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Abstract

:

As an environmentally friendly pavement material, porous concrete in seasonal frozen region is often subjected to repeated loads and freeze-thaw cycles. Therefore, the fatigue property of porous concrete under freeze-thaw is extremely important. However, few researches have been reported on the topic. Based on this background, this paper investigates the flexural fatigue property of ground tire rubber/silica fume composite modified porous concrete (GTR/SF-PC) with experimental and mathematical statistical methods. The flexural fatigue life of GTR/SF-PC under different freeze-thaw cycles (0, 15, 30) was tested with three-point flexural fatigue experiment at four stress levels (0.70, 0.75, 0.80, 0.85). Kaplan Meier survival analysis and Weibull model were adopted to analyze and characterize the flexural fatigue life. The fatigue life equations of GTR/SF-PC under different freeze-thaw cycles were established. The results indicate that, duo to the addition of ground tire rubber and silica fume, the static flexural strength of GTR/SF-PC is not significantly affected by freeze-thaw cycles. The flexural fatigue property of GTR/SF-PC is gradually deteriorated under the action of freeze-thaw cycles. Compared with 0 freeze-thaw cycles, the average flexural fatigue life of GTR/SF-PC decreases about 15% and the fatigue failure rate increases about 50% after 30 freeze-thaw cycles, respectively. The fatigue equations with different reliabilities of GTR/SF-PC show that the reliability is inversely proportional to fatigue life, therefore, the appropriate fatigue equation considering freeze-thaw effect is necessary for fatigue design of porous concrete.
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1. Introduction


Porous concrete material, as an important part of sponge city, is paid more and more attention by researchers and engineers, and gradually becomes a research hotspot [1,2,3]. Duo to the porous structure, porous concrete has many advantages in solving urban problems such as urban hot islands, transportation-related noise, urban waterlogging and drop of groundwater [4,5,6,7]. However, porous concrete has many connected pores, which results in its mechanical properties and durability not as good as ordinary concrete [8]. Additionally, as a kind of pavement material, porous concrete will be subjected to repeated action of vehicle load, and its flexural fatigue performance is very important. Meanwhile, in the seasonal frozen region, the porous concrete will experience the effect of freeze-thaw cycles, the frost-resistance is also an important aspect for its durability [9]. It is more noteworthy that the combined action of freeze-thaw cycles and repeated vehicle load will significantly affect the durability of porous concrete and reduce its service life.



The global rapid industrialization has led to increasingly prominent environmental problems. With the awakening of people’s awareness of environmental protection and the development of material technology, environmentally friendly concrete has been developed, and many waste materials have been used as the additives to prepare environmentally friendly concrete, such as waste fibers [10,11,12,13,14], waste glass [15,16,17], waste marble powder [18,19], PET plastic waste and geopolymer [20,21], recycled aggregate and coal ash [22,23], etc. The application of these waste materials, on the one hand, improves the performance of concrete, on the other hand, realizes the utilization of waste, and solves the environmental problems caused by them. Silica fume and waste crumb rubber, as by-products of industry and automobile industry waste, are increasing at an alarming rate in the world every year, which brings serious adverse impact on the environment. Studies showed that the application of them in concrete can effectively solve this problem [24,25]. The researches on application of waste crumb rubber in porous concrete indicated that the addition of crumb rubber improved its deformation ability and frost-resistance, but the strength of porous concrete was reduced [26,27,28]. The composite modification of silica fume and crumb rubber on porous concrete combined the advantages of the two materials, thus improving the deformation ability and frost-resistance of porous concrete without reducing its mechanical strength and modulus [29,30,31]. At present, most of the researches on porous concrete mainly focus on its mechanical strength and permeability performance [32,33,34], and the researches on its frost resistance and flexural fatigue performances are also gradually carried out. However, the research on fatigue properties of porous concrete under freeze-thaw action has not been reported.



For the aspect of frost-resistance of porous concrete, in terms of the basic composition of porous concrete, porosity is the most important factor affecting the freeze-thaw durability of porous concrete, followed by the aggregate particle size and water to binder ratio [35]. As with ordinary concrete, the addition of air entraining agent can effectively improve the freeze-thaw durability of porous concrete. Several studies had proved that moderate air entraining agent was beneficial to the freeze-thaw durability [36,37,38], but the air entraining agent less than 0.125% of cementitious mass was inoperative [39]. The application of additives and modifiers is another effective method to improve freeze-thaw durability of porous concrete. The positive effect of ethylene-vinyl acetate latex and polypropylene fibers on the freeze-thaw durability of porous concrete had been verified [38]. Other additives such as light weight sand [37], waste crumb rubber [39], silica fume [40] were also found to be effective. Of course, some modifiers were disadvantage to the freeze-thaw durability of porous concrete, such as fly ash [41]. Additionally, research indicated that the water saturation and soil clogging decreased the freeze-thaw durability of porous concrete [42]. Therefore, it is important to ensure that porous concrete remains free of debris and well drained during service in seasonal frozen region.



