Varying. The diffusion coefficient of chloride ion
changes over time. It is generally believed that the law of
change can be expressed by an exponential function [31, 32]:

𝐷(𝑡) = 𝐷0 (𝑡0𝑡 )
𝛼 . (5)

In the expression,𝐷(𝑡) is the diffusion coefficient of time 𝑡; 𝑡0
is the test age of diffusion coefficient of the concrete, which
is usually evaluated as 28 d. 𝐷0 is the diffusion coefficient of
time 𝑡0, according to type (4); 𝛼 is the attenuation index of
time.

(3) Tend to Be Stable after Some Years. After some years, the
hydration of concrete is basically completed, and the change
of the internal microstructure probably does not occur any
longer. At this point, the diffusion coefficient of chloride ion
tends to a stable value [32].

𝐷 (𝑡) =
{{{
{{{{

𝐷0 (𝑡0𝑡 )
𝛼 𝑡 < 𝑡𝑘

𝐷0 (𝑡0𝑡𝑘)
𝛼

𝑡 ≥ 𝑡𝑘.
(6)

In the expression, 𝑡𝑘 is the time when diffusion coefficient
tends to be stable.

2.2. Convection Velocity. Under the condition of convection,
permeation rate of pore fluid caused by pressure or capillary
action decreases gradually with increasing depth and reaches
0 when it gets to the depth of the convection. In order to
simplify the calculation, it is assumed that the permeation
rate of the pore fluid linearly decreases over time. Vmax refers
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to the maximum rate, and the time spent before convection
speed reaches zero is 𝑡1.

𝑡1 = 2Δ𝑥Vmax
. (7)

In the expression, Δ𝑥 is the total depth of convection.
The depth of convection at time 𝑡:

𝑥 (𝑡) = 2𝑡1 − 𝑡2𝑡1 𝑡 ⋅ Vmax. (8)

The convection velocity under the effect of space and
time:

V (𝑥, 𝑡)

=
{{{
{{{{

√𝑡21 − 2𝑡1𝑥/Vmax

𝑡1 Vmax 0 < 𝑥 ≤ 𝑥 (𝑡) , 𝑡 ≤ 𝑡1
0 other situations,

(9)

where V(𝑥, 𝑡) is the convection velocity of the x point at the t
time.

In conclusion, (1) becomes

𝜕𝐶
𝜕𝑡 =
𝜕
𝜕𝑥 [𝐷0 (

𝑡0
𝑡 )
𝛼 𝜕𝐶
𝜕𝑥 − 𝐶 ⋅ V (𝑥, 𝑡)] . (10)

3. Model Verification

3.1. Verification with Existing Experimental Datum. Wang
and Zhou [33] studied the transmission of chloride ion in
concrete specimen in the seaside environment simulated by
salt frog box. The size of the concrete specimen is 100mm ×
100mm × 400mm, and the load level was set to be 0, 0.3, and
0.5 of its strength.The transmission time was 35 d, 70 d, 120 d,
and 180 d and the water cement ratio is set to be 0.38. 𝛼 was
0.20. For 𝐶𝑠, with the consideration of its change over time,
𝐶𝑠 stood at 0.25% at the time of 35 d and 70 d and reached
0.32% at 120 d and 240 d. The paper of Park et al. [34] took
Vmax 2 × 10−8mm/s. Δ𝑥 was 10mm; 𝐶0 was 0. When only
diffusion and the convection-diffusion coupling were taken
into account, the calculated results and experimental results
are shown by Figure 1.

Figure 1 shows that when the time of erosion migration
for chloride ion is short, such as 35 d, 70 d, 120 d, and 240 d,
the curve under the action of diffusion overlapped the one
of the coupling of diffusion-coupling. It illustrates that the
effect of convection is not obvious at the moment; when
it was eroded more than 5 a, the value of 𝐶 value under
the action of the convection-diffusion coupling is more than
that when only convection was considered. Through Figures
1(a), 1(b), 1(c), and 1(d), it can be seen that the experimental
value coincides well with the value under the influence of the
convection-diffusion coupling. It illustrates that this model is
suitable for initial migration simulation for chloride ion.

3.2. EngineeringMeasuredData. Thepaper of de Rinćon et al.
[35] had taken specimen from a bridge (General Rafael

Urdaneta Bridge) by core pullingmethod in order to study the
chloride ion distribution after 38 years. The pulling position
is above the ocean surface. In this project, 𝛼 was 0.50, 𝐶𝑠
was 0.27%, Vmax was 2 × 10−8mm/s, Δ𝑥 was 10mm, and
𝐶0 was 0.11%. When the influence of only diffusion and the
convection-diffusion coupling was considered, the calculated
value and the measured data are shown in Figure 2.

Figure 2 plots the fact that when only the influence of
diffusion was considered, the calculated value is less than
the measured value. Under the action of the convection-
diffusion coupling, the calculated value consisted well with
the measured value. It shows that this model is suitable for
the migration simulation of chloride ion when erosion has
been carried out after a period of time.

Therefore, this model is suitable for simulating the whole
process of chloride ion migration, accurate and practical.

4. The Engineering Application

4.1. Engineering Background. The service environment of the
inside lining of subsea tunnels is similar to the atmospheric
zone of the ocean, which is eroded by salt fog with the
chloride ion permeated to the inside of the concretemainly by
diffusion and capillary action. Taking a subsea tunnel as an
example, the design parameters were selected according to
reference of Jin et al. [36]: for concrete C50, its water-binder
ratio (𝑊/𝐵) is 0.32, and the thickness of protective cover is
60mm. In the reference of CECS220 [37], 𝛼 is 0.50, 𝐶𝑠 is
0.225%, Vmax is Vmax = 2 × 10−8mm/s, Δ𝑥 is 10mm, 𝐶0 is 0,
and 𝑡𝑘 is 30 a.
4.2. The Concentration of the Chloride Ion. Figure 3 shows
how the concentration of the chloride ion changed over time,
when only the diffusion (Vmax = 0) and the convection-
diffusion coupling (Vmax = 2×10−8mm/s,Δ𝑥 = 10mm)were
considered.

Figure 3 shows that only when the diffusion (Vmax = 0)
was considered did C increase over time. If the convection-
diffusion coupling was taken into account, the value of 𝐶
value at every point (x = 6 mm was taken as an example) in
the coupling area increased and then decreased over time and
gradually came close to the value of 𝐶 value when only the
diffusion was considered, and the maximum value appeared
at the point (𝑡1 = 15.8 a) when convection velocity became 0.
For each point of the diffusion area (𝑥 = 60mm, e.g.) 𝐶
value increased over time, and at any time𝐶 value was greater
than that when only the diffusion was considered. At the
time of 100 a, in the depth of protective layer thickness (𝑥 =
60mm), the concentration of the chloride ion did not reach
the critical value of CECS220 [37] 0.065%. It shows that there
was no corrosion at that moment, and structural durability
was excellent.

4.3. Analysis of the Parameters

4.3.1. Influence ofDiffusionCoefficient. When the influence of
diffusion was considered, Figure 4 shows the concentration
distribution of the chloride ion when the attenuation index
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Figure 1: Result comparison between model calculation and experiment.

of time was 0 (when diffusion coefficient was constant), 0.3,
0.5, and 0.7, respectively. In order to analyze the situations of
each point with 𝐶 value changing over time, three values at
the time of early (𝑡 = 5 a), medium (𝑡 = 50 a) (𝑡 = 100 a), and
later were chosen.

Figure 4 depicts that, in all the cases, 𝐶 value decreased
with the increase of the distance and finally tended to the
stable value (initial concentration of chloride ions). In cir-
cumstances with the same value of time and location,𝐶 value

decreased with 𝛼 increasing. This is because the coefficient
of diffusion decreased with 𝛼 increasing. By the comparison
between the cases of early,middle, and late time, it can be seen
that, with the same𝛼,𝐶 value in each point increasedwith the
increase of service time; 𝛼 impacted on 𝐶 value significantly,
and the longer the service time, the greater the impact.

Figure 5 shows the concentration distribution of chloride
ion in four cases where the diffusion coefficient is constant
(𝛼 = 0), and diffusion coefficient tends to be stable after 30
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Figure 3: The trend of concentration of the chloride ion over time.

years (𝑡𝑘 = 30 a) and 40 years (𝑡𝑘 = 40 a) and time-varying
(𝑡𝑘 = +∞), respectively.

Figure 5 illustrates that 𝑡𝑘 has little impact on 𝐶 value. At
the early stage, except in the situation that 𝛼 = 0, because in
the other three cases diffusion coefficients were equal during
the period of time 0 ∼ 5 a, the three curves coincided. At
the mid time, because 𝐷 was not equal between 30 a and
50 a, three curves slightly separated. In the late period, the
three curves separated increasingly, but the difference was
still small. At the same location, 𝐶𝑛=0 > 𝐶𝑡𝑘=30 > 𝐶𝑡𝑘=40 >𝐶𝑡𝑘=+∞, which was the same order with diffusion coefficient
being 100 a.

4.3.2. Influence Caused by the Depth of Convection. Figure 6
plots the concentration distribution of chloride ion with
different depths of convection. Among them,Δ𝑥 = 0mmwas
the case only considering the diffusion.

Figure 6 illustrates that Δ𝑥 has a great impact on 𝐶 value.
In the early period, 𝐶 value decreased with the increase of
distance in all situations and then tended to a constant value;
in the middle period, with Δ𝑥 = 20, 30mm, 𝐶 value first
increased and then decreased with the increase of distance

and in the end tended to be a constant value. This is because,
with Δ𝑥 = 20mm, the total time of convection was 63 a.
At this point (50 a), the velocity is quite close to 0, the 𝐶
value is large, and the effect of convection was obvious,
which was consistent with the test results in document of
Zhang et al. [38]. At the late period, when Δ𝑥 was 30mm,
𝐶 value first increased and then decreased with the increase
of distance and finally tended to be sable. This was because
with Δ𝑥 = 30mm the total time of convection was 95 a. At
this point (100 a), the velocity is quite close to 0, the 𝐶 value
is large, and the effect of convection was obvious. However
in the situations with other convection depths, convection
movement had already been off. 𝐶 value decreases with the
increase of the distance and finally tended to the stable value.
At the same location, with the deeper the convection depth,
𝐶 value become the bigger.

4.3.3. Influence of Convection Velocity. Figure 7 shows the
concentration distribution of chloride ion with different
velocities of convection.

Figure 7 shows that in the early period the velocity of
convection has an effect on 𝐶; for the condition with bigger
velocities of convection (Vmax = 6 × 10−8mm/s), 𝐶 value first
increased and then decreased with the increase of distance
and finally became stable. When convection velocity was
smaller (Vmax = 0, 2, 4 × 10−8mm/s), 𝐶 value decreases with
the increase of distance and then finally tended to be stable.
At the same location the bigger the convection velocity, the
bigger the𝐶 value. At themiddle period, all of the convection
movement was off, and the smaller the convection speed was,
the later the convectionmovement was off and nearer to 50 a.
Therefore, the more obvious the convection effect, the bigger
the 𝐶 value. In the late period, convection velocity nearly did
not have any impact on 𝐶 value, and three curves almost
overlapped. The value of 𝐶 value decreased with the increase
of distance and tended toward the stable value at the end.

4.3.4. The Effect of Concentration of Chloride Ion at Surface
Level. Figure 8 shows the different concentration distribu-
tion 𝐶𝑠 of chloride ion at surface level.
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Figure 6: Influence caused by the depth of convection.
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Figure 8: Effects on the concentration of chloride ion by 𝐶𝑠.

Figure 8 shows that Cs has a great impact on 𝐶 value. At
the same location, the value of 𝐶 value increased with the
increase of Cs; in the cases with the same Cs, the value of
𝐶 value at each point increased with the increase of service
time.

5. Conclusions

The time-varying properties of the diffusion coefficients and
the space and time effect of the convection velocity were
discussed, the concentration of chloride ion under the action
of the convection-diffusion coupling was calculated, the
durability of the structure was evaluated, and the influence of
the parameters was analyzed.The following conclusions have
been drawn:

(1) If only diffusion was considered, at any time, 𝐶 value
decreased with the increase of distance and tended toward a
constant value. At any location, 𝐶 value increased over time.

(2) If time-varying of diffusion coefficient was taken into
account, parameter 𝑡𝑘 had almost no effect on 𝐶 value, while
parameter 𝛼 noticeably influenced 𝐶 value, the bigger 𝛼, the
smaller 𝐶 value. It can be seen that regardless of the time-
varying characteristic of diffusion coefficient calculation of𝐶
value is conservative.

(3) Under the influence of the convection-diffusion cou-
pling, in each point of the coupling zone, the 𝐶 value first
increased and then decreased with the increase of time and
finally tended to be a constant value. The maximum value
appeared at the point when the convection velocity is 0. For
each point in the diffusion zone, the 𝐶 value increased over
time.

(4) Under the effect of the convection-diffusion coupling,
the depth of the convection had a significant effect on𝐶 value.
At the same location, with the deeper the convection, the 𝐶
values become larger. Convection velocity only has impact on
𝐶 value in the early period. In the late period, at the same
point, with the greater velocity of convection,𝐶 values are the
larger. The concentration of chloride ion at surface level has
a great impact on 𝐶 value, and at the same location 𝐶 value
increased with the increase of 𝐶𝑠.

(5)The influence of the section stress on the diffusion and
convection has not been considered, which can be studied by
means of experiment and numerical simulation in the further
research.
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Cenospheres have been recently applied to increase the volume of uniform micropores in hardened cementitious materials.
Therefore, application of micro-CT to cenosphere-containing binders will help better understand the micropores formed by
cenospheres in the hardenedmaterials. Accordingly, the present study prepared Portland cement paste, alkali-activated fly ash/silica
fume, and alkali-activated fly ash with 60%weight replacement by cenospheres and reconstructed their micropore structures using
micro-CT. From the pore structure, individual micropores were extracted and analyzed using the principal moment ratios (𝐼11/𝐼33
and 𝐼22/𝐼33). Based on the moment ratios, the representative pore shapes were determined in the different pore-volume ranges.
Four-factor pore compliance contribution (4-factor PCC) model was then applied to predict the influences of the micropores on
the elastic moduli of the micropore/matrix composites.

1. Introduction

Fly ash, a waste material produced by coal-fired power
plants, has been applied to cement and concrete technolo-
gies to replace Portland cement [1–3]. Fly ash particles
have three main morphologies: solid sphere, cenosphere,
and plerosphere [4, 5]. Among these, cenospheres can be
separated due to having the lowest specific gravity; because
of the hollow structure, they are substantially less dense
than solid spheres and plerospheres. Therefore, cenospheres
have been applied to fabricating lightweight concrete [6–
9]. Furthermore, the presence of cenospheres in concrete
structures can produce more uniform micropores, allowing
these structures to achieve greater energy efficiency with a
minimum reduction in strength [9, 10]. This is because cen-
ospheres increase the volume of uniform micropores in the
hardened materials.

As cenosphere particles range in size from 10 to 400𝜇m
[11], they contribute to the formation of micropores. How-
ever, because of cenospheres’ low reactivity, their micropore
structures will differ depending on the cementitiousmaterial,
such as geopolymers and Portland cement. Therefore, it

is required to study more detailed pore shapes and the
influences of micropores on the mechanical properties of
cenosphere-containing cementitious pastes. Recent research
on the application of micro-CT to cement and concrete has
shed light on the detailed pore structures of cementitious
materials [12–15]. In addition, an analysis method developed
by Drach et al. [16], called the four-factor pore compliance
contribution (4-factor PCC) model, allows us to predict the
influence of individual pores on elastic moduli using the
Mori-Tanakamethod and statistical methods.Therefore, now
is an ideal time to look at the detailed pore structures formed
by cenospheres and their influence on elastic moduli, using
micro-CT technology.

In the present study, we first constructed 3D micropore
structures in cenosphere-containing cementitious matrixes
using micro-CT. For this, three samples were prepared:
alkali-activated fly ash-silica fume, alkali-activated fly ash,
and Portland cement paste with cenospheres comprising
60% of binders by weight. We used a Ca(OH)2-Na2CO3
activator because a recent study showed that this activator
is less expensive and less dangerous than NaOH without
compromising the compressive strength [17]. Furthermore,
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Table 1: Mixture proportions of the samples: w/s denotes water-to-solid ratio (in grams).

Sample label Portland cement Fly ash Silica fume Cenosphere Ca(OH)2 Na2CO3 Sucrose Water

FASF — 20 20 60 30 8 0.69 48.3
(w/s = 0.35)

FA — 40 — 60 30 8 0.69 48.3
(w/s = 0.35)

PC 40 — — 60 — — — 35
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Figure 1: Particle size distribution of cenospheres (QK150).

the sample with silica fume was included because McBride
et al. reported that the addition of silica fume improves
the compressive strength of cenosphere-containing concrete
[7]. The 3D micropores obtained from micro-CT were
grouped on the basis of individual pore volumes (<10−4mm3,
10−4∼10−3mm3, 10−3∼10−2mm3, and ≥10−2mm3). Based on
these groups, each micropore was individually extracted;
then the principal moments of inertia (𝐼11, 𝐼22, and 𝐼33)
were calculated to obtain the contour maps of 𝐼11/𝐼33 and
𝐼22/𝐼33 ratios. These ratios also provided numeric values
to identify which representative pore shapes were most
frequently observed. Lastly, we applied the 4-factor PCC
model to predict the influence of themicropores on the elastic
moduli of the cementitious composites.

2. Experimental Details

The present study used ASTM Type I Portland cement
known as ordinary Portland cement (OPC) and silica fume
marketed by Elkem AS under the product name Elkem-
Microsilica� 940U. The cenospheres (product name QK150)
and the fly ash, which is the original fly ash of cenospheres,
were obtained from Spheretek Ltd. (Hong Kong). Wang et
al. reported that cenospheres have substantial amount of
amorphous phase and crystalline phases, such as mullite and
quartz [8].The particle size distribution of the cenospheres is
presented in Figure 1, showing a range of 10−10 to 10−1mm3.

We prepared three samples: alkali-activated fly ash-silica
fume, alkali-activated fly ash, and Portland cement paste.
All three samples contained cenospheres at 60% binders by

weight. Cenospheres are considered as a binder component,
because they contribute to long-term strength. The fly ash-
silica fume and fly ash samples were activated using Ca(OH)2
(Junse Chemical, Japan) and Na2CO3 (Sigma Aldrich, USA).
Thewater-to-solid ratiowasmaintained at 0.35 for all samples
because it was the lowest mixable ratio. The detailed mixture
proportion and sample labels are provided in Table 1. The
samples were prepared with cylinder molds of 100mm in
diameter and then cured at room temperature (20∼22∘C)
in 99% relative humidity for 28 days. Micro-CT scans were
performed with a SkyScan 1173 CT scanner at 130 kV and
60 𝜇A. The 2D image data had an image resolution of
18.11 𝜇m/pixel. Exposure time per projection was 500ms with
a 0.2∘ step angle.

3. 4-Factor PCC Model

Drach et al. developed the 4-factor PCCmodel to evaluate the
influence of micropores on elastic moduli including Young’s
modulus (𝐸), bulk modulus (𝐾), and shear modulus (𝐺)
[16, 18]. 4-factor PCC is a statisticalmodel to give a prediction
from input variables obtained fromvariation in irregular pore
geometries. Finite-element analysis was performed on the
basis of a large set of irregular pores. This process constructs
a statistical formula to relate pore geometry parameters and
their contribution to effective elastic properties. The 4-factor
PCC model is the statistical formula as follows:

𝐸𝑖, �̃� or 𝐺 = 𝛼0 + 𝛼1𝐼11 + 𝛼2𝐼22 + 𝛼3𝑆𝑉 + 𝛼4Ṽ + 𝛼5𝐼
2
11

+ 𝛼6𝐼11𝐼22 + 𝛼7𝐼
2
22 + 𝛼8𝐼11𝑆𝑉 + 𝛼9𝐼22𝑆𝑉

+ 𝛼10𝑆
2
𝑉 + 𝛼11𝐼11Ṽ + 𝛼12𝐼22Ṽ + 𝛼13𝑆𝑉Ṽ

+ 𝛼14Ṽ
2,

(1)

where 𝛼𝑖 and 𝛼𝑖𝑗s are model coefficients, and the other values
represent the following terms:

𝐼11 =
𝐼11/𝐼33 − AVG (𝐼11/𝐼33)

MID (𝐼11/𝐼33)
,

𝐼22 =
𝐼22/𝐼33 − AVG (𝐼22/𝐼33)

MID (𝐼22/𝐼33)
,

𝑆𝑉 =
𝑆𝑉 − AVG (𝑆𝑉)

MID (𝑆𝑉)
,

Ṽ =
V − AVG (V)
MID (V)

,

(2)
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Figure 2: Pore-volume distributions of FASF, FA, and PC samples obtained from micro-CT data.
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Figure 3: Reconstructed 3D micropore structures of the FASF sample (separated micropores based on pore-volume ranges).

where MID is a midrange value, 𝑆𝑉 is surface area-to-volume
ratio, and V is Poisson’s ratio. The dimensionless parameters
(𝐸𝑖, �̃�, 𝐺) of the 4-factor PCCmodel are the influential degree
of micropores as follows:

𝐸𝑖
𝐸0
=
1

1 + 𝑝𝐸𝑖
,

𝐾

𝐾0
=
1

1 + 𝑝�̃�
,

𝐺

𝐺0
=
1

1 + 𝑝𝐺
,

(3)

where 𝑝 is a volume fraction of pores and 𝐸0, 𝐾0, and 𝐺0 are
the elastic moduli of the matrix. For a detailed discussion of
the 4-factor PCC model, see [16].

4. Results and Discussion

4.1. Micropore Distribution. Figure 2 shows the cumulative
proportion of the micropore volumes in the range of 10−5
to 10−1mm3. The FASF, FA, and PC samples have different
micropore distributions; the PC sample had an 80% volume
proportion of micropores measuring <10−4mm3, whereas
the FASF sample had a broader micropore distribution
than the other two samples. Accordingly, the micropores by
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Figure 4: Continued.
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Figure 4: Contour maps of 𝐼11/𝐼33 and 𝐼22/𝐼33 ratios of the FASF sample and representative pore shapes in areas 1∼3: (a) micropore volume ≥
10−2mm3, (b) micropore volume 10−3∼10−2mm3, (c) micropore volume 10−4∼10−3mm3, and (d) micropore volume < 10−4mm3.
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Figure 5: Reconstructed 3D micropore structure of the FA sample (separated micropores based on pore-volume ranges).

cenospheres could vary, depending on different cementitious
materials. This is because each binder has a different condi-
tion, which can lead to different micropore structure with
cenospheres. We divided the pore-volume ranges into four
groups (<10−4mm3, 10−4∼10−3mm3, 10−3∼10−2mm3, and
≥10−2mm3 of individual pore volumes) and analyzed them
separately.

4.2. Micropores in FASF Sample. Figure 3 shows the 3D
reconstruction of the micropore structures obtained from
micro-CT data. In Figure 3, the image on the far left shows
the entire structure of the micropores, while the four images

to the right show the separated micropores based on the
pore-volume ranges. One interesting observation is that there
were no <10−2mm3 micropores near other pores that were
larger than 10−2mm3 (circled area in Figure 3).This might be
because the large pores merged with smaller pores. Despite
the visual investigation, the large number of variations in pore
shapes made it difficult to define the characteristics of the
shapes. Therefore, we calculated the moments of inertia of
individual pores and then the eigenvalues of the moments.
These eigenvalues were the principle moments (𝐼11 < 𝐼22 <
𝐼33), and we obtained the contourmaps on the left side of Fig-
ure 4 using the ratios of 𝐼11/𝐼33 and 𝐼22/𝐼33 (moment ratios).
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Figure 6: Continued.
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Figure 6: Contour maps of 𝐼11/𝐼33 and 𝐼22/𝐼33 ratios of the FA sample and representative pore shapes in areas 1∼3: (a) micropore volume ≥
10−2mm3, (b) micropore volume 10−3∼10−2mm3, (c) micropore volume 10−4∼10−3mm3, and (d) micropore volume < 10−4mm3.
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Figure 7: Reconstructed 3D micropore structure of the PC sample (separated micropores based on pore-volume range).

The 3D features on the right side of Figure 4 also shows
the representative shape of the micropores appearing at a
high frequency in the moment ratios. The representative
shape of the micropores with volume ranges of <10−4mm3,
10−4∼10−3mm3, and ≥10−2mm3 was an elliptical sphere
rather than a round sphere, as seen in Figures 4(a), 4(c),
and 4(d). The micropores of the 10−3∼10−2mm3 range in
Figure 4(b) hadmore irregular shapes than those of the other
ranges, shown in Figures 4(a), 4(c), and 4(d).

4.3. Micropores in FA Sample. Figure 5 shows the 3D-
reconstructed micropore structure of the FA sample and
four groups of pore-volume ranges. In contrast to the FASF
sample, the FA sample hadmany poresmeasuring<10−3mm3
near large pores. Figure 6 shows the contour maps of the

moment ratios and the representative pore shapes on the
marked areas. In Figure 6(a), the micropores with volumes
measuring ≥10−2mm3 have two areas of moment ratios. The
𝐼11/𝐼33 and 𝐼22/𝐼33 ratios of area 1 marked in Figure 6(a) are
close to 1.00, meaning that the representative shape of the
micropores in that area is a round sphere.However, the 𝐼11/𝐼33
ratios of area 2 marked in Figure 6(a) range between 0.16
and 0.32, and 𝐼22/𝐼33 is close to 1.00. With these moment
ratios, the representative shape of the micropores is two
connected spheres. The micropores in the volume range of
10−3∼10−2mm3 have three main areas in the contour map of
Figure 6(b). Areas 1 and 2 have similar 𝐼11/𝐼33 ratios and pore
shapes. However, the pore shape in area 3 is more irregular
than those in areas 1 and 2. Figures 6(c) and 6(d) show
the moment ratios of the micropores with volume ranges
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Figure 8: Contour maps of 𝐼11/𝐼33 and 𝐼22/𝐼33 ratios of the PC sample and representative pore shapes in areas 1∼3: (a) micropore volume ≥
10−3mm3, (b) micropore volume 10−3∼10−4mm3, and (c) micropore volume < 10−4mm3.
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Ẽ
1

1.8
2

Ẽ
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Ẽ
1

(c)

Figure 9: Dimensionless parameters (𝐸1, 𝐸2, 𝐸3, �̃�, 𝐺) of the elasticmoduli predicted by the 4-factor PCCmodel: (a) four pore-volume ranges
in the FASF sample, (b) four pore-volume ranges in the FA sample, and (c) three pore-volume ranges in the PC sample.

of 10−4∼10−3mm3 and <10−4mm3. The pore shapes in these
ranges are elliptical spheres, which are close to the shapes in
the FASF sample in identical pore-volume ranges.

4.4. Micropores in PC Sample. Figure 7 shows themicropores
in the PC sample. Large pores with volumes measuring
≥10−3mm3 were not frequently observed in the PC sample.
Furthermore, the pore size distribution of the PC sample
was more uniform than that of the FASF and FA samples.
The large pores (≥10−3mm3) in area 1 of Figure 8(a) have
irregular shapes, and the 𝐼11/𝐼33 ratios mostly range from 0.14
to 0.42. These low 𝐼11/𝐼33 ratios originate from the elongated
pore shapes in the PC sample. It is noteworthy that these
low 𝐼11/𝐼33 ratios were also observed for two connected
spheres in the FA sample. Furthermore, in Figure 8(b), the
representative pore shape in area 2 is more irregular than in
area 1, with a lower 𝐼11/𝐼33 ratio in area 2.

4.5. Predicted Influences of Micropores on Elastic Moduli. The
material properties influenced by pore structures are elastic
moduli of hardened materials, such as Young’s modulus,
bulk modulus, and shear modulus. The application of the
4-factor PCC model to micropores formed by cenosphere
can show the relation between their 𝐼11/𝐼33 and 𝐼22/𝐼33
ratios and elastic moduli. Figure 9 shows the dimensionless
parameters (𝐸1, 𝐸2, 𝐸3, �̃�, 𝐺) of the predicted elastic moduli,
which represent changes in elastic moduli induced by pore
shape. In the FASF and PC samples, all five dimensionless
parameters had similar values regardless of the pore-volume
ranges, as the mean values and the gaps between the first
and third quantiles were similar. This is because the mean

values of the 𝐼11/𝐼33 and 𝐼22/𝐼33 ratios obtained from the
micropores in the FASF and PC samples were similar. In the
FA sample, the mean values of the dimensionless parameters
were close together regardless of the pore-volume ranges,
but the variations in the five parameters of the micropores
measuring ≥10−2mm3 were higher than those of the other
volume ranges. This indicates that the connection of two
pores can introduce a high variation in elasticmoduli. A com-
parison between the FASF and FA samples showed similar
influences of micropores on the elastic moduli. Furthermore,
themicroporesmeasuring≥10−3mm3 in the PC sample could
introduce a greater variation in 𝐸1 than the FASF and FA
samples due to the elongated pore shapes having low 𝐼11/𝐼33
ratios.

5. Conclusions

The main purpose of the present study was to understand
the structure of micropores in different cementitious pastes
and their influence on the elastic moduli. We obtained
the 3D morphologies of micropores from Portland cement
paste, Ca(OH)2-Na2CO3-activated fly ash-silica fume, and
Ca(OH)2-Na2CO3-activated fly ash with cenospheres of all
samples at 60% of binders by weight. The following results
were observed:

(i) The PC sample (cenosphere-containing Portland
cement paste) had a less-broad size distribution of
micropores compared to the FASF and FA sam-
ples (Ca(OH)2-Na2CO3-activated fly ash-silica fume
and Ca(OH)2-Na2CO3-activated fly ash with ceno-
spheres).
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(ii) The FASF sample (Ca(OH)2-Na2CO3-activated, cen-
osphere-containing fly ash-silica fume) had more
irregular micropore shapes in the 10−3∼10−2mm3
pore-volume range compared to the other ranges
(<10−4mm3, 10−4∼10−3mm3, and ≥10−2mm3).

(iii) Two connected spherical micropores were frequently
observed in the ≥10−2mm3 range of the FA sample
(Ca(OH)2-Na2CO3-activated, cenosphere-contain-
ing fly ash), and the 4-factor PCC model predicted
that the connected micropores would increase the
variations in elastic moduli. However, the averaged
values of effective elastic moduli are similar.

(iv) The PC sample had more elongated micropores than
the FA and FASF samples. Furthermore, the 4-factor
PCC model predicted a greater variation in Young’s
modulus of the PC sample compared to that of the FA
and FASF samples.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by Kyonggi University Research
Grant 2016 (2016-001).

References

[1] A. Bilodeau, V. Sivasundaram, K. Painter, and V. Malhotra,
“Durability of concrete incorporating high volumes of fly ash
from sources in the U.S.A,” ACI Materials Journal, vol. 91, no. 1,
pp. 3–12, 1994.

[2] B. Sukumar, K. Nagamani, and R. Srinivasa Raghavan, “Evalu-
ation of strength at early ages of self-compacting concrete with
high volume fly ash,” Construction and Building Materials, vol.
22, no. 7, pp. 1394–1401, 2008.

[3] S. Yoon, P. J. M. Monteiro, D. E. Macphee, F. P. Glasser, and M.
S.-E. Imbabi, “Statistical evaluation of the mechanical proper-
ties of high-volume class F fly ash concretes,” Construction and
Building Materials, vol. 54, pp. 432–442, 2014.

[4] M. J. Dudas and C. J. Warren, “Submicroscopic model of fly ash
particles,” Geoderma, vol. 40, no. 1-2, pp. 101–114, 1987.

[5] R. T. Chancey, P. Stutzman, M. C. G. Juenger, and D. W.
Fowler, “Comprehensive phase characterization of crystalline
and amorphous phases of a Class F fly ash,” Cement and
Concrete Research, vol. 40, no. 1, pp. 146–156, 2010.
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Mechanical tests were carried out to evaluate the influence and effects of fluidity and compressive strength of cement grout on
semirigid asphalt pavement. An open graded asphalt skeleton was designed in order to achieve target porosity in the range of
18∼22%. In addition, four types of cement grout mixtures were produced with varying mix proportions with ultrarapid hardening
cement and chemical admixtures, that is, accelerating and retarding agents. For the semirigid pavement specimens, mechanical
experiments to measure properties such as porosity, flexural strength, Marshall stability, and wheel tracking resistance were carried
out. The test results demonstrated that the flow time (fluidity) of cement grout is the most significant factor that determines
the mechanical properties of semirigid asphalt specimens under constant condition of the open graded asphalt skeleton. For the
semirigid pavementmixing proportion in the current study, it is recommended that the porosity of the open graded asphalt skeleton
and flow time of cement grout should be 20% and within 12 seconds, respectively.

1. Introduction

Asphalt and concrete pavement is the most commonly
applied pavement method worldwide and is used for a
variety of applications including vehicle roads and airport
pavement. Rigid pavements, which mainly use concrete, are
highly resistant to traffic load, have a high bearing capacity,
offer long-term durability, and resist fatigue and deformation
[1, 2]. In asphalt pavement, there is excellent deformation
compatibility for expansion and shrinkage with both leading
to lower maintenance cost than concrete pavement [3–
6]. These two types of pavement methods generally have
opposite characteristics and are selectively applied according
to environmental conditions such as external load and soil
profiles. On the other hand, semirigid pavement, which can
complement the advantages and disadvantages of asphalt and
concrete pavement, has been studied [7–9] by a number of

researchers since it was first applied to airport pavement in
France [10]. In Korea, semirigid pavement has been studied
since 2001 and various studies [11, 12] have been conducted to
improve its performance. Based on these studies, semirigid
pavement has been recently adopted for many construction
members such as bridge-decks surfacing pavement, petrol
station and heavy distribution centers. Semirigid pavement
is a pavement method in which a cement grout having a
relatively high stiffness and strength is filled with the skeleton
of an asphaltmixturewhich contains 20∼30%voids.Themost
significant characteristic of semirigid pavement is its ability to
combine the ductility of asphalt and the stiffness and strength
of concrete to provide excellent running performance and
durability. In addition, it can be produced with various
properties depending on the characteristics of the cement
grouts and the skeleton of the asphalt mixture. In the current
study, the physical properties of semirigid pavement were
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Table 1: Properties of polyacrylate polymer.

Material Density (g/cm3) Solid contents (%) Viscosity (cps) Ionicity pH Appearance
Polyacrylate polymer 1.0 45.3 360 Anionic 8.5 White liquid

Table 2: Mixing proportions according to different types of ultrarapid hardening cement grout.

Mix. Cement types Blending proportions (wt.%) Unit weight (kg/m3)
Cement minerals Accelerating agent Retarding agent Cement Water Polyacrylate polymer

PG-1 Proto 46.9 53 0.1 1,150 319.5 255.5

SG-1 Early 39.9 60 0.1 1,150 319.5 255.5
Strength

FG-1 Retarding 39.8 60 0.2 1,150 319.5 255.5
FG-2 Strength 39.7 60 0.3 1,150 319.5 255.5

Table 3: Characteristics of polymer modified asphalt binder.

Properties Value Standard
Penetration at 25∘C (1/10 mm) 70 —
Softening point (∘C) 72.4 —
Flash point (∘C) 362 ≥230
Viscosity (cp) 2001 ≤3,000
Density at 15∘C (g/cm3) 1.028 —
Storage stability (∘C) 0.5 ≤2.0

evaluated using a cement grout formulated with ultrarapid
hardening characteristics. This paper includes the results of
a laboratory investigation into the properties of void content,
Marshal stability, flexural strength, and wheel tracking resis-
tance depending onflow time and compressive strength of the
cement grout mixed with ultrarapid hardening cement and
chemical admixtures including accelerating agent and retard-
ing agent.

2. Materials

2.1. Cement Grout. Four types of cement grout mixture
proportions depending on the type of ultrarapid hardening
cement were developed and tested. Three types of ultrarapid
hardening cement including prototype, early strength type,
and two kinds of retarding strength type were designed. The
ultrarapid hardening cement was produced by blending
cementminerals including alite (C

3
S),microsilica (SiO

2
), and

gypsum and chemical admixtures such as accelerating agent
and retarding agent. In addition, all cement grout mixtures
incorporated liquid polyacrylate polymer as seen in Table 1
for the purpose of preventing cracks and shrinkage. An
overview of the various mixture proportions is presented in
Table 2. The fresh cement grouts were produced by using
a stand mixer which was able to control mixing speed to
750 RPM. This mixing process was carried out under tem-
perature and relative humidity conditions of 20∘C and 60%,
respectively.

2.2. Maternal Open Graded Asphalt Mixture

2.2.1. Asphalt Binder. For mixing the open graded asphalt
mixture, a polymer modified asphalt (PMA) with 4.0 wt%
styrene butadiene styrene (SBS) was used in this study. The
molecular structure of SBS is linear. The PMA commercial
product type of PG 76–22 was manufactured by a domestic
company in Korea andmet the quality requirements for open
graded asphalt mixture. The characteristics of PMA were
measured based on the testing regulations and the results
were listed in Table 3.

2.2.2. Aggregates and Filler. The impregnation characteristics
of cement grouts into the asphalt skeleton were directly
affected by its fluidity as well as by the porosity of the open
graded asphalt mixture. A high porosity asphalt mixture
enhanced the filling efficiency of cement grouts; however,
having the appropriate porosity of asphalt mixture is signif-
icant for the strength requirements. In order to design the
porosity of the open graded asphalt mixture, it is important
that the application of coarse and fine aggregates satisfies the
grading requirements of the specification. Fine and coarse
aggregates used to accomplish this study were sourced from
Gong-ju, Korea. Two types of 0.08–5mm and 5–13mm
crushed granite gravels were selected as aggregates. All
mixtures incorporated limestone powder filler with a range of
0.08–0.15mm. To achieve the target porosity of open graded
asphalt mixture in this investigation, coarse, fine aggregates
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Figure 1: Size distribution and boundary limits of aggregates according to specification. (a) Fine and coarse aggregate grading curve. (b)
Blended aggregates grading curve.

and filler were blended in accordance with the following
equation:

𝑃 (𝑖) = 𝐴 (𝑖) × 𝑎 + 𝐵 (𝑖) × 𝑏 + 𝐶 (𝑖) × 𝑐 + ⋅ ⋅ ⋅ + 𝑁 (𝑖)
× 𝑛. (1)

In this formula, 𝑃(𝑖) refers to the percentage of blended
aggregates passing through the corresponding (𝑖) sieve, (𝑖)
refers to the sieve size,𝐴(𝑖), 𝐵(𝑖), . . . , 𝑁(𝑖) refer to the percent-
age of each aggregate passing through the corresponding (𝑖)
sieve,𝐴, 𝐵, . . . , 𝑁 refer to all kinds of aggregate and filler, and
𝑎, 𝑏, . . . , 𝑛 refer to the contents proportion of each aggregate
and filler, and the sum total is 100%. The grading curve of
all types of aggregates used has been made to meet the open
graded asphalt grading requirements of the Korean standard
specification as shown in Figure 1(a). The Korean standard
specification suggests the boundary limits for the blended
aggregates and filler used for the open graded asphaltmixture
as shown in Figure 1(b). The mechanical properties of fine
aggregate, including density, water absorption, and fineness
modulus, are 2.66 g/cm3, 0.9%, and 3.02, while for coarse
aggregate they are 2.67 g/cm3, 0.9%, and 6.08, respectively.
Water content and density of limestone filler were measured
as 0.2% and 2.72 g/cm3.

2.2.3. Mixing Open Graded Asphalt. Based on the previous
studies [10] and the Korean standard of open graded asphalt
mixture design [13], the porosity of asphalt mixture is
designed with a range of 18∼22%. The dosage of asphalt is
3.5%∼6.0%.The open graded asphaltmixture proportions are
presented in Table 2. In order to mix the open graded asphalt
mixtures, all aggregates are cleaned and kept preheated to a
temperature of 120∘C to 150∘C, while asphalt was heated to

a temperature of 150∘C. All specimens are cast into the
molds and compacted under hot condition according to the
experiment standards. All specimens are taken out from the
mold when the temperature of specimens reached 50∘C.

2.2.4. Semirigid Asphalt Composite. Open graded asphalt
mixtures were prepared according to the experimental
method of Korea standards and four types of cement grout
were injected and compacted. After that, all semirigid asphalt
specimens were cured until standardized curing age.

3. Test Program

3.1. Cement Grout

3.1.1. Fluidity. The flow cone test has been carried out to
evaluate the fresh fluidity of cement grout. The flow cone
used in this study is for the hydraulic cement grout flow test
regulated in KS F 4044 method. It has a height of 190mm, a
capacity of 1725 ± 5mL, and an internal orifice diameter of
12.7mm. All the grouts were charged to the calibration height
and the dropping timewasmeasured. Flow time is an index of
the fluidity of the cement grout. Figure 2 shows the geometry
of the flow cone used in this study. In the previous study [14]
the flow time of the flow cone with a capacity of 1,200mL and
an internal orifice diameter of 10mmwasmeasured from 11 to
20 seconds. Lei [15] reported that, for the cone with a capacity
of 1,000mL and an internal orifice diameter of 10mm, flow
time was proposed to be in the range of 8 to 10 seconds. Also,
because the flow value is slightly different depending on the
cone size in the previous studies [16, 17] the flow value of
this study can be used for a relative comparison of the grout
formulations.
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Figure 2: Flow cone geometry for hydraulic cement grout flow test.

3.1.2. Compressive Strength. A total of sixty cubic 50 × 50mm
specimens for the compressive strength test were fabricated
and cured under standard conditions. The compressive
strength test was carried out using a universal test machine
with a capacity of 500 kN, and loading rate was controlled to
2.4 kN/sec.The compressive strengthwas calculated based on
the average of three specimens.

3.2. Semirigid Asphalt Composite

3.2.1. Porosity. Theopen graded asphalt specimenswere filled
with asphalt mixture of 1,200𝑔 in a mold with a diameter
of 101.6mm and a height of 63.5mm, and the compaction
hammerwas freely dropped from a height of 450mm to com-
pact 50 times on each surface, respectively. The specimens
were coated with paraffin due to the fact that the moisture
content of all specimens exceeded 2%. The porosity test was
performed in accordance with KS F 2353 and ASTM D 1188.
First of all, specific bulk density (𝛾bulk) of all the specimens
was calculated using (2). On the other hand, the theoretical
maximum density (𝛾theoretical) of the specimen, which can be
compared with the apparent density, was calculated based
on (3) using an automatic device of theoretical maximum
density in order to quantify the effect of the grain size, the
asphalt content, and the temperature condition.The porosity
of all specimens including open graded asphalt mixtures and
semirigid asphalt mixtures is given in (4).

