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Abstract

:

Modern roadways provide road users with a comfortable and safe ride to their destinations. Due to increasing traffic demands and maximum allowable loads, road authorities should also pay attention to the structural soundness of road pavements while seeking cost-effective and timely maintenance or minor rehabilitation activities. This means that a sustainable pavement preservation strategy is needed that includes an optimal pavement condition assessment to support the appropriate decision-making processes. To address this need, this research study proposes an approach to integrate Non-Destructive Testing (NDT) data and ground truth data to predict the long-term performance of flexible pavements. Appropriate mechanistic models that take into account the nature of Asphalt Concrete (AC) materials are used for the analysis to increase the accuracy of the results when it comes to protecting and extending pavement life. The results indicated that examining viscoelastic behavior for AC appears to be a more conservative approach for the response analysis, as well as the fatigue performance analysis, compared to the most conventional assumptions for linear elastic materials. In accordance with common sense, AC temperature was considered as a critical factor for the related investigation. Overall, it may not be a good and reliable practice to continue the process of pavement management and maintenance decisions based on the approach of only one analysis type.
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1. Introduction


In recent decades, the focus of road engineers has gradually shifted to the preservation of existing road structures rather than the construction of new ones [1]. The latter is related to the completeness of the main road network worldwide, while the former occurs due to limited financial resources at both national and international levels. In this context, effective pavement maintenance policies can be considered to be equally important as good construction practices [2,3]. Therefore, Pavement Condition Assessment (PCA) has become an essential requirement for any pavement monitoring and management system. Pavement monitoring usually focuses on surface performance assessment because the main cause of maintenance is deteriorated pavement serviceability [4]. However, neglecting the structural performance of a pavement could be considered as a maintenance failure that could negatively affect the long-term sustainability of roads due to the inevitable and additional deterioration of the pavement. For example, the resurfacing of Asphalt Concrete (AC) pavements immediately restores the ride quality without significantly improving the structural capacity of the pavement [5], leading to further deterioration in due course.



Nevertheless, due to increasing traffic demands and maximum allowable loads, road authorities should pay attention to the structural soundness of road pavements while looking for cost-effective and timely maintenance or minor rehabilitation activities. This implies the need for a sustainable pavement preservation strategy that includes a holistic PCA to support the appropriate decision-making processes [6,7]. Therefore, in addition to the traditional assessment of pavement surface condition, the concept of PCA has been extended to the pavement structural integrity assessment. The latter refers to the mechanical characterization of each material and the estimation of the bearing capacity of a pavement. These factors determine the pavement performance and the damage development, which in the case of typical flexible pavements occurs mainly because of AC fatigue cracking and subgrade permanent deformations [8]. In addition, structural performance issues must always be at the forefront, since the actual service life of a pavement extends beyond its design life, remaining as an important component of a road network.



In terms of the evaluation process, the use of advanced systems for Non-Destructive Testing (NDT) that allow non-invasive pavement evaluation has become widespread in recent decades [1,3,4,9]. In particular, pavement response data collected with the Falling Weight Deflectometer (FWD) system and pavement stratigraphy data estimated through geophysical inspection surveys with the Ground Penetrating Radar (GPR) are the two main data pillars required for pavement analysis [3,10,11,12]. The process of analyzing FWD and GPR data is equivalent to a project-level analysis, which is mainly required in the context of assessing pavement redesign potential and rehabilitation needs. In the meantime, road authorities are working to drastically limit potential large-scale interventions. So, if they are aware of pavement conditions, they can plan more rationally for pavement preservation and act in a timely manner for routine maintenance or even minor rehabilitation.



To address this issue, pavement engineers face the challenge of accurately assessing pavement performance in the field, a process that is highly dependent on the assumptions made about the mechanical characterization of pavements. Typically, the Multi-Layered Elastic Theory (MLET) is used for pavement analysis, where all pavement materials are considered to be linearly elastic [3,12]. However, the viscous nature of asphalt binders implies that AC behaves in a temperature- and loading rate-dependent mode [13,14], which means that the dynamic modulus (E*) is a better key-parameter for pavement structural analysis. AC viscoelasticity becomes more pronounced for higher temperatures and lower loading frequencies [15,16]. This poses a major problem for evaluating pavement performance in practice, because if one approach is more conservative than another, pavement redesign needs may become critical sooner than expected.



A review of the relevant literature led to the conclusion that advances in laboratory-scale research addressing the viscoelastic behavior of AC (advanced testing and rheological modeling) are not compatible with the prospect of using such mechanistic principles for analysis in practice [17,18]. In particular, most analyses of previous research focusing on the viscoelastic behavior of AC were related to specific aspects of material behavior (e.g., aging of the binder) or to modeling theoretical cross sections to optimize pavement design processes (e.g., establishing suitable values for material stiffness) [13,16,19,20]. Therefore, research focusing on in-situ performance assessment of existing pavements based on purely mechanistic perspectives appears to be limited. The general trend is that a progressive increase in AC temperature leads to deviations between elastic and viscoelastic calculations, with the latter appearing to be more conservative at percentages greater than 20% [16,21]. In addition, viscoelastic calculations have been reported to agree with strain records from instrumented pavements [22,23].



