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Abstract: The horizontal tensile strain at the top of asphalt concrete (AC) layer is considered 11 

as the most appropriate response of pavement for analyzing Top-down cracking (TDC). In this 12 

study, influence of vehicle speed, temperature and non-uniform aging modulus on TDC are 13 

explored according to tensile strain magnitudes at the pavement surface. Utilizing a new 14 

analysis approach, the responses are computed at top and bottom of thick and thin AC layers in 15 

pavements with cement-treated base (CTB) and granular base (GB). The results demonstrate 16 

that critical tensile strain arises at the top of AC layer and in transverse direction. Variations of 17 

speed at low temperature affect the critical type of cracking, while at intermediate and elevated 18 

temperatures TDC is dominant at all speeds analyzed. It is shown that modulus gradient induced 19 

by aging is an influencing factor in TDC which causes critical location of TDC to vary at the 20 

surface significantly. 21 
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1. Introduction  25 

In computing the fatigue life of asphalt pavements and design procedures of flexible 26 

pavement structures, longitudinal strain at the bottom of asphalt layer is widely regarded as the 27 

critical strain. But new research works and field experiences have revealed that fatigue cracking 28 

could also initiate at the top of pavement and then propagate downwards (Gu et al. 2018; Chun 29 

et al. 2018; Alae et al. 2018; Wu et al. 2019). The longitudinal top-down fatigue cracking 30 

diminishes the pavement serviceability and increases water penetration into the layers which 31 

leads to pavement deterioration. Top-down cracking (TDC) is now well known as a prominent 32 

type of fatigue distress in flexible pavements. Several mechanistic-empirical (M-E) models 33 

were developed by researchers to characterize the TDC performance mechanistically and 34 

calibrated to field performance, and the TDC was found to be the first stage of fatigue cracking 35 

(Ling et al. 2019b; Dinegdae and Birgisson 2018).  36 

There are several factors that affect the pavement responses when subjected to varying 37 

traffic loading and environmental conditions. Loading frequency is a crucial factor in time-38 

dependent materials which affects the pavement responses and fatigue life significantly. 39 

Previous studies revealed that effects of vehicle speed on dynamic loads and pavement response 40 

are not identical (Perret and Dumont 2004; Qin et al. 2010; Rahman et al. 2019). In fact, 41 

different vehicle speeds will lead to various loading times on the asphalt pavement. Since the 42 

complex modulus of asphalt mixture depends on temperature and loading frequency, the asphalt 43 

pavement will respond differently in stiffness. According to the study conducted by Mikhail 44 



and Mamlouk (1997), since the loading time at the speed of 20 km/h is longer, the vertical strain 45 

is almost 10 times larger than that at 130 km/h speed. Different researchers concluded that 46 

consideration of vehicle speed in mechanistic design of pavement is necessary (Lourens 1992; 47 

Siddharthan et al. 2002; Sarkar 2016). It is worthy to note that the field measurements 48 

conducted by Chatti et al. (1996) and Dai et al. (1997) confirmed that the measured strains at 49 

the mid-depth and bottom of asphalt layer decrease as the truck speed increases. Although, 50 

significant studies have been conducted on bottom-up fatigue cracking, the influence of vehicle 51 

speed at different temperatures on TDC was not studied widely.  52 

Stiffness gradient due to aging is another factor which plays an important role in TDC 53 

(Ling et al. 2017a; Wang et al. 2013). Aging, is normally defined as change in the rheological 54 

properties of asphalt binders/mixtures due to variations in chemical composition during 55 

construction and its service life period. Aging induces the increase of stiffness at the pavement 56 

surface which leads to the decrease of fracture energy and consequently crack initiation (Al-57 

Rub et al. 2013). In the study conducted by Ling et al. (2018), the LTPP data were utilized to 58 

develop mechanics-based prediction models to compute a TDC initiation energy parameter and 59 

crack initiation time. The recent studies showed that the long-term field aging of AC layer is 60 

non-uniform within the top 4 cm which causes the modulus to change nonuniformly with depth 61 

(Ling et al. 2017b). This finding was also indicated by Wambura et al. (1999) where in Kenya 62 

the severe age-hardening occurred just in the top few millimeters of the AC surface.  63 

Once the air temperature increases or decreases, temperature at the bottom of asphalt layer 64 

needs more time to change in compare with that at the surface. Hence, considering non-uniform 65 

temperature gradient effect is necessary in TDC analysis and pavement design. Archilla (2015) 66 



indicated that the inverse modulus gradient due to the high-temperature increases the likelihood 67 

of TDC. To consider the aforementioned factors effect on TDC based on mechanistic analyses, 68 

the TDC mechanism needs to be recognized. 69 

 Several types of responses have been nominated as the driving forces of TDC. Some 70 

researchers demonstrated that vertical shear strain at the tire edge could result in TDC 71 

(Mohammad et al. 2005; Wang et al. 2013). More than that, vertical tensile strain at the top AC 72 

layer has been also revealed as a cause of TDC (Kim et al. 2009; Roque et al. 2006). This 73 

finding is questionable since cracking is usually believed to be caused by stress or strain in the 74 

horizontal plane. The newly developed mechanistic-empirical pavement design guide 75 