For the aspect of fatigue of porous concrete, the aggregate size is an important factor affecting its flexural fatigue life. Researches indicated that the fatigue life of porous concrete increased with the decreasing aggregate size [43,44,45]. The porosity is another factor determining the fatigue life of the porous concrete, but the results from different studies are inconsistent. Some researchers concluded that the porosity had no statistically significant effect on flexural fatigue [46], others indicated that localized porosity at the fatigue fractured face had significant effect on the fatigue failure. Most importantly, the largest pore size at fractured face also had noticeable effect on the fatigue lives [47]. Additionally, the effect of aggregate type such as recycled aggregate [48], angular aggregate, round aggregate [24] and burnt brick aggregate [45] on the fatigue life of porous concrete were also reported. The results showed that recycled aggregate and burnt brick aggregate had adverse effect on the fatigue life of porous concrete compared with the natural aggregate. As with ordinary concrete, the load frequency had little effect on the fatigue life of porous concrete [45,49]. In order to improve the fatigue property of porous concrete, the additives or modifiers are positive and effective approaches, such as polymer, fly ash, silica fume and so on [43,50]. In terms of the analysis methods for fatigue life, duo to the inhomogeneity of concrete materials and the discreteness of fatigue test itself, the results of fatigue life of concrete are often very different. Considering this issue, the probabilistic reliability theory is an effective method to solve the uncertainty and discreteness problems. At present, the probability statistical models for concrete fatigue mainly include normal distribution model, lognormal distribution model and Weibull distribution model. Many studies show that Weibull distribution model is an effective method to deal with concrete fatigue problems [51,52,53]. It can obtain more accurate failure analysis and failure prediction with small samples and is commonly used in reliability engineering and life analysis.



The porous concrete in the seasonal frozen region is usually subjected to the combined action of freeze-thaw and repeated vehicle load. However, there is little research on this aspect. Based on this background, combined with the previous research achievements of our group, this paper carried out the study on the flexural fatigue property of porous concrete modified with recycled ground tire rubber and silica fume under different freeze-thaw cycles. The flexural fatigue life of GTR/SF-PC under different freeze-thaw cycles was tested at different stress levels. The influence of the freeze-thaw cycles on the flexural fatigue life was analyzed with Kaplan Meier survival analysis method and Weibull model was adopted to characterize the flexural fatigue life distribution. Moreover, the moment estimation method and maximum likelihood method were used to calculate the parameters of fatigue life distribution model and the goodness-of-fit of the model was conducted. Based on the validated fatigue life distribution model and the fatigue reliability, the fatigue life equations of GTR/SF-PC under different freeze-thaw cycles were established. The fatigue characteristic of porous concrete after freeze-thaw cycle has been revealed.




2. Materials and Methods


2.1. Raw Materials and Mix Proportion


The basic materials used in the experiment for porous concrete are Portland cement (P.O 42.5), natural granite coarse aggregate (4.75–9.5 mm) and polycarboxylic acid superplasticizer, their relevant indicators can refer to references [39,40]. The chemical composition of cement is listed in Table 1 and the sieve analysis result of coarse aggregate is shown in Figure 1. The additives for modification are recycled ground tire rubber (GTR) and silica fume (SF), which are shown in Figure 2. The GTR is obtained from a local factory that processes scrap tires and its particle size is 40 mesh. The SF is provided by Changchun Siao Technology Co., Ltd. (Jilin, China) and its particle size is 0.1–0.3 μm. The density of SF is 2178 kg/m3 and the chemical components of it can be found in the reference [40]. Based on the research findings obtained by our group in previous works [29], in order to balance the strength and deformability of porous concrete, the SF is used to partially replace the cement at 12% with equivalent volume method and the GTR is added at 6% of cementitious materials by the weight. Considering the effect of aggregate size, porosity, and water-binder ratio on the permeability, mechanical strength, and workability of porous concrete [35], the designed porosity and water-binder ratio are 15% and 0.30, respectively. The mix proportion of GTR/SF-PC is listed in Table 2.




2.2. Specimens Preparation


The preparation method and curing condition of the specimens are described in detail in reference [54]. In order to avoid the adverse effect of curing time on fatigue life, the curing time of all specimens are set as 150 d. The 75 specimens with dimension of 100 mm × 100 mm × 400 mm were produced and divided evenly into three groups. The specimens were subjected to 0, 15 and 30 freeze-thaw cycles before fatigue experiment, respectively. After freeze-thaw cycles experiment, 5 specimens in each group were used for static flexural strength test and other 20 specimens were used for flexural fatigue test. The number of specimens for each experiment is shown in Table 3.




