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Erosion degradation analysis of rice 
husk ash‑rubber‑fiber concrete 
under hygrothermal environment
Heng Wang 1, Jianyong Pang 1*, Jiuqun Zou 1, Yihua Xu 1 & Jihuan Han 2

To study the resistance of rice husk ash-rubber-fiber reinforced concrete (RRFC) to dry–wet cycle/
chloride erosion under a hygrothermal environment, the optimal combination was selected by an 
orthogonal test. The peak strain, residual strain, and fatigue damage strength of the optimal group of 
RRFC samples under cyclic loading and unloading after dry–wet cycle/chloride erosion under different 
environments and temperatures were compared and analyzed. After that, microscopic analysis and 
anti-erosion mechanism analysis were carried out. The results show that the axial peak and residual 
strain of RRFC specimens increase continuously during the repeated loading–unloading process, and 
the increase of axial peak and residual strain in the first five cycles is the most obvious. Among them, 
RRFC has the most significant increase in axial peak strain after 14 dry–wet cycles, which is 11.73%. 
The rice husk ash reacted with Ca(OH)2 in the specimen to precipitate C—S—H gel, which improved the 
specimen’s corrosion resistance and fatigue resistance. The rubber in the specimen has high elasticity, 
which reduces the fatigue damage of the specimen during cyclic loading and unloading, thus showing 
higher fatigue failure strength.

Keywords  Hygrothermal environment, Dry–wet cycle, Energy conversion, Microscopic, Anti-erosion 
mechanism, Fatigue resistance

Global warming and environmental pollution are becoming increasingly severe, with cement being one of the 
major sources of greenhouse gas emissions. As population growth and urbanization accelerate, the issue of natural 
resource depletion has become more pronounced1–3. The Chinese government has proposed energy conservation 
and emission reduction goals, and various industries are responding to this call4,5. Rice husk, a type of biomass, 
plays a significant role in biomass energy development due to its high yield6–8. Most rice husks are utilized as fuel 
for power generation, but if the byproduct—rice husk ash—is not effectively used, it can lead to environmental 
pollution and resource wastage9. Therefore, finding ways to utilize rice husk ash has become an urgent concern 
in China’s biomass energy sector. Research teams have explored the potential of using rice husk ash in concrete 
production, where it has been shown to improve mechanical properties10–12. For instance, A.L.G. Gastaldini 
et al.13 found that as the amount of rice husk ash increases, the total shrinkage and compressive strength of 
concrete improve, but the chloride ion permeability after shrinkage also increases. When the replacement rate 
of rice husk ash is 5%, the cost-effectiveness of concrete is highest. Research by Zhi-hai He et al.14 indicated that 
adding rice husk ash to concrete can enhance its compressive strength and elastic modulus while reducing creep. 
Cheolwoo Park et al.15 discovered that incorporating acid-leached rice husk ash significantly improves the frost 
resistance of concrete, mainly due to the unique microstructural characteristics of the rice husk ash.

Crumb rubber concrete (CRC), as a new type of concrete material, is made by replacing fine aggregates with 
rubber particles. The accumulation of a large number of waste tires has caused “black pollution,” with only a small 
portion being recycled16–18. Rubber contains toxic vulcanization products, and long-term accumulation leads 
to environmental pollution19,20. Although adding rubber particles to concrete reduces its strength, it enhances 
the mechanical properties such as toughness, frost resistance, and fatigue resistance21–23. For example, research 
by Zhang Baifa et al.24 showed that when the rubber particle addition ratio is 10%, the strength and frost resist-
ance of the concrete are optimal. Chiraz Kechkar et al.25 indicated that adding rubber particles can reduce the 
strength of concrete but improves its resistance to H2SO4, Na2SO4, and seawater corrosion, reduces shrinkage 
and microcracks, and enhances durability. Najib N. Gerges et al.26 found that concrete incorporating recycled 
rubber powder exhibits high rebound, low density, high toughness, and good impact resistance.
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The addition of rubber particles inevitably weakens the static mechanical properties of concrete27,28. To 
address this, many experts have attempted to add fibers to enhance its mechanical properties29–31. Polyvinyl 
alcohol (PVA) fibers are widely used in concrete construction due to their excellent crack resistance and chemi-
cal compatibility32–34. This study found that adding PVA fibers to rubber concrete effectively improved its elastic 
modulus and ductility, alleviating the adverse effects of rubber particles on the mechanical properties of concrete. 
Simultaneously, incorporating rubber particles, rice husk ash, and PVA fibers into concrete can achieve comple-
mentary and synergistic toughening mechanisms among the components, significantly enhancing the overall 
toughness and durability of the concrete. This multi-component composite material design not only improves 
the mechanical properties of concrete but also enhances its crack resistance and durability, thereby meeting the 
higher requirements of engineering applications.

