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12 

Abstract: Due to time-temperature dependent behavior of asphalt concrete (AC), viscoelastic 13 

analysis is necessary for understanding the mechanism of top-down cracking (TDC). In this 14 

study, a new approach for determining the viscoelastic surface responses of multilayered 15 

asphalt pavements was developed to solve the complicated oscillating behavior and slow 16 

convergence of the integrand of Laplace-transformed step-response function at the pavement 17 

surface. By employing the Lucas algorithm, the irregular oscillations were reduced to regular 18 

oscillations by separating the integrand into high- and low-frequency components. After that, 19 

the integration, summation, and extrapolation approaches were applied to converge the 20 

variations. The results calculated from the proposed approach were widely verified against 21 

finite-element (FE) results. According to horizontal strains calculated at pavement surface, 22 
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mechanism of TDC initiation was investigated under stationary and moving loads. The results 23 

indicated that high temperature and low vehicle speed were among the predominant factors 24 

contributing to TDC initiation. In addition, TDCs were more likely to initiate at a very close 25 

distance to the tire edge. The method proposed in this study provides a valuable tool for 26 

accurately determining the viscoelastic surface response of asphalt pavements. 27 

Keywords: viscoelastic analysis; top-down cracking; moving load; horizontal strain; asphalt 28 

pavement 29 

 30 

1. Introduction  31 

A pavement structure experiences various damages and distresses within its service life 32 

due to the traffic and temperature impacts. In recent years, longitudinal top-down cracking 33 

(TDC) in asphalt concrete (AC) has increased researchers' attention for investigating the 34 

primary mechanism of this distress. TDC is a load-induced fatigue cracking, which appears at 35 

the proximity of wheel path and propagates downward (Wang et al., 2013; Dinegdae and 36 

Birgisson, 2018; Gu et al., 2018; Alae et al., 2020). By developing calibrated mechanistic-37 

empirical (M-E) models, TDC performance has been explored with actual traffic load and 38 

thermal stress (Dinegdae et al., 2015; Ling et al., 2019; Wu and Muhunthan, 2019a). Several 39 

studies revealed that some factors such as environmental conditions, tire–pavement contact 40 

stress, and interface bonding conditions affect pavement responses and can be related to TDC 41 

initiation (Wang and Al-Qadi, 2010; Grellet et al., 2018). 42 

Since the flexible pavements are horizontally layered, Burmister (1945) proposed 43 

analytical layered elastic models to compute stress and strain responses. Using Richardson’s 44 



extrapolation, Maina and Matsui (2005) have calculated the elastic responses at the top of 45 

pavement and demonstrated that the approach employed can enhance the accuracy of elastic 46 

responses. However, the responses calculated at the surface show differences with boundary 47 

conditions at tire edge. In order to enhance the surface response convergence, an elastic analysis 48 

approach was proposed to compute the discrepancies between the original system and that of a 49 

half-space with similar surface layer properties (Khazanovich and Wang, 2007). It is well-50 

recognized that asphalt mixture behavior is time and temperature dependent, and linear elastic 51 

assumption for AC layer may result in inaccurate results. Therefore, viscoelastic response 52 

analysis is essential for evaluating the pavement performance and identifying TDC mechanism. 53 

Various semi-analytical software such as, VEROAD, 3D-Move, and ViscoRoute have been 54 

developed to simulate the moving load effects on asphalt pavement (Nilsson et al., 1996; 55 

Chabot et al., 2010; ARC, 2013). The results obtained from the semi-analytical method 56 

demonstrated that it is necessary to incorporate viscoelastic effects in the modeling to predict 57 

pavement behavior well and anticipate possible damages in the structure. The finite element 58 

method (FEM) has been extensively employed to perform viscoelastic analysis for various 59 

distresses over the last decade (Elseifi et al., 2006; Dubois et al., 2012). But, a complete 60 

implementation of FEM for the pavement with numerous sublayers and loading types seems to 61 

be time-consuming for routine design. Chen et al. (2009) utilized an approach which is called 62 

dual parameter for computing the viscoelastic responses, because AC material can be 63 

characterized by Prony series expressions of both the creep compliance  and relaxation modulus. 64 

Furthermore, a new model based on viscoelastic continuum damage (VECD) mechanics has 65 

been developed for exploring crack initiation in NCHRP 01-42A study (Roque et al., 2010). 66 



Nevertheless, these efforts did not lead to the accurate determination of TDC. For example, the 67 

results indicated that the base layer stiffness does not affect the likelihood of TDC initiation, 68 

which contradicts the field observation (Wu et al., 2019b). 69 

Once the pavement is subjected to complex loading and environmental conditions, 70 

viscoelastic responses are significantly influenced by current and previous inputs. Loading 71 

frequency is a critical factor in time-dependent materials which accelerate the fatigue failure in 72 

asphalt pavement (Qin et al., 2010; Rahman et al., 2018). Field investigations revealed that the 73 

vehicle speed reduction intensifies the critical strain at the bottom and middle of asphalt layer 74 

exponentially (Dai et al., 1997). In the research conducted by Alae et al. (2019), high loading 75 

frequency influence on TDC propagation was similar to low temperature, at different distances 76 

from the tire edge.  77 

The AC layer experiences a wide range of temperatures within its depth due to the variation 78 

of air temperature. Also, the temperature at the bottom of AC layer requires a longer time to 79 

alter compared to that at the surface. Hence, considering non-uniform temperature gradients is 80 

essential in the viscoelastic analysis of TDC. Archilla (2015) utilized the inverse modulus 81 

gradient in thick pavements, and figured out high temperature increases possibility of TDC 82 

initiation significantly. To evaluate the effects of these critical factors on viscoelastic responses 83 

at the surface, TDC mechanism should be known. 84 

Horizontal shear stress in the tire–pavement interface and vertical shear strain at the tire 85 

edge in thick AC layer have been identified as the mechanisms for development of TDC 86 

