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Abstract: To investigate the effects of wet-heat—salt coupling
environment (WHSCE) and the content of polyvinyl alcohol
(PVA) fibers on the durability of cementitious composites
(CC), a series of durability tests were carried out. In this study,
the salt concentration in the WHSCE was set to 5%, the tem-
perature at 50°C, and the relative humidity at 100%. Six dif-
ferent contents of PVA fibers were set up in the test for
exploring their effects on the durability (impermeability,
chloride ion penetration resistance, freeze—thaw resistance,
and chloride salt erosion resistance under dry and wet cycle
conditions) of CC. The results showed that durability of CC
under the WHSCE was enhanced regardless of the content of
PVA fibers added. At the PVA fiber amount of 1.2%, the imper-
meability pressure, electric flux, mass loss rate, compressive
strength loss rate, and compressive strength corrosion resis-
tance coefficient under the WHSCE reached the optimal
values. This indicated that the durability of CC was most
favorable when the amount of PVA fibers was 1.2% since
many engineering structures are subject to erosion by var-
ious factors in the ocean, which can inevitably affect the
service life of the purchase. In this study, the effect of PVA
fiber content on the durability of CC in complex environment
is studied, which provides experimental data and analytical
ideas for improving engineering located in the ocean, hoping
to provide a theoretical basis for their subsequent application
in practical engineering.
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1 Introduction

Concrete is used in the construction industry and exhibits
the advantages of high strength, excellent plasticity, and
easy access to materials, providing safe places to live for
people around the world [1-3]. Concrete has been used for
more than 200 years, but engineering is more concerned
about mechanical properties than durability in the past. In
fact, the service life of the engineering structures and the
ability to operate effectively are determined by the dur-
ability [4]. As the aging problem of buildings becomes
more and more serious, its durability is also getting more
and more attention. Generally speaking, the degradation of
the durability of concrete is related to the formation and
development of cracks. When cracks appear, they accel-
erate the rate of transport of harmful ions such as chloride
ions, leading to a decrease in the durability of the concrete
structure, which in turn affects the safety of the structure
[5,6]. It is well known that most of the engineering struc-
tures are in complex environments, resulting in concrete
structures that are often subjected to a combination of
temperature, high humidity, and high salt erosion [7,8].
This undoubtedly accelerates the formation of cracks.

In order to figure out the deterioration process and
principles of cementitious composites (CCs) in different
environments, many researchers have done a good deal
of research. When CC is exposed to chloride solutions,
some of the chlorides enter the material through the pores
for free transport [9]. As a result, the compressive, tensile,
and flexural strength properties of CC are reduced to
varying degrees [10]. It has been demonstrated that the
rate of chloride ion transport can be impacted by several
elements - for instance, the pore structure properties of
concrete itself, the chemical composition inside the pore
solution, and the binding capacity of the chloride ions
themselves [11]. Exposure to different salt solutions can
also result in different chloride binding patterns. When
exposed to sodium chloride solution, it is widely believed
by domestic and foreign scholars that the Friedel salt
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(C;A-CaCl,-10H,0) is formed due to the association of
3Ca0-Al,03 (C3A) with chlorine ions through chemical
binding. However, more chlorides are adsorbed on calcium
silicate hydrate (C-S—H) by physical binding when exposed
to CaCl, solution. The role of physical adsorption is rela-
tively minor compared to chemical binding methods, but it
is also particularly significant because of the high number
of C-S-H gels. The higher number of bound chloride ions
reduces the content of free chloride ions and thus reduces
the possibility of erosion of the reinforcement [9,11-14].

Due to the complex climate around the world, concrete
is also susceptible to high temperature and high humidity
in addition to the high-salt environment. With the increase
in temperature from 200 to 800°C, hydration products
decomposed continuously and the appearance of concrete
changed from light gray to slightly yellow to grayish brown
and finally grayish white, accompanied by the appearance
of microcracks [15]. When cracks were formed, they inevi-
tably had a negative effect on the properties of concrete. As
the temperature continued to rise, the weight loss of the
specimen increased due to the evaporation of water from
within the concrete and the spalling of the concrete. The
compressive strength and modulus of elasticity of concrete
in high-temperature environments were reduced to varying
degrees [16,17]. At the same time, high temperatures may
lead to brittle failure of CC and reduce strain-hardening
properties [18]. The results of a number of studies have
already shown that temperature variations are sensitive to
the effects of tensile behavior [19,20]. The humid and hot
geological environments are distributed all over the world.
Both temperature and humidity are high in the construction
of underground works such as tunnels. A hygrothermal
environment is defined as a construction where the tem-
perature is greater than or equal to 50°C and the humidity
is greater than or equal to 80% and where the underground
environment is greater than or equal to 30°C and the
humidity is greater than or equal to 60°C [21]. The results
of numerous studies have shown that concrete erosion is
more severe when it is subjected to the action of wet-heat-salt
coupling environment (WHSCE).