2.3. Experiment Methods


The freeze-thaw experiment was conducted with rapid freeze-thaw machine for concrete and the experiment condition was set according to the national standard GB/T 50082-2009 [55]. The fast-freezing method was adopted and the upper and lower limits of the temperature were −18 °C and 5 °C, respectively. 2.5–4 h were needed to complete one freeze–thaw cycle. The test setup is shown in Figure 3. The static three-point flexural strength was tested with a closed-loop, servo-controlled hydraulic testing system. An MTS closed testing machine (shown in Figure 4) was used to conduct flexural fatigue experiment with three-point bending load mode. The parameters of fatigue experiment are shown in Table 4.





3. Experiments Results and Discussion


3.1. Experiments Results


3.1.1. Static Flexural Strength


The static flexural strength of GTR/SF-PC under different freeze-thaw cycles is shown in Table 5. The average result of five specimens indicates that the static flexural strength of GTR/SF-PC is slightly reduced by increasing freeze-thaw cycles, but the significance test of the results reveals that the influence of freeze-thaw cycles on static flexural strength of GTR/SF-PC is not so significant under 30 freeze-thaw cycles, indicating that the composite modification of GTR and SF improves the freeze-thaw performance of porous concrete. The improvement of GTR and SF on flexural strength and freeze-thaw can also be found in other researches [29,30,31]. The reason may be that the number of freeze-thaw cycles is relatively small, or the improvement of flexural strength by GTR and SF exceeds the adverse effect of freeze-thaw on flexural strength.




3.1.2. Flexural Fatigue Life


The flexural fatigue life of GTR/SF-PC under different freeze-thaw cycles is shown in Table 6 and Figure 5. Obviously, the fatigue life of each group shows some discreteness, but overall, the fatigue life of GTR/SF-PC decreases greatly with the increase of stress level. The intuitive fatigue life data showed that, at the same stress level, the fatigue life of GTR/SF-PC decreases gradually with the increasing freeze-thaw cycles. The average flexural fatigue life after 30 freeze-thaw cycles of all stress levels is about 85% of that after 0 freeze-thaw cycles, and the higher the stress level, the lower the proportion. This is because, duo to the large number internal connectivity pores, under the action of freeze-thaw cycles, the porous concrete will expand and damage, which will cause the appearance of cracks and reduction of bond strength [35]. Therefore, the life of the repeated fatigue load is greatly reduced.





3.2. Survival Analysis of GTR/SF-PC under Freeze-Thaw Cycles


Survival analysis is a kind of statistical analysis method that combines the outcome of an event with the time experienced when the outcome occurs. It is usually used to study the relationship between survival time and outcome and numerous influencing factors, also known as event time analysis. It is mainly used to describe the survival process, compare the difference of survival rate among different samples and analyze the factors affecting survival time. Kaplan Meier survival analysis (K-M) method is an important and commonly used survival analysis method [54,56,57]. it arranges the survival time from small to large, and calculates the survival probability and survival rate. K-M method completely uses the actual data to construct the survival curve, which can intuitively compare the survival process in different states. K-M method, also known as the product of the limit method, uses actual data to structure survival curve and describe the process of survival. It can compare the differences of survival times of the factors at different levels and directly compare different state of survival process according to the high and low of two or more survival curve. The survival curve of GTR/SF-PC under freeze-thaw cycles are shown in Figure 6. At the same stress level, it could be clearly seen that, when the survival rate is the same, the more the freeze-thaw cycles, the lower the fatigue life of the GTR/SF-PC, when the fatigue life is the same, the higher the freeze-thaw cycles, the lower the survival rate of the GTR/SF-PC, indicating that the freeze-thaw decreases the fatigue performance of porous concrete.




3.3. Fitting of Fatigue Life Distribution


In this paper, two-parameter Weibull distribution was adopted to establish flexural fatigue life model of porous concrete. The cumulative distribution function of the two-parameter Weibull distribution is:


  F ( N ) = 1 −   exp  ⁡  [   − (   N   u     )   α   ]  



(1)




the probability density function is:


  f ( N ) =   α   u   (   N   u     )   α − 1     exp  ⁡  [   − (   N   u     )   α   ]  



(2)




the reliability function is:


  R ( N ) = 1 − F ( N ) =   exp  ⁡  [   − (   N   u     )   α   ]  



(3)




the failure rate function is:


  r ( N ) =   f ( N )   R ( N )   =   α   u   (   N   u     )   α − 1    



(4)




where   α   is the shape parameter, which is the most important parameter in Weibull distribution and directly determines the shape of the probability density function curve.   u   is the scale parameter, which plays the role of enlarging or shrinking the curve, but does not affect the shape of the distribution. The moment estimation method and maximum likelihood method are used to obtain the shape parameter and scale parameter of Weibull distribution. The specific solution methods can refer to reference [54] and the calculation results are given in Table 7 and Table 8.



