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A B S T R A C T   

To study the corrosion resistance properties of multiscale polypropylene fiber-reinforced concrete 
(MPFRC) when subjected to sulfate attack, two types of fine polypropylene fiber (FPF) and one 
type of coarse polypropylene fiber (CPF) were selected for single doping or hybridization into 
concrete. A sodium sulfate solution (10 wt%) was used in the sulfate attack drying-wetting cycle. 
A one-dimensional SO4

2- concentration distribution model was established. The corrosion resis-
tance mechanism of polypropylene fiber-reinforced concrete (PFRC) was revealed based on 
concrete compressive strength tests, ion concentration tests, and micro tests under different 
sulfate attack ages. The results showed that PFRC maintained its integrity even after being sub-
jected to sulfate attack. After 20 drying-wetting cycles, the MPFRC exhibited the highest 
compressive strength; the SO4

2- concentration of the double-doped polypropylene fiber-reinforced 
concrete and MPFRC at 18 mm depth were 9.07% and 9.52% lower than those of the plain 
concrete and single-doped polypropylene fiber-reinforced concrete, respectively. The SO4

2- con-
centration distribution model could well describe the SO4

2- concentration distribution character-
istics of the PFRC under one-dimensional sulfate attack. The diffusion coefficients (D) of the 
double-doped polypropylene fiber-reinforced concrete and MPFRC were 30.0% and 47.7% 
lower than that of plain concrete, respectively. Thus, among the concrete specimens used in this 
study, the MPFRC showed the best performance in terms of corrosion resistance.   

1. Introduction 

Concrete is a conventional building material widely used in the civil engineering industry. However, concrete underground 
structures—including highway tunnels, underwater tunnels, and underpasses—are vulnerable to sulfate attack from groundwater, soil, 
and seawater, which may cause these structures to deteriorate. Many concrete structures fail to reach their predetermined service life 
due to sulfate attack [1,2]. Thus, it is necessary to conduct studies to improve the corrosion resistance of concrete. The resistance of 
concrete against sulfate attack can be improved by using mineral admixtures to replace part of the cement. Common mineral ad-
mixtures include fly ash (FA), silica fume (SF), and slag. Sumer et al. [3] and Dong et al. [4] found that the addition of FA significantly 
increased the resistance of concrete to sulfate attack; the optimum FA dosages for fresh and precast concretes were found to be 
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different. Canpolat et al. [5] and Yang et al. [6] found that concrete exhibited the strongest sulfate resistance when prepared with a 
0.47 water-binder ratio, 6.0% entrained air, 5% SF, and 30% sand ratio. Ogawa et al. [7] and Yan et al. [8] found that cement blended 
with ground-granulated blast-furnace slag containing suitable amounts of limestone powder and calcium sulfate exhibited highly 
stable sulfate resistance. Thus, selecting and determining the mineral admixture type and dosage is complicated due to the existence of 
different types of concrete, curing conditions, and other conditions. 

Incorporating fibers into concrete is another method for improving its corrosion resistance [9]. In recent years, fiber-reinforced 
concrete has been widely used because of its remarkable crack resistance, high strength, and toughness [10–12]. Fibers can be clas-
sified into natural, synthetic, and polymeric categories [13]. Natural fibers, such as açaí [14,15], curauá [16], and vegetable fibers [13] 
are chemically composed of organic materials; they undergo degradation due to the chemical decomposition of lignin and hemicel-
lulose and are thus, unsuitable for enhancing the durability of concrete [17,18]. Synthetic and polymeric fibers have been widely used 
to enhance the corrosion resistance of concrete [19,20]. Moreover, studies have shown that fibers with different scales or properties 
possibly affect different stress stages, giving rise to a synergistic effect and resulting in a positive hybridization effect, thus further 
improving the performance of the concrete [21,22]. Considering the sulfate resistance of hybrid fiber-reinforced concrete, Bankir et al. 
[23] found that steel and propylene fibers were resilient against acid attacks; in addition, the sulfate resistance of hybrid 
fiber-reinforced concrete increased with the addition of steel, glass, and propylene fibers. Hou [24] found that concrete had the highest 
7-day corrosion resistance coefficient when the amounts of basalt and polypropylene fibers added were 0.5 kg/m3 and 0.3 kg/m3, 
respectively. Wang et al. [25] found that incorporating different hybrid scales of steel fibers in cement-based composite materials could 
enhance their strength and toughness obviously, which had guiding significance for creating; this is important for developing 
high-performance cement-based composite materials. The current research on the sulfate resistance of hybrid fiber-reinforced concrete 
has mostly been focused on steel fibers. However, the application of steel fibers in concrete has limitations since steel is heavy and has 
low corrosion resistance. Recently, polypropylene fiber (PF) has been widely used for application in concrete, as it has several ad-
vantages over steel fiber, such as its light weight, low cost, high corrosion resistance, and compatibility with concrete. Researchers 
found that the hybridization of multiscale PF into concrete could improve its compressive strength [26], splitting tensile strength [27], 
crack resistance [28], fracture toughness [29], impermeability [30], and other properties; thus, studying its effect on the corrosion 
resistance of concrete is also important. However, there are insufficient reports describing the corrosion resistance properties of 
MPFRC. 

