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Abstract

:

The study presented in this paper analyzed four long-term pavement performance (LTPP) test sections located in the states of New York (NY) and California (CA). Two of them are flexible pavement sections, whereas the other two are composite pavement sections. Two levels of analysis—in-state analysis and cross-state analysis—were performed for these pavement sections to determine the impacts of traffic and climate conditions. The performance of the pavement sections was evaluated in respect of thermal cracking and rutting resistance. The in-state analysis focused on comparing the pavement sections located in the same state. The two pavement sections located in CA exhibited insignificant variation in thermal cracking, although one of them had an additional 1.5” (38 mm) dense-graded asphaltic concrete (AC) layer. On the other hand, the additional 1.5” (38 mm) AC layer resulted in a significant reduction in the rutting depth in one pavement section. The in-state analysis of the two pavement sections located in NY revealed that the 0.8” (20.4 mm) chip seal layer had significantly low resistance to thermal cracking and rutting. The cross-state analysis examined pavement sections of comparable structural capacities—two with low structural capacity, and two with high structural capacity. The performance comparison of the two pavement sections with low structural capacity revealed that the chip seal layer exhibited a significantly high rutting depth, i.e., low rutting resistance under high traffic loads in a freezing climate. On the contrary, the two pavement sections with high structural capacity showed relatively high rutting resistance in both warmer and freezing climates. Furthermore, this paper presents the pavement deterioration models for rutting and thermal cracking in the LTPP test sections. These models were developed using multiple linear regression considering the pavement service life (age), traffic load (average annual daily truck traffic, AADTT), and climate impact (freezing index, FI). The deterioration models had coefficients of determination (r2) in the range of 0.82–0.99 and standard errors varying from 0.01 to 9.92, which indicate that the models are reliable.
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1. Introduction


The performance of pavements is impacted by traffic and climate conditions. Pavements experience different types of distress due to traffic loads and climate variations (e.g., temperature changes, wet–dry cycles, and freeze–thaw cycles) [1,2]. The frequent distresses in flexible or asphaltic concrete (AC) pavement are rutting and transverse (thermal) cracking [3,4]. Rutting is a permanent deformation of AC pavement resulting from repeated heavy traffic loading on the wheel path [5,6]. Repeated traffic loading causes permanent strains [7], which greatly depend on the magnitude of the load. Traffic loads cause densification and shear-related deformation, resulting in rutting in the pavements [8]. Rutting could stem from the presence of an unstable supporting layer (base and/or subbase) underneath the AC courses. It could also occur due to the use of inappropriate hot-mix asphaltic concrete (HMAC) with a high binder content and filler–binder ratio or insufficient compaction. Furthermore, the climate condition, particularly temperature, can affect the rutting resistance of pavements by influencing their stiffness [6]. Rutting significantly occurs in a warmer climate (higher temperature during summer) as the AC binder turns to a viscous (softer) material at high temperatures that reduces the resistance of HMAC to permanent deformation and consolidation under traffic loads [9,10]. In addition, more rutting occurs in pavement segments with relatively high vehicle speeds [9].



Traffic loading and climate factors can also play a significant role in causing transverse cracks. Transverse cracks are perpendicular to the traffic direction. These cracks predominantly result from the thermal impact of HMAC, especially after the AC binder becomes stiff due to oxidation and aging [11]. Therefore, transverse cracks are typically known as thermal cracks [12]. The thermal stresses result in transverse strain during abrupt temperature drops or through multiple freeze–thaw cycles. Thermal cracks occurring at sub-normal temperatures are sometimes called low-temperature cracks. The severe cold climate intensifies the growth of low-temperature cracks in HMAC pavements [13]. At a very low temperature, when the pavement material becomes too stiff, its ductility is reduced significantly. Hence, HMAC pavements exposed to a freezing climate exhibit low-temperature cracking, which can be worsened under larger traffic loads. This is indeed a primary failure mode in flexible pavements and poses a serious concern in cold-region countries [14].



The most common distress types in composite pavements are surface cracking and instability rutting [15,16]. Surface cracking is mostly caused by top-down cracks resulting from traffic loads and thermal stress. Ling et al. [17] investigated top-down cracks and concluded that, as crack lengths reach a critical length, the crack propagation extends in terms of the crack width and number of cracks to create a map cracking pattern. The propagation of top-down cracks is affected by the modulus gradient in the AC layer, mixture fracture properties, and the structural capacity of the pavement [18]. Moreover, Von Quintus et al. [19] and the National Cooperative Research Program (NCHRP) team [20] reported that reflective cracking is the major distress type in composite pavements. Reflective cracks result from horizontal and vertical displacements in the joints of concrete slabs acting as a cement-treated base under the AC wearing surface [21]. Similar to flexible pavements, composite pavements could also be subjected to other distresses, such as transverse (thermal) cracking and rutting [22], during their service life.