Compared to natural conditions, salt erosion is more
corrosive to concrete materials under the action of dry and
wet (D-W) cycles. It is obvious that the strength grows in
the early stages owing to the hydration of concrete and the
penetration of salts when concrete is subjected to the com-
bined action of both [22]. As the number of D-W cycles
continues to increase, the damage to the concrete is also
increasing. As a consequence, the relative dynamic mod-
ulus of elasticity of concrete shows a trend of decreasing.
Zhang et al. studied the resistance of CC to chloride salt
erosion by simulating marine tidal environment. It was
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found that the content of free chloride ions increased
with the increased exposure time [23]. A similar study
was carried out by Li et al. [24]. The variable of tempera-
ture was added to the experiment. It was found that the
movement of chloride ions accelerated as the temperature
increased, which also led to the formation of cracks, thus
hastening the transport of chloride ions in the cementi-
tious material.

Fibers can improve the durability of CC [25]. For
instance, the strength loss of concrete can be reduced by
using glass beads as well as steel and polypropylene fibers
[26], where steel and polypropylene fibers can also reduce
porosity and thus improve durability [21]. It has also been
demonstrated that the presence of fibers has a beneficial
influence on both strength and crack development [27-29].
In summary, the inclusion of fibers can be seen to have a
good enhancing effect on the durability of concrete. This
may be due to the fact that fiber-reinforced concrete allows
the CC to have a uniform distribution of reinforcing com-
ponents in all directions. In general, fibers can be classified
as natural and synthetic fibers [30]. Since the fibers them-
selves exhibit good toughness and high aspect ratio, they
can be used as a reinforcing material for CC to diminish the
generation of cracks and also to strengthen the perfor-
mance of concrete after cracking [31]. A great deal of
research has been conducted on the incorporation of fibers
in CC. These results show that different types of fibers have
their own characteristics. Basalt fibers are more inclusive
of temperature and have good acid resistance [32]. They
can also enhance the toughness and impact resistance [33].
Nevertheless, tensile strength and elasticity modulus are
quite at a low level [34]. When 2% steel fibers were added
to the engineered CC, the compressive strength and flex-
ural strength increased by approximately 11 and 23.9%,
respectively [10]. However, it causes the concrete to become
unstable and rusty, accelerating the rate of steel consump-
tion [35]. In view of this, many scholars have performed
studies on polyvinyl alcohol (PVA) fibers as additives to
enhance the durability.

PVA fibers have advantages of lower cost, better acid
and alkali resistance, higher corrosion resistance, as well
as a high modulus of elasticity. PVA fibers can form a mesh
structure inside the concrete, making it less likely to crack
when subjected to external forces [36,37]. Two of the more
prominent advantages of PVA fibers are high tensile strength
and good dispersibility [38-40]. The investigation results
demonstrated that the splitting tensile strength of concrete
increased by 4-7% when 0.2% PVA fiber was added [39].
Drying shrinkage performance is also an important perfor-
mance of concrete. When PVA fibers are added, the cementi-
tious material is more strongly bonded to the PVA fibers, and
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the fibers inhibit shrinkage by shearing along the fiber-ma-
trix interface [41,42]. Based on this principle, it is believed that
the drying shrinkage strain of concrete decreases as the PVA
fiber admixture increases [39,43]. As it is known, fibers can
effectively limit the development of cracks. Therefore, the
resistance to chloride ion penetration can also be improved
by adding PVA fibers. However, when the content of PVA
fibers is excessive, an agglomeration effect occurs and the
bond between matrix and fibers may be weakened, resulting
in the formation of cracks, which in turn increases the risk of
chloride ion entry and destroys the durability.

