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Abstract

:

With the development of urbanization, pervious concrete has been increasingly used in urban road pavement structures. The objective of this paper was to investigate the effect of stress levels and modifier (ground tire rubber and silica fume) on the fatigue life of pervious concrete and establish the fatigue equations with different survival probabilities. In order to improve the deformability of pervious concrete without sacrificing its strength, ground tire rubber and silica fume were added into pervious concrete. Two kinds of pervious concrete, control pervious concrete and ground tire rubber and silica fume modified pervious concrete, were made in the laboratory. The pervious concrete beam specimens of 100 × 100 × 400 mm were casted, and the static flexural strength and flexural strain of the two kinds of pervious concrete were tested. The fatigue lives of two pervious concretes were tested using MTS fatigue testing machine under four different stress levels (0.85, 0.80, 0.75, and 0.70). The fatigue life was analyzed by two-parameter Weibull distribution. The parameters of Weibull distribution were determined by graphical method, maximum likelihood method and moment method. The Kolmogorov–Smirnov test was used to test the Weibull distribution and the fatigue equations under different survival probabilities were established. The results showed that ground tire rubber and silica fume modified pervious concrete had better deformability while ensuring strength compared to control pervious concrete. The addition of ground tire rubber and silica fume improved the fatigue life of pervious concrete. The two-parameter Weibull distribution was suitable to characterize the fatigue characteristics and predict the fatigue life of pervious concrete. Fatigue equations with different survival probabilities were a good guide for pervious concrete design.
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1. Introduction


Most of the earth’s surface in modern cities is covered by impervious pavement structure, which has led to many urban problems, such as floods, groundwater decline, and urban heat island effects [1,2,3]. The recent torrential rains, rising temperatures, and depletion of water resources around the world are good examples [4,5,6,7]. All these problems have triggered people’s thinking about modern urban diseases. The pervious concrete pavement structure has been widely studied and applied as a feasible solution [8]. Due to the porous structure of pervious concrete, it can realize the function of water permeability and ventilation [9,10]. It has a very positive effect on solving urban water logging, replenishing groundwater, mitigating surface temperature and realizing urban ecosystem circulation [11,12,13,14]. Compared with traditional concrete, pervious concrete generally contains no or little sand, and the gradation of coarse aggregate is generally single. Its strength is generally not very high, and can only be used for pavement structures with low-medium traffic loads or non-traffic loads, such as parking lots, sidewalks, parks, etc. [8,15,16,17].



At present, research on pervious concrete mainly focuses on mix design, strength characterization, permeability property, and internal pore structure [18,19,20,21,22]. There are relatively few studies on the fatigue performance of pervious concrete. This is mainly because the fatigue test itself is time-consuming and costly, and there are many other factors affecting the fatigue test, factors from the material itself (gradation, porosity, raw material properties, etc.), factors from the fatigue test conditions (fatigue test mode, stress level, load frequency, load type, etc.) [8,17]. As an aspect of the durability of pavement materials, fatigue is a major factor causing structural damage and has an important impact on the structure life [23]. A lot of research has been carried out on the fatigue problem of traditional concrete. The research on the fatigue performance of pervious concrete was limited, and it needs comprehensive and in-depth research.



Chandrappa and Biligiri [24] studied the effect of stress level and loading frequency on the flexural-fatigue characteristic of pervious concrete and established the laboratory fatigue model. The results indicated that the stress level and stiffness were significant in affecting the fatigue life, and the loading frequency has little impact on fatigue life. The three-parameter Weibull distribution was suitable for the fatigue life fitting of pervious concrete. Zhou et al. [25] studied the flexural fatigue behavior of polymer-modified single-sized aggregate pervious concrete under different stress levels (0.65, 0.70, 0.75, 0.80, and 0.85) and stress ratios (0.08, 0.2, and 0.5) with two-parameter Weibull distribution. The results indicated that the fatigue life decreased with the increase of stress level and stress ratio. When the stress level and stress ratio were the same, the fatigue life increased with the decreasing aggregate sizes. Chandrappa and Biligiri [26] also studied the effect of the pore size and porosity on the fatigue of pervious concrete and established the stiffness reduction model for pervious concrete. It concluded that the porosity at the fractural face was more influential than the volumetric porosity on the fatigue and stiffness reduction. The large pore size has more significant effect on the fatigue life than the small pore size. Pindado et al. [27] conducted compressive-fatigue experiments on polymer-modified porous concrete with cylinder specimens. The addition of polymer significantly improved the fatigue behavior at the high stress level, but the improvement decreased when the stress level was relatively low. Chen et al. [28] studied the flexural-fatigue of continuous gradation pervious concrete with different stress ratios. The fatigue equations under different stress levels and equivalent stress levels were established. Based on the established fatigue equations, the load fatigue stress coefficient and tensile strength structural coefficient were obtained.