The performance of pavements under various traffic and climate conditions can be predicted through models. Piryonesi and El-Diraby [23] used machine learning algorithms in developing models to predict the deterioration of the pavement condition through combinations of 15 characteristics. They found that the accuracy of the models decreased when the prediction time span was increased; conversely, the accuracy increased when the number of prediction classes (levels of deterioration) was reduced. In addition, they observed that dividing the data into 14 different climate zones enhanced the relative importance of the characteristics and the overall accuracy of the models. The same authors also used a machine learning tool to predict the condition of flexible pavements by analyzing a large dataset (more than 3000 road sections) gathered from the long-term pavement performance (LTPP) database and considering the impact of climate change [24]. They selected major climate factors (e.g., temperature ranges, precipitation, and freeze–thaw cycles) and basic road attributes (e.g., age and functional class) in developing the models for quantifying the impact of climate change. Their findings showed that climate change may alleviate or exacerbate the deterioration of pavements depending on the location. Furthermore, by using a machine learning tool, Gong et al. [25] developed a random forest regression (RFR) model to estimate the international roughness index (IRI) of flexible pavements from distress, traffic, climate, maintenance, and structural data. In the model development, they used more than 11,000 samples extracted from the LTPP database, with 80% of the randomly sampled data used for training and the remaining 20% used for testing the RFR model. They compared the performance of the RFR model with that of the regular linear regression model. Their RFR model significantly outperformed the regular linear regression model, with a coefficient of determination (r2) greater than 0.95. However, Piryonesi and El-Diraby [26] implied that simpler algorithms, such as linear regression or decision trees, can provide higher accuracy in predicting the IRI of flexible pavements.



The present study investigated the deterioration of four LTPP test sections with respect to rutting and thermal cracking. The selected pavement sections are situated in the states of New York (NY) and California (CA). The two LTPP sections from NY are part of General Pavement Studies-6B (GPS-6B) and Specific Pavement Studies-3 (SPS-3). These are flexible pavement sections consisting of a similar unbound (granular) subbase and bound (asphalt-treated) HMAC base, but double or triple AC layers with a significantly different total thickness. They are subjected to the same traffic and climate conditions. On the other hand, the two LTPP sections from CA are part of Specific Pavement Studies-6 (SPS-6). These are composite pavement sections with a similar bound (cement-treated) base and jointed Portland cement concrete (PCC) layer, but a single AC layer of a significantly different thickness. They are exposed to the same traffic and climate conditions, which differ from those of the NY pavement sections.



The degree of deterioration of the selected pavement sections was analyzed in this study. The pavement distresses emphasized were rutting and thermal cracking. The impacts of different traffic and climate conditions on the thermal cracking and rutting resistance of the selected pavement sections were evaluated. The effect of the structural capacity of the pavement on these distresses was also analyzed. In addition, the deterioration models for the selected pavement sections were developed in this study based on multiple linear regression analysis.




2. Significance of the Study


The serviceability and structural integrity of pavements are affected by the density and severity of pavement distresses. The functional and structural conditions of the selected LTPP test sections are well documented through frequent in situ testing and visual observations. The authors focused on thermal cracking and rutting as indicators of the deterioration of the pavement sections analyzed in this study. The analysis results revealed that the application of chip seal significantly decreased the thermal cracking and rutting resistance of the pavement, compared to the thin HMA concrete overlay. The freezing climate showed more impacts than the warmer climate in causing rutting and thermal cracking in the pavement. Furthermore, the authors developed the deterioration models for thermal cracking and rutting in the four LTPP test sections using multiple linear regression. These models will be useful in predicting the rutting depth and the degree of thermal cracking in the pavement sections considered for this study.




3. Background


The Federal Highway Administration (FHWA) has managed the LTPP program since 1992. The program was initiated by the NCHRP team in 1986 [27]. The program includes SPS-3, SPS-6, and GPS-6B to evaluate the performance of different pavements (e.g., flexible, rigid, and composite pavements) through experiments and observations. In this study, one pavement section from SPS-3, two sections from SPS-6, and one section from GPS-6B were selected for the analysis of performance under different traffic and climate conditions.



3.1. SPS-3


The SPS-3 studies were conducted to evaluate the effectiveness of preventive maintenance of flexible pavements. It studied several parameters including climate zones, subgrade type (fine or coarse), traffic loads (greater or less than 85,000 ESALs (equivalent single axle loads)/year), initial condition (good, fair, or poor), and structural capacity (low or high). The preventive maintenance treatments included slurry seal, chip seal, crack seal, and a thin overlay—they were used to improve the functional performance and prolong the service life of pavements by mitigating existing distresses or delaying their further development.



The key findings of the SPS-3 studies in the context of the present study were as follows [28,29]: (a) the thin overlay was noted as the most effective preventive maintenance technique to mitigate or slow pavement rutting under all circumstances; (b) the chip seal efficiently decreased the development of rutting in wet regions and non-freezing zones; (c) the thin overlay was efficient in alleviating and delaying the growth of pavement roughness, particularly in freezing zones and under high traffic conditions; (d) the thin overlay was better than the chip seal in constraining transverse or thermal cracks. Moreover, it was found that the structural capacity of the pavement sections had an insignificant impact on the performance of the maintenance treatments, as compared to the traffic and climate factors [29].