At present, there are plenty of studies on the impact of
PVA fibers on the durability of CC under the single action of
humidity, temperature, and salt or the synergistic action of
both. But many engineering is in more complex engi-
neering environments, and there are a few studies on the
effects of coupling multiple environmental factors on dur-
ability. Furthermore, the research of PVA fibers on dur-
ability under the coupling effect of multiple factors is
even less. In order to overcome this shortcoming of the
existing literature, this study focuses on the effect of PVA fiber
content on the durability of CC in complex environments. The
purpose of this study is to analyze the mechanism of damage
to durability of CC by the WHSCE and the influence of PVA
fiber on durability of CC in the WHSCE. When PVA fiber is
added, the stress—strain properties of the matrix are improved
and self-healing can occur, which greatly improves the

Table 1: Performances of cement

Specific Setting Compressive Flexural
surface time (min) strength (MPa) strength
area (MPa)
(m*kg™ .
Initial Final 3days 28days 3 28
setting setting days days
386 90 300 26.6 54.5 542 874

Table 2: Technical specifications of fly ash
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durability of CC. By adding PVA fiber, the durability of
CC in the WHSCE is improved, which is helpful to the
study of the durability of CC under multi-factor coupling
environment, and will help to explore an effective method
to extend the service life of CC in complex environments.

2 Experiments

2.1 Materials

In this work, P-O 42.5 cement with a 28 day strength of
54.5MPa was used. The performances of cement are pre-
sented in Table 1. The fly ash used in this test was manufac-
tured by Luoyang Power Plant, and its physical properties
are demonstrated in Table 2. The aggregate used in this test
was extra-fine quartz sand material with a particle size
range of 75-120 pm, and PVA fibers were supplied by Kur-
aray Company of Japan. Table 3 displays the detailed per-
formances of PVA fibers. In this experiment, the water
reduction rate of polycarboxylic acid with high-efficiency
water reducer used was 25%.

2.2 Mix proportions

In accordance with the experimental studies of PVA-rein-
forced CC by present scholars [44,45], six volume contents
(0, 0.3, 0.6, 0.9, 1.2, and 1.5%) of PVA fibers were set up. In
this study, the water—binder ratio was set to 0.35 and the
binder—sand ratio was set to 2. In addition, the mass of fly
ash accounted for 35% of the total mass of the cementitious
material. To investigate the effect of PVA fiber on dur-
ability of CC under the WHSCE, the mix proportioning of
CC is demonstrated in Table 4, where M-0 indicates the

Test content Water absorption (%)

Density (g-cm ™)

Standard consistency (%) Stacking density (g-cm’s)

Average value 106 2.16

471 0.77

Table 3: Performances of PVA fibers

Diameter (um) Elongation (%)

Standard length (mm)

Tensile strength (MPa) Young’s modulus (GPa)

40 6.5 12

1,560 42
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Table 4: Mix properties of each type of specimen

No. Water Fly Cement Quartz PVA  Water
(kg'm) ash (kg'm7) sand fiber reducer
(kg'm™) (kgm™) (%)  (kg'm™)
M-0 350 350 650 500 0 1.5
M-1 350 350 650 500 0 1.5
P-0.3 350 350 650 500 0.3 2.0
P-0.6 350 350 650 500 0.6 2.5
P-0.9 350 350 650 500 0.9 3.0
P-1.2 350 350 650 500 1.2 3.5
P-1.5 350 350 650 500 15 4.0

specimens without PVA fiber and under natural environ-
ment, M-1 indicates the specimens without PVA fiber but
under the WHSCE, P stands for PVA fiber, and the subse-
quent number represents the PVA fiber content.

2.3 Mixture preparation

In order to prepare PVA-reinforced CC with excellent dur-
ability, it is essential to ensure a more uniform dispersion
of PVA fibers in the matrix. Therefore, the PVA fibers ought
to be added in several times during blending process. First,
fly ash, cement, and fine aggregate were stirred for 2 min.
In the next step, some of the water and water-reducing
agent were added and continued mixing for 2 min. Then,
the remaining water was added and stirred for 1min.
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Finally, the PVA fibers were incorporated into the mixer
in four times and stirred for a total of 4 min to form the
specimen. The specific process is illustrated in Figure 1.

2.4 Test methods
2.4.1 Simulation of WHSCE

The test simulated the WHSCE by varying the environ-
mental variables. In this study, the TR-WSYP-31 was to
simulate coupling environment, as presented in Figure 2.
It had an inner chamber size of 3,000 x 4,000 x 2,100 mm.
There were air ducts with four air blowers at the back side
of the chamber. In addition, rain spray pipes were arranged
on the top to meet the requirement of rainfall function. Salt
spray nozzles were arranged on both sides, and a total of
four nozzles were arranged to realize the requirement
of spray function. The refrigeration system was installed
outside the room, and the refrigeration machine adopted
German Bock semi-closed compressor. Insulation material
adopted polyurethane foam. And there are two silicone
rubber door seals with good sealing performance.

