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Abstract. In order to analysis the sulfate diffusion process in polypropylene fiber concrete, the 
influence of the introduction of polypropylene fiber on the porosity was calculated at first based 
on the spatial distribution features of polypropylene fiber in concrete, which was classified into 
three types, penetration type, half through type and embedded type. On the basis of Fick’s second 
law and reaction kinetics equation, the diffusion model of sulfate ions in polypropylene concrete 
was established. The numerical solution was achieved with the adoption of finite difference 
method and the concentration of sulfate ions at any position can be calculated. At last, the 
numerical solution was verified using the results of polypropylene fiber reinforced concrete sulfate 
attack test. The results show that the relative error between numerical calculation and the actual 
test results is less than 17.65 %, the accuracy of the model is relatively high. 
Keywords: polypropylene fiber concrete; sulfate attack; numerical simulation; porosity; ionic 
diffusion. 

1. Introduction 

Most of the existing researches are the experimental research on the mechanical properties of 
polypropylene fiber concrete based on the difference of its own materials (such as fiber content, 
fiber type, water-cement ratio, etc.), or the analysis of the sulfate diffusion process in plain 
concrete. There is little research on the diffusion law of sulfate in polypropylene fiber concrete 
and its meso numerical simulation [1-4]. Therefore, this paper studies the diffusion process of 
sulfate in polypropylene fiber concrete, establishes the diffusion model of sulfate in polypropylene 
fiber concrete, and uses sulfate erosion test to verify the numerical simulation results. 

2. Diffusion model of sulfate ions in polypropylene fiber concrete 

2.1. Change of concrete porosity 

Assuming that fibers are randomly distributed in concrete, they can be divided into three types 
according to their spatial positions, as shown in Fig. 1. 

2.1.1. Through type polypropylene fiber 

The through type polypropylene fiber penetrates the whole concrete model element up and 
down. Its length is equal to the thickness of the model element, and it introduced open pores, the 
interface is in direct contact with the external erosive liquid through the openings at both ends. 
The expression of porosity (𝜑௉ி௚) of through type polypropylene fiber is: 
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𝜑௉ி௚ ൌ 1 − 𝑉௉ி௚𝑉 ൌ 1 − 𝑁𝜋𝑑௉ிଶ 𝐻4𝑋𝐿𝐻 ൌ 1 − 𝜋𝑑௉ிଶ 𝑁4𝑋𝐿 , (1)

where, 𝑉௉ி௚ represents the volume of through polypropylene fiber; 𝑉 represents the volume of 
polypropylene fiber concrete model element; 𝑁 represents the number of through polypropylene 
fibers in the polypropylene fiber concrete model element, which can be converted according to 
the volume content of polypropylene fibers; 𝑑௉ி represents the diameter of polypropylene fiber; 𝐻 represents the thickness of the model element, which is also the length of the through 
polypropylene fiber; 𝑋 represents the length of the model primitive; 𝐿 represents the width of the 
model primitive. 

 
Fig. 1. Distribution diagram of fiber in concrete 

2.1.2. Half-Through type polypropylene fiber 

The upper or lower end of the half-through type polypropylene fiber reaches the surface of the 
concrete model. The length of the polypropylene fiber is randomly distributed in the range of  
[0, 𝐻]. The pores introduced by it are open pores, and the interface is directly in contact with the 
external erosive liquid through the openings at the upper or lower end. The expression of porosity 
(𝜑௉ி௕) of half-through type polypropylene fiber is: 

𝜑௉ி௕ ൌ 1 − 𝑉௉ி௕𝑉 ൌ 1 − ∑ 𝜋𝑑௉ிଶ 𝑙௉ி௕௜௡௜ 4𝑋𝐿𝐻 . (2)

where, 𝑉௉ி௕ represents the volume of half-through type polypropylene fiber; 𝑉 represents the 
volume of polypropylene fiber concrete model element; 𝑑௉ி represents the diameter of 
polypropylene fiber; 𝑙௉ி௕௜ represents the length of the ith half-through type polypropylene fiber, 𝑙௉ி௕௜ ∈ ሾ0,𝐻ሿ, 𝑖 ൌ 0,1,2 …𝑛; 𝑋 represents the length of the model primitive; 𝐿 represents the 
width of the model primitive; 𝐻 represents the thickness of the model primitive. 

