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Abstract: Polypropylene-fiber-reinforced concrete impacts the early shrinkage during the plastic
stage of concrete, and the fiber volume content influences the durability-related properties of concrete.
The purpose of this paper was to investigate the influence of fiber volume content on the mechanical
properties, durability, and chloride ion penetration of polypropylene-fiber-reinforced concrete in a
chloride environment. Tests were carried out on cubes and cylinders of polypropylene-fiber-reinforced
concrete with polypropylene fiber contents ranging from 0% to 0.5%. Extensive data from flexural
strength testing, dry–wet testing, deicer frost testing, and chloride penetration testing were recorded
and analyzed. The test results show that the addition of the fiber improves the failure form of the
concrete specimens, and 0.1% fiber content maximizes the compactness of the concrete. The flexural
strength of specimen C2 with 0.1% fiber shows the highest strength obtained herein after freeze–thaw
cycling, and the water absorption of specimen C2 is also the lowest after dry–wet cycling. The results
also indicate that increasing the fiber volume content improves the freeze–thaw resistance of the
concrete in a chloride environment. Chlorine ions migrate with the moisture during dry–wet and
freeze–thaw cycling. The chlorine ion diffusion coefficient (Dcl) increases with increasing fiber content,
except for that of specimen C2 in a chloride environment. The Dcl during freeze–thaw cycling is
much higher than that during dry–wet cycling.

Keywords: polypropylene-fiber-reinforced concrete; durability; dry–wet cycles; freeze–thaw cycles;
chloride concentration

1. Introduction

Concrete is an effective material for civil infrastructure construction due to its durability, economic
advantages, and excellent compressive strength. However, the low tensile strength and quasi-brittle
nature of cover concrete can lead to the development and localization of cracks in reinforced-concrete
(RC) structures under mechanical or environmental loading. This disadvantage has led to the extensive
study of strength-related concrete materials over the last several decades. Various alternatives, such
as reactive powder concrete, polymer concrete, and fiber-reinforced concrete, have been proposed
to strengthen the performance of concrete and RC structures. Due to the convenience of their
construction, several researchers have focused on the development and application of fiber-reinforced
cement composites, such as polypropylene (PP)-fiber-reinforced concrete (PPFC), high-performance
fiber-reinforced cement composites (HPFRCC), engineered cementitious composites (ECC), and
strain-hardening cement composites (SHCC). Hannawi et al. [1] investigated the effect of adding
different types of fibers on the microstructure and mechanical behavior of ultrahigh-performance
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concrete (UHPC). The experimental results showed that the addition of the fiber significantly reduced
the lateral strain at peak loading and increased the threshold of initial cracking. Yu et al. [2] investigated
the strain-hardening and multiple-crack characteristics and the high strength of a mortar matrix.
The tensile strength and elongation of the ultrahigh-performance engineered cementitious composite
(UHP-ECC) were 20 MPa and 8.7%, respectively.