Specific bulk density (𝛾bulk)
= 𝑃air
𝑃pa − 𝑃wa − (𝑃pa − 𝑃air) /𝑟pa

, (2)

Theoretical maximum density (𝑟theoretical)
= 𝑃air
𝑃air + 𝑃bowl − 𝑃all ,

(3)

Porosity (%) = [1 − 𝛾bulk𝛾theoretical ] × 100, (4)

where, 𝑃air is dry weight of specimen in air (g), 𝑃pa is paraffin
coated dryweight of specimen in air (g),𝑃wa is paraffin coated
dry weight of specimen in water (g), 𝑟pa is bulk density of
paraffin (g/cm3), 𝑃bowl is weight of bowl filled with water
at 25∘C (g), and 𝑃all is weight of bowl filled with water and
specimen at 25∘C (g).

3.2.2. Marshall Stability. For the Marshall stability test, the
specimen was fabricated in the same shape and method as
the specimen prepared for the porosity test. The fabricated
asphalt mixture specimens were cooled at room temperature
for five hours and taken out from the mold using a sample
extractor. After that, cement grout was injected and cured at
a room temperature of 20∘C for 1 day.All the semirigid asphalt
specimens were tested using Marshall stability equipment.
The test was carried out at a constant loading rate of
50mm/min until failure in accordance with the KS F 2337
standard. The measured maximum vertical load refers to the
Marshall stability value.

3.2.3. Wheel Tracking. For the wheel tracking test regulated
by KS F 2374, the asphalt mixture was filled in a square mold
having a length × width × height of 300mm × 300mm ×
50mm, and a specimen was prepared by using a compaction
roller of which surface temperature was kept at 130∘C. After
demolding, cement grout was injected and cured at a room
temperature of 20∘C for 1 day. The wheel tracking test
was carried out by placing each specimen in a chamber
maintained at a temperature of 60∘C for 5 hours so that the
test can be carried out under the same temperature conditions
for all specimens.The chamber was equippedwith steel wheel
tires with a diameter of 200mm and a width of 50mm. The
wheel was attached with rubber with a thickness of 15mm to
simulate the wheel of the rear vehicle. The wheel consisted of
a vertical loading device and a horizontal moving device.The
vertical device applies a load continuously at 686N and the
horizontal device performs a horizontal reciprocating run at a
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speed of 0.5Hz (30 times/min.) for a maximum runway
distance of 300mm for 1 hour. The central deflection of the
specimen was measured at 5-minute intervals using LVDT
with resolution capacity of 1/100mm attached on the wheel
device. In particular, the dynamic stability represents the
number of reciprocating runs required for 1.0mm deflection
at the center of the wheel tracking specimen and is calculated
using (5) below. The deformation rate (mm/min.) was calcu-
lated between 45 and 60 minutes.

DS = 42 × 𝑡2 − 𝑡1𝑑
2
− 𝑑
1

, (5)

where DS is the dynamic stability, 𝑑
1
refers to the central

deflection at 45 minutes (𝑡
1
), and 𝑑

2
refers to the deflection

at 60 minutes (𝑡
2
).

3.2.4. Flexural Strength. Thebending specimen was prepared
by dividing the wheel tracking specimen into three equal
parts. The shape of the specimen is length (𝑙) × width (𝑏) ×
height (ℎ) of 300mm × 100mm × 50mm. After allowing all
the specimens to air dry, all specimens were put in a constant
temperature chamber set at −10∘C for 1 day in order to
maintain the specimen temperature in the same condition.
The test was carried out while maintaining a constant room
temperature of 20∘C. In order to prevent the abrupt failure of
the specimen, the one-point load was continuously applied to
the center of the specimen at a speed of 0.5mm/min using
the displacement control method. The applied load (𝑃) and
central displacement (𝑑) of the specimen were measured
at load cell with capacity of 50 kN and a linear variable
displacement transducer (LVDT) with capacity of 10mmwas
used to measure the applied load corresponding to the
central displacement of the specimen. All the specimens were
tested until the load was 0N, and all data was saved in the
TDS-530 data logger. The maximum flexural strength and
corresponding flexural strain can be calculated using (6) and
(7), respectively.

Flexural strength (𝑓
𝑟
) = 3𝑙𝑃2𝑏ℎ2 , (6)

Flexural strain (𝜀) = 6ℎ𝑑𝑙2 . (7)

4. Results and Discussion

4.1. Cement Grout

4.1.1. Fluidity. The flow time results in accordance with the
ratio of accelerating and retarding agent content are shown
in Figure 3. The flow time of PG-1 mixture was measured to
be 10.5 s. For SG-1, FG-1, and FG-2, which were mixed with
accelerating agent, it was measured as 12.8 s, 11.3 s, and 10.9 s,
respectively. The use of accelerating agent increased the flow
time of cement grout compared to the PG-1 mixture by 22%,
10%, and 4%, respectively. However, it can be seen that, with
the same dosage of the accelerating agent, the flow time
decreases as the amount of retarding agent used increases.
The flow times of FG-1 and FG-2mixtures were 91% and 85%,
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Figure 3: Flow time according to the cement grout mixtures.
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Figure 4: Compressive strength results of cement grout mixtures.

respectively, compared with the SG-1 mixture. Therefore, in
order to secure the rapid hydration of the cement grout, it
was shown that the use of the retarding agent can control the
fluidity sufficiently when the accelerating agent was incorpo-
rated into the cement grout. Since the cement grout plays an
important role in filling the pores of the open graded
asphalt mixture to form a semirigid pavement, it should have
sufficient fluidity to fill the pores. Afonso et al. [14] reported a
flow time of 11 s to 20 s for a cone with a capacity of 1,200mL
and an internal orifice diameter of 10mm. Lei has proposed a
cone with a capacity of 1,000mL and an internal orifice
diameter of 10mm within a range of 8 s to 10 s. Because the
flow time differed according to the cone size in the previous
study, the flow value in this current study was able to be used
for relative comparisons of cement grout mixtures.

4.1.2. Compressive Strength. The findings related to compres-
sive strength of all cement grout mixtures are presented in
Figure 4. For all cement grouts using ultrarapid hardening
cement, it was clear that the compressive strength exceeded
15MPa for 3 hours. Compressive strength of SG-1, FG-1,
and FG-2 mixtures that incorporated accelerating agent was
168%, 161%, and 158% higher, respectively, than that of the
PG-1 mixture for 3 hours. As the amount of retarding agent
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Figure 5: Pore ratio results of semirigid asphalt specimens. (a) Pore ratio results of semirigid asphalt specimens. (b) Specimen for porosity
test.

dosage increased from0.1% to 0.3%, the compressive strength
at early-age including 3 hours and 1 day tended to decrease
when the mixing content of accelerating agent was fixed in
the cement groutmixture. It can be seen in Figure 4, however,
that the compressive strength of all cement grout mixtures
can be maintained at a similar level in long-term ages. The
use of retarding agents is expected to have a positive effect
on the increase of the fluidity of the initial cement grout and
is not significantly affected by the reduction of compressive
strength in all ages.

4.2. Semirigid Asphalt Composite

4.2.1. Porosity. The pore ratio and filling ratio of the open
graded asphalt skeleton and the semirigid asphalt specimens
filled with four types of cement grout mixture are shown in
Figure 5(a), and the FG-1 specimen for porosity test is
represented in Figure 5(b). From the porosity test, the average
porosity of four specimens for each open graded asphalt
skeletonwas evaluated as 19.1%, with porosity being in a range
of 18.5% to 19.6%. After filling cement grout into the open
graded asphalt skeleton, the porosity of the PG-1, SG-1, FG-
1, and FG-2 specimens was measured as 4.5%, 13.4%, 7.6%,
and 5.5%, and, using (2), the filling ratios of the cement grout
mixtures were calculated as 95.5%, 86.6%, 92.4%, and 94.5%,
respectively. As can be seen from Figures 3 and 5, a flow time
of cement grout mixtures within 12 s enabled an excellent fill-
ing ratio over 90% to be secured. These results indicated that
the flow time, which is a typical index of fluidity, has a strong
influence on the filling rate of the semirigid asphalt pavement
given similar porosity condition of the open graded asphalt
skeleton. In this current study, PG-1, FG-1, and FG-2 are
suitable cement grout proportions for semirigid pavement
that could secure outstanding filling property.

4.2.2. Marshall Stability. The results of the Marshall stability
test were shown in Figure 6. In the open graded asphalt skele-
ton, the Marshall stability of the specimens was measured as

5.43∼5.82 kN and the average value was calculated as 5.68 kN.
Semirigid pavement mixtures such as PG-1, SG-1, FG-1, and
FG-2 filledwith cement grout exhibited outstandingMarshall
stability. The average value is 430%, 374%, 404%, and 413%
higher than that of skeleton mixture, respectively, and the
semirigid pavement specimens showed very stable results
after grouting. On the other hand, although the compressive
strength of the SG-1 for 1 day was the highest among all
cement groutmixtures, theMarshall stability value of the SG-
1 was 86.9%, 92.5%, and 90.5% that of the PG-1, FG-1, and
FG-2 mixtures, respectively. From the test results, it can be
inferred that the Marshall stability of the semirigid pavement
was strongly dependent on the fluidity of the cement grout
rather than the strength of the cement grout. Meanwhile, the
relationship between Marshall stability and filling ratio of all
semirigid pavement specimens is shown in Figure 7.Marshall
stability was found to increase linearly as the filling ratio
increased, and the correlation coefficient was calculated as
92%.This result indirectly shows that the filling degree of the
cement grout in the pores of asphalt skeleton determines the
level of Marshall stability performance.

4.2.3. Flexural Strength. Figure 8 presents the flexural
strength and midspan deflection relation curve of the asphalt
skeleton and semirigid pavement specimens. The flexural
strength of open graded asphalt skeleton and correlating
flexural strain were calculated as 0.64MPa and 0.524%,
respectively. The flexural strength of PG-1, SG-1, FG-1, and
FG-2 was calculated as 3.21MPa, 2.92MPa, 3.18MPa, and
3.10MPa, and corresponding flexural strain was 0.212%,
0.210%, 0.237%, and 0.247%, respectively. The test results
were listed in Table 4. It was found that the semirigid pave-
ment specimens were able to improve the flexural strength of
asphalt skeleton by at least 453% and by up to 498%, and the
flexural strain corresponding to maximum flexural strength
could be decreased by a range of 40.1% to 47.0%. It was clearly
found that the flexural strength of semirigid pavement spec-
imens was enhanced by filling cement grout into the asphalt
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Table 4: Flexural test results of all specimens.

Flexural strength (MPa) Midspan deflection (mm) Flexural strain (%)
Asphalt skeleton 0.64 1.57 0.524
PG-1 3.21 0.64 0.212
SG-1 2.92 0.63 0.211
FG-1 3.18 0.71 0.237
FG-2 3.10 0.74 0.247
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Figure 6: Results of Marshall stability test.
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Figure 7: Relationship between Marshall stability and filling ratio
of all semirigid pavement specimens.

skeleton. However, as expected, the lowest fluidity of the
SG-1 cement grout mixture was measured as 2.92MPa, and
the other three types of semirigid pavement specimens with
a similar level of fluidity showed no significant difference
according to the type of cement grout. Similarly to the
results of Marshall stability, the flexural strength was also
significantly affected by the fluidity of the cement grout filled
in the asphalt skeleton pores. From the flexural test results,
it was found that the semirigid pavement could strongly
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Figure 8: Results of flexural test of asphalt skeleton and semirigid
asphalt specimens.
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Figure 9: Results of wheel tracking test of asphalt skeleton and
semirigid asphalt specimens.

enhance the low stiffness of the open graded asphalt skeleton
with flexural strength.

4.2.4. Wheel Tracking Resistance. The relationship between
the vertical loading and correlating central deflection mea-
sured by the wheel tracking test is shown in Figure 9. In



8 Advances in Materials Science and Engineering

the open graded asphalt skeleton, the initial center deflection
rapidly increased to 1.2mmby 5min. For semirigid pavement
specimens such as PG-1, SG-1, FG-1, and FG-2 mixtures,
however, it was found that the initial deflection at the center
was 0.18mm, 0.25mm, 0.21mm, and 0.18mm. These values
range from 4.8 times to 6.7 times lower than that of the open
graded asphalt skeleton. This result shows that cement
grouting is effective in controlling the initial deformation
for the open graded asphalt skeleton. As can be seen from
the graph slope in Figure 9, the deflection of the asphalt
skeleton was continuously increased until the end of the
experiment. For the semirigid pavement specimens, however,
the center deflection gradually increased and then converged
after 40 minutes. It was found that the final deflection of
the open graded asphalt skeleton specimen was the largest
at 2.0mm, but it was 0.36mm to 0.41mm for semirigid
pavement, which could reduce the final deflection by at least
4.88 times compared to the asphalt skeleton. The dynamic
stability of all the semirigid pavement specimens was cal-
culated as 31,500 times/mm, while for the asphalt skeleton
it was 6,300 times/mm. In addition, the deformation rate
of semirigid pavement specimens was 0.0013mm/min com-
pared with 0.0067mm/min of the asphalt skeleton. The test
results show that it was possible to effectively enhance the
dynamic stability and deformation rate for deformation,
thereby improving the durability of asphalt pavement under
repeated vehicle load.

5. Conclusions

This current study investigated the effect of cement grout
controlled with ultrarapid hardening cement, accelerating
and retarding chemical agent on the mechanical properties
of semirigid pavement. In the first stage of this study, the
effect of chemical admixtures on the cement grout fluidity
and compressive strengthwas evaluated. In the next stage, the
open graded asphalt pavement mixture, which is the skeleton
of the semirigid pavement, was designed to have a porosity
of 18∼20%. Finally, semirigid pavement specimens were pre-
pared by injecting cement grout into an open graded asphalt
pavement. Mechanical properties including porosity, flexural
strength, Marshall stability, and wheel tracking resistance
were evaluated. From the test results it was clearly found that
the porosity and filling rate of semirigid pavement specimens
were greatly influenced by the flow time (fluidity) of cement
grout. The use of chemical admixtures was found to be able
to control the initial flow time; the compressive strength
property, however, was not significantly affected. Through
evaluating the strength characteristics through Marshall
stability, flexural strength, and wheel tracking test, it was
found that the fluidity favorable to filling of the cement
grout in the voids of asphalt skeleton greatly influences the
strength of semirigid pavement rather than the cement grout
compressive strength property. Semirigid pavement could
improve the strength and stiffness of open graded asphalt
mixture, and the semirigid pavement’s performance could be
adjusted to the target performance by controlling the flow and
strength characteristics of the cement grout. Based on the test
results, it was recommended that the porosity of open graded

asphalt be 20% and the flow time of cement grout be within
12 seconds.
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Corrosion occurs more rapidly under high tensile stress and this leads to several problems like degradation of serviceability and
structural performance in PSC (prestressed concrete) structures. In this paper, impressed current method, so-called ICM, was
applied to tendons under tensile loadings of 0.0, 20.0, 40.0, and 60.0% of ultimate load. With induction of 20 volts for 24 hours to
tendon under tensile stress, loading was induced to failure and the ultimate load was evaluated with varying corrosion behaviors.
The changingmechanical behaviors in the same corrosive conditions were evaluated under different initial prestressing levels.With
increasing initial prestressing load, corrosion occurredmore rapidly and corrosion amount also increased linearly.Theultimate load
accordingly decreased with increasing initial prestressing and corrosion amount.The relationships between prestressing levels and
corrosion behaviors were quantitatively obtained through regression analysis.Themeasured current during applied voltage and the
related corrosion amounts were also dealt with in this work.

1. Introduction

Concrete is a construction material with high compressive
strength but low tensile strength, so that reinforcements are
required in the region subjected to tensile stress. Normal
structural steel is usually used as reinforcement due to clear
design parameters such as yielding stress, yielding strain,
and elastic modulus [1, 2]. For long structural members,
prestressing tendons are efficiently used as PSC (prestressed
concrete) members since it can use total area as effective
area, namely, compressive region through downing neural
axis.

Tendon has almost the same Young’s modulus as struc-
tural steel but higher ultimate strength, over 1,200MPa, and
wider elastic region [3, 4]. PSC has several engineering strong
points such as reduction of self-weight, crack-free section,
and easy construction of long member. The tendons inside

sheath are always subjected to high tensile stress around 60%
of ultimate strength. They are basically protected by grout
but corrosion can be caused by imperfection of grouting and
partial exposure to air. Corrosion initiation and propagation
in reinforcement are acceleratedwhen tendon is under tensile
stress since the composition in reinforcement is loosened,
which yields more rapid current density in given corrosive
conditions [5, 6]. So many structural degradations have been
reported and they also required repair or restrengthening in a
large scale [7–9]. Concrete specifications and structural codes
have suggested more strict guidelines for corrosion control
for PSC [2, 10, 11]. The corroded tendon causes not only
reduction of serviceability such asmore deflection and cracks
but also reduction of bearing capacity in PSC girder [12–14].
Recently many NDTs (nondestructive techniques) have been
adopted for detection of corrosion initiation and progress in
existing PSC structures but they have limited applications due
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Figure 1: Test setup for loading and prestressing system.

to impedance of local signals, effect of cover concrete (sheath
and grouting), and twisted section of strand [15–18].

There are many researches on accelerated corrosion for
normal steel; however accelerated corrosion behavior in
tendon subjected to high tensile stress is limitedly studied.
In this work, normal tendons with 15.3mm diameter were
prepared and accelerated corrosion test was performed under
different tensile loading levels from 0% to 60% of the ultimate
load. For the acceleration corrosion test, ICM (impressed
current method) was adopted, and transported currents,
corrosion amounts, and the ultimate loads after ICM testwere
also evaluated.The relationships between corrosion behavior
and mechanical characteristics were quantitatively obtained.

2. Test Programs for Corrosion Acceleration
and Loading Control

2.1. Setup for Loading System. Steel frame with high strength
was designed and prestressing to the desired level was carried
out before acceleration of corrosion. Three different loading
levels were adopted as 20%, 40%, and 60% of the ultimate
load. In order to avoid the current induced to data logger
and sensors, rubber plates were fixed around load cell and
bearing plate. Prestressing loss is caused by slip of wedge in
open barrel during loading prestressing, so that corrosion
acceleration is performed after completion of the desired
prestressing through repeating jacking and inserting wedge.
Figure 1 shows the test setup.

2.2. Setup for ICM System

2.2.1. Acceleration of Corrosion through IMC (Impressed Cur-
rent Method). Accelerated corrosion was set up in the empty
roomof the frame. In the harsh environmental condition, few
decades are needed for strength reduction in steel or tendon
due to corrosion [19, 20]. In the work, ICM was adopted for
acceleration of corrosion, by which considerable reduction
of strength can be expected within a short period. It is
recognized as an efficient method for corrosion acceleration
for monitoring cracking in cover concrete and reduction of

strength in corroded steel [18, 21, 22]. Corrosion amount
through exchange of Fe2+ ion can be calculated according to
Faraday’s Law as follows:

𝑀cor = 𝑐𝑧𝐹 ⋅ ∫ 𝑞 𝑑𝑡, (1)

where 𝑀cor is corrosion amount (mol), 𝑧 is ion valence of
Fe (equal to 2), 𝐹 is Faraday’s number (96,500), 𝑞 and 𝑡 are
current (Amp) and duration time (sec), respectively, and 𝑐 is
assumed as experimental constant.

2.2.2. Measurement of Current and Corrosion Rust. The
accelerated corrosionwas performed in a corrosion cell inside
the steel frame.The cotton towel with 75mmwidth and 5mm
thickness was submerged in 3.5% of NaCl solution and the
middle part of tendon was covered with the saturated towel,
which induced chloride saturation on the tendon through
capillary suction. In order to measure equivalent current
induction, each strand was welded with wire and 20V of
electrical charge was applied. After accelerated corrosion for
24 hours, the given length of 75mm was cut and submerged
in 5.0% of C

6
H

8
O

7
acid for removal of rust. The weight loss

was evaluated through measuring the initial weight and the
weight after ICM test. Figure 2 shows corrosion cell and
removal of rust process.

The total procedure of tests for loading and accelerating
corrosion is summarized in Table 1.

3. Reduction of the Ultimate Load after
Accelerated Corrosion Test

3.1. Variation of Current with Different Loading Levels

3.1.1. Corrosion Current and Prestressing. With increasing
prestressing level, the measured current also increases, and
that is in line with the previous researches. When corrosive
condition is stable, the concentration of NaCl in member
under tensile stress is getting higher and thus ion current
increases accordingly [5, 6]. The measured current values
are shown in Figure 3 with different prestressing levels.
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(a) Corrosion cell (b) Removal of rust in corroded tendon

Figure 2: Corrosion cell and rust removal process.
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Figure 3: Changes in measured current with different prestressing
level.

The increasing ratio of current with prestressing is 126.6%
for 20% level, 175.4% for 40% level, and 193.9% for 60%
level, respectively. Figure 4 shows the summation of current
measurements in the same accelerated period.

3.1.2. Corrosion Weight with Different Stress Level. The cor-
roded strands are twisted and deformed, so that it is difficult
to cut with accurate length of 75.0mm. The test results for
corrosion amount are plotted in Figure 5 with calculation
results referring to Faraday’s Law with 1.6 of experimental
constant in (1). In the constant ICM condition, corrosion
amount is evaluated to be proportional to summation of
currents.

The differences from measurement and calculation can
be inferred by several reasons like (1) measuring errors for
corrosion amount and original length of tendon (75.0mm),
(2) usage of tab water, (3) variations of local conditions
of temperature and towel saturation, and (4) imperfect
attachment and welding for equivalent current inducement.
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Figure 4: Summation of measurements with different prestressing
level.
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Table 1: The entire procedure for loading and corrosion tests.

Step Action Related photos

1st Installation of steel frame and tendon setup

2nd Preparation of 3.5% NaCl solution and saturation

3rd Installation of bearing plate, barrel, and wedge

4th Welding of strand and wire/attachment of gauge

5th Prestressing to designed level (0%, 20%, 40%, and 60% of the ultimate loading)

6th Performing ICM with 20V for 1 day

7th Loading to failure

8th Measurement of corroded weight

3.2. Reduction of the Ultimate Loading

3.2.1. Reduced Prestressing Level during ICM Test. During
accelerated corrosion test, tendons under high tensile stress
are rapidly corroded, which allows a reduction in the area
and additional release in the tendon. Unfortunately, only

the initial and final loads were measured without decreasing
prestressing stress during test since data logger might be
overcharged in the applied current. In Figure 6(a), initial and
final loadings are plotted after ICM test. Effective ratio can be
determined as the ratio of residual prestressing force to initial
prestressing force.
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Figure 7: The relationship between ultimate loads and corrosion at different stress level.

The effective ratios with varying prestressing level are
plotted in Figure 6(b) with measured corrosion currents
and corrosion ratios. The effective ratios are 55.6% for 20%
level, 72.8% for 40% level, and 76.4% for 60% level of
prestressing, respectively. Effective ratio has similar pattern
to the transported current and corrosion amount.

3.2.2. Reduction in the Ultimate Loads due to Corrosion and
Prestressing Level

(1) Reduction of Ultimate Load with Different Prestressing
Levels. After ICM test, tensile loading test to failure is
performed for the evaluation of ultimate load. Ultimate load
rapidly decreases with increasing prestressing level in the

same corrosive condition. Figure 7 shows the relationship
between ultimate loads and corrosion at different stress levels.

In the control case (without corrosion test), the average
ultimate load is 27.16 tonf; however it decreases to 71.6∼74.8%
level after ICM test for 24 hours. In the same corrosive con-
dition, the ultimate load decreases to 56.3∼70.0% subjected
to 20% of loading level, 45.8∼46.4% for 40% level, and 38.4∼
40.6% for 60% level of prestressing. As shown in Figure 7,
strength reduction due to the effect of accelerated corrosion
accompanied by prestressing level is clearly evaluated.

(2) Changes in Stress-Strain Curve in the Corroded Tendon.
In order to evaluate the mechanical behavior in the tendon
under corrosion and tensile stress, stress-strain behavior is
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Figure 8: Stress-strain curve in corroded tendon after ICM test.

monitored after ICM test. The signal from load cell and
gauge on the tendon surface out of corroded area (shown in
Figure 2) are read in data logger. Although the strain gauge is
attached on the twisted tendon out of corrosion area, stress-
strain behavior can be approximately evaluated. The results
are shown in Figure 8.

As shown in Figure 8, slight reduction of stiffness is
evaluated in corroded tendon with increasing stress level
which accelerates corrosion. With increasing prestressing
level, clear reduction of ultimate strength and elongation to
break are observed; however the stiffness degradation is not
evaluated clearly due to twisted shape and local corrosion of
tendon.

3.3. Relationship between Prestressing Level and Corrosion
Behavior. In this section, the relationship between corrosion
behavior and ultimate load was investigated considering the
different prestressing levels.The results of corrosion ratio and
ultimate load are plotted in Figure 9 with regression analysis
results, which show clear linear relationships between corro-
sion ratio ofweight and the ultimate loadwith high coefficient
of determination (0.9658).

In the constant corrosive condition, the effect of prestress-
ing on corrosion acceleration is plotted in Figure 10. Figures
10(a) and 10(b) are for the relationships between prestressing
level and corrosion ratio and prestressing level and ratio of
corrosion to control case (without prestressing), respectively.
Clear increase in the ratio of corrosion is evaluated with
high prestressing level with 0.9696 of R2. With increasing
prestressing level, corrosion velocity also increases to 124.3∼
126.5% for 20% level, 165.5∼166.8% for 40% level, and 178.5∼
189.8% for 60% level of prestressing with clear linearity
relation.

4. Conclusions

In thiswork, corrosion behavior and the reduction of ultimate
loading to failure were investigated considering prestress-
ing levels. With increasing prestressing level, the corrosion
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Figure 9: Relationship between ultimate load and corrosion ratio.

amount and ultimate load are evaluated to be changed
linearly with higher current density. The conclusions can be
drawn as follows:

(1) After 24 hours of accelerated corrosion test, effective
ratios of prestressing force decrease to 55.6% for 20%
level, 72.8% for 40% level, and 76.4% for 60% level
of prestressing, respectively. Initial prestressing load
is rapidly reduced by local elongation of tendon due
to accelerated corrosion.The pattern of effective ratio
with increasing prestressing level is much similar to
those of corrosion ratio and summation of trans-
ported currents.

(2) With the increase in prestressing level in the same cor-
rosive impressed current condition, corrosion ratio
increases linearly, being 124.3∼126.5% for 20% level,
165.5∼166.8% for 40% level, and 178.5∼189.8% for 60%
level of prestressing, respectively. The reduction of
ultimate load to failure is evaluated to be linear with
corrosion ratio with high coefficient of determination
(0.9658), so that prestressing level also has linear
relationship with reduction of ultimate load in the
same corrosive condition.
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Plain cement concrete, ground granulated blast furnace slag (GGBS) concrete, and fly ash concrete were designed.Three wet curing
periods were employed, which were 2, 5, and 8 days.The drying shrinkage values of the concretes were measured within 1 year after
wet curing. The results show that the increasing rate of the drying shrinkage of concrete containing a mineral admixture at late age
is higher than that of plain cement concrete regardless of the wet curing time.With the reduction of wet curing time, the increment
of total drying shrinkage of concrete decreases with the decrease of the W/B ratio. The negative effects on the drying shrinkage of
fly ash concrete due to the reduction of the wet curing time are much more obvious than those of GGBS concrete and plain cement
concrete. Superfine ground granulated blast furnace slag (SGGBS) can reduce the drying shrinkage of GGBS concrete and fly ash
concrete when the wet curing time is insufficient.

1. Introduction

Drying shrinkage of concrete is a phenomenon that is caused
by the moisture drying from the pore system of the hardened
paste and thus leads to volume shrinkage of the concrete
[1, 2]. While the humidity of the surroundings is less than
that of the concrete, the moisture in concrete begins to
evaporate and then drying shrinkage of concrete occurs [3, 4].
Drying shrinkage of concrete is governed by the cement paste
content, while the aggregates do not shrink in general [1].
Drying shrinkage is amajor factor in the cracking of concrete,
so the strength of concrete is affected by drying shrinkage [2–
4].

There are four prominent physical models proposed to
account for the mechanism of drying shrinkage: capillary
tension [5–7], loss of interlayer water [8], changes in surface
energy [5], and disjoining pressure [9], of which capillary
tension and disjoining pressure are widely accepted. Each
of these models is applied to various conditions at different
levels of relative humidity, and more than one mechanism
is involved at different stages in practice [2, 5–10]. At an
early age, drying shrinkage occurs because of a combination
effect of grain connection (causing pore formation) andwater

evaporation (creating menisci), which reaches a mechanical
percolation threshold [11]. It should be noted that early-
age drying shrinkage is not an immediate consequence of
drying until the capillary water is removed [12], and early-
age drying shrinkage near the drying surface develops much
more quickly than that in the center of the concrete element
[13]. Early-age drying shrinkage mainly occurs between 1.5
and 4 hours after casting, which indicates that it is related to
both the microstructure development and the environmental
effect [11]. Capillary tension is a comprehensive explanation
of early-age drying shrinkage if the pore diameters are
larger than approximately 10 nmwith relative humidity above
40%–50% [14–16]. When the moisture in the capillaries
evaporates, the menisci formed lead to a negative pressure
difference between the vapor phase and the liquid phase,
which means the pressure in the liquid is lower than the
atmospheric pressure. As a result, a force imbalance occurs,
which leads to the shrinkage of the solid and contraction
of the pores [17, 18]. However, the mechanism of long-term
drying shrinkage can be well explained by the disjoining
pressure. It was found by Beltzung and Wittmann [19] and
Maruyama and Sugie [20] that only the disjoining pressure
was relevant to the drying shrinkage in a mature paste.
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Disjoining pressure reveals that when the separation distance
between pores is small, surface forces, such as van der Waals
or electrostatic forces, become remarkable [21]. Due to the
water loss from the capillary pores and the gels, water–air
menisci form, which subjects the pore walls to considerable
stress [22]. Meanwhile, the repulsive forces that exist in the
presence of water that resist the van der Waals attraction are
diminished by the removal of the water. Consequently, an
imbalance between opposing surfaces occurs, resulting in the
contraction of the solid body [17].

Fly ash is a by-product of the combustion of pulverized
coal in power plants that acts as a pozzolanic material in con-
crete. Fly ash blended cement can make an improvement in
the pore structure of concrete due its pozzolanic andmicroag-
gregate effects [23, 24]. It was confirmed by Papadakis [25]
that fly ash had a significant effect on the porosity of concrete
that greatly influenced drying shrinkage. Yang et al. [26]
found that high volumes of fly ash could reduce drying
shrinkage, and the reduction of drying shrinkage increased
with increasing fly ash content.Themainmechanismof early-
age drying shrinkage reduction of concrete containing fly
ash was reported to be the filling effect of fly ash, which
can decrease the porosity and connectivity among pores [23–
26]. In the long-term, the drying shrinkage of the concrete
containing fly ash might be more reduced when compared to
that at an early age due to the densification of the matrix.The
densification is a result of the shape property and pozzolanic
and microfilling effects of fly ash, which can prevent internal
moisture evaporation and it is more distinct at a later age.
Moreover, the higher strength of the concrete due to the
replacement of fly ash at a later stage is beneficial to the
prevention of compression deformation [27]. The research of
Khatib [28] showed that there existed a systematic reduction
of the drying shrinkage as the fly ash content increased and
the relationship between the drying shrinkage at 56 days and
fly ash content was linear. In contrast, Akkaya et al. [29]
found that fly ash and ultra-fine fly ash both increased the
drying shrinkage, and the reason for this phenomenon was
the decrease of the elasticity modulus of the concrete and the
differences in pore structure connectivity, which could make
moisture escape easier [30, 31]. An early research conducted
by Pfeifer [32] demonstrated that the drying shrinkage of fly
ash aggregate lightweight concrete was approximately 30%
greater than that of comparable normal-weight concrete.
Kayali et al. [33] found that lightweight aggregate concretes
made with sintered fly ash aggregates showed a greater long-
term drying shrinkage than normal concrete containing no
fly ash, and they reported that the higher paste content may
account for this finding.

Blast furnace slag is also widely used as a mineral
admixture in concrete [34]. It was found that the drying
shrinkage of the concrete containing 65% slag is the lowest
when compared to those of the concretes containing a lower
percentage of slag [35]. Tazawa et al. [36] reported that the
drying shrinkage of concrete containing slag was less than
that of pure cement concrete when cured for 28 days. Yuan
et al. [37] found that partially replacing cement with slag
decreased the drying shrinkage compared to that of pure
cement concrete. The reduction of the drying shrinkage was

greater at early ages as well as with the increase of the
replacement ratio, and the factor that contributes to this was
that the slag can keep the water content constant due to its
good hydroscopicity and inertness at the early stage [37].
However, Deshpande [38] found that the drying shrinkage
of concrete containing slag increased slightly at an early age
(30 days), whereas the ultimate drying shrinkage (1 year) was
little affected. Hooton et al. [39] concluded that the drying
shrinkage of concrete containing slag was approximately the
same as that of pure cement concrete regardless of slag
content. Wedding et al. [40] reported that slag appeared to
increase the drying shrinkage significantly. Garci Juenger
and Jennings [41] demonstrated that a higher later stage
drying shrinkage of slag blended concrete was due to the
higher proportion of mesopore, and it was also found that
high surface area and pore volumes (pore sizes 1–40 nm)
contributed to high values of total drying shrinkage. Chern
and Chan [42] proposed that the drying shrinkage of blast
furnace slag concrete was higher than ordinary Portland
cement concrete, which was due to the greater volume of
paste in blast furnace slag concrete.

The water/binder (W/B) ratio is another important factor
affecting the drying shrinkage of concrete. In general, a
high W/B ratio increases the drying shrinkage with the
tradition explanation that a higher W/B ratio leads to a
greater volumetric cement paste content and less restraint
of deformation [43]. Specifically, if the W/B ratio is high,
the concrete will be more porous with more connectivity,
which means the moisture in the concrete can escape into
the atmospheremore easily [44–46]. However, Bissonnette et
al. [47] proposed that the W/B ratio, under some conditions
or within a given W/B ratio range, was not as important
as it was often considered to be, and the factors that are
dependent on the W/B ratio, such as pore-size distribution,
total porosity, and elasticity modulus, might have opposite
individual effects, whichmay offset the overall effect of drying
shrinkage.

The wet curing time of the concrete before being exposed
to the drying environment has an impact on the development
of drying shrinkage. In this work, the influence of wet curing
time on the drying shrinkage of concrete was experimentally
evaluated with different mineral admixtures and W/B ratios.

2. Raw Materials and Test Methods

Table 1 shows the chemical compositions of the cement,
GGBS, and fly ash used in this paper.The specific surface area
values of the cement, GGBS, and fly ash were 312, 409, and
354m2/kg, respectively. A superfine ground granulated blast
furnace slag (SGGBS) was obtained by further grinding the
GGBS to a specific surface area of 616m2/kg. The fine aggre-
gate was natural river sand with size smaller than 5mm. The
coarse aggregate was crushed limestone with size between 5
and 20mm. The superplasticizer was a polycarboxylic acid
water reducing agent.

The mix proportions of the 8 concretes were listed in
Table 2. Two water/binder (W/B) ratios were used: 0.50 and
0.42. The total amounts of binder as well as fine aggregates
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Table 1: Chemical compositions of cement, GGBS, and fly ash (%).

CaO SiO
2

Al
2
O
3

Fe
2
O
3

MgO Na
2
Oeq

Loss on
ignition

Cement 63.59 21.86 4.25 2.66 2.19 0.55 1.75
GGBS 36.44 31.76 14.84 0.60 9.08 0.56 0
Fly ash 2.44 48.67 30.95 5.62 1.15 0.78 7.65
Note. Na2Oeq = Na2O + 0.658K2O.

and coarse aggregates are the same. The replacement ratio of
mineral admixture is 40%.

Prism specimens measuring 100 × 100 × 515mm were
prepared for the drying shrinkage test. Prism specimens
measuring 100 × 100 × 300mmwere prepared for the elastic
modulus test. Cube specimensmeasuring 100×100×100mm
were prepared for the permeability tests. The specimens
were all cast in steel molds and cured under the wet curing
condition (20±1∘C and a relative humidity ofmore than 95%)
for the first day. After 1 day, the specimens were demolded.

Three curing methods were employed: (a) wet curing for
2 days and then dry curing (20 ± 1∘C and a relative humidity
between 45% and 55%) for the remaining ages; (b) wet curing
for 5 days and then dry curing for the remaining ages; and (c)
wet curing for 8 days and then dry curing for the remaining
ages. The wet curing period includes the first day when the
specimen was in the mold.

The drying shrinkage of the concretes wasmeasured right
after the wet curing period.The drying shrinkage values were
measured within 360 days’ drying. Chloride ion permeability
test was carried out according to ASTM C1202, “Standard
Test Method for Electrical Indication of Concrete’s Ability
to Resist Chloride Ion Penetration.” The nonevaporable
water content values of the paste were obtained as the mass
differences between the samples heated at 105∘C and 1000∘C.
These results were normalized by the mass after heating at
105∘C and corrected for the loss on ignition of unhydrated
samples.

3. Results and Discussion

3.1. Drying Shrinkage Development. Autogenous shrinkage
is defined as the change of the concrete volume without
the transfer of moisture to the environment after the initial
setting [48]. It is a result of self-desiccation, which is closely
related to the chemical reactions (mainly the hydration of the
cement) in the concrete. As a result, empty pores are created.
If the amount of water is not sufficient to fill these empty
pores, considerable shrinkage occurs [48, 49]. Autogenous
shrinkage increases with the decrease of theW/B ratio. It was
reported by Aitcin et al. [50] that the autogenous shrinkage
would be very small when the W/B ratio was greater than
0.42, but it developed rapidly if theW/B ratio was lower than
0.42. Autogenous shrinkage occurs as soon as the hydration
begins and develops more quickly when the paste is young
(within 24 hours); thus, it must be measured before concrete
has aged 24 hours [51–53]. In this work, the W/B ratios were
set as 0.42 and 0.5, and the wet curing time was at least 2 days.
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Figure 1: Drying shrinkage of plain cement concrete.
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Figure 2: Drying shrinkage of GGBS concrete.

Consequently, autogenous shrinkage can be neglected in this
work.

Figures 1, 2, and 3 show the drying shrinkage of plain
cement concrete, GGBS concrete, and fly ash concrete,
respectively, within 1 year after wet curing for 2, 5, and 8
days with W/B ratios of 0.42 and 0.50. The three figures
show two common laws: (1) the drying shrinkage values of
the concretes decrease with the decrease of the W/B ratio,
which is due to the increase of stiffness and compactness of
the concretes under the same conditions regardless of the
cementing components. This is consistent with the study of
Brooks et al. [43–46]. (2) For the same cementing component
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Table 2: Mix proportions of the concretes (kg/m3).

Cement GGBS Fly ash SGGBS Coarse aggregates Fine aggregates Water
C-0.50 360 0 0 0 1060 800 180
B-0.50 216 144 0 0 1097 763 180
F-0.50 216 0 144 0 1116 744 180
SB-0.50 216 108 0 36 1097 763 180
SF-0.50 216 0 108 36 1116 744 180
C-0.42 360 0 0 0 1077 812 151.2
B-0.42 216 144 0 0 1114 774 151.2
F-0.42 216 0 144 0 1133 756 151.2
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Figure 3: Drying shrinkage of fly ash concrete.

with the same W/B ratio, the drying shrinkage values of the
concretes obviously increase with the decrease of the wet
curing time.

However, the three figures also show some different laws:
(1) the drying shrinkage values of the three concretes differ
from each other due to their different curing conditions.
After wet curing for 8 days, the drying shrinkage of GGBS
concrete is close to that of plain cement concrete, whereas
the drying shrinkage of fly ash concrete is much less than
that of the other two concretes. After wet curing for 2 days,
drying shrinkage of GGBS concrete is still close to that of
the plain cement concrete, whereas the drying shrinkage
of the fly ash concrete is obviously larger than that of
the other two concretes, which is contrary to that found
under the condition of wet curing for 8 days. This indicates
that prolonging the wet curing time decreases the drying
shrinkage of fly ash concrete much more obviously than that
of the GGBS concrete and plain cement concrete. This is
mainly due to the low activity of fly ash at an early age.
Therefore, more wet curing time is needed to ensure the full
hydration of the cement and the activation of the fly ash by
the Ca(OH)

2
produced. (2)The increasing rates of the drying

shrinkage of the three concretes show great differences from
each other at the late age. For plain cement concrete, the
increasing rate of drying shrinkage is very slow at the late
age regardless of the length of wet curing time. However,
the drying shrinkage values of GGBS concrete and fly ash
concrete increase greatly at the late age after wet curing for 2
days. Comparatively, the increasing rate of drying shrinkage
of fly ash concrete was larger at the late age. After wet curing
for 5 or 8 days, the increasing rates of drying shrinkage of
GGBS concrete and fly ash concrete at the late age are a little
slower than those after wet curing for 2 days, and they are
still much larger than that of plain cement concrete. Similarly,
the increasing rate of drying shrinkage of fly ash concrete is
comparatively larger at the late age.

This indicates that the wet curing time has a greater
influence on concrete containing mineral admixtures than
plain cement concrete. Two reasons may account for it: (1)
when wet curing is insufficient (only 2 days), the reaction
degrees of GGBS and fly ash are low, which makes their pore
structures coarse and the connected porosity increases at late
age. Thus, the moisture in concrete transfers quickly and the
loss ofmoisture from the gels increases, leading to an increase
of the drying shrinkage at the late age. Comparatively, the
reaction degree of fly ash is lower and thus the pore structure
pore is coarser at the late age, which results in a greater
increase of drying shrinkage. (2) When wet curing for 5 days
or 8 days, the reaction degrees of GGBS and fly ash are
relatively high at the late age, which decreases the porosity
and is a benefit for improving the pore structure at late
age. Specifically, the proportion of pores smaller than 10 nm
increases, leading to a high capillary pressure and an increase
of the drying shrinkage at the late age [54]. Comparatively, the
reaction degree of fly ash at the late age is higher and the pore
structure of concrete is finer, which increases the proportion
of pores smaller than 10 nm, causing larger drying shrinkage.