2.1.3. Embedded type polypropylene fiber 

The embedded type polypropylene fiber is completely suspended in the concrete model 
element. The length of polypropylene fiber is randomly distributed in the range of (0, 𝐻), and the 
introduced pores are closed pores. The expression of porosity (𝜑௉ி௡) of Embedded type 
polypropylene fiber is: 

𝜑௉ி௡ ൌ 𝑐஼஺𝑐஼஺଴ ൬1 − 𝑉௉ி௡𝑉 ൰ ൌ 𝑐஼஺𝑐஼஺଴ ቆ1 −∑ 𝜋𝑑௉ிଶ 𝑙௉ி௡௜௡௜ 4𝑋𝐿𝐻 ቇ, (3)

where, 𝑐஼஺ represents the concentration of hydrated calcium aluminate in concrete; 𝑐஼஺଴ represents 
the initial concentration of calcium aluminate in concrete; 𝑉௉ி௡ represents the volume of 
embedded polypropylene fiber; 𝑉 represents the volume of polypropylene fiber concrete model 
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element; 𝑑௉ி represents the diameter of polypropylene fiber; 𝑙௉ி௡௜ represents the length of the  𝑖-th embedded polypropylene fiber, 𝑙௉ி௡௜ ∈ ሺ0,𝐻ሻ, 𝑖 = 0,1,2 …𝑛; 𝑋 represents the length of the 
model primitive; 𝐿 represents the width of the model primitive; 𝐻 represents the thickness of the 
model primitive. 

In the initial stage, because there are closed pores around the embedded polypropylene fiber, 
the interface will not contact with the external corrosive liquid. Sulfate reacts with cement 
hydration products to produce erosion products, which will gradually fill the pores in the concrete. 
As sulfate corrosion products continue to fill the pores in the concrete, microcracks will eventually 
occur. When the microcracks are located around the embedded polypropylene fiber, connecting 
pores will be formed. At this time, the cement mortar around the embedded polypropylene fiber 
will contact the erosion solution through the connecting pores. 

2.1.4. Initial porosity of polypropylene fiber reinforced concrete 

Regardless of the filling effect of erosion products on the pores, the initial porosity in the 
concrete can be expressed as: 

𝜑଴ = 𝑀𝑎𝑥 ൬𝑓௏௖ 𝑤௖ − 0.39ℎఈ𝑤௖ + 0.32 , 0൰ + 𝜑଴௉ி , (4)

where, 𝑓௏௖ represents the volume fraction of cement; ℎఈ represents the hydration degree of cement; 𝑤௖ represents the water cement ratio; 𝜑଴௉ி represents the initial porosity introduced by 
polypropylene fiber. 

The degree of hydration ℎ can be expressed as ℎఈ = 1 − 0.5ሾሺ1 + 1.67𝑡ሻି଴.଺ + ሺ1 +0.29𝑡ሻି଴.ସ଼ሿ, where 𝑡 represents the time of cement hydration. 
The initial porosity introduced by polypropylene fiber can be expressed as: 𝜑଴௉ி = 𝜑௉ி௚ + 𝜑௉ி௕, (5)

where, 𝜑௉ி௚ represents the porosity of the penetrating polypropylene fiber; 𝜑௉ி௕ represents the 
porosity of the semi-penetrating polypropylene fiber. 