In this study, three scales of PF (two types of FPF and one type of CPF) were selected for single doping or hybridization into concrete 
and were exposed to the drying-wetting cycle sulfate attack. Concrete specimens subjected to different drying-wetting cycles were used 
for compressive strength tests, ion concentration tests, scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), 
and X-ray diffraction (XRD) tests. The corrosion resistance properties of the MPFRC were studied, a one-dimensional SO4

2- concen-
tration distribution model was established, and the corrosion resistance mechanism of the PFRC was revealed. This research is ex-
pected to be of great significance in the construction of highway tunnels, underwater tunnels, underpasses, and other underground 
engineering projects. 

2. Experimental program 

2.1. Materials and mix proportions 

For this study, concrete of strength grade C30 was produced. The structure of the standard composite concrete and its control group 
consisted of the following materials: ordinary Portland cement of Grade 42.5R was used as a cementitious material; natural river sand 
was used as the fine aggregate (mud content is less than 2.1%, fineness modulus is 2.89) and artificial gravel with two types of particle 
sizes (5–10 mm and 10–20 mm) as the main aggregate; polycarboxylate superplasticizer with a water-reducing rate of 28% was used as 
the water-reducing admixture; running water was used for the mixing and curing of concrete; and other additives were used, including 
three different scales of PF: two kinds of FPF (FPF1 and FPF2) and one type of CPF. The physical and mechanical properties of FPF1, 
FPF2, and CPF are listed in Table 1, and their appearances are depicted in Fig. 1. 

FPF alleviates the growth of microcracks while CPF is more effective in inhibiting the development of macrocracks [29]. Previous 
experimental data has shown that the optimum single amounts of FPF and CPF for this purpose were 0.9 kg m− 3 and 6 kg m− 3, 
respectively [26–30]. To investigate the function of the PF in concrete, the proportion of the concrete mix was fixed, and only the 
content or mixing combination of PF was changed. The mix-proportion design was conducted according to the Chinese standard 
DL/T5330-2015 [31]. The mixing proportions of the C30 polypropylene fiber-reinforced concrete are listed in Table 2. Group A0 
consisted of plain concrete and was considered as the control group; Groups A1, A2, and A3 contained only FPF1, FPF2, and CPF, 
respectively; Groups A4, A5, and A6 were blended with two types of PF while Groups A7 and A8 contained three types of PF. 

Table 1 
Physical and mechanical properties of polypropylene fibers.  

Fiber Diameter/ 
μm 

Length/ 
mm 

Tensile strength/ 
MPa 

Elastic modulus/ 
GPa 

Breaking 
elongation/% 

Density/(g 
cm− 3) 

Recommended admixture/(kg 
m− 3) 

FPF1 26.1  19  641 10.6  26.0  0.91  0.9 
FPF2 100  19  472 5.8  19.9  0.91  0.9 
CPF 800  50  706 7.4  10.0  0.95  6.0  

N. Liang et al.                                                                                                                                                                                                          



Case Studies in Construction Materials 16 (2022) e01065

3

2.2. Specimen preparation 

The specimens were cast in concrete molds (100 mm × 100 mm × 100 mm). They were removed from the molds after being 
subjected to natural curing for 24 h and were then cured in a standard curing room at 20 ± 2 ◦C and > 95% relative humidity for 28 
days until testing. The specimens were used for surface feature observations, compressive strength tests, and ion concentration tests 
under different drying-wetting cycles. In each group, four specimens were prepared for testing under each sulfate attack age: three 
were used for the compression test and one for the sulfate ion concentration test. In total, 216 cubic specimens were cast. The mixing 
process of the fiber-reinforced concrete is shown in Fig. 2. The slump of the mixture was measured according to Chinese standard GB/T 
50080-2016 [32], and the values are shown in Table 3. 

2.3. Test methods 

2.3.1. Drying-wetting cycle sulfate attack 
Before subjecting the specimens to the drying-wetting cycle sulfate attack, epoxy resin AB glue was used to seal the entire concrete 

specimen except for a pair of opposite surfaces where the opposite side corrosion method was applied to study the one-dimensional 
sulfate attack law of SO4

2-. At present, there is no uniform standard for a drying-wetting cycle sulfate attack. The concentration of 
sodium sulfate solution in a drying-wetting cycle sulfate attack is usually 1–15%, and the drying-wetting ratio is also variable [33–35]. 
In this study, a sodium sulfate solution (10 wt%) was used in the drying-wetting cycle sulfate attack. A drying-wetting cycle involves 
immersing the concrete samples in the sodium sulfate solution in a natural environment for 3 d and then drying the samples in air for 4 
d for a drying-wetting ratio of 4:3. The experimental process is illustrated in Fig. 3. The duration of the drying-wetting cycle sulfate 
attack process was approximately five months and was divided into 20 drying-wetting cycles. The specimens were subjected to the 
0 cycle (0 C), 4 cycles (4 C), 8 cycles (8 C), 12 cycles (12 C),16 cycles (16 C) and 20 cycles (20 C) drying-wetting sulfate attack. The 

Fig. 1. Appearances of the polypropylene fibers.  