(Groenendijk, 2000; Wang, 2011). In contrast, Myers et al., (2001) noted that a radial tire causes 87 

large tensile stress at the tire–pavement interaction, which is significant in explanation of TDC 88 



mechanism. Moreover, the newly mechanistic-empirical pavement design guide (MEPDG) 89 

recommended that horizontal tensile strain is a critical parameter for surface- initiated cracking 90 

(ARA, 2004). According to this finding, researchers have made notable efforts to develop new 91 

M-E models in a compatible procedure with MEPDG approach (Wu et al., 2019a; Ling et al., 92 

2020). It was also demonstrated that the method used in MEPDG for calculation of maximum 93 

tensile strain at the surface may result in inaccurate TDC prediction because of inadequate 94 

analysis points around the tire edge (Alae et al. 2020). 95 

Accurate determination of pavement response at the surface plays an important role to 96 

efficiently model the top-down cracking. However, the surface viscoelastic solution in the 97 

transformed domain shows slow convergence and complicated oscillating behavior, the primary 98 

objective of this study was to develop a viscoelastic analysis procedure to effectively solve this 99 

issue and compute the horizontal strains at the pavement surface. The accuracy of the method 100 

employed in this study were extensively verified with FE results. The results were calculated 101 

under stationary and moving loads at various loading frequencies and temperatures, in which 102 

the moving load responses were computed based on the superposition procedure. By identifying 103 

the critical location of TDC from viscoelastic analysis, the results were compared with those 104 

adopted in MEPDG. The approach employed in this study can provide valuable insight into 105 

pavement analysis and design from M-E point of view. 106 

2. Methodology 107 

2.1. Elastic Solution for Layered Systems 108 

Layered elastic models assume that each pavement structural layer is homogeneous, 109 

isotropic, and linearly elastic. The bottom layer is an infinite half-space and materials are not 110 



stressed beyond their elastic ranges. To characterize a pavement response effectively, elastic 111 

modulus and Poisson’s ratio of each layer, Pavement layer thicknesses and loading conditions 112 

are required. The outputs of a layered elastic model are the stresses, strains, and deflections in 113 

the pavement. Once a pavement is subjected to a uniform circular load with radius a and 114 

pressure magnitude q, the elastic solution can be analytically derived from the layered elastic 115 

theory. For instance, Burmister’s solution for the horizontal radial stress in the ith layer is given 116 

by (Burmister 1943; Huang 2003): 117 
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where 𝜌 = 𝑟
𝐻⁄  and 𝜆 = 𝑧

𝐻⁄  ; H is the distance from the surface to the upper boundary of 119 

the lowest layer; r and z are the cylindrical coordinates in radial and vertical directions; m is a 120 

parameter; 𝐽0 and 𝐽1 are Bessel functions of the first kind and order of zero and one, respectively. 121 

𝐴𝑖, 𝐵𝑖, 𝐶𝑖, and 𝐷𝑖 are constants of integration of the ith layer. These constants are determined 122 

from the boundary and continuity conditions. 𝛼 is the ratio of load radius to H and q is the 123 

load magnitude. 124 

2.2. Viscoelastic Solution Derivation 125 

The assumption made in the layered elastic theory that AC is linear elastic simplifies the 126 

analysis, but may cause inaccurate results. In this study, the derivation of viscoelastic solution 127 

for multilayered pavement structure was based on elastic-viscoelastic correspondence principle 128 

(EVECP). The set of Laplace-transformed governing equations of a viscoelastic boundary-129 

value problem (BVP) constituted an associated elastic problem (Haddad 1995). According to 130 



correspondence principle, if an elastic solution to a BVP is known, substitution of the 131 

appropriate Laplace transforms of the quantities utilized in the elastic analysis furnishes the 132 

viscoelastic solution in the transform plane. The time-domain response was solved through 133 

numerical transform inversion and was then expressed in form of an exponential series with the 134 

relationship between the exponential series coefficients and the step responses at zero and 135 

infinite time. 136 

The constitutive relationship of linear viscoelastic (LVE) materials described in the 137 

Laplace domain was shown in Equation (2) (Tschoegl 1989). 138 

𝜎̅(𝑠) =  𝑄̅(𝑠)𝜀(̅𝑠)                                                                  (2) 139 

where 𝜎̅(𝑠) and 𝜀(̅𝑠) were Laplace transforms of stress and stain histories, respectively; s 140 

was Laplace variable; and 𝑄̅(𝑠) was material relaxation. A bar over a symbol indicates the 141 

quantity was transformed into Laplace.  142 

The relaxation was the Laplace conversion of the impulse response function, which was a 143 

material response to the unit impulse strain input represented by a delta function. In the linear 144 

time-invariant system theory, 𝑄̅(𝑠) also denotes the transfer function and delta function is a 145 

mathematical abstraction. To determine the viscoelastic solution in the Laplace domain, the 146 

Young’s modulus utilized in the elastic analysis was substituted by the relaxation of the material 147 

according to the correspondence principle. To obtain relaxation of LVE materials, the 148 

theoretical relationship given by Equation (3) was employed (Tschoegl 1989). 149 

𝑄̅(𝑠) = 𝐸∗(𝑖𝜔)| 𝑖𝜔=𝑠                                                            (3) 150 

where 𝐸∗(𝑖𝜔) is complex modulus; 𝜔 is angular frequency and 𝑖 = √−1. By substituting 151 