Chloride salt corrosion is a primary factor in the durability degradation of concrete structures in service35,36. 
In tropical coastal areas, concrete road tunnels, for example, are not only subjected to long-term chloride salt 
corrosion but also affected by humid environments37 and cyclic loading38, resulting in serious damage to the 
mechanical properties of concrete39,40. To mitigate such damage, this paper incorporates waste materials and fib-
ers into concrete to create a new type of green concrete41,42, providing new materials for the construction of tropi-
cal concrete road tunnels while also holding significant energy-saving and environmental protection implications.

Test
Raw materials
The test cement used in this study is P·O 42.5 ordinary Portland cement, produced by the Bagongshan Cement 
Plant in Huainan, China. Its chemical composition is detailed in (Table 1). Rice husk ash, sourced from the 
Hubei Huadian Xiangyang Power Generation Co., Ltd., is utilized in this research, and its chemical composition 
is presented in (Table 2). For the cube specimens, the coarse aggregate consists of crushed stone and pebbles 
with sizes ranging from 5 to 15 mm, while the cylindrical specimens utilize coarse aggregate ranging from 5 to 
10 mm. The apparent density of the aggregates is 2750 kg/m3. Medium sand from the Huaihe River in China 
is selected as the fine aggregate, with a fineness modulus of 2.6. The rubber particles employed in the tests are 
derived from waste rubber tires, with average particle sizes of 0.4–0.6 mm, 1–2 mm, and 2–4 mm, as illustrated 
in (Fig. 1). Polyvinyl alcohol (PVA) fiber, sourced from Shanghai Yingjia Industrial Development Co., Ltd., has 
a length of 12 mm, with its physical and microscopic characteristics shown in (Fig. 2). Additionally, the high-
performance water-reducing agent HPWR, produced by Qinfen Building Materials Factory in Shanxi Province, 
China, was selected for this study.

Table 1.   Chemical composition table of cement.

Name CaO SiO2 SiO3 Al2O3 Fe2O3 MgO

Content/% 63.11 22.60 2.24 5.03 4.38 2.18

Table 2.   The chemical composition of rice husk ash.

Name SiO2 CaO MgO K2O Fe2O3

Content/% 85.4 2.46 0.55 2.46 0.56

0.4-0.6mm 1-2mm 2-4mm

Fig. 1.   Rubber physical map.
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Concrete mix design
According to the specification, the mix ratio of C30 ordinary concrete was designed. The test set three factors: 
rubber particle size (factor A), PVA fiber (factor B), and rice husk ash content (factor C), and each factor set 
three levels. Three factors and three levels of orthogonal test were carried out. The L9 (33) orthogonal test table 
was finally selected according to the factor level in the orthogonal test. A new type of rubber concrete was pre-
pared by mixing rubber, PVA fiber, and rice husk ash into concrete. The mix ratio is shown in (Table 3) Ref.43–46.

According to the standard of concrete mechanical properties test method, the compressive strength, split-
ting tensile strength, and flexural strength of concrete with standard curing for 28 days were tested. The results 
are shown in (Table 4) Ref.47,48. The fifth group was selected as the best ratio in this experiment through visual 
analysis, range analysis, variance analysis, and efficacy coefficient analysis. The results of the efficacy coefficient 
method are shown in (Table 5). In order to analyze the influence of the shape of the specimen on the results, the 

PVA fiber physical map Micrograph of PVA fiber

Fig. 2.   PVA fiber.

Table 3.   Orthogonal test concrete mix proportion. Water: 153 kg/m3, sand: 617 kg/m3, cement: 373 kg/m3, 
stone: 1121 kg/m3, water reducing agent: 3.5 kg/m3.

Numbering Rubber particle size (A) (mm) PVA fiber content (B) (kg·m-3) Rice husk ash content (C) (%)

1 0.4–0.6 0.6 5

2 0.4–0.6 1.2 10

3 0.4–0.6 1.8 15

4 1–2 0.6 10

5 1–2 1.2 15

6 1–2 1.8 5

7 2–4 0.6 15

8 2–4 1.2 5

9 2–4 1.8 10

Table 4.   Mix proportion and result of orthogonal test. Water: 153 kg/m3, sand: 617 kg/m3, stone: 1121 kg/m3, 
water reducing agent: 3.5 kg/m3.