(MEPDG) suggested that critical horizontal strain at the pavement surface is related to TDC 76 

(ARA, 2004). However, there are problems associated with the procedure used in the MEPDG 77 

for identifying the maximum tensile strain at the pavement surface. Accordingly, this research 78 

utilizes the horizontal tensile strains at top of asphalt layer for TDC evaluation. 79 

Traditional multi-layered elastic analysis is not able to calculate horizontal strains at the 80 

pavement surface correctly and thus results in bottom-up cracking (Myers et al. 1998; Kim et 81 

al. 2009). The irregular oscillations of the integrand in analytical solution of a multi-layered 82 

elastic system cause the poor convergence to occur near the pavement surface, which may lead 83 

to large errors in response analysis (Blakemore et al. 1976; Sidi 1988; Zhao et al. 2015). To 84 

solve this problem successfully and calculate the surface responses precisely, Zhao et al. (2015) 85 

divided the integrand into regular low- and high-frequency components and accelerated the 86 

convergence.  87 

2. Objectives  88 



To demonstrate MEPDG may not be able to predict critical fatigue distress accurately, this 89 

study aims to identify the crack initiation location at the pavement surface and compare with 90 

analysis locations adopted in the MEPDG. Using the new analysis procedure, the critical 91 

horizontal strain as the major cause of TDC is calculated accurately and computation time 92 

decreases significantly. To increase the overall effectiveness of the research effort, a follow-up 93 

study is conducted by evaluating the effects of vehicle speed (loading frequency), non-uniform 94 

aging and temperature gradients as the influencing factors on TDC. This research provides 95 

beneficial insight to analysis and design of asphalt pavements and overlay from a mechanistic 96 

point of view. 97 

3. Methodology 98 

3.1. Layered Elastic Theory 99 

Due to the complexity of TDC mode, M-E approach could be a reasonable approach to 100 

accurately describe the TDC occurring in asphalt pavements. The layered elastic theory (LET) 101 

has been extensively used in the M-E design to perform the pavement response analysis (Shell 102 

International Petroleum Company 1978; Asphalt Institute 1991; ARA 2004). For instance, the 103 

Burmister’s solution for the horizontal radial stress in the ith layer is given by (Burmister 1943; 104 

Huang 2003): 105 
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 (1) 106 

where ρ = r/H and λ = z/H; H is the distance from the surface to the upper boundary of the 107 

lowest layer; r and z are the cylindrical coordinates in radial and vertical directions; m is the 108 



integration variable; J0 and J1 are the first kind of Bessel functions with order of zero and one, 109 

respectively. Ai, Bi, Ci and Di are constants of integration of the ith layer. These constants are 110 

computed by the continuity and boundary conditions. α is the ratio of load radius to H and q is 111 

magnitude of the load.  112 

In order to demonstrate the problem, a typical pavement including a 20 cm AC layer, a 40 113 

cm granular base (GB) layer, and a subgrade have been analyzed. Geometry of the pavement 114 

with the analysis points "A" and "B" is shown in Figure 1. The layers moduli are 3000, 300 and 115 

80 MPa, and Poisson’s ratios are 0.3, 0.35 and 0.4, respectively. Figure 2 illustrates the 116 

integrand (function being integrated in the indefinite integral) in Equation (1) at the pavement 117 

surface (point A) and at mid-depth of AC layer (point B) which are located 3 cm far from the 118 

loading center at a radial distance. The figure shows that the complicated oscillatory behaviour 119 

of the integrand at the surface decays more slowly than that at a deeper depth. Accordingly, it 120 

is quite difficult to compute the results at the surface accurately. 121 

3.2. Numerical Integration Algorithm 122 

To solve complex irregular oscillating behavior of the integrand, an "integration then 123 

summation" procedure is generally effective in computing the integral (Davis and Rabinowitz 124 

1988; Evans 1993). Once the integration converges gradually, an extrapolation technique is 125 

needed to accelerate the convergence (Sidi, 2003). This technique which is specified as the ISE 126 

approach, cannot be simply applied to the integral in Equation (1), because the oscillation 127 

caused by a product of two Bessel functions is very complicated. 128 

Therefore, the Lucas algorithm which represents the product in equation above as the sum 129 

of two oscillating functions was utilized to effectively apply the ISE method to the integral 130 



(Lucas 1995; Zhao et al. 2015). The complicated oscillating behaviour of the integrand at point 131 

"A" illustrated in Figure 2 was converted to two simple oscillations by dividing the integrand 132 

into low- and high-frequency components and depicted in Figure 3. The integration, summation 133 

and extrapolation, (ISE) method was then utilized to efficiently analyze the integral. 134 

