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Abstract

:

Unbound granular materials (UGMs) have advantages in their water storage and drainage capabilities in permeable pavement, which is a benefit for urban sustainable development. The plastic strain of UGM is a crucial mechanical property that affects its design and construction. During its service life, repeated load only, repeated load after infiltration, and simultaneous action with load and infiltration are the three inevitable working conditions that will impact plastic strain, especially dynamic water infiltration. How these working conditions influence plastic strain needs to be focused on and solved. This study conducted laboratory tests to investigate plastic strain considering factors such as loading strength and repetitions, as well as infiltration number and duration. The results showed that the plastic strain and plastic strain rate exhibited similar variations during the repeated load only test and repeated load after infiltration test. The plastic strain changed significantly with different infiltration numbers but had relatively small variations in terms of the plastic strain rate. Longer infiltration duration led to greater plastic strain. With the simultaneous action, the plastic strain presented different variation to the other two conditions. The first and second infiltrations had a more obvious influence on the plastic strain when infiltration was applied. Calculation models were established to predict the effects of loading strength and repetitions as well as infiltration number and duration on plastic strains. For the repeated load only test, an error of 4.6% was observed. In terms of the infiltration number and duration, the errors were found to be 18.5% and 8.5%, respectively. The power function and Sigmoidal Logistic model were used to establish calculation models under the simultaneous action test with a maximum error of 11.5% ranging from 100 to 60,000 repetitions. The proposed calculation models can characterize plastic strain under the three working conditions very well, which can help in the design and construction of fully permeable pavement.
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1. Introduction


Due to rapid urbanization and a reduction in water permeability, urban waterlogging has become a frequent occurrence. Additionally, the fully enclosed environment makes it hard for heat to exchange and release, resulting in an obvious heat island effect [1]. This has become an important factor restricting the sustainable development and ecological environment of cities. To alleviate this phenomenon, the concept of a “sponge city” has gained significant attention in recent years [2]. Permeable pavement has attracted much attention for sustainable construction, which plays a crucial role in the construction of a “sponge city” as it can reduce urban waterlogging disasters, replenish groundwater resources and relieve the urban heat island effect [3,4]. During the construction of permeable pavement, unbound granular materials (UGMs) are one main layer that not only provide excellent support for superstructures but also possess strong storage and permeability capacities. Without mortar or cementitious material, UGM is a green and sustainable material that can be reused and constructed at room temperature. UGM provides an advantage for the application of fully permeable pavement and sustainable development. On the other hand, the performance of UGM directly influences the service level and lifespan of permeable pavement [5,6]. Water is the main consideration for the permeable pavement and UGM layer. During rainfall or sprinkling, water infiltrates into the UGM layer, leading to an increase in water content. Subsequently, excess water is drained away through the drainage or evaporation process, resulting in a reduction in water content over time [7]. Thus, the water content within the UGM layer undergoes dynamic changes during its service life. Besides water infiltration, vehicle loads are also an inevitable condition that permeable pavement will encounter. Under vehicle loads, the mechanical properties of the UGM are affected more or less. Among the various mechanical properties of UGM, plastic strain is one of the most important indicators that is significantly affected by vehicle loads. The vehicle loads frequently exert force on permeable pavement, which is the main factor causing plastic strain. More importantly, previous studies have proved that water content has a significant impact on the deformation behavior of UGM [8,9,10]. With this condition, plastic strain is influenced by both vehicle load and water infiltration. The characteristics of plastic strain have become a valuable point for developing reasonable strategies for the construction of permeable pavement. However, limited research is available to investigate the deformation properties of UGM under infiltration and repeated load conditions, especially the dynamic moisture content.



Due to the stress-dependent characteristics of UGM, most studies primarily focused on the influence of repeated load using various testing methods. Using repeated load triaxial tests (RLTT), plastic strain was analyzed by Tseng and Lytton, Lekarp, and Werkmeister et al., who provided calculation models of plastic strain considering the repeated load only [11,12,13]. Hornych and Erlingsson et al. investigated the influence of stress levels and paths on plastic strain via multistage triaxial tests [14,15]. To simplify the triaxial test, Araya developed the repeated California bearing ratio (CBR) test to characterize the properties of UGM, estimating both the plastic strain and resilient modulus [16]. In addition, Li et al. analyzed the plastic strain of UGM using a precision unbound material analyzer (PUMA) with up to 100,000 loading repetitions and established a plastic strain model considering the loading condition and material composition [17,18]. Besides the loading, the gradation of composition, compactness and moisture content were also examined in previous studies [19,20,21,22,23]. The effects of grading, composition and compactness on the permanent strain of UGM were also studied using RLTT by Gu et al. [19]. Based on the theory of maximum density curve and packing theory, coarse aggregate was regarded as the skeleton material and fine aggregate acted as the filler to ensure that the UGM had a maximum density with a stable skeleton structure [20,21]. Considering the influence of water on the UGM’s behavior, permeability evaluation is commonly employed. Li et al. tested and evaluated the permeability of UGM using self-designed equipment [22]. Kazemi et al. found that base coarse aggregates could improve the capacity of water infiltration [23]. The deformation of five open-graded base materials was compared by Ma et al., who found that UGM can provide good mechanical properties for permeable pavement [6]. Sangsefidi et al. investigated the effect of wetting and drying cycles on the performance of two aggregates via the California bearing ratio (CBR) and repeated load triaxial tests [9]. Although water content was involved in RLTT, repeated CBR or PUMA tests, it was usually designed at a specific value. However, the dynamically adjusted water content not only affected the friction between the gravel particles but also had a water-scouring effect on the permeable pavement. The coupling effect of dynamic water led to differences between specific and static water on the plastic strain of the UGM. Under this condition, repeated load only was insufficient for the plastic strain investigation of UGM in permeable pavement. Thus, more attention needs to be paid to the effects of water infiltration.