𝑖𝜔 in 𝐸∗(𝑖𝜔) with the Laplace variable (s), the viscoelastic materials relaxation was simply 152 



determined. It was shown in the "Material Characterization" section, the model presented was 153 

efficient in characterizing AC behavior in the complex domain. The Poisson’s ratio was another 154 

material parameter, which is usually assumed to be time independent for asphalt mixtures (Al-155 

Qadi and Wang, 2009; Elseifi et al., 2006). 156 

To evaluate the viscoelastic response of pavement structure subjected to an arbitrary or 157 

moving load, the step response function was calculated. The step response function, 𝑅𝐻(𝑡), is 158 

the pavement response to a unit step loading history, obtained as follows: 159 

𝑃(𝑡) = {
1  MPa,      t ≥ 0
0  MPa,      t < 0

                                                          (4) 160 

the Laplace transform of 𝑃(𝑡) in the equation is 1/s.  161 

2.3. Laplace Transform Inversion 162 

In the Laplace domain, viscoelastic step response function was determined by substituting 163 

the relaxation and Laplace transform of the applied load into the elastic solution. Due to the 164 

complexity of the analytical inversion transform, the numerical Laplace transform inversion in 165 

the time domain was used in the analysis. Among various methods introduced for numerical 166 

Laplace inversion, Gaver functional was the most powerful and proven method which was 167 

written as below (Gaver, 1966; Valkó and Abate, 2004; Zhao et al., 2014): 168 

𝑓𝑘(𝑡) = 𝑘𝜏 (
2𝑘

𝑘
) ∑(−1)𝑗 (

𝑘

𝑗
) 𝑓̅[(𝑘 + 𝑗)𝜏]

𝑘

𝑗=0

                                          (5) 169 

where 𝜏 = ln(2) /𝑡. To increase the accuracy of Gaver functional, the Wynn’s Rho algorithm 170 

was used as an acceleration scheme which was given by following formulations (Valkó and 171 

Abate, 2004; Guo et al., 2020): 172 

𝜌−1
(𝑛)

= 0,      𝜌0
(𝑛)

= 𝑓𝑛(𝑡),               0 ≤ 𝑛 ≤ 2𝑚                              (6𝑎) 173 
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= 𝜌𝑘−2
(𝑛+1)

+
𝑘

𝜌𝑘−1
(𝑛+1)

− 𝜌𝑘−1
(𝑛)

 
,            1 ≤ 𝑘 ≤ 2𝑚 , 0 ≤ 𝑛 ≤ 2𝑚 − 𝑘              (6𝑏) 174 

the time-domain function was obtained as: 175 

𝑓(𝑡𝑖) = 𝜌2𝑚
(0)

                                                                         (7) 176 

where f(ti) is the final solution in time domain; ti is the ith analysis time; and m is the parameter 177 

that determines the accuracy of Laplace inversion. In this study, utilizing Gaver-Wynn-Rho 178 

(GWR) algorithm illustrated in Equations (5) to (7), the Laplace transform was inverted 179 

numerically.  180 

It is significant to note that, there were difficulties in determining surface viscoelastic 181 

responses due to the irregular oscillations caused by the product of two Bessel functions 182 

(𝐽0 , 𝐽1) in Laplace transform of the step-response function in Equation (8).  183 

𝑅𝐻
̅̅ ̅̅ (𝑠) =

𝛼𝑝0

𝑠
∫ 𝐹̅(𝑚, 𝑠)𝑑𝑚 =

𝛼𝑝0

𝑠
∫ 𝑓̅(𝑚, 𝑠)𝐽0(𝜌𝑚)𝐽1(𝛼𝑚) 𝑑𝑚

∞

0

                      (8)
∞

0

 184 

The value of 𝑓̅(𝑚, 𝑠) denotes the Laplace transformed response of stresses or displacements. 185 

To identify the difficulties in determining surface responses, the behavior of the integrand, 186 

𝐹̅(𝑚, 𝑠), was explored. A typical pavement structure at two points (A and B), was analyzed. 187 

Both points were at a radial distance of 6 cm from the loading center. Point A was at pavement 188 

surface, whereas Point B was at 10 cm below the surface. The value of 𝐹̅(𝑚, 𝑠) was obtained 189 

at various m values and a fixed s value of 1.73 + 1.26i, which was one of the Laplace points, 190 

for a time of 1 second. Figures 1(a and b) showed the real and imaginary parts of 𝐹̅(𝑚, 𝑠) for 191 

vertical stress at Points A and B, respectively. 192 

The results clearly showed that difficulties involved in the determination of surface 193 

viscoelastic response. Unlike the response at Point B, the integrand showed oscillatory behavior 194 



at the surface (Point A) and approached zero at large m values. This complicated oscillating 195 

behavior implies that responses at the surface may not be calculated accurately. In the next step, 196 

in order to overcome this problem, the algorithm introduced by Lucas (1995) was employed to 197 

separate the integrand in equation above as the sum of two oscillating functions. 198 

𝑅𝐻
̅̅ ̅̅ (𝑠) =

𝛼𝑝0

𝑠
[∫ 𝑓̅(𝑚, 𝑠)ℎ1(𝑚) 𝑑𝑚

∞

0

+ ∫ 𝑓̅(𝑚, 𝑠)ℎ2(𝑚) 𝑑𝑚
∞

0

]                         (9) 199 

The h1 represents the high-frequency components, while h2 shows low-frequency component. 200 

