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Fatigue and Thermal Cracking Analysis of Asphalt Mixtures 8 

Using Continuum Damage and Cohesive Zone Models 9 

 10 

Abstract: Cracking in asphalt pavements has continued to be a prominent pavement 11 

distress. This study evaluated fatigue and thermal cracking performance for nine asphalt 12 

mixtures using three approaches: simplified viscoelastic continuum damage model, 13 

thermal stress driven Paris-law cracking model, and cohesive zone fracture model. The 14 

mixtures encompass three asphalt binder grades, three aggregate sizes and a combination 15 

of recycled asphalt amounts. Simplified viscoelastic continuum damage characterization 16 

of the mixtures was performed using direct tension cyclic tests and low temperature 17 

fracture characterization using disk-shaped compact tension tests. Cracking performance 18 

predictions were conducted using the layered viscoelastic pavement analysis for critical 19 

distresses software, the thermal cracking model used in PavementME, and the IlliTC 20 

thermal cracking simulation systems. Various lab measured performance prediction 21 

parameters were compared with simulation results. Analysis shows that use of simulation 22 

models is essential to reliably link lab measured properties with expected cracking 23 

performance of asphalt mixtures. Furthermore, the study also shows that fatigue and 24 

thermal cracking performances are not linked and shows lack of correlation between 25 

cracking performance and recycled asphalt binder contents. 26 

Keywords: asphalt; fatigue cracking, thermal cracking; continuum damage; 27 

fracture mechanics; performance prediction. 28 

 29 
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INTRODUCTION 30 

Cracking is one of the major distress modes for asphalt pavements and is categorized in 31 

two main groups: load associated (mainly fatigue cracking) and non-load associated 32 

(thermal) cracking. Fatigue cracking occurs when tensile stresses due to repetitive traffic 33 

loading exceed the tensile strength of the material creating microcracks that grow and 34 

coalesce into macrocracks that lower pavement smoothness and integrity. Fatigue cracks 35 

can initiate at the bottom of the pavement layer (bottom up) or near the pavement surface 36 

(top down). Thermal cracking, common in cold climates, occurs when the thermal stress 37 

that builds up during cooling events in the pavement exceeds the tensile strength of the 38 

asphalt. Cracked pavements allow water to infiltrate to underlying pavement layers, 39 

further weakening the pavement and leading to a rougher ride and shorter service life. 40 

Many researchers have been working on the prediction of fatigue and thermal 41 

cracking of asphalt pavements using laboratory testing and numerical modelling. These 42 

efforts have made many advancements in both testing and modeling to predict the 43 

cracking performance of pavements. The Simplified Viscoelastic Continuum Damage 44 

(SVECD) approach using uniaxial tensile fatigue and Disk-Shaped Compact Tension 45 

(DCT) testing are two experimental methods which have drawn a lot of attention in recent 46 

years for evaluation of fatigue and thermal cracking, respectively. Both methods use 47 

energy-based approaches. The SVECD approach is based on three principles: elastic-48 

viscoelastic correspondence principle, continuum damage mechanics, and time-49 

temperature superposition with growing damage (Cao et al., 2016). The DCT test for 50 

asphalt concrete was proposed by Wagoner et al. (2005). This procedure has been 51 

specified as ASTM D7313 and was extensively evaluated through multiple studies 52 

(Marasteanu et al. 2007, Marasteanu et al. 2012, Dave et al. 2016a). In addition to field 53 

validation by Marasteanu et al. (2012), Dave et al. (2016a) demonstrated suitability of 54 
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DCT fracture energy in distinguishing asphalt pavement transverse cracking performance 55 

of field sections. 56 

In general, the asphalt industry is moving towards use of performance based 57 

specifications and use of performance-based design approaches. Use of prediction models 58 

are essential in predicting the performance of asphalt mixtures during, and at the end of 59 

service life. In the present research, energy based fully mechanistic performance 60 

prediction models were employed using laboratory fatigue and fracture tests. For fatigue 61 

pavement performance, SVECD results were used in the layered viscoelastic pavement 62 

analysis for critical distresses (LVECD) framework (Eslaminia et al. 2012). The IlliTC 63 

thermal cracking prediction system (Dave et al. 2013) was used for thermal cracking 64 

predictions; this system utilizes cohesive zone fracture based analysis of thermal cracking 65 

performance prediction. Since fracture properties were only available for limited number 66 

of mixtures and viscoelastic characterization was available for all mixtures, SHRP 67 