When in service, concrete tends to crack at an early age under the action of temperature and
humidity changes and as a result of constraints. The early-age cracking of concrete has become
the main reason for a decrease in its bearing capacity and the durability of structures. PPFC limits
early shrinkage in the plastic stage of concrete and delays crack development in the service stage.
Medina et al. [3] investigated the effects of polypropylene fibers (PPFs) on early cracking due to
drying shrinkage in concretes with natural pozzolan cement (NPC) and different fiber volume fractions
(0.03%, 0.06%, 0.09%, and 0.12%). The results indicated that a PPF volume fraction of 0.06% reduced
the cracking area due to drying shrinkage of the NPC by 66%, but larger volume fractions did not
linearly increase this effect, and even worse results were obtained. Khan and Sharma [4] investigated
the strength and water permeation properties of rice-husk ash (RHA) concrete reinforced with PPFs.
Ordinary Portland cement (OPC) was partially replaced with 10%, 15%, and 20% RHA, and 0.5%,
0.75%, and 1% PP by weight of the binder was added. The splitting tensile strength was found to
increase with the RHA as well as PP for all concrete mixes. There was a significant enhancement in the
flexural strength with an increase in the PP content, especially at late aging times. Karahan and Atis [5]
reviewed the durability properties of concrete containing PPFs and fly ash, and the fiber volume
fraction was 0%, 0.05%, 0.10%, and 0.20% on a volume basis. The laboratory results showed that the
addition of PPFs did not improve the compressive strength and elastic modulus. The freeze–thaw
resistance of PPFC was found to slightly increase when compared to that of concrete without fibers.
Islam and Gupta [6] evaluated the strength, plastic shrinkage, and permeability (of gas and water) of
concrete incorporating PPFs (with an aspect ratio 300) in various proportions (viz., 0.10%, 0.15%, 0.2%,
0.25%, and 0.3%) by volume of concrete. The experimental results indicated that with the inclusion of
0.1%–0.3% fiber in the concrete, the plastic shrinkage cracks were reduced by 50%–99% compared to
those in the plain concrete. With the inclusion of 0.1% fiber, the crack width decreased to 1 mm, and the
trend continued with the addition of the fibers. Zhang and Li [7] investigated the effect of PPFs on the
workability and durability of concrete composites containing fly ash and silica fume. Four different
fiber volume fractions (0.06%, 0.08%, 0.1%, and 0.12%) were used. The length of the water permeability,
dry shrinkage strain, and carbonation depth of concrete containing fly ash and silica fume decreased
gradually with increasing fiber volume fractions if the fiber volume fraction was below 0.12%. All of
the research shows that PPFs significantly improve concrete performance, but the relationship between
the fiber content and performance improvement is not clear. Thus, when considering the published
results involving the testing of concrete with PPFs, it is not possible to draw definite conclusions about
the influence of volume on the durability of concrete. The objective of this study is to investigate the
PPF volume’s influence on the durability of concrete.

Chloride-induced corrosion is one of the major causes of concrete structure deterioration. Chloride
ions from seawater or deicing salt induce corrosion of the reinforcement materials [8,9]. The influence
of fiber volume content on the durability-related properties of PPFCs under dry–wet and freeze–thaw
cycling in a chloride environment was investigated in this paper. The authors of this paper interpreted
the durability of the PPFC by investigating the relative dynamic modulus of elasticity, mass loss,
and internal frost damage when exposed to a chloride environment. The chloride ingress behavior
of PPFC was also studied to identify a suitable PPF content in order to enhance the durability of the
PPFC. The results make it possible to establish the influence of the micro PPF volume content on the
durability of fiber-reinforced concrete in a chloride environment.
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2. Materials and Methods

2.1. Materials

This study adopted Grade 42.5 cement and fly ash as the binder. Table 1 shows the chemical
compositions of the cement and fly ash. The alkali content of the cement is 0.92%. The fine aggregate
and coarse aggregate that were used were qualified according to Chinese standard JGJ 52-2006 [10].
The modulus of fineness of the fine aggregate was 2.62, with a soil content of less than 1%. The crushed
limestone had a continuous grade with a size range of 5–15 mm. The physical and mechanical
properties of the PPFs are given in Table 2.

Table 1. Chemical compositions of the cement and fly ash/%.

Material CaO SiO2 Al2O3 Fe2O3 MgO SO3

Cement 63.02 21.2 5.02 4.21 2.2 2.4
Fly ash 4.88 49.02 31.56 6.97 0.83 0.84

Table 2. Physical and mechanical properties of the polypropylene fibers (PPFs).