Fatigue is a complex problem for concrete materials. Compared to conventional concrete, the porous structure of pervious concrete makes its fatigue behavior different from that of conventional concrete. In order to improve fatigue properties, some modifiers, such as polymers and fiber, have been added. In our previous research, it was found that the ground tire rubber, as an elastic material, significantly improved the flexural strain and deformability of pervious concrete. However, it reduced the strength of pervious concrete, especially at the high dosage [29]. Silica fume, as an excellent supplementary cementitious material, was a by-product of iron alloys in the smelting of ferrosilicon and industrial silicon and usually used to improve the mechanical properties of pervious concrete [30]. The addition of ground tire rubber and silica fume into pervious concrete can not only achieve waste utilization and reduce cement consumption, but also reduce environmental pollution and obtain economical ways to utilize them. If the ground tire rubber and silica fume are incorporated into pervious concrete at the same time, will the fatigue performance of the pervious concrete be improved with sacrificing the strength? So, in this paper, in order to verify the effect of ground tire rubber and silica fume on the performance of pervious concrete, especially on the flexural fatigue of pervious concrete under different stress levels, the ground tire rubber and silica fume were added into pervious concrete. The static flexural strength tests and flexural-fatigue tests were conducted. The Weibull distribution was adopted to analyze the fatigue data and the fatigue equations were established for pervious concrete. The research outline (shown in Figure 1) of the study are as follows:




	
Mix design and pervious concrete beams production for two mixes with same aggregate size, porosity, and water-to-binder ratio



	
Conducting the static flexural tests and determination of the static flexural strength and flexural strain of two kinds of pervious concrete beams



	
Selection of the stress level, loading frequency and stress ratio for flexural-fatigue tests



	
Conducting the flexural-fatigue tests of two kinds of pervious concrete under different stress levels



	
Analysis of the effect of stress level and modifier on the fatigue property of pervious concrete



	
Fitting of fatigue-life distribution based on the Weibull distribution and conducting good-of-fit test



	
Establishment of the fatigue-life equation









2. Materials and Methods


2.1. Materials and Mix Design


Cement and coarse aggregate were used in the tests and their main properties have been introduced in our previous researches [31]. In order to improve the workability of pervious concrete, the polycarboxylic acid superplasticizer produced by Shanxi Qinfen Building Material Co., Ltd. (Shanxi, China), was used. Ground tire rubber with particle size of 40 mesh and silica fume with average particle size of 0.1–0.3 μm, were added as modifier, shown in Figure 2. Silica fume was obtained from Changchun Siao Technology Co., Ltd. (Jilin, China), its density is 2178 kg/m3 and the SiO2 content is 93.3%. The mechanical properties and freeze–thaw durability of ground tire rubber modified pervious concrete and silica fume modified pervious concrete at different modifier levels have been researched by our group [29,30]. Based on the results, comprehensive consideration of strength, freeze–thaw resistance and deformation performance, in this test, silica fume was added at 12% to partially replace the cement with equivalent volume method, ground tire rubber was incorporated at 6% by the weight of cementitious materials. According to the Chinese national standard CJJ/T 135–2009 [32], control pervious concrete (CPC) and ground tire rubber and silica fume modified pervious concrete (GTRSFPC) with the same target strength were designed with coarse aggregate size of 4.75–9.5 mm, porosity of 15%, and water-to-binder ratio of 0.30. The mix proportions are shown in Table 1.