It was found that the construction temperature of tun-
nels and other underground works and the actual service
temperature of bridges could reach up to 50°C. In addition,
the temperature in the range of 50-100°C could effectively
improve the interfacial properties of the fiber and the
matrix. Since the marine engineering was located in a

I

Cement

- Partial water
S >/

}-'ly ash

Quartz Sand

‘Water reducing
agent

In order to make the
PVA fiber dispersed
evenly, the PVA

I

fibers were added in
four times.

Residual water

Figure 1: Process diagram for preparing CC.
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Figure 2: Environmental simulation test chamber: (a) appearance of the test chamber and (b) inside of the test chamber.

humid environment, the temperature of this environmental
chamber was set to 50°C and the relative humidity to 100%
considering the actual engineering and test conditions. The
salt concentration in the simulated environment was 5%
sodium chloride solution, and the degradation treatment
time was 30 days. The values of salt concentration and
degradation time referred to the salt concentration in the
salt spray test method and the salt concentration and degra-
dation time in the simulated artificial seawater tidal zone
chlorine salt erosion test by Zhang et al. [23]. After the speci-
mens were formed, they were placed in a cool indoor place,
demolded after 24 h, and placed in a standard curing room
(curing temperature of 20 + 2°C and relative humidity of 95%
or more) for 28 days.

2.4.2 Impermeability test

According to the JGJ/T 70-2009 [46], the dimensions of the
specimens in the impermeability test were 70 mm in dia-
meter at the top opening, 80 mm in diameter at the bottom,
and 30 mm in height. After demolding, the specimen was
placed in a standard curing room with a temperature of 20
+ 2°C for 28 days. After the curing, the specimen was taken
out and placed in the natural environment for 45 days to

Figure 3: Silicone structural adhesive.

conduct the simulation test of the WHSCE. After 30 days of
the test, it was taken out and the impermeability was tested.
The instrument used was mortar permeability meter pro-
duced by Shanghai Dongxing Building Materials Testing
Equipment Co. By comparing the sealing effects of cement,
paraffin, and silicone, neutral silicone adhesive was even-
tually chosen as the sealing material for the specimens in
this test, which is shown in Figure 3, and applied to the side
of the specimen with a thickness of about 5 mm. The instru-
ment used to analyze the pore structure was a high-perfor-
mance automatic mercury pressure meter. Figure 4 shows
the water penetration of the specimens when the sealing
material is silicone. When water seepage occurred at the
end face of three of the six specimens, the test could be
stopped and the water pressure was recorded at that time.

Figure 4: Sealing materials for silicone water penetration of the
specimen.
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The impermeability pressure values were calculated as fol-
lows:

P=H-01, ()]

where P represents the impermeability pressure of mortar
(MPa) and H is the water pressure during water seepage in
three of the six specimens (MPa).

2.4.3 Chloride ion penetration test

According to the Chinese standard GBT50082-2009 [47], the
chloride ion penetration resistance was represented by the
electric flux method. In this study, the CABR-RCP9-type
concrete chloride ion electric flux tester was used, as
shown in Figure 5. The specimen was a cylinder with a
diameter of 100 mm and a height of 50 mm. Before the start
of the test, the treatment method was the same as that of
the impermeability test. The difference was that the sur-
face or side of the specimen should be coated with silicone
or resin sealing material. The specimen was then filled
with water under vacuum. The specific steps were first to
put the specimen into a vacuum container, and the abso-
lute pressure in the vacuum container to 1-5 kPa within
5 min was reduced and maintained it for 3 h. Then, enough
distilled water was injected under the condition of vacuum
pump operation, and the specimen was immersed for 1h
and normal pressure was maintained. After drying, the
relative humidity was kept above 95% and the specimen
was installed in the test tank, as shown in Figure 6. After
installation, the sealing performance between the spe-
cimen and the test tank should be checked using distilled
water. After connecting the power line correctly, the power
supply should be turned on with a constant voltage of 60 +
0.1V DC applied to both poles while keeping the test tank
full of the solution. The instrument should be energized
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Figure 5: Chloride ion flux tester.

DE GRUYTER

for at least 6h, and it automatically records the electric
flux value for each time period. The total columbic flux
of each specimen is expressed by the following simplified
equation:

Q, =900y + 203 + 2Igp + -+ 2I + -+ 2L + 2hs39
+ 2h),

(VA

where Q, is the total columbic electric flux through sample
(C), I is the initial current (A), and I; is the current at t
time (A).

The calculation should be converted according to the
following formula:
2

5\ 3

X

Q=0 x

where x represents the actual diameter of the samples
(mm) and Q, stands for electric flux through samples
with a diameter of 95 mm (C).