By implementing the layered elastic solutions and the integration algorithm in the 135 

computer code, the strain responses at the surface are calculated. The results obtained from this 136 

analysis procedure were extensively verified with finite element method (FEM) and boundary 137 

conditions, and accuracy of the new analysis procedures in determination of pavement 138 

responses at the surface has been confirmed. Verification details of this approach were 139 

presented elsewhere (Zhao et al. 2015). 140 

In this study, the new analysis approach as mentioned previously was employed to compute 141 

the horizontal strains at the surface of pavement and different transverse locations, ranging from 142 

the center of the dual tires to a distance of 55 cm. The transverse locations analyzed at the 143 

surface are depicted in Figures 4(a and b) for the thick and thin pavement structures, 144 

respectively. To investigate the influence of vehicle speed, non-uniform aging and temperature 145 

on TDC, the typical pavements with material properties listed in Table 1 were analyzed. The 146 

table represents the thick pavement structure with a total AC layer thickness of 26 cm and a 147 

base layer of 40 cm, as well as a thin pavement structure with a 10 cm AC layer and a 30 cm 148 

base layer. For both thick and thin pavements, two different base layer types, granular base (GB) 149 

and cement-treated base (CTB), were considered. In addition, the layers interfaces were 150 

assumed fully-bonded in the analyses. 151 

3.3. Material Characterization 152 



Because of the time-temperature dependent behavior of asphalt mixture, dynamic modulus 153 

master curve is used to describe the viscoelastic property of asphalt mixture by conducting 154 

complex modulus test at various conditions. In this research, a stone mastic asphalt (SMA) and 155 

two superpave mixtures were utilized with 12.5, 19 and 25 mm nominal maximum aggregate 156 

size, respectively. For brevity, the three mixtures were abbreviated as SMA13, Sup20 and 157 

Sup25, with asphalt contents of 4.1%, 4.3% and 4.5% respectively. The aggregate gradation of 158 

the mixtures is presented in Table 2. A neat performance grade (PG) 64-22 binder was used for 159 

Sup25 mixture, while an SBS-modified PG 76-22 binder was used for the SMA13 and Sup20 160 

mixtures.  161 

According to AASHTO TP 62-07 (AASHTO, 2007), dynamic moduli of the mixtures were 162 

calculated at six frequencies (20, 10, 5, 1, 0.5 and 0.1 Hz) and temperatures (-10, 0, 15, 30, 40 163 

and 55°C). In this study, the Modified Havriliak-Negami (MHN) Model is used to construct the 164 

dynamic moduli master curves. The MHN model is given by:  165 

* *
* * 0

0

0

( )

1 ( )

r

r

E E
E i E

i










 −= +
 
+ 

 

                      (2) 166 

where r  is reduced angular frequency; 
*

E  and
*

0E  are complex moduli as r   approaches 167 

   and 0, respectively; 0  is related to the time-temperature shifting and controls the 168 

horizontal positions of master curves, and  and  are model coefficients. According to the 169 

time-temperature superposition principle (TTSP), r and cyclic frequency, f , are related by 170 

(Ferry 1980): 171 

2r Tf  =                                 (3) 172 

where T is the time-temperature shift factor. The Williams-Landel-Ferry (WLF) equation in 173 



Equation (4) is used to model T as a function of temperatureT : 174 
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where 1C and 2C are model coefficients and 0T is the reference temperature.  176 

By fitting sigmoidal function and dynamic moduli data, the master curves constructed at 177 

15°C reference temperature for all three mixtures are shown in Figure 5. Utilizing a nonlinear 178 

minimization algorithm, the coefficients of sigmoidal function were computed and presented 179 

in Table 3. Based on constructed master curves, AC moduli are determined at specified 180 

frequencies and temperatures. Figure 6 shows the dynamic moduli determined at various 181 

temperatures and a frequency of 5 Hz. In recent years, however, there was a controversial issue 182 

in determination of frequency in asphalt pavements (ARA 2004; Al-Qadi et al. 2008). 183 

3.4. Determination of Loading Frequency in Pavements  184 

The applied load at a given point in the pavement causes a stress pulse at that point. The 185 

rate of loading or the loading frequency depends on the duration of the stress pulse. The 186 

following equation in MEPDG is utilized to determine the pulse duration: 187 

17.6

eff

s

L
t

v
=                          (5) 188 

where t is the pulse duration (s); effL is the effective length (m); sv is the vehicle speed (m/s). 189 

The loading frequency is then determined as the reciprocal of t. The effective length, effL , is 190 

the length that defines the extent of the stress pulse at the given depth within the pavement, as 191 

schematically illustrated in Figure 7. The figure shows the stress distribution within various 192 

layers caused by an axle load applied on top of the pavement. The sloped lines in the figure 193 

represent the distribution of stress with depth. The spread or the steepness of the stress 194 



distribution lines in a layer depends on material stiffness of the layer. A stiffer layer tends to 195 

distribute the stress over a wider area compared to a less stiff layer. To determine effL , the 196 

Odemark’s method of equivalent thickness is adopted in the MEPDG to transform the pavement 197 

layers above the subgrade into one layer. The stress distribution lines in the transformed 198 

pavement are at 45 degrees, and thus the effective length at any depth can be determined. 199 

Details about the determination of effL  are documented elsewhere (ARA 2004).  200 

Furthermore, the AC layers are divided into different sublayers and the loading frequency 201 

of each sublayer is determined according to the procedure mentioned previously. Table 4 202 

illustrates the dynamic moduli and loading frequencies computed at various temperatures for 203 

the thick and thin AC layers under dual tires loading. Using the layers moduli in LET, the 204 

pavements responses are computed.  205 

3.5. Analysis of Non-Uniform Aging Gradient 206 

In order to take into consideration non-uniform aging effect within AC layer depth in the 207 

mechanistic analysis, modulus gradient is considered as the crucial factor and calculated at 208 

various depths according to the Equations (6) and (7) (Ling et al. 2017a; Ling et al. 2019a): 209 