2.2. Specimen Preparation and Experiment Program


The pervious concrete was mixed with cement encapsulating aggregate method and the specimens were moulded with layered rodding method. The specific procedures are as follows: (1) coarse aggregate was put into concrete mixer; (2) half the water was added and stirred for 30 s; (3) ground tire rubber was put into the mixer and stirred for 40 s; (4) cementitious material (cement and silica fume) was added and mixed for 40 s; (5) the superplasticizer and the rest of the water were added and stirred for 50 s; (6) specimens were casted with layered rodding method, the specimen casting was divided into three layers and each layer was one-third of the height of the mould, each layer was inserted about 20 times from the periphery to the center. There were 25 pervious concrete beams with dimension of 100 × 100 × 400 mm in each group; among them, 5 were used to determine the static flexural strength, 20 were used to conduct flexural-fatigue experiments. In order to reduce the deviation caused by uneven strength in flexural-fatigue tests, the standard curing room controlled by a temperature and humidity regulating system was adopted to place specimens. All specimens were cured for 150 days with relative humidity 95% and temperature 20 ± 2 °C in the curing room. The experiment program was as follows: (a) prepare and group the specimens; (b) measure the static flexural strength; (c) determinate the maximum and minimum load at each stress level based on the static flexural strength; (d) conduct the flexural-fatigue tests and record fatigue life.




2.3. Determination of Flexural Strength and Flexural Stain


The flexural strength test was conducted with a closed-loop, servo-controlled hydraulic testing system, which is shown in Figure 3. The three-point bending test was adopted to determine the flexural strength. The static flexural strength and flexural strain were determined using Equations (1) and (2).


f=32×FLbh2



(1)






ε=6hΔL2



(2)




where f = flexural strength (MPa); F = failure load (N); L = span length (mm); b = width of the specimen (mm); h = height of the specimen (mm); ε = failure strain; ∆ = mid-span displacement corresponding to failure load (mm).




2.4. Flexural-Fatigue Tests


The flexural-fatigue tests were conducted on an MTS closed testing machine, which is shown in Figure 4. The support of three-point bending in flexural-fatigue was the same as for static flexural strength test. The stress levels S (ratio of maximum stress to failure stress) for fatigue experiments were 0.70, 0.75, 0.80, and 0.85. The stress ratio (ratio of minimum stress to maximum stress) was 0.15. Sine wave load was applied and the frequency was 10 Hz. Stress control was selected as the load mode. Since the fatigue test was expensive and time-consuming, the following two were selected as the termination conditions, whichever occurred earlier: (a) complete failure of specimen; (b) the number of cycles reached 1 million. The failure mode of a beam after static flexural test and flexural fatigue test are shown in Figure 5.





3. Results and Analysis


3.1. Experimental Results


3.1.1. Static Flexural Strength


The static flexural strength for CPC and GTRSFPC is shown in Table 2. The flexural strength of GTRSFPC is a little higher than CPC, but it is higher than ground tire rubber modified pervious concrete and lower than silica fume modified pervious concrete, which had been studied in our previous researches [29,30].




3.1.2. Flexural Strain


In order to obtain better deformability and higher strength for pervious concrete, ground tire rubber and silica fume were added to enhance the deformability and strength of pervious concrete. The flexural strain of CPC and GTRSFPC are shown in Table 3. Table 3 indicates that the GTRSFPC has higher flexural strain than that of CPC. The qualitative analysis was conducted on a secant modulus of two mixes based on the load-displacement curves. The results reveal that GTRSFPC has a smaller secant modulus than CPC, which means that the stiffness of GTRSFPC is lower. That is why the flexural strain of GTRSFPC is higher. The flexural strain results indicate that the deformability of GTRSFPC is better than CPC.




3.1.3. Flexural-Fatigue Life


Table 4 summarizes the flexural-fatigue life (number of cycles to failure, N) data of CPC and GTRSFPC at different fatigue stress levels. The data are arranged in ascending order. The fatigue lives of CPC and GTRSFPC are decreased with the increasing stress level. The average fatigue life ratios of GTRSPC to CPC under different stress levels are shown in Figure 6. The values of all ratios are greater than 1. It indicates that, when the stress level is the same, the fatigue life of GTRSFPC is higher than that of CPC, which reveals that the addition of ground tire rubber and silica fume improves the fatigue property of pervious concrete.