3.2. SPS-6


The SPS-6 studies were conducted to examine the rehabilitation methods of jointed PCC pavements. The test sections were spread to include two climate regions (wet–freezing and wet–non-freezing), two pavement types (plain and reinforced concrete), and different traffic loads. The rehabilitation techniques included AC overlays using 4” (102 mm) and 8” (204 mm) layers. Limited slab preparation or full slab restoration was applied prior to applying the AC overlays [30].



The SPS-6 studies identified the most effective rehabilitation techniques to restore the IRI, as well as rutting and cracking resistance. The treatments (ranked from the most effective to the least effective) were [31]: (a) an 8” (204 mm) AC overlay on cracked/broken and seated pavement; (b) a 4” (102 mm) AC overlay on either intact or cracked/broken and seated pavement with or without sawing and sealing of transverse joints, and with minimal or intensive pre-overlay repair; (c) concrete pavement restoration with diamond grinding, full-depth repair, and joint and crack sealing; and (d) concrete pavement restoration without diamond grinding but with full-depth repair and joint and crack sealing.




3.3. GPS-6B


The GPS-6B studies were conducted on the pavement sections originally included in GPS-1 and GPS-2 studies. One of the test sections selected for the present study originally belonged to the GPS-2 studies, which examined a dense-graded HMAC surface layer with or without other HMAC layers, placed over a bound base layer. The test sections included bituminous and non-bituminous bound base layers. Bituminous bases included asphalt cement, cutback asphalt, emulsified asphalt, and road tar. Non-bituminous bases included hydraulic cement, lime, fly ash, natural pozzolan, or combinations thereof. The test sections were constructed to examine the effects of variations among the climate zones, subgrade types, traffic spectrum, and surface and base layer thicknesses [32]. The GPS-6B sections received a 1” (25.5 mm) overlay on the original pavement sections [31].



The GPS-6B studies concluded that about 0.24” (6 mm) of rutting (initial rutting) is developed in the first year following the application of an AC overlay on top of an AC pavement. This could result from traffic compaction of the new AC layer. The initial rutting is independent of the overlay thickness, mixture type, pre-overlay preparation, and pre-overlay rutting level [31].





4. Pavement Test Sections


4.1. Locations


Two LTPP test sections selected from NY were analyzed. They are 36-1643 (Figure 1) and 36-A350 (Figure 2) located on the US-4 highway within Washington County. These two sections are 1 mi (1.6 km) apart and located 66 mi (106.2 km) north of Albany, NY. They are situated in a wet and freezing climate zone. One of these two LTPP test sections was under SPS-3, and the other belonged to GPS-6B.



Two more LTPP test sections selected from CA were analyzed in this study. They are 06-0603 (Figure 3) and 06-0606 (Figure 4) located within the vicinity of the Interstate-5 freeway in Siskiyou County. These two sections are located 60 mi (96.6 km) north of the City of Redding, CA. They are situated in the Northern CA climate region, which is wet and non-freezing. Each of these two LTPP test sections belonged to SPS-6.



The research team of NCHRP investigated additional pavement sections in SPS-6, SPS-3, and GPS-6B to expand the database. However, the authors of this paper did not obtain reliable data on the additional sections of an approximately similar structural capacity and subjected to similar traffic loads. Therefore, instead of extending the number of sections by including the data from incomparable sections, the authors used a limited number of pavement sections in this analysis that include reliable and realistic data.




4.2. Structural Cross-Sections


The authors analyzed four LTPP test sections: two (36-1643 and 36-A350) of them are flexible test sections (Figure 1 and Figure 2), and the other two (06-0603 and 06-0606) are composite test sections (Figure 3 and Figure 4). The pavement performance was compared with respect to thermal cracking and rutting resistance, for each pair of test sections with low or high structural capacity.



4.2.1. New York (NY) Sections


LTPP test sections 36-1643 and 36-A350 are situated in NY. The pavement cross-section of 36-1643 is constructed with 1.1” (28.1 mm), 1.8” (46 mm), and 2.2” (56.2 mm) dense-graded AC layers, followed by an 8.2” (209.4 mm) bound (asphalt-treated) base (HMAC) and a 7.2” (183.9 mm) unbound (granular) subbase on an untreated subgrade, as shown in Figure 1. On the other hand, 36-A350 consists of a 0.8” (20.4 mm) chip seal layer, a 2.6” (66.4 mm) dense-graded AC course, an 8” (204.3 mm) bound (asphalt-treated) base (HMAC), and a 7.2” (183.9 mm) unbound (granular) subbase on an untreated subgrade, as shown in Figure 2. The subgrade in these two test sections is made using well-graded sand with silt and gravel. They have significantly different AC layer thicknesses. The total thickness of the AC layers is 5.1” (130.3 mm) in 36-1643. In contrast, 36-A350 has a significantly lower total AC layer thickness of 3.4” (86.8 mm).