Table 2 
Mix proportion of C30 polypropylene fiber-reinforced concrete/(kg m− 3).  

Group no. PF content Cement Sand Coarse aggregate Water Fiber content Water-reducer/% 

A0 /  380  701  1144  175 0  1 
A1 FPF1  380  701  1144  175 0.9  1 
A2 FPF2  380  701  1144  175 0.9  1 
A3 CPF  380  701  1144  175 6.0  1 
A4 FPF1 + CPF  380  701  1144  175 0.6 + 5.4  1 
A5 FPF1 + CPF  380  701  1144  175 0.9 + 5.1  1 
A6 FPF1 + CPF  380  701  1144  175 1.2 + 4.8  1 
A7 FPF1 + FPF2 + CPF  380  701  1144  175 0.45 + 0.45 + 5.1  1 
A8 FPF1 + FPF2 + CPF  380  701  1144  175 0.6 + 0.6 + 4.8  1  

Fig. 2. Mixing process of fiber-reinforced concrete.  

N. Liang et al.                                                                                                                                                                                                          



Case Studies in Construction Materials 16 (2022) e01065

4

daily temperature and humidity data were recorded during this process, as shown in Fig. 4. The average relative humidity was 72.8% 
and the average temperature was 24.9 ℃ throughout the process. 

2.3.2. Compressive strength test 
In the beginning, the loading mode of the uniaxial compression test was stress control, followed by displacement control. Initially, a 

loading rate of 18 MPa/min was applied. When the uniaxial load exceeded 40% of the estimated compressive strength of the concrete, 
the loading mode was changed to the displacement control, and the loading rate was 0.5 mm/min until the specimen failed. The 
corrosion resistance coefficient was selected to evaluate the strength deterioration rule of the concrete subjected to the sulfate attack. 
The corrosion resistance coefficient was calculated using Eq. (1): 

K =
fct

f0
(1)  

where f0 is the compressive strength of the concrete that was subjected to standard curing for 28 d and was not exposed to sulfate 
attack, fct is the concrete compressive strength under different drying-wetting cycle sulfate attack ages, and K is the corrosion resistance 
coefficient of the compressive strength. K > 1 indicates that the sulfate attack would positively effect the concrete compressive 
strength; K < 1 indicates that the sulfate attack would negatively effect the concrete compressive strength, causing the concrete to 
deteriorate significantly. 

2.3.3. Ion concentration test 
The SO4

2- concentration at a specified depth of the concrete specimens under different drying-wetting cycles is a quantitative index 
for evaluating the corrosion rate. An engineering drilling machine was used to drill out core samples from the two opposite surfaces 
that were not sealed by the epoxy resin AB glue; the diameter of the core samples was 30 mm. Five slices, each having a thickness of 
4 mm, were cut from each side. The samples were then ground into powder after drying them in an oven at 50 ◦C for 5 d. Finally, the 
powder was passed through a 0.074 mm aperture sieve to obtain a powder having a particle size no larger than 0.074 mm. The powder 
obtained from the same depth on both sides was evenly mixed in equal amounts with the sample of that layer. The SO4

2- concentration 
was determined using the gravimetric method; Eq. (2) was used to calculate the mass fraction of SO4

2-. The ion concentration testing 
process is illustrated in Fig. 5. 

WSO2−
4

=
0.4116 × (m2 − m1)

m
× 100% (2)  

Where m is the mass of the powder (~ 1 g), m1 is the mass of the filter membrane after drying in an oven at 60 ℃ for 24 h; m2 is the 
mass of the filter membrane with precipitation after placing it in an oven at 60 ℃ for 48 h until a constant weight was achieved. 

2.3.4. SEM, EDS and XRD analyses 
The SEM, EDS, and XRD analyses revealed the corrosion resistance mechanism of the PFRC from a microscopic perspective. SEM 

was used to observe the changes in the microscopic morphology and crack propagation inside the concrete specimens after the sulfate 
attack. EDS and XRD were used to identify the main chemical products. Quattro SEM (Thermo Fisher Scientific) was used to observe 
the changes in the microscopic morphology inside the concrete. The device could also be used for EDS with an acceleration voltage of 
15 kV. For different sulfate attack ages, the blocks with flat surfaces bonded with fibers were selected for SEM and EDS analyses. 
PANalytical X′pertPowder (Spectris Pte Ltd.) was used for the XRD test. 

Table 3 
Slump of mixture (mm).  

Groups A0 A1 A2 A3 A4 A5 A6 A7 A8 

Slump  175  160  158  136  110  114  109  92  87  

Fig. 3. Drying-wetting cycle process of specimens.  
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3. Test results and discussion 

3.1. Surface features 

The surface features of plain concrete A0 and multiscale polypropylene fiber-reinforced concrete A8 that did not suffer from the 
sulfate attack are shown in Fig. 6(a) and (b). There were some micropores on the concrete surface; however, the specimens showed no 
edge cracking, edge off, or other macroscopic defects. Fig. 6(c) and (d) show the sulfate crystals on the surfaces of the concrete 
specimens under the drying cycles. The residual sodium sulfate solution on the surfaces evaporated quickly after being removed from 
the soaking solution; the surfaces dried 0.5 h later. After 1–3 h, white floc crystals began to appear at the edges of the specimens that 
gradually spread to the center. After drying for 12 h, white crystals were observed on the surface of the specimen, as shown in Fig. 6(c). 
The white floc crystals increased slightly 24 h later, as shown in Fig. 6(d), with no clear increase in the number of white crystals on the 
concrete surface. 