3.2. Comparison of Effects on Drying Shrinkage due to the
Change of Wet Curing Time. The nonevaporable water (w

𝑛
)

content is the amount of water chemically bonded with the
hydration products, and it is proportional to the amount
of hydration products and is often used to determine the
hydration degree of cement. Figure 4 shows the w

𝑛
contents

of plain cement, composite binder containing GGBS, and
fly ash. It is notable that the increasing amplitude of the
w
𝑛
content of the composite binder is obviously larger than
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Figure 4: Nonevaporable water contents of the hydration products
of binders.

that of plain cement when the wet curing time increases
from 2 to 5 days as well as from 5 to 8 days, which means
the increase of hydration degree of the composite binder is
greater than that of plain cement.Thus, it can be inferred that
the stiffness and compactness of the concrete containing fly
ash or GGBS improve more significantly than those of plain
cement concrete when the wet curing time increases from
2 to 5 days as well as from 5 to 8 days. It is worth noting
that w

𝑛
content of plain cement has reached a high degree

after wet curing for 2 days, and its increasing amplitude is
very small when the wet curing time increases from 2 to 5
days as well as from 5 to 8 days. Therefore, the wet curing
time tends to have a greater influence on the hydration degree
and microstructure development of the concrete containing
mineral admixture than those of plain cement concrete.

Figure 5 shows the elastic modulus of plain cement
concrete, GGBS concrete, and fly ash concrete with a W/B
ratio of 0.42. It can be seen that the changes of the elastic
modulus of plain cement concrete andGGBS concrete are not
regular with the change of wet curing time, which indicates
that the length of wet curing time tends to have a limited
influence on their elastic modulus at the ages of 28 and 360
days. For fly ash concrete, its elastic modulus increases as the
wet curing time increases at the ages of 28 and 360 days.

The entire elastic modulus of concrete is dependent on
both the hardened paste and the aggregates. The length of
wet curing time does not affect the elastic modulus of the
aggregates, and thus it has less influence on the entire elastic
modulus of the concrete than it has on that of the hardened
paste. It is believed that the elastic modulus of plain cement
paste and paste containing GGBS is reduced to some extent
due to the decrease of thewet curing time.However, the entire
elastic modulus values of plain cement concrete and GGBS
concrete are little affected by wet curing time. Furthermore,
the decrease of wet curing time has an obvious influence on
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Figure 5: Elastic modulus of the concretes with W/B ratio of 0.42.

the entire elastic modulus of fly ash concrete. This indicates
that the elastic modulus of paste containing fly ash decreases
much more significantly than that of paste containing GGBS
and plain cement due to the reduction of the wet curing time.
The trend of the entire elastic modulus of concrete is closely
related to that of the stiffness of the concrete.Therefore, it can
be concluded that as for the fly ash concrete, the decline of
elastic modulus is one of the reasons for the increase of the
drying shrinkage by decreasing thewet curing time.However,
for the cement concrete and GGBS concrete, the influence on
elastic modulus can be neglected.

Figures 6, 7, and 8 show the charge passed and chloride
permeability grade of plain cement concrete, GGBS concrete,
and fly ash concrete, respectively, with a W/B ratio of 0.42.
Overall, the chloride permeability grades of the concrete with
mineral admixtures are lower than those of plain cement
concrete at the ages of 28 and 360 days.

For plain cement concrete, the chloride permeability
values of concretes with different wet curing periods are in
the same grade (moderate level) at the age of 28 days. This
indicates that the decrease of wet curing time does not affect
the chloride permeability grade of plain cement concrete at 28
days. In the case of wet curing for 8 days, the permeability of
plain cement concrete falls into the “low” grade at the age of
360 days, whereas the permeability of plain cement concrete
after wet curing for 5 or 2 days is still in the “moderate” grade
at 360 days.This indicates that shortening thewet curing time
from 8 to 5 days can improve the chloride permeability grade
of plain cement concrete at 360 days, while shortening thewet
curing time from 5 to 2 days cannot.

For GGBS concrete, the chloride permeability values of
concretes with different wet curing periods are in the same
grade (low level) at the age of 28 days. This indicates that
the decrease of wet curing time does not affect the chloride
permeability grade of GGBS concrete at 28 days, which is
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Figure 6: Chloride permeability of plain cement concrete.
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Figure 7: Chloride permeability of GGBS concrete.

similar to the case of plain cement concrete. In the case of
wet curing for 8 or 5 days, the permeability of GGBS concrete
falls in the “very low” grade at the age of 360 days, whereas
the permeability of GGBS concrete after wet curing for 2 days
is still in the “low” grade at 360 days. This indicates that
shortening the wet curing time from 5 to 2 days can improve
chloride permeability grade of GGBS concrete at 360 days,
while shortening the wet curing time from 8 to 5 days cannot.

For fly ash concrete, the chloride permeability values of
concretes after wet curing for 8 and 5 days are in the same
grade (low level) at the age of 28 days, whereas those after wet
curing for 2 days are in “moderate” grade. This indicates that
shortening the wet curing time from 5 to 2 days can improve
the chloride permeability grade of fly ash concrete at 28 days,
while shortening the wet curing time from 8 to 5 days cannot.
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Figure 8: Chloride permeability of fly ash concrete.

In the case of wet curing for 8 days, the permeability of fly ash
concrete falls in the “very low” grade at the age of 360 days,
whereas the permeability of fly ash concrete after wet curing
for 5 or 2 days is still in the “low” grade at 360 days. This
indicates that shortening the wet curing time from 8 to 5 days
can improve chloride permeability grade of fly ash concrete at
360 days, while shortening the wet curing time from 5 days
to 2 days cannot.

To study the influence of the reduction of the wet curing
time on the drying shrinkage of concretes at different ages,
the drying shrinkage of concrete at 30 days is defined as early
drying shrinkage and the drying shrinkage of concrete at 360
days is defined as total drying shrinkage. Figures 9 and 10
show the increments of early and total drying shrinkage of
the different concretes when the wet curing time decreased
from 8 to 5 days and from 5 to 2 days, respectively.

Figures 9 and 10 show two common laws as follows: (1) as
the wet curing time is reduced, the increments of total drying
shrinkage of the three concretes are obvious and decrease
with the decrease of the W/B ratio. (2) The increments of
early and total drying shrinkage of fly ash concrete are much
larger than those of the GGBS concrete and plain cement
concrete with the reduction of the wet curing time, which
indicates that the negative effects due to the reduction of the
wet curing time on the drying shrinkage of fly ash concrete
are much more obvious than those of GGBS concrete and
plain cement concrete.This ismainly due to the low activity of
the fly ash. The hydration degree of cement and the reaction
degree of fly ash are relatively lower and the pore structure is
coarser when the wet curing time is reduced. As a result, the
moisture in the concrete transfers more easily and thus the
increment of the drying shrinkage of fly ash concrete is larger.
Furthermore, it can be seen from the elastic modulus results
that the influence due to the reduction of wet curing time
on the elastic modulus of plain cement concrete and GGBS
concrete is limited.However, the reduction ofwet curing time
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Figure 9:The increments of drying shrinkage of concretes when the
wet curing time decreases from 8 days to 5 days.
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Figure 10: The increments of drying shrinkage of concretes when
the wet curing time decreases from 5 days to 2 days.

decreases the elastic modulus of fly ash concrete significantly
and thus leads to a large increment of drying shrinkage.

However, there are also some differences between the two
figures: (1) the increments of early drying shrinkage of GGBS
concrete and plain cement concrete are very small (only
approximately 10 𝜇𝜀), which can almost be neglected when
the wet curing time decreases from 8 to 5 days.This indicates
that decreasing the wet curing time from 8 to 5 days has little
effect on the early drying shrinkage of GGBS concrete and
plain cement concrete. This is mainly because the hydration
of plain cement and the composite binder containing GGBS
has already reached a relatively high degree (Figure 4) when
the wet curing time is over 5 days, indicating that their

pore structures are relatively fine and dense even when the
wet curing time decreases from 8 to 5 days. However, the
increments of the early drying shrinkage of GGBS concrete
and plain cement concrete increased significantly, a fact that
cannot be neglectedwhen thewet curing timedecreased from
5 to 2 days. (2) The increments of early and total drying
shrinkage of GGBS concrete and plain cement concrete are
close to each other when the wet curing time decreases from
8 to 5 days. However, the increments of early and total drying
shrinkage of GGBS concrete are higher than those of plain
cement concrete when the wet curing time decreases from 5
to 2 days. This indicates that the sensitivities to the change of
wet curing time of drying shrinkage of these two concretes
are close to each other when the wet curing time is over 5
days, whereas the sensitivity to the change of wet curing time
of drying shrinkage of GGBS concrete is higher than that
of plain cement concrete when the wet curing time is less
than 5 days, which can be well explained by the results of
the w
𝑛
content and chloride permeability.The increasing rate

of the composite binder containing GGBS is much higher
than that of plain cement when the wet curing time is less
than 5 days. When the wet curing time is over 5 days, the
hydration of the composite binder containing GGBS and
plain cement reaches a relatively stable degree. Furthermore,
shortening thewet curing time from5 to 2 days does not affect
the chloride permeability grade of plain cement concrete,
whereas it increases the chloride permeability grade of the
GGBS concrete at 360 days. (3) The increasing amplitude
of the early drying shrinkage of all concretes when the wet
curing time decreases from 5 to 2 days is much larger than
that occurring when the wet curing time decreases from 8 to
5 days, whereas the gap is small in regard to the increment of
total shrinkage. Therefore, the proportion of the early drying
shrinkage to total drying shrinkage when the wet curing time
decreases from 5 to 2 days is much higher than that of when
the wet curing time decreases from 8 days to 5 days. This
indicates that decreasing the wet curing time from 5 to 2 days
has greater effects on the early drying shrinkage of concrete
but limited effects on the total drying shrinkage compared to
the effects of the decrease in wet curing time from 8 to 5 days.
This is because the hydration degree of all binders is very low
when the wet curing time is only 2 days (Figure 4), leading to
poor pore structure, good connectivity, and thus easy transfer
of moisture into the air at an early age.

3.3. Effects of Superfine Powder on Drying Shrinkage. It can
be concluded from this study that the drying shrinkage of
concrete with mineral admixtures increases significantly due
to their low activity at an early age when the wet curing time
is insufficient. This is especially the case for fly ash concrete,
whose increments of early and total drying shrinkage are
much larger than those of plain cement concrete due to the
reduction of the wet curing time.The existing research results
show that SGGBS improves reaction activity at the early and
middle ages and has better resistance to capillary suction,
which can decrease the drying shrinkage and improve the
compactness and durability of concrete [55–59]. Therefore,
replacing part ofGGBSor fly ashwith SGGBS (SGGBS-GGBS
concrete or SGGBS-fly ash concrete) may be an effective
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Figure 11: Drying shrinkage of GGBS concrete and SGGBS-GGBS
concrete.
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Figure 12: Drying shrinkage of fly ash concrete and SGGBS-fly ash
concrete.

way to reduce the drying shrinkage of concrete with mineral
admixtures.

Figures 11 and 12 show the drying shrinkage of GGBS con-
crete, SGGBS-GGBS concrete, fly ash concrete, and SGGBS-
fly ash concrete with W/B ratios of 0.5 after wet curing for
2 days within 1 year. It can be seen that SGGBS can reduce
the drying shrinkage of GGBS concrete and fly ash concrete,
which is consistent with existing research. This is mainly due
to large specific surface area of SGGBS, which can increase
the reaction activity and hydration process at an early age and
thus improve the compactness of concrete and decrease its
drying shrinkage.

It can also be seen from these two figures that with the
addition of SGGBS, the decrease of the amplitude of the
drying shrinkage of GGBS concrete at early and middle ages
is obviously larger than that at the late age. Furthermore,
SGGBS decreases the drying shrinkage of GGBS concrete
much more obviously than that of fly ash concrete at early
and middle ages. However, with the addition of SGGBS, the
decrease of the amplitude of the drying shrinkage of fly ash
concrete increases with increasing age. This indicates that
SGGBS can decrease the drying shrinkage of GGBS concrete
at early and middle ages significantly but has limited effects
on the drying shrinkage at the late age. However, SGGBS
can decrease the drying shrinkage of fly ash concrete only
at the late age. Two reasons may account for it. One reason
is that SGGBS can accelerate the early and middle hydration
process, which is beneficial to the formation of a fine pore
structure and slows down themoisture loss. However, it leads
to a high proportion of pores smaller than 10 nm in concrete
[54], which increases the drying shrinkage of concrete at a
late age. The other reason is that the wet curing time is too
short (only 2 days) and the replacement ratio of SGGBS is
limited (only 25%); thus, it is difficult to activate the reaction
of fly ash effectively at the early and middle ages. Therefore,
the formation of a fine pore structure requires a longer time.

4. Conclusions

The drying shrinkage of concrete within 1 year significantly
increases with the decrease of wet curing time regardless of
cementing components. As wet curing time is reduced, the
increments of total drying shrinkage of concretes decrease
with the decrease of the W/B ratio. Decreasing the wet
curing time from 8 to 5 days has little effect on the
increments of the early drying shrinkage of GGBS concrete
and plain cement concrete. However, the increments of
early drying shrinkage of GGBS concrete and plain cement
concrete increased significantly when the wet curing time is
reduced from 5 to 2 days. For any cementing component,
decreasing the wet curing time from 5 to 2 days has greater
effects on the early drying shrinkage of concrete but limited
effects on the total drying shrinkage when compared to
the effects of the wet curing time decreasing from 8 to 5
days.

The increasing rate of the drying shrinkage of concrete
containing a mineral admixture at a late age is higher than
that of plain cement concrete regardless of the wet curing
time. The increasing amplitude of the drying shrinkage of fly
ash concrete due to the reduction of the wet curing time is
larger than that of GGBS concrete and plain cement concrete.
The sensitivities to the change of wet curing time on the
drying shrinkage of these two concretes are close to each
other when the wet curing time is over 5 days, whereas the
sensitivity to the change of the wet curing time of the drying
shrinkage of GGBS concrete is higher than that of plain
cement concrete when the wet curing time is less than 5 days.
SGGBS can reduce the drying shrinkage of GGBS and fly ash
concrete. Specifically, SGGBS can significantly decrease the
drying shrinkage of GGBS concrete at the early and middle
ages but has limited effects at the late age. However, SGGBS
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can decrease the drying shrinkage of fly ash concrete only at
the late age.
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A comparison wasmade between the impact of raising the thermostatic temperature and the impact of prolonging the thermostatic
time on the performance of steam-cured concrete containing a large portion of fly ash (FA) or ground granulated blast furnace
slag (GGBS) by analysing the form removal strength, chemically combined water content, reaction degree, strength development,
chloride permeability, and volume stability. For the materials and test conditions reported in this study, raising the thermostatic
temperature is more favourable for concrete containing FA, as indicated by the significantly higher form removal strength and the
higher growth of reaction degree of FA compared with prolonging the thermostatic time. With an increase in the thermostatic
temperature, the hydration degree of a binder containing FA or GGBS initially increases and subsequently decreases. Although
concrete containing FA can obtain satisfactory form removal strength with steam curing at 80∘C, the late strength development
of concrete containing FA is slow for the same curing conditions. The effect of the late performance of resistance to chloride ion
permeability improved by FA is better than the effect improved byGGBS.The risk of destroying the structure of concrete containing
a large portion of FA or GGBS due to delayed ettringite formation (DEF) is minimal when specimens were steam-cured at 80∘C.

1. Introduction

Concrete is one of the most common construction materials.
Cast-in-situ concrete and precast concrete are two tech-
niques that housing developers and construction workers
often adopt. However, precast concrete members have been
increasingly utilized in civil engineering construction in
recent years due to their advantages: reliable quality assur-
ance, simple production process, faster construction speed,
and environmentally friendly building operations [1–3].

Currently available information indicates that the tech-
nique of steam curing is the most frequently employed
technique among various production processes of prefabri-
cated members [4, 5]. The benefits of steam curing are as
follows: simple process, convenient operation, production
with high early strength, short production cycle, and superior
economic benefits [5–7]. The steam curing process includes
the following four stages: the precuring stage, the heating
stage, the thermostatic stage, and the cooling stage [8, 9].
The thermostatic temperature is generally less than 60∘C
during steam curing because of two reasons. Firstly, the

growth of the late performance of concrete will be small
if the thermostatic temperature is excessive during steam
curing [10–12]. Secondly, the formation of ettringite produced
by cement hydration in the case of a minimum curing
temperature of 70∘C is decomposed during steam curing and
reformed during the service life.This process is called delayed
ettringite formation (DEF), and it can substantially weaken
the late performance of concrete [13–15].

Mineral admixtures are extensively applied in blended
cement and concrete; this process is a substantial contri-
bution to the field of civil engineering. The technology of
steam curing has been primarily employed for pure cement
concrete rather than concrete with a large portion of mineral
admixtures as many researchers and housing developers have
expressed their concern that the early compressive strength
of concrete with a large portion of mineral admixtures is low
[16–18], which make it difficult to satisfy the requirements of
form removal strength of steam-cured concrete at the end of
steam curing. This is an obstacle to the use of steam curing
for concrete that incorporates a large portion of mineral
admixtures.
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Table 1: Chemical compositions and specific surface areas of OPC,
GGBS, and FA.

OPC GGBS FA
SiO
2
(%) 21.10 31.76 53.33

Al
2
O
3
(%) 6.33 14.84 27.65

Fe
2
O
3
(%) 4.22 0.60 6.04

CaO (%) 54.86 36.44 2.86
MgO (%) 2.60 9.08 1.35
SO
3
(%) 2.66 1.94 0.45

Na
2
Oeq (%) 0.53 0.56 0.64

Loss on ignition (%) 2.42 0.86 4.71
Specific surface area (m2/kg) 376 430 358
Na2Oeq = Na2O + 0.658K2O.

Although the early strength of concrete with a large por-
tion of mineral admixtures is low at room temperature, high
temperatures can promote the early hydration of a binder. By
adjusting the thermostatic time and the thermostatic temper-
ature under steam curing conditions, concrete with a large
portion ofmineral admixturesmay achieve the required form
removal strength. To address the problem of form removal
strength and promote the high performance of steam-cured
concrete that incorporates mineral admixtures, this paper
addresses the influence of prolonging the thermostatic time
and improving the thermostatic temperature on the form
removal strength of concrete that incorporates a large portion
of mineral admixtures. Our study also focused on a compar-
ison between the impact of prolonging the thermostatic time
and the impact of raising the thermostatic temperature on the
hydration degree of a binder, the strength development and
the resistance to the chloride ion permeability of concrete,
and the volume stability of steam-cured concrete with a large
portion of mineral admixtures.

2. Raw Materials and Test Methods

2.1. Raw Materials. P.O 42.5 ordinary Portland cement
(OPC), ground granulated blast furnace slag (GGBS), and
fly ash (FA) were employed in this study. The chemical
compositions and specific surface areas of these powder
materials are shown in Table 1. The fine aggregates consisted
of natural river sands with particle sizes that ranged from
0.08 to 5mm. The coarse aggregates consisted of crushed
limestone smaller than 25mm.

2.2. Test Methods. Table 2 exhibits the mix proportions of
pastes that were used to measure the hydration property of
a composite binder. Table 3 exhibits the mix proportions of
concrete. Pastes in the plastic tube were prepared. Concrete
samples with the dimensions of 10 × 10 × 10 cm3 were
prepared for an experiment on compressive strength and the
chloride ion permeability of concrete. Concrete samples with
the dimensions of 10 × 10 × 300 cm3 were prepared for an
experiment on volume stability of concrete.

The precuring time for steam curing was three hours
(20∘C). The heating and cooling rate was 15 ± 1∘C/h. Eight

Table 2: Compositions of the pastes (%).

Sample Binder Water/binder ratio
OPC GGBS FA

CC 100 0 0 0.4
FF 60 0 40 0.4
BB 60 40 0 0.4

Figure 1: The measurement of volume stability of concrete.

thermostatic times were adopted: 8 h, 9 h, 10 h, 11 h, 12 h,
13 h, 14 h, and 16 h. Four thermostatic temperatures were
adopted: 60∘C, 70∘C, 80∘C, and 90∘C. Concrete that was
used to measure the compressive strength and chloride ion
permeability were cured at 20∘C and a relative humidity
greater than 95% after steam curing.

The chemically combinedwater (𝑤
𝑐
) content of hydration

products was tested by the difference of weight between a
sample dried at 80∘C and a sample heated at 1060∘C, which
were standardized by the weight after drying at 80∘C, and
by subtracting the loss of ignition of the raw materials. The
permeability of chloride ion of the concrete was obtained
in accordance with ASTM C1202 “Standard Test Method for
Electrical Indication of Concrete’s Ability to Resist Chloride
Ion Penetration.” In order to control the quality of steam-
cured concrete, the deviation of strength was restricted to be
less than 10%. The determination of the degree of reaction
of fly ash was based on a selective dissolution procedure
using concentrated hydrochloric acid and water [19, 20]. The
determination of the degree of reaction of GGBS was based
on a selective dissolution procedure using salicylic acid-
methanol-acetone solution [21].

This study involves an experiment on the volume stability
of concrete. Concrete that was used to measure volume
stability was cured in a saturated Ca(OH)

2
solution at 20∘C

after steam curing. As water is a necessity to DEF, the speci-
mens after steam curing were placed in a saturated Ca(OH)

2

solution to keep concrete completely wet during curing. This
type of practice can prevent Ca(OH)

2
dissolution and drying

shrinkage. The consequence of the volume stability analysis
was confirmed bymeasuring the lengths of the concrete spec-
imens using a comparator at scheduled ages. Test probes were
installed in advance on both ends of the concrete specimens.
Concrete that was used to measure volume stability and the
process of measuring volume stability are shown in Figure 1.

3. Results and Discussion

3.1. Form Removal Strength of Concrete. The influence of
thermostatic time and thermostatic temperature on the form
removal strength of steam-cured concrete is presented in
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Table 3: Mix proportions of the concrete (kg/m3).

Sample OPC GGBS FA Fine aggregates Coarse aggregates Water
C 350 0 0 812 1077 161
F30 245 0 105 812 1077 161
F40 210 0 140 812 1077 161
F50 175 0 175 812 1077 161
B30 245 105 0 812 1077 161
B40 210 140 0 812 1077 161
B50 175 175 0 812 1077 161
B60 140 210 0 812 1077 161

Table 4: Removal strengths under different curing conditions.

Samples Thermostatic temperature/∘C Thermostatic time/h Removal strength/MPa
C 60 9 28.7

F30 60 11 23.7
80 9 35.7

F40 60 11 17.7
80 9 29.7

F50 60 13 10.4
80 11 26.8

B30 60 11 27.8
80 9 31.0

B40 60 11 32.7
80 9 27.2

B50 60 11 20.0
80 9 22.6

B60 60 11 19.4
80 10 27.8

Table 4. The form removal strength of pure cement concrete
that is cured at 60∘C for 9 h in steam curing is established
as the control group. When a thermostatic temperature of
60∘C is maintained, the form removal strength of concrete
F30 (thermostatic time: 11 h), F40 (thermostatic time: 11 h),
and F50 (thermostatic time: 13 h) is lower than the form
removal strength of the control group. When a thermostatic
temperature of 80∘C ismaintained, the form removal strength
of concrete F30 and F40 (thermostatic time: 9 h) is higher
than the form removal strength of the control group. When
the thermostatic temperature is increased to 80∘C and the
thermostatic time is simultaneously prolonged to 11 h, the
form removal strength of concrete F50 is also similar to the
form removal strength of the control group. It is an indication
that the degree of influence of raising the thermostatic tem-
perature on the form removal strength of concrete containing
FA is superior to the degree of influence of prolonging the
thermostatic time on the form removal strength of concrete
containing FA. Raising the thermostatic temperature to 80∘C
can attain satisfactory form removal strength.

By utilizing the form removal strength of pure cement
concrete under steam curing at 60∘C for 9 h as the reference,
the form removal strength of concrete B30 and B40 cured at
80∘C for 9 h is similar to the form removal strength of the
control group. The form removal strength of concrete B50

that was cured at 80∘C for 9 h is obviously lower than the form
removal strength of the control group. However, by prolong-
ing the thermostatic time to 10 h, the form removal strength
of concrete B60 that was cured at 80∘C is similar to the form
removal strength of the control group. By prolonging the
thermostatic time to 11 h and controlling the thermostatic
temperature (60∘C) as a constant, the form removal strengths
of concrete B30 and B40 are similar to the form removal
strength of the control group and the form removal strengths
of concrete B50 and B60 are lower than the form removal
strength of the control group. Both raising the thermostatic
temperature and prolonging the thermostatic time enhance
the form removal strength of concrete that incorporates
a large portion of GGBS. When the content of GGBS in
cementingmaterials exceeds 50%,methods of prolonging the
thermostatic time and raising the thermostatic temperature
need to be simultaneously employed to obtain the satisfactory
form removal strength as the influence of prolonging the
thermostatic time on enhancing the form removal strength
is limited.

3.2. Chemically Combined Water Content. 𝑤c content of
hydration products reveals the hydration degree of the same
binder.The influences of the thermostatic time on𝑤

𝑐
content

of cement paste, the paste containing a large portion ofGGBS,
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Figure 2: The influence of thermostatic time on 𝑤
𝑐
content.

and the paste containing a large portion of FA are illustrated
in Figures 2(a), 2(b), and 2(c), respectively, at the end of the
steam curing process. The ordinates in Figure 2 denote the
relative change rate of 𝑤

𝑐
content of pastes that were cured

for 10 h, 12 h, 14 h, and 16 h relative to the paste cured for 8 h.
Figure 2(a) indicates that𝑤

𝑐
content of pure cement paste

increases with an increase in thermostatic time; however, if
the curing temperature in the thermostatic period is low,
the growth rate of 𝑤

𝑐
content is high with the extension

of thermostatic time. This finding may be attributable to
this reason: 8 h of curing in the thermostatic period is
sufficient for the hydration degree of cement achieving a
high level when the temperature in the thermostatic period
is sufficiently high. Few contributions to improving the

hydration degree of cement have been achieved by prolonging
the thermostatic time under this circumstance.

Conclusions can be drawn from Figures 2(b) and 2(c). (1)
When the curing temperature in the thermostatic period is
low, the growth rates of 𝑤

𝑐
content of the binder with a large

portion of GGBS and the binder with a large portion of FA
are high due to the extension of thermostatic time, which is
similar to the pure cement paste. (2)Theorder of the degree of
influence of prolonging the thermostatic time on improving
𝑤
𝑐
content of binders is the binder containing large portion

mineral admixtures > the pure cement paste at the same
thermostatic temperature. This finding may be attributable
to this reason: when considering the binder containing a
large portion of GGBS or FA, the thermostatic time may
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Figure 3: The influence of thermostatic temperature on 𝑤
𝑐
content.

improve not only the hydration reaction of cement but also
the reaction of GGBS or FA. (3) The order of the degrees of
influence of prolonging the thermostatic time on improving
𝑤
𝑐
content of binders is the binder containing a large portion

of GGBS > the binder containing a large portion of FA. The
order of the degree of influence of the thermostatic time on
the hydration degree is the binder containing a large portion
of GGBS > the binder containing a large portion of FA. This
finding is consistent with the trend for the form removal
strength that is presented in Table 4.

The influence of the thermostatic temperature on 𝑤
𝑐

content of cement paste, the paste containing a large portion

of GGBS, and the paste containing a large portion of FA at
the end of the steam curing process is illustrated in Figures
3(a), 3(b), and 3(c), respectively. The ordinates in Figure 3
denote the relative change rate of 𝑤

𝑐
content of pastes cured

at 70∘C, 80∘C, and 90∘C relative to the paste cured at 60∘C. A
positive relative change rate indicates that an increase in the
thermostatic temperature from 60∘C can further enhance the
hydration of binder. A negative relative change rate indicates
that an increase in the thermostatic temperature from 60∘C
would inhibit the hydration of binder.

Figure 3(a) reveals that 𝑤
𝑐
content of the hydration

products of cement has not always increased with an increase
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Table 5: Reaction degree of fly ash and GGBS/%.

Thermostatic temperature/∘C Thermostatic time/h
8 12 16

Fly ash 60 2.11 4.26 6.39
80 5.79 7.96 9.73

GGBS 60 7.86 10.15 13.18
80 9.84 13.15 15.25

in the thermostatic temperature. When the thermostatic
time is 8 h, 10 h, 12 h, and 14 h, 𝑤

𝑐
content initially increases

and subsequently decreases with an increase in thermostatic
temperature. When the thermostatic time is 16 h, 𝑤

𝑐
content

remains unchanged with an increase in the thermostatic
temperature. Therefore, when the thermostatic period is
short, an increase in the thermostatic temperature from
60∘C to 70∘C can enhance the hydration degree of pure
cement paste. For a long thermostatic period, an increase in
the thermostatic temperature is not needed to enhance the
hydration degree of pure cement paste.

Conclusions can be drawn from Figures 3(b) and 3(c):
(1) when the thermostatic temperature increases from 60∘C
to 70∘C, 𝑤

𝑐
content of every group increases; (2) when the

thermostatic temperature increases from 70∘C to 80∘C, 𝑤
𝑐

content of the pastes, which have thermostatic times of 8 h,
10 h, and 12 h, increases, and 𝑤

𝑐
content of the pastes, which

have a thermostatic time of 14 h and 16 h, remains unchanged
or slightly decreased; (3) when the thermostatic temperature
increases from 80∘C to 90∘C, 𝑤

𝑐
content of every group

decreases. Note that the change rate of 𝑤c content of the
paste containing a large portion of FA (thermostatic period:
90∘C/14 h or 16 h) relative to the change rate of the paste cured
at 60∘C is negative.

This result indicates that increasing the thermostatic tem-
perature to 80∘C can effectively enhance the hydration degree
of paste containing a large portion of FA or GGBS. Compared
with Figure 3(a), by increasing the thermostatic temperature,
the hydration promoting effect of paste containing a large
portion of FA or GGBS is more apparent than the hydration
promoting effect of pure cement paste. This finding may be
attributable to two reasons: firstly, increasing the thermostatic
temperature not only improves the hydration reaction of
cement but also stimulates the activity of FA or GGBS;
secondly, the reaction degree of fly ash and GGBS is much
lower than that of cement at normal temperature.

3.3. The Reaction Degree of Mineral Admixtures. The influ-
ence of the thermostatic time on the reaction degree of
GGBS and FA is presented in Table 5. Regardless of whether
the thermostatic temperature is 60∘C or 80∘C, the reaction
degree of GGBS or FA will increase with an extension of
the thermostatic time. This result may be attributed to this
reason: the longer is the thermostatic time, the longer is the
time required to stimulate the activity of GGBS or FA, which
will increase the reaction degree of GGBS or FA.

Table 5 also reveals that the reaction degree of FA (ther-
mostatic period: 60∘C/8 h) is only 2.1%, which demonstrates

that FA only serves a role in the microaggregate filling effect
in this situation. The reaction degree of FA (thermostatic
period: 60∘C/16 h) is 6.4%, which is substantially higher than
the reaction degree of FA after 8 h of curing during the
thermostatic period. However, the reaction degree remains
at a low level from the point of absolute value. Therefore,
prolonging the thermostatic time at 60∘C is not an effective
way for the concrete containing a large portion of FA to
achieve a satisfactory form removal strength. Conversely,
the reaction degree of GGBS at 60∘C for 8 h is 7.9%, which
even exceeds the reaction degree of FA at 60∘C for 16 h. The
absolute value of the reaction degree of GGBS is obviously
higher than that of the reaction degree of FA in an equivalent
steam curing system, which suggests that the chemical effect
of GGBS is obviously higher than the chemical effect of FA in
the early steam curing process.

The following can also be concluded from Table 5. (1)
When the thermostatic temperature increases from 60∘C to
80∘C, the reaction degree of GGBS and FA is improved. (2)
The influence of increasing the thermostatic temperature on
the reaction degree of FA is more significant from the point
of growth.

From the perspective of the reaction degree of mineral
admixtures as well as the hydration degree of the whole
binder, it is obvious that the promoting effect of increasing
the thermostatic temperature is more significant than the
promoting effect of prolonging the thermostatic time on the
early hydration of the binder containing a large portion of
FA. Increasing the thermostatic temperature and prolonging
the thermostatic time have a significant role in promoting the
hydration of GGBS. This case also applies to the influence of
the thermostatic temperature and thermostatic time on the
form removal strength of concrete.

3.4. Strength Development of Concrete. The comparison
between the strength development of pure cement concrete
after steam curing and the strength development of steam-
cured concrete containing a large portion of GGBS and FA
is shown in Figure 4. The strength development of pure
cement concrete (thermostatic period: 60∘C/9 h) is employed
as the reference. Figure 4(a) shows the strength development
of concrete containing FA after steam curing at 80∘C. As
shown in Figure 4(a), although the form removal strength of
steam-cured concrete containing a large portion of FA is not
lower than the form removal strength of the control group,
the compressive strength of steam-cured concrete containing
a large portion of FA is substantially lower than the form
removal strength of the control group at the age of 28 days
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Figure 4: Comparison of strength development between pure cement concrete and concrete containing large portion FA or GGBS under
steam curing.

and 90 days. After the age of three days, the strength growth
of steam-cured concrete containing a large portion of FA is
very slow, which differs from the strength growth of ordinary
concrete containing FA [22–24]. The greater the content of
FA, the greater the contribution of the pozzolanic reaction to
the strength at a later age, and the greater the potential for
subsequent growth of concrete. High temperatures enhance
the form removal strength of concrete containing FA at an
early age; however, it hinders the strength development of
concrete at a later age. Possible reasons for this phenomenon
are as follows. (1)When the thermostatic temperature is 80∘C,
the early reaction of cement is significant. The gel layer of

C-S-H can be formed in the particles’ surfaces of cement and
FA, which is disadvantage for further hydration of binder
at a later age. (2) The distribution of the hydration product
of cement is uneven at elevated temperatures, and a large
amount of Ca(OH)

2
crystal exhibits orientation distribution.

Thus, the contact area between FA and Ca(OH)
2
is reduced.

The pozzolanic reaction of FA at a later age is restricted.
Figure 4(b) shows the strength development of concrete

containing FA after steam curing at 60∘C. As shown in
Figure 4(b), although the growth rate of the late strength of
concrete containing FA is similar to the growth rate of the
control group, the form removal of concrete containing FA
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Table 6: Chloride ion permeability of concrete.

Samples Thermostatic
temperature/∘C

Thermostatic
time/h

28 d 90 d
Charge
passed/C

Permeability
level

Charge
passed/C

Permeability
level

C 60 9 7111 High 4338 High

F30 60 11 1714 Low 700 Very low
80 9 644 Very low 503 Very low

F40 60 11 1707 Low 510 Very low
80 9 682 Very low 278 Very low

F50 60 13 1952 Low 607 Very low
80 11 518 Very low 200 Very low

B30 60 11 2094 Moderate 1350 Low
80 9 2628 Moderate 1709 Low

B40 60 11 2424 Moderate 1535 Low
80 9 2765 Moderate 1650 Low

B50 60 11 1668 Low 1117 Low
80 9 2075 Moderate 1213 Low

B60 60 11 1515 Low 813 Very low
80 10 1150 Low 775 Very low

is lower than the growth rate of the control group, especially
for the larger content of FA of concrete. At a thermostatic
temperature of 60∘C, the form removal strength of concrete
containing FA is relatively low, which explains why the
stimulation degree of 60∘C for the early activity of the binder
containing a large portion of FA is limited.

Figures 4(c) and 4(d) show the strength development
of concrete containing GGBS after steam curing at 60∘C
and 80∘C, respectively. Regardless of whether the thermo-
static time is prolonged or the thermostatic temperature is
increased, the early strength and the strength growth rate at
a later age of concrete that contain a large portion of GGBS
are similar to the early strength and the strength growth
rate of the control group. Therefore, at high temperatures,
the effect of GGBS exceeds the effect of FA in the process
of the formation of the concrete strength: first, at 60∘C,
GGBS exhibits a relatively high activity at an early age and
it substantially contributes to the form removal strength and
early strength; second, GGBS can display substantial early
activity at 80∘C; third, even if the concrete containing a large
portion of GGBS is cured at 80∘C, it can obtain a satisfactory
late strength. This finding suggests that GGBS serves an
important role in the late strength growth of steam-cured
concrete; that is, after steam curing at a high temperature,
GGBS can still take a considerable pozzolanic reaction at a
high reaction rate at a later age.

3.5. Resistance to Chloride Ion Permeability of Concrete. The
comparison between chloride ion permeability of concrete
containing a large portion of FA or GGBS and the chloride
ion permeability of pure cement concrete after steam curing
is illustrated in Table 6. The chloride ion permeability of
pure cement concrete (thermostatic period: 60∘C/9 h) at the
same age is employed as the reference. According to ASTM
C1202, which is related to the chloride ion permeability

grade classification, the permeability of the control group at
28 d falls in the “High” level, the permeability of concrete
containing FA which is cured at 80∘C falls in the “Very Low”
level, and the permeability of concrete containing FAwhich is
cured at 60∘C falls in the “Low” level. At the age of 90 days, the
permeability of the control group falls in the “High” level, and
the permeability of concrete containing FA which is cured
at 60∘C and 80∘C falls in the “Very Low” level. This finding
suggests that the resistance to chloride ion permeability of
steam-cured concrete containing FA is substantially better
than the resistance of pure cement concrete, which is one of
the advantages to steam-cured concrete containing a large
portion of FA. FA can enhance the resistance to chloride
ion permeability of concrete at a later age, which has been
confirmed by a large number of experiments [25]. The
main reason for this improvement is the ability of FA to
improve on the pore structure of concrete due to pozzolanic
reaction [26]; the secondary hydration products decrease the
connected porosity of concrete. Therefore, the higher is the
reaction degree of FA, the greater is the contribution to the
resistance to the chloride ion permeability of concrete. High
temperature curing at an early age can significantly stimulate
the activity of FA and enhance the reaction degree of FA.
Thus, FA enhances the resistance of steam-cured concrete to
chloride ion permeability.

At the age of 28 days, the permeability of steam-cured
concrete containing GGBS falls in the “Moderate” or “Low”
levels. At the age of 90 days, the permeability of steam-
cured concrete containing GGBS falls in the “Low” or “Very
Low” levels. The greater is the mixing amount of GGBS, the
better is the resistance to the chloride ion permeability of
concrete. Compared with pure cement concrete, the concrete
containing GGBS can achieve better resistance to chloride
ion permeability. In addition, the chloride ion permeability
of steam-cured concrete containing GGBS of each group
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Figure 5: Volume deformation of steam-cured concrete.

is not substantially different due to the difference in the
curing systems, as both prolonging the thermostatic time and
improving the thermostatic temperature can stimulate the
reaction activity of GGBS and substantially improve the pore
structure of concrete. The effect of the late performance of
resistance to chloride ion permeability improved by FA is
better than the effect by GGBS. Although the reaction degree
of GGBS is higher than the reaction degree of FA after steam
curing, the pozzolanic reaction of FA can consume a mass
of Ca(OH)

2
. The amount of Ca(OH)

2
consumed by GGBS is

minimal.Therefore, the reaction of FA plays a significant role
in improving the pore structure of concrete.

3.6. Volume Stability Analysis of Concrete. The comparison
between the volume deformation of steam-cured concrete
containing a large portion of FA or GGBS and the volume
deformation of pure cement concrete after steam curing is
presented in Figure 5. Figure 5(a) shows the comparison
between the volume deformation of concrete containing a
large portion of FA or GGBS, the volume deformation of pure
cement concrete with steam curing at 90∘C, and the volume
deformation of pure cement concrete with steam curing at
60∘C.Themicrostrain of pure cement concrete (thermostatic
period: 60∘C/8 h) is employed as the reference. For steam
curing at 90∘C, the inflation rates for the cement concrete and
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the concrete containing a large portion of FA or GGBS are
relatively high, of which the late microstrain varies from 200
to 600. However, the late microstrain of the control group is
less than 200. These results indicate that the inflation rates
of the cement concrete and the concrete containing a large
portion of FA or GGBS are substantially higher than the
inflation rates of the control group. A large number of studies
have proven that DEF cannot weaken the late performance of
concrete at thermostatic temperatures below 60∘C. Thus, the
inflation rate of the control group can be considered to be a
safe value. Conversely, the possibility of the structure of the
cement concrete and the concrete containing a large portion
of FA or GGBS destroyed by DEF after steam curing at 90∘C
is significant.

The volume deformation of steam-cured concrete con-
taining a large portion of FA and GGBS with steam curing
at 80∘C is illustrated in Figures 5(b) and 5(c), respectively.
All the concrete types produce normal strain with a certain
degree at a later age. The strains of steam-cured concrete
containing a large portion of FA or GGBS at 80∘C are
similar to the strains of the control group. Therefore, the
risk of destroying the structure of concrete containing a large
portion of FA or GGBS due to DEF when specimens were
steam-cured at 80∘C is minimal.

4. Conclusions

(1) Improving the thermostatic temperature is more
favourable for concrete containing FA, as indicated
by the significantly higher form removal strength and
higher growth of reaction degree of FA compared
with the method of prolonging the thermostatic time.
Both improving the thermostatic temperature and
prolonging the thermostatic time contribute to a
distinct enhancement of the form removal strength
of concrete that incorporates a large portion of GGBS
and the reaction degree of GGBS.

(2) With an increase in the thermostatic temperature
from 60∘C to 90∘C, the hydration degree of binder
containing FA or GGBS initially increases and subse-
quently decreases.

(3) Concrete containing FA can obtain satisfactory form
removal strength with steam curing at 80∘C; however,
the late strength growth rate of concrete containing
FA is low for the same curing conditions.

(4) The effect of late performance of resistance to chloride
ion permeability improved by FA is better than the
same effect achieved by GGBS.