4.2.2. California (CA) Sections


LTPP test sections 06-0603 and 06-0606 are sited in CA. The pavement cross-section of 06-0603 has a 4.8” (122.6 mm) dense-graded AC course and an 8.2” (209.4 mm) jointed PCC layer on top of a 4.4” (112.4 mm) cement-treated bound aggregate base, which is placed on an untreated subgrade, as can be seen in Figure 3. On the other hand, the pavement cross-section of 06-0606 has a 3.3” (84.3 mm) dense-graded AC course, an 8.4” (214.5 mm) jointed PCC layer, and a 4.7” (120 mm) cement-treated bound aggregate base on an untreated subgrade, as shown in Figure 4. The subgrade in these two test sections is made using poor-graded gravel with sand. The main difference between the two sections is the thickness of the AC layer—06-0603 has a thicker AC layer than 06-0606 (4.8” (122.6 mm) versus 3.3” (84.3 mm)).




4.2.3. Comparison of New York (NY) and California (CA) Sections


The pavement test sections selected from NY and CA are structurally comparable: 06-0603 (CA) and 36-1643 (NY) consist of 4.8” (122.6 mm) and 5.1” (130.3 mm) dense-graded AC layers, respectively. The base layers in 06-0603 and 36-1643 are 8.2” (209.4 mm) jointed PCC and 8.2” (209.4 mm) HMAC, respectively. On the other hand, 06-0606 (CA) and 36-A350 (NY) consist of 3.3” (84.3 mm) and 3.4” (86.8 mm) dense-graded AC layers, respectively. The base layer in 06-0606 is 8.4” (214.5 mm) jointed PCC, whereas it is 8” (204.3 mm) HMAC in the case of 36-A350. However, it should be mentioned that the two NY sections are flexible pavements. On the other hand, the two CA sections are composite pavements.





4.3. Traffic Loading


The traffic spectrum on LTPP test sections 36-1643 and 36-A350 selected from NY was identical. The average annual daily truck traffic (AADTT) on these two test sections varied in the range of 450–1000 from 1980 to 2006, as can be seen in Figure 5.



LTPP test sections 06-0603 and 06-0606 located in CA are also characterized by an identical traffic spectrum. The AADTT on these two test sections fell within the range of 600–4000 from 1976 to 2015, as can be seen in Figure 5.



It is worth mentioning that the authors of this paper aimed to analyze the effect of traffic loading on the selected pavement sections without any additional surface treatment. Any treatment on the pavement surface during the study years will influence such an analysis by affecting the distress record and provide erroneous results. Hence, the traffic data that are not impacted by preventive maintenance were used in the analysis.




4.4. Climate Conditions


The two NY pavement sections were subjected to the same climate conditions. The annual average precipitation for the location of the NY pavement sections varied from 744.8 to 1434.2 mm for the years of 1978–2012. During these years, the annual average temperature of the location of the NY pavement sections was in the range of 6.6–10.6 °C (see Table 1).



The two CA pavement sections were also exposed to the same climate conditions. The annual average precipitation for the location of the CA pavement sections varied from 316.2 to 1906.4 mm for the years of 1973–2012. During these years, the annual average temperature of the location of the CA pavement sections was in the range of 8.5–11 °C (see Table 1). In general, the CA pavement sections were exposed to a warmer climate than the NY pavement sections. It should be mentioned that traffic data were available for the years of the climate data considered in this study. Moreover, climate data were used to observe their impact on the rutting and thermal cracking in the selected pavement sections without having an influence of any additional maintenance treatment during the period of analysis.



The authors of this paper considered the temperature as the critical climate factor in the analysis of the performance of the selected pavement sections. The annual average temperature, as shown in Table 1, was calculated from the mean daily temperatures, which were also used to determine the annual average freezing index. The historical climate data (the mean daily temperatures) used to calculate the annual average freezing index were downloaded from Weather Underground [34]. The freezing index was calculated using the following formula [35,36]:


  FI =  ∑   (    T ¯   − 32    °  F  )   



(1)







In the above equation,    T ¯    is the mean daily temperature (°F), which was calculated taking the average of the daily minimum and maximum temperatures. In this study, the authors used the mean daily temperature in °C and therefore replaced 32 °F with 0 °C in Equation (1) to obtain the annual average FI values in °C-day. The annual average FI indexes for the locations of the selected pavement sections in different years are also shown in Table 1. It is evident from this table that the annual average freezing indexes of the NY sections were significantly higher than those of the CA sections.




4.5. Maintenance History


The LTPP test sections located in NY received patching and shoulder restoration in 1995. The subsequent patching was recorded in 2002, which influenced the distress records afterwards. Hence, the authors of this paper used the distress data from 1995 to 2002 to perform the analysis of the performance of the pavement sections.