Utilizing integration, summation, and then extrapolation (ISE) approach, the real and imaginary 201 

parts of the high- and low-frequency component for Point A were calculated, and the results 202 

were shown in Figures 2(a and b), respectively. It can be seen that complicated oscillating 203 

behavior of 𝐹̅(𝑚, 𝑠) , as shown in Figure 1a has been converted to regular oscillations. To 204 

compute the time-domain viscoelastic response, the procedure in a computer code was 205 

developed to implement the EVECP. 206 

2.4. Responses to Arbitrary and Moving Loads 207 

A pavement, including linear elastic and viscoelastic layers, was considered a linear system, 208 

and Boltzmann superposition principle was employed to compute the responses as a result of 209 

arbitrary and moving loads. When the step response function was available, viscoelastic 210 

responses were calculated based on convolution integral, which was as follows: 211 

𝑂(𝑡) = ∫ 𝑅𝐻(𝑡 − 𝜏)
𝜕𝐼(𝜏)

𝜕𝜏
𝑑𝜏                                                       (10)

𝑡

0

 212 

where 𝑅𝐻(𝑡)  is step response function; 𝑂(𝑡)  is output viscoelastic response; 𝐼(𝑡)  is input 213 

loading history; 𝜏 is integral variable.  214 

The responses under arbitrary load histories were investigated by utilizing the haversine 215 



load applied to a fixed area on the pavement surface. The haversine loading history was written 216 

as below: 217 

𝑃(𝑡) = 𝐴 [
1

2
+

1

2
𝑠𝑖𝑛 (

2𝜋𝑡

𝑑
−

𝜋

2
)]                                                 (11) 218 

where A is tire pressure amplitude in MPa; d is duration of load in second which is equal to 219 

12a/V; V is speed of moving load in m/s; and a is radius of contact area in meter. 220 

To conduct the moving load analysis at different speeds, the path of moving load was 221 

divided into small elements with equal length, and a discrete formulation of the Boltzmann 222 

superposition principle was obtained. For the problem in hand, the formulation was simplified 223 

because the loading area was treated as one element. Moreover, the load movement was 224 

assumed along the traffic direction at each shift, while the load amplitude represented by 225 

haversine function in Equation (11) was applied to each loading area. The moving load equation 226 

was as follow: 227 

𝑅(𝑡) = ∑ 𝑝𝑖𝑅𝐻(𝑥0 − 𝑑𝑖 , 𝑦0, 𝑧0, 𝑡 − 𝑡𝑖)

𝑁

𝑖=1

                                        (12) 228 

where 𝑅(𝑡) is viscoelastic response; N is number of shifts, where the first shift is at zero time; 229 

x0, y0, and z0 are distances between the load center and analysis point at zero time in x-, y-, and 230 

z-directions, respectively; di is distance along which the load moves in the x direction at the ith 231 

shift; pi is load pressure applied at the ith shift; and ti is time at which the load moves to ith shift. 232 

When the load moves from shift i to i + 1, a pressure pi+1 was applied at location i + 1, and 233 

simultaneously a pressure pi was unloaded at location i, which was equivalent to applying a 234 

negative pi at location i. Hence, the step response function was evaluated at x0 - di+1 and x0 - di 235 

for loading and unloading, respectively. 236 



2.5. Material Characterization 237 

The relaxation of LVE materials is in correlation with complex modulus. Using the 238 

Modified Havriliak-Negami (MHN) model in this research, behavior of AC was characterized 239 

in complex domain. The MHN model was given by (Zhao et al., 2014):  240 
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where r is reduced angular frequency; 
*

E and
*

0E are complex moduli as r  approaches   242 

and 0, respectively; 0 is related to the time-temperature shifting and controls the horizontal 243 

positions of master curves, and   and   are model coefficients. According to the time-244 

temperature superposition principle (TTSP), r  and cyclic frequency, f  , were related by 245 

(Ferry, 1980): 246 

2r Tf  =                                 (14) 247 

where T  is the time-temperature shift factor. The Williams-Landel-Ferry (WLF) equation 248 

was used to model T as a function of temperatureT : 249 

1 0

2 0

( )
log

( )
T

C T T

C T T


− −
=

+ −
                          (15) 250 

where 1C and 2C are model coefficients and 0T is the reference temperature. 251 

In this study, hot mix asphalt (HMA) with the maximum aggregate size of 19 mm and an 252 

SBS-modified PG 76-22 binder was utilized to conduct dynamic modulus test at six frequencies 253 

(20, 10, 5, 1, 0.5 and 0.1 Hz) and six temperatures (-10, 0, 15, 30, 40 and 55°C). By fitting 254 

dynamic modulus data with the sigmoidal function, and utilizing a nonlinear minimization 255 

algorithm, the sigmoidal function coefficients were computed at reference temperature 25°C as 256 

presented in Table 1. Once the complex modulus was calculated, the relaxation of AC was 257 



obtained from Equation (3).  258 

The typical pavement structure parameters shown in Table 2 were considered for 259 

computing the viscoelastic responses at the top and bottom of AC layers under stationary and 260 

moving loads. Since the viscoelastic behavior of AC mixtures is highly dependent on pavement 261 

temperature, the horizontal strains were computed at 5, 25 and 50°C. These temperatures were 262 

considered at the pavement surface in the analyses, whereas the positive and negative 263 

temperature gradients were assumed for high and low temperatures within the AC layer depth. 264 

By dividing the AC layer to sublayers with 2 cm thickness and introducing a rate of linear 265 

temperature differential of 1.1ºC/cm based on previous studies (Wang, 2011; Sangpetngam et 266 

al., 2004), the corresponding temperatures were determined in various depths of AC layer. 267 

