

  applsci-08-02093




applsci-08-02093







Appl. Sci. 2018, 8(11), 2093; doi:10.3390/app8112093




Article



Analysis of the Fatigue Crack Propagation Process of the Stress-Absorption Layer of Composite Pavement Based on Reliability



Yazhen Sun 1,*, Ting Yan 1, Changyu Wu 1, Xiaofang Sun 2, Jinchang Wang 3 and Xuezhong Yuan 4,*





1



School of Transportation Engineering, Shenyang Jianzhu University, Shenyang 110168, China






2



Cscec Science & Technology Changchun Co., Ltd., Changchun 130000, China






3



Institute of Transportation Engineering, Zhejiang University, Hangzhou 310058, China






4



School of Science, Shenyang Jianzhu University, Shenyang 110168, China









*



Correspondence: syz16888@126.com (Y.S.); yuanxuezhong1@163.com (X.Y.); Tel.: +86-13940021867 (Y.S.); +86-13614040298 (X.Y.)







Received: 25 August 2018 / Accepted: 25 October 2018 / Published: 30 October 2018



Abstract

:

The stress-absorption layer in cement concrete pavement delays the development of reflection cracks and is good at fatigue resistance. Laboratory investigations of the anti-crack performance of the high viscous asphalt sand stress-absorption layer (HVASAL) and rubber asphalt stress-absorption layer (RASAL) were carried out by force-controlled fatigue crack propagation tests, for which three types of overlay structures with three types of pre-crack (i.e., the middle crack, the side crack, and the 45° inclined crack) were designed. A probability model was established to describe the propagation of the fatigue cracks. The fatigue crack propagation, the fatigue life, the crack propagation rate, and the crack propagation mechanism of the three types of overlay structure were compared and analyzed. The results show that the stress-absorption layers have good anti-crack fatigue performance, and that the RASAL is better than the HVASAL. The crack propagation patterns of the three types of overlay structure were found. In the double logarithmic coordinate, the curves of the three types of cracks are straight lines with different intercepts and slopes. The probability model quantifies the relationship between the crack propagation rate and ∆K. The influences of the three types of crack on the fatigue properties of the asphalt overlays are different.
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1. Introduction


Nowadays, adding a paving asphalt layer on cracked cement concrete pavement is a widespread construction measure. Due to defects in the cement concrete layer, the bearing capacity of the structure decreases over time. As the pavement temperature increases, the effects of the interface bonding on the overlay response amplify [1], and reflection cracks are more prone to occur in the overlay subjected to temperature change and loading; however, study has shown that glass fiber reinforced modified asphalt could strengthen the bonding and mitigate cracking of the overlay [2]. In order to delay the development of reflection cracks, the stress-absorption layer has been adopted domestically, and some experiments have been carried out to validate the effects of anti-crack performance. The stress-absorption layer, set between the cement concrete layer and the asphalt layer, can delay the occurrence of a reflection crack, because the deformation and the ability of elastic recovery of the layer reduces the stress concentration [3]. The stress-absorption layer is good at fatigue resistance, because the layer dissipates the concentrated stress and prevents the emergence of fatigue cracks in it, and consequently, it slows down the speed of propagation of the reflection crack, and thus attains the objectives of preventing and controlling the cracks. Nowadays, the theories and methods of fatigue fracture mechanics have been used to study the cracks of asphalt pavement. The nonlinear X-SBFEM (which is the extended proportional boundary finite element method) is capable of modeling the nonlinear fracture propagation process while taking into account the effects of cohesive interactions [4], because the main reason for the failure of the asphalt pavement is fatigue failure under the persistent actions of traffic load and temperature load. Therefore, research of the fatigue crack propagation law of the asphalt pavement is important. The fatigue failure of asphalt pavement can be divided into two stages: The fatigue-initiation stage and the fatigue fracture stage. Some experience has been accumulated in the study of the fatigue initiation stage, and the results have been used so far. The study of the fatigue fracture stage showed that the fractured area increased significantly as the interface bonding strength decreased. On the contrary, the fractured area decreased slightly as the interface stiffness decreased [5].