The LTPP test sections located in CA received a full-depth patch and shoulder restoration in 1992. Crack sealing was performed on the AC pavement surface in 1999, which impacted the distress records thereafter. Therefore, the authors performed the analysis for the CA pavement sections based on the data collected from 1992 to 1999.





5. In-State Analysis


This part of the paper presents the findings by comparing the performance of the adjacent pavement sections located on the same highway with variation in the pavement thickness. The in-state analysis mainly evaluated the impact of variation in the structural capacity of the pavement sections. The impact was analyzed in respect of the thermal crack count and rutting depth. A statistical t-test was performed to determine the predominance regarding the occurrences of thermal cracking and rutting.



5.1. New York (NY) Sections (36-1643 and 36-A350)


The performance of the NY pavement sections was analyzed for the period from 1995 to 2002. The NY sections studied are flexible pavement sections, which exhibited both rutting and thermal cracking. Significant variation in the performance of 36-1643 and 36-A350 was noted by analyzing the rutting depth and the count of thermal cracks. The principal differences between these two pavement sections located in NY are the material and thickness of the surface wearing course: 36-A350 is characterized by a 0.8” (20.4 mm) chip seal layer followed by a thin 2.6” (66.4 mm) dense-graded AC surface layer, whereas 36-1643 includes 5.1” (130.3 mm) dense-graded AC layers (three layers). The material properties of the chip seal with a relatively thin layer resulted in a significant increase in thermal cracks on 36-A350. Morian et al. [29] reported that chip seal is less effective in alleviating thermal cracking in flexible pavements. The statistical t-test performed in this study showed that the count of thermal cracks on 36-A350 was significantly higher than that on 36-1643. In this case, the p-value for the statistical t-test was 0.002. Figure 6 presents the progression of thermal crack counts on the pavement sections located in NY.



The rutting depth in 36-A350 was significantly higher than that in 36-1643, as can be seen in Figure 7. In this case, the p-value determined from the statistical t-test was also 0.002. It should be noted that 36-1643 was treated by a thin AC overlay at year 0 (1995) and exhibited 0.07” (1.8 mm) of rutting after the first year (1996). This behavior matches the conclusion drawn from NCHRP Project 20-50(3/4) [31]. The presence of rutting in pavement sections located in freezing climate zones could result from the deterioration of the granular layer through freeze–thaw cycles [37]. In addition, using their three-dimensional discrete element model, Wang et al. [38] proved that thin overlays suffer from severe shear forces, which accelerate the development of rutting in the AC surface layer of flexible pavements.




5.2. California (CA) Sections (06-0603 and 06-0606)


The performance of the CA sections was analyzed for the period from 1992 to 1999. The CA sections studied are composite pavement sections. These composite sections exhibited thermal cracking. They also showed instability rutting, which is caused by high tire–pavement contact shear stresses near the surface. The high stress and radial truck tires result in surface tension, which reduces confinement significantly [39,40].



Limited variation was noted in the transverse (thermal) cracking count by comparing the performances of 06-0603 and 06-0606. These two pavement sections are characterized by an identical climate condition, traffic load, and subgrade type. Transverse (thermal) cracks in non-freezing climate zones are typically classified as surface-initiated reflective cracks, especially in composite pavement sections [41]. Numerous scholars reported the possibility of the propagation of transverse (thermal) top-down cracks through the overlay surface to match the existing transverse (thermal) cracks in the lower pavement layer [42,43,44,45]. In the present study, the slight performance variation between the two CA sections resulted from the disparity in the thickness of the AC layer: 06-0603 is characterized by an additional 1.5” (38.3 mm) of AC on the surface pavement layer compared to 06-0606. However, the additional pavement thickness had an insignificant impact on the transverse or thermal crack count. Figure 8 presents the progression of thermal crack counts for the CA pavement sections.



The variation in the AC thickness in 06-0603 and 06-0606 had a significant impact on the pavement rutting. The execution of the statistical t-test, comparing the mean rutting in both pavement sections, resulted in a p-value of 0.01. Therefore, a significant improvement (at the 95% confidence level) was noted in rutting resistance through the additional 1.5” (38.3 mm) AC layer applied on 06-0603, which showed a lower rutting depth due to the reduced rutting progression. Figure 9 presents the rutting progression of both CA pavement sections throughout the analysis period.





6. Cross-State Analysis


The cross-state analysis compared the performance of pavement sections with low as well as high structural capacity from both states. The pavement sections with low structural capacity are 06-0606 (CA) and 36-A350 (NY): 06-0606 has a 3.3” (84.3 mm) dense-graded AC course and an 8.4” (214.5 mm) jointed PCC layer, whereas 36-A350 includes 0.8” (20.4 mm) of chip seal and a 2.6” (66.4 mm) dense-graded AC course on an 8” (204.3 mm) HMAC base. On the other hand, the pavement sections with high structural capacity are 06-0603 (CA) and 36-1643 (NY): 06-0603 has a 4.8” (122.6 mm) dense-graded AC course on an 8.2” (209.4 mm) jointed PCC layer, whereas 36-1643 includes three dense-graded AC layers of 5.1” (130.3 mm) above an 8.2” (209.4 mm) HMAC base. The AADTT on the NY pavement sections ranged from 600 to 800, while that on the CA pavement sections ranged from 2200 to 3300, in the analysis period considered in this study (see Figure 5). It should also be noted that the CA pavement sections are situated in a wet, non-freezing climate zone, while the NY pavement sections are sited in a wet, freezing climate zone. The temperatures and freezing indexes of the two climate zones are presented in Table 1.