(5) The risk of destroying the structure of concrete
containing FA or GGBS due to DEF when specimens
were steam-cured at 80∘C is minimal.
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Steam curing is an effective method to increase the hydration degree of binder containing phosphorus slag.The role of phosphorus
slag in steam-cured concrete was investigated by determining the hydration heat, hydration products, nonevaporable water content,
pore structure of paste, and the compressive strength and chloride ion permeability of concrete. The results show that elevated
steam curing temperature does not lead to new crystalline hydration products of the composite binder containing phosphorus slag.
Elevating steam curing temperature enhances the early hydration heat and nonevaporable water content of the binder containing
phosphorus slag more significantly than increasing steam curing time, and it also results in higher late-age hydration degree and
finer pore structure. For steam-cured concrete containing phosphorus slag, elevating curing temperature from 60∘C to 80∘C tends
to decrease the late-age strength and increase the chloride permeability. However, at constant curing temperature of 60∘C, the
steam-cured concrete containing phosphorus slag can achieve satisfied demoulding strength and late-age strength and chloride
permeability by extending the steam curing duration.

1. Introduction

With the development of the construction of concrete engi-
neering, an increasing number of precast concrete elements
are applied to modern architectures. Compared with pump-
ing concrete, precast concrete has many advantages, such
as more efficient manufacture process, more stable quality,
shorter building time, lower cost, and safer and cleaner
environment of construction [1–4]. Steam curing is the
most popular method in the production of precast concrete
elements, which makes great contribution to construction
industrialization [5, 6].The pressure of steam curing includes
high pressure, normal atmospheric pressure, and no pressure
[7]. Due to economic consideration, steam curing with
normal atmospheric pressure is widely used. Presetting
period, heating up period, constant temperature period, and
cooling period constitute a steam curing process [8, 9]. The
temperature of constant period is one of the most important
parameters of steam curing regimes, which is usually at
40∼90∘C [10–14]. It is notable that steam-cured concrete
normally has a high permeability and a low strength gain rate
at late ages due to the nonuniformly distributed hydration

products and loose pore structure of paste caused by high
curing temperature [15–18].

Mineral admixtures such as fly ash and ground granulated
blast furnace slag (GGBS) are widely used in modern con-
crete. Application of mineral admixtures to concrete might
improve workability of fresh concrete, reduce hydration
heat of cement, and enhance late strength and durability
of concrete at late ages. The traditional mineral admixtures
are becoming increasing scarce, so new kinds of mineral
admixtures such as steel slag, limestone powder, and phos-
phorus slag are gradually used in concrete production [19–
21]. Phosphorus slag is a by-product in the production of
yellow phosphorus by electric furnace method in industry.
It is reported that about 8 to 10 tons of phosphorus slag are
produced for 1 ton of yellow phosphorus production [22].
More than 8 million tons of phosphorus slag are generated
every year in China and the utilization ratio is very low
[23]. The major chemical compositions of phosphorus slag
are CaO and SiO

2
, which normally accounts for over 80%

[24]. Based on different nature of phosphate ores, the minor
compositions of phosphorus slag are 2.5∼5% Al

2
O
3
, 1∼5%

P
2
O
5
, 0.5∼3% MgO, 0.2∼2.5% Fe

2
O
3
, and 0∼2.5% F [25].
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Table 1: The chemical compositions of the raw materials%.

Sample SiO
2

Al
2
O
3

Fe
2
O
3

CaO MgO SO
3

Na
2
Oeq Loss P

2
O
5

F
Cement 22.36 7.73 3.66 57.21 3.10 3.54 0.73 2.31 — —
Phosphorus slag 38.27 5.33 0.29 43.12 1.69 1.30 1.75 2.16 4.62 2.46
Note. Na2Oeq = Na2O + 0.685 K2O.

Researches showed that phosphorus slag could refine the late-
age pore structure of hardened paste, reduce early hydration
heat of cement, and enhance durability of concrete [26,
27]. It is well accepted that phosphorus slag has a strong
retarding effect on the early hydration of cement [28–30].
The concrete incorporating phosphorus slag achieves very
low early strength, so the application of phosphorus slag to
concrete is restricted to a certain extent.

Due to low reactivity or lack of sufficient alkali activation,
mineral admixtures usually exhibit a low reaction degree at
early ages [31, 32]. Correspondingly, the concrete containing
mineral admixtures usually achieves a lower early strength
compared with the plain cement concrete [33, 34]. However,
the hydration degree of mineral admixtures increases signif-
icantly with the increase of curing temperature and steam
curing time at early ages, which contributes to the strength
development of concrete [35–38]. Therefore, steam curing
is an effective method to improve the strength of concrete
containing mineral admixtures at early ages [39–41]. It is a
potential method to improve the late-age pore structure of
steam-cured concrete by using mineral admixture.

In this paper, phosphorus slag was used in steam-cured
concrete. In order to enhance the demoulding strength of
steam-cured concrete containing phosphorus slag, twometh-
ods were employed: increasing the steam curing temperature
and extending the steam curing duration. The effects of
these twomethods on the properties of steam-cured concrete
containing phosphorus slag were compared.

2. Raw Materials and Test Methods

2.1. Raw Materials. The cement used was Ordinary Portland
cement with the specific surface area of 350m2kg−1 and the
strength grade of 42.5 complying with the Chinese National
Standard GB175-2007. The chemical compositions of the
cement and the phosphorus slag are provided in Table 1.
Figure 1 shows the scanning electron microscope (SEM)
image of phosphorus slag, which indicates that the particles
of phosphorus slag have an irregular shaped morphology.
Figure 2 shows the XRD patterns of the phosphorus slag,
which indicates that most of the mineral phases of the phos-
phorus slag are amorphous. The particle size distributions of
the cement and the phosphorus slag are shown in Figure 3.
Coarse and fine aggregates were crushed limestone between
5mm and 25mm and natural river sand smaller than 5mm,
respectively.

2.2. Test Methods. Table 2 lists the mix proportions of
concrete. Concrete C and concrete CC were plain cement
concrete with the water-to-binder ratios (W/B) of 0.4 and
0.32, respectively. Concrete N1 and concrete NN1 were the

20.0 �휇m

Figure 1: Scanning electron microscope image of the phosphorus
slag.

Ca2P2O7
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Figure 2: XRD pattern of the phosphorus slag.

ones containing 15% phosphorus slag with the W/B of 0.4
and 0.32, respectively. Concrete N2 and concrete NN2 were
the ones containing 30% phosphorus slag with the W/B of
0.4 and 0.32, respectively. Table 3 lists the mix proportions
of pastes. The composition of binder and W/B of the pastes
corresponds to those of the concrete.

Two curing methods for the concrete were set in this
study: (1) standard curing: concrete was cured in a roomwith
a temperature of 20 ± 1∘C and a relative humidity higher
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Table 2: Mix proportions of concrete/kg⋅m−3.

Sample Cement Phosphorus slag Sand Stone Water
C 380 0 785 1083 152
N1 323 57 785 1083 152
N2 266 114 785 1083 152
CC 450 0 780 1076 144
NN1 382.5 67.5 780 1076 144
NN2 315 135 780 1076 144
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Figure 3: Particle size distributions of the cement and the phospho-
rus slag.

Table 3: Mix proportions of pastes/g.

Sample Cement Phosphorus slag Water
C 100 0 40
N1 85 15 40
N2 70 30 40
CC 100 0 32
NN1 85 15 32
NN2 70 30 32

than 95% and (2) steam curing: the concrete was placed in
a standard curing room for a precuring period of 3 h after
casting and then cured in a curing box. For plain cement
concrete, the temperature of the constant period was 60∘C
and duration of constant period was 8 h. For the concrete
containing phosphorus slag, duration of constant period was
extended to 11 h when the temperature of the constant period
was 60∘C, and the temperature of the constant period was
increased to 80∘C when the duration of constant period was
8 h. Both of the times for heating up period and cooling
period were 2 h. The concrete was placed in the standard
curing room after steam curing.

Concrete of 100× 100× 100mmwas cast.The compressive
strength of concrete was tested at the ages of demoulding
time, 3 d, 28 d, and 90 d. For the concrete cured under
standard condition, the demoulding time was 18 h. The
chloride ion permeability of concrete was tested at the ages of
28 d and 90 d.The chloride ion permeability was evaluated by
measuring the charge passed of concrete according to ASTM
C 1202 “Standard Test Method for Electrical Indication of
Concrete’s Ability to Resist Chloride Ion Penetration.”

The pastes were cast in plastic sealed tubes after prepa-
ration and cured under the same conditions with concrete.
Hardened pastes were extracted and then immersed into
absolute alcohol to prevent further hydration at testing
ages. The pore characteristics of pastes were determined
by mercury intrusion porosimetry (MIP). X-ray diffraction
(XRD)was used to determine themineral phases of hydration
products.The nonevaporable water (𝑤

𝑛
) content of paste was

calculated as the mass difference between the samples dried
at 105∘C and heated at 1000∘C normalized by the mass after
being dried at 105∘C and correcting for the loss on ignition
of unhydrated samples [42]. The hydration heat evolution of
the binder at the W/B of 0.4 and 0.32 within 24 h was tested
by using an isothermal calorimeter at constant temperatures
of 60∘C and 80∘C, respectively.

The temperature of constant period is denoted with suffix
“-60” or “-80.” Additionally, the time of constant period
is denoted with suffix “-8” or “-11.” For example, “C-60-8”
represents the sample C cured at 60∘C for 8 h.

3. Results and Discussion

3.1. Hydration Heat. Figure 4(a) shows the exothermic rates
during the hydration of samples C, N1, and N2 at 60∘C
within 24 h. At W/B of 0.4, with the increase of phosphorus
slag addition, the dormant period of binder is prolonged.
In addition, the exothermic peak of binder is postponed
and the exothermic peak value of binder decreases. These
results indicate that the addition of phosphorus slag tends
to decrease the exothermic rate of binder at early ages.
Figure 4(b) shows the exothermic rates during the hydration
of samples CC, NN1, andNN2 at 60∘Cwithin 24 h. AtW/B of
0.32, the influence of phosphorus slag on the exothermic rate
of binder is basically the same with that of binder at W/B of
0.4.

Figures 5(a) and 5(b) show the exothermic rates during
the hydration of samples C, N1, andN2 as well as samples CC,
NN1, and NN2 at 80∘C within 24 h, respectively. When the
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Figure 4: (a) Exothermic rates during the hydration of samples C, N1, and N2 at 60∘C. (b) Exothermic rates during the hydration of samples
CC, NN1, and NN2 at 60∘C.
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Figure 5: (a) Exothermic rates during the hydration of samples C, N1, and N2 at 80∘C. (b) Exothermic rates during the hydration of samples
CC, NN1, and NN2 at 80∘C.

temperature is elevated from 60∘C to 80∘C, the exothermic
peak of binder occurs earlier and the exothermic peak value
of binder increases.These results indicate that the exothermic
rate of binder increases significantly with an elevated tem-
perature from 60∘C to 80∘C. What is more, the addition of

phosphorus slag also tends to decrease the exothermic rate
of binder at early ages at 80∘C.

The accumulative hydration heats of the plain cement
and the binders containing phosphorus slag are shown in
Table 4. At W/B of 0.4, under constant temperature of
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Table 4: Accumulative hydration heats of the plain cement and the
binders containing phosphorus slag (J⋅g−1).

Sample 60∘C 80∘C
8 h 11 h 8 h

C 222.1 257.3 288.5
N1 183.3 217.8 258.2
N2 141 181.9 210.6
CC 230.6 262.2 290.6
NN1 189.2 224.7 248.2
NN2 148.4 185.2 207.8

60∘C, the increase ratios of accumulative hydration heats
of samples C, N1, and N2 are 15.8%, 18.8%, and 29.0%
by increasing curing time from 8 h to 11 h, respectively. At
constant curing time of 8 h, the increase ratios of accu-
mulative hydration heats of samples C, N1, and N2 are
29.9%, 40.9%, and 49.4% by increasing curing temperature
from 60∘C to 80∘C, respectively. These results indicate that
both extended duration and elevated temperature promote
the hydration degree of cement and the binders containing
phosphorus slag significantly, but the promoting effect of
elevated temperature is greater. What is more, the promot-
ing effect of extended duration and elevated temperature
on hydration degree of the binders containing phosphorus
slag is greater at higher phosphorus slag replacement. This
is because both the hydration of cement and reaction of
phosphorus slag are promoted in the composite binder and
the reaction degree of phosphorus slag is promoted more
significantly than the hydration degree of cement. At W/B of
0.32, under constant temperature of 60∘C, the increase ratios
of accumulative hydration heats of samples CC, NN1, and
NN2 are 13.7%, 18.8%, and 24.8% by increasing curing time
from 8 h to 11 h, respectively. At constant curing time of 8 h,
the increase ratios of accumulative hydration heats of samples
CC,NN1, andNN2 are 26.0%, 31.2%, and 40.0% by increasing
curing temperature from 60∘C to 80∘C, respectively. The
influence of extended duration and elevated temperature on
hydration degree of plain cement and the binders containing
phosphorus slag is basically the same with that of binder at
W/B of 0.4.

3.2. XRD Results. Figure 6 shows the XRD results of the
plain cement paste and the paste containing 30% phosphorus
slag under the standard curing condition at the age of 90 d.
The XRD pattern only displays the crystalline phases in the
hydration products of the binder. However, gel is amorphous
and therefore the characteristic peak of gel cannot be found
in the XRD pattern. It can be seen that the angle positions of
the characteristic peaks of two kind of pastes are identical at
the age of 90 d. This indicates that there is no new crystalline
substance in the hydration products of the composite binder
containing phosphorus slag, and the reaction products of
phosphorus slag are amorphous gel. Figure 7 shows the XRD
results of the paste containing 30% phosphorus slag under
different curing temperatures at the age of 90 d. It can be
seen that the angle positions of the characteristic peaks of
the pastes containing 30% phosphorus slag under different
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Figure 6: XRD patterns of the standard-cured paste at the age of
90 d.
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Figure 7: XRD patterns of the paste containing phosphorus slag at
the age of 90 d.

steamcuring temperatures at the age of 90 d are identical.This
indicates that elevated steam curing temperature does not
lead to new crystalline hydration products of the composite
binder containing phosphorus slag.

3.3. Nonevaporable Water Content. The nonevaporable water
(𝑤
𝑛
) content represents the amount of hydration products.

The 𝑤
𝑛
content can be used to determine the hydration

degree of binder. Figures 8 and 9 show the 𝑤
𝑛
contents of

the pastes containing phosphorus slag with W/B of 0.4 and
0.32 at the age of demoulding time, respectively. It is clear
that the𝑤

𝑛
contents of the pastes containing phosphorus slag

under the steam curing of 60∘C for 11 h and 80∘C for 8 h are
significantly higher than that under standard curing at the age
of demoulding time. It is believed that elevated temperature
accelerates the hydration of cement as well as the reaction of
phosphorus slag. Meanwhile, the increased amplitude of the
𝑤
𝑛
content of each sample under the steam curing of 80∘C
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Figure 8: Nonevaporable water contents of the pastes containing
phosphorus slag with W/B of 0.4 at the age of demoulding time.

0

3

6

9

12

15

N
on

ev
ap

or
ab

le
 w

at
er

 co
nt

en
t (

%
)

Standard curing

At 80∘C for 8 h
At 60∘C for 11 h

NN2NN1
Sample

Figure 9: Nonevaporable water contents of the pastes containing
phosphorus slag with W/B of 0.32 at the age of demoulding time.

for 8 h is larger than that under the steam curing of 60∘C for
11 h. This indicates that elevated curing temperature tends to
accelerate the early hydration rate of the binder containing
phosphorus slag more effectively than extended steam curing
duration.

Figures 10 and 11 show the 𝑤
𝑛
contents of the paste

containing phosphorus slag with W/B of 0.4 and 0.32 at
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Figure 10: Nonevaporable water contents of the pastes containing
phosphorus slag with W/B of 0.4 at the age of 90 d.
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Figure 11: Nonevaporable water contents of the pastes containing
phosphorus slag with W/B of 0.32 at the age of 90 d.

the age of 90 d, respectively. In general, dense and thick
C-S-H layer grows around cement grains if the binder is
cured under high temperature at early ages, which tends to
hinder the hydration of cement at late ages [43]. However,
it is interesting to find that the 𝑤

𝑛
contents of the pastes

containing phosphorus slag under the curing condition of
60∘C for 11 h and 80∘C for 8 h are also a little higher than that
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Figure 12: Pore structures of the standard-cured hardened paste
with W/B of 0.4 at the age of 90 d.

under standard curing at the age of 90 d. The reasons may be
as follows: (1) the sample experienced a precuring period of
3 h and the duration of the steam curing is not longer than
11 h, so the adverse effect of elevated temperature on the late
hydration is not so obvious; (2) an elevated steam curing
temperature promotes the reaction degree of phosphorus
slag resulting in more reaction products. In addition, the 𝑤

𝑛

content of the paste containing phosphorus slag under the
steam curing of 80∘C for 8 h is higher than that under the
steamcuring of 60∘C for 11 h at the age of 90 d.This is probably
due to the fact that an elevated steam curing temperature
tends to promote the reaction degree of phosphorus slagmore
significantly than an extended steam curing duration.

It can be concluded from Figures 8–11 that the𝑤
𝑛
content

of the paste containing phosphorus slag under the steam
curing of 80∘C for 8 h is higher than that under the steam
curing of 60∘C for 11 h at the ages of demoulding time as
well as 90 d. The influences of elevating curing temperature
and increasing curing time on the early nonevaporable water
content of the paste containing phosphorus slag are consis-
tent with those on the early hydration heats of the binder
containing phosphorus slag.

3.4. Pore Structure. The pore size distributions of the
standard-cured hardened pastes with W/B of 0.4 and 0.32 at
the age of 90 d are depicted in Figures 12 and 13, respectively.
For the samples with W/B of 0.4, it is evident that the
cumulative pore volume of the hardened paste containing
15% phosphorus slag is lower than that of the hardened
plain cement paste. Both the cumulative pore volume and
the proportion of pores larger than 100 nm of the hardened
paste containing 30% phosphorus slag are lower than that
of the plain cement paste. For samples with W/B of 0.32,
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Figure 13: Pore structures of the standard-cured hardened paste
with W/B of 0.32 at the age of 90 d.

the cumulative pore volume decreases with the increase of
phosphorus slag addition. However, at such a low W/B of
0.32, though the addition of phosphorus slag tends to reduce
porosity, its influence on the pore structure is limited to some
extent. In conclusion, the addition of phosphorus slag can
optimize the pore structure of hardened paste under stan-
dard curing condition, and the optimization effect becomes
more obvious with the increase of the replacement ratio of
phosphorus slag within the replacement limit of 30%.

The pore size distributions of the steam-cured hardened
pastes with W/B of 0.4 at the age of 90 d are depicted in
Figure 14.The hardened plain cement paste cured at 60∘C for
8 h is employed as the control group. It is clear that both the
cumulative pore volume and the proportion of pores larger
than 100 nm of the hardened pastes containing phosphorus
slag under the steam curing of 60∘C for 11 h and 80∘C for 8 h
are lower than those of control group. Meanwhile, both the
cumulative pore volume and the proportion of pores larger
than 100 nm of the hardened pastes containing phosphorus
slag under the steam curing of 80∘C for 8 h are the least, which
indicates that elevated curing temperature tends to optimize
the late-age pore structure of the hardened paste containing
phosphorus slag more effectively than extended steam curing
duration.

The pore size distributions of the steam-cured hardened
pastes with W/B of 0.32 at 90 d are depicted in Figure 15.
It is clear that both the cumulative pore volume and the
proportion of pores larger than 100 nmof the hardened pastes
containing phosphorus slag under the steam curing of 60∘C
for 11 h are lower than those of control group.The proportion
of pores larger than 100 nm of the hardened paste containing
phosphorus slag under the steam curing of 80∘C for 8 h
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Figure 14: Pore structures of the steam-cured hardened paste with
W/B of 0.4 at the age of 90 d.
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Figure 15: Pore structures of the steam-cured hardened paste with
W/B of 0.32 at the age of 90 d.

is also the least, and the proportion of pores smaller than
20 nm of the hardened paste containing phosphorus slag
under the steam curing of 80∘C for 8 h is higher than that
under the steam curing of 60∘C for 11 h. This indicates that
elevated curing temperature tends to refine the late-age pore
structure of the hardened paste containing phosphorus slag
more effectively than extended steam curing duration.

In conclusion, the paste containing phosphorus slag can
achieve denser pore structure than the plain cement paste
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Figure 16: Compressive strength of the standard-cured concrete
with W/B of 0.4.
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Figure 17: Compressive strength of the standard-cured concrete
with W/B of 0.32.

at the late ages by elevating steam curing temperature or
extending steam curing duration.The late-age pore structure
of the hardened paste containing phosphorus slag under the
condition of elevating curing temperature is finer than that
under the condition of extending steam curing duration,
which corresponds to the trends of nonevaporable water
content results.

3.5. Compressive Strength. Figures 16 and 17 show the com-
pressive strength of standard-cured concrete with the W/B
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Figure 18: Demoulding strength of the steam-cured concrete with
W/B of 0.4.

of 0.4 and 0.32, respectively. Due to the retarding effect of
phosphorus slag on the early hydration of cement, the early
strength of concrete decreases with the increase of phos-
phorus slag replacement. For concrete with W/B of 0.4, the
compressive strengths of the concrete containing phosphorus
slag achieve less than 4MPa at the age of 18 h. Even at the age
of 3 d, the compressive strengths of the concrete containing
15% and 30% phosphorus slag are 23.5% and 47.1% lower
than that of plain cement concrete, respectively. However, the
compressive strength of the concrete containing phosphorus
slag is very close to that of the plain cement concrete at
the late ages. Additionally, the growth rate of compressive
strength of the concrete containing 30% phosphorus slag is
significantly higher than that of plain cement concrete as well
as the concrete containing 15% phosphorus slag at late ages.
For concrete with W/B of 0.32, the trends are basically the
same as those of the concrete with W/B of 0.4. The addition
of phosphorus slag tends to decrease the early strength but
enhance the strength development at the late ages. Note that
the addition of phosphorus slag tends to improve the late-
age pore structure of hardened paste (Figures 12 and 13). In
summary, though phosphorus slag has an adverse effect on
the early hardening rate of concrete, it makes considerable
contribution to the late strength development: the reaction
degree of phosphorus slag increases at late ages which
produces secondary C-S-H and consumes Ca(OH)

2
[26],

filling pores and improving the microstructure of interfacial
transition zone of concrete.

Figures 18 and 19 show the demoulding strength of steam-
cured concrete with theW/C of 0.4 and 0.32, respectively.The
plain cement concrete cured at 60∘C for 8 h is employed as
the control group. It is clear that the demoulding strength of
the concrete decreases significantly with the increase of the
phosphorus slag replacement ratio if the temperature and the
duration of the steam curing condition remain unchanged,
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Figure 19: Demoulding strength of the steam-cured concrete with
W/B of 0.32.

as a result of which the production of precast concrete
cannot be carried out properly. As expected, the demoulding
strength of the concrete containing phosphorus slag increases
significantly with an extended steam curing duration to 11 h
at 60∘C or an elevated steam curing temperature at 80∘C for
8 h. As shown in Figure 18, elevated steam curing temperature
tends to enhance the demoulding strength of the concrete
containing phosphorus slag more obviously than extended
steam curing duration at the W/B of 0.4. This result is
consistent with the 𝑤

𝑛
content result and hydration heat

result: elevated steam curing temperature tends to increase
the hydration degree of the binder containing phosphorus
slag at demoulding timemore obviously than extended steam
curing duration at the W/B of 0.4. However, elevated steam
curing temperature and extended steam curing duration have
the similar enhancing effect on the demoulding strength of
the concrete containing phosphorus slag at the W/B of 0.32
(Figure 19). This may be because the influence degree of a
small increment of hydration products on the compressive
strength of concrete is very limited at such a lowW/B.

Figures 20 and 21 show the compressive strengths at
the ages of 3, 7, and 90 d of steam-cured concrete with the
W/C of 0.4 and 0.32, respectively. It is obvious that the
compressive strength of the concrete containing phosphorus
slag is lower than that of control concrete at the age of
3 d, no matter under the steam curing condition of 60∘C
for 11 h or 80∘C for 8 h. It is an indication that though the
demoulding strength of the concrete containing phosphorus
slag is close to that of the control concrete, the hydration
rate of the binder containing phosphorus slag is lower than
that of plain cement during the period from demoulding
time to 3 d. However, it is noteworthy that, with the increase
of age, the compressive strength of the concrete containing
phosphorus slag under the steam curing condition of 60∘C for
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Figure 20: Compressive strength of the steam-cured concrete with
W/B of 0.4.

20 40 60 80 100
Ages (d)

CC-60-8
NN1-60-11
NN2-60-11

NN1-80-8 
NN2-80-8

40

50

60

70

80

90

100

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

Figure 21: Compressive strength of the steam-cured concrete with
W/B of 0.32.

11 h is close to that of control concrete at late ages, while the
compressive strength of the concrete containing phosphorus
slag under the steam curing condition of 80∘C for 8 h is
significantly lower than that of control concrete. This result
is not consistent with the MIP result (Figures 14 and 15)
which indicates that elevated curing temperature improves
the late-age pore structure of hardened paste more obviously
than extended steam curing duration. It is believed that
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Figure 22: Chloride ion permeability of the standard-cured con-
crete with W/B of 0.40.

this difference is caused by the interfacial transition zone of
concrete. Though elevated curing temperature improves the
late-age pore structure of hardened paste, it has a significant
adverse effect on the interfacial transition zone between
hardened paste and aggregates, resulting in the decrease
of compressive strength of concrete. Many researches have
proved that elevated temperature curing at early ages has
negative effects on the hydration of binder and the properties
of concrete at late ages [18, 44]. The results of Figures 20
and 21 further confirm that the negative effect of elevated
temperature curing on the late strength of concrete is still so
obvious when the temperature is raised from 60∘C to 80∘C.

3.6. Chloride Ion Permeability. Figures 22 and 23 show the
charge passed and the chloride ion permeability grade of
standard-cured concrete at 28 d and 90 d with the W/C of
0.4 and 0.32, respectively. According to ASTM C1202, the
chloride ion permeability grade of concrete is “very low”
if the charge passed is between 100 and 1000 coulombs,
and the grade is “low” or “moderate” if the charge passed
is between 1000 and 2000 or between 2000 and 4000,
respectively. As shown in Figure 22, the charge passed of the
concrete with the W/C of 0.4 decreases with the increase
of the phosphorus slag replacement ratio. The chloride ion
permeability grade of concrete containing phosphorus slag
at 28 d and 90 d decreases by one level compared with that
of the plain concrete, which indicates that the resistance to
chloride ion penetration of concrete is significantly enhanced
by the addition of phosphorus slag. As shown in Figure 23, the
charge passed of concrete with theW/C of 0.32 also decreases
with the increase of the phosphorus slag replacement ratio.
However, the matrix of the plain cement concrete with the
W/C of 0.32 is already compact.Therefore, at such a lowW/B,
though the addition of phosphorus slag tends to reduce the
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Figure 23: Chloride ion permeability of the standard-cured con-
crete with W/B of 0.32.

charge passed of the concrete, its influence on the chloride ion
permeability grade is limited. The chloride ion permeability
of concrete decreases by one level only when the phosphorus
slag replacement ratio is 30% compared with that of the
control concrete at the age of 90 d. On the whole, the addition
of phosphorus slag can improve the microstructure and the
resistance to chloride ion penetration of concrete in some
cases.

Figure 24 shows the charge passed and the chloride ion
permeability grade of steam-cured concrete at 28 d and 90 d
with the W/C of 0.4. Whether at 28 d or 90 d, the chloride
ion permeability grade of the control concrete is “moderate,”
and the chloride ion permeability grade of the concrete
containing phosphorus slag cured at 60∘C for 11 h is “low,”
which indicates that extending the duration of steam curing
at 60∘C can ensure that the concrete obtains a satisfactory
resistance to chloride ion penetration. However, when the
steam curing temperature is elevated to 80∘C, the concrete
containing phosphorus slag exhibits the same chloride ion
permeability grade with the control concrete, except the
concrete containing 30% phosphorus slag at the age of 90 d,
which indicates that elevated steam curing temperature has a
negative effect on the resistance to chloride ion penetration
of concrete.

Figure 25 shows the charge passed and the chloride
ion permeability grade of steam-cured concrete at 28 d and
90 d with the W/C of 0.32. Whether at 28 d or 90 d, the
charge passed of the concrete containing phosphorus slag
cured at 60∘C for 11 h decreases compared with that of the
control concrete, while the chloride ion permeability grade
of the concrete containing phosphorus slag is the same
with that of the control concrete. The charge passed of the
concrete containing phosphorus slag cured at 80∘C for 8 h
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Figure 24: Chloride ion permeability of the steam-cured concrete
with W/B of 0.40.

Very low

Low

Moderate

0

1000

2000

3000

Ch
ar

ge
 p

as
se

d 
(C

)

28 90
Ages (d)

CC-60-8
NN1-60-11
NN1-80-8

NN2-60-11
NN2-80-8

Figure 25: Chloride ion permeability of the steam-cured concrete
with W/B of 0.32.

increases compared with that of the control concrete, and the
chloride ion permeability grade of the concrete containing
15% phosphorus slag increases by one level at the age of 28 d.
On the whole, when the curing temperature is increased from
60∘C to 80∘C, it tends to reduce the resistance of concrete to
chloride ion penetration at certain circumstance.

In conclusion, the addition of phosphorus slag has posi-
tive effects on the late-age microstructure and the resistance
to chloride ion penetration of concrete under the steam
curing condition of 60∘C. However, the resistance to chloride
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ion penetration of concrete containing phosphorus slag
under the steam curing condition of 80∘C is close to or even
worse than the plain concrete, which might be due to the
significant adverse effect of elevated curing temperature on
the microstructure of interfacial transition zone of concrete.

4. Discussion

The demoulding strength of steam-cured concrete needs to
be ensured in the first place. Under the condition of normal
curing temperature, the addition of phosphorus slag would
reduce the early strength of concrete significantly. Though
elevated curing temperature tends to promote the early
hydration of the composite binder containing phosphorus
slag significantly, the concrete containing phosphorus slag
cannot achieve similar demoulding strength with the plain
cement concrete in the case of the same steam curing
temperature and duration time. The demoulding strength
results indicate that elevated steam curing temperature is
more effective than extended steam curing duration, which
is consistent with the trends of hydration heat results and
nonevaporable water content results.

The MIP results indicate that the addition of phosphorus
slag can improve the late-age pore structure of hardened paste
whether cured at normal temperature or elevated tempera-
ture. Moreover, the late-age pore structure of hardened paste
containing phosphorus slag cured at 80∘C for 8 h is finer than
that cured at 60∘C for 11 h, and this trend is consistent with
the trend of nonevaporable water content results. However,
besides pore structure of hardened paste, the interfacial
transition zone between matrix and aggregate is consistent
with compressive strength and chloride ion permeability. It is
notable that the effects of curing method on the properties of
hardened paste and concrete might vary significantly due to
the interfacial transition zone. The results of this paper show
that the steam-cured concrete containing phosphorus slag
cured at 60∘C for 11 h can achieve higher late-age compressive
strength and lower chloride permeability than that cured at
80∘C for 8 h.Therefore, considering both demolding strength
and late-age proprieties, extending the steam curing duration
is a preferredmethod for the concrete containing phosphorus
slag.

5. Conclusions

(1) Elevated steam curing temperature promotes the
early hydration of the binder containing phosphorus
slag more obviously than extended steam curing
duration;moreover, the formermethod also results in
higher late-age hydration degree of binder and finer
pore structure of hardened paste.

(2) For steam-cured concrete containing phosphorus
slag, the late-age strength decreases and the chloride
permeability increases by increasing the curing tem-
perature from 60∘C to 80∘C. The positive effects of
phosphorus slag on the late-age properties of concrete
are not well performed.The steam-cured temperature

of 80∘C is not suitable for steam-cured concrete
containing phosphorus.

(3) The steam-cured concrete containing phosphorus
slag can achieve satisfied demoulding strength
and late-age strength and chloride permeability by
extending the steam curing duration at constant
curing temperature of 60∘C.
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The aim of this work is to better understand the physical and chemical phenomena involved in hydrated mix (clinker +
addition) during the natural carbonation process, to characterize cement with supplementary cementitiousmaterials (SCMs) under
various curing environment. The prepared cement pastes were characterized by thermogravimetric analysis. The results showed a
considerable influence of the environment on the properties of mortars and cement and a perfect correlation between compressive
strength, natural carbonation, nonevaporable water, and portlandite content. It was observed that the reduction of the curing
period makes the mortars more sensitive. The kinetics of process was evaluated from Ca(OH)

2
content and nonevaporable water

contained inmortars.These two parameters reflect the hydration progress of the water/cement ratio studied.The weight loss due to
Ca(OH)

2
decomposition, calculated by DTA/TG analysis, shows the effect of the pozzolanic reaction and the natural carbonation.

The supplementary cementitious materials (SCMs) play a considerable role in the slowing down of the aggression environment.

1. Introduction

Obviously, there is a close link between CO
2
concentrations

in atmosphere and materials, especially the cementitious
materials, making them able to be carbonated. The carbon-
ation depth is evidently higher with a great level of CO

2
.

The carbonation rate depends on the infiltration of carbon
dioxide into the cement matrix. The interior humidity and
environment exposure of cement matrix determine satura-
tion level and CO

2
transfer. So the presence of humidity

source is primordial [1].
The carbonation effect consists in the action of atmo-

sphere especially CO
2
gas. It is diffused into concrete voids

and dissolves to acid. This medium changes lead to the
dissolution of hydrates especially the portlandite. The car-
bonation effect rate depends on many parameters; we mainly
focused on two of them, the porosity and the portlandite
content. Indeed, the portlandite content is a key parameter if
we are interested in the carbonation and its buffering effect
on the interstitial pH solution through a hydroxide ion on
dissolution release. This solution is also accompanied by a
release of calcium ions Ca+2, which are able to react with the
carbonate ionsCO

3

−2, forming the calcium carbonateCaCO
3

[2, 3].
The supplementary cementitious materials (SCM) in

blended cement have a pozzolanic or hydraulic characters;
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they can modify the cement hydration and also contribute
with cementitious products to the matrix structure [4].

The ordinary Portland cement (OPC) is more resistant to
carbonation than blended cement with pozzolanic additions,
if the different buffering effects of their hydrated phases and
alkali contents are considered. In the absence of carbonation
or any other attack [5, 6], which causes a pH vanishing, this
can reach values nearly 14.1 in the pore solution of an OPC.
When the mechanism of carbonation is dissolution (in the
case of OPC), during the attack, the portlandite solubility
maintains the pH level at 12.5.

Several studies [7–9] have discussed the carbonation
process in conventional materials (concrete and mortar)
using different methods of investigation such as spraying
phenolphthalein; the main objective of these studies was the
determination of the carbonation front. Differential thermal
analysis (DTA) combined with thermogravimetric analysis
(TGA) is more suitable for studying hydration at later stages.
This technique has been applied to quantify the portlandite
in cement/silica fume, metakaolin, fly ash, blast furnace slag,
and calcined clay system [10–13]. They also reported how the
portlandite of pozzolanic addition contributes to the hydra-
tion reaction of cement [14, 15]. Essentially, the investigations
focused on the determination of the reactivity of different
pozzolans.

Portlandite content of cementitiousmaterials is a durabil-
ity and performance indicator of concrete structures against
carbonation because the portlandite represents the basicity
reserve of cementitious materials; it maintains a high pH of
12.6 [16].

The main objective of studies is the determination of the
carbonation front to prevent corrosion of steel in reinforced
concrete. The kinetics of carbonation is influenced by the
amount of corrosion products [17].

When clinker is substituted by some SCMs, portlandite
content decreases and concrete became sensitive to carbon
dioxide presence.Themechanical strength is closely related to
the portlandite content. In carbon dioxide diffusion process,
relative humidity plays an important role because the diffu-
sion coefficient of carbon dioxide in the air is ten thousand
times higher than in water [18].

A higher pH level (12.4) protects steel from corrosion. In
front of the great diversity of hydraulic SCMs used today, the
data like mechanical strength, W/C ratio, or cement content
are insufficient to translate complexity of the cementitious
materials. For example, some SCMs, such as themineral addi-
tions, consume a party of portlandite through chemical reac-
tions as the case of pozzolanic reactions. For these additions,
they reduce porosity of cementitious materials and a good
mechanical strength is reached, on account of high particles
finenesswhich plays the role of fillers to fill the voids like silica
fume.Thus, from chemical point of view these new materials
may be durable due to a low portlandite content; from
physical point of view they constitute an effective obstacle to
CO
2
penetration.

A compromise could be found to properly formulate
these cementitious materials and ensure their durability.
Calculating the portlandite content as a chemical indicator,

porosity, and permeability like physical indicators allows
solving this kind of problematic situation [19].

The necessity for curing time and conditions occurs from
the fact that cement hydration takes place only in water filled
capillaries. So, in order to obtain a good mortar or concrete,
the setup of an appropriate mix must be followed by the
curing in appropriate environment during the early ages of
hardening and water loss capillaries by evaporation must be
prevented [20, 21].

Taking into consideration the action of carbon dioxide,
the curing period is a determining factor in the behavior of
cement. If the conditions and curing time are sufficient, slag
and pozzolanic cement have a good carbonation resistance
[22]. The curing conditions, particularly treatment period,
affect concrete durability against carbonation [23].

It is necessary that the relative humidity of the storage
medium is greater than 80%, so that the cement hydration
process continues. The convenient curing of concrete facili-
tates the cement hydration which leads to improve mechani-
cal properties of concrete. Extended wet cure period of
concrete causes a decrease of carbonation concrete depth
[23, 24]; ACI 308 (recommended practice) suggests 7 days of
wet cure for most structural concrete [25].

However, the curing period should be extended to 14
days when the cement contains SCMs, such as slag and fly
ash, due to the slow hydration reactions between them and
the calcium hydroxide. This reaction requires the presence
of water to produce the cement hydrates and contributes to
filling the capillary voids.

Sajedi and Razak shows that the effect of the first week of
underwater cure of OPC 50mm mortar cubes after mixing
is equal to or even more than 12 weeks of underwater cure
after the first week of mixing [26]. Other studies have shown
that initial underwater curing is very important in improving
mechanical properties of concrete. It shows that the initial 4
days of curing was sufficient to develop compression strength
higher than the compression strength at 28 and 90 days of
continuous underwater curing [27].

Aitcin et al. recorded the difference of compression
strength at the order of 17% to 22% between concrete samples
that are stored in air and wet [28]. Shafiq and Cabrera shows
that the concretemadewith ordinary Portland cement (OPC)
and left in the air had a porosity of 5% to 10% higher than
the wet concrete samples at 28 days [29]. A good correlation
was observed between the coefficients of sorptivity and the
compression strength of concrete; the latter factor increased
due to hydration, but the sorptivity decreased significantly
indicating a denser microstructure [30]. The uses of mineral
additions modify chemical equilibrium of concrete and can
affect pH of pore solution. The linear model proposed by
Balayssac et al. independent of cement type, the dosage, and
curing time registered a regression coefficient (𝑅2 = 0.92)
which is quite acceptable [31].

For a given cement content, carbonation is more impor-
tant for a concrete CEM II/B (20% of limestone fillers) than
for a CEM I concrete. For a cement content of 250Kg/m3, the
carbonation depth for CEM II/B-based concrete is about 30%
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Table 1: Composition of the different mixtures [33].

Mixtures Clinker [%] Gypsum [%] Slag [%] Pozzolana [%] Additions secondary [%] Design mixtures NF EN197-1
CPA∗ 95 0 0 0 0 Control cement CEMI52.5
CRS∗∗ 88 5 0 0 7 Binary cement CEMII42.5
CL30%§ 65 5 30 0 0 Binary cement CEMII/B-S32.5
CZ30%§§ 65 5 0 30 0 Binary cement CEMII/B-P32.5
Blended cement (cement based added) = addition/clinker (%).
CPA∗: artificial Portland cement = 0/clinker = 0/100.
CRS∗∗: sulphate resistant cement (secondary addition) AS/clinker = 07/93.
CL30%§: cement with slag addition = L/clinker = 30/70.
CZ30%§§: cement with pozzolana addition = PZ/clinker = 30/70.

higher than CEM I-based concrete, whatever the curing time.
Therefore, the carbonation depth is related to clinker dosage
[31].

In this study, we are interested specifically to the relation
between wet cure and mechanical and chemical properties
of mortars and cement. Four types of cement were prepared
(clinker effect is taken into account in the preparation of
cement with the various SCMs), plus artificial Portland
cement (CEMI) as a reference. The TG analysis quantifies
the carbon dioxide fixed to each type of hydrate (CSH) in
different medium and at different time. Nonevaporable water
was used to determine the hydration degree of cement.

2. Experimental Program

2.1. Materials

2.1.1. Cement. Four cement types from the same clinker were
prepared; we have characterized as completely as possible
a compound cement (CPL30%-CEMII/B-S) class 32.5MPa
with 30% of slag and a (CPZ30%-CEMII/B-P) class 32.5MPa
with 30% of pozzolana, to be compared to (PC-CEMI)
52,5MPa (Portland cement PC) and a (CRS-CEMII) class
42.5MPa with secondary additions (cement sulphate resis-
tant); this is to better locate the slag cement and pozzolanic
blended cement.

Algerian local products (clinker, gypsum, slag, and poz-
zolana) were crushed to a particle size less than 1mm before
being thoroughly mixed. Because of the hardness, strength,
and abrasion of the clinker the separate grinding of rawmate-
rials was adopted, which consequently improves the physical
and thermal characteristics of modified cement and enhance
the properties of these materials [32].

The dosage of natural gypsumwas kept constant at 5% for
two reasons, first to regulate setting time and secondly to not
hide the effect of addition on the mechanical properties of
cement. These were divided and prepared to the proportions
given in Table 1 Their chemical composition was determined
by X-ray fluorescence in Table 2 [33].Themineralogical com-
position of the cement according to the Bogue formulation
and physical characteristics are presented in Table 3 [33, 34].

2.1.2. Sand. The standard sand CEN (ISO standard sand) is
clean natural siliceous sand including its fine fractions with
the grains generally rounded and isometric. It was dried,
screened, and prepared in a modern workshop with

a required quality and coherence according to the certified
standard CEN EN 196-1, ISO Standard Sand, and ISO 679:
2009 [35].