In the past, model I cracks were researched mainly through fatigue fracture tests for asphalt-overlay composite pavement. In fact, I-II composite cracks have existed extensively in pavement structures, but few experiments have been conducted [6,7,8,9,10,11]. The propagation behavior of composite cracks was previously simulated through the uniaxial compression experiment using a notched beam, but the cyclic loading was not applied, and the type of crack and the trend of the crack propagation were also lacking [12]. Test simulations of the propagation process of load reflective cracking and temperature reflective cracking have been carried out to evaluate the cracking resistance of the stress-absorption layer, and it has been proven that paving of the stress-absorption layer is a good method to delay reflection cracks; however, only the influence of loading and temperature on the stress-absorption layer was tested, the material of the stress-absorption layer and the crack were not included [13]. The effects of the thickness of the stress-absorption layer on the speed of the propagation of the reflection crack have also been investigated, but the mechanism of the stress-absorption layer was not quite clear [14,15,16,17]. With the increase of the thickness of the stress-absorption layer, the speed of the propagation of the reflection crack would decrease, but the flexural and tensile effects of the overlay would increase, and also the cost [18,19,20]. It has been verified by engineering that the optimal thickness of the interlayer is 20–40 mm [9,10,21]. Laboratory investigations of three types of stress-absorption layer have been carried out by fatigue experiments. The results showed that the fatigue property of the rubber asphalt stress absorption layer (RASAL) was the best, and the service life of the pavement could be improved significantly by the material; however, the crack resistance of the stress-absorption layer is not very clear [22]. The abovementioned research shows that the stress absorption-layer is good at crack resistance. However, the analyses of the effects of the stress-absorption layer on the crack propagation process and the propagation trend of different crack types were not enough. It is important to study the influence of anti-crack additives, different crack modes, and test configurations on the crack propagation process and the propagation trend. Much research has been done on this. The mixed mode I/III fracture toughness of asphalt concrete materials was determined using the Edge Notched Disc Bend specimen [23]. Mixed mode I/II fracture toughness of five modified asphalt mixtures containing poly phosphoric acid (PPA), Styrene Butadiene Styrene (SBS), anti-stripping agent, crumb rubber (CR), and F-T paraffin wax (Sasobit), and an unmodified one (with no additive), were investigated experimentally using a large number of cracked semi-circular bend (SCB) specimens [24]. Two circular shape test specimens were designed and examined for the experimental determination of mode I fracture toughness in different modified hot mix asphalt materials [25]. The effects of carbon nanotubes as a binder modifier on the fatigue and fracture performance of asphalt mixtures were investigated [26]. Asphalt characteristic effects on its mixed mode I/II low temperature fracture toughness have also been investigated experimentally [27].



One study showed that for top-down cracking when the pavement was under repeated loading, shear damage occurred first in the asphalt layer, and then the damage extended horizontally, resulting in a shear-damaged layer. The damaged layer then led to a higher tensile strain in the upper mixture, which caused tension cracks, that finally propagated upwards to the pavement surface [28]. In this study, laboratory investigations of the anti-crack performance of the high viscous asphalt sand stress absorption layer (HVASAL) and the RASAL, and the propagation mechanism of different types of cracks, were carried out by force-controlled fatigue crack propagation tests, for which three types of overlay structure with three types of pre-crack were designed. The tests were conducted at room temperature and at the same loading rate, with the cyclic loading applied at the middle of the specimen. The three types of pre-crack were the middle crack, the side crack, and the 45° inclined crack. The fatigue crack propagation, fatigue life, crack propagation rate, and crack propagation mechanism of the three types of overlay structure were compared and analyzed. The crack propagation process of the three types of overlay with the same type of crack, and the three types of crack with the same type of overlay, were compared and analyzed as well. Considering the dispersion of the data of the crack propagations, a random probability model (p−dadN−ΔK model) based on the reliability theory was established to describe the propagation of the fatigue cracks. Using the least-square method, the relationships between the crack length a and the fatigue number N of the three types of crack were obtained by fitting the polynomials. The crack growth rates during the stable growth period of the three structures, and then the anti-crack performance of the structures, were compared. The curves of the three types of crack were analyzed. The variations of the intercept lgC and the slope n with the reliability p were discussed.




2. Materials and Methods


The size of the composite structure specimen was 300 × 90 × 100 mm3. The concrete composite had two or three layers: The No SAL type had a 50 mm AC-13 (a type of asphalt concrete) surface (layer I), and a 50 mm cement concrete layer (layer II); the HVASAL type had a 30 mm AC-13 surface (layer I), a 20 mm HVASAL (layer II), and a 50 mm cement concrete layer (layer III); the RASAL type had a 30 mm AC-13 surface (layer I), a 20 mm RASAL (layer II), and a 50 mm cement concrete layer (layer III). Three types of penetrating crack were designed (i.e., the middle crack, the side crack, and the 45° inclined crack), and the width of the cracks was 5 mm [29], as shown in Figure 1 and Figure 2.