2.4.4 F-T cycle test

Based on JGJ/T 70-2009 [46], the rapid F-T cycle test was
performed. Cubic specimen size was 70.7 x 70.7 x 70.7 mm.
After the end of the role of the WHSCE, the specimens were
taken out and dried and then soaked in water at 15-20°C
for 2 days. Afterward, the surface water was wiped off and
the mass was weighed. The specimens were put into the
test box with a net cross-section of 120 x 120 x 500 mm
when they were filled with water and then put them into
the F-T machine. The test box with the temperature test
specimen was placed in the center of the testing machine.
The F-T medium was used as antifreeze solution for the
temperature test specimen, and the temperature sensor
was inserted into the temperature test specimen and

Figure 6: M-0 specimen mounted in the test tank.
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antifreeze solution, respectively. The time to complete each
F-T cycle was 2-4 h. At the end of F-T cycle, the central
temperature of the sample was supposed to be controlled
within -17 + 2°C and 8 + 2°C, respectively. After each 25
cycles, samples need to be tested for compressive strength
and mass loss. Figure 7 shows the state of M-0 specimens
before and after F-T cycles, from which it can be seen that
the specimen has been subjected to the phenomenon of
spalling of the surface paste after F-T cycles as well as
mass loss. The strength loss rate of the sample shall be
calculated in accordance with the following formula:

fo ~
fo

where Af, is the mortar strength loss rate after n F-T cycles
(%), f is the average compressive strength of samples
(MPa), and f, is the average compressive strength of the
three samples after n F-T cycles (MPa).

The mass loss rate after F-T cycles should be calcu-
lated according to the following formula:

A, = x 100%, )

moy— my

Amy, = x 100%, )

my
where Am,, represents the mass loss rate of samples after n
F-T cycles (%), calculated by taking average value of three
specimens; m, is the mass before F-T cycles (g), and m,
stands for the mass after n F-T cycles (g).

2.4.5 Chlorine salt erosion resistance test under D-W
cycle conditions

Cubic samples with dimensions of 100 x 100 x 100 mm were
used in this experiment. The specimens to be subjected to
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D-W cycles were removed from the simulation chamber
and dried at 80 + 5°C for 48 h. After drying, the specimen
was cooled to room temperature. The specimen was placed
in a box containing 5% sodium chloride solution and
placed in a simulated environment box for temperature
control. After soaking in sodium chloride solution for
12 h, the sample was removed from the solution and dried
at high temperature for 12 h. This cycle was repeated until
30 cycles were completed and repeated every 15 cycles. The
sodium chloride solution was replaced after every 15 D-W
cycles. After 30 D-W cycles, the chloride erosion process was
complete as shown in Figure 8. At the end of the process, the
specimen was taken out, the surface of the specimen was
observed, and the compressive strength of the specimen was
tested. The compressive strength corrosion resistance coef-
ficient is used to reflect chlorine salt erosion resistance,
which is calculated in the following equation:

fo’

where K represents the compressive strength corrosion
resistance factor (%), f,,, is the measured value of compres-
sive strength of a group of mortar specimens subjected
to chloride salt corrosion after n D-W cycles (MPa), f,,
represents the measured compressive strength of a set
of comparative CC specimens at the same age as the speci-
mens subjected to chloride salt corrosion with standard
curing (MPa).

ch ©)

2.4.6 Scanning electron microscope (SEM)

Selected specimens from CC after 125 F-T cycles were sub-
jected to microscopic observation by SEM test. The impacts

Figure 7: Before and after F-T cycles of M-0 specimen: (a) before F-T cycle and (b) after F-T cycle.
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Figure 8: Compressive strength test of specimens after 30 D-W cycles.

of F-T cycles and PVA fibers on the microstructure of CC
under the action of WHSCE were analyzed.

3 Results and discussion

3.1 Impermeability

Impermeability can indicate the resistance of concrete to
attack by externally occurring substances. Figure 9 illus-
trates the impact of PVA fiber admixture on the imperme-
ability pressure of CC under the WHSCE. It is evident that
impermeability pressure of the control group samples
under the action of the WHSCE reduced by 42.1% to that
of the samples under natural environment. This is mainly
because the higher temperature, humidity, and salt con-
centration in the WHSCE can accelerate the transport of
chloride ion in the CC, causing the chloride salt to generate
a large amount of Friedel salt and Kuzel salt. This leads to

1.0
- natural environment

_ - WHSCE
£08F

S

2

=

2 0.6
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0 0.3 0.6 0.9 1.2 1.5
PVA fiber content (%)