However, as soon as the analysis of pavement response (i.e., calculations of strains) is influenced by the assumptions made for AC materials, the same is true for the prediction of pavement performance (i.e., development of pavement damage) [24]. Fatigue is known to be the main mode of failure in pavement engineering [25]. Alligator cracking and longitudinal cracking are two common phenomena for in-service pavements and often trigger reactive and, thus, costly maintenance actions. In terms of the analysis, there is evidence that considering the viscoelastic behavior of AC and dynamic loading conditions leads to a reduction in fatigue life [14,21]. A question therefore arises as to how pavement analysis could alert us to proactive preservation actions.



In a recent research study, the authors highlighted the influence of AC behavior on the pavement response analysis of a newly constructed pavement [26]. Based on the identified response variations, it was shown that the assumptions considered even a short time after pavement construction can dictate the way decisions are made with respect to consistent interpretation of the analysis results. Stimulated by this study, we decided to expand the scope of the research to gain a deeper understanding of pavement response variations for a wide spectrum of climate variability and also to evaluate the impact of AC behavior on predicting long-term pavement performance. NDT and ground truth data (i.e., AC cores) from two asphalt pavements were integrated: (i) an in-service pavement (time of testing: one year after the release to public traffic) and (ii) an under-construction pavement (time of testing: just prior to the release to public traffic). Both were evaluated following the same experimental campaign in the field. Appropriate mechanistic analysis and AC fatigue models, taken from the Mechanistic-Empirical Pavement Design Guide (MEPDG) [27], were activated to define how the analysis results of the early-life pavement data could affect pavement preservation strategies in order to protect and extend pavement life.




2. Materials and Methods


2.1. Test Sites and Materials


The experiment took place at an under-construction heavy-duty motorway comprised of asphalt-pavement structures with two lanes per direction. The investigated parts of the motorway included two distinct sections with substantial temperature variations in order to capture the effect of AC viscoelasticity. The first one (pavement A) was a section, 20 km in length, belonging to the in-service part of the motorway, while the second one (pavement B) was part of an under-construction section, 5 km in length. Typical cross-sections are given in Figure 1. The illustrated thicknesses for the AC layers and the unbound granular base refer to the as-built pavement status and have been found based on ground truth data and geophysical inspection surveys with the GPR.



As mentioned earlier, the experiment at pavement A took place approximately one year after the pavement construction, whereas in pavement B, it took place shortly after construction. Therefore, collected data from both pavements were used to assess the impact of AC viscoelasticity on pavement response and performance during the early-life stage. The anti-skid layer in pavement B was very small in terms of thickness (i.e., less than 1.5–2 cm) and was necessitated based on road geometry features. This layer was ignored during the pavement analysis, since its structural contribution is negligible.



In regards to pavement materials, the subgrade consisted of natural gravel and the base layer consisted of a compacted crushed-stone granular material for both pavements. As far as the AC materials were concerned, aggregates were of limestone origin. A modified steel slag aggregate mixture and a 4% Styrene-Butadiene-Styrene (SBS) modified binder with soft base bitumen (80/100 Pen) were used in the surface course in pavement A (penetration grade: 52 Pen, softening point: 73 °C). Non-modified bitumen with a 50/70 penetration grade and a softening point of 49.5 °C was incorporated into the asphalt base and binder courses of pavement A, whereas in pavement B, non-modified bitumen with a 30/45 penetration grade and a softening point of 56 °C was used because of the different climatic conditions in the area for pavement B.




2.2. Experimental Framework


A thorough experiment was organized at both pavements, including extensive NDT measurements with the FWD and GRP systems and sample coring (Figure 2).



In regards to FWD testing, a load impulse of 50 kN was transmitted to the pavements’ surfaces via a loading plate of 30 cm diameter, with the latter being in direct contact with the pavements’ surfaces. Load induced vertical deflections were recorded by a series of nine sensors/geophones spaced at predefined intervals along a radial axis from the loading plate (Table 1). All measurements took place at the right wheel path of the heavy-duty lane at intervals of 50 m.



During the FWD tests, temperature was systematically measured in the middle of the AC base layer through properly drilled holes. Measured temperatures at pavement A ranged from 8–20 °C (taken in late autumn), whereas in pavement B, measured temperatures were higher and ranged from 25–40 °C, something that became feasible by repeating FWD testing at the same test locations multiple times daily, during a dry period in summer. The overall temperature spectrum is given in Figure 3 in the form of a box plot. It can be seen that temperature records correspond to a wide climatic range, which is indicative enough for southern European countries and can provide a good understanding of how the impact of the considered assumption for AC behavior varies against temperature.



In total, 20 test locations from pavement A and 10 test locations from pavement B were considered for the analysis. However, based on the multiple FWD test at the individual locations in pavement B, a total set of 42 deflection bowls was available for the comparative analysis covering the whole AC temperature spectrum given in Figure 3.