A 70# asphalt (marking in accordance with the Chinese standard of the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40—2017) with a penetration of 70 was used as the asphalt binder for preparation of the specimens, and its specifications provided by the manufacturer are listed in Table 1. Limestone was used as the aggregate. The ratio of binder to aggregate was 8.1% by weight. The continuous aggregate gradation, having the nominal maximum size of 9.5 mm, is listed in Table 2. An additional 1% activated rubber crumb and 0.7% TCA additive (percentage of the mass of asphalt mixture) was added during the blending process.



	(1)

	
To set the pre-crack, a board was placed in the test mold, and then the cement concrete was poured into the mold and flattened.




	(2)

	
The mixed asphalt mixture was poured into the cement concrete rutting boards and compaction was performed.




	(3)

	
The composite board was cut into specimens.







The prepared specimens with the middle crack are shown in Figure 3.



To accurately evaluate the crack resistance of HVASAL and RASAL, and investigate the propagation mechanism of the three types of crack, three-point bending failure tests and three-point bending fatigue performance tests were designed. Three-point bending failure tests were conducted to obtain the needed parameters for the three-point bending fatigue tests. Because of the thinness of the structure layer and the stress-absorption layer studied, the force control mode is closer to the actual stress state of the asphalt mixture in the pavement, so it can better explain the fatigue characteristics of the high viscosity asphalt [11]. Hence, the force-controlled loading mode was adopted for the three-point bending fatigue tests. For both the failure and the fatigue tests, the test temperature was set at 15 °C, the loading mode was the intermediate loading, the distance between the two ends was 250 mm, and the pressure head rate of the test machine was 2 mm/min, as shown in Figure 4. The ultimate load of the specimen was obtained by the three-point bending failure test. Forty percent of the ultimate load was used as the load for the three-point bending fatigue test.




3. Results


3.1. Test Results and Data Processing


To obtain the ultimate failure load and the load for the fatigue tests of the three types of crack, the failure experiments on the composite specimens without a stress-absorption layer were carried out at 15 °C. In order to reduce the test error, three identical specimens were used in each experiment configuration, and the average of the failure loads for the three specimens was taken as the final value, as listed in Table 3.



The test data was collected using a magnifying glass, the scale was marked across the overlay for easy observation, and the number of cycle loads corresponding to a crack propagation of 5 mm was used as the observation index [30]. The propagation of crack length corresponding to the load cycles was observed and recorded, as listed in Table 4.




3.2. Comparative Analysis of Anti-Crack Performance


To further investigate the anti-crack performance of the stress-absorption layers in the HVASAL and RASAL types, the crack propagation process of the three types of overlay with the same type of crack, and three types of crack with the same type of the overlay, were compared and analyzed.



3.2.1. Comparison and Analysis of the Crack Propagation Trends of the Three Types of Overlay with the Same Type of Crack


Two types of crack in the overlay of the specimen with the stress-absorption layer, propagated upwards across layers I and II. The data of the a-N curves with the stress-absorption overlay was graphed per each layer (a is the scale value of cracks in the overlay, and N is the corresponding number of load cycles). The a-N test curves of layer I and layer II for the three types of overlay with the middle crack are shown in Figure 5.



It was observed through the experiment that the initial cracking points for the middle cracks of the HVASAL and RASAL type structures were located at the interface between the stress-absorption layer and the surface layer. The cracks slowly propagated upwards, then some new cracks began to appear at the bottom of the stress-absorption layer, and the two cracks propagated upwards at the same time. The cracks in the two layers met as the length of crack in the stress-absorption layer reached 20 mm. It could be clearly observed that the cracks bypass the aggregate. As an example, the fatigue crack propagation process of the RASAL overlay structure is shown in Figure 6.



It was observed in the experiment with the No SAL type specimen with the middle crack, that the reflection cracks occurred along the interface of the cement concrete layer, as shown in Figure 7. The test results show that the number of load cycles for the initial-crack of the HVASAL and RASAL types is 2.34 and 3.25 times that of the No SAL type, respectively; and the fatigue life of the HVASAL and RASAL types is 1.79 and 2.01 times that of the No SAL type, respectively. The results show that the stress-absorption layer has the ability to retard the crack propagation, and the anti-crack performance of the RASAL type is better than that of the HVASAL type.



The a-N test curves of the three types of overlay structure in layers I and II with side cracks are shown in Figure 8.