To investigate the influence of water infiltration and vehicle loads on the properties of UGM, Xiao et al. introduced a new gradation design concept intended for controlling stability and field drainability [24,25]. However, plastic deformation was not emphasized and analyzed with long loading repetitions, nor were the working conditions considered beyond their limited scope. When water infiltrates into permeable pavement, several working conditions exist. Among them, typically, vehicle loads are exerted subsequently to water infiltration, and the vehicle loads act simultaneously with the water infiltrates. Then, there are three working conditions for UGM in permeable pavement: repeated load only, repeated load after infiltration, and simultaneous action with load and infiltration, respectively. Taking the working conditions into account, Li et al. conducted experimental tests to investigate the effect on the water-retention, particle migration and bearing capacity of UGM considering the influence of infiltration [26]. However, plastic strain was not fully analyzed and compared. It is necessary to find out the deformation characteristics of UGM under repeated load and water infiltration conditions so as to provide valuable guidance for the design and construction of permeable pavement.



In this study, the objective was to investigate the plastic deformation of UGM in permeable pavement under different load and water infiltration conditions. Three working conditions were used, which were repeated load only, repeated load after infiltration, and simultaneous action with load and infiltration. During the tests, loading strength, loading repetitions, infiltration number and infiltration duration were taken as the factors. Considering the main influence factor of this study, the used gradation of UGM was the median with 96% compactness at optimum moisture content. The improved PUMA test method was used for the investigation, which we referenced from a previous study in the literature [26]. In this study, the plastic strain and plastic strain rate were the main analysis indicators, the relationship between plastic strain and plastic strain rate, and the elasto-plastic total strains, were also analyzed. To quantitatively evaluate the plastic strain of the UGM, several calculation models were established under the three working conditions. With these models, the plastic strain was calculated considering the load and infiltration factor. This can benefit the understanding of UGM and their application in fully permeable pavement. More importantly, the UGM layer has the advantage of enabling sponge city construction and alleviates the urban heat island effect, which has great significance for the sustainable development of cities.




2. Materials and Methods


2.1. Test Materials


In this study, the used aggregate was crushed limestone, produced in Tongchuan. According to the test methods in JTG E42-2005, the properties of coarse and fine aggregate met with the requirements in JTG/TF20-2015 [27,28]. The designed composition of the UGM was median gradation according to the specifications in JTG/TF20-2015 [28], as shown in Figure 1. The coefficient of curvature Cc and non-uniformity Cu were 2.69 and 19.34, respectively. The specification stipulates that the soil has a well gradation when Cu is greater than 5 and Cc is between 1 and 3. This indicated that the UGM had a well gradation. Using the compaction test method in JTG E40-2007 [29], the maximum dry density of the designed gradation was 2.386 g/cm3 and the optimal moisture content was 5.3%.




2.2. Test Method


The conducted tests utilized the improved PUMA method that has been comprehensively described in the literature [26,30,31]. Three category of tests were carried out: a repeated load only test, repeated load test after infiltration, and simultaneous action with load and infiltration test, respectively. During the tests, the loading strengths were 80 kPa, 160 kPa, 240 kPa and 320 kPa, at a frequency of 5 Hz, and with a total of 20,000 repetitions. The infiltration was conducted with varying numbers (0, 1, 2, 3, 4 and 5) and durations (10 min, 60 min and 240 min). Each group had three parallel tests.



As for the simultaneous action with load and infiltration test, the action time for repeated load was 66.7 min when the loading repetitions were set at 20,000 and the frequency was at 5 Hz. It was observed that the loading action time was considerably different from the 240 min infiltration duration. The duration for infiltration and repeated loading cannot be enacted simultaneously all the time. Therefore, the infiltration duration was adjusted to 10 min (3000 loading repetitions), 35 min (10,000 loading repetitions) and 60 min (18,000 loading repetitions) for the simultaneous action test. In addition, the simultaneous action tests were performed with three cycles. The experimental plan of the three categories is presented in Table 1.



According to the features of the PUMA equipment, the plastic strain, elastic strain, confining stress, stiffness modulus and Poisson’s ratio can be obtained [26,30,31]. In this study, the purpose was to establish a plastic strain model under different working conditions. Then, the plastic strain was the primary analysis indicator. To effectively characterize the variation in plastic strain with loading repetitions, the plastic strain rate was also employed. It should be noted that the plastic strain rate was the increment in plastic strain between two adjacent loading repetitions, which is different from the definition in elasto-plastic theory. Loading strength and repetitions, and the infiltration number and duration, were taken as the influence factors.





3. Plastic Strain and Plastic Strain Rate Analyses


3.1. Plastic Strain


Based on the experimental plan in Table 1, the plastic strain of the UGM was obtained under the three working conditions, as shown in Figure 2. Under the repeated load only and repeated load after infiltration tests, the plastic strain presented the same features. In the initial stage of repeated load, the plastic strain rapidly increased and accumulated. However, the plastic strain gradually became stable with the increase in loading repetitions. This trend was consistent with previous results, where the plastic strain increased rapidly in the early stage, and became stable after several thousand loading repetitions from the laboratory tests and field monitoring, which was pointed out by Wolff, Visser, and Dawson et al. [32,33]. This is related to the characteristics of shakedown and typical elasto-plastic properties, which is an inherent attribute for granular materials. Under lower loading strength, UGM can bear the load via the contact of particles, and the particles tend to migrate so as to form stronger contact when the loading strength becomes greater. Therefore, greater plastic strain is produced under greater loading strength.