In order to reduce the errors caused by different estimation methods, the average of shape parameters and scale parameters obtained by the two estimation methods are used, as shown in Table 9. The Weibull cumulative distribution functions of GTR/SF-PC under freeze-thaw cycles are listed in Table 10. It can be concluded that, at a certain stress level, with the increasing freeze-thaw cycles, the shape parameters α and the scale parameters   u   are gradually decreased.




3.4. Goodness-of-Fit Test of Fatigue Life Distribution


The shape parameter α and the scale parameter u of flexural fatigue life Weibull distribution are obtained based on above methods. However, whether the established fatigue life distribution model can be used to describe the actual fatigue life, it is still necessary to check the good-of-fit of the established model. The Kolmogorov-Smirnov test is a kind of probabilistic distribution goodness-of-fit test based on empirical cumulative distribution function. The distribution of the Kolmogorov-Smirnov test statistic itself doesn’t depend on the underlying cumulative distribution function being tested. As a nonparametric method, Kolmogorov-Smirnov test is accurate, robust, and applicable to a wide range [54]. Therefore, the Kolmogorov-Smirnov test was used in the paper. The test equation is shown in Equation (5):


  D =     max   1 ≤ i ≤ k    ⁡  [ |   F   *       N   i     − F     N   i     | ]    



(5)




where D is the test result of Weibull distribution,     F   *       N   i     = i / k  , i is the serial number of fatigue life data, k is the total number of the data,   F     N   i       is calculated value by Weibull distribution function of different fatigue life.



The Kolmogorov-Smirnov test results of Weibull distribution for GTR/SF-PC under freeze-thaw cycles are shown in Table 11. The maximums of Kolmogorov-Smirnov test results under different stress levels of Weibull distribution for GTR/SF-PC under freeze-thaw cycles are marked out in Table 11 with *. According to the K-S test table,     D   5   ( 0.05 ) = 0.563  . All D values at different stress levels are less than     D   5   ( 0.05 )  , indicating that at the significance level of 0.05, the Weibull distribution obtained can be used to describe the fatigue life of GTR/SF-PC.




3.5. Effect of Freeze-Thaw Cycles on the Failure Rate of Fatigue Life


The failure rate of GTR/SF-PC under different freeze-thaw cycles are shown in Figure 7. It could be found that, the failure rate of GTR/SF-PC increases with the increasing fatigue life, this is because the properties and load capacity of GTR/SF-PC gradually deteriorate under the repeated load, which is consistent with the failure law of the materials applied in actual pavement engineering. When the fatigue life is the same, the failure rate is significantly increased with the increase of freeze-thaw cycles, which indicates that the action of freeze-thaw cycles increases the risk of fatigue failure and is disadvantageous to the GTR/SF-PC. The failure rate of GTR/SF-PC under 30 freeze-thaw cycles is about 1.5 times as much as that without freeze-thaw cycles. Considering the significant effect of freeze-thaw cycles on the risk of fatigue failure of porous concrete, the coupling effects of freeze-thaw and fatigue must be considered in durability design of porous concrete. Additionally, the fatigue failure rate varies greatly with respect to different stress levels, so the stress level control is very important to improve the fatigue life of porous concrete.




3.6. Fatigue Life Equations under Freeze-Thaw Cycles


The good-of-fit test indicates that the established Weibull distribution and the obtained parameters can be used to describe the actual fatigue life. Then, the fatigue life equations under different reliability can be established based on the Weibull distribution. The fatigue equation is as follow:


   ln  S  = b ln   N   + ln c   



(6)




where b and c are undetermined coefficients. By substituting the shape parameter and scale parameter at each stress level into Equation (3) and making the reliability function R(N) = 0.95, 0.90,…, 0.50, the fatigue life corresponding to different reliability probabilities at each stress level is shown in Table 12. Based on the fatigue life under different reliability probabilities in Table 12, the fatigue equations under different reliability probabilities can be obtained through regression analysis. The corresponding regression coefficients b and c are shown in Table 13. The fatigue equations with reliability of 50% and 95% are shown in Table 14.



Figure 8 is the fatigue equation curves of GTR/SF-PC after different freeze-thaw cycles with 50% and 95% reliabilities. It could be clearly seen that, at the same stress level, the higher the number of freeze-thaw cycles, the smaller the fatigue life of GTR/SF-PC, indicating that freeze-thaw damage reduced the fatigue performance of GTR/SF-PC. At the same time, it can be found that there is an inverse relationship between reliability and fatigue life under a certain stress level. Therefore, in order to give full play to the function of materials, it is very important to choose the appropriate reliability in fatigue design.