It was observed that the experimental phenomena of the HVASAL and RASAL type overlay structures with side cracks were the same as those of the middle crack tests. However, the crack propagation direction was obviously deviated from the pressure head, and the propagation mode was open and shear composite. Furthermore, both mode cracks propagated at the same time, until the whole specimen was penetrated and broken. As an example, the fatigue crack propagation process of the HVASAL type overlay structure is shown in Figure 9.



It was observed that the initial cracking point of the side cracks of the No SAL type were located at the interface between the concrete layer and the surface layer, the crack propagation direction deviated from the pressure head, and the propagation mode was open and shear composite. Then the specimen produced small cracks at the bottom of the middle span which developed vertically, showing an open mode of crack propagation. The cracks of both modes began propagating at the same time, and the speed of the crack propagation of the former was faster than the latter in the initial stage. The latter propagated rapidly towards the top when the latter was longer than the former, and then the former no longer propagated, until the whole specimen was penetrated by the mid-span crack and broken. The crack propagation processes are shown in Figure 10. The test results show that the number of load cycles for initial-cracking of the HVASAL and RASAL types is 3.15 times and 4.05 times that of the No SAL type, respectively; and the fatigue life of the HVASAL and RASAL types is 1.61 times and 1.87 times that of the No SAL type, respectively. The results show that the stress-absorption layer has the ability to retard the crack propagation, and the anti-crack performance of the RASAL type is better than that of the HVASAL type.



The a-N test curves of the three types of overlay structure with the inclined crack were compared with that of layers I and II, as shown in Figure 11.



It was observed in the experiment that the pre-crack point of the inclined cracks of the No SAL type appeared directly under the pressure head. Then, on the upper right of the crack, and in the middle of the specimen, another crack appeared. The two cracks propagated upwards at the same time, they met, and became one crack propagating upwards until the cycles stopped. The pre-crack points of the inclined cracks of the HVASAL and RASAL types were located at the bottom of the surface layer, and there were soon many small cracks at the interface. The small cracks in the stress-absorption layer grew slowly, and when the cracks of the two layers were connected, the specimen was crushed and the cycles were stopped. The test results show that the number of load cycles for pre-crack of the HVASAL and RASAL types is 2.84 times and 3.27 times that of the No SAL type, respectively; and the fatigue life of the HVASAL and RASAL types is 1.55 times and 1.72 times that of the No SAL type, respectively. This shows that the stress-absorption layer has the ability to retard the crack propagation, and the anti-crack performance of the RASAL type is better than that of the HVASAL type.



The phenomenon of the pre-crack points always being located at the junction of two layers may be due to the difference of the elastic moduli and the poor bonding of the two layers. Therefore, we think that this is of great significance in road engineering. The bonding of the layers should be improved to decrease the rate of crack propagation and enhance the fatigue life of the pavement.




3.2.2. Analysis of the Crack Propagation Mechanism of Three Types of Crack with the Same Type of Overlay


The a-N curves of the crack propagation of the No SAL type structure with the three types of crack in layers I and II are shown in Figure 12.



For the No SAL type, the average fatigue numbers of the crack initiation of the middle crack, side crack, and inclined crack are 87 times, 63 times, and 102 times, respectively; and the average fatigue lives are 365 times, 308 times, and 469 times, respectively. The fatigue life of the side crack is shorter than the other two cracks, so the mode of open and shear composite crack caused by the side crack is more prone to fracture than the mode of a single open crack. Although the inclined crack is also the mode of open and shear composite, it has the longest fatigue life, and this can be attributed to the effect of partial healing of the cracks, and the propagation of the crack in the loading process is prevented.



The a-N curves of the crack propagation of the HVASAL type with the three types of crack in layers I and II are shown in Figure 13.



For the HVASAL type, in layer I, the average fatigue numbers of the crack initiation of the middle crack, side crack, and inclined crack are 204 times, 199 times, and 290 times, respectively; in layer II, the average fatigue numbers of crack initiation of the three types of crack are 237 times, 222 times, and 309 times, respectively; and the average fatigue lives are 653 times, 496 times, and 728 times, respectively. Compared with the No SAL type, the stress-absorption layer can absorb and disperse the stress, and increase the stress distribution area, so it greatly improves the anti-crack ability of the asphalt pavement surface under the fatigue load cycles.



The a-N curves of the crack propagation of three types of crack in layers I and II of the RASAL type are shown in Figure 14.