From the perspective of loading strength, the plastic strain was proportional to the loading strength. Greater loading strength contributed to greater plastic strain due to the stress-dependent characteristic of the UGM. Compared with the repeated load only test, the plastic strain increased significantly after infiltration, as shown in Figure 2b. The plastic strain continued to increase with the increase in infiltration number. However, the increment of plastic strain was significantly decreased and tended to be in a stable state. To clearly display the plastic strain under different factors, Table 2 shows the plastic strain experienced at 20,000 loading repetitions. With 2 to 5 times the infiltration, the differences in plastic strain were not so significant. The maximum difference in plastic strain was only 0.5094 × 10−3 after 20,000 repetitions. This indicated that the effect of infiltration number on plastic strain was limited, and the significant influence occurred mainly in the first and second infiltrations.



With the one-time repeated load after infiltration test, the plastic strain increased with the increase in infiltration duration. The longer duration led to greater plastic strain under the repeated load. Although there was a positive correlation, the plastic strain was not in proportion to infiltration duration. When the duration increased from 10 min to 60 min, the difference in plastic strain was 0.5673 ×10−3. The value was only 0.5024 ×10−3 when the duration increased from 60 min to 240 min. This showed that the influence of infiltration duration on the plastic strain decreased when it exceeded a certain value. The greater influence of infiltration on the plastic strain mainly occurred within 60 min and two infiltrations. This is because water infiltration affects the friction and voids among the particles. When water enters into the UGM, the friction decreases, leading to the easier migration of particles. However, the effect of friction reduction was limited. Then, the differences in plastic strain were not so significant with three or more infiltration numbers and 60 min or longer infiltration durations.



When the repeated load and infiltration acted simultaneously, the plastic strain was different from the previous two working conditions, as shown in Figure 2c. An obvious increase occurred during the subsequent loading process when the infiltration ended in the first simultaneous action. It is worth noting that the variation in plastic strain with 10 min infiltration was different from that under the other conditions. With 10 min simultaneous action, the plastic strain was greater than the other conditions during 5000 to 20,000 repetitions. This phenomenon was unusual compared to the previous results. It was speculated that the action of dynamic water-scouring was enhanced with a short period once the infiltration stopped. Then, there would be a greater increment during the following several hundred repetitions. Based on this speculation, we can also explain the variation with 35 min and 60 min infiltration. Then, the plastic strain with 10 min infiltration had a greater value due to the occurrence of a transient water-scouring enhancement. After the first simulation action, the increments of plastic strain were 0.2161 × 10−3, 1.0735 ×10−3 and 0.8169 ×10−3, corresponding to 10 min, 35 min and 60 min infiltration, respectively. The variation range was up to 19%. This indicated that the simultaneous action had a significant influence on the plastic strain, and the most significant effect was obtained with 35 min infiltration. In the initial stage of the second simultaneous action (about 20,000~25,000 repetitions), the plastic strain increased significantly with 10 min infiltration. By contrast, the plastic strain did not fluctuate significantly during the second simultaneous action with 35 min and 60 min infiltration. During the third simultaneous action, the plastic strain increased a small amount with the three durations, which had increments of 0.0791 ×10−3, 0.1121 ×10−3 and 0.1279 ×10−3 for 10 min, 35 min and 60 min, respectively. The maximum increase magnitude was only 1.77%. In addition, the plastic strain presented a linear variation trend with the loading repetitions. This showed that the infiltration action had a small effect on the plastic strain under the third simultaneous action. As seen from the value of plastic strain at the end of the three simultaneous actions, the plastic strain with 10 min infiltration was significantly smaller than that with 35 min and 60 min infiltration. The plastic strain was close with 35 min and 60 min infiltration, where the difference was only 0.1091 ×10−3. After two simultaneous actions, the plastic strain values were approximately the same under the different conditions.



The following reasons can be attributed to the above phenomena. First, the contact relationship of gravel particles is greatly affected by the water flow when the first infiltration action occurs, while this influence becomes becomes slight during subsequent water flow. Then, the difference is small after the first simultaneous action, which is related to the reduced influence of the infiltration action on the UGM, as mentioned before [26]. Second, the migration of gravel particles is accelerated due to the action of water, contributing to the formation of a stable structure. The UGM has a typical characteristic of shakedown, in which the plastic strain reaches a stable state after a certain number of repetitions [13,34]. Therefore, the plastic strain varies greatly under the first and second simultaneous actions, while it changes little under the third simultaneous action. Third, the loss of some fine aggregate during the infiltration action also leads to the migration of gravel particles [26]. Fourth, as the PUMA test is a full cross-section loading mode, the water film forms on the sample surface, which may lead to a water-buffering effect. The difficulty of water entering the sample increased significantly during the second and third simultaneous action compared to the first action. Then, the plastic strain changed little during the later simultaneous actions.




3.2. Plastic Strain Rate


The variation in plastic strain rate presented considerable differences with the plastic strain under the three working conditions, as shown in Figure 3. Under different working conditions, the plastic strain rate had a similar variation tendency with loading repetitions. The plastic strain rate rapidly declined at the initial stage of repeated load, and then, tended to be stable. After 20,000 repetitions, the plastic strain rate reached a level of 10−7~10−9/cycle. At this time, the plastic strain basically remained stable. Actually, the plastic strain had little increase with the repetitions of the repeated load. This was consistent with the characteristics of the shakedown behavior for granular materials. Under the same loading strength level, the plastic strain was limited so that the plastic strain rate became smaller and smaller along with the loading repetitions. As for the repeated load after infiltration test, the plastic strain rate was about ten times smaller (mainly 10−8~10−9/cycle) than that under the repeated load only test, and the variation was relatively more stable. However, the plastic strain rate under the simultaneous action test had great fluctuation that ranged from 10−6/cycle to 10−9/cycle. The plastic strain rate decreased step by step when three simultaneous actions were carried out. Great variation appeared at the end of the previous infiltration and the beginning of the next infiltration. This showed that infiltration accelerated the process of particle stabilization, leading to great fluctuation of the plastic strain rate when infiltration was carried out. It was noted that fluctuation hardly affected the stabilization tendency of the plastic strain rate, and the influence of infiltration was small when the number of loading repetitions was greater than 10,000.