The fatigue equation curves of GTR/SF-PC under different reliabilities are shown in Figure 9. It could be concluded that, when the stress level is the same, the fatigue life of GTR/SF-PC is decreased with the increasing reliability, indicating that the fatigue life of porous concrete is closely related to its reliability. Additionally, with the same reliability, the fatigue life at the same stress level gradually decreases with the increase of freeze-thaw cycles. Therefore, when designing porous concrete in seasonal frozen region, it is necessary to consider the influence of freeze-thaw and fatigue reliability comprehensively, and select a reasonable fatigue equation.





4. Conclusions


This paper investigated the flexural fatigue property of ground tire rubber/silica fume composite modified porous concrete (GTR/SF-PC) under the action of freeze-thaw cycles based on experimental and mathematical statistical methods. According to the experiment results, following conclusions can be drawn:




	
Kaplan Meier survival analysis can intuitively represent the change of fatigue life. At a certain stress level, the fatigue life and survival rate of GTR/SF-PC are reduced by freeze-thaw cycles.



	
Compared with the GTR/SF-PC without freeze-thaw cycles, the fatigue life under different stress levels is reduced by 15% on average after 30 freeze-thaw cycles.



	
The Weibull distribution model can be used to characterize the fatigue life of porous concrete. The shape parameters α and the scale parameters u of flexural fatigue life Weibull model of the GTR/SF-PC are reduced by the increasing freeze-thaw cycles.



	
The fatigue failure rate of GTR/SF-PC under different freeze-thaw cycles increases with the increasing freeze-thaw cycles, after 30 freeze-thaw cycles, the fatigue failure rate of GTR/SF-PC is about 1.5 times of that without freeze-thaw cycles.



	
The fatigue equations of GTR/SF-PC indicate that the fatigue life decreases with the increasing freeze-thaw cycles. The reliability is inversely proportional to fatigue life, and the choice of appropriate reliability is important for fatigue design.
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Figure 1. The sieve analysis result of coarse aggregate. 
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Figure 2. GTR and SF used in the paper: (a) GTR; (b) SF. 
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Figure 3. The test setup for freeze–thaw. 
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Figure 4. MTS closed testing machine for fatigue experiment (mm). 
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Figure 5. S The flexural fatigue life of GTR/SF-PC under different freeze-thaw cycles: (a) 0 freeze–thaw cycles; (b) 15 freeze–thaw cycles; (c) 30 freeze–thaw cycles. 
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Figure 6. Survival curve of GTR/SF-PC under freeze-thaw cycles: (a) Stress level 0.70; (b) Stress level 0.75; (c) Stress level 0.80; (d) Stress level 0.85. 
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Figure 7. Failure rates of GTR/SF-PC under different freeze-thaw cycles: (a) Stress level 0.70; (b) Stress level 0.75; (c) Stress level 0.80; (d) Stress level 0.85. 
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Figure 8. Fatigue equation curves of GTR/SF-PC after different freeze-thaw cycles with 50% and 95% reliabilities: (a) 50% reliability; (b) 95% reliability. 
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Figure 9. The fatigue equation curves of GTR/SF-PC under different reliabilities: (a) 0 freeze-thaw cycles; (b) 15 freeze-thaw cycles; (c) 30 freeze-thaw cycles. 
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Table 1. Chemical composition of Portland cement.
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Chemical Composition (%)




	
SiO2

	
Al2O3

	
CaO

	
MgO

	
Fe2O3

	
SO3






	
22.6

	
5.6

	
62.7

	
1.7

	
4.3

	
2.5











[image: Table] 





Table 2. Mix ratio of GTR/SF-PC (kg/m3).
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	Coarse Aggregate
	Cement
	Water
	Superplasticizer
	GTR
	SF





	1503
	413.0
	140.8
	3.75
	28.2
	56.2
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Table 3. The number of specimens for experiments.






Table 3. The number of specimens for experiments.