Numbering Cement (kg·m−3)
Rubber particle size 
(A) (mm)

PVA fiber content(B) 
(kg·m−3)

Rice husk ash 
content(C) (kg·m−3)

Compressive 
strength (MPa)

Splitting tensile 
strength (MPa)

Bending strength 
(MPa)

1 354.35 0.4–0.6 0.6 5 31.6 3.8 5.80

2 335.70 0.4–0.6 1.2 10 34.8 4.2 5.45

3 317.05 0.4–0.6 1.8 15 33.9 4.3 5.52

4 335.70 1–2 0.6 10 37.2 3.6 5.32

5 317.05 1–2 1.2 15 37.6 4.5 5.19

6 354.35 1–2 1.8 5 35.9 4.2 5.52

7 317.05 2–4 0.6 15 29.1 3.2 4.60

8 354.35 2–4 1.2 5 29.6 3.5 5.02

9 335.70 2–4 1.8 10 31.9 3.4 4.78
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experiment was repeated on the cylinder sample to measure its performance index, and the verification results 
were consistent with the cube test results. The optimal ratio was A2B2C3; that is, the particle size of rubber par-
ticles was 1–2 mm, the content of PVA fiber was 1.2 kg m3, and the content of rice husk ash was 15%.

Test scheme design
Based on the optimal mix ratio obtained from the orthogonal test, cylindrical test blocks of rice husk ash-
rubber-fiber concrete (RRFC) were prepared with a diameter of 50 mm and a height of 100 mm. The specimens 
were categorized into six groups and subjected to a constant temperature water bath at 20, 60, and 80 °C. Each 
temperature gradient was tested in two solutions: clear water and a 5% NaCl solution. To thoroughly investigate 
the effects of the hygrothermal environment on the fatigue performance of the RRFC specimens, dry–wet cycle 
tests were conducted under controlled laboratory conditions. The testing procedure involved soaking the speci-
mens in a constant temperature water tank for 16 h, followed by drying in an oven for 6 h and cooling for 2 h. 
The dry–wet cycles were applied for 0, 7, 14, 28, and 56 cycles, respectively. The methodology for the dry–wet 
cycle test is illustrated in (Fig. 3).

The uniaxial compressive failure load of the cylinder is measured. In the cyclic loading and unloading test, 
500 N force is pre-loaded to the test block before the test to ensure the correct alignment and full contact between 
the test block and the test device. The test process adopts stress control, the loading and unloading rate is 30KN/
min, and the loading frequency is 5Hz. The upper limit of the loading load is 60% of the uniaxial compressive 
failure load, and the lower limit of the unloading load is 100 N. A loading and unloading process is used as a 
cycle, and a total of 50 cycles are performed for cyclic loading and unloading tests.

Table 5.   Efficacy coefficient analysis results.

Number

Evaluating indicator Efficiency coefficient

Total efficacy 
coefficient value

Compressive 
strength/MPa

Split tensile strength/
MPa

Break off strength/
MPa

Compressive 
strength Split tensile strength Break off strength

1 31.6 3.8 5.80 71.76 78.46 100 82.24

2 34.8 4.2 5.45 86.82 90.77 88.33 88.46

3 33.9 4.3 5.52 82.59 93.85 90.67 88.39

4 37.2 3.6 5.32 98.12 72.31 84 86.14

5 37.6 4.5 5.19 100 100 79.67 93.30

6 35.9 4.2 5.52 92.00 90.77 90.67 91.23

7 29.1 3.2 4.60 60 60 60 60

8 29.6 3.5 5.02 62.35 69.23 74 66.51

9 31.9 3.4 4.78 73.18 66.15 66 68.92

Fig. 3.   RRFC dry–wet cycle process.
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Test results and analysis
When the RRFC test block reaches the corresponding dry–wet cycle times (0 time, 7 times, 14 times, 28 times 
and 56 times) in different hot and humid environments, the uniaxial compression test and cyclic loading and 
unloading test are carried out to analyze the fatigue damage law.

Figure 4 depicts the stress–strain curve of a single cycle for an RRFC specimen. Under cyclic loading, the 
specimen undergoes three main stages:

1. Compaction stage: The curve shows a concave shape, with stress remaining at a low level and increasing 
slowly as strain gradually rises. This is due to the initial irregularity of the specimen surface, which becomes 
gradually compacted and smoother during the initial loading phase, closing internal pores formed during 
specimen infusion and rubber hydrophobicity.
2. Approximate linear elastic stage: In this stage, the stress–strain curve mainly shows linear growth, with 
stress increasing rapidly and stably as strain increases. This is because the internal pores of the specimen 
are gradually compacted and tend to be in a dense state, and the specimen is uniformly compressed, so the 
overall structure appears stable.
3. Crack development stage: In this stage, the curve shows a convex shape, with stress increasing at a slower 
rate as strain increases. This is due to the increasing loading stress, which gradually causes internal pores 
of the specimen to rupture, resulting in pore penetration and microcrack formation, weakening specimen 
brittleness, and increasing ductility.