3.3. Relationship between Plastic Strain and Plastic Strain Rate


Based on the characteristics of plastic strain and plastic strain rate in Figure 2 and Figure 3, the relationship between them is shown in Figure 4 with linear and logarithmic vertical ordinates. In the linear coordinate system, a downward convex parabolic relationship existed under the three working conditions. When the plastic strain was small, the plastic strain rate changed fast, and it approached zero when the plastic strain increased to a certain extent. This was consistent with previous conclusions that plastic strain reached a stable value after a certain number of loading repetitions [13,34]. As shown in the subgraph in the upper right corner, the variation tendency was different under the three tests in the logarithmic vertical ordinate system. The variations were similar under the repeated load only and repeated load after infiltration tests. However, they fluctuated greatly under the simultaneous action test. There was an obvious turning point that corresponded to the beginning time of the simultaneous actions. According to the characteristics of the PUMA test, the stress state changed sharply when the loads started to be exerted. Then, there was a great increment in the plastic strain at the initial stage of load action. Therefore, the plastic strain rate at the beginning stage of the second and third simultaneous actions had a significant increase and a turning point. These phenomena indicated that the plastic strain was also affected by the intermittent infiltration. It was necessary to consider the number of infiltrations.



In the logarithmic vertical ordinate system, Figure 4 shows that the plastic strain and plastic strain rate had an approximately linear relationship, which can be fitted using the linear fitting model in Equation (1).


  ln (   ε ˙  p  ) = a  ε p  + b  



(1)




where εp is the plastic strain,     ε ˙  p    is the plastic strain rate, and a and b are the model parameters. With this fitting model, the correlation coefficients were acquired under various factors. The adjusted-R2 is shown in Table 3. The repeated load only test had the greatest correlation coefficient, which ranged from 0.915 to 0.945. As for the repeated load after infiltration test, the linear correlation coefficient was 0.786 to 0.851, while it was only 0.356 to 0.737 for the simultaneous action test. This showed that the relationship between plastic strain and plastic strain rate was different under the three working conditions. Among them, the simultaneous action test had a poor linear correlation related to the enhanced effect of loading and infiltration, especially the period during the beginning and end of infiltration. Under the repeated load only test, the plastic strain was only affected by the loading without other interference. The variation in plastic strain was smooth and stable so that the adjusted-R2 had the greatest value. When the UGM suffered from water infiltration, the moisture content and migration tendency of the particles increased.




3.4. Elasto-Plastic Total Strain


With the three working conditions, the elasto-plastic total strain is shown in Figure 5. The plastic strain accounted for 91~96% of the total strain under the different conditions, while the elastic strain accounted for less than 9%. By contrast, the variation in total strain was greatly consistent with plastic strain. The total strain increased with the increase in loading strength, infiltration duration and number. Compared with repeated load after infiltration test, the plastic strain and total strain changed greatly under the simultaneous action test, while the elastic strain varied little. Under the simultaneous action test, the maximum difference in the total strain was only 0.3185 × 10−3, which only accounted for 4.2% of the average total strain (7.5198 × 10−3). This indicated that the total strain had little difference under the three simultaneous actions. However, compared with the repeated load only test, the total strain increased by 2.24 × 10−3 (accounting for 42.4%) under the simultaneous action. The value was 1.282 × 10−3 (accounting for 20.6%) compared with the repeated load after infiltration test. These differences showed that the increments were mainly caused by water infiltration. With water infiltration, the particles had a great tendency to migrate once the load was exerted, resulting in a larger total strain. The simultaneous action had an especially significant effect. There was not only load action, but also a dynamic water-scouring effect, leading to greater strain. Whether the repeated load followed or simultaneously acted with infiltration, the infiltration action had an important effect on the total strain of the UGM. Therefore, careful consideration should be given to the infiltration condition during the design and construction of UGM layers in permeable pavement.





4. Plastic Strain Calculation Model under Three Working Conditions


Under the three working conditions, the plastic strain was obtained and compared. To establish a quantitative description, fitting regression was conducted to establish a calculation model for the plastic strain of the UGM. The mentioned factors were involved in the calculation models.



4.1. Repeated Load Only


Previous studies have proposed different models to describe the variation in plastic strain with loading repetitions [18,33]. These models are all based on the power function model as follows:


   ε p    =     a N  b   



(2)




where εp is the plastic strain, N is the number of loading repetitions, and a and b are the model parameters. This model can effectively characterize the plastic strain in the significant nonlinear stage of the UGM under repeated loads. Using the model in Equation (2), the calculation model parameters of plastic strain at four loading strength are shown in Table 4.



As seen in Table 4, the goodness of fit of the plastic strain model was greater than 0.9 at different loading strengths. This showed that the model can effectively characterize the plastic strain under this condition. Although the model in Equation (2) had better performance, it was only appropriate for a certain loading strength. Considering the loading strength, parameters a and b were analyzed. The relationship was fitted between parameters a and b to loading strength using a power model and a linear model, respectively. The fitting results are shown in Table 5.