𝐸(𝑧) =  𝐸𝑑 + (𝐸0 − 𝐸𝑑) (
𝑑−𝑧

𝑑
)

𝑛
              (6) 210 

𝐾 =
𝐸0 

𝐸𝑑
                   (7) 211 

where E(z) is the dynamic modulus (MPa) of AC layer at depth z; Ed and E0 are the dynamic 212 

moduli (MPa) at the bottom and top of asphalt layer, respectively; d is the AC thickness (cm); 213 

The n and k are the parameters of the model which presents the shape of the stiffness gradient. 214 

A stiffer surface modulus due to the effects of aging gradient produces a larger value of k. As 215 



mentioned before, non-uniform aging gradient occurs at the top 4-5 cm pavement surface. 216 

Therefore, in this study modulus gradient is only considered non-uniform within SMA13 depths 217 

at different aging times. Analyses are conducted by dividing SMA13 layer into 1-cm-thick 218 

sublayers and calculating the corresponding modulus at each depth according to the 219 

aforementioned equations. Figures 8(a and b) depict the modulus gradients in the aged asphalt 220 

layer with an arbitrary surface modulus 2000 MPa. 221 

3.6. Analysis of Non-Uniform Temperature Gradient 222 

It should be noticed that the temperature is not uniform within the pavement depth (Roque 223 

et al. 2017; Archilla 2015; Raju et al. 2008). Consequently, in this study, temperature profile 224 

within the AC layer is assumed by presenting a rate of linear temperature differential of 1ºC/cm 225 

based on previous researches (Wang 2011; Sangpetngam et al. 2004). The temperature at 226 

pavement surface is considered as analysis temperature. However, temperature variations 227 

within the AC layer at low and high temperatures are considered as the negative and positive 228 

temperature gradients, respectively. By dividing the asphalt layer to several sublayers with 229 

equal thicknesses, the modulus at the middle of each sublayer is determined according to the 230 

corresponding temperature. For instance, Figure 9 illustrates the temperature gradients in a 231 

thick AC layer. 232 

To investigate influence of the aforementioned parameters on TDC, the horizontal strains 233 

are computed at different temperatures, aging levels and vehicle speeds at the bottom and top 234 

of thick and thin asphalt layers. The circular uniform dual tires loading with a pressure of 0.7 235 

MPa and a diameter of 20 cm is considered in the analyses, whereas the center-to-center 236 

distance of the dual tires is 30 cm. 237 



4. Results and discussions  238 

The horizontal strains at the bottom and top of thick and thin asphalt layers have been 239 

calculated at different transverse positions, ranging from the center of dual tires to a distance 240 

of 55cm. Significant analyses have been performed at three AC temperatures (5, 25 and 50°C), 241 

six vehicle speeds (8, 24, 48, 72, 96 and 120 km/h) and three aging gradient levels with the 242 

surface moduli of 500, 2000 and 8000 MPa for the pavements with CTB and GB. 243 

4.1 Effect of temperature gradient in pavements with CTB 244 

To identify the critical tensile strain at AC temperature of 5°C, the horizontal strain profiles 245 

at the top and bottom of thick and thin AC layers in low vehicle speed (8 km/h) are plotted in 246 

Figures 10(a and b), respectively. In the figures, 𝜀𝑦 indicates longitudinal (traffic direction) 247 

strains while 𝜀𝑥 represents transverse strains. In this paper, the positive and negative values 248 

represent the tensile and compressive strains, respectively. Because of symmetric boundary 249 

condition at dual tires center, the horizontal strains are only shown in the figures from the center 250 

of dual tires to a transverse distance of 55 cm.  251 

It can be observed that in thick and thin asphalt layers, maximum tensile strains occur at 252 

the pavement surface and in transverse direction. The location of critical tensile strain is in the 253 

proximity of tire edge, which is in good agreement with the location of top-down fatigue 254 

cracking observed in the field studies (Matsuno and Nishizawa, 1992; Niderquell et al, 2000). 255 

The horizontal strain profiles at temperature of 50°C in asphalt layers with different 256 

thicknesses are presented in Figures 11(a and b). It is seen that the maximum transverse strains 257 

at the top of thick and thin AC layers are 635.1 and 516.6 microstrains, respectively, while the 258 

horizontal strains values at the bottom of both AC layers are negative. This finding indicates 259 



that TDC distress is severe at high temperature in pavements with CTB. 260 

To explore the influence of temperature variations in pavements with CTB, the critical 261 

horizontal strains calculated at medium and high temperatures are compared with those at 5°C 262 

in Table 5. It is observed that in thick pavement with low speed (8km/h), the maximum 263 

transverse strain at the surface increases 5.7 and 38.3 times, while the longitudinal strain at the 264 

bottom decreases 1.8 and 3.4 times at 25°C and 50°C, respectively. Based on the results, 265 

longitudinal strain at the bottom and transverse strain at the top of asphalt layers are critical 266 