Length Diameter Density Elastic Modulus Tensile Strength Elongation

(mm) (µm) (g/cm3) (MPa) (MPa) (%)

19 20 0.91 3800 270 8

2.2. Component Amounts in the Samples and Specimen Preparation

To investigate the durability-related properties of the PPFC under different chloride environments,
four groups of specimens were produced, representing a wide range of PPF volume fractions.
The water-to-binder ratio was 0.43 and the sand percentage was 40.7%, while 2% of air was entrained.
Four mix designs were used: One comprising plain concrete (C1) and three PPFCs named C2, C3,
and C4 with PPF volume fractions of 0.1%, 0.3%, and 0.5%, respectively; the volume of the fibers was
normalized to the volume of concrete. The detailed component amounts in all samples are shown in
Table 3.

Table 3. Component amounts in the samples.

Type Cement Stone Sand Fly Ash Fiber Volume Water

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (%) (kg/m3)

C1 375 1048 720 85 0 180
C2 375 1048 720 85 0.1 180
C3 375 1048 720 85 0.3 180
C4 375 1048 720 85 0.5 180

The mixtures were prepared using a concrete mixer with a capacity of 60 L. At the beginning,
the coarse aggregate and sand were homogenized with half of the amount of water. Subsequently,
cement, fly ash, and the remaining water were added. After the components had been thoroughly
mixed, polypropylene fibers were added by hand to obtain a good workability.

Freshly mixed prisms with a cross section of 100 × 100 mm and a length of 400 mm were produced.
In addition, cubes with a side length of 100 mm were produced. The fresh concrete was compacted in
steel molds and allowed to harden in the laboratory under plastic sheets. After casting, the specimens
were cured in a standard environment with a relative humidity of 95% ± 5% and a temperature of
20 ± 2 ◦C for 28 days.
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2.3. Exposure to Dry–Wet Cycles

The mechanism used to alternate the dry–wet cycles had a great influence on the chloride ion
transport in the specimen. The ratio of the drying to wetting times affected the position of the drying
and wetting front when the moisture was transferred in the concrete, which influenced the depth of
the moisture and thus affected the transmission of chloride ions in the specimen. To analyze the effect
of the fiber content on the chloride ion transport during dry–wet cycling, the experimental mechanism
was determined by the time to reach the mass stability state (the mass of the specimen unchanged)
during the dry–wet cycling in a laboratory environment, and the influence of the test mechanism on
the depth of the moisture was eliminated. After the specimens were cured for 28 days, the specimens
were placed in a laboratory with a controlled temperature of 20 ± 2 ◦C and a relative humidity (RH) of
60% ± 5%. The method was as follows. The water loss and water absorption of the specimen during
each dry–wet cycle in the laboratory were defined as the mass stability state. First, the cured specimen
was naturally dried (T = 20 ± 2 ◦C, RH = 60% ± 5%) in the laboratory until the mass of the specimen
did not change, and the drying time was determined to be 2 days. Second, the specimen was placed in
a chloride solution until the mass of the specimen remained constant, and the soaking water absorption
time was determined to be 1 day. Finally, the alternating dry–wet cycle included 2 days to dry and 1
day to soak (shown in Figure 1). A total of 30 cycles were conducted in accordance with the approach
above, with every 10 cycles being one test cycle; the NaCl solution was replaced after each test cycle.
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Figure 1. Dry–wet test.

2.4. Exposure to Freeze–Thaw Cycles

To simulate actual freeze–thaw conditions with deicing salt, the concrete specimens were subjected
to repeated cycles of freezing and thawing in accordance with Gb/T 50082-2009 (standard rapid
freeze–thaw test method) [11], and the deterioration during the test was assessed. After the specimens
were cured for 28 days, they were immersed in a 3.5% NaCl solution for 4 days, and then specimens
were placed in an appropriate chamber containing a 3.5% NaCl solution (shown in Figure 2). During
the test, each freeze–thaw cycle lasted 2–4 h. The temperature obtained by embedded sensors in
the centers of specimens varied between −18 ± 2 ◦C and 5 ± 2 ◦C. The specimens were exposed to
freeze–thaw cycles, and the mass and dynamic elastic moduli of the concrete specimens were measured
after 20 cycles.
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2.5. Capillary Absorption and Chloride Penetration