The performance of the pavement sections located in CA and NY differed due to the variations in the traffic spectrum, structural capacity, and climate zone. In the present study, the impact of such factors was analyzed in respect of the rutting depth and thermal crack count. A statistical t-test was executed to determine the prevalence of the occurrences of rutting and thermal cracking.



6.1. Low-Structural Capacity Sections (06-0606 and 36-A350)


The thermal crack counts on the pavement sections with low structural capacity are presented in Figure 10. This figure shows that the transverse or thermal crack count in the NY section (36-A350) was significantly higher than the crack count in the CA section (06-0606). In this case, the p-value for the statistical t-test was 0.002. This result was expected as the NY pavement section is situated in a wet, freezing climate zone, while the climate zone in CA is wet and non-freezing. In addition, this comparison proves that traffic loads would have no significant impact on the thermal crack progression in pavements. The AADTT on 36-A350 was much lower than that on 06-0606. However, the thermal or transverse cracks show the rapid deterioration of 36-A350, which is located in a wet–freezing climate zone, even when subjected to low AADTT. This result implies that the climate condition may aggravate pavement deterioration depending on the location. A similar finding was reported by Piryonesi and El-Diraby [24] for flexible pavements in Texas and Ontario.



The comparison between rutting in the pavement sections located in CA and NY illustrated a significantly high rutting depth in the NY section (36-A350) compared to the CA section (06-0606). In this case, the p-value for the statistical t-test was 0.003. The authors noted that the AADTT on 36-A350 was almost 75% lower than that on 06-0606. In addition, the location of 36-A350 in a wet–freezing climate zone would offer it a relative advantage with respect to rutting, compared to 06-0606, which is situated in a wet, non-freezing climate zone. The temperature in the location of the NY pavement section is relatively low, which would contribute to a lower degree of rutting. This is because the extent of rutting is lessened with a low pavement surface temperature [46]. However, the NY pavement section exhibited high rutting. The authors of this paper believe that the significantly high rutting depth of 36-A350 resulted from the 0.8” (20.4 mm) chip seal layer. This layer showed low resistance to rutting and thermal cracking. Figure 11 shows the progression of rutting on the pavement sections with low structural capacity.




6.2. High-Structural Capacity Sections (06-0603 and 36-1643)


The thermal crack count in the pavement sections with high structural capacity indicated that the NY section (36-1643) had a slight advantage compared to the CA section (06-0603). The comparison between thermal cracks in both sections was conducted using a statistical t-test. In this case, the p-value was 0.048 (slightly lower than the 0.05 threshold). The thermal crack count was close during the first 5 years. However, for the CA section, the thermal crack count was relatively high at years 6 and 7, as the effect of temperature changes (e.g., freezing and thawing) increased with the pavement age. It should be mentioned that the thermal crack count at year 7 was not documented for the NY section. Based on the first 5 years of thermal crack count data, the authors can consider these two sections to have comparable performance in respect of thermal cracking. Nevertheless, the available data and the best-fit trendline suggest that the NY section exhibited less thermal cracking after year 5. Moreover, the overall results obtained for 36-1643 and 06-0603 also imply that the traffic load (AADTT) had no significant influence on thermal cracking. Figure 12 presents the thermal crack count on the pavement sections with high structural capacity.



The analysis of rutting in both pavement sections showed no statistical difference among the rutting depths. In this case, the p-value obtained from the t-test was 0.22. This result suggests a slight advantage for the CA section (06-0603) as it performed slightly better even though it was subjected to higher AADTT compared to the NY section (36-1643) and is located in a warmer climate zone. Figure 13 presents the progression of rutting on the pavement sections with high structural capacity.





7. Deterioration Models


Multiple linear regression analysis was performed to develop the deterioration models for the four LTPP test sections. Liner regression analysis was chosen due to the lower number of pavement sections and variables. The regression models were developed using the pavement service life (age), traffic load (AADTT), and climate impact (freezing index) as the independent variables. The data period covered for these variables was from 1992 to 1999 for the CA pavement sections and from 1995 to 2002 for the NY pavement sections.



The deterioration models developed are presented in Table 2. The results of the multiple linear regression analysis are reported along with the models’ r2 (coefficient of determination) and SE (standard error) values. The coefficient of determination generally measures the goodness of fit of a model. The authors obtained r2 values in the range of 0.82–0.99, which is an indication of reliable models. As a rule of thumb, an r2 value of 0.75 is considered substantial for structural model assessment [47]. However, the r2 value only indicates the in-sample explanatory power of a model—it does not say anything about the model’s predictive power [48]. From this standpoint, the SE can be used to assess a model’s predictive power. It provides a measure of how much the predicted values could differ from the mean of the actual values.