	Experiment Condition
	Step 1: Freeze-Thaw Cycles Test
	Step 2: Flexural Strength Test
	Step 3: Flexural Fatigue Test





	0 freeze-thaw cycles
	25
	5
	20



	15 freeze-thaw cycles
	25
	5
	20



	30 freeze-thaw cycles
	25
	5
	20
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Table 4. The parameters of fatigue experiment.
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	Parameters
	Value





	control mode
	stress control mode



	load patterns
	sinusoidal wave



	load frequency
	10 Hz



	stress level
	0.70, 0.75, 0.80, 0.85



	stress ratio
	0.15



	test termination condition
	fatigue failure or fatigue life reaches 1 million times
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Table 5. Static flexural strength of GTR/SF-PC under freeze-thaw cycles.
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Freeze-Thaw Cycles

	
Static Flexural Strength (MPa)




	
1

	
2

	
3

	
4

	
5

	
Average






	
0

	
4.91

	
4.88

	
4.21

	
4.76

	
4.58

	
4.67




	
15

	
4.86

	
4.47

	
4.56

	
4.71

	
4.62

	
4.64




	
30

	
4.78

	
4.67

	
4.49

	
4.51

	
4.56

	
4.60
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Table 6. Flexural fatigue life of GTR/SF-PC under freeze-thaw cycles (times).
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Freeze-Thaw Cycles

	
Stress Level




	
0.70

	
0.75

	
0.80

	
0.85






	
0

	
51,621

	
9589

	
1721

	
398




	
84,797

	
18,752

	
3284

	
625




	
193,306

	
32,147

	
4576

	
970




	
267,857

	
45,423

	
7452

	
1240




	
435,779

	
72,780

	
9785

	
1793




	
15

	
40,038

	
7982

	
1358

	
265




	
75,754

	
18,531

	
2544

	
644




	
189,761

	
31,753

	
3998

	
852




	
254,653

	
44,892

	
6852

	
1359




	
388,792

	
67,741

	
9214

	
1702




	
30

	
38,541

	
6589

	
987

	
196




	
69,286

	
14,783

	
2250

	
489




	
178,892

	
29,753

	
3765

	
954




	
249,950

	
39,195

	
6650

	
987




	
377,658

	
65,548

	
8533

	
1469
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Table 7. The   α   and   u   values of Weibull distribution of fatigue life for GTR/SF-PC under freeze-thaw cycles (method of moments).






Table 7. The   α   and   u   values of Weibull distribution of fatigue life for GTR/SF-PC under freeze-thaw cycles (method of moments).





	
Stress Level

	
0 Freeze-Thaw Cycles

	
15 Freeze-Thaw Cycles

	
30 Freeze-Thaw Cycles




	
    α    

	
    u    

	
    α    

	
    u    

	
    α    

	
    u    






	
0.85

	
1.9351

	
1133

	
1.9868

	
1088

	
1.9584

	
924




	
0.80

	
1.7206

	
6016

	
1.7380

	
5380

	
1.6530

	
4963




	
0.75

	
1.4868

	
39,545

	
1.7035

	
38,313

	
1.5646

	
34,694




	
0.70

	
1.3705

	
225,971

	
1.5580

	
211,145

	
1.5287

	
203,014
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Table 8. The α and   u   values of Weibull distribution of fatigue life for GTR/SF-PC under freeze-thaw cycles (method of maximum likelihood).






Table 8. The α and   u   values of Weibull distribution of fatigue life for GTR/SF-PC under freeze-thaw cycles (method of maximum likelihood).





	
Stress Level

	
0 Freeze-Thaw Cycles

	
15 Freeze-Thaw Cycles

	
30 Freeze-Thaw Cycles




	
    α    

	
    u    

	
    α    

	
    u    

	
    α    

	
    u    






	
0.85

	
2.2235

	
1140

	
1.9828

	
1089

	
1.9217

	
922




	
0.80

	
1.9622

	
6074

	
1.7418

	
5402

	
1.6128

	
4959




	
0.75

	
1.6831

	
40,186

	
1.6789

	
38,336

	
1.5326

	
34,676




	
0.70

	
1.5319

	
230,273

	
1.5013

	
210,423

	
1.4703

	
202,230
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Table 9. The α and   u   values of Weibull distribution of fatigue life for GTR/SF-PC under freeze-thaw cycles (average of two methods).
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Stress Level

	
0 Freeze-Thaw Cycles

	
15 Freeze-Thaw Cycles

	
30 Freeze-Thaw Cycles




	
    α    

	
    u    

	
    α    

	
    u    

	
    α    

	
    u    






	
0.85

	
2.0793

	
1137

	
1.9848

	
1089

	
1.9401

	
923




	
0.80

	
1.8414

	
6045

	
1.7399

	
5391

	
1.6329

	
4961




	
0.75

	
1.5850

	
39,866

	
1.6912

	
38,325

	
1.5486

	
34,685




	
0.70

	
1.4512

	
228,122

	
1.5297

	
210,784

	
1.4995

	
202,622
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Table 10. The Weibull cumulative distribution functions of GTR/SF-PC under freeze-thaw cycles.
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	Stress Level
	0 Freeze-Thaw Cycles
	15 Freeze-Thaw Cycles
	30 Freeze-Thaw Cycles