Peak strain and residual strain analysis
The test was conducted following a cyclic loading–unloading protocol. The strain recorded at the maximum axial 
stress during loading is termed the axial peak strain, while the strain value upon unloading to 100 N is referred to 
as the axial residual strain. Figure 5 and Fig. 6 Figures 5, 6 illustrate the variations in axial peak strain and axial 
residual strain of the RRFC specimens as the number of cyclic loading–unloading cycles increases, following 
different dry–wet cycles in a chloride environment at 80 °C.

The axial peak strain represents the maximum strain experienced by the concrete specimen in a single cycle, 
serving as a key parameter for assessing the specimen’s capacity to endure maximum deformation. Conversely, 
the axial residual strain reflects the irreversible deformation that results from a single stress cycle, indicating the 
degree to which the concrete cannot recover. Given that concrete exhibits both brittleness and ductility, structural 
damage is primarily attributed to deformation. Strain is a crucial parameter for monitoring material deformation 
and is a fundamental index for evaluating the safety performance of concrete materials.

From Fig. 5, it is evident that despite variations in the number of dry–wet cycles, the trend of axial peak strain 
in RRFC specimens as loading–unloading cycles increase remains consistent. The axial peak strain increases 
continuously during the repeated loading–unloading process. The increase of axial peak strain is the most obvious 
in the first five cycles, and then gradually slows down and tends to be stable, reflecting the trend of the hysteresis 
curve from sparse to dense. After 0, 7, 14, 28 and 56 dry–wet cycles of RRFC specimens, the axial peak strain of 
the 50th loading–unloading cycle increased by 11.29, 6.48, 11.73, 10.77 and 8.39% respectively compared with 
the axial peak strain of the first loading–unloading cycle.At the same time, the axial peak strain of the specimen 
with 7 times of dry–wet cycle is the smallest, and the axial peak strain of the specimen with 56 times of dry–wet 
cycle is the largest. Under the same loading–unloading cycles, the axial peak strain of RRFC specimens decreases 
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Fig. 4.   Single cyclic stress–strain curve.
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first and then increases with the number of dry–wet cycles. This indicates that the longer the dry–wet cycle/
chloride erosion time, the greater the axial peak strain of the RRFC specimen.

Figure 6 shows that the axial residual strain also increases progressively during the cyclic loading–unloading 
process across each dry–wet cycle stage. The most substantial increase occurs in the first five loadings, after which 
the overall growth rate gradually stabilizes. The axial residual strains of RRFC specimens at the end of the first 
loading–unloading cycle were 1.79 × 10−3, 1.49 × 10−3, 1.81 × 10−3, 2.49 × 10−3 and 2.98 × 10−3 respectively after 
0, 7, 14, 28 and 56 times of dry–wet cycles. This is because the more the dry–wet cycles, the more the internal 
pores of the specimen, the greater the axial residual strain. At the same time, on the whole, the axial residual 
strain of the specimen with 7 times of dry–wet cycle is the smallest, and the axial residual strain of the speci-
men with 56 times of dry–wet cycle is the largest. Under the same loading–unloading cycles, the axial residual 
strain of RRFC specimens decreases slightly and then increases with the number of dry–wet cycles. Taking the 
first cycle of each group of specimens as an example, the axial residual strain of RRFC specimens from small to 
large is 7 times < 0 time < 14 times < 28 times < 56 times. This is because at the beginning of the dry–wet cycle, 
the initial pores inside the RRFC specimen are filled with C—S—H gel and chloride crystals, so the volume that 
can be compressed is reduced, but this reduction only exists in the initial stage of the dry–wet cycle. In the first 
few dry–wet cycles, pores and tiny cracks will be generated inside the material. Through constant alternation 
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Fig. 5.   Axial peak strain of RRFC specimens after different dry–wet cycles.
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of wetting and drying, these pores and cracks may partially heal or close, thereby reducing strain. In addition, 
the material is a composite material, and the interface between different phases will be strengthened during the 
dry–wet cycle, thereby improving the strain capacity of the overall material and reducing the residual strain. 
As the dry–wet cycle progresses, the crystals and reaction products inside the specimen accumulate, increas-
ing pores, cracks penetrating, mechanical properties beginning to degrade, and the resistance to deformation 
decreasing. The axial residual strain increases rapidly with the number of dry–wet cycles.