TCModel (Lytton et al., 1993) was also employed for thermal cracking performance 68 

prediction. This model is included in the current AASHTOWare PavementME system for 69 

thermal cracking prediction. 70 

The objective of this paper is to evaluate fatigue and thermal cracking 71 

performance of nine asphalt mixtures representing different aggregate sources, aggregate 72 

gradation and sizes, recycled asphalt amounts, and asphalt binder grades and sources 73 

using energy based models for fatigue (continuum damage) and thermal (cohesive zone) 74 

cracking. A current state of practice approach for thermal cracking simulation was also 75 

evaluated through use of the SHRP TCModel. The purpose of such study is to not only 76 

determine if mixture parameters consistently affect lab measured performance prediction 77 

parameters but also to determine if any correlations are seen between predicted fatigue 78 

and thermal cracking performance. Laboratory evaluation was conducted for viscoelastic 79 
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characterization as well as for measurement of necessary properties that are used in 80 

fatigue and fracture models. Brief descriptions of laboratory tests, performance models 81 

and theories employed in those models are presented in the next section.  82 

METHODOLOGY 83 

Brief Description of Laboratory Tests 84 

Viscoelastic Characterization 85 

Tests on both binder and mixtures were conducted for viscoelastic characterization. The 86 

resistance of binders to low temperature cracking was evaluated by bending beam 87 

rheometer (BBR) testing following AASHTO T313. Creep stiffness (S(t)) and the rate of 88 

change of creep stiffness (m) were obtained. Mixture complex modulus testing, following 89 

AASHTO TP-79, was performed to determine dynamic modulus and phase angle for each 90 

mixture. Testing was performed on three replicate specimens at three temperatures and 91 

six frequencies to develop master curves. 92 

SVECD Fatigue Test 93 

Uniaxial fatigue testing was conducted following the AASHTO TP 107 procedure. 94 

Damage analysis for each mixture was performed and damage characteristic curves 95 

(DCC) were obtained. Finally, to compare fatigue cracking resistance of different 96 

mixtures, relationships between energy based fatigue failure criterion (GR) and number 97 

of load cycles were developed. 98 

Disk-shaped Compact Tension (DCT) Fracture Test 99 

Fracture energy (Gf) of asphalt mixtures is a measure of the amount of energy needed to 100 

produce a unit fractured surface. Following the ASTM D7313 procedure, the tests were 101 

conducted to obtain a constant crack mouth opening displacement (CMOD) rate of 0.166 102 

mm/s. Since the application of this test in the present study is for assessment of thermal 103 
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cracking performance of mixtures, DCT tests were conducted at -18ºC. This temperature 104 

was selected as per the recommendations by Marasteanu et al. (2012).  105 

Due to limited amount of plant produced specimens, DCT fracture energy testing was 106 

only possible on five of the nine mixtures discussed here (the mixtures tested using DCT 107 

are indicated in Table 1). 108 

Fatigue Cracking Prediction 109 

Layered Viscoelastic Pavement Design for Critical Distresses (LVECD) is a program 110 

developed by North Carolina State University to calculate responses and predict the 111 

fatigue and rutting behaviour of asphalt pavements (Eslamnia et al. 2012). To assess the 112 

fatigue behaviour, this three-dimensional finite element based software employs 113 

simplified viscoelastic continuum damage (SVECD) approach. A damage characteristic 114 

curve (DCC) from SVECD is used in this model. DCC can be used to assess the mixture’s 115 

response to any combination of uniaxial loading history and temperature, since it is 116 

developed by removing the bulk viscoelastic response of material from the constitutive 117 

response. (Chehab, et al. 2003; Keshavarzi and Kim, 2016) 118 

Failure criterion, GR, is an energy-based parameter and important component of 119 

damage modelling, which can be calculated from Equation 1. This equation is suggested 120 

by Saburi et al 2015, Where (0,𝑡𝑎
𝑅 )𝑖 is the pseudo strain amplitude at cycle i, 𝐹𝑖 is the 121 

pseudo stiffness at cycle i, and 𝑁𝑓 is total number of cycles to failure. 122 

𝐺𝑅 =
1

2
∫ (0,𝑡𝑎

𝑅 )
𝑖

2
(1−𝐹𝑖)

𝑁𝑓
0

𝑁𝑓
2                                                                                              (1) 123 

The number of cycles to failure at GR=100 is a parameter suggested by Norouzi et al. 124 

(2016) to compare the fatigue behaviour of different mixtures. This parameter is used in 125 
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this research to rank the fatigue cracking characteristics of the mixtures based on the 126 

results SVECD fatigue testing.  127 

Thermal Cracking Prediction 128 

In the present study, two thermal cracking performance prediction models were used. The 129 

first model, SHRP Thermal Cracking Model (TCModel), was used for evaluation of all 130 

nine mixtures (Lytton et al., 1993). TCModel utilizes climatic data from the last 20 years 131 

and with a one dimensional thermo-viscoelastic stress calculation scheme to determine 132 

the thermally induced stresses as function of pavement depth and time. Using the Paris 133 

law based crack propagation approach, TCModel determines the depth of crack and 134 

couples that with probabilistic crack distribution model to predict extent of field cracking. 135 