Figure 3 depicted the temperatures gradients in a thick AC layer. 268 

Moreover, the circular uniform dual tires loading with a pressure of 0.7 MPa and a diameter 269 

of 20 cm was considered in the analyses, whereas the center-to-center distance of the dual tires 270 

was 30 cm. 271 

2.6. Verification of Solutions against FEM Results 272 

 In this section, viscoelastic responses from the proposed approach were verified against 273 

the FEM results. Analyses were conducted at reference temperature 25°C on a typical pavement 274 

structure with 20 and 40 cm thicknesses for AC and base layer, respectively. While the 275 

viscoelastic modulus of AC layer was determined from MHN model, the elastic moduli of base 276 

layer and subgrade were assumed 300 and 80 MPa, respectively. In addition, the corresponding 277 

Poison’s ratios were considered 0.3, 0.35 and 0.4. Using the axisymmetric models, FE analyses 278 

were performed by the software ABAQUS 6.14. To minimize the edge effect errors, the model 279 



dimensions in horizontal and vertical directions were selected 5 m. Four-node quadrilateral 280 

elements were considered in modeling, with fine mesh near the loading area and pavement 281 

surface and relatively coarse mesh farther away from the loading area. While the bottom of the 282 

model was fixed on both horizontal and vertical directions, a roller support was employed for 283 

the right side (Saad et al. 2005). 284 

Two points at the pavement surface with radial distances of 0 and 13 cm from the loading 285 

center were investigated. Figure 4 represented the displacements calculated under the loading 286 

center (0 cm) and at a radial distance of 13cm from the proposed approach match well with 287 

those computed from FEM analyses. In addition, comparisons of horizontal stresses computed 288 

from the proposed approach and FEM were illustrated in Figures 5(a and b) under the center of 289 

the tire and at a radial distance of 13 cm, respectively. The results showed that the proposed 290 

approach could accurately determine the viscoelastic responses at the pavement surface. 291 

Under a haversine loading, the surface horizontal stresses at the center of the tire load from 292 

the proposed approach were compared with those calculated from FEM and the results were 293 

shown in Figure 6. According to Equation (11), the values of load duration (d) and pressure 294 

amplitude (A) were assumed 0.1 second and 0.7 MPa, respectively. The results obtained from 295 

two approaches were in good agreement, and the proposed procedure in this research decreased 296 

the computation time significantly. Using a computer with Intel i5 CPU, analysis time of the 297 

proposed approach was 23 seconds, while it was 17 minutes for the FEM. The results showed 298 

that the method introduced in this study accurately calculated viscoelastic surface responses. 299 

3. Results and Discussions  300 

To identify the critical horizontal strain locations in pavements with CTB and GB layers, 301 



28 transverse locations were analyzed for defining the response profiles. Because of the 302 

symmetric boundary conditions at the center of dual tires, the horizontal strain profiles were 303 

only shown from the middle point of dual tires to a distance of 55 cm. The sketch of 3D 304 

pavement structure with the contact area and analysis points were depicted in Figure 7. 305 

3.1. Stationary Load Effect on Horizontal Strains 306 

3.1.1. Pavements with Cement-Treated Base 307 

The viscoelastic strain profiles of a thick AC layer at three temperatures (5°C, 25°C and 308 

50°C) were demonstrated in Figures 8(a, b and c) for the pavements with CTB layer. The figures 309 

showed that the longitudinal strains (εy) at the bottom of AC layer were in compression due to 310 

the negative values. But the transverse strains (εx) at the top indicated different patterns. 311 

At low temperature (5°C), the results in Figure 8a illustrated that transverse strains at the 312 

top of pavement were positive outside of the loading area. However, the maximum transverse 313 

tensile strain had a very small magnitude and occurred just outside of tire edge (at distances of 314 

4.9 cm). The critical tensile strain value at the bottom of AC layer was larger than that at the 315 

top, which inferred that crack might initiate at the bottom of AC layer. Compared to the 316 

horizontal strains at 5°C, Figures 8(b and c) depicted that, due to the time-temperature 317 

dependency of asphalt materials at elevated temperatures (25°C and 50°C), transverse strain at 318 

the pavement surface increased significantly, especially at the locations near to the tire edges. 319 

This finding was more evident at 50°C, which the pavement susceptibility to TDC increased. 320 

As shown in Figure 8c, the maximum horizontal tensile strain at the bottom was insignificant, 321 

while it reached nearly 500 microstrains at the top. The calculated results led to an important 322 

finding that the surface tensile strain developed at high and medium temperatures was the 323 



primary cause of TDC, which was in agreement with micro-mechanic approach and discrete 324 

element simulations (Wang et al., 2003). In addition, the laboratory tests and FEM analysis 325 

results in another study demonstrated that once the temperature increases, TDC may initiate 326 

due to the contribution of ruts (De Freitas et al., 2005).  327 

To investigate the AC layer thickness effect on horizontal strains through viscoelastic 328 

analysis, three AC thicknesses, including 10, 20 and 30 cm, were analyzed and the critical 329 

responses were presented in Table 3, where the results of the elastic analysis from a previous 330 

study were also shown as a comparison (Zhao et al., 2018). It should be noted that the equivalent 331 

elastic modulus was used for the AC layer in the elastic analysis. As the depth of AC layer 332 

increased from 10 to 30 cm, the maximum tensile strain at the bottom decreased at low 333 

temperature, while the critical tensile strains at pavement surface increased at the medium and 334 

high temperatures. Despite relatively small magnitudes of tensile strain at bottom of AC layer, 335 

cracking may initiate in CTB layer, and then reflective cracking propagates into the AC layer. 336 