Fatigue damage strength analysis
The peak stress obtained in the uniaxial compression test is recorded as the uniaxial compressive strength fc, and 
the corresponding peak strain is εfc. The stress at the specimen’s failure time after cyclic loading and unloading 
is recorded as the fatigue failure strength fp, and the corresponding fatigue failure strain is recorded as εfp. The 
ratio of fatigue failure strength to uniaxial compressive strength of RRFC specimens under the same number of 
dry–wet cycles is defined as the fatigue resistance coefficient Kp. The expression formula is as follows:

In the formula: Kf is the fatigue resistance coefficient of concrete specimens; fp is the strength (MPa) when 
the specimen is damaged after cyclic loading and unloading; fc is the specimen’s failure strength (MPa) without 
cyclic loading–unloading.

The relationship between uniaxial compressive strength and fatigue failure strength ofRRFC specimens in 
clear water solution and chloride salt solution under different dry–wet cycles was drawn by origin software, as 
shown in Fig. 7.The drawing software version used is OriginPro 2019. URL: https://​www.​origi​nlab.​com.

As illustrated in Fig. 7, the uniaxial compressive strength of RRFC specimens initially increased and then 
decreased with an increasing number of dry–wet cycles. The peak compressive strength was observed during the 
7th dry–wet cycle. In contrast, the fatigue failure strength of the specimens did not exhibit a clear growth phase. 
During the first seven dry–wet cycles, fatigue failure strength remained relatively stable, followed by a rapid 
decline in the middle cycles, after which it gradually stabilized. Furthermore, when comparing RRFC specimens 
in clear water to those in a chloride salt solution, it was evident that the deterioration of fatigue failure strength 
was more severe in the chloride environment. The fatigue resistance coefficient showed a more significant change 
as the deterioration progressed. For example, compared with before the dry–wet cycle, when the number of 
dry–wet cycles was 14 times, 28 times and 56 times, and the temperature of the clear water solution was 20 °C, 
the fatigue failure strength of the RRFC specimens decreased by 9.06, 21.7 and 28.57%, respectively. When the 
temperature of the chloride solution was 20 °C, the fatigue failure strength of the RRFC specimens decreased by 
10.48, 23.80 and 30.59%, respectively. This is because when the cyclic loading and unloading test was carried out 
on the RRFC specimens at the initial stage of the dry–wet cycle, the cement hydration reaction of the specimens 
was more thorough and complete. The internal pores of the specimens were filled with C—S—H gel and chloride 
salt crystals, enhancing their uniaxial compressive strength and fatigue resistance. The rubber incorporated in 
the specimens provides high elasticity, which mitigates damage during cyclic loading and unloading, ultimately 
improving fatigue failure strength. However, the concrete specimens experienced some damage in the middle 
to late stages of the dry–wet cycle, which compounded the effects of repeated loading and unloading during 
testing. This combination of stresses significantly reduced the fatigue damage strength of the RRFC specimens. 
In chloride salt solution environments, the effects of the dry–wet cycle—such as increased internal voids, crack 
propagation, and surface spalling of cement mortar—were more severe compared to specimens exposed to clear 
water. Consequently, the fatigue damage observed during cyclic loading and unloading was more pronounced, 
resulting in a lower fatigue failure strength for these specimens.

Under the same dry–wet cycle conditions, the fatigue failure strength of RRFC specimens is lower than their 
uniaxial compressive strength. Additionally, the fatigue resistance coefficient of these specimens decreases rapidly 
in the early stages of dry–wet cycling but gradually stabilizes as the number of cycles increases. Furthermore, 
higher temperatures correspond to a lower fatigue resistance coefficient for the RRFC specimens, making them 
more susceptible to internal fatigue damage from repeated loading and unloading. For example, when the number 
of dry–wet cycles is 0, 7, 14, 28 and 56 times, and the temperature is 20 °C in the clear water solution, the fatigue 
resistance coefficient of the RRFC specimen is 0.94, 0.91, 0.86, 0.85 and 0.87; the fatigue resistance coefficients 
of RRFC specimens were 0.94, 0.93, 0.84, 0.83 and 0.85 in clear water at 60 °C. The fatigue resistance coefficients 
of RRFC specimens were 0.89, 0.82, 0.86, 0.81 and 0.84 in the clear water solution at 80 °C.This is because the 
higher the solution temperature, the faster the thermal motion of water molecules and chloride ions, the faster 
the diffusion rate of chloride ions, the particles inside the RRFC specimen are easily brought into the solution, 
and the solubility of the hydration products increases, increasing internal osmotic pressure, an increase in pore 
gaps, and a greater damage to the internal structure. At the initial stage of cyclic loading and unloading, with 
the increase of loading stress, the holes and cracks existing in the concrete and generated by dry–wet cycle dam-
age are compacted. Then the internal micro-cracks will continue to expand and induce new cracks. During the 
loading and unloading process of cyclic stress, the specimen experiences fatigue damage, ultimately resulting 
in a reduction of its fatigue failure strength. As the solution temperature increases, the internal fatigue damage 
within the specimen becomes more pronounced, leading to a further decrease in fatigue strength.