Among its several practical applications for roadway engineering, GPR has been proven a powerful tool for estimating pavement layer thicknesses enabling mechanistic analysis of the pavement to take place [3,11]. Detailed information about its measuring principles can be found in [4]. During the experiment, 10 scans/m were recorded continuously along the right wheel path (same path as the FWD testing) along the length of the investigated sections (i.e., in the longitudinal direction). Post-analysis of the GPR data included AC and base layer thicknesses at 10 m intervals. Thicknesses were estimated with low prediction errors ranging from 1–8% (compared with ground truth data, i.e., cores). The error fell within an acceptable range in accordance with other relevant studies [28].



Finally, thirty cores were extracted in total at the identical locations of FWD testing (20 cores in pavement A and 10 cores in pavement B). Cores were used to accurately measure the thickness of AC layers and were thereafter transferred to the laboratory to determine the E* according to the uniaxial compression test mode [29]. According to the test, a controlled sinusoidal (haversine) compressive load was imposed at each core at thirty combinations of five temperatures (4, 15, 20, 25, and 37 °C) and six frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz). Difficulties in performing the dynamic modulus test at −10 and 54 °C led to the selection of the previous temperatures. Similar problems have been also mentioned elsewhere [30].



Based on the collected data in the field as well as the laboratory derived data, the undertaken analyses included the following steps that are also described in Section 2.3:




	
Response calculations considering elastic and viscoelastic behavior for the AC materials and elastic behavior for the other pavement layers, i.e., base and subgrade.



	
Performance prediction for alligator and longitudinal cracking potential (fatigue analysis for bottom-up and top-down cracking, respectively) considering different inputs from the response calculations.









2.3. Analysis Overview


2.3.1. Response Calculations


The mechanistic framework followed for pavement analysis is illustrated in Figure 4. Based on the NDT data, elastic calculations took place. For the back-analysis of the mechanical characteristics of pavement materials, three robust analysis tools were used: EVERCALC software [31]; BAKFAA software [32], primarily used for airfield pavement engineering; and BackGenetic3D software (version 1.0) [33], which was based on the principles of genetic algorithms. EVERCALC and BAKFAA apply an iterative process for the back-calculation of the mechanical characteristics, whereas the latter applies a “database search” technique. All of them apply MLET for forward calculations. The pavement model used during the analysis included a typical 3-layered structure assuming a unified layer for all AC individual courses.



In order to keep one set of layer moduli per tested location, the statistical significance of the produced strains at the pavement’s critical locations was assessed together with the value of the Root-Mean-Square-Percentage-Error (RMSPE) that accounted for the estimation accuracy of the measured deflections. The considered critical locations where pavement failure was typically expected includes the bottom of the AC (fatigue failure because of horizontal tensile strain) and the top of the subgrade (rutting failure because of vertical compressive strain). For strain calculations, the Equivalent Standard Axle Load (ESAL) of 8 tons with dual tires (contact pressure: 577 kPa) was used (static loading). At each location, strain calculations were performed using the AC moduli corresponding to the temperatures measured in-situ.



Once concluding at a single set of moduli per section, response calculations were repeated with ViscoRoute software [15] to ensure comparability between elastic and viscoelastic calculations that took place with the same tool too. Results from this software were validated based on analytical solutions, finite element simulations, and experimental results from accelerated pavement test facilities in France. In addition, a tolerable difference of 6% was reported by Ulloa et al. [34] for computed responses when using ViscoRoute software and the also widely known 3D-Move software [35], considering both thin and thick highway pavements. Strains were also calculated at zero depth (i.e., at the pavement’s surface) in order to estimate the top-down cracking potential needed for the performance analysis.



In respect to the viscoelastic calculations, response analysis requires knowledge about the E* of the AC materials, which needs to be expressed in the form of the Huet–Sayegh rheological model [36]. This model describes the AC behavior in the Linear Visco-Elastic (LVE) region in a complex format. Its constitutive form includes two branches (Figure 5) with a spring and two parabolic dampers in the first branch that give the instantaneous and the retarded elasticity and a spring in the second branch that gives the static or long-term elasticity. The mathematical formulation of the Huet–Sayegh model is:


  E   ω , θ   =  E 0  +    E ∞  −  E 0    1 + δ      j ω τ   θ      − k   +      j ω τ   θ      − h      



(1)




where E∞ is the instantaneous elastic modulus (MPa), E0 is the static elastic modulus (MPa), k and h are dimensionless exponents of the parabolic dampers, and δ is a positive dimensionless coefficient. Also, ω = 2 πf (f = loading frequency) and θ = temperature. It is noted that a uniform temperature distribution within all AC layers was assumed for this study according to field temperature records. The temperature function τ(θ) is defined as per Equation (2) (A0, A1, A2 = thermal coefficients):


  τ  θ  = exp    A 0  +  A 1  θ +  A 2   θ 2     



(2)







The development of the E* master curves for all cores required knowledge of the five viscoelastic coefficients (E0, E∞, k, h, δ) and the three thermal coefficients (A0, A1, A2). Model calibration was done based on the measured values of the E* from the laboratory testing and those predicted from Equation (1). The minimization of the Sum of Squared Errors (SSE) between the experimental (EEXP) and predicted (EPRED) dynamic moduli was set as the calibration criterion, defined as:


  SSE =   ∑   i = 1  n      log  E  PRED   − log  E  EXP      2   



(3)







In general, a satisfactory calibration of the Huet–Sayegh rheological model was observed for field cores. SSE taken from Equation (3) ranged from 0.005–0.03 and dynamic modulus was predicted with an average RMSPE of 4.2%. For comparison purposes, SSE for the calibration of the sigmoidal function of the NCHRP 1-37A project [27] was found to range from 0.004–0.024. An indicative example of a typical master curve for one core is given in Figure 6.