Figure 9: Impact of PVA fiber content on impermeability pressure.
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fine cracks and larger pores in the matrix. With the
increase in the number of cracks and the development of
pores, the penetration of water into the matrix is acceler-
ated, thus reducing its impermeability. The impermeability
pressure of CC under the WHSCE showed a tendency to
increase initially and decrease later as PVA fiber content
increased. With increasing the amount of PVA fibers from
0.3 to 1.2%, impermeability pressure under the action of
the WHSCE increased by 33.3, 66.7, 100, and 166.7%, respec-
tively, in comparison with those of control group under
the natural environment. However, the impermeability
pressure decreased as the PVA fiber content continued
to increase to 1.5%. This may be due to the disordered
distribution of PVA fibers in the CC under the WHSCE,
which can form a perfect support system and prevent
the matrix from cracking [48]. At the same time, the dense-
ness is improved and the pores are reduced, thus
improving the impermeability of the matrix [49]. But
excessive PVA fibers are not uniformly distributed in
the matrix and tend to agglomerate. This causes an
increase in porosity, resulting in a reduction in imperme-
ability of matrix [50].

Cracks are prone to appear near the pores [51]. And
the mechanical properties and durability of CC are also
affected by pores [52,53]. The pore content can be charac-
terized by porosity, while the pore volume ratio can visua-
lize the distribution of the volume of various types of
pores. The effects of WHSCE and PVA fibers on the pore
size and porosity of the CC were investigated by mercury
intrusion porosimetry. As seen in Figure 10, the number of
the multi-harmful pores (200 nm to 1pm) and capillary
pores (>1 pm) increases in the CC under the WHSCE, while
the number of less hazardous pores (<50 nm and 50-200 nm)
decreases significantly. This indicated that WHSCE changed
the distribution of the number of each pore size, and the
increase in the porosity of larger pores was more obvious.
In contrast, an incorporation of PVA fibers in CC under the
action of WHSCE increased the number of less harmful pore
in the matrix and was higher than the control group. As PVA
fibers were added, the amount of multi-harmful and capillary
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Figure 10: Effect of WHSCE and 1.2% PVA fibers on pore volume.

pores of CC decreased. This is also the reason why the imper-
meability of the matrix is improved [54].

It can be visualized from Figure 11 that the porosity of
CC under natural environment is 14.23%, while it increases
more significantly to 18.36% under the action of the
WHSCE. However, the porosity decreased significantly
to 10.6% after adding 1.2% PVA fibers. This may be
explained by the fact that the high temperature and salt
in the WHSCE can make the CC more microporous to the
extent that the deleterious pore volume ratio, capillary pore
volume ratio, and porosity in the matrix are increased [55].
Nevertheless, once PVA fibers are added, they can bond more
firmly with the CC due to their smaller radii and the hydro-
carbon groups in the fibers. The hydration enhancement of
PVA fibers produces more C-S-H gels, resulting in a more
compact structure [56]. Therefore, the incorporation of PVA

o
n

—
>

Porosity (%)

M-1

M-0 P-1.2

Figure 11: Effect of WHSCE and 1.2% PVA fibers on porosity.
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fibers improved compactness, which in turn reduced the por-
osity in the matrix and effectively improved the pore structure.

3.2 Chloride penetration resistance

It is well known that many buildings are subject to marine
erosion, which shortens their service life. In contrast,
polymer fibers are less susceptible to chloride and salt
erosion [57]. Therefore, in this study, PVA fibers were
incorporated into CC to investigate chloride ion penetra-
tion resistance in CC under WHSCE. As can be seen in
Figure 12, the electric flux of the CC increased by 4.66% in
the WHSCE compared to the control group. This is largely
owing to an increase in microcracks within specimens under
the WHSCE. Moreover, the salt ions produce more chloride
ions that have an erosive effect on the matrix. Each of these
increases the electric flux values of the CC and reduces
chloride ion penetration resistance of the matrix [58].

The electric flux value showed a trend of first decreasing
and then increasing under the action of the WHSCE as PVA
fiber content increased. When the content of PVA fibers
increased from 0.3 to 1.2%, the electric flux values decreased
by 16.76, 20.91, 24.20, and 28.6% compared with those of CC
without PVA fiber. However, when the PVA fiber admixture
continued to increase to 1.5%, the electrical flux value of the
CC increased by 15.7% compared to the matrix admixed with
1.2% PVA fiber. Nevertheless, the electric flux decreased by
17.4% compared to the CC without PVA fiber. This indicated
that the 1.5% PVA content still had an enhanced effect on the
chloride penetration resistance. The reasons for this
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200 -
13
o]
=
&
£150
g
=
100 -
50

0 0.3 0.6 0.9 1.2 1.5
PVA fiber content (%)

Figure 12: Influence of PVA fiber content on electric flux.
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experimental result are similar to those for impermeability.
The appropriate amount of PVA fibers can be uniformly dis-
tributed in the CC [59], reducing the number of cracks in the
matrix. However, the excessive incorporation of PVA fibers in
CC tends to form the agglomeration effect. Moreover, the
mixing process of adding PVA fibers introduces microbub-
bles, which increases the porosity of CC and thus reduces
the chloride ion permeability of CC in a WHSCE [60].