2.1.3. Water. The water is drinking quality water in regard to
the requirements of standard NF P 18-404.

2.2. Test Procedures and Specimens. All normalized mortars
were prepared by mixing 1350 g of normalized sand, 450 g of
cement, and 225 g of water. These samples were demolded
after 24 h and placed in water bath maintained at 23∘C.
Compressive tests were carried out on mortars at different
ages according to EN 196-1 [36].

Reference samples were kept in air-conditioned room
(RH= 65%,𝑇 = 20∘C).The initial wet cure was considered for(3, 7, 28) days in wet room (RH = 95%, 𝑇 = 20∘C) and then
stored in air-conditioned room (RH = 65%, 𝑇 = 20∘C) for 1
year [31].

To assess compressive strength six samples were tested.
Size of samples for pure paste was cylindrical (2.5/5.5 cm) and
prepared and conserved in such conditions in humid room
(𝑇 = 20∘C, RH = 95%).

2.2.1. Compressive Strength Test. The tests were performed
according to standard NF EN 196-1. The half-prisms were
taken to a compressive machine to assess the compressive
strength. The resistance is calculated using the formula:
compressive strength = load (𝐹

𝑐
) /cross-sectional area (𝑆) for

four types of mortars (4 × 4 × 16 cm3) at the age of testing
after one year.

2.2.2. Carbonation Test Method. Natural carbonation in air-
conditioned room (𝑇 = 20∘C, HR = 65%) was determined
by the phenolphthalein method, in which the samples are
divided into two and the broken surface is sprayed with
phenolphthalein indicator. The indicator makes the mortar
turn a reddish purple color (the healthy cement reflects
the basic medium pH = 14). Carbonation depth is the
distance between the external surface of the mortar and the
end of the colored region. The result of carbonation depth
corresponds to the thickness with no change of color, while
the remaining area (with change of color) indicates pH > 9.
This method slightly underestimates the carbonation depth
since the reaction occurs for a pH < 10-11 [37]. Measurements
are made for each mortar once a year.
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Table 2: Chemical composition of cement used (%) [33].

Cement CaO SiO
2

Al
2
O Fe

2
O
3

MgO TiO
2

Na
2
O K

2
O P

2
O
5

SO
3

L.O.L
CEM I 64.24 20.25 5.13 3.73 1.69 0.26 0.16 0.62 0.11 2.28 1.53
CEMII 63.29 21.18 4.37 4.77 1.46 0.19 0.12 0.29 0.17 1.14 3.02
CEMII/B-S 44.4 36.1 4.73 4.57 2.3 0.29 0.49 0.16 1.98 2.19 3.06
CEMII/B-P 43.66 35.25 8.42 3.67 1.5 0.34 1.01 1.65 0.13 2.41 1.96

Table 3: Mineralogical composition (%) and physical characteristics [33, 34].

Cement type Blaine specific
surface (cm2/g)

Specific density
(g/cm3) C

3
S C

2
S C

3
A C

4
AF

CEM I 3420 3.15 59 13 07 11
CEMII 3210 3.18 54 20 04 15
CEMII/B-P 3750 3.1 57 17 07 11
CEMII/B-S 3210 3.12 59 17 07 11

2.2.3. TG and DTA Measurements. The thermal gravimetric
(TG) analysis measures the difference of masses between a
reference and specimen sample.Thedifferential thermal anal-
ysis (DTA) records the difference of temperature with ther-
mocouple located under the nacelles.These two analyses have
been recorded using Netzsch STA 409 machine. Tests were
carried out from 20∘C up to 800∘C under reconstituted air
(80%N

2
and 20%O

2
) with a constant heating rate (10∘C/min)

in alumina crucible.

3. Results and Discussion

3.1. Effect of the Initial Cure on the Compressive Strength.
Figure 1 shows the relationship between the compressive
strength and the type of cement for a wet cure (𝑇 = 20∘C, RH
= 95%) and the air cure (𝑇 = 20∘C, RH = 65%) for one year.

These curves shows that, on the one hand, the compound
cement has a different kinetics of CPA (CEMI) and the CRS
(CEMII) and slow kinetics in the long term and the resistance
class for composite cement is much lower than those of the
CPAs and CRS.This is explained by the low content of clinker
in cement which considerably lowers down their hydration
especially at young age. This is in agreement with the results
of previous research works [38, 39]. The slowness of the
reaction for the hydration process is attributed to the mineral
additions [40, 41].

The specimens left exposed to air presented the lowest
resistance. However, those undergoing a curing regime gave
the best results. An approximate explanation is that in the test
pieces having been left untreated for one year a large part of
their mixing water is evaporated. As a result, the hydration
of the cement and the development of resistance have been
stopped.Moreover, conservation in the laboratory conditions
favors the development of microcracks inside the test pieces,
which resulted in the decrease of the resistances after one year
of age.

At one year the difference between the resistances of
the treated and untreated specimens increased considerably.
Indeed, for a CPA mortar, an increase in the cure duration of
3 days relative to the control mortar increases the strength of
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Figure 1: Effect of wet curing time on the mechanical performance.

2%, 6.4% (7 days of treatment/control), and 14% (28 days of
treatment/control). For a CRS mortar a longer curing time of
3 days compared to the control mortar increases the mechan-
ical strength by 5.6% which is 17.61% (7 days of cure/control)
and 23% (28 days of cure/control), respectively. For the
mortar CZ30% the three-day cure time duration relative
to the control mortar increases the mechanical strength by
about 8.2%, 39% (7 days of cure/control), and 48% (28 days of
cure/control), respectively. For the mortar CL30% the three-
day cure time with respect to the control mortar increases
mechanical strength of 23.05%, 48.1% (7 days of treat-
ment/control), and 64.15% (28 days of treatment/control),
respectively.

Indeed, underwater maturation promotes hydration,
especially to the skin of surface of the samples, which progres-
sively increases their compactness because hydration con-
sumes the internal water causing the reduction of its content
and the solidification of the concrete. The underwater cure
promotes the formation of the hydrates leading to the filling
of the pores bymeans of a continuous supply of water, leading
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Figure 2: Continuous air cure for one year.

to the improvement of the porosity. While in the case of the
“air” conservation control, the upper part is rapidly dried,
which slows down the hydration and leads to low compressive
strengths [42–44].The strength is less important for compos-
ite cement than CPA and CRS. This is explained by the fact
that compound cement contains 70 clinkers versus 100% for
CPA cement andCRS only.This fact results in a lower amount
of hydrates with higher resistance [31, 40, 41].

A good continuous cure at a relative humidity is still
favorable to a better hydration in cement [45]; the wet cure
increases the specific resistance [42, 46] as similar work
undertaken for the case of the studied cement.

3.2. Carbonation

3.2.1. Detection by Phenolphthalein. The most widely used
technique for quantifying the carbonation kinetics is the
detection of a limit below which the pH is around 9, which
is called the carbonation front detected by the colored turn
of the phenolphthalein. The latter is spread on a freshly split
sample; the noncarbonated part is colored pink while the
carbonated part remains colorless.

Natural carbonation was in an air-conditioned room (𝑇 =
20∘C, RH = 65%), for one year on mortars mixtures of CPA,
CRS, CZ30%, and CL30%.

3.2.2. The Natural Carbonation Depth. Figure 2 shows the
carbonation of the control mortar for a continuous cure in
air is greater than that which has undergone the wet cure.
In contrast to storage in open air, water vapor maturation
promotes hydration and thus leads to a less porous mortar
and thus has the least carbonation of the affected products
[47–49]. This is due to rapid drying which considerably
affects the performance of mortars exposed to carbonation,
whatever the nature of the binder.

During air conservation of samples, the superficial part
dries quickly, which slows the hydration and leads to a greater
depth of carbonation. CL30% mortar affected by a high
carbonation depth, insufficient wet cure, clinker substitution
by slag, and the amount of Ca(OH)

2
will be reduced in part by

the low amount of Portland cement and on the other hand by
the pozzolanic reaction (consumption of the portlandite).
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Figure 3: Influence ofwet curing regime on the carbonation attitude
of cement at one year.

Therefore, the introduction of the natural additions in mor-
tars leads to a low portlandite Ca(OH)

2
content. As a result,

a smaller amount of CO
2
is needed to react with calcium to

consume the whole of portlandite, so that the pH falls more
easily [50]. The effect of substitution by clinker is the poz-
zolanic reaction that consumes portlandite to form hydrated
calcium silicates. Such cement may be more sensitive to the
presence of carbon dioxide [51].

3.3. Effect of Initial Cure on the Carbonation Depth. Figure 3
shows the relationship between the carbonation and the type
of cement at the age of one year. Naturally, the most carbon-
ated cement is that made with the lowest clinker dosages.

The duration of wet curing significantly decreases the
carbonate depth, especially when the clinker dosage is lower.

The dosage of the clinker decreases and makes higher
kinetics of carbonation. This is directly attributed to the role
played by the porosity of cementitious matrix. Indeed, the
more the clinker of lower dosage, the more the porosity,
leaving voids that favor, on the one hand, themovement of the
free water locatedmore deeply in themortar and on the other
hand the penetration and the diffusion of the carbon dioxide
[52].

In fact, for an increase in the curing time of 3 days, it is
possible to decrease the carbonate depth by nearly 20% for a
CPA cement by comparing the control to the air at one year
with a registered decrease of 43% and 57% for 7 days of cure/
control in air and 28 days of cure/control in the air, respec-
tively.

For CRS cement, we registered a reduction rate of 33%
at 3 days, 44% at 7 days, and 55% at 28 days of cure against
control specimen in a simple air curing. For CZ30%,we noted
33% of reduction at 3 days, 42% at 7 days, and 50% at 28 days.
The mortar with CL30% cement marked 21% of reduction at
3 days, 29% at 7 days, and 43% at 28 days.

This reduction is caused by lime content of clinker. More
lime in cement induced lower carbonation. Slug and pozzolan
cement contain less of portlandite than CPA and CRS ones.
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Figure 4: DTG/TG cement paste preserved on air (RH = 65%, 𝑇 = 20∘C) for 2 days. (a) CPA/(b) CRS/(c) CL30% (30% slag)/(d) CZ3% (30%
pozzolana).

The formation of calcite during CPA cement carbonation
results in the formation of a protective layer on the skin of
material which slows down the diffusion of carbon dioxide,
so carbonation can be stopped. In the addition-based cement,
and in the absence of the quantity of portlandite sufficient
to form the protective layer, carbon dioxide diffuses more
rapidly [51]. Carbonation in secondary component cement is
faster, especially if the mortar has not been kept in moisture
environment at the early days [53].

3.4. Thermogravimetric Analysis

3.4.1. Thermogravimetric Curves. Figures 4 and 5 show the
thermogravimetric curves of the different cement pastes.
Three essential endothermic peaks have been observed for all
the types:

(1) The peak 50 to 150∘C: in this section we observe the
removal of the adsorbed and free water. We see also
the decomposition of CSH part [54].

(2) The peak 105 to 450∘C: this is the range of decompo-
sition of CSH and ettringite [54].

(3) The peak 450 to 550∘C: this is the decomposition of
CH [54, 55].

(4) The peak 650 to 750∘C: this is due to the decarbona-
tion of calcite CaCO

3
[54, 56], with emissions of CO

2

according to the reaction CaCO
3
→ CaO + CO

2
.

From Figures 4 and 5, it could be noted that the intensities of
peaks on the derivative curves (DTA) decrease with the rise
of the percentage of the addition in the composite cement.
This indicates that these intensities have a relation with the
loss ofmass represented by the curves (TG). As it can be seen,
the first peak consists of two peaks in the temperature range
between 105∘C and 450∘C, which corresponds to a great loss
of mass on the TGA curves. The evaporation of the water
molecules resulting from the decomposition of some of the
hydrates (CSH) is produced from these two endothermic
peaks. The endothermic peak from 105∘C to 450∘C becomes
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Figure 5: DTG/TG cement paste preserved in wet cure (RH = 95%, 𝑇 =20∘C) for 2 days; (a) CPA/(b) CRS/(c) CL30% (30% slag)/(d) CZ3%
(30% pozzolana).

more visible with a high substitution rate; this can be
attributed to the contribution of hydration products forma-
tion at this age.

The same behavior for Figures 6 and 7 is observed at the
28-day age on the decrease in peak intensity (observed on the
DTA curves) with the higher substitution rates of the addi-
tions and the conservation medium in the temperature range
of 105∘C to 170∘Cwhich is probably related to the evaporation
of the chemically bound water contained in the other phases
of hydration products.

The decomposition of the portlandite at 28 days is found
that, in the 2nd endothermic peak in theDTA curves between
450∘C and 550∘C, the loss of mass in this range represents the
lost water due to the dehydration of Ca(OH)

2
.

The total CaCO
3
content was calculated from the weight

loss recorded in the ATG curve between 600∘C and 800∘C,
whose intensity increases with the addition contents as a
function of the preservation medium; the loss of weight

caused by the CO
2
effect is due to the decarbonation of

CaCO
3
.

According to the curves, the calcium hydroxide Ca(OH)
2

content of calcium hydroxide for cement stored in the wet
conditions is higher than that of air and the CaCO

3
content

of the cement preserved in the air is more important due to
the natural carbonation, highlighting the 65% drying effect
especially on cement with a high additive contents, minus the
quantity of portandite produced.

3.5. Influence of Cement Type and Curing Mode on Weight
Loss. Figures 8(a) and 8(b) show the evolution of the weight
loss for the four paste samples containing substitution addi-
tions of slag and pozzolana stored for wet and air-cured
cement at the age of 2 days.

The weight loss decreases with the substitution rate rising
of the addition and under the effect of the curing medium
over all the temperature ranges. When the temperature range
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Figure 6: DTG/TG cement paste preserved on air (RH = 65%, 𝑇 = 20∘C) for 28 days; (a) CPA, (b) CRS, (c) CL30% (30% slag), and (d) CZ3%
(30% pozzolana).

is between 105∘C and 450∘C an important loss of weight is
noticed anddue to the evaporation ofwater (H

2
O) chemically

bonded to CSH hydrates for cement at the age of 2 days in a
humid room.They are 3.11%, 2.76%, 2.08%, and 1.72% for the
samples of artificial Portland cement CPA, CRS, CL30%, and
CZ30%, respectively. For air-cured cement at the age of 2 days
they are 2.29% 2.13%, 1.42%, and 1.4% for CPA artificial Port-
land cement, CRS, CL30%, and CZ30% samples, respectively.

The weight loss decreases proportionally with the substi-
tution rate of the addition as for the curingmedium influence.
Replacing a part of cement with mineral additives made
the hydration reaction be slower and could result in several
effects:

(i) Dilution of the clinker part of the cement with
concomitant reduction of the calcium aluminates and
silicates content of the cement and consumption of
the lime resulting from the hydration of the clinker
(the pozzolanic reaction)which occurs at a young age.

(ii) Reduction of portlandite content, a compound vul-
nerable to external attacks [57]. The late reaction of
mineral additions is at the origin of this slowing down
of hydration; and consequently less weight loss is
presented in the amount of evaporated water.

(iii) A reduced amount of hydrated cement consequently
decreasing the compressive strength with a greater
carbonation depth especially, for cement with a
higher addition content preserved in air causing a
negative effect on the chemically bound water con-
tained in the CSH hydrates [4, 58].

Figures 9(a) and 9(b) show the evolution of the weight loss
for the four paste samples containing substitution additions
of slag and pozzolana stored for wet and air-cured cement at
the age of 28 days.

The results obtained from the loss of weight due to the
evaporation of the water chemically bound to the hydrates
CSH for cement preserved in the humid chamber is 7.5% for
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Figure 7: DTG/TG cement paste preserved in wet cure (RH = 95%, 𝑇 = 20∘C) for 28 days: (a) CPA, (b) CRS, (c) CL30% (30% slag), and (d)
CZ3% (30% pozzolana).
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Figure 8: (a), (b) Thermogravimetric analysis of cement paste preserved in wet cure and stored in the air for 2 days.
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Figure 9: (a), (b) Thermogravimetric analysis of cement paste preserved in wet cure and stored in the air for 28 days.
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Figure 10: (a), (b) The content of retained portlandite in cement paste in wet cure and left in the air for 2 days.

theCPAand 5.04%, 4.6%, and 3.07% for theCRS,CL30%, and
CZ30%, respectively. Thus, for air-cured cement it is about
6.9% for CPA artificial Portland cement and 3.2%, 2.2%, and
2.77% for samples of CRS, CL30%, and CZ30%, respectively.

A clear increase is observed by comparing these values
with the results obtained during the cure of 2 days due to the
progress of the hydration process.

The evolution of weight loss due to the evaporation of
water of the cement preserved in the wet conditions is greater
than air, the same observation for portandite content; this is
attributed to the hydration reaction process. At 65% of rela-
tive humidity, the portlandite formation is almost stopped for
all cement. This can be interpreted by the tendency towards
the end of hydration process in this mode of conservation.

3.6. Evolution of Portlandite Quantity

3.6.1. The Portlandite Content. Figures 10(a) and 10(b) show
the content of portlandite of the cement paste retained in the
wet and air-cured at the age of 2 days.

The tests were carried out on cement pastes correspond-
ing to the different compositions.The objective is, on the one
hand, the monitoring of the quantity of portlandite and, on
the other, the study of the effect of the quantity of portlandite
as one of the indicators of durability on the kinetics of natural
carbonation.

The method of assaying portlandite and calcium carbon-
ates by TGA is based on the molar masses (atomic); the
objectivewas the control of portlandite quantity and the study
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of its effect as one of durability indicators on the natural
carbonation kinetics.

The decomposition of portlandite generally occurs in the
temperature range of 450∘C to 550∘C; its decarbonation takes
place in the temperature range of 600 to 800∘C [59]. The
amount of CH produced which reflects the moisture (poz-
zolanic or hydraulic) character is estimated by quantifying the
loss of mass due to the evaporation of water bound to these
hydrates within the temperature range indicated above.

From portlandite’s dosage of cement pastes, the profile
of the portlandite Ca(OH)

2
content of the carbonation

mechanism is analyzed.
The portlandite quantity from cement pastes was derived

from TGA tests carried out on mass reduced samples shown
in Figures 10(a) and 10(b) at 2 and 28 days. The curves show
that the quantities of portlandite produced in wet storage
medium are higher than those of 65% relative humidity.
Furthermore, we marked the difference between results of
conservation methods for all cement.

At 2 days of hydration for a wet cure (cement control)
CPA, the portlandite content decreases from 3.55% to 1.68%
compared to air curing with values from 2.14% to 2%, 1.82%
to 1.42%, and 0.72% to 0.41% for the samples of CRS, CL30%,
and CZ30%, respectively. The same was also observed for 28
days of hydration for a wet cure (cement control) CPA; the
content of portlandite decreases from 10% to 6.57% compared
to air curing from 3.22% to 3.1%, 2.3% to 1.86%, and 1.27%
to 0.95% for CRS, CL30%, and CZ30% samples, respectively.
After 28 days, this can be explained by the decrease in the
amount of portlandite as the quantity of portlandite formed
is all the more important as the content of mineral additions
is lower.This result is in agreement with other research works
[60]. It highlights the impact that the initial mineralogical
composition has on the behavior of cementitious materials
in the face of carbonation as for the portandite content.

As the pozzolanic effect becomes hydrated, the cement
releases portlandite ions (Ca++ and OH−) and then, progres-
sively, the pozzolana and/or the slag captures the Ca++ ion
to form CSH or aluminates. The hydration reaction between
Portland cement and a cementitious addition is slower. The
slowdown phase has become a dormant phase [61].

Figure 11 shows the content of portlandite as a function
of curing medium for all cement types; regarding the curing
effect, drying at 65% relative humidity virtually stopped the
formation of portlandite for all cement. This can be inter-
preted as retarding the hydration process by this mode of
preservation [62] which reduces the quantity of capillary
water necessary for the continuation of the hydration process.

3.7. Amount of Nonevaporable Water. The dehydration of
calcium silicate hydrates (CSH) generally occurs in the
temperature range of 105 to 450∘C.The amount of CSHwhich
reflects the progress of the hydration reaction is estimated by
the quantification of the loss of weight due to the evaporation
of the water bound to these hydrates; the amount of nonevap-
orable water was calculated by the following relationship [59]:

NEW (%) = [(𝑊105∘ −𝑊450∘)𝑊450∘ ] × 100, (1)
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Figure 11:The content of portlandite as a function of curingmedium
for all cement.

where NEW is the amount of nonevaporable water in
percentage.𝑊105 is the loss of weight at 105∘C, expressed as
a percentage of the mass initial burned.𝑊450 is the loss of
weight at 450∘C expressed as a percentage of the mass initial
burned.

The nonevaporable water of the cement as a function of
age and the curing medium is represented in Figures 12(a)
and 12(b). It is noted that the amount of nonevaporable water
is inversely proportional to the increase of the substitution
rate of the addition in the cement as a function of age.

Depending on the type of cement, at 2 days of hydration
for a wet cure (cement control) CPA, the amount of nonevap-
orable water (NEW) decreases from 3.11% to 2.29% compared
to air and 2.76% to 2.13, 2.08% to 1.42%, and 1.72% to 1.4% for
the samples of CRS, CL30%, and CZ30%, respectively. The
same was also observed for 28 days of hydration for a wet
cure of CPA (control cement). The amount of nonevaporable
water decreases from 7.5% to 6.9% when compared to air and
5.04% to 3.2%, 4.6% to 2.2%, and 3.07% to 2.77%, respectively,
for samples of CRS, CL30%, and CZ30%, respectively.

The amount of nonevaporable water (NEW) in the
control cement is higher than the compound cement; this is
attributed to the degree of polymerization of the CSH gel and
also to the pozzolanicCH-depletion of the composite cement.
As the hydration phenomenon is delayed by the presence of
secondary additions.

Figure 13 shows the nonevaporablewater in relation to the
curing medium for all types of cement pastes. The increase
of the nonevaporable water is also observed according to the
age of 2 days to 28 days.The curves representing the nonevap-
orable water show a pattern almost similar to those represent-
ing the development of the resistances observed for all the
cement under the same conditions of hydration. At 2 days,
it is observed that the nonevaporable water of the cement
increases.These results show that the amount of nonevapora-
ble water is related to the compressive strength, especially at
young age (2 and 28 days) [59]. This is due to the fact that
the incorporation of the secondary additions into the cement
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Figure 12: (a), (b) Nonevaporable water of cement pastes retained in the wet cure and air at 2 days.
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systematically leads to a reduction of the inorganic com-
pounds C

2
S and C

3
S. The latter are the main minerals

which ensure the development of resistances in the short and
medium term.

3.8. The Correlations

3.8.1. Correlation between Portlandite and Carbonation. As
can be seen from Figure 14, for the two curing media, the
correlation is acceptable for that in air (𝑅2 = 0.7343), and it
is not too strong for that preserved in water (𝑅2 = 0.3512),
although this tendency is coherent. Carbonation kinetics are
influenced by the quantity of carbonation parts including
portlandite [17]. The depth of carbonation decreases as the

quantities of portlandite measured rise. For the case of water
curing, the quantities of portlandite are larger than that
preserved in the air.

3.8.2. Correlation between Portlandite and Compressive
Strength. The trend curves in the Figure 15 show an accept-
able correlation for both cure types (𝑅2 = 0.8192,𝑅2 = 0.5488).
The quantities of portlandite produced in the case of wet
conservation are higher than those stored at 65% relative
humidity. Secondly, the difference between the results of the
two conservationmethods ismarked for all the cement.These
results show the content of portlandite was related to com-
pressive strength [59]. This is due to the fact of introducing
the secondary additions, which leads to a reduction of C

3
S

and C
2
S compounds.

3.8.3. Correlation between Natural Carbonation and Com-
pressive Strength. As a function of the general tendency for
the two curing media, Figure 16 shows a good correlation;
the reduction of the carbonation depths of the mortars
studied with the increase of their compressive strengths is in
agreement with the literature.

For the mechanical strength as a function of carbonation,
the proposed correlation coefficients give a good correlation
for the two media (𝑅2 = 0.9274, 𝑅2 = 0.9889) with the experi-
mental values; this correlationmeasurement of the resistance
makes it possible to estimate the durability regarding the
carbonation.

3.8.4. Correlation between Portlandite and Nonevaporable
Water. A good correlation exists between the two quantities
(Figure 17), for the two types of treatment (𝑅2 = 0.9198, 𝑅2 =
0.9083). The decrease of the nonevaporable water of the pure
pastes studied also leads to the decrease in the content of
portlandite revealing a good agreement.
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Figure 15: Portlandite content as a function of compressive strength.

Nonevaporable water is estimated by quantifying the loss
of weight due to the evaporation of chemically bound water
in the range of 150–450∘C due to the decalcification of port-
landite. This content for the samples conserved in the humid
room is greater than that for air conservation, which reflects
the amount of CSH due to the progress of the hydration reac-
tion, the same findings for the content of the portandite; this
is attributed to the progress of the hydration reaction. On the
other, hand drying at 65% relative humidity almost stopped
the formation of portlandite for all the compositions studied.

The amount of nonevaporable water (NEW) in the
control cement is higher than the compound cement; this is
attributed to the degree of polymerization of the CSH gel and
also to the pozzolanicCH-depletion of the composite cement.
Thus, the hydration phenomenon is delayed by the presence
of secondary additions.

3.8.5. Correlation betweenCompressive Strength andNonevap-
orable Water. The curves represented in Figure 18 show
the nonevaporable water with an almost similar appearance
to those representing the development of the resistances
observed for all the cement under the same hydration con-
ditions (𝑅2 = 0.5513, 𝑅2 = 0.7962). Evaporation of the cement
increases with the decrease in the substitution of the addition.
These results show that the amount of nonevaporable water is
related to the compressive strength.

4. Conclusion

This work aims to quantify the effects of wet cure duration
on the different chemical and mechanical properties of one-
year-oldmortars and cement pastesmainly and the durability
regarding natural carbonation and compressive strength as
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Figure 17: Portlandite content as a function of nonevaporable water.

studied characteristics. The investigation by thermogravi-
metric analysis on the cement paste allowed us to build a
more clear idea at the level of the microstructure and to
highlight the good correlation between the parameters seen
by this analysis and the properties of mortars studied. The
characteristics studied are strongly related to the wet curing
regime and the influence of cement type.The results obtained
from this research allow us to draw the following conclusions:

(i) The curing regime period and clinker have a signif-
icant effect and improvement of mortars properties.
It has been noticed that the extension of the curing

regime has a marked effect on the compressive
strength.

(ii) The influence of cement type is more significant for
mortars with low addition dosages; the compressive
strength of CEMII/BS andCEMII/BP cement ismuch
lower than those of CEMI52.5 and CEMII42.5; this
was explained by the slowing down of hydration
because of the low clinker content.

(iii) The carbonation depth is greater for the CEMII/BS
andCEMII/BP test specimens compared toCEMI52.5
and CEMII42.5; this effect is in part attributed to
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Figure 18: Nonevaporable water as a function of compressive strength.

the low clinker content and therefore the content of
portlandite Ca(OH)

2
and the pozzolanic activity.

(iv) The thermogravimetric analysis (TGA) is the most
optimized method for investigating natural carbon-
ation in mortars and cement pastes.

(v) The analysis by DTA/TG shows the influence of the
type of cement on the loss of weight and the content
of portlandite.

(vi) The quantity of portlandite is inversely proportional
to the increase in the substitution rate of the addition
for all ages.

(vii) The cement hydration is delayed by the pozzolanic
activity of the addition, which is explained by the
greater carbonation depth and a lower portlandite
content.

(viii) A good correlation exists between compressive
strength and natural carbonation. An almost linear
relationship has been observed between different
mortars and resistance increases when carbonation
decreases.

(ix) Portlandite content is increasing as a function of the
compressive strength and the inversely is decreasing
in regard to the natural carbonation.

(x) The nonevaporable water contained in the hydrates
which reflects the rate of advance of the hydration
is used to determine the degree of hydration of the
blended cement.

(xi) The quantity of nonevaporable water is inversely
proportional to the increase in the substitution rate
of the addition for all ages.

(xii) The correlation between portlandite content, com-
pressive strength, and natural carbonation was satis-
factorily performed; the portlandite content seemed

to be an important parameter in the prediction of the
resistance of mortars and their durability.
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To promote the utilization of fly-ash, based on the orthogonal experiment method, wet density and unconfined compressive
strength of Foamed Mixture Lightweight Soil mixed with fly-ash and quicklime (FMLSF) are studied. It is shown that the wet
density and unconfined compressive strength of FMLSF increase with the increase of cement content, while decreasing with the
increase of foam content. With the mixing content of fly-ash increase, the wet density and unconfined compressive strength of
FMLSF increase firstly and then decrease. Scanning Electron Microscope (SEM) tests show that ball effect or microaggregate effect
of fly-ash improves the wet density and unconfined compressive strength of FMLSF.With themixing content of quicklime increase,
thewet density andunconfined compressive strength of FMLSF increase firstlywithin a narrow range and thendecrease. In addition,
the primary and secondary influence order on wet density and 28-day compressive strength of FMLSF are obtained, as well as the
optimal mixture combination. Finally, based on two abutments in China, behind which they are filled with FMLSF and Foamed
Mixture Lightweight Soil (FMLS), the construction techniques and key points of quality control behind abutment are compared
and discussed in detail, and the feasibility of utilization fly-ash as FMLSF is verified by the experimental results.

1. Introduction

Foamed Mixture Lightweight Soil (FMLS) as a new kind of
geotechnical material, because of its light weight, indepen-
dence, self-tightness, regulatory of bulk density and intensity,
construction convenience, and thermal insulation properties,
and so forth, has been applied successfully in the under-
ground pipeline and cavity filling, heat preservation and heat
insulation, and so on, especially in highway embankment
filling [1, 2]. Because of its advantages, FMLS was put forward
by Japanese scholars in the early 1980s, and a series of indoor
and outdoor experimental research were carried out to show
that FMLS is a good material in the field of civil engineer-
ing (e.g., [3–6]). Experimental research is mainly focused
on compressive strength, stress-strain characteristics, pore
structure, fiber improvement, and durability currently [7].

Although a lot of progress has been made, new improved
materials for FMLS remain to be studied.

In recent years, fly-ash was gradually used in road
engineering, ocean engineering, and other types of engi-
neering. Predecessors (e.g., [8–12]) had done research on the
utilization of fly-ash, and some beneficial conclusions were
obtained. In general, previous scholars’ research showed that
fly-ash utilization research usually focuses on using fly-ash as
the solely material for embankment filling, while research on
the combination of FMLS and fly-ash for embankment filling
is less. Using fly-ash as solely material for embankment filling
may cause the following problems. Firstly, the dry density of
fly-ash after roller compaction is 10.7–11.0 kN/m3, which is a
third to fifth lighter than soil, but heavier than widely used
FMLS to more than 50%. Therefore, there is a big disadvan-
tage if considering embankment weight. Secondly, fly-ash is
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the powder material in the process of filling, and the com-
paction effect is not very ideal [13]; especially when its mois-
ture content is higher, the degree of compaction is hard to
meet the requirements. In addition, the permeability of fly-
ash is high and easily induces fly-ash beingwashed by rainwa-
ter, so it needs to do package-edge processing with cohesive
soil before construction, which will impact the integrity,
strength, and stability of embankment [14]. Some scholars
(e.g., [15–18]) tried mixing fly-ash with soil or cement, even
lightweight aggregate, and proved that it is not only a good
way to promote the utilization of fly-ash, but also a good
way to solve the above-mentioned problems. Despite recent
progress, the research onmixing fly-ash with FMLS is less, so
the main point of this work is to explore the best utilization
program of fly-ash mixed in FMLS.

The differential settlement between the rigid abutment
and the flexible embankment has resulted in huge mainte-
nance costs for the bridge highway, which prompts some
experts to find a lightweight and low-cost backfill material for
the abutment to effectively solve the problem of strength and
deformation. Alizadeh et al. [19, 20] used fly-ash to produce
a suitable controlled low strength material as a backfill for
bridge abutment. The application of argil fly-ash concrete to
highway-bridge abutment backfill was introduced by Zhe-
sheng et al. [21] and proved that its soil pressure and settle-
ment are smaller than that of othermaterialsmarkedly. Li and
Zhang [22] and Jamnongpipatkul et al. [23] discussed the
actual application state of FMLS in handling of road founda-
tion and showed that FMLS is a lightweight, environmentally
friendly embankment backfill material and it can reduce
settlement and maintain stability. However, there is little
research and application on FMLS mixed with fly-ash and
quicklime (FMLSF) as abutment backfill. This paper will
study the application of FMLSF in abutment backfill.

This paper starts from the experimental study on wet
density and unconfined compressive strength of FMLSmixed
with fly-ash and quicklime (FMLSF) based on the orthogonal
experimentmethod [24, 25].Then, changing laws of wet den-
sity and unconfined compressive strength are revealed, with
different content of cement, fly-ash, quicklime, and foam.
After that, the microscopic mechanism of fly-ash improve-
ment in FMLSF and primary and secondary influence order
of mixing content are obtained later, as well as the optimal
mixture combination. Finally, selected sections of abutments
of expressway bridge are filled with FMLSF, and the corre-
sponding construction techniques and key points of quality
control are discussed.

2. Mixture Proportion Experiment Program

2.1. Dosage of Water and Foaming Solution. Define 𝑉𝑠 as the
total volume of slurry composed of cement, fly-ash, quick-
lime, and water in 1m3 mixture of FMLSF. It can be showed
as follows:

𝑉𝑠 =
𝑀𝑐
𝜌𝑐
+ 𝑀fa
𝜌fa
+
𝑀𝑞
𝜌𝑞
+ 𝑀𝑤
𝜌𝑤
, (1)

where𝑀𝑐,𝑀fa,𝑀𝑞, and𝑀𝑤 are the mass of cement, fly-ash,
quicklime, and water, respectively, and 𝜌𝑐, 𝜌fa, 𝜌𝑞, and 𝜌𝑤
are the density of cement, fly-ash, quicklime, and water,
respectively, which are 3100 kg/m3, 2600 kg/m3, 1200 kg/m3,
and 1000 kg/m3, respectively. The dosage of water can be
expressed using following equation:

𝑀𝑤 = 𝜑 (𝑀𝑐 +𝑀fa +𝑀𝑞) , (2)

where 𝜑 is water-binder ratio.The designing density of slurry
composed of cement, fly-ash, quicklime, and water is around
1650 kg/m3, so the water-binder ratio 𝜑 could be calculated
using following equation:

𝜌𝑠 =
𝑀𝑠
𝑉𝑠
=
𝑀𝑐 +𝑀fa +𝑀𝑞 +𝑀𝑤

𝑉𝑠

=
(1 + 𝜑) (𝑀𝑐 +𝑀fa +𝑀𝑞)

𝑀𝑐/𝜌𝑐 +𝑀fa/𝜌fa +𝑀𝑞/𝜌𝑞 + 𝜑 (𝑀𝑐 +𝑀fa +𝑀𝑞) /𝜌𝑤
,

(3)

where 𝜌𝑠 is the density of slurry composed of cement, fly-ash,
quicklime, and water and𝑀𝑠 is the mass of slurry composed
of cement, fly-ash, quicklime, and water.The residual volume
for 𝑉𝑝 in 1m3 mixture of FMLSF would be filled by foam, so
the dosage of foaming solution 𝑉𝑝 would be calculated using
the following equation:

𝑉𝑝 = 𝐾 (1 − 𝑉𝑠) , (4)

where 𝐾 is extracoefficient, usually taking 1.1∼1.3. 𝐾 = 1.1
in this experiment. We firstly did some preexperiments to
decide the suitable dosage of foaming solution based on above
calculation. Because of lots of losses of foam when added to
the mixture of FMLSF, we should add 2∼3 times the amount
of theoretical foam to get the ideal porosity content or specific
density.

2.2. Orthogonal Experiment Method. The composition of
FMLSF can be divided into two classes: one is the main
components as cement, water, and foam, and the other is aux-
iliary components as fly-ash, quicklime, and others. For the
wet density and unconfined compressive strength of FMLSF,
the main affecting factors are cement, fly-ash, quicklime, and
foam. Each affecting factor is set four levels further in Table 1,
using 𝐿16 (44) orthogonal table to arrange four factors and
four levels of tests in Table 2.

2.3. Experimental Materials and Instruments. A Composite
Polymer Foaming Agent (CPFA) is used to produce FMLSF
in this research, which is a colorless liquid, and PH value is
7.5–9.0. It has many advantages, such as high foaming rate,
low absorption rate, high strength, and persistence. In addi-
tion, CPFA is pollution-free and green environmental. There
are two methods to form air bubbles: mechanical mixing
method and prefoaming method. To control the amount and
stability of air bubbles, the prefoaming method is selected.
With the prefoaming method, the air bubbles were first
foamed via a foaming machine and then mixed with cement
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Table 1: Four levels of each affecting factor.

Level Cement (kg/m3) Fly-ash (kg/m3) Quicklime (kg/m3) Foam (L)
1 250 50 10 850
2 400 100 20 750
3 550 150 30 650
4 700 200 40 550

Table 2: 𝐿16 (44) orthogonal table.

Test number Affecting factor Test results
Cement Fly-ash Quicklime Foam Wet density (kg/m3) Unconfined compressive strength (MPa)

1 1 1 1 1 678 0.34
2 1 2 2 2 690 0.45
3 1 3 3 3 770 0.68
4 1 4 4 4 800 0.95
5 2 1 2 3 910 1.37
6 2 2 1 4 1060 2.29
7 2 3 4 1 727 0.76
8 2 4 3 2 730 0.72
9 3 1 3 4 1180 3.93
10 3 2 4 3 1120 3.41
11 3 3 1 2 780 1.14
12 3 4 2 1 870 1.22
13 4 1 4 2 970 1.69
14 4 2 3 1 940 1.69
15 4 3 2 4 1170 3.87
16 4 4 1 3 1040 2.7

Figure 1: Generated bubbles.

slurry. CPFA is mixed with water according to the scale of
1 : 40. Generated bubbles are shown in Figure 1. The fly-ash
used in this work is collected from Yulian thermal power
plant inHenan, China. According to the test result, the 45 𝜇m
sieve residues of fly-ash are 12%, which meet the fineness
requirement of ASTM C618 [26]. The hardening agent is
ordinary Portland cement whose grade is 42.5. Table 3 shows
the chemical and mineralogical compositions of cement and
fly-ash used in this investigation, and Table 4 shows the
physical properties of cement which meet the requirements
of ASTM C311 [27].

Table 3: Chemical compositions of cement and fly-ash.

Chemical constituents Cement (%) Fly-ash (%)
Silicon dioxide/silica (SiO2) 20.32 57.2
Aluminium oxide/alumina (Al2O3) 4.86 29.1
Ferric oxide (Fe2O3) 4.99 4.3
Calcium oxide (CaO) 65.45 1.5
Magnesium oxide (MgO) 1.25 2.8
Sodium oxide (Na2O) 0.15 3.2
Potassium oxide (K2O) 0.40 1.2
Sulphur oxide (SO3) 2.10 0.7

Table 4: Physical properties of cement.

Physical properties Test results
Specific surface, m2/kg 256
Compressive strength, MPa 28.8 (3 days)/45.3 (28 days)
Initial set, minutes 165
Final set, minutes 232
Water consumption of normal
consistency (%) 25.6

Fineness (80𝜇m, %) 1.2

Materials and samples preparation, as well as measure-
ment ofwet density andunconfined compressive strength, are
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Foam solution Compressed air

FoamCement

Fly-ash

Quicklime

Water

Seriflux

Foamed mixture FMLSF

Figure 2: The specimen preparation process.

conducted according to the Chinese Standard of Technical
Specification for Foamed Mixture Lightweight Soil Filling
Engineering [28]. Firstly, the cement content, quicklime
content, and fly-ash content are mixed according to the
orthogonal experimental design of 16 different mix propor-
tion groups. Stirring time lasts approximately 5min and then
stirring with water, until seriflux’s wet density is around
1650 kg/m3. This process is very important, because cement
and fly-ashmust be fullymixed into slurry state until the seri-
flux no longer contains larger particles. Secondly, the foaming
agent is dilutedwithwater in a ratio of 1 : 40, and then frothing
through foaming machine. Thirdly, the generated bubbles
are added to fully stirred seriflux, then loading the foamed
mixture into cube mould whose size is 10 cm × 10 cm × 10 cm
after mixing for 5 minutes. Because foamed mixture has high
liquidity, it can fully dense as long as mould vibration gently.
Finally, put samples covered with plastic film in an incuba-
tor chamber at 20∘C, demould after conserving 24 hours,
then number them, and conserve to designing age. Before
the foamedmixture loaded into cubemould, it was measured
to obtain its wet density. Three specimens were tested and
the average wet density was computed. The wet density is
measured by a container and an electronic weigher; the range
of them, respectively, is 600mL and 2000 g. Three specimens
were tested at the age of 28 d to determine their uncon-
fined compressive strength and the average strength was
computed.The unconfined compressive strength is measured
by electronic universal testing machine which is made in
ChangchunMachinery Factory (CSS-44050) and the loading
rate is 2 kN/s.

The specimen preparation process is shown in Figure 2.
Samples before demoulding are shown in Figure 3. Different
mixture proportions of FMLSF which have been numbered
are shown in Figure 4.

3. Analysis of Test Results

Unconfined compressive strength test results of FMLSF are
shown in Table 2. To compare the effect of various factors on
the strength and wet density, we calculated the mean value of
strength and wet density at different levels of each affecting
factor; the results are shown in Figures 5–9. To investigate
the microscopic mechanism of fly-ash improvement, the
microstructure of FMLSF at different cement content was

Figure 3: Samples before demoulding.

Figure 4: Different mixture proportion of FMLSF which have been
numbered.

observed by Scanning Electron Microscope (SEM), and the
representative images are shown in Figure 6.

As can be seen from the Figure 5, the wet density and
unconfined compressive strength of FMLSF increase with the
increase of cement content. It is well known that cement is
a cementitious material. For FMLSF, cement is the primary
cementitious material and the primary source of strength.
We all know that hydration occurs when cement encounters
water. Hydration is the precondition of cement hardening
and hardening is the reason for the structural strength. The
hydration products of cement aremainly amorphous calcium
silicate hydrates (C-S-H), cubic plate of calcium hydroxide
crystals, and needle-like ettringite (see Figure 6(b)). These
hydrated products grow interchangeably, making the struc-
ture become compacted and dense.