With the expressions of a and b in Table 5, the plastic strain model under the repeated load only test can be rewritten using Equation (3) as follows:


   ε p  = 0.1105 ×  σ d  0.6138   ×  N  ( 0.0001 ×  σ d   + 0.0485 )    



(3)




where εp is the plastic strain (10−3), σd is the loading strength (kPa), and N is the number of loading repetitions. Using Equation (3), the plastic strain can be calculated as shown in Figure 6. In addition, the measurements are displayed to make comparisons. This shows that the calculated plastic strain at 80 kPa had relatively good coordination with the measurements, while the calculation at other loading strengths greatly differed from the measurements. The maximum difference was up to 4.3657 × 10−3. This showed that the model in Equation (3) cannot effectively calculate the plastic strain at different loading strengths. This was because the parameters a and b had great sensitivity to the model, which had four parameters. Any changes would have a great impact on the results.



At different loading strengths, the plastic strain presented great similarities. The plastic strain at other loading strengths was linearly fitted with that at 80 kPa, as shown in Figure 7. The correlations were greater than 0.97, indicating that the variation trend of plastic strain was highly similar at different loading strengths. The plastic strain at different loading strengths had a good linear correlation with the plastic strain at 80 kPa. Therefore, the plastic strain at 80 kPa was taken as the baseline for linear fitting using the model εp = k × aNb + c. The fitting parameters k and c are shown in Table 6.



With the expressions of k and c in Table 6, the plastic strain model was obtained at different loading strengths for the repeated load only test, as shown in Equation (4).


   ε p  = ( 0.0131 ×  σ d  − 0.2404 ) ×  N  0.0671   + ( − 0.0124 ×  σ d  + 1.5479 )  



(4)




where εp is the plastic strain (10−3), σd is the loading strength (kPa), and N is the number of loading repetitions. Using Equation (4), the plastic strain was calculated at various loading strengths and repetitions, as displayed in Figure 8. In addition, the calculations were compared with the measurements. The results showed that the calculations and measurements kept great compatibility at different loading strengths and repetitions. Among them, the maximum difference was 0.4111 × 10−3, accounting for only 4.6% of the measurements. Moreover, compared with the calculations obtained using Equation (4), the differences from Equation (5) and measurements were reduced by 10 times. This indicated that the model in Equation (5) had greatly accuracy for the plastic strain calculation at different loading strengths under the repeated load only test.




4.2. Repeated Load after Infiltration


As for the plastic strain in the repeated load after infiltration test in Figure 2b, it presented a similar variation tendency at different infiltration numbers and durations. Therefore, the plastic strain calculation model can be established using the method in the repeated load only test. Three steps can be drawn for the calculation model as follows.



	Step 1:

	
Establish the initial plastic strain model (using Equation (3)) for the condition that no infiltration and only the repeated load was applied.




	Step 2:

	
Establish the correlation model between the plastic strain at other infiltration numbers and durations with the plastic strain at no infiltration.




	Step 3:

	
Establish the final calculation model of plastic strain at different infiltration numbers and durations.







Taking the plastic strain at non-160 kPa (test serial number 2) and one-time 60 min infiltration (test serial number 5) as the baseline, the relationships between the baseline and plastic strain at different infiltration numbers and durations are shown in Figure 9. With the correlation analyses in step 2, the parameters k and c of the calculation model (εp = k × aNb + c) are shown in Table 7. The linear correlation coefficients between the infiltration factors and baseline were as great as 0.99 or more. This showed that the plastic strain had very high similarities under different infiltration conditions.



Then, under the repeated load after infiltration condition, the plastic strain mode was constructed using the parameters in Table 7, in which the infiltration numbers and loading repetitions were considered, as shown in Equation (5).


   ε p  = ( 0.2664 × n + 1.1984 ) ×  N  0.0521   + ( − 0.8519 × n − 0.4779 )  



(5)




where εp is the plastic strain (10−3), n is the infiltration number, and N is the number of loading repetitions.



Although the linear correlation coefficient was great at infiltration durations, the obtained results were not as good using the above method. This was mainly because the infiltration durations only had three analysis levels. The established calculation model would not reach great accuracy with three points. Considering the high similarities of the plastic strain variation under different conditions, Equation (2) was used as the initial model of plastic strain under different infiltration durations and loading repetitions. The fitting was carried out using Equation (2), and the values and differences in parameter b were small at various infiltration durations. Therefore, the average of parameter b was used as the representative value at different infiltration durations, which was taken at 0.0387. As for parameter a, a power function method was adopted. Then, taking the infiltration durations and repeated loads into account, a plastic strain calculation model was established, as shown in Equation (6).


   ε p  = ( 2.7303   ×    t  0.0944   ) ×  N  0.0387    



(6)




where εp is the plastic strain (10−3), t is the infiltration duration (min), and N is the number of loading repetitions.



With Equations (5) and (6), the plastic strain was calculated at various infiltration conditions, as shown in Figure 10. There were obvious differences between the calculations and measurements of plastic strain under the repeated load after infiltration condition. The maximum difference was 0.9197 × 10−3, accounting for 14.8% of the measurements at various infiltration numbers. When the infiltration duration was considered, the maximum difference was 2.016 × 10−3, accounting for 64.28%. However, when the first 100 repetitions were removed, the maximum difference was 0.8847 × 10−3, accounting for 18.7%. This showed that the calculation model considering infiltration numbers had greater accuracy than the model considering infiltration durations. The infiltration factors increased the complexity of the models. Compared with the repeated load only test, the error rate of the plastic strain models increased from 4.6% to 18.7% when infiltration was considered. On the other hand, the influence of infiltration numbers and durations was different on the plastic strain. Considering the infiltration durations, the calculation accuracy was lower, which was attributed to the limited level of duration. It was difficult to accurately describe the influence of infiltration duration with the insufficient dataset.