horizontal strains at pavement structures.  267 

According to the strain profiles, the proximity of tire edge is a critical location of crack 268 

initiation, once the maximum tensile strain is at the surface. The results illustrate that the large 269 

value of surface tensile strain would be the main reason for TDC. It is noticed that in MEPDG, 270 

the points are exactly investigated at the tire edges which may lead to the smaller strain 271 

magnitudes and inaccurate estimation of critical response. For instance, in Figures 10(a and b), 272 

the critical transverse strains at a very close distance to the tire edge in thick and thin AC layers 273 

are 16.6 and 4.8 microstrains, respectively, and in tension, whereas those exactly at the tire edge 274 

are 4.53 and 17.2 microstrains and in compression. This finding indicates that the MEPDG may 275 

not be capable of determining critical tensile strain at the pavement surface correctly. 276 

4.2 Effect of temperature gradient in pavements with GB 277 

To explore the likelihood of TDC in pavements with GB at different AC temperatures, 278 

numerous analyses have been conducted to compute the critical horizontal strains in AC layers. 279 

The strain profiles in thick and thin AC layers at a temperature of 50°C are presented in Figures 280 

12(a and b), respectively.  281 



From the figures, it is observed that utilizing GB layer in pavements, increase horizontal 282 

strains at the bottom and decrease those at the top of thick and thin AC layers. However, the 283 

peak value of longitudinal strain at the bottom of thick AC layer is 318.1 microstrains, TDC is 284 

dominant type of distress in thick pavements with GB at 50°C. Due to the similar values of the 285 

critical strains at the top and bottom of thin asphalt layer, cracking is likely to initiate at any of 286 

the corresponding locations. The critical horizontal strain responses in pavements with GB at 287 

various AC temperatures and thicknesses are illustrated in Table 5. Compared to maximum 288 

longitudinal strain at the bottom of thick AC layer, maximum transverse strain value at the top 289 

is small (2.4 and 12.9 microstrains at 5°C and 25°C, respectively), which indicates its 290 

insignificant contribution to TDC initiation.  291 

According to the strain response profiles at the surface, transverse strain is more critical 292 

than longitudinal strain, while at the bottom of asphalt layer tensile strain in longitudinal 293 

direction is more significant than that in transverse direction. Hence, only these two critical 294 

responses are considered in further analyses. 295 

4.3 Effect of vehicle speed in pavements with CTB 296 

To Investigate vehicle speeds impact on TDC, horizontal strains at the top and bottom of 297 

AC layers were calculated at vehicle speeds of 8, 24, 48, 72, 96 and 120 km/h. Variations of 298 

maximum horizontal strains with vehicle speeds in thick and thin AC layers are illustrated in 299 

Figures 13(a and b), respectively, at low temperature in pavements with CTB. According to the 300 

figures, the strain responses at the top and bottom of AC layers display the reverse trends. In 301 

both AC layers, reducing vehicle speed from 120 km/h to 8 km/h leads to the increase of 302 

transverse strain at the top of thick AC layer more than 2 times and decrease of longitudinal 303 



strain at the bottom of thin AC layer more than 2.9 times.  304 

As seen in Figure 13a, TDC is the critical type of distress in thick AC layer at all speeds 305 

analyzed. However, at vehicle speeds higher than 96 km/h, longitudinal strain value at the 306 

bottom is 8.1 microstrains which is almost similar to transverse strain at the top of asphalt layer. 307 

This observation indicates that cracking may initiate at the same time at top and bottom of thick 308 

asphalt layer or first at either of those locations. On the contrary, bottom-up cracking is 309 

dominant in the thin AC layer at medium and high speeds. Only if the vehicle moves less than 310 

10 km/h, transverse strains at surface may become critical. The critical horizontal strains 311 

calculated at different vehicle speeds in thick and thin AC layers is presented in Table 6.  312 

The results at medium and high temperatures show that longitudinal strains at the bottom 313 

are compressive or very small (less than 2 microstrains), while the speed variations influence 314 

on the transverse strains at pavement surface is tremendous. It is also seen from the table that 315 

maximum transverse strains increase exponentially as the speeds decrease. This is expected 316 

because loading frequency reduction is equivalent to temperature increase, based on time-317 

temperature superposition principle.  318 

4.4 Effect of vehicle speed in pavements with GB 319 

As demonstrated before, pavements with GB are prone to TDC only at high temperature. 320 

To find critical horizontal strains in pavements with GB at various speeds, the response profiles 321 

in thick and thin AC layers are plotted in Figures 14(a and b), respectively. It is seen that by 322 

decreasing the vehicle speeds, critical strains increase at the top and bottom of AC layers. 323 

Within ranges of 24-120km/h, however, rate of increase in transverse strain is from 92.95 to 324 