The concrete specimens were used to measure the chloride penetration after the test. The test was
run according to Chinese Standard JTJ 270-98 [12], and the acid-soluble chloride ion concentrations
in various depths were tested. After 0, 50, and 100 freeze–thaw cycles, 2 cm from the specimen
surface—except the collection surface—were cut, which was determined by a spray with 0.1 mol/L
AgNO3 solution on the split surface in previous experimental studies. Then, 1 mm thick layers from
the non-pouring surface were milled consecutively. The chloride content of the specimen powder was
finally determined by nitration. After 0, 10, 20, and 30 dry–wet cycles, the chloride content of the
specimens was also determined.

In addition, concrete specimens that were exposed to 0, 10, 20, and 30 dry–wet cycles were used to
measure the capillary absorption. The specimens were placed in a room with a controlled temperature
of T = Temperature. After a certain number of dry–wet cycles, the increase in the mass of the specimen
resulting from absorption of water was measured.

3. Results and Discussion

3.1. Flexural Strength

Figure 3 shows the bending failure state of the specimens with different fiber contents. The failure
of all specimens occurred as a result of cracking of the bottom concrete. When the ultimate strength of
ordinary concrete reached the ultimate strength of bending failure, the specimen broke in half with
a clear cracking sound. Figure 3a shows that ordinary concrete exhibited a regular vertical crack in
the range of the loading points. As PPFs were added, no brittle failure occurred when the specimen
reached its ultimate strength. Due to the characteristics of the random fiber distribution, fiber bridges
cracked on the fracture surface during the loading and delayed cracking, and the path of the crack
became tortuous; a fine oblique crack was produced during failure, and the specimens maintained
a certain level of integrity. With increasing load, the crack gradually extended to the loading end,
and the crack tended to be subtle in nature with increasing fiber content.
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Figure 3. Failure modes of the specimens.

Table 4 shows the flexural strengths of the specimens during freeze–thaw cycling. The flexural
strength did not change monotonously with increasing fiber content. The flexural strength of specimen
C2 with 0.1% fiber content was the highest obtained herein. The flexural strength of all specimens
decreased as the number of freeze–thaw cycles increased. As a low-elastic-modulus fiber, the elastic
modulus of PPFs is only 1/4 of that of hardened concrete. According to the theory of composite materials,
the addition of the PPFs should reduce the bending strength of the concrete. However, because the
strengthening mechanism of the PPFs mainly involved reducing the number of primary cracks in the
plastic phase, the compactness and flexural strength of the specimen improved. The large number of
fibers inhibited the formation of a uniform dispersion during the mixing process, and bubbles were
introduced into the concrete at the same time, thus reducing the bending strength.

Table 4. Test results of the flexural strength.

Specimen Batch
Fiber Volume

(%)
Flexural Strength (MPa)

FT0 FT50 FT100

C1

1 0 6.06 5.53 4.93
2 0 5.91 5.35 4.76
3 0 5.86 5.03 4.63

mean 0 5.94 5.3 4.77

C2

1 0.1 6.54 6.19 5.81
2 0.1 6.38 6.08 5.68
3 0.1 6.17 5.91 5.53

mean 0.1 6.36 6.06 5.67

C3

1 0.3 6.29 5.86 5.27
2 0.3 6.21 5.72 5.14
3 0.3 6.08 5.61 5.08

mean 0.3 6.19 5.73 5.16

C4

1 0.5 5.73 5.51 5.19
2 0.5 5.61 5.41 5.03
3 0.5 5.47 5.26 4.91

mean 0.5 5.60 5.39 5.04

3.2. Water Absorption

Concrete is a multiphase porous material that is composed of cement paste and aggregates
wrapped in the cement paste. A substantial number of pores exist in the cement paste, in the aggregates,
and at the interface between the cement paste and aggregates, and the pores are classified as primary
pores and secondary pores. These pores are distributed in the concrete network and change under
the influence of internal and external conditions. The pores in hardened cement pastes include gel
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pores, capillary pores, and regular pores. The complexity of the internal microstructure in concrete
determines the complexity of the transmission performance of the concrete. Corrosive gases, ions, and
solutions in the external environment enter through the pores in concrete, thus affecting the durability
of the concrete structure.