As can be seen from the Figure 7, the addition of fly-ash
makes the wet density and unconfined compressive strength
of FMLSF increase firstly and then decrease. Fly-ash par-
ticles are smooth spherical beads, which are similar to the
lubrication effect of ball bearing that can reduce the friction
between particles. It is well known that the flowability of
spherical particles in the slurry is much greater than that
of any other shaped particles under the identical conditions.
Furthermore, the 45𝜇m sieve residues are used as fly-ash
fineness requirements according to the ASTM C 618. That is
to say, most of the particle size of fly-ash is less than 45 𝜇m.
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Figure 5: Cement content’s influence on wet density and strength of FMLSF.

(a) Cement content is 55% (fly-ash 45%) (b) Cement content is 75% (fly-ash 25%)

Figure 6: The SEM images of FMLSF: 1000x.
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Figure 7: Fly-ash content’s influence on wet density and strength of FMLSF.
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Figure 8: Quicklime content’s influence on wet density and strength of FMLSF.
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Figure 9: Foam content’s influence on wet density and strength of FMLSF.

Because of the small size of fly-ash particles and the shape of
smooth spherical beads, as is shown in Figure 6(a), the fly-ash
particles can be evenly distributed in the cement slurry, which
makes the cement particles evenly disperse to reduce the
accumulation of cement. As a result, space of hydration and
generated hydration products is expanded and the porosity
after hardening is reduced. The description of the preceding
paragraph is called ball effect or microaggregate effect of
fly-ash. With the ball effect (e.g., [29–33]), the structure
between spherical particles of fly-ash and cement particles
can be closer, thus improving the wet density and unconfined
compressive strength of FMLSF to a certain extent. However,
when the fly-ash content is small, the ball effect is not obvious.
Meanwhile, excessive fly-ash content will lead to less hydra-
tion products and as a result reduce wet density and strength.
So too much fly-ash has little good effect on wet density
or strength; there is an optimal value.

As can be seen from the Figure 8, with themixing content
of quicklime increase, the wet density and unconfined com-
pressive strength of FMLSF increase firstly within a narrow
range and then decrease. It follows that quicklime has little
effect on wet density and strength, so it should not be used
as the additive agent for FMLSF. As is reported by Cong and
Bing [34], the water existing in the surface of the foam can
be assimilated by quicklime, which results in the breaking
of foam. The great instability in foam is also the reason that
quicklime cannot be applied in the FMLSF.

As can be seen from the Figure 9, the increase of foam
content makes the wet density and unconfined compressive
strength of FMLSF decrease. It is because with the increase of
foam content, the amount of fine closed foams in the slurry
increases. Thus, the slurry volume will increase, which leads
to decreasing of wet density and strength. Based on Kikuchi’
microscopic observation [35], the air voids in the FMLS will
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Table 5: The range analysis results.

Level parameters Affecting factor
Cement Fly-ash Quicklime Foam

Wet density
𝑘𝑗1 734.5 934.5 889.5 792.5
𝑘𝑗2 856.8 952.5 910.0 803.8
𝑘𝑗3 987.5 861.8 905.0 960.0
𝑘𝑗4 1030.0 860.0 904.3 1052.5
𝑅𝑗 295.5 92.5 20.5 260.0

Sensitivity sequence Cement > foam > fly-ash > quicklime
Compressive strength
𝑘𝑗1 0.605 1.833 1.618 1.000
𝑘𝑗2 1.285 1.960 1.728 1.003
𝑘𝑗3 2.425 1.613 1.755 2.040
𝑘𝑗4 2.488 1.398 1.703 2.760
𝑅𝑗 1.883 0.563 0.138 1.760

Sensitivity sequence Cement > foam > fly-ash > quicklime

be connected when the air fraction is more than 30% by
volume; it is disadvantageous for the strength of FMLS. Foam
reduces the wet density but also reduces the strength, so the
foam content should not be too high.

4. Range Analyses

The factors which influence wet density and strength of
FMLSF include cement content, fly-ash content, quicklime
content, and foam content. It can found through experiments
that four factors have different level of effects on wet density
and strength. In order to analyze magnitude of the effect,
the range analysis method is selected, and the results are
shown in Table 5. It can be seen from it that the main factor
which influences wet density and compressive strength is the
cement content, which follows the foam content. Therefore,
the cement content and foam content should be strictly
controlled to achieve the purpose of controlling construction
quality. The calculation steps of range analysis are as follows:

(1) Calculate 𝐾𝑗𝑚 value, where 𝐾𝑗𝑚 is the sum of corre-
sponding test results for affecting factor in different
level; 𝑚 is serial number of levels of affecting factor,
as 1, 2, 3, and 4; 𝑗 is serial number of affecting factors,
as 1, 2, 3, and 4.

(2) Calculate 𝑘𝑗𝑚 value, where 𝑘𝑗𝑚 = 𝐾𝑗𝑚/4,𝑚=1, 2, 3, 4.

(3) Calculate the range value 𝑅𝑗 of 𝑘𝑗𝑚, where 𝑅𝑗 =
max(𝑘𝑗𝑚) −min(𝑘𝑗𝑚).

(4) According the value of 𝑅𝑗, judge the influence order
of affecting factors.

The greater the value, the larger the influence on test results
and the more important the affecting factor.

5. The Optimum Mixture Proportion

From the view of engineering application, in general, the
mixture proportion of FMLSF when wet density is low
(<1000 kg/m3) and strength is high (>1MPa) is the optimum
mix proportion, therefore taking the data of Table 3 for
further analysis.

(1) Cement. The corresponding compressive strengths of
400 kg/m3, 550 kg/m3, and 700 kg/m3 are all greater than
1MPa. However, with the increase ofmixing amount, the cor-
responding cost increases also. As a result, the recommended
optimal mixing proportion of cement is 400 kg/m3, and the
corresponding wet density also meets the requirement.

(2) Foam. 650 L/m3 and 750 L/m3 canmeet the requirements.
From the point of improving the lightweight, 750 L/m3 is a
better choice.

(3) Fly-Ash. Because all the compressive strength of different
addition amounts can meet the requirements, it is suitable
for analysis through wet density. It is not difficult to find that
150 kg/m3 and 200 kg/m3 aremore reasonable. From the view
of promoting the use of fly-ash, 200 kg/m3 is a better choice.

(4) Quicklime. Both the wet density and compressive strength
changed very little, so it is better not to mix quicklime.

6. As Backfill Material behind Abutments of
Expressway Bridge

6.1. General Situation of the Engineering. The experimental
engineering named Guang-Fo-Zhao Expressway Lianjing
Bridge is located in Zhaoqing City, Guangdong Province,
China. The roadway station is K80 + 679.679–K80 + 760.116,
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Table 6: Mixture proportion in the practical engineering of FMLS.

Number Cement
(kg/m3)

Water
(kg/m3)

Foam
(L)

Wet density of FMLS
(kg/m3)

Foam ratio
(%)

1 600 352.1 500 970 44.89%
2 500 293.4 600 800 54.55%
3 400 234.7 700 720 59.09%
4 350 205.4 750 620 64.77%

Pavement

Abutment

1770

5 layers of steel mesh �휙 8@200

FMLSF or FMLS fill

Gravel cushion
ordinary fill

Subgrade

2
0
0

8
0
0

Figure 10: Filling diagram of FMLSF or FMLS as backfill material behind abutments.

and it is a separate abutment. Behind the abutments of Lian-
jing Bridge, FMLSF or FMLS are filled as backfill material, so
as to reduce the load and basic stress, reduce settlement, and
increase the dense of fillings [36, 37]. In order to verify the
optimummixture proportion of FMLSF based on laboratory
experimental data in this article, two abutments are selected
to fill with FMLSF and FMLS, respectively.The height behind
the abutment is 8m, width is 12m, and length is 17.7m. Along
the longitudinal of the road, four steps with spacing 2m are
set at the joint of the FMLSF and subgrade. Each step laid
steel mesh as 𝜙 8@200 to reinforce the integrity and stability
of FMLSF and subgrade. Filling diagram of FMLSF or FMLS
as backfill material behind abutments is shown in Figure 10.

6.2. Construction Technology. The construction technology
of FMLSF and FMLS is almost the same, and the key points
of quality control are briefly analyzed as follows. According
to the previous studies on FMLS, because its fluidity is high,
the pouring method can be selected, and there is a wealth
of construction data of FMLS [38]. Single layer thickness of
the pouring for FMLSF is 0.6m and FMLS is 0.8m. Single
layer time of the pouring should be controlled in the concrete
initial setting time. A layer of pouring should be after the final
set of the under layer, so the time interval is at least 7 hours.
Avoid the rain, in the process of construction, and curing at
moisture-retention with plastic film or nonwoven fabric.

Before filling construction, testing preparation of four
practical engineering mixture proportions of FMLS is con-
ducted, and the results are shown in Table 6. Testing prepa-
ration of mixture proportion of FMLSF is the same as labora-
tory experiments. Because foam density is far less than the
cement density, this paper uses the same wet density cement
slurry by adding different amount of foam content to pouring
specimens. Material composition of cement slurry is as
follows: cement 1109.2 kg/m3, water 650.9 kg/m3, and wet
density 1760.1 kg/m3.

6.3. Fieldwork Experiment Results. See Figure 11 for the
results of unconfined compressive strength test of FMLS.
Through the stress-strain curves with different rate of foam, it
can be seen that the unconfined compressive strength of
FMLS decreases with the rate of foam increase. In addition,
main failure pattern which is brittle failure is gradually
transformed into ductile failure. When compressive strength
meets the design requirements, wet density of FMLS should
be as small as possible, so the first (wet density 970 kg/m3;
unconfined compressive strength 1.4MPa) or second (wet
density 800 kg/m3; unconfined compressive strength 1.2MPa)
group is more appropriate. Furthermore, according to the
optimum mixture proportion of FMLSF (cement 400 kg/m3,
fly-ash 200 kg/m3, and foam 750 L/m3) to prepare sample
and do unconfined compressive strength test, experimental
results show that wet density of FMLSF is 720 kg/m3, and
compressive strength is 1.4MPa.

Based on the above test results, two mixture proportions
are used to manufacture FMLS and FMLSF as backfill
material, respectively. The recent monitor report shows that
the settlement and stability of the two abutments all meet the
requirements. Because of the low price of fly-ash and because
utilization of it can reduce the pollution of environment, from
this point of view, FMLSF is better than FMLS.

7. Conclusions

Foamed Mixture Lightweight Soil mixed with fly-ash and
quicklime as backfill material behind abutments of express-
way bridge is studied in this paper. Based on two abutments of
Guang-Fo-Zhao Expressway Bridge in China, the construc-
tion techniques and key points of quality control filled with
FMLSF behind abutment are proposed as follows:

(1) Thewet density and unconfined compressive strength
of FMLSF increase with the increase of cement
content, while decreasing with the increase of foam
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Figure 11: The stress-strain curves of FMLS with different rate of foam.

content. With the mixing content of fly-ash increase,
the wet density and unconfined compressive strength
of FMLSF increase firstly and then decrease. With the
mixing content of quicklime increase, the wet den-
sity and unconfined compressive strength of FMLSF
increase firstly within a narrow range and then
decrease.

(2) The microscopic mechanism of fly-ash improvement
in FMLSF is investigated through images observed by
Scanning Electron Microscope (SEM). Ball effect or
microaggregate effect of fly-ash improves thewet den-
sity and unconfined compressive strength of FMLSF.

(3) The range analysis shows that the content of cement
has a significant effect on the wet density and uncon-
fined compressive strength and then in turn air
content, fly-ash content, and quicklime content. The
optimum mixture proportion is cement 400 kg/m3,
fly-ash 200 kg/m3, and foam 750 L/m3.

(4) The settlement and stability of the two abutments
filled with FMLSF and FMLS all meet the require-
ments. Because of the low price of fly-ash and because
utilization of it can reduce the pollution of environ-
ment, from this point of view, FMLSF is better than
FMLS.

Nomenclature

𝑉𝑠: Volume of slurry without bubbles (see
(1))

𝑉𝑝: Dosage of foaming solution (see (4))
𝑀𝑐,𝑀fa,𝑀𝑞,𝑀𝑤: Mass of cement, fly-ash, quicklime, and

water, respectively
𝑀𝑠: Mass of slurry composed of cement,

fly-ash, quicklime, and water (see (3))
𝜌𝑐: Density of cement (=3100 kg/m3)
𝜌fa: Density of fly-ash (=2600 kg/m3)
𝜌𝑞: Density of quicklime (=1200 kg/m3)

𝜌𝑤: Density of water (=1000 kg/m3)
𝜌𝑠: Density of slurry without bubbles (=1650 kg/m3)
𝜑: Water-binder ratio (see (2))
𝐾: Extracoefficient (=1.1)
𝑗: Serial number of affecting factors
𝑚: Serial number of levels of affecting factor
𝐾𝑗𝑚: The sum of affecting factor in different level
𝑘𝑗𝑚: Average value (=𝐾𝑗𝑚/4) (see Table 3)
𝑅𝑗: Range value (=max(𝑘𝑗𝑚) −min(𝑘𝑗𝑚)) (see Table 3).

Additional Points

Research Highlights. (i) Promote the utilization of fly-ash
mixed in FoamedMixture Lightweight Soil (FMLS), as back-
fill material behind abutments of expressway bridge. (ii) The
influence laws of cement content, air content, fly-ash content,
and quicklime content on the wet density and 28 d uncon-
fined compressive strength of Foamed Mixture Lightweight
Soil mixed with fly-ash and quicklime (FMLSF) are revealed.
(iii) The microscopic mechanism of fly-ash improvement
in FMLSF is investigated. (iv) The primary and secondary
influence order on wet density and 28 d compressive strength
of FMLSF are obtained, as well as the optimal mixture
combination. (v)The construction technology of FMLSF and
FMLS as backfill material behind abutments of expressway
bridge is studied.
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The aim of this work is to know clearly the effects of temperature in response to curing condition, hydration heat, and outside
weather conditions on the strength development of high-performance concrete. The concrete walls were designed using three
different sizes and three different types of concrete. The experiments were conducted under typical summer and winter weather
conditions. Temperature histories at different locations in the walls were recorded and the strength developments of concrete at
those locations were measured. The main factors investigated that influence the strength developments of the obtained samples
were the bound water contents, the hydration products, and the pore structure. Testing results indicated that the elevated summer
temperatures did not affect the early-age strength gain of concretemade using ordinary Portland cement. Strength development was
significantly increased at early ages in concrete made using belite-rich Portland cement or with the addition of fly ash.The elevated
temperatures resulted in a long-term strength loss in both belite-rich and fly ash containing concrete. The long-term strength loss
was caused by a reduction in the degree of hydration and an increase in the total porosity and amount of smaller pores in the
material.

1. Introduction

High-performance concrete is being used increasingly in
the construction of high-rise buildings, bridges and marine
structures. If high strength concrete is used for columns or
other large section members of massive concrete structures,
the center temperature of the members will rise rapidly at
early ages due to hydration heat and the high temperatures
will remain in the member for a relatively long period of time
due to the low thermal conductivity of concrete. High tem-
peratures generally accelerate the early-age strength devel-
opment of concrete, while reducing the long-term strength
development. These elevated temperatures will result in
physical and chemical transformations in the concrete [1–
7]. Various researchers have studied the microstructure and
hydration to explain these effects. It has been reported that the
loss of long-term strength is induced by both physical effects
and chemical effects. The physical effects are an increase

in porosity and an increased incidence of microcracking in
cement paste, the latter caused by large differences in the
thermal expansion coefficients of the concrete constitutes [8–
18]. The chemical effects include changes in the structure
of the hydration products and the loss of water in concrete
[19–24]. Most of the research on cement paste, mortar, and
concrete was conductedwith the specimens hydrated at room
temperature, on a level surface and during the early stages
of hydration. There is not enough information available on
high-performance concrete curd at elevated temperatures, in
mass structures. Studies on the effects of outside weather
conditions on the strength development of high-performance
concrete in mass structures are very scarce in the technical
literature.

This research provided the data needed to set a limitation
on the maximum permissible internal temperature of a mass
structure, such as a nuclear facility structure, a bridge foun-
dation, or amarine structure, to ensure the structure is strong
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Table 1: Bogue composition of cement used in concretes.

Cement Blaine(cm2/g) Density(g/cm3) Mineralogical properties (%)
C
3
S C

2
S C

3
A C

4
AF

OPC 3280 3.16 52 24 9 9
BPC 4080 3.20 29 54 3 8

Table 2: Properties of fly ash.

Ig. loss (%) Specific gravity
Fineness Percentage of

flow (%) SiO
2
(%) CaO (%) Al

2
O
3
(%)45𝜇m sieve residual

quantity (%)
Blaine
(cm2/g)

0.9 2.27 2.3 3890 110 33.2 42.3 14.1

Table 3: Mix proportions and properties in fresh concrete.

Concrete W/C S/A Unit content (kg/m3)
Water Cement Fly ash Sand Gravel

OPC-S 0.33 0.49 170 516 — 787 840
BPC-S 0.33 0.53 170 516 — 854 776
FPC-S 0.33 0.50 170 310 206 774 776
OPC-W 0.33 0.49 170 516 — 787 840
BPC-W 0.33 0.53 170 516 — 854 776
FPC-W 0.33 0.50 170 310 206 774 776
0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
Concrete S/A Chemical agent∗1 Chemical agent∗2 Slump (cm) Flow (cm) Air (%) Temp. (∘C)
OPC-S 0.49 C × 1.2% C × 0.001% 22.0 38.5 4.9 31
BPC-S 0.53 C × 1.3% — 63.5 4.8 30
FPC-S 0.50 C × 1.0% — 63.0 4.4 30.5
OPC-W 0.49 C × 1.2% C × 0.001% 23.5 42.0 4.1 8.5
BPC-W 0.53 C × 1.3% — 61.5 4.2 10
FPC-W 0.50 C × 1.0% — 61.2 4.2 8.5
∗1High range water reducing agent, SP8 SX2.

∗2Air reducing agent, MA404.

and durable. In this paper we will report on some experi-
mental work investigating the compressive strength gain at
varying temperatures during the mixing, placing, and curing
of concrete in mass structures. Concrete walls were designed
having three different depths, being 1.5m, 0.8m, and 0.3m,
composed of three different types of concrete, and processed
under two different climate conditions. Temperature histories
at different locations in the walls were recorded and the
compressive strength, the degree of hydration products, and
the microstructure of the concrete at those locations are
presented.

2. Experimental Design

2.1. Mixing and Materials. Three types of concrete were used
in this study: concrete made with ordinary Portland cement
(OPC), with belite-rich Portland cement (BPC), and with
ordinary Portland cement supplemented with 40% fly ash
(FPC). This level of fly ash has been increasingly used for
high-performance concrete in mass structures. The proper-
ties of the cement are shown in Table 1. Fly ash conforming
to JIS A 6201 had the properties as given in Table 2. The

aggregate consisted of crushed sandstone (maximum size:
20mm, density: 2.65 g/cm3, absorption: 0.72%, and fineness
modulus: 6.0) and construction sand (density: 2.58 g/cm3,
absorption: 2.07%, and finenessmodulus: 2.69). An air reduc-
ing agent and a high range water reducing agent were used as
admixtures. Their amounts are given in Table 3.The concrete
was mixed in a twin shaft-type mixer (200 L). After first
mixing the mortar for 50 sec., the coarse aggregate was added
and the resulting concrete was mixed for another 90 seconds.
The mixing was conducted in the summer and in the winter
to provide the two types of weather conditions. In Table 3,
the composition and the properties of the fresh concrete are
presented.

2.2. Design of Model Walls and Curing. To investigate the
variation of long-term strength in actual concrete walls
subjected to different curing temperatures, three model walls
were designed. The model walls are shown in Figure 1. The
depths of the walls were similar to those in an actual nuclear
power plant, namely, 1.5m, 0.8m, and 0.3m. In order to
simulate an actual long wall, the circumference of the wall’s
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Table 4: Compressive strength data of concretes.

Concrete (summer) Curingstates Compressive strength (MPa) Concrete (Winter) Curing states Compressive strength (MPa)
3 days 7 days 28 days 91 days 3 days 7 days 28 days 91 days

OPC-S

Standard 47.9 59.2 69.7 78.9

OPC-W

Standard 51.4 65.5 78.8 82.4
Sealed 43.8 54.6 60.5 69.7 Sealed 46.0 57.7 68.4 74.5
1.5m-C 51.7 55.8 60.3 60.9 1.5m-C 64.0 71.7 73.7 74.0
1.5m-S 47.9 49.2 59.2 60.3 1.5m-S 56.7 58.3 72.1 72.9
0.8m-C 54.9 58.7 0.8m-C 72.1 74.6
0.8m-S 56.3 59.5 0.8m-S 70.3 74.0
0.3m-C 57.8 62.6 0.3m-C 67.8 69.8

BPC-S

Standard 33.9 45.8 74.4 87.5

BPC-W

Standard 34.6 49.4 81.2 90.1
Sealed 33.8 41.0 63.9 81.0 Sealed 33.3 43.0 66.6 77.2
1.5m-C 60.7 63.8 64.6 69.3 1.5m-C 56.2 64.4 75.1 78.6
1.5m-S 48.5 58.0 62.6 65.7 1.5m-S 37.0 44.4 61.5 73.0
0.8m-C 67.5 70.1 0.8m-C 66.8 70.1
0.8m-S 64.2 69.4 0.8m-S 60.6 73.8
0.3m-C 67.7 70.4 0.3m-C 58.7 72.2

FPC-S

Standard 26.6 38.7 55.0 70.1

FPC-W

Standard 28.4 42.5 59.1 75.7
Sealed 22.8 34.5 48.9 65.4 Sealed 28.3 35.2 47.7 59.6
1.5m-C 46.9 52.7 55.5 54.0 1.5m-C 38.3 55.9 57.6 62.7
1.5m-S 39.9 46.8 52.3 55.5 1.5m-S 26.8 39.7 47.7 57.8
0.8m-C 50.8 56.1 0.8m-C 51.2 64.3
0.8m-S 53.5 58.7 0.8m-S 48.3 56.1
0.3m-C 55.0 59.2 0.3m-C 46.0 64.6
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Figure 1: Model walls and position of tests.

depths direction was insulated with a layer of 200mm thick
polystyrene and the square surfaces of the wall were exposed
to the open air. The walls were cast in 20mm plywood
formwork. The formwork was removed at 72 hours after
casting. Core cylinders (100 × 200mm) were taken from the
walls at 3, 7, 28, and 91 days and used for compressive strength,
pore structure, and hydration products measurements. For
comparison, concrete cylinders were also cast in steel molds.

All cylinders were removed from the steel molds 24 hours
after casting. Sealed cylinders were sealed in polyethylene
sheeting and then stored in a curing room at 20∘C. The
standard cured cylinders were stored in water at 20∘C.

2.3. Testing Procedure. Temperature histories at different
locations in the walls were recorded using thermocouples,
shown in Figure 1. Cores, standard, and sealed cylinders were
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Figure 2: Temperature history in model walls. (S_1.5m-C = S: summer, 1.5m: size, C: center, W_1.5m-S =W: winter, 1.5: size, and S: surface).

tested for compressive strength at 3, 7, 28, and 91 days. A
portion of the concrete cylinders were cut into approximately
5mm cubes using a diamond saw. These fragments were
immediately immersed in acetone to prevent further hydra-
tion.Thereafter, all fragmentswereD-dried for about 2weeks.
Then the fragments were carefully ground by hand until a
sample powder was obtained, which could pass through a
45 𝜇msieve andwas suitable for the determination of calcium
hydroxide (CH) contents and bound water contents. The
amount of calcium hydroxide was determined by differen-
tial scanning calorimeter (DSC). The amount of calcium
hydroxide was determined by ignition loss experiments. The
porosity and pore size distribution were determined using

mercury intrusion porosimetry (MIP). The pressure applied
ranged from zero to 240MPa. The 5mm cubes for MIP
measurements were also D-dried for about 2 weeks before
testing.

3. Test Results and Discussion

3.1. Temperature Development. The temperature histories in
the concrete walls are shown in Figure 2. In summer (temp.
32∘C), the maximum temperature at the center of the 1.5m
deep walls made with OPC, BPC, and FPC was 94∘C,
78∘C, and 80∘C respectively. The maximum temperature was
achieved at 22 hours after casting in OPC and, at 31 hours
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Figure 3: Effect of temperature on strength development of concrete at summer.

after casting in BPC, and FPC was achieved at 34 hours. The
maximum temperature at the surface of the same members
was 74∘C, 60∘C, and 55∘C respectively. The temperature
differential between the center and the surface of the concrete
was greatest in the FPC mix. The temperature rise in FPC
walls was smaller than that of BPC walls, except at the
center of 1.5m deep wall. The 1.5m FPC walls showed a
significant increase in temperature due to an increase in
the rate of the pozzolanic reaction of fly ash. This can be
attributed to the latent hydraulic properties inherent in fly
ash. According to Fraay et al. [25], the glass material in fly
ash is broken down when the pH value of the pore water
is at least about 13.2. The increase in alkalinity required for
the fly ash reaction is achieved through the reaction of the
Portland cement. Accordingly, the slower hydration results
in a more gradual development in temperature. Additionally,
the high elevated temperature in the FPC wall was sustained

for a relatively long period of time. Under winter condition
(temp. 9∘C), the temperature histories obtained in each
wall’s location reflected the difference in outside temperature
between summer and winter. The initial mixing temperature
significantly affected themaximumpeak temperature and the
retardation period.

3.2. Compressive Strength Development. The compressive
strengths of core, standard, and sealed specimens of concrete
made under summer and winter conditions are listed in
Table 4. The compressive strength of the standard speci-
men cured in water at 20∘C was higher than that of the
sealed specimen. It is generally known that a low water
to ratio in concrete mix leads to the possibility of self-
desiccation and limitations on continued cement hydration,
which explains the differing strength between specimens.
Thus, the availability of external water is required to enable
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Figure 4: Effect of temperature on strength development of concrete at winter.

hydration to continue uninhibited.The strength development
of concrete made under winter weather conditions was faster
than that of concrete made under summer conditions, both
for the standard and sealed specimens. These results are very
interesting because we usually thought the high mixing tem-
perature increases the compressive strength at early ages.The
compressive strength of the core specimen was higher than
that of the standard specimen at early ages due to the higher
temperatures attained in core. However, the 1.5m depth
wall made under summer conditions using OPC behaved
differently. In this sample, the elevated temperature did not
affect the strength development at any age. In OPC, the
strength of the core specimen made under winter conditions
was significantly higher than the comparable specimenmade
under summer conditions. Such was not the case for the
concrete made with BPC and FPC. In these samples, the
strength of the core specimensmade under winter conditions

was lower than those made under summer conditions. In
the summer, core strength of BPC samples was significantly
increased at all ages regardless of the size of the walls.
However, in the winter, the strength development of BPCwas
lower than that of OPC, except for the core specimen at the
center of the 1.5m deep wall at the longest ages.

The influence of temperature on the compressive strength
can be clearly described in terms of a relative strength ratio
defined against the strength of a standard specimen cured
in water at 20∘C. Using this measure, Figure 3 shows the
effect of temperature on all of the compressive strength data
for the three types of concrete. As shown in Figure 3, the
center of the 1.5m deep wall made under summer conditions
with OPC has a 3-day compressive strength which is 108%
that cured under standard conditions. By contrast, specimens
from the center of 1.5m wall made with BPC and FPC have
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Figure 5: Effect of temperature on the bound water of concrete in summer experiments.

a 3-day compressive strength which was 180% and 176% of
the standard. At 91 days, however the strength ratios dropped
to 77%, 79%, and 77% of the standard, respectively, for the
OPC, BPC, and FPC samples. The strength development of
the core specimen made with OPC was not related to the
maximum internal temperature at early ages. However, the
use of belite-rich Portland cement and fly ash significantly
increased the strength development at high temperatures.
Figure 4 shows the results of compressive strength tests of
concrete cured under winter weather conditions. The 3-day
compressive strength at the center of 1.5m deep wall made
usingOPC is 125% that concretemade under standard curing
conditions. The center of 1.5m wall made with BPC and FPC
had 3-day compressive strengths which were 162% and 135%
that of the standard sample. At 91 days. However, the strength
ratios were 90%, 87%, and 83% for OPC, BPC, and FPC,

respectively. The strength of winter cured concrete first fell
down below that of the standard samples at 7 days.

3.3. Hydration Products. Figure 5 shows the change in the
amount of bound water in the hydration products for
the material produced under summer weather conditions.
The amount of bound water in the core specimen cured
at high temperature was larger than that of the standard
specimen at early ages. However, after 7 days, in the OPC
sample, and after 28 days, in the BPC and FPC samples,
bound water content of these core specimens was lower
than that of the standard specimen. Rodger and Groves [21]
suggested that hydration at normal temperatures provides
sufficient time for the hydration product to diffuse and
precipitate relatively uniformly throughout the interstitial
space between the cement grains. But accelerated hydration
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Figure 6: (a) Amount of calcium hydroxide of concrete in summer experiments. (b) Amount of calcium hydroxide of concrete in winter
experiments.

by an increased curing temperature does not allow time for
the diffusion of the hydrates. Consequently, it will produce
a high nonuniform distribution of the hydrated products in
the paste. The nonuniformity causes a reduction of strength
at long curing times. The addition of fly ash increases the
bound water content at early ages for the core specimen
cured at high temperature perhaps because a rise in curing
temperature speeds up the rates of the cement hydration and
pozzolanic reactions.Thepozzolanic reaction contributes to a
decrease in the calcium ion concentration in the liquid phase,
attributed to an acceleration of calcium dissolution from the
cement grains [26].

The change in the amount of calcium hydroxide is shown
in Figures 6(a) and 6(b). The amount of calcium hydroxide
in the core specimen made with the OPC is higher than
that of the standard specimen because it is directly related
to the degree of hydration. In a mass structure, the higher
temperature leads to an increase in the degree of hydration.
However, no significant difference in calcium hydroxide
content was found in any of the BPC specimens. The use
of fly ash reduces the amount of the calcium hydroxide due
to the pozzolanic reaction and so samples made with FPC
showed less calcium hydroxide than the standard specimen.

The pozzolanic reaction in FPC accelerates with an increase
in the initial internal temperature and so the thicker wall
exhibited less calcium hydroxide than the thinner wall.

3.4. Pore Structure. Figures 7(a) and 7(b) show the porosity
results as determined by MIP. The total porosity of the
OPC-based samples at center of the 1.5m deep wall, cured
under summer conditions, was 2.3% less than that of the
standard specimen at 3 days. Comparable values for BPC and
FPC samples showed 5.0% and 2.0% reductions, respectively.
After 7 days, the total porosity of the core specimens began
to increase with increased concrete temperature. The total
porosity of the BPC and FPC materials exhibited a slight
increase at 28 days and a significant increase at 91 days. The
addition of pozzolanic materials increases the total porosity.
Palardy et al. [18] explained that the dissolution of the calcium
leaching originates mostly from the calcium hydroxide and
the decomposition of ettringite at high temperature which
will contribute to the increase in porosity.

The total porosity of concrete made under winter condi-
tions was smaller than that of concrete made under summer
conditions. In particular for OPC and BPC samples, the
amount of larger pores, greater than 100 nm, was remarkably
reduced when compared with summer cured samples. As
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Figure 7: (a)The total porosity and pore size distribution of concrete in summer experiments. (b)The total porosity and pore size distribution
of concrete in winter experiments.

shown in Figure 7, the pore size distribution also changed
as the concrete temperature increased. With an increase in
temperature, the number of larger pores decreased and the
number of smaller pores increased, particularly for pores in

a size range between 5 and 50 nm as measured by MIP. This
suggests that as the hydration process proceeds, the pore sizes
are reduced and the peak of the distribution curve shifts
toward small pores.
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4. Conclusions

The main conclusions of this paper can be summarized as
follows.

(1) The type of cementitious material, the structural
member size, and the curing climate were shown to sig-
nificantly affect the initial internal temperature of mass
concrete structures. Elevated temperatures did not affect
the early-age strength gain of concrete made with ordinary
Portland cement cured under summer weather conditions,
but the concrete made with belite-rich Portland cement or
fly ash showed a significant increase in early-age strength
development. Elevated temperatures resulted in long-term
strength loss for all materials.

(2) The bound water content of core specimens cured at
elevated temperatures was larger than that of the standard
specimen at early ages. However, the bound water content
was lower than that of the standard specimen after 7 days
for the OPC sample and after 28 days for the BPC and FPC
samples. This trend could be correlated to a similar trend in
compressive strength.

(3) The use of fly ash in mass concrete structures reduces
the amount of calcium hydroxide due to the pozzolanic
reaction.The pozzolanic reaction accelerates with an increase
in the initial internal temperature and hence less calcium
hydroxide was present under summer curing conditions.

(4) The total porosity of the core specimens cured under
elevated temperatures was higher than that of the standard
specimen. The porosity appeared to rise after 7 days in the
OPCmaterial and after 28 days in the BPC and FPCmaterials.
The total porosity of the concrete made under winter weather
conditions was smaller than that made under summer
weather conditions.Due to the elevated internal temperatures
in the structures, the peak of the pore size distribution curve
was shifted toward the direction of smaller pores and the
number of smaller pores was increased.
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The significance of concrete durability increases since RC (Reinforced Concrete) structures undergo degradation due to aggressive
environmental conditions, which affects structural safety and serviceability. Steel corrosion is the major cause for the unexpected
failure of RC structures. The main cause for the corrosion initiation is the ingress of chloride ions prevailing in the environment.
Hence quantitative evaluation of chloride diffusion becomes very important to obtain a chloride diffusion coefficient and resistance
to chloride ion intrusion. In the present investigation, 15 mix proportions with 3 water-to-binder ratios (0.37, 0.42, and 0.47) and 3
replacement ratios (0, 30, and 50%) were prepared for HPC (high-performance concrete) with fly-ash and ground granulated blast
furnace slag. Chloride diffusion coefficient was measured under nonstationary condition. In order to evaluate the microstructure
characteristics, porosity through MIP was also measured. The results of compressive strength, chloride diffusion, and porosity are
compared with electrical charges. This paper deals with the results of the concrete samples exposed for only 2 months, but it is a
part of the total test plan for 100 years. From the work, time-dependent diffusion coefficients in HPC and the key parameters for
durability design are proposed.

1. Introduction

Reinforced concrete (RC) structures are an economical and
versatile construction material in civil infrastructure such as
bridges, buildings, and nuclear reactors, and involve major
construction to the tune of millions of dollars [1, 2]. However,
the long term durability and service life of RC structures are
one of themajor problems faced by the construction industry
for the past few decades [3]. The durability of reinforced
concrete is largely affected by the migration of aggressive
ions (chloride and sulphate) via capillary absorption and
hydrostatic pressure of cementitious matrix. The ions reach
the reinforced rebar and destroy the passive film [4, 5]
subsequently corroding the steel. Chloride induced corrosion
of RC structure has become a major problem worldwide [6–
8], especially in buildings, bridges, parking decks, tunnels,
and other buildings exposed to seawater or deicing salts.
As a result of this deterioration of the RC structure, the

repair costs nowadays constitute a major part of spending
on infrastructure. Further, corrosion of steel does not only
damage the RC structure but also causes safety concerns.

Corrosion of steel in the RC structure can be mitigated
by adopting various preventive measures, namely, cathodic
protection, using corrosion inhibitors, coating to steel rebar,
coating to concrete, using blended cement, and realkalization
of concrete [9–14].The use of corrosion inhibitors is themore
appropriate method, and its maintenance cost is high. One
alternative way to prevent the corrosion of high-performance
concrete (HPC) by improving impermeability, resistance to
chloride ion diffusion [15], and abrasion resistance can be
achieved through the partial replacement of cement with
industrial byproducts (supplementary cementing materials
(SCMs)) such as fly-ash (FA) [16], ground granulated blast
furnace slag (GGBFS) [17], silica fume, rice husk ash [18], and
micro silica.
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Table 1: Chemical composition and physical properties of OPC, GGBFS, and FA.

Types

Items
Chemical composition (mass %) Physical properties

SiO
2 Al2O3 Fe2O3 CaO MgO SO3 Lg.loss Specific gravity

(g/cm3)
Blaine
(cm2/g)

OPC 21.96 5.27 3.44 63.41 2.13 1.96 0.79 3.16 3,214
GGBFS 32.74 13.23 0.41 44.14 5.62 1.84 0.2 2.89 4,340
FA 55.66 27.76 7.04 2.70 1.14 0.49 4.3 2.19 3,621

In South Korea, the annual production amount of FA
was 8.5 million tons in coal-fired power plants and GGBFS
(produced by POSCO and Hyundai Steel) was about 12
million tons/year as of 2011 [19]. Compared to the Ordinary
Portland Cement (OPC), it is very low regarding emission
of environmental load. Hence, it has been mostly used as a
component of low carbon emission concrete [20]. Replacing
OPC with GGBFS and FA in high-performance concrete
(HPC) and self-compacting concretes (SCC) are becoming
increasingly common in civil engineering structures [21].
Utilizing FA and GGBFS for the production of HPC and SCC
not only reduces the total material cost of the construction
industry but also results in considerable benefits to the
environment [22]. In addition, the use of FA and GGBFS
in the SCC has a unique and distinctive effect on the
properties of the HPC. Further, the replacement of OPC
with GGBFS and FA in SCC had a lower resistance to
carbonation than the pure OPC-blended SCC. This effect
appeared to be more pronounced with an increase in the
replacement level of FA and GGBFS [23]. Moreover, utilizing
FA and GGBFS in SCC is more effective in resisting the
chloride ion and sulphate ion migration and reducing the
capillary pores. The chloride ion diffusion coefficient of the
SCC mixtures with FA and GGBFS was lower than the
control SCC [24–26]. In addition, GGBFS and FA have
pozzolanic activity which is attributed to the presence of
SiO2 and Al2O3. It reacts with calcium hydroxide during
cement hydration to form additional calcium silicate hydrate
(CSH) and calcium aluminate hydrate (CAH), which are
effective in forming denser matrix leading to higher strength
and better durability [27–29]. Furthermore, according to
Yuan et al., GGBFS and FA increase chloride binding due to
the high content of aluminate hydrates and hence chloride
migration was reduced in HPC [30]. The research field on
the evaluation of chloride diffusion in concrete is growing
with consideration for diffusion, permeation [31], and bind-
ing capacity of chloride ions [32, 33]. Recently, numerical
techniques covering chloride diffusion in partially saturated
condition [34], chloride behavior in concrete with early-age
cracking [35], and micro structures formation modeling in
high-performance concrete [36, 37] were proposed based on
behavior in early-age concrete considering hydration and
micro pore structure.

In this work, 4000 specimens for 15 mix proportions with
various water-binder (𝑤/𝑏) material ratios (0.37, 0.42, and
0.47) and various replacement percentages of GGBFS and FA
(0%, 30, and 50%) are prepared and cured in tap water. As

a part of the work, half of the samples analysis is going on
at KCL (Korea Conformity Laboratory, Korea) by exposing
to tidal, atmosphere, and submerged conditions to know
long term durability for 100 years. The apparent diffusion
coefficient and porosity will be measured by using RCPT (𝑄)
and MIP to know long term durability for 100 years. The
samples will bemeasured at different intervals of time period:
0.6, 1, 2, 3, 4, 5, 7, 10, 20, 40, 80, and 100 years.The compressive
strength, electrical charges, and chloride diffusion coefficient
in nonsteady state and steady state conditionsweremeasured.
In order to evaluate themicrostructure characteristics, poros-
ity through MIP was also measured. From this work, time-
dependent diffusion coefficients in HPC and key parameters
for durability design are proposed. The results showed that
partial replacement of OPC with GGBFS and FA contributed
considerable improvement to various properties of HPC.

2. Experimental Program

2.1. Materials Used. Ordinary Portland Cement (OPC) of
Type 1 with specific gravity 3.16 was used. Chemical composi-
tions of OPC, FA, and GGBFS are given in Table 1. River sand
was used as fine aggregate, passing through 2.36mm sieve,
falling under zone and with specific gravity of 2.60. Coarse
aggregates used were crushed angular aggregates of normal
size 19mm with specific gravity 2.62.

2.2. Concrete Mix Proportion. In this study, a total of 15
HPC mixtures were prepared; OPC partial replacement with
GGBFS and FA in three replacement ratios like 0, 30, and 50%
were considered for HPC mixtures. Three water-to-binder
material (𝑤/𝑏) ratios (0.37, 0.42, and 0.47) were used. The
details of the mixing proportions of the HPC are shown in
Table 2.

2.3. Test Program

2.3.1. Compressive Strength. The compressive strength of the
various concrete mixers was calculated according to ASTM
C39/C39M [39] using cylindrical specimens of 100mm in
diameter and 200mm in height, cast with different percent-
age of FA andGGBFS (HPC). After curing in room condition
for 24 hours, the specimens were demoulded and immersed
in water for curing at 25∘C. The compressive strength was
measured after 28 and 49 days of curing, the concrete
cylinders were tested in the compression-testing machine,
with 100 T capacities at the rate of loading 140 kN/min. The
ultimate load at which the cube failed was taken.
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Table 2: Mixing proportion of HPC.

System 𝑤/𝑏 ratio
(%)

Water
(kg/m3)

Cement
(kg/m3)

Fly-ash
(kg/m3)

GGBFS
(kg/m3)

Coarse aggregates
(kg/m3)

Fine aggregates
(kg/m3)

O100
0.37 168 454 0.0 0.0 952 767
0.42 168 400 0.0 0.0 976 787
0.47 168 357 0.0 0.0 960 838

O70S30
0.37 168 318 0.0 136 946 762
0.42 168 280 0.0 120 972 783
0.47 168 250 0.0 107 956 835

O50S50
0.37 168 227 0.0 227 943 760
0.42 168 200 0.0 200 969 780
0.47 168 179 0.0 179 853 832

O70F30
0.37 168 318 136 0.0 952 745
0.42 168 280 120 0.0 953 768
0.47 168 250 107 0.0 939 820

O50F50
0.37 168 227 227 0.0 950 662
0.42 168 200 200 0.0 982 685
0.47 168 179 179 0.0 1008 703

Figure 1: The photograph image of RCPT experiment setup.