4.3. Simultaneous Action with Repeated Load and Infiltration


When repeated load and infiltration acted simultaneously, the plastic strain was obviously different from the previous two tests in Figure 2c. The plastic strain had the same level after two simultaneous actions. Then, the first and second simultaneous actions were the main considerations for the establishment of the calculation model. In the first and second simultaneous actions, the plastic strain appeared to exhibit a step-type change at the end and beginning of the next simultaneous action. According to the variation in plastic strain, a calculation model was constructed via the following steps.








	Step 1:

	
Establish the stage model of plastic strain under the first simultaneous action using the power model, as shown in Equation (2).




	Step 2:

	
Establish the second stage model using the Sigmoidal Logistic model for the residual plastic strain, which deducts the first calculated plastic strain from the whole plastic strain, as shown in Equation (7).











   σ 0   



(7)




where a, k, and xc are the model parameters, which can be obtained via regression.








	Step 3:

	
Establish the third stage model using the Sigmoidal Logistic model on the basis of the second stage if the third stage exists using the method in step 2.




	Step 4:

	
Establish the calculation model with linear superposition of the stage models under simultaneous action.









Taking the plastic strain under simultaneous action with 60 min infiltration as an example, the calculation model of plastic strain was constructed according to the above steps. First, a power function was used to establish the plastic strain model in the first stage, as shown in Equation (8). The number of loading repetitions ranged from 21 to 5,000 times.


   ε  p 1   = 4.7747 ×  N  0.0197     (   A d j ‒ R  2    =   0.8023 )  



(8)







Using Equation (8), the calculation was obtained in Figure 11a. Then, the plastic strain of the first stage was deducted from the total plastic strain. The residual plastic strain at the second stage was obtained as shown in Figure 11b, which can be fitted using the Sigmoidal Logistic model in Equation (7). The fitting correlation coefficient was up to 0.9797. This indicated that the Sigmoidal Logistic model can effectively describe the development of residual plastic strain in the second stage under the simultaneous action test. Through linear superposition of the models in the two stages, the calculation model can be obtained under simultaneous action test, as shown in Equation (9).


   ε p  = 4.7747 ×  N  0.0197   +   1.3556   1 +  e  − 0.0029 × ( N − 18761.48 )      



(9)







With Equation (8), the calculations and measurements under the simultaneous action test are shown in Figure 11c. In the second stage, the maximum difference between calculations and measurements was 0.6905 × 10−3, accounting for 15.8% of the measurements. When the plastic strain in the first 100 repetitions was removed, the maximum difference during the 101 to 60,000 loading repetition was only 0.214 × 10−3, accounting for 3.8% of the measurements. This indicated that the calculation model in Equation (9) had sufficient accuracy with the measurements under the simultaneous action test.



Using the above method, calculation models were established for infiltration with 10 min and 35 min, as shown in Equations (10) and (11).



When the infiltration duration was 10 min:


   ε p  = 3.3761 ×  N  0.0522   +   0.9875   1 +  e  − 0.00085 × ( N − 21519.25 )      



(10)







When the infiltration duration was 35 min:


   ε p  = 3.7838 ×  N  0.0386   +   1.5782   1 +  e  − 0.0017 × ( N − 11281.16 )      



(11)







Using Equations (10) and (11), the calculations and measurements at 10 min and 35 min infiltration were compared, as shown in Figure 12. This showed that the calculations for the two simultaneous actions were quite consistent with the measurements. With 10 min infiltration under the simultaneous action test, the differences were great during the first 100 loading repetitions; they were up to 1.8027 × 10−3 and accounted for 55.3%. However, the maximum difference was only 0.5714 × 10−3 and accounted for 11.5% when the loading repetitions ranged from 101 to 60,000. A similar situation occurred for the 35 min infiltration; the maximum difference was up to 1.2317 × 10−3 (accounting for 34.2%) during the first 100 loading repetitions, and it was only 0.5684 × 10−3 (accounting for 8.5%) among the subsequent loading repetitions. Via the comparative analyses, it can be concluded that the plastic strain under the simultaneous action test can be effectively calculated using Equations (9)–(11), which have reliable accuracy.




4.4. Discussions of Plastic Strain and Calculation Models


In this study, the plastic strain calculation models were consistent with the models in previous studies under the repeated load only test and repeated load after infiltration test. The power function model was found to work well with the variation in plastic strain. However, the power function model did not effectively characterize the variation in plastic strain under the simultaneous action test. It presented multistage variation, which was related to the multistage experimental plan. From this aspect, the simultaneous action had a significant influence on the plastic strain of the UGM. When the plastic strain was divided into three stages, each stage had the same variation as the repeat load only test and repeated load after infiltration test. This was related to the shakedown feature of the UGM. Therefore, it can be concluded that the power function model had a great advantage in describing plastic strain variation under various conditions.



As for the calculation model under the multistage repeated load, Erlingsson et al. established and reconstructed multistage models from some typical single-stage models, such as the models proposed by Korkiala-Tanttu, Gidel model Tseng and Lytton et al. [11,15,35,36]. Via their comparisons, Erlingsson et al. pointed out that the quality of fit was dependent on the specific model used [15]. It was accepted that different models had different efficiencies to predict plastic strain, which was also proven in this study. As for the different tests, the calculation models had various expressions. Since the previous models included too many parameters, such as stress path, moisture content, elastic strain, total plastic strain, hydrostatic stress and deviator stress, the application of these models became a complicated choice for engineering. Compared with the model proposed by Erlingsson et al., the elements of the calculation model were simpler and more understandable in this study. Therefore, the proposed model is promising for plastic strain calculation in permeable pavement engineering.