According to the water absorption measured by different immersion times of the specimen:

ωt =
m1 −m0

m0
× 100% (1)

where ml is the saturated mass of the specimen after immersion, and m0 is the mass of the specimen
after drying.

Figure 4 shows the water absorption of the specimens after dry–wet cycling. The water absorption
of the specimens decreased gradually with increasing alternating time. After 30 dry–wet cycles,
the water absorption of specimen C2 was 12% lower than that of C1, which did not contain PPFs.
The water absorption of specimen C4 with 0.5% fiber content was the highest herein, and was 20%
higher than that of specimen C1. Adding an appropriate amount of fiber effectively improved the
compactness of the specimen, while a high PPF content reduced the compactness of specimens.
The water absorption rate of specimen C4 with 0.5% fiber content was gradually reduced; the other
specimens varied little. This can probably explained by the high fiber content’s delay of internal
moisture and promotion of internal hydration of specimens.
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3.3. Scaling

Figure 5 shows the weight-loss ratio of the concrete specimens caused by concrete surface
scaling which occurred when the specimens were subjected to freeze–thaw cycles in a 3.5% NaCl
solution. The weight-loss rate of specimens degraded as the number of freeze–thaw cycles increased.
The weight-loss ratio of specimens changed monotonously with increasing fiber content. Scaling
occurred due to a number of factors: (1) Exposure of the highly saturated concrete to freeze–thaw
cycles [13–18], (2) scaling of the concrete surfaces [19–23], (3) crystallization of salt in the concrete pores
that resulted in production of internal stresses [24–26], and (4) expansion forces that resulted from the
corrosion of the reinforcements when a chloride-based deicing salt was used [27,28]. The specimens
with PPFs showed the best resistance to freeze–thaw cycling. After 240 freeze–thaw cycles, the decrease
in the weight-loss ratio of specimen C1 comprised of OPC was 98.12%. Specimen C4 with 0.5% fiber
content showed the lowest-scaling rate herein. This can be explained by the porous surface of the
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specimen being saturated after presaturation, which caused the initial weight loss to increase quickly.
The increase in the fiber content alleviated the pressure from ice crystals in the specimen. Finally,
additional cracks formed, and additional moisture migrated into the concrete as a result of those cracks.
The salt also increased the water saturation, and the weight loss rapidly increased as a result.
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Figure 5. Weight-loss rate changes after freeze–thaw cycles.

3.4. Relative Dynamic Modulus of Elasticity

The relative dynamic modulus of elasticity of the samples subjected to freeze–thaw cycling in a
NaCl solution is shown in Figure 6. The relative dynamic modulus of elasticity degraded as the number
of freeze–thaw cycles increased. After 240 cycles, specimen C1 severely deteriorated, and its relative
dynamic modulus of elasticity decreased to 93.85% of its initial value. Specimen C4 slightly deteriorated,
and its relative dynamic modulus of elasticity decreased to 97.9% of its initial value. All curves had
similar trends, although the magnitude of the relative dynamic modulus of elasticity was different for
each specimen. The slope of the initial phase was relatively steep; then, the curves exhibited a steady
and gradual slope; finally, the slope of the curves became steep. The test results indicate that adding
PPFs significantly improved the resistance of the concrete to freeze–thaw cycling. The incorporation of
the fibers inhibited the extension of microcracks and reduced the specimen damage.
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Figure 6. Relative dynamic modulus of elasticity changes after freeze–thaw cycles.