For the RASAL type, in layer I, the average fatigue numbers of the crack initiation of the middle crack, side crack, and inclined crack are 283 times, 255 times, and 334 times, respectively; in layer II, the average fatigue numbers are 316 times, 278 times, and 347 times, respectively; and the average fatigue life is 734 times, 509 times, and 809 times, respectively. What the three types of crack have in common is that the pre-crack points appear in layer I, and then cracks appear in layer II. The effect of cracks on the fatigue life of the RASAL type has the same trend as the No SAL and HVASAL types, but the RASAL type has a better anti-crack performance. It can be seen from the a-N curves of the three materials in Figure 12, Figure 13 and Figure 14 that different types of cracks (the middle crack, side crack, and inclined crack) in the cement concrete base have different effects on the fatigue properties of the overlay. As shown in Figure 12, Figure 13 and Figure 14, the inclined crack has the maximum fatigue life, the side crack has the minimum life, and the middle crack has an in-between life.





3.3. Analysis of Fatigue Fracture of Different Cracks Based on Reliability


Due to the effects of material properties, loading process, environmental factors, and crack propagation behaviors, the lives of the same specimens are uncertain. Take into account the effects and the dispersion of the fatigue crack propagation of different types of cracks; the p−dadN−ΔK probability model to describe the fatigue crack propagation was established based on the original Paris formula [31,32] in this paper. The probability model can quantitatively relate the fatigue crack propagation rate and the impact of the types of crack to ∆K, and the change rules of parameters C and n.



Taking the logarithm on both sides of the Paris formula, we have


lg(dadN)=lgC+nlg(ΔK) 



(1)







The relation based on reliability p can be expressed as


lg(dadN)=lgCP+nplg(ΔK) 



(2)







The distribution of fatigue crack propagation rate under the same stress intensity factor ∆K is logarithmic normal; that is, lg(dadN)~N(μ,σ2), and is defined as


lg(dadN)P=μ+μPσ 



(3)






p=Φ(μp)=∫−∞μp−12πe−μ22dμ 



(4)




where μp is the standard normal deviation and can be found in the standard normal distribution table. In this paper, five reliability values were used as examples to study the variation of the parameters of the probability model for different fracture types. The test results are listed in Table 5, Table 6 and Table 7.



da/dN is determined by the method of increasing polynomial data from the a-N data measured in the experiment, and the approximate formula for calculating the range of the stress intensity factor ∆K is as follows:


ΔK=ΔPBW⋅2+aW(1−aW)32[0.886+4.64aW−13.32(aW)2+14.72(aW)3−5.6(aW)4]… 



(5)




where a is the length of the crack, B is the width of the specimen, and W is the width of the crack.



3.3.1. Analysis of the Reliability of Fracture Propagation Rate under the Same Fracture


The relationships between lg(dadN) and lg∆K for the three types of structures of different cracks on the basis of different reliability values were obtained by linear regressions using Origin software. The fitting results are shown in Figure 15, Figure 16 and Figure 17.



As shown in the figures, the parameter n always has the biggest value in the No SAL type with different reliability values. The greater the slope is, the faster the crack propagation, the poorer the crack resistance performance, and the shorter the fatigue life. Therefore, the rate of crack propagation can be effectively reduced with a stress-absorption layer, and the life of pavement can be effectively extended.




3.3.2. Analysis of the Reliability of Different Crack Growth Rates under the Same Structure


The results that the da/dN-∆K functions are linear on a double-logarithmic plot were obtained by fitting the data in Table 5, Table 6 and Table 7. The fitted model and the test data were compared, and the correlation coefficient (R2) was greater than 0.8, which indicates that da/dN-∆K functions are linear on a double-logarithmic plot, as shown in Figure 18, Figure 19 and Figure 20.






4. Discussion and Conclusions


(1) Fatigue crack propagation experiments with the cyclic loadings acting in the middle of the specimens were carried out for three types of the old cement concrete asphalt overlay. The results show that for the fatigue numbers of the pre-crack of the three types of crack, the HVASAL type is 2.34 times, 3.15 times, and 2.84 times than that of the No SAL type; and the RASAL type is 3.25 times, 4.05 times, and 3.27 times that of the No SAL type. The results show that for the final fatigue lives of the three types of crack, the HVASAL type is 1.79 times, 1.61 times, and 1.55 times that of the No SAL type; and the RASAL type is 2.01 times, 1.87 times, and 1.72 times that of the No SAL type. After the stress-absorption layers were added, the fatigue lives of the structures increased significantly. The anti-crack performance of the RASAL is better than that of the HVASAL.