(1)Kf =
fp

fc

https://www.originlab.com
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Study on the microscopic mechanism of RRFC
SEM scanning electron microscope and XRD diffraction test were carried out on the specimens after the test, 
and the internal mechanism of RRFC specimens after dry–wet cycle was observed and analyzed from a micro-
scopic perspective.

The microstructure and analysis of RRFC specimens without dry–wet cycle
Figure 8a,b shows the microstructure of the RRFC specimens without undergoing wet-dry cycling damage. It 
can be observed that the bonding within the RRFC specimens is relatively tight at this stage; however, there are 
a certain number of pores and gaps present within the concrete that has not undergone wet-dry cycling damage. 
This is due to the existence of pores and gaps during the concrete pouring process, which causes initial dam-
age and provides pathways for subsequent chloride solution erosion of the concrete samples. Additionally, it is 
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Fig. 7.   Uniaxial compressive strength and fatigue failure strength of RRFC specimens after different dry–wet 
cycles. (a) Clear aqueous solution, (b) chlorine salt solution.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:22700  | https://doi.org/10.1038/s41598-024-71939-6

www.nature.com/scientificreports/

noted that there are voids around the rubber particles. This is because rubber particles do not participate in the 
cement hydration reaction, resulting in a lack of strong chemical bonding. Instead, the interface transition zone 
between the rubber particles and the cement matrix relies on the physical bonding force generated by C—S—H 
gel. The voids present between the rubber particles and the cement matrix also provide space for the rubber par-
ticles to exert their high elasticity, alleviating the concentration of stress. Therefore, an appropriate and uniform 
distribution of rubber particles in the concrete can effectively mitigate the propagation of cracks in the cement 
matrix, thereby improving the toughness of the RRFC specimens. From Fig. 8c,-d, it can be seen that the fibrous 
and flocculent C—S—H gel significantly fills the pores and cracks within the concrete, enhancing its density.

The micro‑morphology and analysis of RRFC specimens under dry–wet cycle erosion conditions
The internal microstructure of RRFC specimens after 56 dry–wet cycles in 20 °C chloride solution was selected 
for SEM scanning, which was more in line with the actual situation of concrete highway tunnels in coastal areas. 
At the same time, 56 dry–wet cycles can clearly understand the internal microstructure of RRFC after serious 
damage, and better understand the resistance of RRFC to chloride erosion. Figure 9 shows the internal micro-
morphology of RRFC specimens under wet-dry cycles of 56 times in chloride solution at 20 °C. Compared with 
the RRFC without erosion and dry–wet damage in Fig. 8, the damage in Fig. 9 shows that more penetrating 
cracks and larger pores have been formed inside the specimen. The cement-based material originally bonded by 
C—S—H gel has been decomposed into regions, and the structure has become loose.

The deterioration of the concrete specimens is primarily due to the effects of wet-dry cycling, which causes 
moisture to continuously infiltrate and evaporate from within the specimens. This process leads to an increase 
in voids and cracks, reducing the cohesive and frictional forces between the internal particles. Consequently, 
particles begin to migrate within the pores, creating osmotic pressure that undermines the bonding strength of 
the concrete. Additionally, the specimens underwent wet-dry cycling in a chloride solution, which chemically 
erodes the concrete, damaging the bond between the cement mortar and rubber. In the later stages of the wet-dry 
cycle, the reaction between the specimens and chloride solution results in the formation of a substantial amount 
of C3A·CaCl2·10H2O (F salt) accumulating in the pores. This accumulation generates significant expansive forces, 
leading to the formation of new cracks within the concrete and accelerating the ingress of chloride ions. The 
presence of C3A·CaCl2·10H2O observed in Fig. 9 corroborates that the deterioration of the specimens under the 
combined effects of chloride and wet-dry cycling is due to the synergistic effects of repeated crystallization and 
chemical erosion by chlorides. At this point, the tensile strength provided by the cement matrix and PVA fibers 

Fig. 8.   The internal morphology of RRFC specimens without dry–wet cycle.
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is insufficient to mitigate the cumulative damage, resulting in increased internal porosity and crack develop-
ment. However, it is noteworthy that the cracks observed near the rubber particles were effectively blocked in 
their propagation paths by the rubber itself. This phenomenon results in crack blunting and a reduction in stress 
concentration, thereby slowing down the penetration of chloride ions. As a result, the rubber component imparts 
enhanced resistance to chloride erosion in the RRFC specimens.