On the other hand, the material composition is one decisive factor affecting the plastic strain of UGM, especially the structure type composed of coarse and fine aggregate. Although, in this study, the median gradation used in an unbound base was taken as an example to investigate the plastic strain under three working conditions, the variation tendency of plastic strain exhibits great similarities with various material compositions. In our previous works, a prediction model of plastic strain was proposed considering the material composition and loading conditions [17,18]. According to our verification and validation results, the proposed model had great accuracy. In addition, there were more than three working conditions that the UGM faced with repeated load and infiltration. The mentioned and selected working conditions had the advantages of operation and factor-controlling. As seen from the results, different working conditions may lead to various variations in the plastic strain of UGM, which could represent new points to find out the differences between them.





5. Conclusions


Considering the influence of repeated load and water infiltration on UGMs (unbound granular materials), three working conditions were assessed: repeated load only, repeated load after infiltration, and simultaneous action with load and infiltration. Tests were conducted using improved PUMA (precision unbound material analyzer) equipment. Plastic strain and plastic strain rate were taken as the indicators for deformation analyses. Calculation models of plastic strain were established under three working conditions. The main findings and conclusions were drawn as follows.



	(1)

	
The plastic strain and plastic strain rate were proportional to the loading strength in the repeated load only test. The plastic strain increased and the plastic strain rate decreased with the increase in loading repetitions. Rapid changes occurred in the initial stage, but tended to stabilize after certain repetitions.




	(2)

	
The variation trend of plastic strain and plastic strain rate under repeated load after infiltration was similar to that under the repeated load only test. The plastic strain had obvious increments with the increase in infiltration number, while the changes in plastic strain rate were relatively small. The first infiltration had a more significant effect on the plastic strain compared to the subsequent infiltrations. Longer infiltration durations led to the greater plastic strain, but had a smaller impact on the plastic strain rate. When the infiltration duration exceeded 240 min, further verification and analyses became necessary.




	(3)

	
When infiltration and repeated load acted simultaneously, the plastic strain exhibited distinct variation compared to the previous two tests. The plastic strain increased towards the end of the infiltration process. Significant changes in plastic strain occurred during the first and second simultaneous actions, while it tended to stabilize during the third simultaneous action. The plastic strain rate under the simultaneous action test followed a similar pattern to that observed in the previous two tests.




	(4)

	
A power function model served as a base model to establish the calculation model of plastic strain in the three tests. Considering the loading strength and repetitions, a calculation model was established at the repeated load only test with an error of 4.6%. Taking the infiltration numbers and durations into account, two separate calculation models were developed, which presented varying accuracies with errors at 18.5% and 8.5%, respectively.




	(5)

	
Power function and Sigmoidal Logistic models were used to construct the calculation models under simultaneous action. The proposed calculation models had great accuracy, with the maximum error being only 11.5%, ranging from 100 to 60,000 repetitions. Overall, the calculations showed an acceptable level of accuracy within 15% compared with the measurements. These calculation models can very effectively characterize plastic strain under the three working conditions, and consider the loading strength, loading repetitions, infiltration numbers and durations.
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Figure 1. Gradation curve of the designed gradation. 
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Figure 2. Plastic strain of UGM under three working conditions: (a) repeated load only; (b) repeated load after infiltration; (c) simultaneous action with load and infiltration. 






Figure 2. Plastic strain of UGM under three working conditions: (a) repeated load only; (b) repeated load after infiltration; (c) simultaneous action with load and infiltration.



[image: Sustainability 15 14516 g002]







[image: Sustainability 15 14516 g003] 





Figure 3. Plastic strain rate of the UGM under three working conditions: (a) repeated load only; (b) repeated load after infiltration; (c) simultaneous action with load and infiltration. 
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Figure 4. Relationship between plastic strain and plastic strain rate of the UGM under three working conditions: (a) repeated load only; (b) repeated load after infiltration; (c) simultaneous action with load and infiltration. 
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Figure 5. Elasto-plastic strain of the granular material under three working conditions. 
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Figure 6. Plastic strain comparison between measurements and calculations. 
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Figure 7. Relationship of plastic strain at 80 kPa and other strengths. 
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Figure 8. Plastic strain measurements and calculations at four loading strengths. 
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Figure 9. Relationship of plastic strain at 160 kPa and 60 min with other infiltration conditions: (a) infiltration numbers; (b) infiltration durations. 
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Figure 10. Plastic strain between measurements and calculations under different infiltration conditions: (a) infiltration numbers; (b) infiltration durations. 
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Figure 11. Plastic strain under simultaneous action with repeated load and 60 min infiltration: (a) fitting for the first stage; (b) the residual plastic strain for the second stage; (c) comparison between measurements and calculations. 
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Figure 12. Plastic strain comparison between measurements and calculations under simultaneous action with repeated load and infiltration: (a) infiltration duration of 10 min; (b) infiltration duration of 35 min. 
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Table 1. Experimental plan of the repeated load and infiltration.
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Working Conditions