Once model parameters were estimated, AC viscoelasticity was incorporated into ViscoRoute software for the calculation of pavement responses. Base and subgrade layers were assumed as linear elastic as per the back-calculated moduli. To account for the effect of moving loads, a speed of 60 km/h was considered for the same loading configuration as done previously. The produced strains were comparatively assessed with those calculated through the standard practice of MLET in order to pinpoint the potential effects of utilizing more advanced mechanistic principles for material characterization on the outcome of pavement evaluation.




2.3.2. Performance Prediction


Response analysis itself does not provide the related authorities with the information needed to proceed with maintenance or rehabilitation planning. The stress–strain state of a pavement affects its performance, which for the case of the asphalt layers is perceived in terms of fatigue cracking. Cracking initiation and most importantly, cracking propagation and expansion rates are critical for planning pavement rehabilitation actions.



Cracking potential can be predicted based on properly calibrated damage models. However, it is rather laborious to collect materials in-situ and perform fatigue tests in the laboratory. Besides, this study does not aim to define the exact maintenance or rehabilitation measure. It rather aims to highlight potential variations in the performance prediction based on different AC behaviors that can be assumed during the analysis of periodical monitoring data. Thus, the generalized fatigue models proposed in the MEPDG [27] are utilized to demonstrate the impact of the assumed AC behavior on the pavement performance analysis.



It is well known that fatigue damage comprises two cracking modes. The first and classical failure mode corresponds to cracking that initiates at the bottom of the AC layers because of tension and propagates upwards (bottom-up cracking) [25]. Upon load repetitions, these cracks grow up and as long as they propagate, they tend to become interconnected, appearing at the pavement’s surface as alligator (or crocodile) cracking (Figure 7a) [27]. Since tension also occurs at zero depth near to the exact loading paths [37,38,39,40], cracking can also initiate at the pavement surface and propagate downwards (top-down cracking). These cracks are usually recognized on a pavement’s surface as longitudinal cracking (Figure 7b).



In the framework of the research activities of the NCHRP 1-37A project, MEPDG provides a generalized model in order to estimate the allowable traffic repetitions (   N f   ). These are calculated as follows:


   N f  = 0.00432 · C ·  C h  ·  β  f 1   ·  k 1  ·      1   ε  AC          β  f 2   ·  k 2    ·      1   E  AC          β  f 3   ·  k 3     



(4)




where:




	
  C =   10  M   , and   M = 4.84 ·      V b     V a  +  V b    − 0.69    , Vb and Va: binder and air-void contents (by mixture volume),



	
Ch is a factor dependent on the AC thickness (hAC in inches) and its use is expected to increase the predicted pavement fatigue life (transfer function). Ch is defined in Equation (5) (a, b, c, and d are parameters that vary depending on the failure mode—see Table 2):


   C h  =  1  a +  b  1 + exp   c − d ·  h  AC          



(5)







	
   β  f 1   ,    β  f 2   ,    β  f 3    : local or mixture-specific field calibration constants; for the global calibration effort, these constants were set to 1.0.



	
   k 1  ,    k 2  ,    k 3   : global field calibration constants. NCHRP 1-37A proposes the values of 1, 3.9492, and 1.281 for bottom-up cracking prediction and the values of 1, 3.291, and 0.854 for top-down cracking prediction [27].



	
   ε  AC    ,    E  AC    : tensile strain (m/m) and AC dynamic modulus (expressed in psi) at depths   z =  h  AC     for bottom-up cracking prediction and   z = 0   for top-down cracking prediction.








Based on the elastic response calculations with static loading, a uniform AC modulus distribution was assumed, whereas for the viscoelastic response calculations, AC modulus was considered to vary with depth depending on the loading frequency encountered at each depth. There is enough documentation and related research on how to estimate realistic loading frequencies considering as main inputs the vehicle speed, the effective length of loading at the desired depth, and the loading pulse duration [41,42]. In a piece of extensive research, Ulloa et al. [34] retrieved simple linear relationships for the estimation of the predominant loading frequencies in order to estimate realistic values for the E*. Their simulation experiment included a rich database with both thick and thin AC structures at two temperatures (20 and 40 °C) and three vehicle speeds (from 20 to 100 km/h). Their produced equations (  f = 0.4681 · v   for the loading frequency at depth   z =  h  AC     and   f = 0.2187 · v   for the loading frequency at depth   z = 0  ) were used to estimate different values of the E* during the prediction of bottom-up and top-down cracking potentials. In addition, the temperature measured in the field was considered at each test location in order to properly estimate dynamic modulus corresponding to the in-situ conditions [43].