(2) The propagation processes, and the directions of the overlay cracks of the composite specimens, were analyzed and recorded. It was found that the cracks in the stress-absorption layer always initiated from the interface of layers I and II, then once there was a crack in the stress-absorption layer, the two cracks expanded at the same time. The crack propagation direction of the No SAL type structure was the same as the structure with a stress-absorption layer, but the crack expansion area was relatively concentrated. This demonstrated that the stress absorption layer could disperse the concentrated stress and reduce the peak stress caused by cracks in cement concrete, hence the reflection cracks were delayed.



(3) The three types of structure and three types of crack (the middle crack, the side crack, and the inclined crack) have different effects on the fatigue properties of the asphalt overlay on the cement concrete basement. The inclined crack has the maximum fatigue life, the side crack has the minimum life, and the middle crack has an in-between life.



(4) These three test configurations provide three different mixed mode behaviors of cracks. As middle cracks occurred, there were two initial cracking points in the structure with the stress-absorption layer, with one located at the interface between the stress-absorption layer and the surface layer, and the other located at the bottom of the stress-absorption layer; subsequently, the stress-absorption layer and asphalt overlay would fracture. When there is no stress-absorption layer, the crack occurred along the interface of the cement concrete layer, passing through the overlay to all the specimens; the crack propagated in the direction of a certain lateral deviation and then had a straight upward expansion. For the side crack, the mechanism of the initial cracking points in the structure with stress-absorption layer were the same as that of the middle crack; one propagated vertically upward in mode I, the other propagated to the span center at a 45° angle in a mixed mode I and II. When there is no stress-absorption layer, the initiation of the crack was the same as that of the middle crack; that is, it propagated to the span center in a mixed mode I and II, extended directly below the pressure head, and then the specimen was destroyed. For the inclined crack, the mechanism of the crack propagation with the stress-absorption layer is the same as the former two types. When there is no stress-absorption layer, the crack occurred at the bottom of the asphalt overlay, and then some cracks appeared in the middle of the specimen due to the loading at the right of the crack, and propagated to the pressure head until the specimen failed. The mechanism of crack initiation is the same; however, the propagation direction and mode are different due to the relative loading position and the type of cracks.



(5) The probability model quantifies the relationship between the crack propagation rate and ∆K. Two important parameters C and n, in Paris formula based on reliability, are consistent with the variation of the crack type in crack propagation. The effects of the three types of crack on the fatigue properties of the asphalt overlay are different. The reliability values of fatigue fracture by different crack types can be studied further to improve existing reliability theories, while solving practical problems.



(6) The p-da/dN probabilistic model can be used to study the effects of different cracks on C and n. Two important parameters of the Paris formula and the variation of crack type in crack propagation were obtained. Under different reliability, the parameter n is the largest in the No SAL type. The larger the slope is, the faster the crack growth, the worse the crack resistance, and the shorter the fatigue life. Therefore, the structure with the stress-absorption layer can effectively reduce the crack propagation rate, and effectively extend the service life of pavement.



(7) Asphalt mixture has an obvious brittle or quasi-brittle behavior at low temperature, so the fatigue crack propagation can be analyzed based on fracture mechanics. The critical fatigue crack propagation of the specimen with the middle crack occurs at the center of the bottom of the specimen, and the critical fatigue crack propagation of the specimens with the side crack and inclined crack occurs in the direction of maximum circumferential normal stress. There exist three stages of fatigue crack propagation (i.e., the crack initiation stage, the stable crack propagation stage, and the unstable fracture stage) in brittle or quasi-brittle materials, like the asphalt mixture at low temperature. After the cracking initiation, the toughness of the material increases with a stable crack growth until the unstable fracture happens. The increase of the toughness of material during the stable crack propagation is due to the cohesive force on the fictitious crack zone. The initial cracking point and the critical fracture point can be distinguished from a complete process of crack propagation, which can be described by the double-K criterion.
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Figure 1. Specimens of three types of crack with a stress-absorption layer (in mm). 






Figure 1. Specimens of three types of crack with a stress-absorption layer (in mm).
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Figure 2. Specimens of three types of crack without a stress-absorption layer (in mm). 






Figure 2. Specimens of three types of crack without a stress-absorption layer (in mm).
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Figure 3. Molded piece and finished specimen. 