2.3.2. Rapid Chloride Ion Penetration Test (RCPT). The rapid
chloride ion permeability test (RCPT) was conducted in
accordance with ASTM C1202-10 [38] using a concrete disc
of size 100mm diameter and 50mm thickness. After 28 days
of curing, the concrete specimens were subjected to RCPT
test by impressing a voltage of 60V between two containers
filled with 3% NaCl solution and 0.3N NaOH solutions, as
shown in Figure 1. Electrical current was measured every 30
minutes for up to 6 hours. The amount of electrical current
passing through the specimen was measured and the total
charge passed (in coulombs) was used as an indicator of
the resistance of the concrete to chloride ion penetration.
The total charge passed through the concrete specimens was
calculated using the following formula [38]:

𝑄 = 900 (𝐼0 + 2𝐼30 + 2𝐼60 + ⋅ ⋅ ⋅ + 2𝐼300 + 2𝐼330 + 𝐼360) , (1)

where𝑄 is charge passed (coulombs), 𝐼0 is current (amperes)
immediately after voltage is applied, and 𝐼𝑡 is current
(amperes) at 𝑡min after the voltage is applied.

2.3.3. Chloride Diffusion. Chloride diffusion coefficient
method is the extension of the RCPT test. The chloride
diffusion coefficient values were calculated by the two
conditions such as steady state condition based on the results
from ASTM [38, 40] and nonsteady state condition from
Tang’s method [40, 41]. In RCPT test, the time duration is
6 hours where it is under nonsteady state condition. The
diffusion cell and experimental set up is provided in ASTMC
1202 [38] and the calculation of the diffusion coefficient is
performed by an electrical method proposed by previous
researches [40, 41]. Silver nitrate solution (0.1 N, AgNO3) is
used as an indicator [42, 43]. In this test, chloride diffusion
coefficient in nonsteady state conditions and steady state
condition (effective diffusion) was calculated using (2a) and
(2b) and (3), respectively.

𝐷cpd = 𝑅𝑇𝐿𝑧𝐹𝑈 ⋅
𝑋𝑑 − 𝛼√𝑋𝑑𝑡 , (2a)

𝛼 = 2√𝑅𝑇𝐿𝑧𝐹𝑈 ⋅ erf−1 [1 − 2𝐶𝑑𝐶0 ] , (2b)

𝐷eff = 0.0103 (𝑄0)0.84 𝐸 − 8, (3)

where 𝐷cpd is diffusion coefficient in nonsteady state and
steady state condition from RCPT (m2/s), 𝑅 is universal gas
constant (8.314 J/mol K), 𝑇 is absolute temperature (K), 𝐿 is
thickness of specimen (m), 𝑧 is ionic valence (=1.0), 𝐹 is
Faraday constant (=96,500 J/Vmol), 𝑈 is applied potential
(V), 𝑡 is test duration time (s), 𝐶𝑑 is the chloride concentra-
tion at which the color changes when using a colorimetric
method to measure 𝑋𝑑 based on the reference [40, 42], 𝐶0
is chloride concentration in the upstream solution (mol/l), 𝛼
is an experimental constant, and erf−1 is the inverse function
of the error function. According to the previous research
[40], erf−1 (1 − (2𝐶𝑑/𝐶0)) is calculated as 0.764 and 𝑧𝐹𝑈/𝑅𝑇𝐿
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Figure 2: Compressive strength of HPC with (a) GGBFS and (b) FA at 28- and 49-day curing period.

is 23,600 (m−1) in this study. 𝐷eff means effective diffusion
coefficient in RCPT test.

2.4. Porosity Measurement. The porosity of concrete speci-
mens at the age of 28 days was also investigated through
the mercury intrusion porosimetry (MIP) test (ASTM D
4404) [44]. MIP (Micromeritics, Autopore IV 9520, USA)
has been one of the most widely used methods to analyze
the pore structure of HPC samples. When preparing samples
for MIP test, aggregates were avoided from sampling and
about 1 cm3 volumes (2.4∼3.6 g) were placed in the quanta
chrome porosity analyzer and a sample was used for each
measurement. The intruded volume could be read to an
accuracy of ±0.001 cm3.
3. Results and Discussion

3.1. Compressive Strength. The compressive strength of HPC
with different percentages of GGBFS and FA at the age of
28 and 49 days as per KS F 2405 is shown in Figure 2. It
was observed from the results that, at the age of 28 days and
above, there has been an increase in compressive strength up
to 30–50% replacement level of GGBFS in 0.37 of 𝑤/𝑏 ratio.
The increase in 28 days strength of HPC mixes is due to the
improvement in the effectiveness of the mineral admixture.
The pozzolanic action of GGBFS reacts with OPC, which
yields early strength at lower 𝑤/𝑏 ratios. The similar results
are also reported by Tripathi et al. [45].They reported that, at
the age of 28 days at lower𝑤/𝑏 ratio, the compressive strength
of concretewith ISF slagwas higher than controlmix concrete
even at 60% replacement level. Moreover, the compressive
strength values of GGBFS concrete at 49-day curing period
was higher when compared to all the otherHPCmixes, where
the mix proportions of OPC :GGBFS were 70 : 30 and 50 : 50
at 𝑤/𝑏 of 0.37.

On the other hand, another system of compressive
strength of HPC with different percentage of FA at the age
of 28 and 49 days has increased up to 30% replacement level
of FA in 0.37 of 𝑤/𝑏 ratio and decreasing thereafter (50%
replacement of FA). An increase in the compressive strength
of HPC by up to 30% in replacement FA when compared
with the control mix may be due to the pozzolanic action
and packing effect of FA particles. FA contains more of silica
and alumina; it reacts with calcium hydroxide to form C-A-
S-H and C-S-H, which contributes to the higher strength of
30% of FA in HPC. Further, by replacing FA by up to 50%,
strength has been reduced due to the weak bonding between
cement paste and fly-ash particles and insufficient alkali from
the reduced OPC amount.

In addition, the compressive strengthwas slightly reduced
by increasing 𝑤/𝑏 (0.42 and 0.47) ratio in HPC mix with
GGBFS and FA replacement level. The increasing 𝑤/𝑏 ratio
dilutes the cement paste and creates more water-filled pore
space between the grains, that is, less nuclei for the hydrates
in each volume unit. Hydrates have to grow larger and larger
to cover the spatial gap (the water) between them and to
interact and to develop strength—either physically (inter-
locked growth) or chemically (e.g., van-der-Waals attrac-
tion).

3.2. Rapid Chloride Ion Penetration Test (RCPT). Rapid
chloride permeability test was conducted to investigate the
performance of HPC against chloride ingress. The total
charge passed through the concrete matrix is lower and
it means the resistance to chloride penetration is higher.
Table 3 shows the classification of concrete for chloride ion
penetrability based on total charge passed ASTMC1202 [38].

Figure 3 shows the RCPT test results at the end of 28
days for the HPC with various percentages of GGBFS and
FA. Figure 3 illustrates that the cement replacement with
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Table 3: Chloride ion penetrability based on charge passed [38].

Charge passed (c) Chloride ion
permeability

>4,000 High
2,000–4,000 Moderate
1,000–2,000 Low
100–1,000 Very low
<100 Negligible
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Figure 3: RCPT results of HPC with GGBFS and FA.

GGBFS in HPC (0.37% of 𝑤/𝑏) had lesser coulomb values
when compared to control mix. For example, the 30% and
50% replacement level of GGGFS in 0.37% 𝑤/𝑏 ratio of HPC
charge passed coulomb values are 1659.6 and 829.8 coulomb.
This may be due to the reaction of pozzolanic materials like
GGBFS reacting with Ca(OH)2 to form C-S-H gel. The C-S-
H gel considerably reduces pores between fine aggregate and
coarse aggregate, so charge passed valuesmay be significantly
reduced through the GGBFS replaced HPC. At the same
time with increasing 𝑤/𝑏 (0.42 and 0.47%) ratio, the charge
passed coulomb values slightly increase. It may be due to
the more dilute cement paste which creates more water-filled
pore space between the grains.

Figure 3 shows the charge passed results in cement
replacement with FA in HPC. From the figure, it is observed
that 30% of FA in HPC has lower values when compared
to the control mix. For example, the charge passed result in
the system with 30% replacement and 0.37 of 𝑤/𝑏 ratio is
2012.4 coulomb. Further, the replacement of FA up to 50%
charge passed coulomb values (2541 coulomb) significantly
increases when compared to 30% of FA in HPC. This result
indicates that the presence of 50% GGBFS and 30% FA in
HPC can be more efficient in preventing chloride ion migra-
tion.

3.3. Chloride Diffusion

3.3.1. Nonsteady State Condition. Thechloride diffusion coef-
ficient at nonsteady state condition (6 hours during test)
in HPC containing various replacement ratios (0%, 30%,
and 50%) and 𝑤/𝑏 ratios are shown in Figure 4. In the
condition of 28-day curing. In Figure 4(a), the results in
HPC with replacement level of 50% GGBFS at various 𝑤/𝑏
ratios of 0.37%, 0.42%, and 0.47 at 28 days are 6.4640 ×10−12, 6.5330 × 10−12, and 7.1102 × 10−12, respectively. The
incorporation of GGBFS into the HPC resulted in a lower
chloride ion diffusion coefficient in nonsteady state condition
when compared to control mix.

Figure 4(b) shows the results in the HPC with FA from
0% to 30%, which shows that the diffusion coefficients in the
HPC drastically decrease. Regarding the replacement level of
FA up to 50%, the chloride diffusion coefficient in the FA-
blended HPC begins to increase with increasing 𝑤/𝑏 ratio
of HPC with FA and it has also significant increases when
compared to lower 𝑤/𝑏 ratio of HPC. Zhao et al. [21] also
reported that, at the age of 28 days at lower 𝑤/𝑏 ratio, the
chloride diffusion coefficient of concrete with FA was lower
than control mix even at 30% replacement level. Further,
they also reported that increasing the replacement level FA
up to 50% of FA the chloride ion diffusion coefficient also
increased.

3.3.2. Steady State Condition (Effective Diffusion). The chlo-
ride diffusion coefficient at steady state condition in HPC
with the replacement of GGBFS and FA in different 𝑤/𝑏
ratio systems is shown in Figure 5. The chloride diffusion
coefficient also decreases with the replacement level of 30%
and 50% GGBFS in HPC when compared to the control mix.
For example, control mix and 50% of GGBFS in HPC (0.37𝑤/𝑏) are 1.2053 × 10−11m2/sec and 0.2916 × 10−11m2/sec,
respectively. The reduction of chloride diffusion is 75.8%
when compared with the control mix. This diffusion coeffi-
cient data confirms the better performance of 50% GGBFS in
HPC.

On the other hand it was observed that 30% of FA in
HPC has lower chloride diffusion coefficient when compared
to the control mix. For example, control mix and 30%
of FA in HPC (0.37 𝑤/𝑏) are 1.2053 × 10−11m2/sec and0.6137×10−11m2/sec, respectively.The reduction of chloride
diffusion is 49.1% when compared to control mix. At the
same time, the chloride diffusion coefficients of HPC with
the replacement of GGBFS and FA (lower 𝑤/𝑏 ratio) at
steady state condition significantly decrease when compared
to nonsteady state condition. It may be due to absorption
of chloride ion and formation of bound chloride (Friedel
salt) [46]. Moreover, the HPC with GGBFS exhibits lower
chloride diffusion coefficient values than HPC with FA. It
may depend on the aluminate content, where aluminate in
GGBFS and FA forms AFm phases which react with chloride
and also produces the calcium chloroaluminate hydrate and
Friedel’s salt [47]. Moreover, at a given replacement level, the
HPC samples with GGBFS had a lower chloride ion diffusion
coefficient than those with FA.
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Figure 4: Chloride diffusion coefficient of HPC with (a) GGBFS and (b) FA at nonsteady state condition.
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Figure 5: Chloride diffusion coefficient of HPC with (a) GGBFS and (b) FA at steady state condition.

3.4. Porosity Measurement. Figure 6 shows the total porosity
measurement for GGBFS (a) and FA (b) replaced HPC by
MIP test at 28 days of water curing. As shown in Figure 6(a),
an increase in the percentage ofGGBFSwithHPC reduces the
average pore size diameter by 8.53 and 7.33% for 30 and 50%
GGBFS replacement, respectively. Further increase in the𝑤/𝑏
ratio (0.42 and 0.47) in 30% and 50% GGBFS on porosity
at 28 days of curing significantly increases. For example,
at various 0.37, 0.42, and 0.47%𝑤/𝑏 ratios of 50% GGBFS
replacement of HPC, the porosity results are 7.33, 8.95, and
10.38%. As shown in Figure 6(b), the 30% of FA with HPC,
porosity is 7.29% at 0.37%𝑤/𝑏 ratio. Increasing the percentage
of FA and𝑤/𝑏 ratio, the porosity slightly increases. At a given
replacement level, the HPC samples with GGBFS had a lower
pore diameter than those with FA.

3.5. Correlation between Test Results. Figures 7–9 present the
relationship between compressive strength (CS), chloride
diffusion coefficient (CDC), and porosity (𝑃) against charge
passed coulombs (CPC). Table 4 shows the numerical repre-
sentation to determine the correlation between these proper-
ties of HPC with GGBFS and FA.

Figures 7(a) and 7(b) show the increase in CS attributed
to the decrease of the CPC for all mixes of HPC. However, CS
decreases with an increase in 𝑤/𝑏 ratio for all mixes of HPC.
Also, it meagerly increases by replacing GGBFS and FA of
HPC (Figures 7(a) and 7(b)). In addition, a good correlation
is observed between CPC and CS. The same CS value is
obtained in all mixes of HPC that showed different values of
CPC. For example, at CS of 40MPa in all mixes of HPC, the
CPC values are around 5266.8 coulombs for control mix and
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Figure 6: Porosity of HPC with (a) GGBFS and (b) FA.

Table 4: Result of compressive strength, charge passed coulomb, chloride diffusion coefficient, and porosity of concrete.

System 𝑤/𝑏 ratio
(%)

Cement
(kg)

∗CPC
(coulomb)

∗CS
(MPa)

∗CDC
(m2/sec)×10−11

Porosity
(%)

O100
0.37 104.4 4494.6 45.85 1.2053 9.89
0.42 92.0 5266.8 40.09 1.4670 11.72
0.47 82.1 6863.4 32.9 1.7200 13.03

O70S30
0.37 73.1 1659.6 48.09 0.5219 8.53
0.42 64.4 1847.8 42.02 0.5452 9.86
0.47 57.5 2194.2 38.69 0.6599 11.22

O50S50
0.37 52.2 829.8 49.94 0.2916 7.33
0.42 46.0 1300 44.67 0.3993 8.95
0.47 41.2 1854.8 40.36 0.5989 10.38

O70F30
0.37 73.1 2012.4 47.17 0.6137 7.29
0.42 64.4 2262.6 42.33 0.6772 8.57
0.47 57.5 2566.8 38.2 0.7529 10.49

O50F50
0.37 52.2 2541.6 41.92 0.7466 7.74
0.42 46.0 2791.8 37.33 0.8079 9.51
0.47 40.9 3509.4 30.2 0.9083 12.54

∗CPC: charge passed coulomb; ∗CS: compressive strength; ∗CDC: chloride diffusion coefficient.

1847 coulombs and 1854 coulombs for 30 and 50% GGBFS of
HPC, respectively. 2262 coulombs and 2541 coulombs are for
30 and 50% FA of HPC. This is due to the microstructure of
concrete and secondary formation of calcium silicate hydrate
by using various percentages of GGBFS and FA of HPC in
different 𝑤/𝑏 ratio. Similar correlations between CPC and
CDC are shown in Figures 8(a) and 8(b). Moreover, Figures
9(a) and 9(b) illustrated a good correlation between CPC
and porosity of HPC. However, the same porosity values are
obtained in all mixes of HPC that showed different values of

CPC. For example, with 10% of porosity in all mixes of HPC,
the CPC values obtained around 4494.6 coulombs for control
mix and 1847 coulombs and 1854 coulombs for 30 and 50%
GGBFS of HPC. 2566 coulombs and 2791 coulombs are for
30 and 50% FA of HPC. This may be due to the difference in
the microstructure of concrete prepared using different type
of pozzolanic materials [48] (GGBFS, FA) and mix design.
It causes the reduction of the pores, resulting in a dense
microstructure and hence reduces the charge passed coulomb
on concrete [49, 50].
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Figure 7: Correlation graph between charge passed coulomb versus compressive strength: (a) GGBFS in HPC and (b) FA in HPC.
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Figure 8: Correlation graph between charge passed coulomb versus chloride diffusion coefficient: (a) GGBFS in HPC and (b) FA in HPC.

The correlation equation can be expressed by the follow-
ing single formula as reported elsewhere [51]:

DI = 𝑎(𝑓CPC)𝑏 , (4)

where DI is the durability index and “𝑎” and “𝑏” are the
experimental constants. The 𝑓CPC charge passed coulomb.
The constants “𝑎” and “𝑏” were obtained through the regres-
sion analysis of the data in Table 4. The best-fit values of
constants 𝑎 and 𝑏 and the coefficient of determination (𝑅2)
are summarized in Table 5.𝑅2 over 0.85 indicates an excellent correlation between
the fitted parameters [52]. Therefore, the data in Table 5
indicate a valid agreement between the CPC and CS of the

replacement with GGBFS and FA of HPC. Furthermore, the
data in Table 5 also indicates that an excellent fit correlation
between CPC is plotted against CS and CDC of all types
of mix concrete. However, in the case of control mix of
concrete, the degree of the bit between the CPC and porosity
of concrete is on the lower side (𝑅2 < 0.83) but reasonably
correlated.

4. Conclusion

The conclusions drawn from this work are as follows.

(1) The 0.37 𝑤/𝑏 ratio of HPC containing 50% GGBFS
and 30% FA yields the highest compressive strength
values at 28 and 49 days of curing.
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Figure 9: Correlation graph between charge passed coulomb versus porosity: (a) GGBFS in HPC and (b) FA in HPC.

Table 5: Constants “𝑎” and “𝑏” and regressions coefficients 𝑅2.

System

Correlation
CPC versus CS CPC versus CDC CPC versus P

𝑎 b×10−2 𝑅2 a
10−12

b
10−15 𝑅2 𝑎 b×10−2 𝑅2

O100 69 0.532 0.96 3.09 2.08 0.91 4.62 0.13 0.83
O70S30 76 1.72 0.97 0.68 2.67 0.96 0.56 0.49 0.94
O50S50 57 0.93 0.98 0.29 3.02 0.99 0.49 0.29 0.99
O70F30 79 1.6 0.98 1.09 2.51 0.99 4.40 0.58 0.99
O50F50 71 1.16 0.96 3.46 1.61 0.96 4.21 0.48 0.96

(2) Better chloride diffusion resistance properties are
observed for 50% GGBFS, and 30% FA in HPC with
0.37 𝑤/𝑏 ratio of concrete showing minimum value.
The effective porosity values are decreased as follows:
9.89% for HPC, 7.30% for 30% FA in HPC, and 7.33%
for 50% GGBFS in HPC. Similarly, chloride diffusion
coefficient also follows the same trend: 1.2053 ×10−11 for HPC, 0.6137 × 10−11 for 30% FA in HPC,
and 0.2916 × 10−11 for 50% GGBFS in HPC. These
results conclude the excellent durability performance
in HPC containing FA and GGBFS.

(3) Among 15mixes of concrete, 30%FA and 50%GGBFS
in HPC with 0.37 𝑤/𝑏 ratio show the least pores,
minimum current flow, and less chloride diffusion
coefficient. This study indicates that better durability
performance for chloride environment is obtained
in HPC containing GGBFS and FA compared to a
control mix.

(4) Through regression analysis, several durability per-
formances such as compressive strength, diffusion

coefficient, and porosity are compared with charge
passed from RCPT results. They have high determi-
nation coefficient over 0.85 for all the cases, which
indicates that electrical charge from RCPT can be
another index for both durability and structural
performance.
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Freeze-thaw of concrete is significantly responsible for serious damage to RC buildings, which may result in premature failure with
little warning.Therefore, it is necessary to consider the effects of freeze-thaw environment when assessing seismic performance for
RC structures. In this study, pseudo-static experiments of four RC columns were conducted in terms of different number of freeze-
thaw cycles (FTCs). The results showed that the FTCs had an influence on the bearing capacity, ductility, strength, and stiffness of
RC columns. What is more, the simulation results were commonly smaller than the experimental ones when simply assuming that
the degrees of freeze-thaw damage for RC components were uniform.Thus, a numerical model considering uneven distribution of
freeze-thaw damage was proposed by utilizing the results of Petersen’s test for relative dynamic modulus of elasticity (RDME) for
different depths of concrete sample and based on Berto’s method which was proved to be effective to convert the numbers of FTCs
under different freeze-thaw conditions. On the basis of the existing constitutive relations for concrete, four RC columns subjected
to different numbers of FTCs were simulated by OpenSees. As a result, the simulation hysteretic curves were in good agreement
with the experimental ones.

1. Introduction

In cold region, concrete material may be damaged because of
freeze-thaw penetration [1]. The concrete material property
and bond-slip between concrete and steel bar can be affected
greatly by freeze-thaw cycles, and this kind of damage will
be increased with the increase of the numbers of freeze-
thaw cycles (FTCs) [1–3]. For lifecycle structural engineering,
it is important to know the effect of freeze-thaw cycles
on materials and structures. However, most of the relevant
researches are mainly focused on the effect on concrete
material and bond behavior; very scarce literature on the
effect on structural level can be seen.

For the past few years, the experimental study on the
material and bond behavior of frost-damaged concrete had
more achievements. Hasan et al. (2004) [4] proposed a stress-
strain model for concrete damaged by freezing and thawing
based on plasticity and fracture of concrete elements which
was empirically formulated as a function of plastic tensile
strain from experimental data. Shang and Song (2006) [5]
tested the biaxial compressive strength of the plain concrete

cubes subjected to freeze-thaw. Petersen et al. (2007) [2] stud-
ied the freeze-thaw effects on concrete elastic modules and
interfacial bond behavior and proposed a bond-slip model
using relative dynamic elastic modules of concrete as damage
variable. In Petersen et al.’s study, the distribution of the
internal damage of concrete was tested. The results showed
that the damage distribution is uneven. More recently, Duan
et al. (2011) [1] studied the freeze-thaw effects on the stress-
strain relationship for plain concrete and confined concrete.
In Duan et al.’s study, the number of freeze-thaw cycles
and the concrete strength were changed; then a general
constitutive model was proposed but the damage of the
concrete was assumed to be uniformly distributed. Several
types of tests were conducted on frost-damaged concrete by
Hanjari et al. (2011) [3]. As a result, the compressive strength,
tensile strength, fracture energy, the tensile-crack opening
relationship, bond strength, and slip value for frozen-thawed
damaged concrete were measured.

While previous research has been primarily concerned
with the frozen-thawed deterioration of material and
bond properties, relatively little attention has been given to
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Table 1: The design parameters of specimens.

Specimen
number Concrete strength grade 𝜆 𝑛 𝑁 (kN) 𝜌 (%) 𝜌V (%) Freeze-thaw

cycles
Z-C1 C50 5 0.3 300.6 3.01 1.18 0
Z-C2 C50 5 0.3 300.6 3.01 1.18 100
Z-C3 C50 5 0.3 300.6 3.01 1.18 200
Z-C4 C50 5 0.3 300.6 3.01 1.18 300
Note: 𝜆 is the shear span ratio; 𝑛 is the axial load ratio with design; 𝑁 is the axial force; 𝜌 is the ratio of longitudinal reinforcements of columns; 𝜌V is the
volume-stirrup ratio of columns.

assessing the load-carrying and seismic capacity of frost-
damaged RC structural component.With the development of
artificial climate simulation, to be simulating the freeze-thaw
effects on a 1/2 scaled structural components in laboratory
has been become a reality. Xu et al. (2016) [6] investigated
the seismic performance of RC columns subjected to freeze-
thaw tests which were carried out in Climate Simulation
Laboratory. Subsequently, Yang et al. (2016) [7] investigate
the influence of FTCs on the seismic performance of
squat RC shear wall specimens which were frozen and
thawed in same way with Xu et al.’s. Although these test
results have shown that FTCs have significant effects on
the seismic performances of RC structural components,
how to consider the influence of the freeze-thaw effects in a
numerical model could not be involved in these literatures.
Ueda et al. (2009) [8] used a two-dimensional rigid body
spring model which could consider the experimentally
observed cracking and plastic deformation caused by frost
damage. Hanjari et al. (2013) [9] introduced a methodology
to predict the load-carrying capacity of frozen-thawed
RC beams using nonlinear finite element analyses; the
uneven distribution of frozen-thawed damage in the
large beams was not considered, which leads to smaller
prediction results compared with test. Hayashida et al.
(2014) [10] performed nonlinear finite element analysis using
distributed reinforcement and smeared cracking models
to evaluate the structural properties of frozen-thawed RC
beams; one case was assigned a compressive strength for
every element based on ultrasonic propagation velocity
results, leading to poor results because of the restriction of
numerical models. Berto et al. (2014, 2015) [11–13] extended
the coupled environmental-mechanical damage model to
model the frozen-thawed damaged RC beams; the effect of
FTCs on compressive and tensile strength was considered
separately and a new relationship to properly evaluate the
equivalent number of FTCs was proposed; this equivalent
relationship made it possible to use the constitutive models
of frost-damaged concrete with different experimental
conditions and sample size in the numerical model of
RC structures. Thus, the uneven distribution of frozen-
thawed damage in RC structures with different environment
conditions should be considered in the numerical model as a
further study.

In this paper, the authors mainly focused on the freeze-
thaw effects on structural level. Both the experimental and
numerical methods were employed. Cyclic loading tests for
four 1/2 scale RC columns subjected to different numbers of

FTCs were carried out. And then a new concrete constitutive
model which considered the uneven distribution of frozen-
thawed damagewas proposed based onPetersen’s experimen-
tal data. At last, the available constitutive models of frost-
damaged concrete and themodel proposed in this paper were
used in OpenSees, respectively, to simulate the behavior of
RC columns experiencing different numbers of FTCs, and
compared with the test results.

2. Experimental Program

2.1. General Information of the Experiment. In RC moment-
resisting frame structures under severe ground motions, the
points of inflection in the columns are assumed to lie at their
midpoints. Therefore, the segment between midpoint and
beam-column joint is intercepted as a specimen. Consider-
ing the limitation of the dimensions of the environmental
chamber used in this study, four 1/2 scale RC columns with
invariable axial load ratio were designed for FTCs tests based
on the current Chinese code (GB 50011-2010) [14]. Axial and
lateral loads were transferred to the columns through the
top with 200mm range which needed more stirrups. The
bases are clamped to the laboratory strong floor. Figure 1
shows the plan views and important reinforcement details for
the specimens. The values of the primary study variables are
summarized in Table 1.

2.2. Timeline of the Test. The specimens were divided into
columns and foundation blocks and were cast in sequence
due to the limiting dimensions of Climate Simulation Lab-
oratory. The columns were first cast and cured for 4 weeks in
a natural environment and then placed in 15–20∘Cwater for a
week before being placed into the laboratory.The freeze-thaw
testing processwould last 4∼12weeks according to the desired
levels of frozen-thawed damage.When the setting cycles were
finished, the column was recast with foundation block. After
the foundation blocks were cured for 4 weeks, the low cyclic
loading tests were carried out. The detailed timeline of total
experiment was shown in Figure 2.

2.3. Material Properties. The mixing ratio for C50 concrete
used in these specimens was 400 kg/m3 of cement, 980 kg/m3
of sand, 810 kg/m3 of fine gravel, and 165 kg/m3 of water.
The real strength of concrete and reinforcement bars was
determined via material property tests. Three standard cubic
specimens of concrete were prepared and the average cubic
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Table 2: Mechanical properties of reinforcement bars.

Diameter
(mm)

Yielding strength𝑓𝑦 (MPa)
Ultimate strength𝑓𝑢 (MPa)

Elastic modulus𝐸𝑠 (MPa)
�6 270 470 2.1 × 105
�16 373 537 2.0 × 105
compressive strength of the concrete was 55.08MPa. Refer-
ring to [15], the axial compressive strength of concrete was
41.86Mpa. Meanwhile, the longitudinal reinforcements for
columns were Grade HRB335, and the stirrups were Grade
HPB235. The properties of the reinforcement bars are shown
in Table 2.

2.4. Details of Freeze-Thaw Cycles. The freeze-thaw tests for
columns were carried out in Climate Simulation Laboratory

as shown in Figure 2(C). The detailed design parameters of
climate chamber could refer to the literature [7]. According
to the Chinese code GB/T50082-2009 [16], the temperature
setting of the freeze-thaw cycles was presented in Figure 3.
To produce better freeze-thaw effects, 5 spray cycles were
applied before each cycle began; each spraying cycle lasted
for 3 minutes (one minute of spraying, followed by two
minutes without spraying). Each freeze-thaw cycle lasted 5.5
hours, and 100 times FTCs would last 23 days. After 0 times,
100 times, 200 times, and 300 times FTCs, the compressive
strength of concrete cylinders which were drilled out in walls
was 53.73Mpa, 49.64Mpa, 44.25Mpa, and 28.86Mpa [7].The
columns and the walls belonged to the same batch FTCs tests.

2.5. Loading Scheme. After the foundation blocks were cured
for 4 weeks, the low cyclic loading tests were carried out.
The test devices are shown in Figure 4. Firstly, the target
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vertical load 300.6 kN was exerted on the specimens via
hydraulic jack, and the axial load ratio with experiment was
0.183. Then, the actuator attached to the top of the specimen
through the lateral load transfer assembly applied a lateral
load; the vertical load was held constant throughout the
testing process. Figure 5 illustrates the loading history of
columns. Prior to the yielding of the specimen, the lateral
load mode was exerted by the force-controlled load transfer
assembly, increasing by an incremental load of ±5 kN. After
the yielding of the specimen, three cycles of loading and
unloading were conducted for each subsequent displacement
level, which increased by multiples of the yield displacement.
When the bearing capacity of columns dropped to 85 percent
of the peak load, loading ended. The lateral displacements of
columns at the loading point were measured by horizontal
LVDTs with 100mm range, and the horizontal load was
documented by a pull-pressure sensor.

3. Experimental Results

3.1. Cracks after Freeze-Thaw Cycles. After different freeze-
thaw cycles, the characteristics of specimens’ surface are
shown in Figure 6. It is observed that some tiny cracks
appeared on the surface of Z-C2 which was subjected to 100
times FTCs, as shown in Figure 6(a). When the number of
FTCs increased, the number of cracks present increased and
began to widen and extend. What is more, as the number
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Figure 5: Loading protocol.

of FTCs increased to 300, the surface was no longer smooth
and had “rise sand” phenomenon, as shown in Figure 6(c).
Compared with the surface of frozen-thawed prism concrete
specimens tested in literatures [1, 2], the freezing-thawing
damage of columnswas relatively light. One reason is because
the specimens were drier in the climate chamber than when
experiencing traditional frozen-thawed method with water.
As a result, the ice inside concrete was less so that the stress
was not large enough to spall the unconfined concrete which
was similar to the real freeze-thaw environment. On the other
hand, the size of cross section of columns is larger so that the
uneven distribution of frozen-thawed damage in RC columns
is more outstanding.

3.2. Failure Mode. Figure 7 illustrates the failure mode of
columns. It can be seen that FTCs did not change the
destruction form of RC columns where the shear span
ratio was equal to 5. All specimens experienced typically
bending-shear failures mainly dominated by flexure. Firstly,
the flexural horizontal cracks were found at the bottom of the
columns that ranged within 50mm∼100mm. Subsequently,
with the lateral load increased, the longitudinal reinforce-
ments yielded; thus the horizontal cracks developed obliquely
and some new inclined cracks emerged. Meanwhile, some
vertical cracks appeared on the side perpendicular to the load
direction at the bottom of columns. And then the concrete
cover at the footing of columns began to spall. Furthermore,
when the specimens were continued to load, the stirrups
yielded and the longitudinal reinforcements were buckling,
and the core concrete was crushed in large area so that the
columns lost bearing capacity. After freeze-thaw cycles, the
longitudinal reinforcements yielded early and the concrete at
the footing of columns was crushed prematurely due to the
fact that the strength of frozen-thawed concrete decreased
gradually. The massive crushed concrete was transformed
into granule depending on the degree of freezing-thawing
damage, as shown in Figures 7(b)∼7(d). In addition, the
degree of granulation reduced gradually from the outer to
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(a) 100 cycles (b) 200 cycles (c) 300 cycles

Figure 6: Columns surface after freeze-thaw cycles.

(a) 0 cycles (b) 100 cycles (c) 200 cycles (d) 300 cycles

Figure 7: Failure mode of the columns.

the inner part of columns, which illustrated the uneven
distribution of freezing-thawing damage.

3.3. Experiment Results

3.3.1. Hysteresis Behavior. The hysteretic curves of the lateral
load versus the top displacement for the four specimens
are shown in Figure 8. All specimens were destroyed with
typical bending-shear failures; the hysteretic characteristics
of specimens subjected to different number of FTCs are
similar; that is, the intact specimen Z-C1 without FTCs was
taken as an example to describe the failure process. At the
initiation of loading, the specimen had yet to yield and was
in elastic stage, and the curves of loading and unloading were
keep in a straight line approximately. When the specimen
yielded, the specimen began to access elastic-plastic stage, the
loading and unloading stiffness was reduced gradually, and
the residual deformation for positive and negative loading

direction increased with smaller amplitude prior to the peak
state. After the specimen reached the peak, the loading and
unloading stiffness decreased sequentially and the residual
deformation increased with larger amplitude, and the degra-
dation of strength and stiffness for hysteretic loops was not
obvious at the same displacement level.

With the increase of freeze-thaw cycles, the bearing
capacity of specimens decreased gradually; however the
displacements for different damage states increased slightly,
which mainly attributed these results to the decrease of
strength and the increase of ductility for concrete material
subjected to FTCs [2, 5]. Prior to the peak, the loading and
unloading stiffness had not diminishedmuch compared with
the intact specimen Z-C1, and the residual deformation had
a tendency to increase. After the peak state, not only did
the degradation of stiffness become more serious and the
residual deformation increase with larger amplitude, but also
the degradation of strength and stiffness for hysteretic loops
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Figure 8: Hysteric curves of columns.

was increasingly obvious at the same displacement level. The
effect of the freeze-thaw cycles on the hysteretic behavior of
the specimens is significant.

3.3.2. Characteristic Parameters of Skeleton Curves. Skeleton
curves of the columns are plotted in Figure 9. Based on the
equivalent elastoplastic energy absorption theory (recom-
mended by Park [17]), the yield load and displacement were
calculated. And then, the ultimate state was defined by the
point on the descending branch with 85% of the maximum
load. What is more, the ductility factor which reflects the
deformation capacity of structures was expressed as the ratio
of the ultimate displacement and the yield displacement [18].
Because the skeleton curves are asymmetric, the character-
istic parameters are calculated as the average of absolute
values of pull and push direction, which are presented in
Table 3.

Based on Figure 9 and Table 3, some observations and
regularity understandings are obtained as follows.

(1) Influence of FTCs on the Load-Carrying Capacity.Note that
the yielding and peak load decreased as the number of FTCs
increased. After 100 times, 200 times, and 300 times FTCs,
the yielding load of frozen-thawed specimens compared with
specimen Z-C1 has fallen by 9.72%, 14.90%, and 15.70%,
respectively, and the correspondingly peak load has fallen
by 9.44%, 15.62%, and 18.68%. These results indicated that
the effect of the FTCs on the load-carrying capacity was
significant.

(2) Influence of FTCs on the Deformation Capacity.According
to the test researches of constitutive relations for freezing-
thawing concrete in literatures [1, 3, 5], the compressive
strength of concrete was decreased as the number of FTCs
increased; however the ductility was increased mainly due
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Table 3: Force and deformation of the tested columns (unit: mm & kN).

Specimen Cycles 𝐹𝑦 (kN) Δ 𝑦 (mm) 𝐹max (kN) Δmax (mm) 𝐹𝑢 (kN)
(0.85𝐹max)

Δ 𝑢 (mm) Δ 𝑢/Δ 𝑦
Z-C1 0 55.99 7.26 66.92 14.42 56.88 38.45 5.30
Z-C2 100 50.55 7.14 60.60 14.58 51.51 44.03 6.16
Z-C3 200 47.65 7.40 56.47 14.6 48.00 44.48 6.01
Z-C4 300 47.20 8.50 54.42 14.28 46.26 42.64 5.02
Note: 𝐹𝑦 and Δ𝑦 are the yield load and displacement; 𝐹max and Δmax are the peak load and displacement; 𝐹𝑢 and Δ𝑢 are the ultimate load and displacement;
Δ𝑢/Δ𝑦 is the displacement ductility coefficient.

−60 −40 −20 0 20 40 60 80
−80

−60

−40

−20

0

20

40

60

80

La
te

ra
l l

oa
d 
P

 (k
N

)

Z-C1
Z-C2

Z-C3
Z-C4

Lateral displacement Δ (mm)
−80

Figure 9: Experimental skeleton curves.

to the internal microcracks for concrete with different
numbers of FTCs. As for the RC specimens designed in
this paper, with the increases of the number of FTCs, the
internal microcracks in concrete developed continuously,
which resulted in the increasing trend for yielding displace-
ment, peak displacement, and ultimate displacement. After
100 times, 200 times, and 300 times FTCs, the yielding
displacement of frozen-thawed specimens compared with
specimen Z-C1 increased by −1.65%, 1.93%, and 17.08%, the
peak displacement increased by 1.11%, 1.25%, and−0.97%, and
the ultimate displacement increased by 14.51%, 15.68%, and
10.9%. Because the increases of ultimate displacement are less
than the decreases of yield displacement, the ductility factors
of freezing-thawing specimens declined, which is consistent
with the test results in literature [6].

4. Modeling of the Columns Subjected to
Freeze-Thaw Cycles

4.1. General Model. Generally, four element types were com-
monly used to simulate RC components, which were divided
into force-based beam-column element (FB), displacement-
based beam-column element (DB), solid finite element (SFE),
and beam-column element with concentrated plastic hinges
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Figure 10: Analytical model of column subjected to FTCs.

(CPH), respectively [19].When the RC columnwas subjected
to FTCs, the length of plastic hinge had been changing,
as shown in Figure 7. Therefore, the displacement-based
beam-column element which is based on the displacement
formulation and considers the spread of plasticity along
the element was used in this paper. In order to improve
the accuracy of model prediction, the optimal number of
elements for DB elements should be defined as [19].

When the RC column was modeled in OpenSees, firstly,
five elements were divided into by six nodes along the vertical
direction of column, because the elastic-plastic deformation
was mainly focused on the bottom of RC column, which was
divided into four elements with 150mm. In addition, the top
of RC column tended to be more flexible, which was divided
into one element with 400mm. What is more, the footing
was assumed to be stiff end, and Node 1 was fixed. And the
illustration of analytical model was shown in the left-hand
side of Figure 10. Secondly, the number of Gauss integration
points of the displacement-based beam-column element was
5. Fiber sectionmodel was used to define the element, and the
rectangular section was dispatched by 40 fibers × 40 fibers.
Finally, each fiber should be defined as a Uniaxial Material
which represents uniaxial stress-strain relationships for steel
and concrete. As for the longitudinal reinforcement, the steel
fiber constitutive law followed Menegotto and Pinto (1973)
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[20], combined with the isotropic hardening rules proposed
by Filippou et al. (1983) [21]. Longitudinal rebar buckling
was not considered in the analysis. According to the material
test results, the yield strength and the elastic modules of
the reinforcement bars are 363MPa and 128918MPa. The
strain harden ratio is 1.5%. In allusion to the concrete fibers,
concrete cover material was represented through Kent-Park
model which followed the constitutive relationship modified
by Hisham and Yassin (1994) [22]. And the compression
envelope of confined concrete was calibrated using the
empirical relations proposed by Mander et al. (1988) [23] for
the peak stress and the strain. For unloading and reloading
in compression, the Karsan-Jirsa (1969) [24] was used to
determine the slope of the curve for confined concrete. In
order to consider the ductility of postcrushing concrete, a
descending branch was calibrated such that the post-peak
slope of the present stress-strain relationship agreed with Roy
and Sozen’s model [25] for confined concrete after reaching
the peak value.

Petersen et al. (2007) [2] pointed out that the damage of
FTCs onRC componentswas uneven; with the depth of freez-
ing and thawing increasing, the degree of internal damage
expressed as relative dynamic modulus of elasticity reduced
gradually; the damage of uneven distribution over the cross
section was illustrated in the right-hand side of Figure 10.
Hanjari et al. (2013) [9] modified the concrete constitutive
relationship based on the related experimental results for
frozen-thawed concrete, and the effect of bond-slip between
longitudinal reinforcement and frozen-thawed concrete was
considered; in addition, the load-carrying capacity of frozen-
thawed RC beams had been predicted using nonlinear finite
element analyses. For smaller cross section of RC beams,
the predicted curves of load-deformation were in good
agreement with test results. Moreover, for larger cross section
of RC beams, because the uneven distribution of frozen-
thawed damage in the large beams was not considered, the
effect of freezing-thawing damage on concrete had been
amplified, which leads to smaller prediction results compared
with test. Therefore, a modified model had been proposed
to consider the uneven distribution of freeze-thaw in view
of the concrete constitutive relationship applied to the above
process of modeling RC columns, which was referenced to
the measurements for relative dynamic modulus of elasticity
(RDME) at various distances from the exposed surface in
literature [2], as described in Section 4.3.

4.2.The Equivalent Number of FTC,𝑁𝑒𝑞. When the freezing-
thawing tests for concrete specimens (prismoids, cylinders)
were carried out, various freezing-thawing devices and test
specifications were adopted in different literature [1, 3, 5],
which led to the inconsistent frozen-thawed deterioration
conditions, for example, freezing-thawing velocity, moisture
content, and sample size. As a result, the observed degree of
frozen-thawed damage was varied for specimens subjected
to the same FTCs in different literatures, and this limits the
mutual verification and statistical analysis for test data in
different literature. Berto et al. (2015) [13] used the equivalent
number of FTCs (𝑁eq) according to ASTM C666 [26]

“procedure A” which led to the same strength reduction to
consider the above different FTC conditions. The relation for
evaluation of𝑁eq was proposed:𝑁eq = 𝜒𝑁𝛾, (1)

where𝑁 was the actual number of FTCs, while 𝜒 and 𝛾 were
parameters depending on the experimental conditions. The
actual number 𝑁 of FTCs in Duan et al. tests, Shang and
Song tests, and Hanjari et al. tests had been, respectively,
transformed into the equivalent number 𝑁eq through (1)
by Berto et al. (2015), and the proposed FTD model had
been validated with better applicability. Therefore, the above
transformational method was used to transform the actual
number𝑁 of FTCs in the above freeze-thaw tests for columns
and Petersen’s tests, and then themodifiedmodel considering
uneven distribution of freeze-thaw was proposed to simulate
the RC columns.