Once the allowable load repetitions (   N f    expressed in ESALs) were calculated, pavement damage was estimated based on Miner’s law. A typical calculation period of 20 years was considered for the bottom-up cracking analysis, whereas a shorter period of 10 years was considered for the top-down cracking analysis, implying that minor rehabilitation actions at the upper pavement part (surface course or top of binder course) should definitely take place in the context of pavement preservation at shorter time intervals. The expected traffic receptions ( n ) were set equal to 25 and 10 million ESALs, respectively. Thereafter, damage was calculated as   D =  n   N f     . To further illustrate the impact of AC behavior on pavement performance, the damage potential was converted into Fatigue Cracking (FC) potential as per the NCHRP 1-37A recommendations [27]. For the case of bottom-up cracking (BC), FC is calculated as follows:


   FC  BC    %  =   6000   1 + exp    C 1  +  C 2  · log D     ·  1  60    



(6)




where:




	
   C 2  = − 2.40874 − 39.748 ·     1 +  h  AC       − 2.85609    , with    h  AC     in inches.



	
   C 1  = − 2 ·  C 2   . This conforms to the failure criterion according to which, a totally damaged pavement (  D = 100 %  ) is perceived by alligator cracking at a percentage of   FC = 50 %   considering a reference lane area with dimensions 3.6 × 150 m [27].








For the case of top-down cracking (TDC), FC is calculated as follows:


   FC  TDC     m / km   =   2000   1 + exp   7 − 3.5 · log D      



(7)







Again, with a damage level of 100%, longitudinal cracking appears at a percentage of 50% (failure criterion). One kilometer includes two linear paths that can crack near to wheel traces, so 50% of TDC corresponds to two cracking paths of 500 m length (1000 m/km in total).



The following section is devoted to presenting the results of the AC behavior’s impact on both pavement response and performance analysis using field and laboratory data from the investigated pavements.






3. Results


3.1. Overview of Elastic Calculations


Initially, elastic strains were calculated with the BISAR tool [44]. Three different sets of strains were calculated based on the three stiffness profiles. The most indicative one was defined after assessing the statistical differences between the produced strains at both critical locations (Table 3) as well as the RMSPE during the back-calculation of the stiffness profiles. A paired t-test was performed at a 95% confidence level and according to the null hypothesis, there was no statistical difference between the strains calculated from different pavement stiffness profiles. The rationale for assessing strain differences was based on the lower dispersion of strains as opposed to the dispersion of moduli [45].



Among the utilized tools, pavement stiffness profiles taken from BAKFAA led to substantial differentiation in the produced AC strains; thus, BAKFAA was excluded from further consideration. Perhaps, its use might better suit airfield pavement structures that are usually of different cross-sections compared to highways [32]. Moving forward with the RMSPE overview of the other two tools (Figure 8), the tool of genetic algorithms appeared as the most indicative one for this study. In particular, the inter-quartile range of RMSPE was 1.8–4%, which is in general in good agreement with other research as well [4,11]. Moreover, the theory of genetic algorithms has been commented as a promising technique in terms of reliably estimating pavement structural capacity.



Thereafter, using layer moduli from Backgenetic3D, elastic calculations were repeated with the ViscoRoute tool that was used as a reference tool for the research’s comparative assessment.




3.2. Impact of AC Behavior on Pavement Response


Pavement response is related to the mechanical properties of the pavement materials and the generated strains. Therefore, a comparison of the considered AC moduli for the analysis was made followed by a thorough assessment of the strain differences. A preliminary modulus comparison is given in Figure 9 considering the back-calculated moduli for the elastic analysis and those predicted through the Huet–Sayegh model for the viscoelastic analysis. For the latter case, the AC modulus was adjusted at field conditions (AC temperature and loading frequency corresponding to the bottom of the AC).



Figure 9 illustrates that the AC modulus shows a downward trend with the increase in AC temperature, which is consistent with common sense for AC behavior, regardless of the type of analysis. In particular, AC modulus appears to correlate exponentially with AC temperature with satisfactory R2 values. In addition, based on the available data, the viscoelastic analysis tends to present a stiffer material at lower temperature and a softer material at higher temperatures compared to the elastic analysis, which was expected given the viscous nature of the binder. From a statistical point of view, moduli differences were found to be significant considering the entire temperature spectrum (   t  stat   = − 2.88   and    t  crit   = 2.02   for 41 degrees of freedom).



In regards to strain calculations, Figure 10 illustrates the typical distribution of horizontal strains at the bottom of the AC for the considered axle load configuration. Both longitudinal and transverse profiles are given. In accordance with previous knowledge, both tension and compression appeared longitudinally, whereas only tension existed transversely [46]. The negative longitudinal strains reflect the compression state that exists along the approach and leave area on either side of the exact loading point. In addition, for a single axle with dual wheels, longitudinal peak strains are known to be higher than transverse strains [15] and this was confirmed in this study too. Hence, longitudinal strains were hereinafter considered for the rest of investigation for the sake of being conservative.