Primary material inputs for TCModel are viscoelastic characterization, coefficient of 136 

thermal expansion and contraction, and tensile strength. Using the complex modulus 137 

master-curves and time-temperature shift factors, time dependent viscoelastic properties 138 

(relaxation modulus and creep compliance) were determined for the nine mixtures. Since 139 

tensile strength measurements were not conducted as part of this study, tensile strengths 140 

were estimated using the peak load from the DCT test (Marasteanu et al., 2012). For the 141 

four mixtures that were not evaluated using DCT fracture test, a tensile strength value 142 

representative of similar mixtures was used (same nominal maximum aggregate size, 143 

binder grade and approximate recycled asphalt amount). Based on field geographical 144 

region, climatic data representative of the Southern-central portion of New Hampshire 145 

was used in the analysis of asphalt mixtures. 146 

Limitations of TCModel have been discussed by Dave et al. (2013). The main 147 

short comings are use of one-dimensional thermo-viscoelastic stress evaluation approach 148 

as opposed to treating pavement as two- or three-dimensional structure and use of Paris 149 

law based cracking model that is only applicable to purely brittle materials. To alleviate 150 
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these short-comings, the IlliTC thermal cracking prediction system has been proposed 151 

(Dave et al., 2013). The IlliTC system utilizes two dimensional thermo-viscoelastic finite 152 

element analysis with a cohesive zone fracture model to simulate quasi-brittle cracking 153 

in asphalt concrete. The suitability of IlliTC for thermal cracking performance prediction 154 

has been independently shown in two studies (Dave et al., 2013; Dave et al., 2015). The 155 

cohesive zone fracture model in IlliTC uses tensile strength and fracture energy to 156 

simulate quasi-brittle and ductile crack propagation. A number of researchers have shown 157 

that cohesive zone fracture approach is well suited for simulation of discrete cracking in 158 

asphalt mixtures (such as, de Souza et al., 2004; Baek et al., 2010; Dave and Buttlar, 2010 159 

and Kim et al., 2013).  160 

MATERIALS 161 

This study includes modelling of 9 plant-mixed, plant-compacted mixtures fabricated at 162 

two drum plants, as shown in Table 1. Mixtures include three nominal maximum 163 

aggregate sizes (NMAS) and three binder sources. The average air void content of the 164 

fatigue and DCT specimens are also presented in Table 1, note that only five mixtures 165 

were tested using DCT due to limited specimen availability. The total binder replacement 166 

is the ratio of the percentage of recycled binder divided by the percentage of total binder 167 

(virgin and recycled). The mixtures were compacted at the plant and are thus considered 168 

to be in the short-term aged condition. The RAP binder of mixtures produced in plant 1 169 

has a continuous grade of 81.3-19.3˚C. The RAS material was primarily from tear-off 170 

shingles which could not be graded in the laboratory. 171 

(Table 1) 172 
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EXPERIMENTAL RESULTS 173 

Viscoelastic Characterization 174 

Figure 1 shows the low PG temperature of extracted and recovered binders. Generally, 175 

the binders extracted and recovered from the mixtures produced in plant 1 have colder 176 

low PG temperature than mixtures of plant 2. The low temperature PG grade of extracted 177 

and recovered binders from RAP/RAS mixtures are warmer than mixtures with only 178 

RAP. Figure 2 shows the ΔTcr values for the binders extracted and recovered from the 179 

mixtures evaluated in this study. ΔTcr, is an indicator of crack susceptibility of the binder 180 

and is defined as the difference between the temperature at which the material has a creep 181 

stiffness (S-value) of 300 MPa and the temperature at which the log-log slope of creep 182 

curve (m-value) is 0.300.  The cracking warning (Anderson, 2011) and cracking limit 183 

(Rowe, 2011) lines are drawn in this figure as well. Lower ΔTcr values indicate a higher 184 

susceptibility to cracking. The results show that binders extracted and recovered from the 185 

mixtures produced in plant 1 have lower ΔTcr than the mixtures of plant 2 (c.f. Figure 2), 186 

indicating that mixtures from plant 1 might be more susceptible to cracking. For plant 1, 187 

mixtures with RAP/RAS have lower ΔTcr, followed by 18.9% RAP and 28.3% RAP, for 188 

both binder grades. Generally, PG 52-34 binders extracted from mixtures produced in 189 

plant 1 have lower ΔTcr as compared with the PG 58-28 binders extracted from the same 190 

mixtures.  191 

(Figure 1) 192 

(Figure 2) 193 

 194 

The dynamic modulus mastercurves presented in Figure 3 are the average of three 195 

replicate specimens for each mixture. All of the mixtures produced from Plant 2 are stiffer 196 

than those produced from Plant 1, regardless of binder grade or recycled material content.  197 
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The Plant 1 mixtures follow the expected trends with respect to binder grade and recycle 198 

content and type.  199 

(Figure 3) 200 

To capture the stiffness and relaxation capability of the mixtures together, Black space 201 

diagram is presented in Figure 4. The combination of higher stiffness and lower phase 202 

angle can indicate that a mixture may be more susceptible to cracking. Generally, the 203 

stiffer mixtures in Figure 3 show lower phase angle and more elastic behaviour in Figure 204 