In the present study, the r2 values of the models developed from multiple linear regression analysis were relatively high, indicating greater in-sample accuracy. Piryonesi and El-Diraby [26] implied that simpler algorithms, such as linear regression, can contribute to achieving a higher accuracy for pavement performance modeling. However, a model with a higher r2 value may not always produce good predictions with a minimum error. It can be noted from Table 2 that several models with an r2 of ≥ 0.90 had a higher SE than the others within the range of 0.01–9.92. Therefore, both the r2 and SE values were used in this study to judge the accuracy of the models. Furthermore, it was noticed that the SE was higher for the thermal cracking models. This may be due to the higher number of independent variables considered for these models compared to the rutting models. The rutting models were developed using two independent variables (pavement age and AADTT). In contrast, the thermal cracking models were developed using three independent variables (pavement age, AADTT, and freezing index).



The deterioration models developed in this study were based on the pavement test sections through the LTPP program. The developed models will be applicable to other pavement sections with a similar structure, climate condition, and traffic spectrum. The models will be useful to predict the degree of rutting and thermal cracking in the selected pavement sections for years ahead, although they may not be applicable to identical pavement sections under different traffic and climate conditions in other locations.




8. Conclusions


This paper presented the results of a technical analysis of the performance of four LTPP test sections (two flexible and two composite pavements) located in CA and NY. The performance of the test sections was analyzed with respect to thermal cracking and rutting, focusing on the impacts of the traffic spectrum and climate condition. Furthermore, the influence of the structural capacity of the pavements was evaluated. The analysis was performed at two levels—in-state analysis and cross-state analysis. The performed analysis utilized fundamental statistics for controlled comparisons of the pavement sections.



The following conclusions can be drawn from the in-state analysis conducted on the performance of the flexible pavement sections located in NY:




	
The chip seal layer laid with a thickness of 0.8” (20.4 mm) showed low resistance to thermal cracking and rutting compared to the thin AC overlay;



	
The pavement section treated with a thin AC overlay had 0.07” (1.8 mm) of rutting after the first year of service, but the deterioration rate was low compared to the pavement section treated with a chip seal layer.








The following conclusions can be derived from the in-state analysis regarding the performance of the composite pavement sections located in CA:




	
Structural capacity had an insignificant impact on the thermal cracking in the pavement sections;



	
The additional 1.5” (38.3 mm) thickness of the AC layer resulted in a significant decrease in the rutting depth because of the lower rutting progression.








The cross-state analysis was performed by analyzing the pavement sections located in two different states (CA and NY) with comparable (low or high) structural capacities. The following conclusions can be drawn based on the results of the analysis conducted for the CA and NY pavement sections with low structural capacity:




	
A wet and freezing climate contributed to a higher degree of thermal cracking in the pavement section;



	
The chip seal layer had low resistance to thermal cracking, even when subjected to low traffic loads;



	
The ability of the chip seal layer to resist rutting was limited, even in a wet, freezing climate zone.








The following conclusions can be derived from the results of the cross-state analysis of the CA and NY pavement sections with high structural capacity:




	
Despite being subjected to higher truck loads (AADTT), the pavement section in the non-freezing climate zone exhibited slightly lower thermal cracking than the pavement section in the freezing climate zone;



	
The rutting resistance of the pavement sections in freezing and non-freezing climate zones was comparable with an insignificant difference, as confirmed by the result of the statistical t-test.








The deterioration models for thermal cracking and rutting in all LTPP test sections were developed using multiple linear regression analysis. The pavement age, AADTT, and freezing index were considered as the independent variables in developing the models. The coefficient of determination (r2) for the deterioration models developed fell in the range of 0.82–0.99, and the standard error (SE) varied from 0.01 to 9.92, suggesting that the models are reliable.
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Figure 1. Pavement cross-section of LTPP test section 36-1643 (not in scale; data source: [33]). 






Figure 1. Pavement cross-section of LTPP test section 36-1643 (not in scale; data source: [33]).
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Figure 2. Pavement cross-section of LTPP test section 36-A350 (not in scale; data source: [33]). 






Figure 2. Pavement cross-section of LTPP test section 36-A350 (not in scale; data source: [33]).
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Figure 3. Pavement cross-section of LTPP test section 06-0603 (not in scale; data source: [33]). 
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Figure 4. Pavement cross-section of LTPP test section 06-0606 (not in scale; data source: [33]). 