3.2. Fitting of Fatigue-Life Distribution


The fatigue tests indicate that the fatigue-life data are very different from each other, even at the same stress level, which is caused by the uncertainty of the fatigue behavior of the concrete. Probabilistic reliability theory is an effective method to deal with uncertainty problems. First, a suitable mathematical model is needed to use probabilistic reliability theory for fatigue analysis. ASTM [33] proposes three fatigue analysis models, normal distribution model, lognormal distribution model, and Weibull distribution model. The Weibull distribution model is considered to be the most suitable model for describing the fatigue life distribution.



The probability density function f(N) and the cumulative distribution function F(N) of the three-parameter Weibull distribution are shown in Equations (3) and (4), respectively,


f(N)=αu−N0(N−N0u−N0)α−1exp[−(N−N0u−N0)α]



(3)






F(N)=1−exp[−(N−N0u−N0)α]



(4)




where α = shape parameter, its value determines the shape of the density function curve; u = scale parameter, it is related to the flatness of the density function curve; N0 = location parameter or minimum life, it determines the starting position of the curve on the horizontal axis of the coordinate. Generally, in fatigue analysis for concrete, the location parameter or minimum life N0 is considered to be 0, thus the Weibull distribution can be written as Equations (5) and (6):


f(N)=αu(Nu)α−1exp[−(Nu)α]



(5)






F(N)=1−exp[−(Nu)α]



(6)







The next work is to determine the Weibull distribution parameters α and u based on fatigue life data. The graphical method, method of maximum likelihood, and method of moments are adopted in the study to calculate the Weibull distribution parameters.



3.2.1. Graphical Method


The survivorship function L(N) can be defined as Equation (7):


L(N)=1−F(N)



(7)







Take Equation (6) into Equation (7), then the survivorship function L(N) can be written as Equation (8):


L(N)=exp[−(Nu)a]



(8)







Take twice logarithms of both sides of Equation (8), then it can obtain Equation (9):


ln[ln(1L(N))]=αln(N)−αln(u)



(9)







At a certain stress level, the survivorship function L(N) for each fatigue data can be calculated by Equation (10):


L(N)=1−ik+1



(10)




where i = the order of the fatigue data; k = total numbers of the fatigue data. Then the regression analysis is applied for each fatigue stress level and the values of α and u can be obtained. Table 5 shows α and u values at different stress levels.




3.2.2. Method of Maximum Likelihood


Introduce parameter t into Equation (5) and make t=uα, the Equation (5) can be written as Equation (11):


f(N)=αtNα−1exp[−Nαt]



(11)




The likelihood function can be written as Equation (12):


L(α,t|N1,N2,⋅⋅⋅,Nk)=∏i=1kf(Ni|α,t)



(12)




Take Equation (11) into Equation (12), it can obtain Equation (13):


L(α,t|N1,N2,⋅⋅⋅,Nk)=(αt)k∏i=1kNiα−1exp[−1t∑i=1kNiα]



(13)




Take logarithms of both sides of Equation (13), Equation (14) can be obtained:


ln[L(α,t|N1,N2,⋅⋅⋅,Nk)]=k(lnα−lnt)+(α−1)∑i=1klnNi−1t∑i=1kNiα



(14)




Take the partial derivative for the Equation (14) with respect to α and t, it can obtain Equations (15) and (16):


∂lnL∂t=−kt+1t2∑i=1kNiα



(15)






∂lnL∂α=kα+∑i=1klnNi−1t∑i=1kNiαlnNi



(16)




Set the Equations (15) and (16) equal to zero and then Equations (17) and (18) can be obtained as follows:


t=1k∑i=1kNiα



(17)






∑i=1kNiαlnNi∑i=1kNiα−1α=1k∑i=1klnNi



(18)







The parameter α can be obtained from Equation (18), then take α into Equation (17) and parameter t can be determined. The parameter u can be calculated by t=uα.