2.1.5. Polypropylene fiber concrete filled porosity 

The filling of ettringite will affect the porosity of concrete. The porosity of concrete filled with 
ettringite can be expressed as: 

𝜑௣௥௢ௗ = 𝑀𝑖𝑛 ൤1𝑞෍ ൬ 𝑉௖஺௜𝑚௩ି஼ு − 𝛾௜𝑚௩ି஼ு൰ 𝐶஼஺,𝑓𝜑଴ଷ௜ୀଵ ൨ + 𝜑௉ி௡, (6)

where, Min is the minimum function; 𝑉௖஺ଵ, 𝑉௖஺ଶ, 𝑉௖஺ଷ respectively represent the volume 
consumption of 𝐶ସ𝐴𝐻ଵଷ, 𝐶ସ𝐴𝑆̅𝐻ଵଶ and 𝐶ଷ𝐴 in the chemical reaction process in the concrete; 𝑚௩ି஼ு represents the molar volume of calcium hydroxide; 𝛾௜ represents the reaction coefficient 
of ettringite by reaction of tricalcium aluminate with gypsum; 𝑓 represents the volume fraction of 
the initial porosity after the ettringite is filled with capillary pores; 𝜑௉ி௡ represents the porosity of 
the embedded polypropylene fiber. 

Under sulfate attack, the porosity of the concrete is reduced due to the filling of erosion 
products. Then: 𝜑 = 𝑀𝑎𝑥ൣ൫𝜑଴ − 𝜑௣௥௢ௗ൯, 0൧. 
2.2. Concentration distribution of sulfate ions 

It is assumed that polypropylene fiber concrete meets the following conditions: saturation; 
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isotropy; porous material, the diffusion coefficient of sulfate ions in concrete is a function of time. 
When polypropylene fiber concrete is exposed to a sulfate environment for a long time, 𝑆𝑂ସଶି will 
gradually diffuse from both sides to the inside. The erosion model of concrete is assumed to be 
one-dimensional symmetric model, then the erosion model is shown in Fig. 2. 

 
Fig. 2. Sulfate erosion model 

 
Fig. 3. Sulfate erosion plane sketch 

2.2.1. Diffusion reaction equation 

The diffusion reaction equation of 𝑆𝑂ସଶି can be deduced by using Fick’s second law and 
chemical reaction kinetic equation as [5]: 

൞𝜕𝐶𝜕𝑡 = 𝜕𝜕𝑥 ൜𝐷஼ሺ𝑥, 𝑡ሻ 𝜕𝐶𝜕𝑥ൠ + 𝜕𝐶ௗ𝜕𝑡 ,𝐶ሺ𝑥, 0ሻ = 0, 𝑥 ∈ Π,𝐶ሺ0, 𝑡ሻ = 𝐶଴, 𝐶ሺ𝐿, 𝑡ሻ = 𝐶଴, (7)

where, 𝐶 represents the concentration of 𝑆𝑂ସଶି; 𝑥 represents the position coordinates; 𝑡 represents 
the diffusion time of 𝑆𝑂ସଶି in concrete; 𝐷஼ represents the diffusion coefficient of sulfate ions; 𝐶ௗ 
represents the concentration consumed by 𝑆𝑂ସଶି due to chemical reactions; 𝐶଴ represents 𝑆𝑂ସଶି 
The boundary concentration; Π represents the cross-sectional area; 𝐿 represents the thickness of 
the concrete specimen. 

2.2.2. Diffusion coefficient 

There is electrolyte solution containing Na+, K+, OH-, Ca2+, SOସଶିand other ions in the internal 
pores of the concrete. According to Davis model [6] and the Mode Coupling Theory Method of 
Electrolyte Friction Electrolyte [7] and other electrolyte solution theory, the diffusion coefficient 
of SOସଶିin concrete can be expressed as [8]: 

𝐷௖ = 𝜑𝑅𝑇𝜏௖𝑧ଶ𝐹ଶ ൝1 − ൥ 14√𝐼൫1 + 𝛼𝐵√𝐼൯ଶ 0.1 − 4.17 ൈ 10ିହ𝐼√1000 ൩ 𝐴𝑐𝑧ସൡ       ∙ ൣΛ଴ − ሺ𝐶𝑍ଶ + 𝐷𝑧ଷ𝜔Λ଴ሻ√𝑐൧, (8)