The peak longitudinal strains calculated from elastic and viscoelastic analysis are shown in Figure 11. No consistent trend can be seen as to which analysis type is more critical. This was also confirmed by the difference between the calculated strains, which does not appear to be statistically significant. However, this could be due to the fact that the entire temperature spectrum in Figure 11 was considered in conjunction with the variable trend observed in the AC modulus variation in Figure 9. Nevertheless, taking the elastic calculations as reference based on the standard analysis approach, the viscoelastic strains were calculated with a RMSPE of 11%. Therefore, the authors decided to further investigate this type of deviation. The statistical tests were repeated by dividing the available data into three groups in terms of AC temperature, taking into account the wide variety of available climatic conditions encountered in the field.



The first group included strains calculated at low to moderate temperatures (i.e., 8–15 °C), the second one included strains calculated at moderate to high temperatures (i.e., 19–27 °C), and the last one included strains calculated at very high temperatures (i.e., 30–40 °C). Temperature ranking was based on typical climatic conditions that can be encountered in southern European areas. Based on this discrimination, strain differences were found to be statistically insignificant for low to moderate and moderate to high temperatures, whereas strain differences were found to be statistically significant for very high temperatures with the viscoelastic case appearing as more conservative (i.e., leading to higher strains). Strain sensitivity on high temperatures has been demonstrated in other studies too [16,26].



In regards to the horizontal strains at the pavement’s surface (zero depth), a typical distribution is given in Figure 12 for an indicative test location. Herein, transverse strains appeared to be higher than longitudinal ones at a percentage of 6–10%.



It is worth noting that tensile strains reach their maximum value (of around 15–20 μm/m) at a distance of 40 cm away from the loading path in accordance with previous studies [38,39]. The exact distance depends of course on several factors including, among others, load magnitude and lateral distribution of heavy-duty vehicles [37]. Furthermore, comparison of the peak strains calculated with both types of analysis (Figure 13) resulted in statistically significant strain differences, with the viscoelastic case appearing again to be more conservative for the full range of temperatures measured in the pavement body. Another important observation is that the RMSPE at the calculated strains at zero depth was greater than previously (i.e., 21 versus 11%), an aspect that proved the greater analysis sensitivity of the pavement surface strain state to the considered assumptions for AC material characterization.



So far, the related investigation highlighted a noticeable impact of the considered AC behavior on pavement response analysis for both AC critical locations (top of surface course and bottom of asphalt base). The stress–strain state at these locations acted in favor of crack development that usually triggers the related authorities for maintenance or minor rehabilitation activities in the framework of pavement preservation. Even in the case of minor treatments, reliable warning remarks should be available from pavement analysis. Therefore, it is of practical interest to further investigate the effect of the AC behavior on pavement performance prediction in terms of assessing alligator and longitudinal cracking potentials.




3.3. Impact of AC Behavior on Pavement Performance Prediction


Based on Equations (4), (6) and (7), BC and TDC potentials were estimated under the assumptions made in Section 2.3 for the expected traffic and calculation periods. For the BC potential, the allowable traffic repetitions were found to be statistically significant for the whole temperature spectrum observed in the field (   t  stat   = 2.98   and    t  crit   = 2.02   for 41 degrees of freedom). However, the order of magnitude was a bit high; something that can be attributed to the time the experiment took place, i.e., at the early-life stage of the investigated pavements. Structural deterioration might occur after five to six years or so on [26], when rehabilitation actions normally become an issue for the related authorities. Indeed, from the estimation of the pavements’ damage potential, it was observed that BC failure is kept at limited levels. The predicted alligator cracking percentages are given in Figure 14 for both AC behaviors.



A rough trend of higher percentages predicted through the viscoelastic behavior of AC can be observed. BC data was supplementary subjected to paired t-tests for the three AC temperature groups as described earlier. Again, the differences in the predicted cracking percentages appeared to be statistically significant for very high temperatures (more than 30 °C). At temperatures less than 27 °C, viscoelastic theory is again critical (i.e., higher fatigue cracking percentages), but with negligible differences compared to MLET. Therefore, it seems that the consideration of AC viscoelastic behavior appears to be a more conservative approach in terms of pavement evaluation.



Regarding the TDC potential, Figure 15 shows the predicted percentages of longitudinal cracking for the considered traffic scenario and calculation period. For this failure mode, statistical testing indicated significant differences between the predicted cracking potentials, regardless of the AC temperature classification. AC viscoelastic behavior was again found to be conservative. This is consistent with the higher RMSPE of the strain calculations at zero depth previously noted.



Location A17 rests on poor foundation support and it thus exhibited a substantially different order of magnitude for both failure potentials when compared to the other ones (Figure 15a). In addition, in one of the locations where a considerable TDC potential was predicted (location A4), a longitudinal crack was indeed initiated three years after the experiment took place (Figure 16).