Figure 3. Molded piece and finished specimen.
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Figure 4. Test machine with formed specimen. 
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Figure 5. a-N curves of three types of overlay structure with the middle crack in two layers. 
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Figure 6. Fatigue crack propagation of the middle crack of the rubber asphalt stress absorption layer (RASAL) type. 
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Figure 7. Fatigue crack propagation of the middle crack of the No SAL type. 






Figure 7. Fatigue crack propagation of the middle crack of the No SAL type.



[image: Applsci 08 02093 g007]







[image: Applsci 08 02093 g008 550]





Figure 8. a-N curves of three types of overlay structure with the side crack in two layers. 
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Figure 9. Fatigue crack propagation of the side crack of the high viscous asphalt sand stress absorption layer (HVASAL) type. 






Figure 9. Fatigue crack propagation of the side crack of the high viscous asphalt sand stress absorption layer (HVASAL) type.
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Figure 10. Fatigue crack propagation of the side crack of the No SAL type. 
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Figure 11. a-N curves of three types of overlay structure with the inclined crack in two layers. 






Figure 11. a-N curves of three types of overlay structure with the inclined crack in two layers.



[image: Applsci 08 02093 g011]







[image: Applsci 08 02093 g012 550]





Figure 12. a-N curves of three types of crack with the No SAL type. 
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Figure 13. a-N curves of three types of crack with the HVASAL type in two layers. 
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Figure 14. a-N curves of three types of crack with the RASAL type in two layers. 
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Figure 15. Fitting results of three types of structure with different reliability values of the middle crack. 
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Figure 16. Fitting results of three types of structure with different reliability values of the side crack. 
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Figure 17. Fitting results of three types of structure with different reliability values of the inclined crack. 
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Figure 18. Comparison of the fitting results and test results of three types of fracture of the No SAL type structure with different reliability values. 
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Figure 19. Comparison of the fitting results and test results of three types of fracture of the HVASAL type structure with different reliability values. 
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Figure 20. Comparison of the fitting results and test results of three types of fracture of the RASAL type structure with different reliability values. 
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Table 1. Properties of asphalt.






Table 1. Properties of asphalt.





	Properties
	Standard
	Value





	Penetration (25 °C, 100 g, 5 s)
	T0604—2011
	70 (0.1 mm)



	Softening point
	T0606—2011
	47 (°C)



	Viscosity (177 °C)
	T0625—2011
	3.8 (Pa·s)



	Elastic recovery (25 °C)
	T0662—2011
	72 (%)
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Table 2. Aggregate gradation.






Table 2. Aggregate gradation.





	Sieve size (mm)
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075



	Passing percentage
	100
	80.4
	45.
	35.3
	22.2
	17.3
	12.4
	7.6
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Table 3. Ultimate failure loads and fatigue test loads for three types of crack.






Table 3. Ultimate failure loads and fatigue test loads for three types of crack.





	
Crack Type

	
Ultimate Failure Load

	
Fatigue Test Load (kN)




	
Test Results (kN)

	
Average Value (kN)

	
Coefficient of Variation

	
Standard Deviation






	
Middle Crack

	
1.721

	
1.725

	
0.2505%

	
0.004320

	
0.690




	
1.723




	
1.731




	
Side Crack

	
1.538

	
1.550

	
0.5818%

	
0.009019

	
0.620




	
1.558




	
1.554




	
Inclined Crack

	
1.765

	
1.765

	
0.4033%

	
0.007118

	
0.706




	
1.759




	
1.771
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Table 4. Fatigue loading times for three types of crack.






Table 4. Fatigue loading times for three types of crack.





	
Overlay Structure Type

	
Crack Type




	
Middle Crack

	
Side Crack

	
Inclined Crack






	

	
Initial Crack (mm)

	
Final Crack (mm)

	
Initial Crack (mm)

	
Final Crack (mm)

	
Initial Crack (mm)

	
Final Crack (mm)




	
No SAL

	
87

	
365

	
63

	
308

	
102

	
469




	
HVASAL

	
204

	
653

	
199

	
496

	
290

	
728




	
RASAL

	
283

	
734

	
255

	
579

	
334

	
809
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Table 5. lg(dadN)p in No SAL type with different crack types.






Table 5. lg(dadN)p in No SAL type with different crack types.