Comparison of the viscoelastic and elastic analyses results in Table 3 showed that the 337 

critical horizontal strains at medium and high temperatures had larger values in the viscoelastic 338 

analysis because of the time-temperature dependent properties of HMA mixtures. The critical 339 

transverse tensile strain leads to cracking at pavement surface and in  a longitudinal direction, 340 

which agrees with the typical TDC pattern in the field (ARA, 2004). These figures provided a 341 

practical tool in new pavement design to avoid the consideration of fatigue cracking only at the 342 

bottom of AC layer at different temperatures. In addition, utilizing viscoelastic analysis had a 343 

significant effect on the magnitude of the critical tensile strain at the AC surface. 344 

3.1.2. Pavements with Granular Base 345 



In order to explore the possibility of TDC initiation in pavements with GB, the horizontal 346 

strains were calculated at temperatures 5, 25, and 50°C and the response profiles were presented 347 

in Figures 9(a, b, and c), respectively. It was observed that at low and medium temperatures, 348 

the maximum transverse strain at the top of AC layer was in tension; however, this small 349 

magnitude had an insufficient influence on TDC initiation. In contrast, longitudinal strain 350 

induced at the bottom of AC layer causes bottom-up cracking to be a dominant type of fatigue 351 

cracking. When the temperature varied from 25 to 50℃, the maximum transverse strain at 352 

surface increased from 11.5 microstrains to 411.3 microstrains and longitudinal strain at the AC 353 

layer bottom changed from 71.3 microstrains to 187.3 microstrains. Since the rate of increase 354 

in strain responses at the surface was much faster than that at the bottom, it was expected that 355 

TDC to occur in hot weather circumstances. To evaluate the effect of asphalt layer thickness on 356 

TDC, horizontal strains responses were computed as summarized in Table 4. 357 

Viscoelastic analysis results in the table showed that the critical tensile strain locations and 358 

directions for AC thicknesses of 10 and 20 cm were similar to 30 cm thickness at temperatures 359 

analyzed. Also, at high temperatures, the viscoelastic properties of asphalt layers caused the 360 

transverse strains to arise at the top of AC layers with different thicknesses; while in the elastic 361 

analysis, transverse strain was critical only for a thick AC layer (30 cm) at temperature of 50°C. 362 

The viscoelastic analysis results for the pavement with CTB and GB revealed that possibility 363 

of TDC initiation was greatly induced by increasing temperature and AC thickness variations. 364 

Furthermore, larger horizontal strain values obtained from viscoelastic analysis compared to 365 

elastic analysis justifies the importance of accurate mechanistic characterization of pavement 366 

structure. 367 



3.1.3. Effect of Tire-Pavement Stress Distribution 368 

To investigate the influence of magnitude and direction of the contact stress on TDC in 369 

asphalt pavement, three contact traction components (vertical, transverse, and longitudinal) and 370 

tire pressures of 0.55, 0.7 and 0.85 MPa were considered in the analyses. According to the 371 

experimental measurements conducted by Al-Qadi et al. (2008), magnitudes of transverse and 372 

longitudinal contact stresses ranged from 11-34% of the maximum vertical stress. Considering 373 

contact stresses in three directions, analyses were carried out at temperature 50°C and a constant 374 

vehicle speed of 8 km/h as the most critical condition for TDC. As shown in Figure 10, the 375 

magnitude of maximum transverse strain increased with increasing the tire pressure, 376 

demonstrating that the potential of TDC intensifies with increasing tire pressure. Changing the 377 

tire pressure from 0.7 to 0.85 MPa were resulted in 21-28% increase of transverse strain 378 

magnitudes at different AC thicknesses, while the reduction of tire pressure from 0.7 to 0.55 379 

MPa caused the transverse strain magnitudes to decline 10-18% at the pavement surface. 380 

Furthermore, a comparison of maximum transverse strain at the surface under vertical 381 

contact stress with that obtained under 3D contact stresses was presented at Table 5. The results 382 

revealed that utilizing the contact stress distribution in three directions, increased transverse 383 

strain value 48-55% greater at different AC thicknesses. This finding indicates that considering 384 

tire-pavement stress distributions would increase severity of TDC and reduce the service life of 385 

pavement structures. 386 

3.2. Moving Load Effect on Horizontal Strains 387 

To investigate the likelihood of TDC initiation in pavement structure subjected to moving 388 

loads, the horizontal strains responses induced by passage of dual tire loads at three different 389 



speeds, namely 8, 48, and 96 km/h, were computed for the pavement structures shown in Table 390 

2 at low, medium and high temperatures. The vertical stresses of the moving load under the 391 

center of one tire in a dual tire assembly were depicted in Figure 11. As anticipated, by 392 

increasing AC layer depths below the surface, the vertical stress magnitudes were dissipated, 393 

whereas the pulse durations of vertical stress rose with depth. This observation is mainly 394 

important for calculating the asphalt layer responses, which have time-dependent properties. 395 

To illustrate the variations of critical horizontal strains at a low speed (8km/h), the response 396 

curve of thick pavement with CTB layer was compared to that with GB layer. Figures 12 397 

showed the critical transverse strains at the top of pavements with CTB and GB layers at a 398 

temperature of 50℃. It was observed from the figure that in thick pavement with CTB layer, 399 

the maximum transverse strain increased greater than that in pavement with GB. Because of 400 

the viscoelastic effects in AC layer, the response curves were not symmetric. The wheels 401 

reached the top of analysis point at 4m traveling distance, which was shown in the figure as a 402 

vertical line. As seen, the peak strains occurred after the wheels left the analysis point. The 403 

shapes of the response curves were identical to those measured from pavement sections in the 404 

field (Al-Qadi and Wang, 2009; Elseifi et al., 2006). 405 

The viscoelastic analysis of moving load at three vehicle speeds (8, 48, and 96 km/h) was 406 

carried out efficiently, and critical horizontal strains at AC layers were presented in Figures 407 