Fig. 6(e)–(h) show the surface features of plain concrete A0 and the PFRCs A1, A6, and A8, respectively, after being subjected to 20 
drying-wetting cycles. As the sulfate attack time increased, the deterioration of the surface of A0 increased gradually: part of the 
cement paste on the surface spalled, and the naked aggregate caused a sand phenomenon to occur. Compared to the A0, the surfaces of 
the PFRCs remained intact. Although the number and sizes of the pores on the PFRC surfaces showed an increasing trend, no clear 
deterioration phenomena, such as edge cracking or edge off, were observed, indicating that incorporating PF into the concrete could 

Fig. 4. Temperature and relative humidity during drying-wetting cycle.  

Fig. 5. Process of ion concentration testing.  
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maintain the integrity of the specimens. 

3.2. Compression test 

Fig. 7 shows the typical failure patterns of the concrete specimens when subjected to a drying-wetting cycle sulfate attack in the 
compressive strength test. Plain concrete appeared to have a "hoop effect”, resulting in the specimens exhibiting two opposite conical 
failure surfaces [36], as shown in Fig. 7(a). Fig. 7(b)–(d) show the failure modes of the single-doped polypropylene fiber-reinforced 
concrete A1, double-doped polypropylene fiber-reinforced concrete A6, and multiscale polypropylene fiber-reinforced concrete A8, 
respectively. The integrities of the PFRC specimens, especially of the hybrid polypropylene fiber-reinforced concrete specimens A6 and 
A8, were better than that of plain concrete. 

The sounds of concrete cracking and the fiber being pulled out were heard during the loading process. Multiple vertical cracks were 
observed on the specimens’ surfaces. Although wider cracks developed at the edges, the concrete specimens did not disintegrate. 
Multiple fibers between the cracks could be observed, pulling together the concrete matrix; this effect was particularly significant in 
the case of CPF, as shown in Fig. 7(d). The bridging effect of the PF optimized the brittleness and improved the toughness of the 
concrete specimens. Fig. 8 shows the cubic compressive strengths and corrosion resistance coefficients of the PFRC specimens at 
different corrosion ages. 

As seen in Fig. 8(a), the compressive strengths of the plain concrete and PFRCs can be divided into rising and falling stages 

Fig. 6. Surface features of the specimens before and after sulfate attack.  

Fig. 7. Failure patterns of specimens.  

N. Liang et al.                                                                                                                                                                                                          



Case Studies in Construction Materials 16 (2022) e01065

7

considering the increasing sulfate attack ages, consistent with the compressive strength variation law of the concrete subjected to 
sulfate attack [37,38]. The strength of plain concrete A0 increased within eight cycles, whereas the rising period of the PFRCs reached 
~ 12 cycles, indicating that the addition of PF delayed the strength reduction of the concrete when subjected to a drying-wetting cycle 
sulfate attack. After 20 drying-wetting cycles of sulfate attack, the compressive strengths of all the PFRC specimens were higher than 
that of plain concrete. The order of the compressive strengths of the specimens from highest to lowest was: multiscale polypropylene 
fiber-reinforced concrete > double-doped polypropylene fiber-reinforced concrete > single-doped polypropylene fiber-reinforced 
concrete > plain concrete. This order indicates that the addition of PF, especially the hybridization of multiscale PF, into concrete 
could improve its compressive strength. As seen in Fig. 8(b), after 20 drying-wetting cycles, the corrosion resistance coefficients of the 
plain concrete A0 and single-doped fine PFRC A2 were lower than 1.0 whereas those of the double-doped PFRC and MPFRC were all 
greater than 1.0, indicating that the addition of PF slowed the damage rate of the concrete when subjected to the sulfate attack and that 
the effect of the hybrid PF was more clear in this regard. 

3.3. Sulfate ion content 

The SO4
2- concentration test results for A0, A1, A3, A6, and A8 under different sulfate attack ages are shown in Fig. 9. The sulfate ion 

content of the plain concrete that did not suffer from the sulfate attack was 0.806%. It was assumed that the initial sulfate ion 

Fig. 8. Compressive strengths and corrosion resistance coefficients of the specimens under different corrosion ages.  
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Fig. 9. Sulfate ion concentrations under different sulfate attack ages.  
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concentration of each concrete specimen was 0.806%, distributed evenly throughout the specimen. 
As seen in Fig. 9, the variation law of SO4

2- concentration in each group was consistent. As the depth increased, the SO4
2- concen-

tration decreased. When the depth was constant, the concentration increased with increasing drying-wetting cycles. After four drying- 
wetting cycles, the SO4