In other words, location A4 provides an indicative example where different assumptions for material characterization can lead to variable predictions for pavement performance evolution that might affect the decision-making process and maintenance planning of highway pavements. From the related findings, it can be stated that viscoelastic analysis appears as a more critical approach in terms of PCA, which supplements the benefits that it can provide during the pavement design process as well.





4. Discussion


In this section, the results of analysis are interpreted from a pavement management and preservation perspective, and potential limitations are also discussed. Pavement analysis encompasses the use of different assumptions for material characterization and several tools that can in turn induce variations in the predicted pavement response and performance. Undoubtedly, novel instrumentation processes in combination with NDT data can give more accurate information about the pavement’s ability to sustain traffic loading [47]. However, although uncertainties in the analysis could be solved through pavement instrumentation, the latter might provide location-specific information and most importantly, it is a laborious process with many challenges related to both equipment installation and data acquisition or interpretation. Nevertheless, the related authorities and pavement engineers should optimally combine existing systems and analysis procedures in order to yield reliable conclusions about pavement condition in the framework of asset preservation.



In this research, the impact of considering different principles for AC characterization on pavement response and performance was revealed as rather important. Increased RMSPE during strain calculations (Figure 11 and Figure 13) proved that pavement engineers face the challenge of non-uniqueness within the calculated pavement responses. The increased RMSPE for strain calculations at the pavement’s surface (i.e., 21 versus 11% for strain calculations at the bottom of AC) highlighted a greater sensitivity of the response analysis at zero depth on the considered assumptions for material characterization. Therefore, the strain differences were further assessed from a statistical perspective to investigate the nature of discrepancies. Indeed, indications for the conservativeness of AC viscoelasticity were in accordance with previous research [15,16,21,48]. Furthermore, both AC fatigue failure modes were assessed based on the generalized NCHRP 1-37A model. However, allowable repetitions were calculated as rather high, especially for the BC mode, which was preliminarily explained because of the pavements’ early age during the experiment. As a result, fatigue cracking percentages were estimated as low. Moreover, at the investigated pavements, the thickness of the AC layers was 18 cm on average (as per Figure 1). This value might provide indications of thick pavement structures that are known to be more vulnerable to TDC rather than BC [37,49]. Indeed, the impact of the utilized assumption for AC materials was found to be more pronounced in the case of TDC analysis because of both the increased RMSPE for strains at the pavement’s surface (Figure 13), as well as the statistically significant differences that were found between the predicted cracking levels for the whole AC temperature spectrum.



From a pavement preservation perspective, crack sealing for longitudinal cracks is the most common measure during surface treatment and proper budget allocation should be planned to timely proceed with that to prevent water infiltration into the pavement body. If roadway authorities become knowledgeable of future pavement performance in due course, they can effectively plan their strategies towards protecting and extending pavement life. This is equally important with bottom-up cracks that are commonly hidden at their early stages, unless it is too late, i.e., alligator cracks are present in the pavement’s surface. Besides, if at one location, top-down cracks interact with bottom-up cracks, then full-depth propagation might occur, which might require severe and costly rehabilitation. In this context, the idea of accurately predicting pavement performance or even obtaining reliable indications that could support pavement preservation strategies becomes predominant within a Pavement Management System (PMS).



From the available data, the authors made a preliminary investigation into the correlation between directly measured quantities in the field (i.e., FWD deflections and deflection indexes) and the predicted fatigue cracking percentages. Deflection indicators are widely popular during pavement monitoring processes and they are normally used for pavement condition benchmarking [50]. Based on Table 4, it seems that TDC potential correlates better to the Surface Curvature Index (SCI), whereas BC potential correlates better to the Base Damage Index (BDI). These findings appear promising for long-term pavement performance, which is normally assessed through analysis of collected data with deflectometric devices such as an FWD.



The demonstrated correlations could contribute to optimal planning of maintenance or minor rehabilitation activities, provided that consistent pavement monitoring with NDT data collection and sample destructive testing (i.e., ground truth data) is performed to activate mechanistic models. Therefore, the presented approach can be further extended by repeating the process for the same pavements at later stages of their service life. Consistent pavement monitoring could allow for better performance modeling to identify black spots that need to undergo additional testing to properly determine the exact intervention time and type.



It should be noted that the need for coring (ground truth data) to support mechanistic analysis appears as a limitation because it is a destructive process and requires road closures and traffic disruptions. These factors might render the related authorities from a systematic execution of viscoelastic analysis. To this end, preliminarily promising results have been reported for calculating the viscoelastic response state based primarily on NDT data and sample coring in an effort to limit coring to the minimum [26]. However, this issue needs further investigation to define optimal space and time intervals for coring during the pavement evaluation process.




5. Conclusions


This research focused on aspects of pavement evaluation in practice, and it strengthened the assumptions that asphalt mixtures strongly influence the outcome of pavement evaluation. Therefore, it may not be a good and reliable practice to continue pavement management and maintenance decision processes based on only one analysis approach. A more holistic view with mechanistic principles is required, considering that the performed analysis usually exhibits financial implications in terms of sustainable maintenance planning.