3.5. Chloride Profile in the PPF Concrete

Figure 7 shows the chloride ion distribution of each specimen after dry–wet cycling. The curves
for the chloride ion content as a function of the penetration depth first increased, then decreased,
and finally stabilized; there was a peak value at a certain depth from the surface of the specimen. After
30 dry–wet cycles, specimens C1 and C2 reached their peak at a penetration depth of 2.5 mm, and the
peak depth for specimens C3 and C4 was 3.5 mm. Among the samples herein, the chloride ion content
in specimen C2 was the lowest and it was the highest in specimen C4. The total chloride content of
specimen C2 at its peak point was 90% that of specimen C1, and the total chloride content of specimen
C4 was 1.23 times that of specimen C1.
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Figure 7. Chloride profiles for specimens after dry–wet cycling.

During dry–wet cycling, the chloride ions migrate in the specimen by capillary adsorption,
convection, and diffusion. This can be explained by the “ink-bottle-beam tube” microstructure in
concrete [29]. The moisture in the specimens evaporated and reached an equilibrium value, and the
chloride ions migrated with the moisture. During the wetting process, the moisture entered the
concrete through the pores of various sizes. During the drying process, the moisture in the surface
layer was easily dissipated, and the internal moisture evaporated slowly due to the blockage from the
small pores. Due to the hysteresis of the moisture transport, a high chloride concentration formed at
a certain depth from the surface of the concrete. The addition of a large number of fibers provided
additional channels for the transport of chloride ions.

Figure 8 shows the chloride profiles for each specimen after the 50th and 100th freeze–thaw cycles.
The chloride ion content increased as the number of freeze–thaw cycles increased. A high chloride
concentration formed at a depth of 1–4 mm from the surfaces of the specimens. The chloride ion
content did not change monotonously with fiber content, which is different from the effect of fiber
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content on the salt freezing resistance; the densest specimen, C2, had the lowest chloride ion content
herein. This can be explained by the migration of chloride ions with moisture during freeze–thaw
cycling (shown in Figure 9). During the freezing phase, moisture was removed from the surrounding
mesopores by the ice crystals in the cement paste. As a consequence, a high chloride concentration
was induced during moisture transport. In the thawing phase, the ice crystals melted to form moisture,
and chloride migrated to the surrounding pores with the moisture.
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3.6. Microstructure Observations

Figure 10 shows the micromorphology of each specimen after curing. The change in the internal
structure of the specimen was caused by the addition of the PPFs. There were minor cracks at the
interface of the coarse aggregate and the cement matrix in specimen C1. The internal structure of
specimen C2 was relatively dense, and the cement matrix was tightly combined with the fibers.
With increasing fiber content, the internal compactness of the specimen decreased, and the porosity
could be clearly observed in specimen C4.
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Figure 10. Scanning electron microscopy (SEM) images of the specimens after curing.

Figure 11 shows the micromorphology of each specimen after 30 dry–wet cycles.
The microstructure inside the specimens after the 100th freeze–thaw cycle is shown in Figure 12.
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The deposition law of chloride crystals in all specimens was similar. Due to the internal compactness,
there were few sodium chloride crystals in specimen C2 with 0.1% fibers. With an increase in the fiber
content, the number of sodium chloride crystals increased in the specimens, which can be seen on both
the cement and fibers. The results are similar to those for the micromorphologies of each specimen
after curing.
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3.7. Chloride Diffusion Coefficient

The ion diffusion coefficient is an important index for reflecting the resistance of concrete to
chlorine salt, and is also an important parameter for expressing the ability of chlorine ion migration
in concrete. The chloride profiles of specimens under dry–wet cycles or freeze–thaw cycles show
two layers of different migration responses in the surface; the internal chloride ions of specimens
diffuse under concentration. According to the RILEM TC 178-TMC: “Testing and modeling chloride
penetration in concrete” suggests neglecting the external layer where the chloride concentration
increases and using Cmax to fit the error function equation into the decreasing concentration profile
towards the interior [30].