257.4 microstrains and faster than longitudinal strain at the bottom AC layers, bottom-up 325 



cracking is predominant type of distress. Instead, at vehicle speed of 8 km/h, TDC becomes 326 

pronounced in pavements with GB. The critical horizontal strains at different speeds and 327 

temperatures in thick and thin AC layers is illustrated in Table 7. 328 

The results in the table reveal that lower speeds result in higher strains at the bottom and 329 

top of AC layers at 5 and 50°C, respectively. Once the speed decreases from 24 to 8 km/h, 78.6 330 

percent increase in transverse strain is observed at 50°C in thick AC layer. In fact, pavements 331 

with GB are not only subjected to bottom-up cracking, but also TDC becomes a serious concern 332 

when the vehicle is moving slowly in pavements with various thicknesses. 333 

4.5. Effect of non-uniform aging gradient in pavements  334 

In order to investigate the non-uniform aging gradient effect on TDC in the pavements 335 

with CTB and GB, horizontal tensile strains are calculated at the top and bottom of aged AC 336 

layers with different thicknesses. By considering surface moduli of 500, 2000 and 8000 MPa 337 

which simulate the long-term aging at various times, the transverse strains at the top of SMA13 338 

in thick and thin AC layers were obtained as the critical horizontal strain for different n and k 339 

values. Due to the similar trends obtained from the pavements with CTB and GB, transverse 340 

strain profiles at the top of SMA13 in thick pavement with CTB is depicted in Figures 15(a and 341 

b). 342 

As shown in the figures, maximum transverse strain at the pavement surface is around 400 343 

microstrains, when the surface modulus is 500 MPa. By increasing surface modulus to 8000 344 

MPa, pavement surface becomes brittles and maximum transverse strain declines 8 times in its 345 

magnitude. However, this finding specifies that the hardening of pavement surface decreases 346 

strength and corresponding strain, TDC is the dominant type of cracking by considering the 347 



stiffness gradient within AC depth. Since the horizontal strains at the bottom of AC layer are in 348 

compression, the results are not shown herein. 349 

Because of the significant effect of aging on TDC, it is important to investigate the critical 350 

location of TDC at the surface at various aging times and different AC thicknesses. To do this, 351 

transverse strains at the top of pavement with different surface moduli are calculated at 24 352 

transverse locations ranging from the center of dual tires to a distance of 55 cm. The analyses 353 

are conducted for n and k values equal to 3 and 2, respectively. The transverse strain profiles 354 

obtained from the thick pavement with CTB and thin pavement with GB are illustrated in 355 

Figures 16(a and b), respectively.   356 

The figures show that at low surface modulus, critical location of TDC is exactly outside 357 

of the tire edge. By increasing the surface modulus, the critical location of TDC occurs far from 358 

the tire edge so that at surface modulus of 8000 MPa, center of dual tires becomes the critical 359 

location of TDC. Therefore, critical location of TDC is highly dependent upon the age-360 

hardening level at the surface in both thick and thin AC layers.   361 

Overview of the results show that TDC in pavements with CTB is the predominant type 362 

of distress at various temperatures, while in pavements with GB, it is likely to take place only 363 

at high temperture. Besides, the chance of TDC initiation increases with decreasing the vehicle 364 

speed and increasing the temperature in both thick and thin AC layers, while the age hardening 365 

level changes the critical location of TDC at the surface. Since the failure mechanisms of top-366 

down and bottom-up cracking have just been explored in this study, the conclusions have been 367 

drawn based on comparison of these two cases in the thick and thin pavements with CTB and 368 

GB. 369 



5. Conclusions 370 

Accurate determination of pavement responses at the surface plays an important role in 371 

the structure design and prediction of TDC. In this study, the effects of speed (loading 372 

frequency), temperature and non-uniform aging gradients on TDC are investigated by 373 

calculating maximum horizontal strains at the thick and thin asphalt layer surface. Analyses are 374 

conducted for the pavements with CTB and GB.  375 

This new analysis approach uses the Lucas algorithm and the integration, summation and 376 

then extrapolation method to compute the horizontal strains precisely. The results obtained are 377 

summarized as follows: 378 

• The critical location of the tensile strain is in the proximity of tire edges, which 379 

indicates the results agree well with the typical pattern of the TDC observed in the field. 380 

The locations adopted in the MEPDG are inadequate and thus the maximum tensile 381 

strain at the surface may not be identified. 382 

• Pavements with CTB are vulnerable to TDC at different temperatures and AC 383 

thicknesses. Because of strong support from the base layer, horizontal strains at the 384 

bottom of AC layers are very small or in compression.  385 

• Utilizing GB in thick and thin pavements causes the bottom-up cracking to be the 386 

dominant type of fatigue failure at low and medium temperatures, while at high 387 

temperature cracking is likely to initiate simultaneously at the top and bottom or AC 388 

layers with different thicknesses. 389 

• Variations of surface modulus due to the aging cause the critical location of TDC to 390 

vary noticeably  from outside of the tire edge to the center of dual tires. This finding is 391 



consistent with the characteristic of the TDC observed in the field. In addition, 392 

increasing aging time leads to the reduction in tensile strength of the thick and thin AC 393 

layers and horizontal tensile strains at surface.  394 

• Compared to the longitudinal strain at the bottom of AC layer, transverse strain 395 

magnitude at the surface is more induced at lower speeds which result in TDC.  396 