Table 6 shows α and u values calculated by method of maximum likelihood at different stress levels.




3.2.3. Method of Moments


The relationship between the parameters α and u of the two-parameter Weibull distribution and the first-order origin moment and the second-order origin moment of the sample is as Equations (19) and (20):


E(Nx)=uΓ(1+1α)



(19)






E(Nx2)=u2Γ(1+2α)



(20)




where Γ(x) is the gamma function, E(Nx)=μ, E(Nx2)=μ2+σ2, μ,σ are the mean and variance of the sample.



The fcov (coefficient of variation) of the sample can be written as Equation (21):


fcov=σμ=Γ(1+2α)Γ2(1+1α)−1



(21)




The parameter α can be obtained from Equation (21), it only can be calculated by assumptions and is inefficient. So it can be solved approximately with Equation (22).


α=fcov−1.08



(22)







Then the parameter u is calculated by Equation (23):


u=μΓ(1+1α)



(23)







Table 7 shows α and u values calculated by method of moments at different stress levels.



In order to reduce the error caused by different methods, the average values of α and u calculated by the three methods are used as the parameters of the Weibull distribution, which is shown in Table 8. With the increase of the stress level, the shape parameter α increases and scale parameter u decreases. The scale parameter is able to characterize fatigue life; the larger the scale parameter, the greater the fatigue life. Under the given stress levels, GTRSFPC has the larger scale parameter, which means that the fatigue life of GTRSFPC is higher. On the whole, the parameter α and u values of GTRSFPC are higher than that of CPC.





3.3. Goodness-of-Fit Test


Based on the Weibull distribution model, the shape parameter and scale parameter of the Weibull distribution has been obtained by three methods in Section 3.2, but whether the actual fatigue life is consistent with the Weibull distribution and whether the parameters of the distribution function can be used to characterize the actual fatigue performance, it is necessary to conduct a goodness-of-fit test for fatigue life. The Kolmogorov–Smirnov test is used in the study and the test equation was as Equation (24):


D=maxi=1k[|F*(Ni)−F(Ni)|]



(24)




where F*(Ni)=i/k, i is the order number of the data point, k is the total number of the data points at given stress level; F(Ni) is the cumulative distribution function calculated by Equation (6).



The Kolmogorov–Smirnov test results at stress level 0.70 for CPC are shown in Table 9. The maximum difference D at other stress levels for CPC and GTRSFPC is listed in Table 10. The critical value Dc for k = 5 and 5% significance level is 0.563 based on the Kolmogorov–Smirnov test table. All D values at different stress levels for CPC and GTRSFPC are less than critical value Dc, which indicates that the applied Weibull distribution model for fatigue life is acceptable at 5% significance level and can be used to establish the fatigue life equation.




3.4. Fatigue-Life Distribution


The cumulative distribution function and probability density function of the Weibull distribution at different stress levels for CPC and GTRSFPC are shown in Figure 7, Figure 8, Figure 9 and Figure 10.



Based on Figure 7, Figure 8, Figure 9 and Figure 10, it can be concluded that, when the cumulative distribution function value is the same, the fatigue life of CPC and GTRSFPC all increase with the decrease of stress level, GTRSFPC expresses the higher fatigue life than CPC at all given stress levels. In the probability density function, as the stress level decreases, the peak of the probability density function gradually decreases and the curve becomes flat, the probability density function of GTRSFPC exhibits lower peak and shapes to right offset than the CPC at all given stress levels. The Weibull distribution function indicates that GTRSFPC shows better fatigue characteristics than CPC.




3.5. Establishment of Fatigue-Life Equation


The fatigue equation for the pervious concrete can be expressed as Equation (25):


ln S=bln N+ln c



(25)




where S = stress level, N = fatigue life, b and c are undetermined coefficients.



Based on the parameters of Weibull distribution shown in Table 8 at different stress levels for CPC and GTRSFPC, the survivorship function (Equation (8)) can be obtained. Make the survivorship function L(N)=0.95,0.90,⋅⋅⋅,0.50, then the fatigue life N at different stress levels for CPC and GTRSFPC can be acquired. Table 11 shows the fatigue life under different survival probabilities.