13(a and b) for the pavements with CTB and GB layers respectively. The figures illustrated that 408 

the transverse strain at surface was affected strongly by the moving load speeds and increased 409 

its magnitude when the vehicle speeds decreased. In addition, a comparison of responses at 410 

different speeds demonstrated that possibility of TDC in pavements with CTB was higher than 411 



that in pavements with GB. 412 

However, variations of AC thicknesses had an inadequate effect on the critical transverse 413 

strains at high temperature; vehicle speed impact on transverse strains was remarkable. As an 414 

example, in thick AC layer, once the vehicle speed decreased from 96 to 8 km/h, the transverse 415 

strains increased approximately 3.1 and 5.1 times in magnitudes for the pavements with CTB 416 

and GB, respectively. This finding revealed that at high temperature, the rate of increase in 417 

transverse strain for the pavement with GB is much faster compared to the pavement with CTB, 418 

which may lead to major structural failures on the pavement surface at a low speed.  419 

At medium temperature (25℃), the critical horizontal strains in AC layer with 30 cm 420 

thickness were calculated at a low speed moving load, and the response profiles were plotted 421 

in Figure 14. The critical tensile strain at the surface occurred in transverse direction for the 422 

pavement with CTB, while the longitudinal strain at the bottom was critical for the pavement 423 

with GB. The horizontal strain curves at the top and bottom of AC layer were composed of the 424 

compressive part followed by a tensile part and another compressive part. To identify the critical 425 

horizontal strain locations and directions in the asphalt layer with different thicknesses and 426 

vehicle speeds, significant analyses were carried out and results were depicted in 15(a and b) 427 

for the pavements with CTB and GB, respectively.  428 

However, horizontal strains were affected noticeably by vehicle speeds and AC thicknesses; 429 

these factors' influence on responses was relatively different in pavements with CTB and GB.  430 

Unlike the insignificant effect of asphalt thickness on horizontal strains at 50℃, it was realized 431 

that by increasing the AC thicknesses at temperature of 25℃, the transverse strains at pavement 432 

surface became larger for the pavements with CTB, whereas the opposite trends were obtained 433 



for longitudinal strains at the bottom of asphalt layers in the pavements with GB. In pavements 434 

with thick AC layers, the speeds reductions had little effect on longitudinal strains at the bottom, 435 

while the rate of increase in transverse strain value at the top was significant. In contrast, in thin 436 

AC layer, decreasing the vehicle speeds caused the longitudinal strains at the bottom to increase 437 

more than transverse strain at the top. This observation causes the bottom-up cracking to be a 438 

dominant type of fatigue cracking in pavements with GB at medium temperature.  439 

At a low temperature (5℃), critical responses of pavements with CTB and GB subjected 440 

to moving loads were presented in Figures 16. It was seen that the longitudinal strain was the 441 

critical horizontal response at 5℃, and the peak value arose when the moving loads left the 442 

analysis point at 4m traveling distance. However, the calculated longitudinal strain curves were 443 

asymmetric at the analysis point in which demonstrating viscoelastic behavior of asphalt layer, 444 

the results showed that viscoelasticity effect was insignificant at low temperature. In addition, 445 

due to strong support from the CTB layer and low viscoelastic effect in AC layers, the critical 446 

longitudinal strains were small in magnitudes. From the results obtained, it was found that 447 

bottom-up cracking was the dominant type of fatigue cracking at low temperature. 448 

Although, the locations and directions of the critical horizontal strains calculated from 449 

stationary and moving loads were similar at different temperatures, the values obtained from 450 

the analysis of moving loads were slightly smaller. This finding was consistent with the lateral 451 

stress results measured in the field (Assogba et al. 2019). 452 

4. Summary and Findings 453 

In this study, the viscoelastic responses of multilayered pavement structures were 454 

analyzed to improve the understanding of top-down fatigue cracking mechanism. The EVECP 455 



solution was employed to solve the viscoelastic step response function of pavement. Utilizing 456 

the Lucas algorithm and then integration, summation, and then extrapolation method, the 457 

irregular oscillation behavior of surface response converged to irregular oscillation. Sensitivity 458 

analyses were conducted to investigate the effect of temperatures, vehicle speeds and AC 459 

thicknesses on TDC, by computing the maximum horizontal strains at the top of pavements. 460 

Analyses were performed on the pavements with CTB and GB under stationary and moving 461 

loads. The main findings of this study are summarized below: 462 

• According to the maximum transverse strains calculated at a very close distance to tire 463 

edge, high temperature and low vehicle speed were among the predominant factors 464 

contributing TDC. 465 

• Since the critical response and location of TDC were consistent with the elastic analysis 466 

results, the procedure adopted in this study could accurately determine the viscoelastic 467 

response at pavement surface and provided an effective tool for pavement structure 468 

analysis and design. However, critical strains calculated from viscoelastic analysis have 469 

larger values at high temperature due to the time and temperature dependency of AC 470 

material. 471 

• Based on the critical responses obtained from stationary and moving loads, a thick AC 472 

layer has a pivotal role in crack initiation at the surface compared to the thin AC layer. 473 

• The likelihood of TDC at higher temperatures increases in pavements with CTB and 474 