Figure 4. Pavement cross-section of LTPP test section 06-0606 (not in scale; data source: [33]).
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Figure 5. AADTT in NY and CA pavement sections (data source: [33]). 
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Figure 6. Thermal crack counts on the LTPP test sections located in NY. 
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Figure 7. Rutting progression on the LTPP test sections located in NY. 
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Figure 8. Thermal crack counts on the LTPP test sections located in CA. 
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Figure 9. Rutting progression on the LTPP test sections located in CA. 
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Figure 10. Thermal crack count on the LTPP test sections with low structural capacity. 
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Figure 11. Rutting progression on the LTPP test sections with low structural capacity. 
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Figure 12. Thermal crack count on the LTPP test sections with high structural capacity. 
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Figure 13. Rutting progression on the LTPP test sections with high structural capacity. 






Figure 13. Rutting progression on the LTPP test sections with high structural capacity.



[image: Infrastructures 07 00100 g013]







[image: Table] 





Table 1. Annual average temperature in the locations of the NY and CA pavement test sections.
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Year

	
Annual Average Temperature *

(°C)

	
Annual Average Freezing Index

(°C-day)




	
NY Sections

	
CA Sections

	
NY Sections

	
CA Sections






	
1973

	
-

	
9.9

	
-

	
52




	
1974

	
-

	
9.7

	
-

	
115




	
1975

	
-

	
8.8

	
-

	
84




	
1976

	
-

	
9.4

	
-

	
44




	
1977

	
-

	
9.3

	
-

	
89




	
1978

	
6.9

	
9.1

	
822

	
89




	
1979

	
8.1

	
9.4

	
669

	
83




	
1980

	
7.3

	
9.7

	
746

	
34




	
1981

	
8.2

	
10.4

	
614

	
4




	
1982

	
7.4

	
8.5

	
767

	
100




	
1983

	
8.6

	
9.3

	
492

	
20




	
1984

	
8.5

	
9.5

	
495

	
55




	
1985

	
8.0

	
9.4

	
646

	
89




	
1986

	
8.2

	
10.4

	
571

	
8




	
1987

	
7.9

	
11.0

	
624

	
51




	
1988

	
8.0

	
10.5

	
625

	
61




	
1989

	
7.9

	
9.4

	
769

	
102




	
1990

	
9.5

	
9.5

	
295

	
156




	
1991

	
9.2

	
10.3

	
463

	
11




	
1992

	
7.6

	
10.8

	
523

	
34




	
1993

	
7.8

	
9.2

	
679

	
97




	
1994

	
7.7

	
9.8

	
807

	
47




	
1995

	
8.5

	
10.3

	
559

	
7




	
1996

	
8.0

	
10.1

	
605

	
38




	
1997

	
7.8

	
9.9

	
502

	
48




	
1998

	
9.9

	
9.1

	
300

	
81




	
1999

	
9.3

	
9.7

	
472

	
28




	
2000

	
8.2

	
10

	
592

	
15




	
2001

	
9.3

	
10.3

	
386

	
53




	
2002

	
9.5

	
10.2

	
286

	
55




	
2003

	
7.9

	
10.6

	
768

	
20




	
2004

	
8.3

	
10.2

	
701

	
30




	
2005

	
9.3

	
10.1

	
629

	
44




	
2006

	
9.2

	
9.9

	
273

	
70




	
2007

	
6.6

	
10.2

	
783

	
84




	
2008

	
7.9

	
10.1

	
672

	
106




	
2009

	
8.0

	
10.5

	
659

	
64




	
2010

	
9.6

	
10.0

	
425

	
22




	
2011

	
9.4

	
9.9

	
535

	
26




	
2012

	
10.6

	
10.6

	
226

	
50








* Data source: Weather Underground [34].
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Table 2. Deterioration models of the selected LTPP test sections.
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	State
	Pavement Section
	Distress
	Developed Model
	Coefficient of Determination (r2)
	Standard Error (SE)





	CA
	06-0603
	Rutting
	Rd = 0.398 Age + 0.0012 AADTT − 1.98
	0.89
	0.51



	CA
	06-0606
	Rutting
	Rd = 0.412 Age + 0.0042 AADTT − 8.58
	0.92
	0.29



	CA
	06-0603
	Thermal cracking
	Ctc = 4.606 Age + 0.0541 AADTT + 40.09 FI − 140.11
	0.90
	9.92



	CA
	06-0606
	Thermal cracking
	Ctc = 4.39 Age + 0.0469 AADTT − 24.68 FI − 102.68
	0.98
	3.54



	NY
	36-1643
	Rutting
	Rd = 0.623 Age − 0.0001 AADTT + 1.44
	0.99
	0.01



	NY
	36-A350
	Rutting
	Rd = −1.041 Age + 0.0035 AADTT − 7.56
	0.84
	0.96



	NY
	36-1643
	Thermal cracking
	Ctc = 2.894 Age − 0.0099 AADTT + 0.41 FI + 50.56
	0.82
	6.71



	NY
	36-A350
	Thermal cracking
	Ctc = 20.797 Age + 0.0055 AADTT − 0.91 FI − 8.36
	0.97
	9.14







Rd: rutting depth (mm); Ctc: thermal crack count.
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