where, 𝜑 represents the saturated porosity after the erosion product fills the capillary pores, which 
is given by Eq. (10); 𝑅 represents the gas constant; 𝑇 represents the ambient temperature; 𝜏௖ 
represents the tortuosity of the transmission path in the concrete before the erosion product fills 
the capillary pores, It is given by Eq. (11); 𝑧 represents the valence of SOସଶି; 𝐹 represents Faraday’s 
constant; 𝐼 represents ionic strength, which is given by Eq. (10); 𝛼 represents 𝑆𝑂ସଶି radius; Λ଴ 
represents 𝑆𝑂ସଶି conductivity; 𝜔 represents ionic Activity coefficient; 𝑐 represents the 
concentration of sulfur 𝑆𝑂ସଶି; 𝐴, 𝐵, 𝐶 and 𝐷 are parameters related to temperature, which can be 
expressed by Eq. (9): 
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𝐴 = √2𝑒𝐹ଶ8𝜋ሺ𝜀଴𝜀௥𝑅𝑇ሻଷଶ ,   𝐵 = ඨ 2𝐹ଶ𝜀଴𝜀௥𝑅𝑇 ,   𝐶 = √2𝑒𝐹ଶ3𝜋𝜂ඥ1000𝜀଴𝜀௥𝑅𝑇 ,   𝐷 = √2𝑒𝐹ଶ3√1000ሺ𝜀଴𝜀௥𝑅𝑇ሻଷଶ, (9)

where, 𝑒 represents the elementary charge; 𝜀଴ represents the vacuum dielectric constant; 𝜀௥ 
represents the relative dielectric constant; 𝜂 represents the viscosity of water. 

The ion concentration in polypropylene fiber concrete can be calculated according to the theory 
of electrolyte solution: 

𝐼 = 12෍ 𝑧௜ଶ𝑐௜ே௜ୀଵ , (10)

where, 𝑁 represents the number of types of ions; 𝑧௜ represents the valence of the 𝑖-th ion in the 
solution; 𝑐௜ represents the initial concentration of the ion in the solution. 

2.2.3. Tortuosity of erosion path 

According to the material composition, distribution state and geometric characteristics of 
polypropylene fiber concrete, the geometric model of the tortuosity of the erosion path can be 
express: 𝜏௖ = 𝜂௦௔𝜂௦௧൫1 + 0.35ඥ𝑓௦௔൯൫1 + 0.35ඥ𝑓௦௧൯𝜏௖௣, (11)

where, 𝜂௦௧ and 𝑓௦௧ represent the shape factor and volume rate of the sand, respectively; 𝜂௦௔ and 𝑓௦௔ represent the shape factor and volume rate of the crushed stone, respectively; 𝜏௖௣ represents 
the tortuosity of the sulfate transmission path in the cement paste, which can be expressed by 
Eq. (12) express: 

𝜏௖௣ = 𝜔௪௖𝜂௥ℎ௔ ቈ 11 −ඥ1 − 𝜑ට൫1 −ඥ1 − 𝜑൯ଶ + 1 4⁄ ቉, (12)

where, 𝜔௪௖ represents the adjustment coefficient; 𝜂௥ represents the shape factor of the cement 
particles. 

2.2.4. Concentration distribution 

Assuming that the external sulfate ion concentration on both sides of polypropylene fiber 
concrete is 𝐶଴, the diffusion reaction equation of 𝑆𝑂ସଶି can be solved according to a 
one-dimensional symmetry problem. By analyzing the distribution of 𝑆𝑂ସଶି in the concrete range 
of 𝐿/2, we can get the erosion of 𝑆𝑂ସଶି on the whole concrete, as shown in Fig. 3. According to 
the above analysis, the diffusion reaction equation of 𝑆𝑂ସଶି erosion polypropylene fiber concrete 
model can be established as follows: 𝜕𝐶𝜕𝑡 = 𝜕𝜕𝑥 ൜𝐷஼ሺ𝑥, 𝑡ሻ 𝜕𝐶𝜕𝑥ൠ + 𝜕𝐶ௗ𝜕𝑡 . (13)

By iterative solution of catch-up method, the concentration distribution of 𝑆𝑂ସଶି in concrete at 
any time can be obtained. 