2- concentration in plain concrete at a depth of 2 mm was 1.760%, decreasing to 0.882% at a depth of 10 mm, 
indicating that the sulfate attack depth was ~ 10 mm. After 20 drying-wetting cycles, the SO4

2- concentration in plain concrete 
increased by 2.302% at a depth of 2 mm and by 0.734% at a depth of 10 mm. At a depth of 18 mm, the concentration was 0.893%, 
0.087% higher than the initial sulfate ion concentration, indicating that the sulfate attack depth exceeded 18 mm. Under the same 
conditions, the SO4

2- concentrations of the PFRCs were lower than that of plain concrete, indicating that incorporating PF into the 
concrete could improve its resistance to the sulfate attack and delay the corrosion rate of SO4

2-. After four drying-wetting cycles, the 
SO4

2- concentrations at a depth of 2 mm for A1 and A3 were 1.536% and 1.549%, respectively; those at a depth of 10 mm were 0.852% 
and 0.857%, respectively. Thus, the sulfate attack depth was ~ 10 mm. It is also evident from the results that the resistance of the 
single-doped fine PFRC to the sulfate attack was slightly better than that of the single-doped coarse PFRC. After 20 drying-wetting 
cycles, the sulfate attack depths of A1 and A3 were approximately 18 mm; their SO4

2- concentrations at a depth of 10 mm were 
1.503% and 1.512%, respectively, 0.113% and 0.104% lower than that of plain concrete, respectively. For the double-doped PFRC A6 

Fig. 10. XRD patterns of A0 and A8 under different sulfate attack ages.  
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and MPFRC A8, the SO4
2- concentrations were lower than those of the other groups. After 20 drying-wetting cycles, the SO4

2- con-
centrations at a depth of 18 mm for A6 and A8 were 0.812% and 0.808%, respectively, 9.07% and 9.52% lower than that of A0. These 
values were close to the initial sulfate ion concentration. Thus, of all the specimens, incorporating different hybrid scales of PF into the 
concrete had the most significant effect on improving its resistance to sulfate attack. 

3.4. Corrosion resistance mechanism of PFRC 

For this experiment, we considered the plain concrete A0 and MPFRC A8 as examples. Their chemical compositions at the depths of 
2 mm and 18 mm under different sulfate attack ages were analyzed, as shown in Fig. 10. 

Fig. 11. SEM images and EDS spectra of plain concrete before and after sulfate attack.  
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The results of the XRD analysis showed that ettringite and gypsum were obtained as the main chemical corrosion products of 
concrete when subjected to a drying-wetting cycle sulfate attack. Due to the presence of ettringite produced by cement hydration, weak 
diffraction peaks of ettringite were observed in the case of the concrete samples that did not suffer from the sulfate attack. With an 
increase in the number of drying-wetting cycles, an increasing amount of ettringite was generated, indicated by the observation of 
clear diffraction peaks of ettringite. Under the same sulfate attack age, the diffraction peak intensity of ettringite in the case of A8 was 
much weaker than that in the case of A0 at the same depth, implying that the addition of PF delayed the corrosion rate of SO4

2-. Calcium 
hydroxide (CH) was continuously consumed with increasing sulfate attack age, indicated by a significant decrease in the CH diffraction 
peak, especially in the case of plain concrete A0. After 20 drying-wetting cycles, there was no clear CH diffraction peak at the depth of 
2 mm inside the sample; the consumption of CH resulted in a decrease in the concrete alkalinity. In contrast, for A8, there was still a 
clear CH diffraction peak at the 2 mm depth even after 20 cycles. The diffraction peak of CH decreased slightly at 18 mm depth for A0 
and A8 after 20 drying-wetting cycles, indicating that SO4

2- had already invaded the concrete deeply; however, it did not cause sig-
nificant corrosion. Thus, the XRD results were in agreement with the results of the sulfate ion concentration test, proving that 
incorporating different scales of PF into the concrete could significantly improve its resistance to sulfate attack from a microscopic 
perspective. 

The microcosmic appearance of the plain concrete A0 before and after the sulfate attack drying-wetting cycles, and the EDS analysis 
results of the corrosion products are shown in Fig. 11. At the initial stage of sulfate attack, corrosion products were easily deposited and 
accumulated in the initial pores and cracks inside the concrete, as shown in Fig. 11(a). This did not damage the specimens; rather, it 
improved the compactness of the concrete matrix, which was the main reason for the improvement of the concrete compressive 
strength. The microscopic morphologies of the two main corrosion products could be described as short and columnar, and needle-like. 
Fig. 11(b) and (c) show the microscopic morphology and EDS analysis results, respectively, of the short, columnar crystals. Their main 
elements were Ca, S, and O, indicating that they were gypsum crystals. The EDS analysis results of the needle-like crystals are shown in 
Fig. 11(d) and (e), mainly comprising O, S, Si, Ca, and Al, indicating that they were ettringite crystals. Fig. 11(f) shows the corrosion 
products observed near the microcracks inside the concrete after 20 drying-wetting cycles. Studies have shown that the solid-phase 
volumes of ettringite and gypsum in concrete would increase by ~ 94% and ~ 124%, respectively [39] when subjecting concrete 
to sulfate attack. Gypsum and ettringite were deposited and accumulated in the initial pores and microcracks. Gradually, an increasing 
number of crystals were accumulated, generating an expansion stress. When the expansion stress exceeded the tensile strength of the 
concrete, more microcracks were generated and developed, leading to the initial damage. 