3.3 F-T resistance

The damage of F-T cycles is the main disease in hydraulic
concrete structures. On the one hand, it can reduce the
durability of CC. On the other hand, the cost of later main-
tenance can be greatly increased. In general, the relative
dynamic modulus of elasticity is a reflection of F-T resis-
tance [61]. But in this study, the compressive strength loss rate
and mass loss rate were used to reflect the F-T resistance of
CC. Figures 13 and 14 show the relationship between the
compressive strength loss rate and mass loss rate of CC and
the number of F-T cycles, respectively. The compressive
strength and mass loss rate under WHSCE are both signifi-
cantly lower compared to the natural environment. This can
be explained by the fact that more pores and cracks are more
likely to be formed in CC under the action of the WHSCE,
which reduces the F-T resistance of CC. The F-T cycle leads to
the freezing of water in the CC, generating expansion pres-
sure and leading to spalling of cement paste [62].
Furthermore, the compressive strength loss rate and
mass loss rate of CC exhibited a tendency of initially

—a— M-0
—eo—M-1

Compressive strength loss rate (%)

25 50 75 100 12§

Number of freeze-thaw cycles (time)

Figure 13: Effect of number of F-T cycles on comprehensive strength
loss rate.
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decreasing and then increasing as the amount of PVA
fibers was increased under the WHSCE. Figures 13 and 14
indicate that the compressive strength loss rate and mass
loss rate gradually decrease with PVA fiber admixture
increasing from 0 to 1.2% at the same number of F-T
cycles. When the number of F-T cycles was 125, the com-
pressive strength loss rate decreased by 10.06, 24.65, 39.35,
and 47.99% with a PVA fiber content of 0.3, 0.6, 0.9, and
1.2%, respectively, compared with the specimens without
PVA fiber. And the mass loss rate decreased by 6.73, 6.21, 6,
5.32, and 5.68%. However, the compressive strength loss rate
of the specimens increased by 22.75% at a PVA fiber incor-
poration of 1.5%, compared with the specimens containing
1.2% PVA fiber. The mass loss rate also presented a rising
trend. It is because high elastic modulus and high toughness
of PVA fibers are able to play a bonding role to matrix, so it
can be subjected to a larger expansion pressure, which can
improve the frost resistance of the CC under the WHSCE
[63]. In addition, PVA fibers can act as a bridge between
microcracks and suppress the development of cracks [41].
Nevertheless, the incorporation of excessive PVA fibers may
cause uneven compactness of the matrix, thus reducing the
frost resistance of CC under the WHSCE.

3.4 Resistance to chlorine salt attack under
D-W cycle conditions

Chlorine salt attack is another important cause of structural

durability damage [23]. The results of the study show that
chloride migration can be influenced not only by
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Number of freeze-thaw cycles (time)

Figure 14: Influence of number of F-T cycles on mass loss rate.
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electrochemical interactions in the C—S-H layer, but likewise
by chemical interactions in anhydrous cements [64—66].
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Generally speaking, the environment in which the building
is located is complex, so it is desirable to investigate the
performance of CC to resist chlorine salt attack under
D-W cycle conditions. Figure 15 illustrates the impact of
PVA fiber incorporation on the compressive strength corro-
sion coefficient of CC under the WHSCE. It was evident that
the compressive strength corrosion coefficient of samples
declined under D-W cycles without PVA fiber incorporation
when compared with the control group. With an increase in
the amount of PVA fibers from 0.3 to 1.2%, the compressive
strength corrosion coefficient increased by 9.36, 12.31, 13.87,
and 18.55%, respectively, compared with the control group.
As the amount of PVA fibers proceeded to increase to 1.5%,
the compressive strength corrosion coefficient decreased.
This showed that an appropriate dosage of PVA fibers
in CC could improve the compressive strength corrosion
coefficient of the matrix, which was due to the high tensile
strength of PVA fibers. When PVA fibers are dispersed in
the matrix, they can inhibit the generation of microcracks
in CC through the bridging effect, which in turn can play a
role in toughening and anti-cracking of CC [67]. Moreover,
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Figure 16: SEM images of CC: (a) after F-T cycle (M-0), (b) after F-T cycle (M-1), (c) before F-T cycle, and (d) after F-T cycle.
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it can improve the performance of the interface transition
zone. Accordingly, the compressive strength corrosion coef-
ficient of matrix is improved. However, beyond a certain
amount of admixture, the excess PVA fibers are not easily
dispersed in the CC and tend to agglomerate, causing voids
in the matrix, which in turn leads to weak points in the CC
[45,68]. Furthermore, PVA fibers have the property of hydro-
philicity. The PVA fibers can inhibit the hydration reaction
in the matrix after water absorption, which results in a reduc-
tion of the compressive strength corrosion coefficient [69].