	0.85
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   1137     )   2.0793   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   1089     )   1.9848   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   923     )   1.9401   ]   



	0.80
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   6045     )   1.8414   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   5391     )   1.7399   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   4961     )   1.6329   ]   



	0.75
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   39,866     )   1.585   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   38,325     )   1.6912   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   34,685     )   1.5486   ]   



	0.70
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   228,122     )   1.4512   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   210,784     )   1.5297   ]   
	   F ( N ) = 1 −   exp  ⁡  [   − (   N   202,622     )   1.4995   ]   
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Table 11. Kolmogorov-Smirnov test results of Weibull distribution for GTR/SF-PC under freeze-thaw cycles.
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Stress Level

	
Number

	
      F   *   (   N   i   )    

	
0 Freeze-Thaw Cycles

	
15 Freeze-Thaw Cycles

	
30 Freeze-Thaw Cycles




	
      N   i      

	
    F (   N   i   )    

	
    |   F   *   (   N   i   ) − F (   N   i   ) |    

	
      N   i      

	
    F (   N   i   )    

	
    |   F   *   (   N   i   ) − F (   N   i   ) |    

	
      N   i      

	
    F (   N   i   )    

	
    |   F   *   (   N   i   ) − F (   N   i   ) |    






	
0.70

	
1

	
0.2

	
51,621

	
0.1093

	
0.0907

	
40,038

	
0.0758

	
0.1242

	
38,541

	
0.0797

	
0.1203




	
2

	
0.4

	
84,797

	
0.2117

	
0.1883 *

	
75,754

	
0.1886

	
0.2114 *

	
69,286

	
0.1813

	
0.2187 *




	
3

	
0.6

	
193,306

	
0.5445

	
0.0555

	
189,761

	
0.5732

	
0.0268

	
178,892

	
0.5638

	
0.0362




	
4

	
0.8

	
267,857

	
0.7170

	
0.0830

	
254,653

	
0.7369

	
0.0631

	
249,950

	
0.7459

	
0.0541




	
5

	
1.0

	
435,779

	
0.9226

	
0.0774

	
388,792

	
0.9220

	
0.0780

	
377,658

	
0.9214

	
0.0786




	
0.75

	
1

	
0.2

	
9589

	
0.0992

	
0.1008

	
7982

	
0.0680

	
0.1320

	
6589

	
0.0735

	
0.1265




	
2

	
0.4

	
18,752

	
0.2611

	
0.1389 *

	
18,531

	
0.2537

	
0.1463 *

	
14,783

	
0.2343

	
0.1657 *




	
3

	
0.6

	
32,147

	
0.5088

	
0.0912

	
31,753

	
0.5169

	
0.0831

	
29,753

	
0.5455

	
0.0545




	
4

	
0.8

	
45,423

	
0.7076

	
0.0924

	
44,892

	
0.7293

	
0.0707

	
39,195

	
0.7013

	
0.0987




	
5

	
1.0

	
72,780

	
0.9254

	
0.0746

	
67,741

	
0.9272

	
0.0728

	
65,548

	
0.9314

	
0.0686




	
0.80

	
1

	
0.2

	
1721

	
0.0942

	
0.1058

	
1358

	
0.0868

	
0.1132

	
987

	
0.0691

	
0.1309




	
2

	
0.4

	
3284

	
0.2776

	
0.1224

	
2544

	
0.2372

	
0.1628 *

	
2250

	
0.2404

	
0.1596 *




	
3

	
0.6

	
4576

	
0.4506

	
0.1494 *

	
3998

	
0.4481

	
0.1519

	
3765

	
0.4713

	
0.1287




	
4

	
0.8

	
7452

	
0.7701

	
0.0299

	
6852

	
0.7808

	
0.0192

	
6650

	
0.8008

	
0.0008




	
5

	
1.0

	
9785

	
0.9117

	
0.0883

	
9214

	
0.9212

	
0.0788

	
8533

	
0.9115

	
0.0885




	
0.85

	
1

	
0.2

	
398

	
0.1066

	
0.0934

	
265

	
0.0587

	
0.1413 *

	
196

	
0.0483

	
0.1517 *




	
2

	
0.4

	
625

	
0.2504

	
0.1496 *

	
644

	
0.2971

	
0.1029

	
489

	
0.2529

	
0.1471




	
3

	
0.6

	
970

	
0.5126

	
0.0874

	
852

	
0.4590

	
0.1410

	
954

	
0.6557

	
0.0557




	
4

	
0.8

	
1240

	
0.6981

	
0.1019

	
1359

	
0.7882

	
0.0118

	
987

	
0.6798

	
0.1202




	
5

	
1.0

	
1793

	
0.9241

	
0.0759

	
1702

	
0.9116

	
0.0884

	
1469

	
0.9149

	
0.0851








* The maximums of Kolmogorov-Smirnov test results under different stress levels of Weibull distribution for GTR/SF-PC under freeze–thaw cycles.
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Table 12. The fatigue life under different reliabilities of GTR/SF-PC under freeze-thaw cycles.
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Reliability