• At low temperature and higher speeds, the magnitudes of maximum longitudinal strain 397 

at the bottom and transverse strain at the surface of thick AC layer are almost the same 398 

and occur just outside of the tire edge. Therefore, the failure may occur at the same 399 

time at the bottom and top of asphalt layers in pavements with CTB.  400 

• For the pavements with GB, the influence of speed reductions on longitudinal strain in 401 

thin AC layer is greater than that in the thick AC layer. But, once the vehicle moves 402 

slowly at high temperature, TDC becomes a serious concern.  403 

However, the results of this research provide beneficial insight to analysis and design of asphalt 404 

pavements from a mechanistic point of view, considering more pavement structures is 405 

recommended in the future studies. 406 
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 533 

Figure 1. Geometry of the pavement structure with analysis points "A" and "B" 534 
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 551 
Figure 2. Integrand oscillation of the Burmister’s solution 552 
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Figure 3. Illustration of low and high frequency components  579 
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 609 
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     (b) 611 

Figure 4. Schematic of dual tires loading and analysis locations in: (a) Thick pavement structure (b) 612 

Thin pavement structure.  613 
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 620 

Figure 5. Dynamic moduli master curves constructed for three asphalt mixtures 621 
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Figure 6. Dynamic moduli changes with temperature 638 
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Figure 7.  Illustration of the effective length 646 
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    (a) 664 
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  666 
    (b) 667 

Figure 8. Non-uniform modulus gradient of aged SMA13 layer for various (a): n and (b): k 668 
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 675 

Figure 9.  Illustration of negative and positive temperature gradients with various sublayers 676 
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(a) 698 

 699 

(b) 700 

Figure 10. Critical locations of horizontal strains at low speed (5°C, CTB) in: (a) thick AC layer (b) 701 

thin AC layer 702 
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(a) 708 

 709 

(b) 710 

Figure 11. Critical locations of horizontal strains at low speed (50°C, CTB) in: (a) thick AC layer 711 

(b) thin AC layer 712 
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(a) 718 

 719 

(b) 720 

Figure 12. Critical locations of horizontal strains at low speed (50°C, GB) in: (a) thick AC layer (b) 721 

thin AC layer 722 

 723 

 724 

 725 

 726 

-900

-750

-600

-450

-300

-150

0

150

300

450

600

750

0 5 10 15 20 25 30 35 40 45 50 55 60

M
ic

ro
 S

tr
a
in

Transverse distance (Cm)

εx (Top)

εy (Top)

εx (Bottom)

εy (Bottom)

Tire edge
Tire edge

-1000

-800

-600

-400

-200

0

200

400

600

800

0 5 10 15 20 25 30 35 40 45 50 55 60

M
ic

ro
 S

tr
a
in

Transverse distance (Cm)

εx (Top)

εy (Top)

εx (Bottom)

εy (Bottom)

Tire edge
Tire edge



 727 

              (a) 728 

 729 

               (b) 730 

Figure 13. Variations of maximum horizontal strains with vehicle speeds (5°C, CTB) in: (a) thick 731 

AC layer (b) thin AC layer 732 
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 737 
             (a) 738 

 739 
            (b) 740 

Figure 14. Variations of maximum horizontal strains with vehicle speeds (50°C, GB) in: (a) thick 741 

AC layer (b) thin AC layer 742 
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               (a) 747 
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                 (b) 750 

Figure 15. Maximum transverse strains at the top of aged AC layer with various surface moduli:  751 

(a) different n, (b) different k, 752 
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 (a) 761 

 762 

(b) 763 

Figure 16. Variation of transverse strains with surface moduli at the top of aged AC layer in:  764 

(a) thick pavement with CTB, (b) thin pavement with GB 765 
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 772 

Table 1. Pavement structure parameters used in analyses 773 

Layer 
Thickness 

(cm) 
Modulus (mpa) 

Poisson’s 

ratio 

TDC Depth 

(mm) 

TDC 

Location 

HMA 10, 20, 30 
Using Prony series 

fitted parameters 
0.3 

4, 8, 24, 40, 56, 

72, 88 

C1, C2, C3, 

C4, C5, C6 

Base 30 
280 (GB) 0.35 

- - 
7000 (CTB) 0.25 

Subgrade - 60 0.4 - - 
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Table 2. Aggregate gradations for asphalt mixtures 798 

Sieve size 

(mm) 

Percentage passing (%) 

Sup25 

mixture 

Sup20 

mixture 

SMA13 

mixture 

37.5 100 100 100 

25 97 100 100 

19 89 99 100 

12.5 77 87 98 

9.5 69 74 84 

4.75 47 50 34 

2.36 26 36 21 

1.18 16 27 14 

0.6 11 21 10 

0.3 8 16 7 

0.15 6 10 5 

0.075 4.2 6.2 3.5 
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Table 3. Coefficients of MHN model 818 

Mix Type 
*

E  (mpa) 
*

0E  (mpa)     0  1C  
2C  

SMA13 26317 51.1 0.266 1.693 657.1   21.7 183.5 

Sup20 32128 104.8 0.257  1.733 407.9  15.3 139.0 

Sup25 38558 134.9 0.249 1.804 212.3 11.6 105.4 
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 843 

Table 4. Loading frequencies and dynamic moduli calculated in thick and thin AC layer  844 