A hollow effect exists in the drying-wetting cycle sulfate attack of concrete [40]. During this process, the cement gel was 
continuously consumed, the porosity and permeability of the concrete increased, and the cementing materials on the concrete surface 
peeled off slightly, resulting in a loss of quality and reduction in the bearing capacity. As shown in Fig. 12(a), ettringite accumulated in 
the initial pores and cracks inside the PFRC, and the position of accumulation was the same as that in plain concrete because the 
addition of PF could not completely prevent the chemical reaction between the sodium sulfate solution and cement. As seen in Fig. 12 
(b), the hollow effect resulted in the development of more small holes in the concrete after the sulfate attack. When the concrete was 
destroyed under an external force, one end of the fiber was pulled off or pulled out, and the other end was firmly embedded in the 
concrete matrix, indicating that the adhesive capacity between the PF and concrete matrix was adequate. Splitting [27] and uniaxial 
tensile tests [41] revealed that the PF at the fracture section could withstand the loads. The bridging effect of the PF enabled the 
transfer of loads to the uncracked parts, which dispersed the stress concentration and constrained the propagation of the cracks. 
Simultaneously, the adhesion and mechanical interaction between the fibers and concrete matrix prevented the fibers from being 
pulled off or pulled out. Thus, the tensile strength of the PFRC improved, and the strength ratio was in the range ~ 1.09–1.27. The 
degree of improvement was related to the fiber content and fiber type, and the advantages of the MPFRC were more clear in this regard. 
The addition of the PF enhanced the tensile property of concrete and restrained the opening of cracks ensuring that the concrete matrix 
could withstand greater expansion stress; the width of the cracks was limited, blocking the passage of the sodium sulfate solution into 

Fig. 12. SEM image of polypropylene fiber-reinforced concrete after sulfate attack.  
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the concrete and slowing the corrosion rate of SO4
2-. This was one of the main reasons for the corrosion resistance of the PFRC being 

higher than that of plain concrete. 
In addition to the chemical corrosion, physical corrosion occurred under the drying-wetting cycle sulfate attack. Physical corrosion 

was dominated by sulfate crystallization, and its macroscopic morphology is shown in Fig. 5(c) and (d). Fig. 13(a) shows the XRD 
pattern of sulfate crystallization. The main components were thenardite (Na2SO4) and mirabilite (Na2SO4⋅10H2O), with the amount of 
Na2SO4 being greater. Fig. 13(b) shows the microscopic morphology of sulfate crystallization, described as a cake structure with a 
diameter in the range of 0.2–2 µm. In the drying cycle, the expansion stress generated by sulfate crystallization can be considered the 
loading process. In the wetting cycle, the dissolution of sulfate crystallization occurs considered the unloading process. The process of 
repeated generation and dissolution of sulfate crystallization gives rise to the fatigue process of repeated loading and unloading, 
accelerating the initiation and expansion of microcracks inside the concrete [42]. Prior research has shown that the addition of PF 
could improve the fatigue resistance of the concrete matrix [43]; therefore, the addition of PF should also enable the concrete to resist 
the fatigue load of sulfate crystallization in the drying-wetting cycles and increase the corrosion resistance of the PFRC. 

In addition, incorporating PF into concrete should enhance the anti-permeability of the concrete matrix. Through porosity and 
nuclear magnetic resonance tests, the porosities, most probable pore sizes, and critical pore radii of A0, A3, A6, and A8 were deter-
mined, as shown in Table 4. The porosities of the PFRCs were slightly higher than that of plain concrete, consistent with the SEM 
image. However, the proportion of the pores greater than 100 nm in plain concrete A0 was much higher than those in the PFRCs; the 
pores proportion of MPFRC A8 was the smallest at 26.87%. 

Based on the water permeability of the pores, Wu et al. [44] defined pores larger than 100 nm as harmful pores, significantly 
influencing the anti-permeability; pores smaller than 100 nm were defined as harmless pores, with negligible influence on the 
anti-permeability. Thus, it is evident from the obtained results that incorporating the PF into concrete, especially the hybridization of 
multiscale PF, optimized the concrete pore structure, reduced the proportion of harmful pores, and improved the proportion of 
harmless pores. This could, in turn, reduce the rate of SO4

2- invasion into concrete, corresponding to the smaller sulfate ion concen-
tration of PFRC with the same corrosion age and depth (as shown in Fig. 9). The incorporation of PF into concrete was able to refine its 
pore size. The most probable pore size of the plain concrete A0 was 43.21 nm while those of the PFRCs were lower, especially that of 
A8, which had a value of 32.32 nm, 25.20% lower than that of A0. Additionally, the critical pore radius was also optimized; its value 
for A0 was 59.02 nm while it was 42.42 nm for A8. The critical pore radius reflects the connectivity of the pores and the tortuosity of 
the permeability path to some extent. As shown in Fig. 14, the PF present inside the concrete inhibited the development of cracks while 
also blocking the cracks, significantly reducing the connectivity of the concrete internal pores and increasing the tortuosity of the 
permeability path. Thus, the anti-permeability and corrosion resistance of the PFRC were significantly improved. 