	
0 Freeze-Thaw Cycles

	
15 Freeze-Thaw Cycles

	
30 Freeze-Thaw Cycles




	
0.85

	
0.80

	
0.75

	
0.70

	
0.85

	
0.80

	
0.75

	
0.70

	
0.85

	
0.80

	
0.75

	
0.70






	
0.95

	
273

	
1205

	
6120

	
29,464

	
244

	
978

	
6618

	
30,240

	
200

	
805

	
5095

	
27,954




	
0.90

	
385

	
1781

	
9638

	
48,385

	
350

	
1479

	
10,130

	
48,411

	
289

	
1250

	
8110

	
45,177




	
0.85

	
475

	
2254

	
12,669

	
65,225

	
436

	
1897

	
13,089

	
64,267

	
362

	
1631

	
10,730

	
60,318




	
0.80

	
553

	
2677

	
15,474

	
81,150

	
511

	
2277

	
15,787

	
79,066

	
426

	
1980

	
13,167

	
74,519




	
0.75

	
625

	
3073

	
18,164

	
96,675

	
581

	
2634

	
18,346

	
93,350

	
486

	
2313

	
15,514

	
88,276




	
0.70

	
693

	
3453

	
20,803

	
112,110

	
648

	
2981

	
20,833

	
107,436

	
543

	
2639

	
17,825

	
101,883




	
0.65

	
758

	
3826

	
23,434

	
127,685

	
712

	
3322

	
23,293

	
121,547

	
598

	
2962

	
20,136

	
115,552




	
0.60

	
823

	
4197

	
26,094

	
143,596

	
776

	
3664

	
25,762

	
135,872

	
653

	
3288

	
22,478

	
129,460




	
0.55

	
888

	
4572

	
28,817

	
160,035

	
840

	
4011

	
28,273

	
150,586

	
708

	
3620

	
24,881

	
143,778




	
0.50

	
953

	
4954

	
31,636

	
177,208

	
905

	
4367

	
30,858

	
165,875

	
764

	
3964

	
27,375

	
158,685
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Table 13. The regression coefficients of fatigue equations with different reliabilities.
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Reliability

	
0 Freeze-Thaw Cycles

	
15 Freeze-Thaw Cycles

	
30 Freeze-Thaw Cycles




	
    b    

	
    c    

	
    b    

	
    c    

	
    b    

	
    c    






	
0.95

	
−0.0413

	
1.0722

	
−0.0394

	
1.0541

	
−0.0387

	
1.0412




	
0.90

	
−0.0400

	
1.0792

	
−0.0386

	
1.0648

	
−0.0380

	
1.0524




	
0.85

	
−0.0392

	
1.0832

	
−0.0382

	
1.0711

	
−0.0375

	
1.0590




	
0.80

	
−0.0387

	
1.0860

	
−0.0379

	
1.0756

	
−0.0372

	
1.0637




	
0.75

	
−0.0383

	
1.0883

	
−0.0376

	
1.0792

	
−0.0369

	
1.0675




	
0.70

	
−0.0379

	
1.0901

	
−0.0374

	
1.0822

	
−0.0367

	
1.0706




	
0.65

	
−0.0376

	
1.0918

	
−0.0372

	
1.0848

	
−0.0365

	
1.0733




	
0.60

	
−0.0374

	
1.0932

	
−0.0370

	
1.0872

	
−0.0363

	
1.0757




	
0.55

	
−0.0371

	
1.0945

	
−0.0369

	
1.0894

	
−0.0362

	
1.0779




	
0.50

	
−0.0369

	
1.0957

	
−0.0367

	
1.0913

	
−0.0360

	
1.0800
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Table 14. Fatigue equations with reliabilities of 50% and 95% of GTR/SF-PC.






Table 14. Fatigue equations with reliabilities of 50% and 95% of GTR/SF-PC.





	Freeze-Thaw Cycles
	50%
	95%





	0
	    ln S =  −  0.0369 ln N + ln 1.0957    
	    ln S =  −  0.0413 ln N + ln 1.0722    



	15
	    ln S =  −  0.0367 ln N + ln 1.0913    
	    ln S =  −  0.0394 ln N + ln 1.0541    



	30
	    ln S =  −  0.0360 ln N + ln 1.0800    
	    ln S =  −  0.0387 ln N + ln 1.0412    
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