	
Crack Type

	
ΔK 

	
lg(dadN)50 

	
lg(dadN)90 

	
lg(dadN)95 

	
lg(dadN)99 

	
lg(dadN)99.9 






	
Middle crack

	
1.218

	
0.0646

	
0.0706

	
0.0812

	
0.0902

	
0.1009




	
1.345

	
0.0854

	
0.0996

	
0.1094

	
0.3029

	
0.514




	
1.499

	
0.1327

	
0.2969

	
0.363

	
0.5183

	
0.8412




	
1.588

	
0.1951

	
0.4167

	
0.515

	
0.7683

	
1.2085




	
Side crack

	
1.172

	
0.0571

	
0.0697

	
0.0738

	
0.082

	
0.0924




	
1.299

	
0.0758

	
0.088

	
0.0918

	
0.0993

	
0.1086




	
1.454

	
0.1419

	
0.1584

	
0.1639

	
0.1747

	
0.1823




	
1.651

	
0.2502

	
0.2674

	
0.2724

	
0.2822

	
0.2936




	
Inclined crack

	
1.228

	
0.0535

	
0.0633

	
0.0664

	
0.0725

	
0.0802




	
1.355

	
0.0716

	
0.0914

	
0.0978

	
0.1113

	
0.1287




	
1.509

	
0.1092

	
0.1261

	
0.1337

	
0.1459

	
0.1547




	
1.706

	
0.1519

	
0.1712

	
0.177

	
0.1884

	
0.2023
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Table 6. lg(dadN)p in HVASAL type with different fracture types.






Table 6. lg(dadN)p in HVASAL type with different fracture types.





	
Crack Type

	
ΔK 

	
lg(dadN)50 

	
lg(dadN)90 

	
lg(dadN)95 

	
lg(dadN)99 

	
lg(dadN)99.9 






	
Middle crack

	
0.046

	
0.0613

	
0.0765

	
0.0852

	
0.1042

	
0.0468




	
0.053

	
0.0743

	
0.0835

	
0.1024

	
0.1165

	
0.0531




	
0.077

	
0.0956

	
0.0993

	
0.113

	
0.1279

	
0.0776




	
0.105

	
0.1227

	
0.1247

	
0.1287

	
0.1334

	
0.1056




	
Side crack

	
1.172

	
0.0267

	
0.0298

	
0.0307

	
0.0326

	
0.0348




	
1.299

	
0.0375

	
0.0462

	
0.049

	
0.0548

	
0.0621




	
1.454

	
0.0666

	
0.0821

	
0.0978

	
0.1247

	
0.146




	
1.651

	
0.0919

	
0.1224

	
0.1317

	
0.1542

	
0.1829




	
Inclinedcrack

	
1.228

	
0.0231

	
0.0288

	
0.0306

	
0.0344

	
0.0393




	
1.355

	
0.0494

	
0.058

	
0.0607

	
0.0661

	
0.0729




	
1.509

	
0.0616

	
0.0806

	
0.0869

	
0.1001

	
0.1175




	
1.706

	
0.1019

	
0.1112

	
0.1277

	
0.1384

	
0.1623
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Table 7. lg(dadN)p in RASAL type with different fracture types.






Table 7. lg(dadN)p in RASAL type with different fracture types.





	
Crack Type

	
ΔK 

	
lg(dadN)50 

	
lg(dadN)90 

	
lg(dadN)95 

	
lg(dadN)99 

	
lg(dadN)99.9 






	
Middle crack

	
1.218

	
0.0296

	
0.0326

	
0.0335

	
0.0352

	
0.0373




	
1.345

	
0.0329

	
0.0374

	
0.0388

	
0.0416

	
0.045




	
1.499

	
0.0545

	
0.06

	
0.0617

	
0.065

	
0.0689




	
1.588

	
0.0719

	
0.0912

	
0.0977

	
0.104

	
0.1123




	
Side crack

	
1.172

	
0.0283

	
0.0318

	
0.0329

	
0.0349

	
0.0375




	
1.299

	
0.0396

	
0.0433

	
0.0544

	
0.0565

	
0.0591




	
1.454

	
0.0531

	
0.0568

	
0.0578

	
0.0599

	
0.0624




	
1.651

	
0.0722

	
0.0752

	
0.0784

	
0.0822

	
0.0864




	
Inclined crack

	
1.228

	
0.0274

	
0.0333

	
0.0352

	
0.039

	
0.0439




	
1.355

	
0.0517

	
0.0574

	
0.0591

	
0.0625

	
0.0666




	
1.509

	
0.0676

	
0.0785

	
0.0819

	
0.0886

	
0.0969




	
1.706

	
0.0949

	
0.1099

	
0.1144

	
0.1225

	
0.1289












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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