Although the pavements studied were evaluated in their early-life phase, the importance of selecting appropriate analysis tools and assumptions already at this stage has been shown. In particular, RMSPE values ranging from 11–21% were found for tensile strains at the bottom of the AC and the pavement’s surface. These strains are known to be responsible for alligator and longitudinal cracking, respectively. In turn, statistical assessment of differences in calculated strains and predicted cracking potentials for a wide AC temperature range (i.e., 8–40 °C) further supported the dependency of pavement decision-making on the assumptions made during the analysis. As such, the development of a database and appropriate mechanistic analysis are both essential to consistently interpret pavement condition in the future and evaluate maintenance and rehabilitation needs following a rational decision-making process.



Furthermore, the research has highlighted useful aspects of AC viscoelasticity that might help towards a better management of pavements on secondary or low volume roads. In these cases, the thickness of AC layers is usually low, which means that these roads are more susceptible to classical bottom-up cracking. In addition, secondary or mountain roadways are usually subject to extreme overloaded vehicles in favor of emergent needs (e.g., transport of wind turbine blades), which can accelerate the deterioration of the roadway structure. In this context, pavement preservation appears as a critical engineering aspect for the entire road network that continuously poses new open challenges for pavement engineers.
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Figure 1. Typical cross-sections: (a) Pavement A and (b) Pavement B. 
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Figure 2. Experimental testing components. 
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Figure 3. Range of AC temperature records during FWD measurements at both pavements. 
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Figure 4. Research methodology. 
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Figure 5. Huet–Sayegh model representation. 
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Figure 6. Example of Huet–Sayegh master curve fit. 
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Figure 7. Examples of (a) alligator cracking and (b) longitudinal cracking. 
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Figure 8. RMSPE for the back-analysis of layer moduli. 
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Figure 9. AC modulus variation against AC temperature for both analysis cases. 
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Figure 10. Strain distribution at the bottom of the AC: (a) longitudinal and (b) transverse strain profile. 






Figure 10. Strain distribution at the bottom of the AC: (a) longitudinal and (b) transverse strain profile.



[image: Infrastructures 07 00061 g010]







[image: Infrastructures 07 00061 g011 550] 





Figure 11. Comparison of horizontal strains at the bottom of the AC. 
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Figure 12. Strain distribution at the pavement’s surface (zero depth). 
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Figure 13. Comparison of horizontal strains at the pavement’s surface (zero depth). 
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Figure 14. Alligator cracking prediction (bottom-up fatigue failure) for cross-sections at (a) pavement A and (b) pavement B. 
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Figure 15. Longitudinal cracking prediction (top-down fatigue failure) for cross-sections at (a) pavement A and (b) pavement B. 
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Figure 16. Longitudinal crack at location A4 three years after the experiment. 
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Table 1. Geophone array of the utilized FWD system.






Table 1. Geophone array of the utilized FWD system.





	Geophone
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Distance from center (mm)
	0
	200
	300
	450
	600
	900
	1200
	1500
	1800
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Table 2. Values of thickness parameters for fatigue analysis-factor: Ch.
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	Failure Mode
	a
	b
	c
	d





	Bottom-up cracking
	0.000398
	0.003602
	11.02
	3.49



	Top-down cracking
	0.001
	29.844
	30.544
	5.7357
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Table 3. Paired t-test with 41 degrees of freedom (   t  c r i t   = 2.02  ) for the assessment of strain differences.
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Tools (i and j) Used for Moduli Estimation

	
Strain AC Bottom   (  ε AC  )  

	
Strain at Top of Subgrade   (  ε SUBG  )  




	
    t stat    

	
Null Hypothesis:    ε i  =  ε j   

	
    t stat    

	
Null Hypothesis:    ε i  =  ε j   






	
EVERCALC-BAKFAA

	
4.00

	
Reject

	
1.37

	
Accept




	
EVERCALC-BackGenetic3D

	
−0.04

	
Accept

	
1.58

	
Accept




	
BackGenetic3D-BAKFAA

	
−4.37

	
Reject

	
−0.77

	
Accept
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Table 4. Correlations (values of R2) between deflection indicators and predicted fatigue cracking.






Table 4. Correlations (values of R2) between deflection indicators and predicted fatigue cracking.





	
Deflection Indicators

(Di, Where i Is the Distance from the Loading Center)

	
Alligator Cracking Prediction (BC Potential)

	
Longitudinal Cracking Prediction (TDC Potential)




	
Elastic AC Behavior

	
Viscoelastic AC Behavior

	
Elastic AC Behavior

	
Viscoelastic AC Behavior






	
D0 (maximum deflection—μm)

	
0.82

	
0.79

	
0.47

	
0.43




	
SCI = D0–D300 (μm)

	
0.46

	
0.43

	
0.66

	
0.52




	
BDI = D300–D600 (μm)

	
0.84

	
0.81

	
0.51

	
0.43




	
BCI = D600–D900 (μm)

	
0.53

	
0.52

	
0.30

	
0.28




	
D900–D1200 (μm)

	
0.23

	
0.24

	
0.23

	
0.24




	
D1800 (outermost deflection—μm)

	
0.03

	
0.01

	
0.10

	
0.02
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