Cx,t = C0 + (Cmax −C0)

(
1− er f

x
2
√

Dclt

)
, (2)

where Cx,t is the chloride content at a depth x and exposure time t, C0 is the initial chloride concentration
within the concrete, Cmax is the maximum chloride concentration within the concrete, and erf (x) denotes
the error function.

According to the measured result for the free chloride ion concentration and Equation (2), data
were produced, MATLAB was used for curve fitting, and the chlorine ion diffusion coefficient Dcl was
obtained. The result is presented in Figure 13.
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Figure 13. Effect of fiber content on Dcl for all specimens in a chloride environment.

Figure 13 shows the effect of fiber content on the Dcl for all specimens in a chloride environment.
Dcl increased with increasing fiber content, except in specimen C2. Based on Fick’s second law, the Dcl

of specimen C4 is 1.74 times that of specimen C1 after the 100th freeze–thaw cycle, and the Dcl of
specimen C1 is 82% that of specimen C4 after the 30th dry–wet cycle within the experimental data
in the test. The Dcl values after the 100th freeze–thaw cycle were 0.76, 0.74, 0.75, and 0.76 for the
original specimens with 0%, 0.1%, 0.3%, and 0.5% fiber contents, respectively. The Dcl after the 30th
dry–wet cycle were 0.29, 0.27, 0.23, and 0.2 for the original specimens with 0%, 0.1%, 0.3%, and 0.5%
fiber contents, respectively. Because of the existence of convection and desalination, the diffusion
coefficients of chloride ions increased with the number of freeze–thaw cycles and the increase in the
fiber content. Due to the subsequent hydration of cementitious materials in concrete, the pores in the
materials were constantly filled with new hydration products, and the Dcl of specimens decreased
gradually with an increase in the number of dry–wet cycles.

4. Conclusions

To investigate the durability-related properties of PPFC with fiber volume content, tests were
carried out in this paper to examine the flexural strength, water absorption, scaling, relative dynamic
modulus of elasticity, chloride profile, microstructure, and chloride diffusion coefficient under dry–wet
and freeze–thaw cycling in chloride environments. Based on this study, the following conclusions can
be drawn:

(1) As PPFs are added, no brittle failure occurs when the specimen reaches the ultimate strength.
The flexural strength of specimen C3 with 0.3% fiber content is the highest obtained herein.
The PPFs reduce the primary cracks in the plastic phase, and the flexural strength of the specimen
is improved.

(2) After 30 dry–wet cycles, the water absorption of C2 with 0.1% fiber content is the lowest herein.
A sufficient number of fibers can effectively improve the compactness of the specimen and reduce
the internal porosity, while a high content of fiber reduces the compactness of the specimens.

(3) After 240 freeze–thaw cycles, specimen C4 with 0.5% fiber content shows the best salt freezing
resistance herein. The increase in the fiber content alleviates the ice crystal pressure in the
specimens and inhibits the extension of the microcracks.

(4) The free chloride content of specimen C2 is the lowest herein for both the dry–wet and freeze–thaw
cycling in chloride environments. During dry–wet cycling, the result can be explained by the
“ink-bottle-beam tube” microstructure in concrete. During freeze–thaw cycling, the result
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can be explained by the transport mechanism in the deicing salt environment. The compact
microstructure of specimen C2 inhibits the chloride ions from migrating with the moisture.
The SEM images of specimens confirm this result.

(5) The Dcl increases with increasing fiber content in a chloride environment except in specimen C2,
and the Dcl during freeze–thaw cycling is much higher than that during dry–wet cycling. Chloride
ions migrate with moisture during both freeze–thaw and dry–wet cycling, and the movement of
the moisture is much more violent during freeze–thaw cycling than during dry–wet cycling.

(6) For practical applications, PPFC structures are exposed to both dry–wet cycles and freeze–thaw
cycles with NaCl solutions. For a realistic prediction of service life, it is necessary to take
the combination of dry–wet cycles and freeze–thaw cycles under chloride environments
into consideration.
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