GB, whereas the pavements become more vulnerable to bottom-up cracking at medium 475 

and low temperature. 476 

• The moving load analysis results at high temperature illustrated that a decrease in 477 



vehicle speed increased maximum transverse strain at the top of AC layer, which causes 478 

the pavement surface to become vulnerable to TDC. Furthermore, rate of increase in 479 

transverse strain for the pavements with GB was much faster compared to the 480 

pavements with CTB, which may lead to major structural failures on the pavement 481 

surface at a low speed. 482 

• At low temperature, utilizing pavements with CTB layer diminished the longitudinal 483 

strains at the bottom of AC layers due to the strong support from the base layer. Thus, 484 

it can be considered as a solution against bottom-up cracking. 485 

The surface viscoelastic analysis results of this research provided beneficial insight to pavement 486 

design. However, the proposed approach needs development to consider actual non-uniform 487 

distributed tire-pavement contact stresses. 488 
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Figure 1. Variations of 𝐹̅(𝑚, 𝑠) at: (a) Points A (pavement surface); (b) Point B (10 cm below the 624 

surface) 625 
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Figure 2. Variations of 𝐹̅(𝑚, 𝑠) at Point A for: (a) high-frequency; (b) low-frequency component 647 
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 658 

Figure 3. Illustration of different temperatures gradients within 30 cm AC layer depth 659 
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Figure 4. Comparison of displacements at the center of the tire and at a radial distance of 13 cm 677 
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(b) 694 

Figure 5. Comparison of horizontal stresses at: (a) the center of tire, and (b) a radial distance of 13 cm 695 
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 699 

Figure 6. Comparison of horizontal stress at the center of the tire under haversine loading 700 
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 703 

Figure 7. The sketch of 3D pavement structure with tire-pavement contact area and analysis points 704 
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(a) 711 
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 714 

(c) 715 

Figure 8. Horizontal strains at the top and bottom of thick AC layer with CTB at temperatures: 716 

(a) 5℃, (b) 25℃, and (c) 50℃ 717 
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(a) 719 
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(c) 723 

Figure 9. Horizontal strains at the top and bottom of thick AC layer with GB at temperatures: 724 

(a) 5℃, (b) 25℃, and (c) 50℃ 725 
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 728 

Figure 10. Effect of tire tire-pavement stresses on transverse strain at the pavement surface 729 
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 733 

Figure 11. Vertical stress pulses under a moving load at different depths and temperature 50℃ 734 
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            741 

Figure 12. Critical horizontal strains at pavements with different base layers (AC-30 cm, temperature 742 

50℃, speed 8km/h) 743 
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Figure 13. Influence of vehicle speeds on critical horizontal strains at temperature of 50℃ for 752 

pavements with: (a) CTB, and (b) GB layers 753 
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 757 

Figure 14. Critical horizontal strains at pavements with different base layers (AC-30 cm, temperature 758 

25℃, speed 8km/h) 759 
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 773 

(a) 774 

 775 

 776 

(b) 777 

Figure 15. Influence of vehicle speeds on critical horizontal strains at temperature of 25℃ for 778 

pavements with: (a) CTB, and (b) GB layers 779 
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 788 

Figure 16. Critical horizontal strains at pavements with different base layers (AC-30 cm, temperature 789 

5℃, speed 8km/h) 790 
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Table 1. Coefficients of MHN model 800 

Mix type 
*

E  (MPa) 
*

0E  (MPa)     0  
1C  2C  

AC20 32128 104.8 0.257  1.733 407.9  15.3 139.0 
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 809 

Table 2. Pavement structure parameters used in analyses 810 

Layer 
Thickness 

(cm) 
Modulus (MPa) Poisson’s ratio 

HMA 10, 20, 30 Viscoelastic 0.3 

Base 30 
280 (GB) 0.35 

7000 (CTB) 0.25 

Subgrade - 60 0.4 
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 812 

 813 

 814 

 815 

 816 

 817 

Table 3. Critical tensile strains and locations for pavement with CTB 818 

AC thickness 
(cm) 

Temperature 
(℃) 

Critical location 
(LVEA*) 

Direction 
Value (με) 
(LVEA*) 

Value (με) 
(LEA**) 

10 

5 Bottom Longitudinal 12.8 12.0 

25 Top Transverse 21.6 10.2 

50 Top Transverse 435.8 331.7 

20 

5 Bottom Longitudinal 10.6 9.9 

25 Top Transverse 32.5 19.4 

50 Top Transverse 446.4 391.4 

30 

5 Bottom Longitudinal 7.8 7.4 

25 Top Transverse 36.9 24.2 

50 Top Transverse 483.8 385.4 
*LVEA= linear viscoelastic analysis 819 
**LEA= linear elastic analysis 820 
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Table 4. Critical tensile strains and locations for pavement with GB 831 

*LVEA= linear viscoelastic analysis 832 
**LEA= linear elastic analysis 833 
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Table 5. Comparison of maximum transverse strain at the surface under vertical stress and 3D 838 
contact stresses 839 

  Loading condition 

Critical response 

 (με) 

Thickness 

(cm) 
Vertical stress 3D Contact stresses 

Transverse 

tensile strain 

10 435.8 644.9 

20 446.4 674.1 

30 483.8 749.9 

 840 

 841 

AC thickness 
(cm) 

Temperature 
(℃) 

Critical 

location 
(LVEA*) 

Direction-Value (με) 
(LVEA*) 

Direction-Value (με) 
(LEA**) 

10 

5 Bottom Longitudinal 100.6 Longitudinal 90.5 

25 Bottom Longitudinal 237.1 Longitudinal 200.2 

50 Top Transverse 381.7 Longitudinal 386.5 

20 

5 Bottom Longitudinal 41.9 Longitudinal 37.4 

25 Bottom Longitudinal 120.7 Longitudinal 97.7 

50 Top Transverse 325.6 Longitudinal 255.8 

30 

5 Bottom Longitudinal 22.9 Longitudinal 20.1 

25 Bottom Longitudinal 71.3 Longitudinal 56.6 

50 Top Transverse 411.3 
  

Transverse 
284.8 