2.3. Method of specimen 

In this experiment, P·O42.5 ordinary Portland cement and grade Ⅰ fly ash were used as 
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cementing materials, and the replacement of fly ash was 20 %. Fine aggregate was made of 
continuously graded fine sand with particle size of 0-4.75 mm, fineness modulus of 2.68, apparent 
density of 2.64 g/cm3. Gravel is limestone gravel with continuous gradation of 5-20 mm in 
diameter. The water was ordinary drinking tap water with a water-cement ratio of 0.32. The fiber 
is polypropylene fiber (PF), and its physical and mechanical properties are shown in Table 1. 
Forming 100 mm×100 mm×400 mm concrete specimen. 

Table 1. Physical and mechanical properties of polypropylene fiber 

Fiber type Density 
(g/cm3) 

Equivalent 
diameter (μm) 

Tensile 
strength (MPa) 

Elastic 
modulus (MPa) 

Elongation at 
break (%) 

Fascicular 
monofilament 0.91 21 ≥ 400 ≥ 3500 8-30 

Erosion method: Put the polypropylene fiber concrete specimens (100 mm×l00 mm×400 mm) 
cured to the specified age into a 5 % Na2SO4 solution for long-term soaking. The long-term 
immersion test takes 30 d as a cycle, that is, take out the test block after soaking in Na2SO4 solution 
for 30 d, 60 d, 90 d, 120 d... And wipe the surface moisture of the test block with a rag. After 
natural air drying, drill core sampling, and the distribution of sampling drilling points is shown in 
Fig. 4. 

 
Fig. 4. Specimen sampling drilling point distribution diagram 

2.4. Comparison between experimental results and numerical simulation results 

Fig. 5 shows the changes of theoretical and experimental values of 𝑆𝑂ସଶି concentration at 
different depths (0 mm, 10 mm, 20 mm, 30 mm, 40 mm and 50 mm) in concrete specimens soaked 
with 5 % sodium sulfate solution for 0 d, 30 d, 60 d, 90 d, 120 d and 150 d respectively. 

 
Fig. 5. Relative error statistics of simulation results and the test results (%) 

It can be seen from Fig. 5 that the maximum relative difference between the theoretical 
calculation results and the test results shall not exceed 17.65 %. However, in the period of  
0 d-90 d, the theoretical calculation value increases more significantly than the measured value. 
The error between the two groups of data is concentrated between 12.38 %-17.65 %, and the error 
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is relatively large, indicating that the diffusion speed of erosion ions is relatively fast in the 
theoretical model calculation; In the period of 90 d ~ 150 d, the theoretical calculated values tend 
to be consistent with the measured values. The relative error between the two groups of data is 
concentrated between 10.00 %-15.24 %, and the error gradually decreases, indicating that the 
erosion ions diffusion reaction reaches a relatively stable state during this period, and the actual 
test is less affected by the external test conditions. 

3. Conclusions 

1) Based on the spatial distribution characteristics of polypropylene fiber in concrete, the 
spatial distribution of polypropylene fiber is divided into through type, half-through type and 
embedded type. The porosity of three types of polypropylene fiber is calculated respectively, and 
the initial porosity and filling porosity of polypropylene fiber concrete are calculated respectively 
according to the process of sulfate eroding concrete structures. 

2) Based on Fick’s second law and reaction kinetics theory, the diffusion model of 𝑆𝑂ସଶି in 
polypropylene fiber concrete is established. The finite difference method is used to realize the 
numerical solution, the sulfate erosion migration law in polypropylene fiber concrete is studied, 
and the numerical solution of 𝑆𝑂ସଶି concentration at any position ൫𝑋௜,𝑇௝൯ is realized. 

3) In this paper, the sulfate erosion test of polypropylene fiber reinforced concrete is designed, 
and the sulfate ion concentration of the specimen at different time and depth under the erosion 
condition of 5 % sodium sulfate solution is quantitatively measured, which is compared with the 
theoretical calculation value of the established sulfate erosion model of polypropylene fiber 
reinforced concrete. The results show that the relative error between the model calculation results 
and the actual test results is less than 17.65 %, and the accuracy is high. 
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