AC thickness 

(cm) 
Temperature Layers properties SMA13 Sup20 Sup25 

26 

5°C 
Loading frequency (Hz) 44.3 12.5 6 

Dynamic modulus (Mpa) 11126.7 9201.3 8103.8 

25°C 
Loading frequency (Hz) 44.3 15.9 8.2 

Dynamic modulus (Mpa) 4057 3045.2 2490.2 

50°C 
Loading frequency (Hz) 44.3 21.4 12.2 

Dynamic modulus (Mpa) 860.9 654.6 527.7 

10 

5°C 
Loading frequency (Hz) 44.3 9.6 - 

Dynamic modulus (Mpa) 11126.7 8804 - 

25°C 
Loading frequency (Hz) 44.3 12.6 - 

Dynamic modulus (Mpa) 4057 2839 - 

50°C 
Loading frequency (Hz) 44.3 17.7 - 

Dynamic modulus (Mpa) 860.9 607 - 
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 864 

Table 5. Temperature effect on horizontal strains and locations in pavements with CTB and GB 865 

Base layer 
Speed 

(km/h) 

Temperature 

(°C) 

Thick AC layer Thin AC layer 

εx (Top) 

(µstrain) 

εy (Bottom 

(µstrain) 

εx (Top) 

(µstrain) 

εy (Bottom 

(µstrain) 

CTB 

8 

5 16.6 5.9 4.8 2.6 

25 94.7 -4.6 63.5 -16.5 

50 635.1 -13.9 516.6 -26.6 

120 

5 8.1 8.2 -0.3 7.5 

25 35.3 2 17.6 -4.9 

50 212.3 -9.5 160.1 -23.1 

GB 

8 

5 6.5 111.2 26.1 204.9 

25 23.6 225.8 58.3 364 

50 459.8 318.1 431.4 432.8 

120 

5 2.4 81.6 19.6 159 

25 12.9 154.3 36.9 268.6 

50 92.9 282.4 118.3 427.4 
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 884 

Table 6. Speed variations effect on critical horizontal strains in thick and thin pavements with CTB 885 

layer 886 

Speed 

(km/h) 

Pavement 

structure 

5°C  25°C  50°C 

εx
*
 

(Top) 

εy
* 

(Bottom

) 

 
εx

*
 

(Top) 

εy
* 

(Bottom

) 

 
εx

*
 

(Top) 

εy
* 

(Bottom

) 
8 

Thick 

Thin 

16.6 

4.8 

5.9 

2.6 

 

 

94.7 

63.5 

-4.6 

-16.5 

 

 

635.1 

516.6 

-13.9 

-26.6 

24 
Thick 

Thin 

12.2 

2 

7.1 

5 

 62.6 

38.1 

-1.8 

-11.7 

 408.5 

324.8 

-12.5 

-25.5 

48 
Thick 

Thin 

10.2 

0.9 

7.6 

6.2 

 48.6 

27.4 

-0.1 

-8.6 

 308.5 

240.7 

-11.4 

-24.6 

72 
Thick 

Thin 

9.2 

0.4 

7.9 

6.8 

 42.1 

22.5 

0.8 

-6.9 

 261.9 

201.6 

-10.6 

-23.9 

96 
Thick 

Thin 

8.5 

-0.1 

8.1 

7.2 

 38.1 

19.4 

1.5 

-5.7 

 233 

177.7 

-10 

-23.5 

120 
Thick 

Thin 

8.1 

-0.2 

8.2 

7.5 

 35.3 

17.6 

1.9 

-4.9 

 212.3 

160.1 

-9.5 

-23.2 

*Strain values at the top and bottom of AC layers are in microstrains. 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 



 900 

 901 

 902 

 903 

 904 

 905 

Table 7. Speed variations effect on critical horizontal strains in thick and thin pavements with GB 906 

layer 907 

Speed 

(km/h) 

Pavement 

structure 

5°C  25°C  50°C 

εx
*
 

(Top) 

εy
* 

(Bottom

) 

 
εx

*
 

(Top) 

εy
* 

(Bottom

) 

 
εx

*
 

(Top) 

εy
* 

(Bottom

) 
8 

Thick 

Thin 

6.5 

26 

111.2 

204.9 

 23.7 

58 

225.8 

364 

 459.8 

431.4 

318.1 

432.8 

24 
Thick 

Thin 

4.5 

23 

97 

183 

 18.9 

47.7 

194.5 

324.1 

 257.4 

252.2 

311.7 

444.4 

48 
Thick 

Thin 

3.5 

21.5 

89.8 

171.7 

 16.2 

42.3 

176.2 

299.1 

 171.6 

186.4 

301.4 

442 

72 
Thick 

Thin 

3 

20.7 

85.9 

165.7 

 14.7 

40 

166.1 

285.2 

 133 

153.8 

293.8 

436.9 

96 
Thick 

Thin 

2.6 

20 

83.4 

161.6 

 13.64 

38.3 

159.3 

275.9 

 109.7 

133.3 

287.6 

432 

120 
Thick 

Thin 

2.4 

19.6 

81.6 

159 

 12.9 

36.9 

154.3 

268.6 

 92.95 

118.3 

282.4 

427.4 

*Strain values at the top and bottom of AC layers are in microstrains. 908 

 909 

 910 

 911 

 912 