	
Serial Number

	
Loading

	
Infiltration

	
Materials




	
Loading Strength

	
Loading Frequency

	
Loading Repetitions

	
Number

	
Duration

	
Gradation Type

	
Compactness

	
Moisture Content






	
Repeated load only

	
1

	
80 kPa

	
5 Hz

	
20,000

	
0

	
0

	
Median

	
96%

	
5.3%




	
2

	
160 kPa

	
5 Hz

	
20,000

	
0

	
0

	
Median

	
96%

	
5.3%




	
3

	
240 kPa

	
5 Hz

	
20,000

	
0

	
0

	
Median

	
96%

	
5.3%




	
4

	
320 kPa

	
5 Hz

	
20,000

	
0

	
0

	
Median

	
96%

	
5.3%




	
Repeated load after infiltration

	
5

	
160 kPa

	
5 Hz

	
20,000

	
1

	
60 min

	
Median

	
96%

	
5.3%




	
6

	
160 kPa

	
5 Hz

	
20,000

	
2

	
60 min

	
Median

	
96%

	
5.3%




	
7

	
160 kPa

	
5 Hz

	
20,000

	
3

	
60 min

	
Median

	
96%

	
5.3%




	
8

	
160 kPa

	
5 Hz

	
20,000

	
4

	
60 min

	
Median

	
96%

	
5.3%




	
9

	
160 kPa

	
5 Hz

	
20,000

	
5

	
60 min

	
Median

	
96%

	
5.3%




	
10

	
160 kPa

	
5 Hz

	
20,000

	
1

	
10 min

	
Median

	
96%

	
5.3%




	
11

	
160 kPa

	
5 Hz

	
20,000

	
1

	
240 min

	
Median

	
96%

	
5.3%




	
Simultaneous action with load and infiltration

	
12

	
160 kPa

	
5 Hz

	
20,000

	
1

	
10 min

	
Median

	
96%

	
5.3%




	
13

	
160 kPa

	
5 Hz

	
20,000

	
1

	
35 min

	
Median

	
96%

	
5.3%




	
14

	
160 kPa

	
5 Hz

	
20,000

	
1

	
60 min

	
Median

	
96%

	
5.3%




	
15

	
160 kPa

	
5 Hz

	
40,000

	
2

	
10 min

	
Median

	
96%

	
5.3%




	
16

	
160 kPa

	
5 Hz

	
40,000

	
2

	
35 min

	
Median

	
96%

	
5.3%




	
17

	
160 kPa

	
5 Hz

	
40,000

	
2

	
60 min

	
Median

	
96%

	
5.3%




	
18

	
160 kPa

	
5 Hz

	
60,000

	
3

	
10 min

	
Median

	
96%

	
5.3%




	
19

	
160 kPa

	
5 Hz

	
60,000

	
3

	
35 min

	
Median

	
96%

	
5.3%




	
20

	
160 kPa

	
5 Hz

	
60,000

	
3

	
60 min

	
Median

	
96%

	
5.3%











 





Table 2. Plastic strain (×10−3) with 20,000 loading repetitions.
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Repeated Load Only

	
Repeated Load after Infiltration

	
Simultaneous Action with Load and Infiltration






	
80 kPa

	
2.922

	
One time

	
5.777

	
10 min (20,000)

	
6.151




	
160 kPa

	
4.828

	
Two times

	
6.614

	
35 min (20,000)

	
6.957




	
240 kPa

	
7.223

	
Three times

	
6.825

	
60 min (20,000)

	
7.066




	
320 kPa

	
8.942

	
Four times

	
6.934

	
10 min (40,000)

	
7.069




	
--

	
--

	
Five times

	
7.123

	
35 min (40,000)

	
7.175




	
--

	
--

	
10 min

	
5.238

	
60 min (40,000)

	
7.241




	
--

	
--

	
240 min

	
6.344

	
10 min (60,000)

	
7.148




	
--

	
--

	
--

	
--

	
35 min (60,000)

	
7.287




	
--

	
--

	
--

	
--

	
60 min (60,000)

	
7.369











 





Table 3. Adjusted-R2 of fitting results of plastic strain and plastic strain rate.
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Repeated Load Only

	
Repeated Load after Infiltration

	
Simultaneous Action with Load and Infiltration




	
Factor

	
Adj-R2

	
Factor

	
Adj-R2

	
Factor

	
Adj-R2






	
80 kPa

	
0.948

	
One time

	
0.786

	
10 min

	
0.737




	
160 kPa

	
0.915

	
Two times

	
0.809

	
35 min

	
0.753




	
240 kPa

	
0.924

	
Three times

	
0.845

	
60 min

	
0.356




	
320 kPa

	
0.917

	
Four times

	
0.851

	
--

	
--




	
--

	
--

	
Five times

	
0.826

	
--

	
--




	
--

	
--

	
10 min

	
0.808

	
--

	
--




	
--

	
--

	
240 min

	
0.827

	
--

	
--











 





Table 4. Parameter fitting results of plastic strain model at four loading strengths.
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Parameters

	
Loading Strength




	
80 kPa

	
160 kPa

	
240 kPa

	
320 kPa






	
a

	
1.5327

	
2.8198

	
2.8534

	
3.8349




	
b

	
0.0671

	
0.0521

	
0.0972

	
0.0894




	
Adj-R2

	
0.964

	
0.9395

	
0.9695

	
0.8908











 





Table 5. Fitting results of parameters a and b to loading strength.
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	Parameters
	a
	b
	Adj-R2





	Expressions
	   a = 0.1105 ×  σ d  0.6138     
	   b = 0.0001 ×  σ d   + 0.0485   
	0.9019/0.4905










 





Table 6. Fitting results of parameters k and c to loading strength.
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	Parameters
	k
	c
	Adj-R2





	Expressions
	   k = 0.0131 ×  σ d  − 0.2404   
	   c = − 0.0124 ×  σ d  + 1.5479   
	0.9149/0.5869










 





Table 7. Fitting results of parameters k and c to infiltration numbers.
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Parameters

	
k

	
c

	
Adj-R2






	
Expression

	
   k = 0.2664 × n + 1.1984   

	
   c = − 0.8519 × n − 0.4779   

	
0.8028/0.7582
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