XRD diffraction test results and analysis
The XRD diffraction spectrum of the RRFC specimen subjected to wet-dry cycles in an 80 °C chloride salt solu-
tion is shown in (Fig. 10). Based on the SEM microscopic morphology analysis of the RRFC specimen, it can 
be observed that the hydration reaction of the cement has led to a significant presence of calcium ions in the 
analyzed area of the specimen, primarily in the forms of Ca(OH)2 and C—S—H. This is attributed to the high 
reactivity of the silica (SiO2) in the rice husk ash present in the specimen, which reacts with Ca(OH)2 gener-
ated during the hydration process to produce a substantial amount of C—S—H gel. This process promotes the 
complete hydration of the cement, resulting in a reduction of Ca(OH)2 content over time, thereby validating the 
changes in the amounts of Ca(OH)2 and C—S—H.

Furthermore, comparing the different stages of the wet–dry cycle, the mass percentages of Ca2+ and Si4+ within 
the RRFC specimen are found to be similar. In the initial stages, before and shortly after the onset of wet-dry 
cycling, there is a considerable amount of Ca(OH)2 present. As the wet-dry cycling continues, a transformation 
occurs where Ca(OH)2 is converted into C—S—H gel, which provides bonding strength at the interface between 
the rubber and the cement mortar, enhancing density.

This indicates that the presence of rice husk ash in the RRFC specimen facilitates the cement hydration reac-
tion and continuously generates C—S—H gel during the hydration process. This gel fills the pores and cracks, 
ultimately forming a dense structure throughout the material.

Mechanism analysis of RRFC resistance to dry–wet cycle/chloride corrosion
Through the above comparative analysis of the test results, it can be concluded that although the mass, relative 
dynamic elastic modulus, and strength of RRFC specimens undergo two processes of increasing first and then 
decreasing with the increase of the number of dry–wet cycles under dry–wet cycles at different temperatures, 
the magnitude of change is different. The following is an analysis of the mechanism of this phenomenon from 
both physical and chemical aspects based on the micro-morphology changes of RRFC specimens during the 
dry–wet cycle process.

Chemical mechanism
The rice husk ash in the RRFC specimen contains a large amount of amorphous SiO2, which has high pozzolanic 
properties. After the cement hydration reaction produces Ca(OH)2, SiO2 reacts with Ca(OH)2 to form C—S—H 
gel. The liquid CaO concentration around the cement material is reduced at this time, thereby accelerating the 
cement hydration reaction. The specific reaction equation is as follows:

The C—S—H gel formed by this reaction improves the compactness of the RRFC specimen. It reduces the 
presence of Ca(OH)2, which is why the mass, relative dynamic elastic modulus, and strength of the specimen are 
increased at the beginning of the dry–wet cycle. At the same time, the rate of chloride ion erosion of concrete 

2(3CaO · SiO2)+ 6H2O3CaO · S2SiO2 · S3H2O+ 3Ca(OH)2

2(2CaO · SSiO2)+ 4H2O3CaO · S2SiO2 · S3H2O+ Ca(OH)2

2SiO2 + 3Ca(OH)2 +H2O2Ca1.5SiO3.5 · S2H2O

Fig. 9.   Internal morphology of RRFC specimens under 56 wetting–drying cycles in chloride solution at 20 °C.
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specimens is reduced, and the channel is reduced, which significantly improves the ability of RRFC specimens 
to resist chloride salt erosion. The incorporation of rice husk ash optimizes the gradation of RRFC specimens, in 
which the highly active SiO2 and the crystal of cement clinker further complete the reorganization of the second-
ary structure, and the increase of C—S—H gel makes the bonding of the interface transition zone closer. This 
shows that adding an appropriate amount of rice husk ash significantly enhances concrete specimens’ mechanical 
properties, toughness, and corrosion resistance.
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Fig. 10.   XRD diffraction test spectrum. (a) Dry–wet cycle 0 time, (b) Dry–wet cycles 28 times, (c) Dry–wet 
cycles 56 times.
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During the pouring and curing process of RRFC specimens, the hydration reaction of cement generates hydra-
tion products such as Ca(OH)2, C—S—H gel, and Aft, which fills the internal pores and cracks of the specimens, 
increases the compactness of the specimens, and slows down the rate of chloride ion erosion. In the dry–wet 
cycle, chloride salt will form crystallization erosion on concrete. A large amount of crystallization will form 
inside the specimen to fill its internal pores and cracks. At the end of the dry–wet cycle, the chloride salt and the 
specimen react to generate a large amount of C3A·CaCl2·10H2O (F salt) to generate expansion force, which causes 
the new crack of the specimen to create and develop, resulting in a decrease in the strength of the specimen.