3.5. SO4
2- concentration distribution model of PFRC 

The distribution of the SO4
2- concentration reflects the diffusion reaction characteristics of sulfate inside concrete, which is the 

bridge connecting the diffusion reaction of sulfate with the expansion and cracking of concrete. The diffusion coefficient of SO4
2- can 

accurately reflect the concentration distribution of sulfate inside concrete. Thus, it is important to establish a reliable sulfate distri-
bution model to accurately obtain the SO4

2- diffusion coefficient for studying the corrosion resistance of concrete [45]. In this study, a 
one-dimensional SO4

2- concentration distribution model of the PFRC subjected to sulfate attack was established based on Fick’s law and 
the mass conservation law. 

Fig. 15 shows a diagram of one-dimensional sulfate attack, consistent with the one-dimensional sulfate attack test. We considered 
an internal microelement [x, x + Δx] as the research object. According to the mass conservation law: the liquid SO4

2- content at the 
microelement level = the input of SO4

2- − the output of SO4
2- − the consumption of SO4

2-. 

Fig. 13. XRD pattern and SEM image of sulfate crystallization.  
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It was assumed that the concrete matrix was isotropic and that the initial SO4
2- concentration of the concrete was evenly distributed. 

Based on Fick’s law, the following relation can be obtained: 

Cx = − D
∂C(x, t)

∂x
(3)  

where Cx is the SO4
2- content of section x, D is the diffusion coefficient of SO4

2-, and "–" indicates that SO4
2- diffuses from a region of high 

concentration to a region of low concentration. Therefore, the total content of SO4
2- in the solid and liquid phases, m1, is: 

m1 = D
∫ t+dt

t
dt
∫ x+dx

x

∂2C
(
x, t

)

∂x2 · Sdx (4) 

Table 4 
Test parameters of pore structure [30].  

Group Porosity/% Most probable pore size/nm Critical pore radius/nm Pore smaller than 100 nm/% Pore larger than 100 nm/% 

A0  3.314  43.21  59.02  54.72  43.22 
A3  3.282  40.12  54.15  54.30  35.27 
A6  3.504  34.68  48.33  59.94  29.67 
A8  3.649  32.32  42.42  56.57  26.87  

Fig. 14. Schematic diagrams of the sulfate attack mechanism.  

Fig. 15. Illustration of one-dimensional sulfate attack.  
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A previous study showed that the concentration of SO4
2- had an important effect on the chemical reactions of sulfate attack [46]. The 

formation of ettringite under the action of sulfate is considered a first-order chemical reaction. Therefore, based on the first-order 
reaction principle, the following equation was obtained: 

∂CSO4
2−

∂t
= k ·C

(

x, t
)

(5)  

where k is the rate coefficient (s− 1) determined by a specific reaction at a specific temperature. The consumption of SO4
2- by the 

microelement (m2) is given by: 

m2 =

∫ t+dt

t

∂CSO4
2−

∂t
dt
∫ x+dx

x
Sdx = k

∫ t+dt

t
dt
∫ x+dx

x
C(x, t) · Sdx (6) 

According to Eqs. (4) and (6), the increment of SO4
2- in the liquid phase (Δm) at the microelement within time dt is 

Δm =

∫ x+dx

x
S[C(x, t+ dt) − C(x, t)]dx =

∫ t+dt

t
dt
∫ x+dx

x

∂C(x, t)
∂t

· Sdx (7) 

According to Eq. (7): 

D
∫ t+dt

t
dt
∫ x+dx

x

∂2C
(
x, t

)

∂x2 · Sdx − k
∫ t+dt

t

∫ x+dx

x
C(x, t)Sdtdx =

∫ t+dt

t
dt
∫ x+dx

x

∂C(x, t)
∂t

· Sdx (8)  

where ∂
2C(x,t)

∂t is the rate of change of the SO4
2- concentration in the liquid phase at a certain depth inside the concrete. Krajcinovic et al. 

[47] found that the effect of diffusion coefficient on chemical reaction was not significant, but the effect of chemical reaction rate was 
very significant. The accumulation rate of SO4

2- was negligible compared with the consumption rate of the chemical reaction. 
Considering α =

̅̅̅̅̅̅̅̅̅
k/D

√
, Eq. (8) can be simplified as follows. 