3.5 Microstructure

SEM is often used to test the properties of materials on the
surface of a sample and is widely used in the field of scien-
tific research. During the process of cement setting and
hardening, cracks and voids inevitably appear at the inter-
face between cement and aggregate due to water secretion,
shrinkage, segregation, etc. These microcracks increase the
deterioration points in the matrix of CC, and the micro-
cracks and pores expand and connect under internal and
external stresses, leading to the deterioration of the matrix
microstructure and the worsening of the frost resistance
[70]. Figure 16a and b shows the SEM images of CC without
PVA fiber after F-T cycles, where samples in (a) are con-
ditioned under natural environment and (b) is the SEM
image of the specimen after the action of WHSCE. From
Figure 16b, it can be seen that the small pores of the CC
under the WHSCE are significantly increased. The surface
of the CC was eroded under the synergistic actions of the
WHSCE and F-T cycles. The capillary tension and the dif-
ference in solubility of the salt solution will cause osmotic
pressure, which led to an increase in water absorption rate
[71]. This is also the reason for the increase of small pores
in (b).

Figure 16c and d demonstrates the SEM images of CC
containing 1.2% PVA fiber before and after F-T cycles under
the action of WHSCE, respectively, where the amount of F-T
cycles was set at 125 in (d). Comparing (c) and (d), it was
observed that F-T cycles not only increased the amount of
cracks of CC, but also enlarged the width of cracks. However,
PVA fibers are distributed chaotically in the matrix,
whereby the formation of a mesh structure improves the
compactness of the matrix. PVA fibers can bridge micro-
scopic cracks in the cement matrix, prevent and inhibit
material segregation, and also relieve the concentrated frost
swelling stress and transmit the stress to the matrix, thus
preventing further expansion of cracks [72]. However, it can
still be seen from (d) that the bonding of PVA fibers to the
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matrix decreases, leading to a decrease in the strength of
matrix at the end of F-T cycles.

4 Conclusions

In this study, it focused on the effect of PVA fiber amount
on durability under the WHSCE. The main experiments
were impermeability test, rapid chloride ion test, rapid
F-T test, chloride salt erosion resistance test under D-W
cycles, SEM test, and mercury intrusion porosimetry test,
and the data of impermeability pressure value, electric flux
value, compressive strength loss rate and mass loss rate,
compressive strength corrosion resistance coefficient, and
pore volume rate of CC were analyzed to do the compila-
tion and analysis, and the following conclusions were
drawn:

1) In comparison with the natural environment, the harmful
pores and porosity of CC increased under the action of the
WHSCE. The impermeability and chloride ion penetration
resistance were reduced. The number of small pores in the
matrix increased and the F-T resistance decreased.

2) As the PVA fiber content increased from 0.3% to 1.5%,
the impermeability pressure of the matrix under the
action of the WHSCE first increased and then decreased.
When the PVA fiber content was 1.2%, the number
of harmful pores and porosity of CC decreased to the
lowest value and the impermeability pressure value of
CC reached the maximum value of 0.8 MPa.

3) At a PVA fiber content of 1.2%, electric flux value of the
CC under the action of the WHSCE decreased by 28.6%,
and the resistance to chloride ion penetration was
optimal. And the compressive strength corrosion resis-
tance coefficient was increased by 18.55% than that in
the control group, at which time chloride salt erosion
resistance of CC under D-W cycles reached the best
performance.

4) With the same number of F-T cycles, the compressive
strength loss rate and mass loss rate of CC under the
action of the WHSCE showed a trend of first decreasing
and then increasing as the PVA fiber content increased.
At the PVA fiber content of 1.2% and the times of 125 F-T
cycles, compressive strength loss and mass loss reached
the minimum value, which were 47.99 and 20.95% lower
than those of the control group, respectively.
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