Physical mechanism
The rubber particles in the RRFC specimen are an organic material with high elasticity, slight compressibility, 
and non-hydrophilicity. Compared with inorganic materials such as sand and gravel, the rubber particles in the 
RRFC specimen have smaller hardness and lighter weight, and the bonding force with cement mortar is smaller, 
so the strength of the RRFC specimen is smaller than that of ordinary concrete. Due to the non-hydrophilicity of 
rubber, the incorporation of rubber into the concrete test block will produce bubbles, increase defects, compli-
cate the structure of the interface transition zone of the test piece, and reduce the mechanical properties of the 
test piece. It can be seen from the SEM electron microscope that the interfacial transition zone between rubber 
particles and cement mortar is pronounced. The cement hydrate and gel form a physical bond. This bonding 
force is lighter than the chemical bonding force. The formed interfacial transition zone becomes a relatively weak 
area in the specimen. More micropores and microcracks exist than in other places, resulting in defects. However, 
the rubber material improves the toughness, corrosion resistance, and impact resistance of RRFC specimens. 
In the dry–wet cycle erosion, the excellent flexibility of rubber particles effectively alleviates the damage caused 
by the immersion and drying of water molecules and the expansion force generated by chloride crystallization. 
In the process of cyclic loading and unloading, the high elasticity of rubber particles effectively alleviates the 
damage caused by repeated loading and unloading and adjusts the internal stress redistribution of the specimen 
through its volume change so that RRFC shows excellent fatigue resistance. The PVA fiber in the RRFC specimen 
constitutes a random three-dimensional spatial grid, which effectively hinders the migration channel of chloride 
ions and the development of cracks, alleviates the stress concentration phenomenon, disperses the tip stress of 
cracks, and prevents the floating of rubber particles. Rice husk ash with a large specific surface area provides a 
nucleation point for cement hydration reaction, plays the role of micro aggregate, fills the internal pores of the 
specimen, and optimizes the particle gradation of the specimen.

Conclusion

1. After different numbers of dry–wet cycles, the axial peak strain of RRFC specimens during the 50th load-
unload cycle is generally higher than that of the 1st cycle. The axial peak strain increases the most after 14 
dry–wet cycles, reaching an increase of 11.73%. Overall, specimens subjected to 7 dry–wet cycles exhibit the 
lowest axial peak strain, while those subjected to 56 cycles show the highest axial peak strain.
2. Under the same number of load-unload cycles, the axial residual strain of RRFC specimens initially 
decreases and then increases with the number of dry–wet cycles. This is because the more dry–wet cycles 
there are, the more internal pores develop within the specimen, leading to greater axial residual strain.
3. The fatigue failure strength of RRFC specimens decreases and gradually stabilizes as the number of dry–wet 
cycles increases. Compared to RRFC specimens in pure water, those in chloride salt solutions exhibit more 
severe deterioration in fatigue failure strength, a lower fatigue resistance coefficient, and greater variation. 
Higher temperatures result in a relatively lower fatigue resistance coefficient for RRFC specimens, making 
them more prone to internal fatigue damage.
4. At the initial stage of cyclic load-unload testing, the pre-existing pores and cracks, along with those induced 
by dry–wet cycle damage within the concrete, are compacted. Subsequently, microcracks continue to extend 
and induce new cracks. During the cyclic loading and unloading process, specimens develop fatigue damage, 
ultimately leading to a decrease in fatigue failure strength. The uniformly distributed rubber particles in the 
concrete effectively mitigate the damage caused by cyclic stress, enhancing the toughness of RRFC specimens. 
They also effectively block crack propagation paths, reduce stress concentration, and slow down the intrusion 
of chloride ions, providing RRFC specimens with good resistance to chloride salt erosion.
5. The incorporation of rice husk ash optimizes the gradation of RRFC specimens. The high-activity SiO2 
further reconfigures the secondary structure of the cement clinker crystals, and the increased C—S—H gel 
tightens the bonding in the interfacial transition zone. The large specific surface area of the rice husk ash 
provides nucleation points for the cement hydration reaction, functioning as micro-aggregates to fill inter-
nal pores, optimize particle gradation, and enhance the erosion and fatigue resistance of RRFC specimens. 
PVA fibers form a random three-dimensional spatial network within the RRFC specimens, alleviating stress 
concentration, dispersing crack tip stress, and preventing the flotation of rubber particles, thus exhibiting 
excellent fatigue resistance.
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