∂2C
(
x, t

)

∂x2 − α2C
(

x, t
)

= 0 (9) 

The general solution to Eq. (9) could be described as: C(x,t) = β1eax + β2e-ax. When x = 0, C = Cs(t), indicating that the SO4
2- 

concentration at the concrete’s surface is a function of time. When x = h (h is the maximum diffusion depth), C = C0, where C0 is the 
initial SO4

2- concentration of concrete. Therefore, the SO4
2- concentration distribution at a specified depth inside concrete at any time 

can be expressed by Eq. (10) according to the boundary conditions: 

C

⎛

⎝x, t

⎞

⎠ =

⎧
⎨

⎩

[Cs(t)sinh [α(h − x)] + C0 sinh(αx)]
sinh(αh)

; x ≤ h

C0; x ≥ h
(10)  

where sinh(x) is the hyperbolic sine function given by: sinh(u) = eu − e− u

2 . 
Eq. (10) was used to fit the ion concentration test results. The surface sulfate concentration value and α value of each specimen 

group at different drying-wetting cycles were obtained. The fitting results are presented in Table 5. The correlation coefficients R2 were 
all greater than 0.9, indicating that Eq. (10) was suitable for describing the SO4

2- concentration distribution characteristics of the PFRC 
under one-dimensional sulfate attack. 

As seen in Table 5, the α value of each group changed with the change in corrosion age, i.e., the diffusion coefficient D changed with 
the corrosion time. By fitting the test data, Barovsky et al. [48] found that the k values under different conditions ranged from 2.9 to 
3.1 × 10− 7/s. In this study, k = 3 × 10− 7/s was used to quantitatively analyze the time variation law of D; the results are shown in  
Fig. 16. 

As seen in Fig. 16, the diffusion coefficient D first decreased and then increased. At the initial stage of the sulfate attack, the 
diffusion coefficient of the concrete decreased rapidly due to the hydration reaction occurring inside the concrete and the filling effect 
of the corrosion products on the micropores, making the concrete more compact and slowing the diffusion rate of SO4

2-. As the sulfate 
attack time increased, an increasing number of microcracks were produced, and C-S-H was consumed continuously, resulting in an 
increase in the diffusion coefficient in the latter stage. The diffusion coefficient of plain concrete A0 was larger than those of the PFRCs 
for all sulfate attack ages, indicating that A0 was the most vulnerable to sulfate attack. The diffusion coefficients of A1, A3, A6, and A8 
for 20 drying-wetting cycles were 15.7%, 19.0%, 30.0%, and 47.7% lower than that of A0, respectively. The results show that 
incorporating PF, especially the hybridization of multiscale PF, into concrete could effectively reduce the diffusion coefficient of SO4

2- 

and delay the corrosion rate of sulfate. 

4. Conclusions 

In this study, plain concrete and PFRC specimens were subjected to a drying-wetting cycle sulfate attack to study the corrosion 
resistance properties of the MPFRC and reveal the corrosion resistance mechanism of the PFRC. The SO4

2- concentration distribution 
model under one-dimensional sulfate attack was also established. The main conclusions are as follows: 
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(1) After being subjected to 20 drying-wetting cycles of sulfate attack, plain concrete showed clear signs of deterioration while the 
PFRCs remained intact; the MPFRC exhibited the highest compressive strength. At a specified depth, the SO4

2- concentrations of 
the PFRCs were lower than that of plain concrete.  

(2) The bridging effect of randomly distributed PFs improved the tensile properties of the concrete. The concrete could bear larger 
expansion stress, inhibit the initiation, development, and penetration of internal cracks, resist the fatigue load of sulfate 
crystallization in the drying-wetting cycles, and optimize the pore structure. In this regard, the hybridization of different-scale 
fibers into concrete was the most effective.  

(3) The established SO4
2- concentration distribution model was suitable for describing the SO4

2- distribution characteristics of the 
PFRCs under one-dimensional sulfate attack. The diffusion coefficients of A1, A3, A6, and A8 lower than that of A0, respectively, 
indicating that the corrosion resistance of the PFRCs, especially those of the MPFRC, were much better than that of plain 
concrete. This study would have great significance in improving concrete engineering in a sulfate-attack environment. 

Table 5 
Fitting results of each group specimen at different drying-wetting cycles.  

Cycles (C) Group Corrosion depth (mm) Csurface (t) a R2 

4 A0 11.0  2.406  141.59  0.980 
A3 10.5  2.027  157.01  0.987 
A3 10.5  2.069  163.23  0.986 
A6 10.0  1.980  160.52  0.993 
A8 9.0  1.814  171.98  0.999 

8 A0 12.0  4.147  194.09  0.993 
A3 11.0  3.908  209.87  0.995 
A3 11.0  4.206  214.60  0.995 
A6 10.5  3.834  225.36  0.982 
A8 10.0  3.712  241.69  0.991 

12 A0 15.0  4.741  186.40  0.985 
A3 14.0  4.411  192.71  0.993 
A3 14.5  4.833  196.28  0.990 
A6 12.0  4.576  208.81  0.989 
A8 11.0  4.241  207.90  0.989 

16 A0 17.0  5.047  157.02  0.969 
A3 15.5  4.688  162.53  0.974 
A3 16.0  5.191  171.96  0.966 
A6 14.5  4.737  181.04  0.988 
A8 14.0  4.403  183.69  0.996 

20 A0 20.5  5.005  124.84  0.941 
A3 18.0  4.921  135.99  0.968 
A3 18.5  5.153  138.75  0.959 
A6 16.5  4.823  148.97  0.986 
A8 15.0  4.765  172.55  0.981  

Fig. 16. Time variation law of the diffusion coefficient.  
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