Petersen et al. (2007) [2] used the same specification
with Hanjari et al. experimental tests (RILEM TC176-IDC
[27]) to conduct freeze-thaw tests of concrete specimens.
This standard was rather different than recommendations
of ASTM C666 in terms of specimen dimension, freezing-
thawing rate, moisture content, and so on. Berto et al. (2015)
investigated the influence of these experimental tests on
the evaluation of 𝜒 and 𝛾 based on a sensitivity analysis.
The Ordinary Least Squares approach was used to obtain
optimization parameters (𝜒 = 11.71 and 𝛾 = 0.87) that best
fit experimental results with small error based on observed
RDME.The transformed𝑁eq was written as

𝑁eq = 11.71 (𝑁Hanjari)0.87 . (2)

Because Petersen et al.’s freezing-thawing tests were car-
ried out on concrete samples immersed in water with one
side, on the contrary, Hanjari’s samples were immersed in
water with all sides. When the sample reached the same
degree of freeze-thaw damage, Petersen’s test experienced
more cycles thanHanjari’s test. Sowe assumed that𝑁Petersen =𝜂𝑁Hanjari, where 𝜂 = 2.5.

As for the FTCs tests of RC columns mentioned above,
the target temperatures were performed by GB/T50082-2009
[16], which is similar to the ASTM C666 proc. A. However,
the freezing-thawing method described in Section 2.4 was
different from the ASTM C666 because the specimens were
not frozen-thawed in water; therefore a relatively lighter
freeze-thaw condition was provided in this paper, and the
section size of RC columns did not meet the standard
requirements. For these reasons, the equivalent number 𝑁eq
of FTCs needed to be estimated. To this aim the parameters𝜒 and 𝛾 were estimated considering the degradation of
strength experimentally observed on cylinder specimens
drilled out from squat RC walls which belonged to the same
batch FTCs tests in climate chamber. In order to consider
the degradation of concrete compressive strength with the
deterioration of environment, according to the literature [13],
the environmental damage parameter may be written as

𝑑env = 1 − 𝑓𝑑𝑐𝑓𝑐 , (3)
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where 𝑓𝑑𝑐 and 𝑓𝑐 are, respectively, the values of compressive
peak stress in degraded and sound conditions. The corre-
sponding values of 𝑑env for 0, 100, 200, and 300 FTCs are
plotted in Figure 11 with rectangular block and evaluated
by regression analysis shown in Figure 11 with red line. The
results of the regression analyses are summarized as follows:

𝑑env = 1.565 × 10−4𝑁exp.
1.384,

𝑅2 = 0.87. (4)

According to the literature [11], the frozen-thawed deteri-
oration condition with ASTM C666 proc. A was considered,
and the environmental damage parameter𝑑env was calculated
by

𝑑env = (0.0114 − 0.00022𝑓𝐶)𝑁eq, (5)

where 𝑓𝐶 [MPa] is the cylindrical compressive strength.
In this paper, the compressive strength of cube concrete
was 55.08MPa, and the corresponding cylinder compressive
strength was 43.49MPa calculated by [15]. In principle the
degradation of concrete strengthwas the sameunder different
freezing-thawing conditions; the actual number 𝑁exp. in the
above FTCs tests about RC columns was transformed by

𝑁eq = 8.542 × 10−2𝑁exp.
1.384. (6)

Based on (2) and (6), the corresponding numbers of FTCs
with different frozen-thawed conditions were calculated as
listed in Table 4.

4.3. Proposed Model. Petersen et al. (2007) [2] studied the
effects of freezing-thawing depth on relative dynamic mod-
ulus of elasticity, the test results were shown in Figure 13 with
labeled lines, and the internal damage was more pronounced
and progresses into the specimen with an increasing number

Table 4: The corresponding numbers of FTC with different frozen-
thawed conditions.

𝑁exp. 𝑁eq (ASTM C666 proc. A) 𝑁Petersen (RILEM TC176-IDC)
100 50.07 13.27
200 130.67 40.03
300 229.03 76.25

of FTCs. According to the characteristics of the labeled
lines in Figure 13, we assumed that (1) the freezing-thawing
environment around the specimens’ surface was identical
and the corresponding damage degree of freeze-thaw at the
same distance was identical as well; (2) the relative dynamic
modulus of elasticity (RDME) was held constant when the
number of FTCs did not exceed the critical value 𝑁𝑖 where
the corresponding freeze-thaw depth was equal to 𝑥𝑖; and (3)
the RDME was decreased linearly when the number of FTCs
exceeded its critical value 𝑁𝑖 . In this paper, the calculation
model of RDME considering the uneven freeze-thaw damage
was proposed based on the above assumption, as follows:

RDME = {{{
1, if 𝑁 ≤ 𝑁𝑖 ,1 − 𝑚𝑖 (𝑁 − 𝑁𝑖 ) ≥ 5%, if 𝑁 > 𝑁𝑖 , (7)

where 𝑁 was the actual number of FTCs taken from Table 4
in Petersen’s condition; 𝑁𝑖 was the corresponding number
of FTCs at the 𝑥𝑖 freeze-thaw depth when the RDME began
to decline, known as the critical value mentioned above, as
shown in Figure 13; and 𝑚𝑖 was the corresponding slope for
the linear decline lines shown in Figure 13 at the 𝑥𝑖 freeze-
thaw depth. As for the freeze-thaw depth 𝑥𝑖, it is the min-
imum distance from exposed surface with both directions
to the frozen-thawed concrete fiber, as shown in Figure 12.
Based on the observation from the distribution of the internal
damage over the specimen tested by Petersen which was
shown in Figure 13 with labeled lines, the critical value𝑁𝑖 increased with the freeze-thaw depth deepening, and
the corresponding slope 𝑚𝑖 of linear decline line decreased
continuously. Therefore, the linear regression analysis was
used to confirm 𝑁𝑖 and 𝑚𝑖 which were written as (8),
respectively. The calculated results were shown in Figure 13
with dashed lines, which was in good agreement with the test
results.

𝑁𝑖 = 0.9𝑥𝑖 + 3,
𝑚𝑖 = (1.3 − 0.008𝑥𝑖)100 . (8)

According to the British Code of Practice for Structural
Use of Concrete CP110: 1972 [28], the relationship between
the dynamic modulus of elasticity of concrete 𝐸dyn and its
strength 𝑓𝐶 was written as

𝐸dyn = 22 + 2.8√𝑓𝐶, (9)

where 𝐸dyn [GPa] was the dynamic modulus of elasticity
of concrete without FTC and 𝑓𝐶 [MPa] was the corre-
sponding cylindrical compressive strength which was equal
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Figure 13: The comparison diagram between calculation and test
results for RDME with various freeze-thaw depths.

to 43.49MPa. Thus 𝐸dyn for undamaged concrete was
40.465GPa calculated by (9). According to (7) considering
the uneven distribution of freeze-thaw damage, the damaged
dynamic elastic modulus 𝐸𝑑dyn,𝑖 [GPa] for frozen-thawed
concrete fiber with various freeze-thaw depth was written as
follows:

𝐸𝑑dyn,𝑖 = RDME ⋅ 𝐸dyn. (10)

Hanjari et al. (2013) [9] had studied the regression
analysis for relationships between the damaged dynamic
elastic modulus and the cylindrical compressive strength for
frozen-thawed concrete which were tested by Suzuki et al.
(2007), Hanjari et al. (2009a), Fagerlund et al. (1994), and
Shang et al. (2006). The compressive strength 𝑓𝑑𝐶,𝑖 [MPa] of
frozen-thawed concrete fiber at various freeze-thaw depths

was derived from Hanjari et al.’s (2013) regression model, as
follows:

𝑓𝑑𝐶,𝑖 = 30.4 ⋅ 3.3√ 𝐸𝑑dyn,𝑖52.8 − 𝐸𝑑dyn,𝑖 . (11)

In allusion to the unconfined concrete subjected FTCs,
the compressive strength of fiber at different freeze-thaw
depth was directly calculated by (11). However, in view
of confined concrete, the stirrup constraint coefficient 𝑘𝑖
for different frozen-thawed depth was introduced here to
consider the confinement effect on freeze-thaw confined
concrete. The compressive strength 𝑓𝑑𝐶𝐶,𝑖 [MPa] for confined
concrete fiber at different freeze-thaw depth was calculated
by

𝑓𝑑𝐶𝐶,𝑖 = 𝑘𝑖𝑓𝑑𝐶,𝑖, (12)

where 𝑘𝑖 was calculated for freeze-thaw concrete with differ-
ent depth by Mander’s method.

According to Petersen et al. [2] proposed equation
derived from regression analysis of test results, the static
modulus of elasticity 𝐸𝑑𝑐,𝑖 [GPa] for frozen-thawed concrete
at different freeze-thaw depth was calculated by

𝐸𝑑𝑐,𝑖 = (0.9RDME − 0.06) × 𝐸𝑐, (13)

where 𝐸𝑐 was the modulus of elasticity for undamaged
concrete which was equal to 5000√𝑓𝐶.

Based on the results calculated by (12) and (13), the
compressive strength of frozen-thawed unconfined and con-
fined concrete fiber and the corresponding static modulus
of elasticity at different freeze-thaw depth were determined.
The peak strain 𝜀0,𝑖 for frozen-thawed unconfined concrete
fiber was calculated by Kent-Park’s constitutive relationship,
as follows:

𝜀0,𝑖 = 2𝑓𝐶,𝑖𝐸𝑑𝐶,𝑖 . (14)

The peak strain 𝜀𝑐0,𝑖 for frozen-thawed confined concrete
fiber was calculated by Mander’s constitutive relationship, as
follows:

𝜀𝑐0,𝑖 = 𝜀0,𝑖 × [1 + 5 (𝑘𝑖 − 1)] . (15)

The ultimate strain 𝜀𝑐𝑢,𝑖 for frozen-thawed unconfined
concrete fiber was easily taken as 2𝜀0,𝑖, and the ultimate strain𝜀𝑐𝑐𝑢,𝑖 for frozen-thawed confined concrete was taken as 0.02
which is consistent with Mander’s constitutive relationship.
The input constitutive parameters for frozen-thawed concrete
fibers with various freeze-thaw depths were calculated by
looping statement in OpenSees script. At this point, the
numerical model considering the uneven freeze-thaw for RC
columns had been built. The bond-slip for steel bars was not
taken into account in this paper, which needs to be thought
about in future studies.
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Table 5: Input parameters of constitutive model for frozen-thawed unconfined concrete (Concrete02 in OpenSees).

Specimen Cycles Depth (mm) 𝑓𝑑𝐶,𝑖 (Mpa) 𝜀0,𝑖 𝜎𝑑𝑐𝑢,𝑖 (Mpa) 𝜀𝑐𝑢,𝑖
Z-C1 0 0–20 43.57 0.0018 0 0.036

Z-C2 100 0–10 39.92 0.0031 0 0.0062
10–20 43.57 0.0018 0 0.0036

Z-C3 200 0–10 28.69 0.0037 0 0.0074
10–20 32.45 0.0033 0 0.0067

Z-C4 300 0–10 15.75 0.0158 0 0.0316
10–20 20.94 0.0062 0 0.0124

Note: 𝜎𝑑𝑐𝑢,𝑖 is the ultimate stress of frozen-thawed concrete.

Table 6: Input parameters of constitutive model for frozen-thawed confined concrete (Concrete04 in OpenSees).

Specimen Cycles Depth (mm) 𝑓𝑑𝐶𝐶,𝑖 (Mpa) 𝜀𝑐0,𝑖 𝜀𝑐𝑐𝑢,𝑖 𝐸𝑑𝑐,𝑖
Z-C1 0 20–100 46.41 0.0038 0.02 32973.5
Z-C2 100 20–100 46.41 0.0038 0.02 32973.5

Z-C3 200
20–30 38.74 0.0046 0.02 22954.6
30–40 43.31 0.0045 0.02 26023.8
40–100 46.41 0.0038 0.02 32973.5

Z-C4 300

20–30 26.43 0.0065 0.02 11131.0
30–40 30.10 0.0055 0.02 15060.1
40–50 33.60 0.0049 0.02 18561.9
50–60 37.07 0.0047 0.02 21636.4
60–70 40.59 0.0046 0.02 24283.5
70–80 44.14 0.0045 0.02 26503.3
80–100 46.41 0.0038 0.02 32973.5

4.4. Validation of Proposed Model. Four RC columns sub-
jected to FTCs with 0 cycles, 100 cycles, 200 cycles, and
300 cycles were simulated, respectively, by using the above-
mentioned models considering the uneven distribution of
frozen-thawed damage. The most important input param-
eters for frozen-thawed unconfined and confined concrete
with 𝑑were listed in Tables 5 and 6.The comparison between
tests and simulations for hysteretic response is shown in
Figure 14. It can be seen that the simulation results of frozen
columns with 100 cycles, 200 cycles, and 300 cycles are in
good agreement with the experiment. However, the proposed
model did not consider the bond-slip phenomenon between
longitudinal steel bars and freeze-thawed concrete; thus
the strength degradation after peak point was inconsistent
with the tests, so it is necessary to establish the bond-slip
constitutive relations for frozen-thawed concrete with steel
bars in the future research. As for the test result of intact
column with 0 FTCs, the positive bearing capacity was larger
than the negative one due to the test error with misalignment
of the centerlines for hydraulic jack and column before the
cyclic loading imposed. When the column with 0 FTCs
was simulated, this misalignment above was not considered;
therefore, the simulative positive bearing capacity was lower
than the experimental value; on the contrary, the simulative
negative initial stiffness and negative bearing capacity were
larger than experimental values. To sum up, the proposed
model in this paper has a good applicability, which can

simulate the freezing-thawing process of RC members rea-
sonably, and has better accuracy than that simulated by using
conventional methods assuming even distribution of frozen-
thawed damage.

5. Conclusions

An experimental study was undertaken to investigate the
influence of FTCs on the seismic behavior of RC columns.
The effects of the numbers of FTCs on the failure modes, hys-
teretic response, and skeleton curves of the specimens were
analysed. Meanwhile, a methodology considering uneven
distribution of frozen-thawed damage to analyse the hys-
teretic behavior of frozen-thawed RC columns was intro-
duced. The results of the simulation were compared with the
above experiments for RC columns. The following conclu-
sions can be drawn based on this study:

(1) FTCs did not change the destruction form of RC
columns and all specimens experienced typically
bending-shear failures mainly dominated by flexure.
In addition, the degree of granulation reduced gradu-
ally from the outer to the inner part of columns, which
revealed the uneven distribution of freezing-thawing
damage.

(2) The hysteretic characteristics of specimens subjected
to different number of FTCs are similar. With the
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Figure 14: Comparison between hysteretic responses of experiment and modeling.

increase of freeze-thaw cycles, the bearing capacity of
specimens decreased gradually; however the displace-
ments for different damage states increased slightly,
and the corresponding ductility factors declined grad-
ually.

(3) The numbers of FTCs with different freeze-thaw
conditions could be transformedmutually by utilizing
Berto’s method. As a result, the 100 cycles, 200 cycles,
and 300 cycles of freeze-thaw tests in this paper were
equivalent to 50 cycles, 130 cycles, and 229 cycles,
respectively, under theASTMC666 proc. A condition
and were equivalent to 13 cycles, 40 cycles, and 76
cycles under the RILEM TC176-IDC condition.

(4) The calculation model of RDME considering the
uneven freeze-thaw damage was proposed by lin-
ear regression analysis for Petersen’s test data based
on some assumptions. And then the compressive
strength of frozen-thawed confined/unconfined con-
crete and the corresponding static modulus of elastic-
ity with various freeze-thaw depths were calculated.
On the basis of the existing constitutive relations for
concrete, the simulation hysteretic curves calculated
by OpenSees were in good agreement with the exper-
imental ones.

The proposed methodology did not consider the bond-
slip phenomenon between longitudinal steel bars and
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freeze-thawed concrete; it is necessary to establish the bond-
slip constitutive relations in future research.
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It is commonly accepted that high curing temperature (near 60∘C or above) results in reducedmechanical properties and durability
of concrete compared to normal curing temperature. The internal temperature of concrete structures at early ages is not so high as
60∘C inmany circumstances. In this paper, concretes were cured at 45∘C at early ages and their late-age properties were studied.The
concrete cured at 20∘C was employed as the reference sample. Four different concretes were used: plain cement concrete, concrete
containing fly ash, concrete containing ground granulate blast furnace slag (GGBS), and concrete containing silica fume.The results
show that, for each concrete, high-temperature curing after precuring does not have any adverse effect on the nonevaporable water
content, compressive strength, permeability to chloride ions, and the connected porosity of concrete at late ages compared with
standard curing. Additionally, high-temperature curing improves the late-age properties of concrete containing fly ash and GGBS.

1. Introduction

Cement concrete is one of the most widely used construction
materials today. It is well known that the hydration of cement
releases heat. In common engineering practices, the internal
temperature of concrete is higher than 20∘C at early ages
for the following reasons. First, the amount of cementitious
materials is occasionally large to meet the strength grade
requirements. Second, heat dissipation is always low in large-
volume concrete members (e.g., foundation plates) [1].Third,
the initial casting temperature of concrete is usually high [2].
Thus, the actual temperature of concrete at early ages is higher
than the standard curing temperature in the laboratory,
which makes the concrete used in practice behave differently
from the concrete used in the laboratory.

High temperature accelerates the early hydration of ce-
ment, thereby increasing the early strength and elastic modu-
lus of concrete. However, a high early age curing temperature
may result in a lower ultimate strength and elastic modulus
of concrete [3–7]. It has also been found [8, 9] that an
increased curing temperature leads to the increased diffusion
and penetration of the hydrate. Shen et al. [10] found that the
autogenous shrinkage of high performance concrete (HPC)

increased with increasing curing temperature and that HPC
specimens cured isothermally at 20∘C showed better cracking
resistance than those cured at higher temperatures. These
phenomena can be explained by exploring themicrostructure
of the cured HPC specimens. Some researchers [4, 11]
have found that concrete cured at elevated temperatures
shows accelerated hydration and nonuniform distribution of
hydration products, which results in greater porosity and an
increase in compressive strength at an early age, followed by
a decrease at later ages [9, 12]. Kjellsen et al. [13] found that at
a higher temperature, the microstructure of the cement paste
is less homogeneous, resulting in a higher mercury intrusion
porosity. Consequently, the long-termmechanical properties
of cement paste are weaker in such concrete [14, 15]. More
details of the studies about late-age properties of concrete
cured at high temperature are summarized in Table 1. The
conclusions of these studies are inconsistent and even con-
tradictory mainly because of the different curing regimes.

In most studies, the specimens were cured at 60∘C
or above immediately after preparation without precuring,
which differs from the practical situation. In many engineer-
ing practices, the section size of the concretemember is not so
large and normal strength concrete is commonly used, so the
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Table 1: Results of late-age properties of concrete cured at high temperature.

Ref.
number

Cementitious
system

Curing regimes

Late-age propertiesPrecuring
time

Maximum
temperature

Duration at the
maximum
temperature

[7]
Type I, V
cement,

FA
24 h 10, 23, 35, 50∘C CT: until testing

ages
Lower late-age strength and elastic modulus of the
concrete cured at 50∘C.

[20] Type I, V
cement 24 h 10, 23, 50∘C CT: until testing

ages Lower 28-day strength of the concrete cured at 50∘C

[21] PC 24 h 5, 20, 30, 40∘C CT: until testing
ages

Lower strength and coarser porosity of the samples cured
at 40∘C.

[22] PC 24 h 4, 22, 40, 85∘C CT: until testing
ages

Lower strength and coarser porosity of the samples cured
at 40∘C and 85∘C

[23] PC,
GGBS 24 h 25, 35, 45, 55,

100∘C
CT: until testing

ages

Lower strength of plain cement concrete cured at 45 up to
100∘C, while higher strength of samples containing GGBS
cured at elevated temperature

[24]
PC

GGBS
LP

24 h 20, 30, 40, 50∘C CT: until testing
ages Lower 28-day strength of all samples cured at 40 and 50∘C

[25] PC 0, 1, 2, 6 d 40∘C
VT: 1 d;

CT: until testing
ages

Almost no negative effects on late-age strength of samples
cured at 40∘C with precuring time.

[26] PC,
NP 0 h 40, 60∘C

VT: 1, 3, 7 d;
CT: until testing

ages

Lower strength of the plain cement concrete and higher
strength of the concrete containing natural pozzolan cured
at 40∘C and 60∘C (CT) at 28 and 90 days
Lower strength of the concrete containing natural
pozzolan cured at 40∘C and 60∘C (VT) at 28 and 90 days

[27]
PC,

LP, NP,
GGBS

24 h 20, 30, 40, 50∘C
CT: until testing

ages;
VT: 1, 3, 7, 28 d

Decreasing strength of all samples with temperature rise,
and lower decreasing ratio of the samples containing
mineral admixtures

[28] PC,
FA 1 d 27, 34, 42, 50∘C VT: 7 d Lower late-age strength of OPC concrete cured at 42 and

50∘C, while higher for OPC-FA concrete

[29] PC 4, 7 h 42, 46, 85∘C VT: 4, 12, 14 h
Similar microstructure of samples cured at 46 and 42∘C
with that at 20∘C, while coarser microstructure of samples
cured at 85∘C

[30]
PC,
PFA,
SF

24 h 20, 60∘C VT: 3 d

Higher strength of the mixes containing pulverized fuel
ash and silica fume cured at 60∘C, while lower strength of
Portland cement mixes cured at 60∘C than those under
normal curing

[31]
PC,
FA,

GGBS
3.5 h 70∘C VT: 4 h Higher 28-day strength of the concrete containing mineral

admixtures cured at 70∘C

Note. PC: Portland cement; FA: Fly ash; PFA: pulverized fuel ash; NP: natural pozzolan; SF: silica fume; GGBS: ground granulate blast furnace slag; LP: limestone
powder. CT: constant temperature; VT: variable temperature.

actual internal temperature of the concrete is usually lower
than 60∘C. Faria et al. [16] monitored and simulated the
temperature rise of a slab of 143m long, 41mwide, and 0.35m
thick.The results showed that themaximum temperature was
about 35∘C and the time of temperature rising was 1 day.
Kuriakose et al. [17] obtained similar simulation results with
Faria. Chu et al. [18] measured the temperature development
of a dam block of 1m thick from both site and laboratory.
The results showed that themaximum temperature was about
35∘C and the time of temperature rising was 2.5 day. Wu and
Luna [19] obtained the temperature curve at the central point
of the concrete block of 30m long, 4m wide and 4m thick.

The results showed that the temperature reached a maximum
point (about 40∘C) at about 8 days after casting. Kuriakose
et al. [17] simulated the temperature evolutions at different
points of a circular raft of 12m in diameter and 3m thick.
The results showed that themaximum temperature was about
50∘C and the time of temperature rising was 1 to 4 days.
Moreover, it usually takes two or even more days for the
internal temperature of concrete structure to reach peak value
after casting of concrete in engineering practices. So precur-
ing is an essential condition for the high-temperature curing
regime in order to get close to the engineering practices.
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Table 2: Chemical compositions of raw materials w/%.

Composition SiO
2

Al
2
O
3

Fe
2
O
3

CaO MgO SO
3

Na
2
Oeq LOI

Cement 21.96 4.73 3.68 62.30 2.59 1.82 0.64 1.99
Fly ash 53.33 27.65 6.04 2.86 1.35 0.45 1.54 3.46
GGBS 31.76 14.84 0.60 36.44 9.08 0 0.56 1.20
Note. Na2Oeq = Na2O + 0.658K2O.

Table 3: Chemical compositions of the silica fume w/%.

Composition SiO
2

K Na H
2
O LOI

DSF 92.30 0.06 0.02 1.1 2.5

In this study, the early age curing temperature was set at
45∘C and different precuring times were set. The aim of this
study was to investigate the influence of high curing tempera-
ture of 45∘C on the late-age properties of different concretes.

2. Experimental

2.1. Raw Materials. The cement used was Portland cement
with a strength grade of 42.5, conforming to the Chinese
National Standard GB8076-2008. The specific surface area
of the cement was 350m2/kg. The low-calcium fly ash used
in this study conformed to the Chinese National Standard
GBT1596-2005. The specific surface area of the fly ash was
356m2/kg. The GGBS complied with the Chinese National
Standard GBT18046-2008. The specific surface area of the
GGBS was 409m2/kg. Densified silica fume (DSF) with a
density of 650 kg/m3 was used in this study. The coarse
aggregates were crushed limestone aggregates with a size of
5–25mm.The fine aggregates were natural river sands with a
fineness modulus of 2.8. Polycarboxylic superplasticizer (PS)
was used to improve the workability of the concrete. The
chemical compositions of the cement, fly ash, and GGBS are
given in Table 2.The chemical compositions of the silica fume
are given in Table 3.

2.2. Test Methods. Four concretes with different binders were
designed: plain cement concrete, concrete containing 45% fly
ash, concrete containing 45%GGBS, and concrete containing
12% silica fume. The replacement ratio of mineral admixture
was adopted in order to design concrete with high-volume
mineral admixture. However, in consideration of engineering
application, the replacement ratio was not excessively large.
The mix proportions of the concretes are shown in Table 4.
The water-to-binder ratio (W/B) of each concrete was 0.43.
Four pastes corresponding to the four concrete were also
prepared.

Five different curing conditions were designed (Figure 1).
For curing condition “A,” the specimens were cured under
standard curing condition (20 ± 1∘C and relative humidity
higher than 95%) for the whole age after preparation. For the
other four conditions, the specimens were first cured under
standard curing condition for 0.5 or 1 day after preparation
and then cured in a steam curing chamber at 45∘C for 3 or
7 days and thereafter cured under standard condition until

testing age. It takes 2 hours for the temperature to rise from
20∘C to 45∘C or to decline from 45∘C to 20∘C.

Concretes of 100 × 100 × 100mm were prepared for the
compressive strength and permeability tests.The compressive
strength of the concrete was tested at the ages of 90 and 360
days.

The chloride ion permeability of concrete at the ages of 90
and 360 days was tested according to ASTMC1202 “Standard
test method for electrical indication of concrete’s ability to
resist chloride ion penetration.”

Concrete of 100 × 100 × 25mm was prepared for the
connected porosity tests at the age of 360 days. “Saturating-
drying” method was used for the test: the volume (𝑉) of
the specimen and the mass of the specimen after vacuum
saturation (𝑚

1
) and drying at 80∘C for 14 days (𝑚

2
) were

measured. The connected porosity (𝑝) was calculated by

𝑝 =
𝑚
1
− 𝑚
2

𝜌𝑉
× 100%, (1)

where 𝜌 is the density of water.
Nonevaporable water content (𝑤

𝑛
) was obtained by cal-

culating the mass difference between the samples heated at
105∘C and 1000∘C normalized by the mass after heating at
105∘C and correcting for the loss on ignition of unhydrated
samples [32]. The nonevaporable water content (𝑤

𝑛
) was

calculated by the following equation [33]:

𝑤
𝑛
=
𝑚
105
− 𝑚
1000

𝑚
105

− (𝑓
𝑐
⋅ LOI
𝑐
+ 𝑓
𝑚
⋅ LOI
𝑚
) , (2)

where 𝑚
105

is the mass of the sample at 105∘C, 𝑚
1000

is the
mass of the sample at 1000∘C, 𝑓

𝑐
is the mass fraction of

cement, 𝑓
𝑚
is the mass fraction of the corresponding mineral

admixture, LOI
𝑐
is the ignition loss of cement, and LOI

𝑚
is

the ignition loss of the corresponding mineral admixture.

3. Results and Discussion

3.1. Nonevaporable Water (𝑤
𝑛
) Content. The amount of

hydration products is proportional to the nonevaporable
water content of paste. For pastes with similar hydration
products, the 𝑤

𝑛
content can be used as an index for the

comparison of binder’s hydration degree. The 𝑤
𝑛
content of

four different binders at the ages of 90 and 360 days is shown
in Figures 2 and 3, respectively.

It can be seen that at the ages of both 90 and 360 days,
the 𝑤
𝑛
content of plain cement sample cured at 45∘C for 3 d

without precuring is lower than that cured under standard
condition, which agrees with the previous studies including
those at even higher temperature. Kantro et al. [34] reported a
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Table 4: Mix proportion of concretes/(kg/m3).

Samples Cement Fly ash GGBS Silica fume Water Fine
aggregates

Coarse
aggregates

(a) in Figures 2–8 360 0 0 0 155 808 1070
(b) in Figures 2–8 198 162 0 0 155 808 1070
(c) in Figures 2–8 198 0 162 0 155 808 1070
(d) in Figures 2–8 316.8 0 0 43.2 155 808 1070
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Figure 1: Five different curing conditions. Conditions: (A) under standard curing condition for the whole age; (B) under standard curing
condition for the initial 0.5 d, then at 45∘C for 7 d, and thereafter under standard curing condition until testing age; (C) under standard curing
condition for the initial 1 d, then at 45∘C for 7 d, and thereafter under standard curing condition until testing age; (D) under standard curing
condition for the initial 1 d, then at 45∘C for 3 d, and thereafter under standard curing condition until testing age; (E) immediately at 45∘C for
3 d and then under standard curing condition until testing age.

decreased hydration degree of alite and belite at 50∘C.Kjellsen
and Detwiler [35] reported the lowest ultimate hydration
degree at 50∘C by the determination of the 𝑤

𝑛
content.

Escalante-Garćıa and Sharp [36] reported that the amount
of Ca(OH)

2
of samples cured at 40 and 60∘C determined by

thermogravimetric analysis (TGA) was less than that cured
at 20∘C, which indicated a lower hydration degree at higher
temperature.Thedecrease of cement’s hydration degree is due
to the rapid hydration rate at 45∘C at the initial age, which
allows the dissolved ions less time for diffusion before the
hydrates precipitate and builds up a denser inner C-S-H layer
within the original boundaries of cement grains (as opposed
to the outer C-S-H formed in the initially water-filled space),
thereby retarding subsequent hydration [21, 29, 35, 36]. How-
ever, the𝑤

𝑛
content of the plain cement samples under curing

conditions “B,” “C,” and “D” (precured at 20∘C for 0.5 or 1 d
and then cured at 45∘C) was higher than that under standard
curing condition at the ages of both 90 and 360 days. It is an
indication that, at late ages, the hydration degree of cement
hydrated at increased temperature of 45∘C after a period of
precuring is elevated compared to that hydrated at 20∘C.

For cement-fly ash paste and cement-GGBS paste, the𝑤
𝑛

content cured at 45∘C without precuring is higher than that

under standard curing condition at the ages of 90 and 360
days. These results are quite different from those of the plain
cement pastes. It is believed that less dense C-S-H is formed
for the composite binder at the initial age due to the high
replacement of cement. Moreover, high-temperature curing
at an early age can enhance the activity of fly ash and GGBS,
with a corresponding increase in the nonevaporable water
content. Ma et al. [37] reported that mineral admixtures such
as natural pozzolan, fly ash, and GGBS could modify the
kinetic of cement hydration and produce additional C-S-H.
At high curing temperature, these admixtures can reduce the
negative effect of the temperature because of their pozzolanic
reaction and great activation energies [26]. Additionally, the
coating layer on fly ash particles andGGBS particles is weaker
than that on cement particles, leading to correspondingly
weaker inhibitory effects on the late-age reactions of fly ash
and GGBS. Similar to the results of plain cement sample,
the 𝑤
𝑛
content of cement-fly ash sample and cement-GGBS

sample cured at 45∘C with a period of precuring is increased
compared to that cured under standard curing at the ages of
90 and 360 days. However, it is notable that the increments
of𝑤
𝑛
content of these two composite pastes are much greater

than that of the plain cement paste, which is believed to be
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Figure 2: The 90 d nonevaporable water content of pastes under different curing conditions. Samples: (a) plain cement, (b) 45% FA, (c) 45%
GGBS, and (d) 12% DSF.

due to the significant increment of reaction degree of fly ash
and GGBS.

The performances of cement-silica fume pastes are simi-
lar to those of plain cement pastes: the samples immediately
cured at 45∘C without precuring display some adverse effects
of high-temperature curing, while precured samples display
no such adverse effects. This is because silica fume has
a relatively high activity [26, 37, 38] and the degree of
reaction at early age is high at elevated temperature, thereby
producing a denser C-S-H layer on the particles. It can also
be observed that at increased curing temperature the cement-
silica fume composite binder exhibits limited or a very small
improvement in the𝑤

𝑛
content at the ages of 90 and 360 days,

even though precuring time is set. This is because elevated
curing temperature has little influence on the reaction degree
of silica fume within 90 and 360 days, which is different from
the effect of elevated temperature on fly ash and GGBS.

For each cementitious system, there was little or a very
small difference in the nonevaporable water contents under
curing conditions “B,” “C,” and “D,” which indicates that
the late-age hydration degree changes little by extending the
precuring time from 0.5 to 1 day and the high-temperature
curing time from 3 to 7 days.

3.2. Compressive Strength. The compressive strengths of four
different types of concrete at the ages of 90 and 360 days
are shown in Figures 4 and 5, respectively. It can be seen
that the strengths of plain cement concrete and cement-silica
fume concrete cured at 45∘C immediately after preparation
(without precuring) are lower than those of samples subjected
to standard curing conditions, which is consistent with the
trend of 𝑤

𝑛
content and the results of other studies [26]. It

is worth noting that the 𝑤
𝑛
content of cement-GGBS paste

cured under condition “E” is higher than that cured under
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Figure 3:The 360 d nonevaporable water content of pastes under different curing conditions. Samples: (a) plain cement, (b) 45% FA, (c) 45%
GGBS, and (d)12% DSF.

condition “A,” but cement-GGBS concrete cured under
condition “E” shows lower compressive strength than that
cured under condition “A.” This indicates that the volume
percentage of large pores in the pore system increases, which
is caused by nonuniformhydration products [21, 22, 26]when
the samples are cured at a high temperature of 45∘C. Unlike
the cement-GGBS concrete, the cement-fly ash concrete
cured under condition “E” shows a little higher compressive
strength than that cured under condition “A.”This is because
the𝑤
𝑛
content of cement-fly ash paste increasesmuch greater

than that of cement-GGBS paste at elevated temperature
(Figures 2 and 3). However, it is notable that the enhancement
of compressive strength of cement-fly ash concrete is far
less than that of the 𝑤

𝑛
content of cement-fly ash paste,

which further proves that elevated temperature tends to cause
nonuniform hydration products.

Overall, the compressive strengths of all the concrete
samples under curing conditions “B,” “C,” and “D” are close

to or above that under curing condition “A” at the age of 90
or 360 days, which conflicts with the conclusions of many
other studies that reveal the considerable negative effect of
elevated curing temperature on the late strength (Table 1).The
differencemay be due to the different curing regimes: a period
of precuring tends to reduce the negative effect of high curing
temperature on the pore structure and hydration degree; the
early hydration of binder cured at 45∘C is not accelerated so
sharply compared to that cured at 20∘C. As expected, under
the condition of elevated temperature curing with a period
of precuring, the strength increments of the cement-fly ash
concrete and cement-GGBS concrete are larger than those of
the plain cement concrete and cement-silica fume concrete.

It can be concluded that high-temperature curing at 45∘C
for 3 to 7 days does not have negative effects on the late-age
compressive strength of concrete, provided that precuring for
0.5 day or more is set. In many engineering practices, the
heat released by the hydration of binder is not too much,
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Figure 4: Compressive strengths of the concretes cured under different curing conditions at the age of 90 days. Samples: (a) plain cement,
(b) 45% FA, (c) 45% GGBS, and (d) 12% DSF.

and it normally takes two or even more days for the concrete
to reach its peak temperature from the casting temperature.
Therefore, when the peak temperature inside the concrete is
not too high (near or slightly higher than 45∘C), the late-age
compressive strength of the concrete will not be lower, even
possibly higher if fly ash orGGBS is added, than that obtained
under standard curing.

3.3. Chloride Ion Permeability. The charge passed values of
four different types of concrete at the ages of 90 and 360
days are shown in Figures 6 and 7, respectively. According to
ASTM C1202, concretes have the same grade of chloride ion
permeability if the charge passed values fall in the same inter-
val. Figure 6 shows that for each concrete, the permeability
levels under the five different curing conditions are the same
at the age of 90 days. This indicates that for each concrete
increasing curing temperature up to 45∘C has little influ-
ence on its 90 days’ chloride ion permeability regardless of

the precuring time and high-temperature curing time. The
charge passed values of plain cement concrete and cement-
silica fume concrete under curing condition “E” (high-
temperature curing immediately after preparation) are obvi-
ously higher than those obtained under standard curing con-
ditions, although the values correspond to the same perme-
ability level.

Figure 7 shows that for plain cement concrete, cement-fly
ash concrete, and cement-silica fume concrete, the chloride
ion permeability levels under all the five curing conditions are
the same at the age of 360 days.Though the charge passed val-
ues of the cement-silica fume concrete under curing condi-
tions “B,” “C,” and “D” are a little higher than that under cur-
ing condition “A,” the difference of chloride ion permeability
can be neglected because the difference of charge passed value
has very little influence on the permeability grade. For
cement-GGBS concrete, the permeability level of concrete
under curing condition “E” is the same with that under
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Figure 5: Compressive strength of the concretes cured under different curing conditions at the age of 360 days. Samples: (a) plain cement,
(b) 45% FA, (c) 45% GGBS, and (d) 12% DSF.

curing condition “A” at the age of 360 days. However, the
permeability level of the concrete under curing conditions
“B,” “C,” and “D” is lower than that under curing condition
“A.” It is an indication that increasing curing temperature
up to 45∘C after a period of precuring tends to decrease
permeability of cement-GGBS concrete at the age of 360
days. It can be inferred that for the cement-GGBS composite
binder, the promoting effect of elevated temperate of 45∘C
on the reaction degree of GGBS is more significant than its
negative effect on the hydration of cement.

It is widely accepted that the chloride ion permeability of
concrete is closely related to its porosity and pore connec-
tivity. The pozzolanic reaction of fly ash, GGBS, and silica
fume can improve the pore structure at late ages (silica fume
can improve the pore structure at an early age) [39]. From a
comparison of the four concreteswith different binders under

standard curing condition, it is clear that the chloride ion
permeability of the concrete containing mineral admixture
is lower than that of the plain cement concrete. High-
temperature curing at an early age can activate the activity of
mineral admixtures and increase the reaction degree, thereby
increasing the contribution to pore structure improvement.
Figures 6 and 7 suggest that high-temperature curing at 45∘C
has no adverse effect on the chloride ion permeability of plain
cement concrete at late ages, let alone on that of the concrete
containing mineral admixtures. Moreover, high-temperature
curing at 45∘C can decrease the chloride ion permeability of
concrete containing GGBS.

It can be concluded from Figures 6 and 7 that, for
the concrete component used in engineering practices with
an inner temperature near or slightly higher than 45∘C,
temperature rise at an early age has no negative effect on its
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Figure 6:The chloride ion permeability of concrete at the age of 90 days. Samples: (a) plain cement, (b) 45% FA, (c) 45% GGBS, and (d) 12%
DSF.

resistance to chloride ion permeability and may even have a
positive effect on the concrete containing GGBS.

3.4. Connected Porosity. The connected porosity is one of the
principal factors determining the penetration of aggressive
agents and therefore the durability of concrete. It is an effec-
tivemethod to improve the resistance of concrete to chemical
attack by reducing its connected porosity. The connected
porosities of four concretes with different binders at the ages
of 360 days are shown in Figure 8. It can be seen that mineral
admixtures (fly ash, GGBS, and silica fume) can improve the
pore structure of concrete at late ages, which is consistentwith
the results of the chloride ion permeability of concrete. For
each sample, the connected porosity at elevated temperature

without precuring is increased. It is an indication that ele-
vated temperature of 45∘C without precuring leads to a more
heterogeneous distribution of the hydration products [29, 40,
41], which tends to increase the connected porosity. Wang
et al. [42] found that the negative effect of elevated curing
temperature on the concrete was greater than the hardened
paste due to the deterioration of interfacial transition zone
(ITZ) between hardened paste and aggregate. It is believed
that the increase of porosity of ITZ due to the heterogeneous
distribution of the hydration products contributes to the
connected porosity variation of concrete at elevated curing
temperature. However, if a period of precuring is set (whether
0.5 or 1 day), increasing the curing temperature up to 45∘C
tends to decrease the late-age connected porosity of each con-
crete. On the one hand, the negative effect of fast hydration
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Figure 7: The chloride ion permeability of concrete at the age of 360 days. Samples: (a) plain cement, (b) 45% FA, (c) 45% GGBS, and (d)
12% DSF.

on the pore structure due to elevated curing temperature is
reduced if a period of precuring is set; on the other hand,
elevated curing temperature of 45∘C tends to increase the late-
age hydration degree of binder (Figures 2 and 3).

It can be concluded from Figure 8 that for the concrete
component used in engineering practices with an inner
temperature near or slightly higher than 45∘C, temperature
rise at an early age can improve the pore structure of concrete,
especially for the concrete containing mineral admixtures.
Generally speaking, it will enhance the durability of concrete.

4. Conclusions

(1) At late ages, the negative effect of elevated curing
temperature of 45∘C without precuring on cement

hydration, pore structure, and strength of concrete
cannot be neglected.

(2) With a period of precuring, increasing curing temper-
ature up to 45∘C has no negative effect on the late-
age properties of concrete, and it may even enhance
the strength and durability of concrete, especially the
concrete containing fly ash and GGBS.

(3) For concrete components that are in engineering
practices, in which the temperature rise is not very
rapid and the peak temperature is near or slightly
higher than 45∘C, the temperature rise at an early
age does not have any adverse effects on the late-age
properties of concrete.
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Figure 8:The connected porosity of concrete at the age of 360 days. Samples: (a) plain cement, (b) 45% FA, (c) 45% GGBS, and (d) 12% DSF.
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