Based on the fatigue data in Table 11, the fatigue equations under different survival probabilities are established and the regression coefficients are shown in Table 12. The correlation coefficients for all fatigue equations are higher than 0.99. The fatigue equations with a survival probability of 50% are as follows:


CPC: ln S=−0.0379 ln N+ln 1.0961










GTRSFPC: ln S=−0.0369 ln N+ln1.0956











Figure 11 shows the fatigue equations of CPC and GTRSFPC when the survival probability is 50%. When the stress level is the same, the fatigue life of GTRSFPC is higher than CPC, which indicates that the addition of a modifier improves the fatigue properties of pervious concrete. The fatigue equations under the other survival probabilities also show the same law.





4. Conclusions


The ground tire rubber and silica fume modified pervious concrete (GTRSFPC) and control pervious concrete (CPC) were prepared and researched in the lab. The static flexural strength, flexural strain, and the flexural-fatigue life under different stress levels were tested. The two-parameter Weibull distribution was used to characterize the fatigue behavior of the pervious concrete. Based on test results, the following conclusions can be drawn.




	
The static flexural tests indicate that the addition of ground tire rubber and silica fume improves the deformability of pervious concrete without sacrificing strength.



	
The flexural-fatigue tests indicate that the fatigue life decreases with the increasing stress level. The fatigue life of GTRSFPC is higher than that of CPC at the same stress level, which shows that the addition of ground tire rubber and silica fume improves the fatigue life of pervious concrete.



	
The Kolmogorov–Smirnov test results show that the two-parameter Weibull distribution is suitable for the fatigue data fitting. The graphical method, maximum likelihood method and moment method can be used to determine the Weibull distribution parameters. With the increase of the stress level, the shape parameter α increases while the scale parameter u decreases. In general, the parameters α and u of GTRSFPC are higher than that of CPC at the same stress level.



	
Based on the Weibull distribution, the fatigue equations with different survival probabilities for CPC and GTRSFPC are established. The fatigue equations indicate that the relationship of stress level S and fatigue life N better accords with ln-linear law. When the survival probability is the same, GTRSFPC has higher fatigue life.



	
Compared with CPC, GTRSFPC not only performs well in terms of deformability and fatigue performance, but also plays an important role in waste utilization, environmental protection and sustainable development.
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Figure 1. Research outline 
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Figure 2. Materials: (a) coarse aggregate, (b) ground tire rubber, and (c) silica fume. 
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Figure 3. Flexural strength test. 
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Figure 4. MTS closed testing machine for flexural-fatigue test. 
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Figure 5. The failure mode of a beam after static flexural test and flexural fatigue test: (a) failure mode of a beam after static flexural test; (b) failure mode of a beam after flexural-fatigue test. 
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Figure 6. The average fatigue life ratios of GTRSPC to CPC under different stress levels. 
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Figure 7. The Weibull distribution at stress levels of 0.85 for CPC and GTRSFPC: (a) The cumulative distribution function; (b) The probability density function. 
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Figure 8. The Weibull distribution at stress levels of 0.80 for CPC and GTRSFPC: (a) The cumulative distribution function; (b) The probability density function. 
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Figure 9. The Weibull distribution at stress levels of 0.75 for CPC and GTRSFPC: (a) The cumulative distribution function; (b) The probability density function. 
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Figure 10. The Weibull distribution at stress levels of 0.70 for CPC and GTRSFPC: (a) The cumulative distribution function; (b) The probability density function. 
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Figure 11. The fatigue equations of CPC and GTRSFPC with the survival probability of 50%. 
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Table 1. Mix proportions of pervious concrete (in kg/m3).
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	Mix ID.
	Coarse Aggregate
	Cement
	Ground Tire Rubber
	Silica Fume
	Water
	Superplasticizer





	CPC 1
	1503.3
	479.9
	0
	0
	144.0
	3.84



	GTRSFPC 2
	1503.3
	413.0
	28.2
	56.3
	140.8
	3.75







1 CPC: Control pervious concrete; 2 GTRSFPC: ground tire rubber and silica fume modified pervious concrete.
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