4. The mixtures from plant 2 have lower phase angle (less relaxation capability) especially 205 

at low and intermediate temperatures, while the mixtures produced in plant 1 with PG 52-206 

34 show higher phase angle values. 207 

SVECD Fatigue Testing Results 208 

Figure 5 compares the fatigue failure criterion (GR) versus the number of cycles (Nf) of 209 

mixtures. Generally, the higher GR values at the same number of cycles (Nf) indicates 210 

better fatigue behavior. The GR-Nf slope of all of the mixtures except PG 58-28, 12.5 mm, 211 

18.5% RAP/RAS are very similar. The lowest GR values are observed in the mixture with 212 

PG 64-28 binder which is the stiffest among the other binders.  213 

(Figure 4) 214 

(Figure 5) 215 

Fracture Testing Results 216 

The results presented in Figure 6 show the average fracture energy of specimens 217 

measured from the DCT test. Error bars on the plot indicate one standard deviation 218 

interval of three replicates. As can be seen, the variability of test results is limited to 10%, 219 

except for PG 58-28, 9.5 mm, 21.3% RAP.  Overall, all mixtures exhibit high fracture 220 

energy; current low temperature cracking specifications in use by Minnesota Department 221 

of Transportation recommend use of a minimum of 400 J/m2 (Van Deusen et al. 2015). 222 
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Only the PG 58-28, 12.5 mm, 22.4% RAP mixture has a value that is statistically lower 223 

than the other five. Another observation that can be made from the results is that in this 224 

study the PG 52-34 mixtures did not show appreciably higher fracture energy as 225 

compared to mixtures made with PG XX -28 binder grade. Similarly, in this group of five 226 

mixtures the amount of recycled asphalt also did not show considerably different fracture 227 

energies. Both of these aspects, inconsistent effects of using -34 binder low temperature 228 

grade as compared to -28 low temperature binder grade as well as the effect of recycled 229 

asphalt content were also evident in the fatigue test results. These aspects reinforce need 230 

for performance testing based specification for asphalt mixtures. Furthermore, for 231 

predicting thermal cracking pavement performance it is necessary to couple laboratory 232 

measured properties with pavement structural response. In the present work this was done 233 

by use of TCModel and IlliTC thermal cracking prediction systems. 234 

(Figure 6) 235 

Another parameter to evaluate mixtures behaviour against thermal cracking is 236 

Fracture Strain Tolerance (FST) suggested by Zhu et al. (2017). FST is calculated by 237 

normalizing the fracture energy of mixture with the fracture strength (Gf/Sf). This 238 

parameter better describes the fracture process in asphalt mixtures as it combines both 239 

energy as well as the strain capacity of the mixture; results for various mixtures are shown 240 

in Figure 7. The general trend for 12.5 mm and 9.5 mm mixtures is similar to fracture 241 

energy. The 12.5 mm 22.4% RAP mixture shows the worst performance and PG 52-34 242 

18.9% RAP mixtures the best. However, it should be noted that the range of FST values 243 

amongst mixtures is small. 244 

(Figure 7) 245 
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PERFORMANCE PREDICTION RESULTS 246 

Fatigue Performance Prediction 247 

The mixtures produced in plant 1 were placed in the field during the 2013 construction 248 

season. Figure 7 shows the cross section of the pavement that is used in the LVECD 249 

program to simulate the fatigue performance of mixtures in the field. The mixtures studied 250 

herein are considered as surface layer on top of a 19mm binder layer (PG 58-28, 31.3% 251 

RAP). In addition to the measured mixture properties, parameters shown in Figure 8 were 252 

used for simulations. 253 

 254 

(Figure 8) 255 

LVECD model predicts pavement responses and damage evolution (fatigue and 256 

rutting) in both spatial distribution and time history modes. One of the most useful outputs 257 

of this program is damage factor which is calculated on the basis of cumulative damage 258 

model and Miner’s rule. The damage factor (Equation 2) varies in magnitude from 0 (no 259 

damage) to 1 (completely damaged element).  260 

𝐷𝑎𝑚𝑎𝑔𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =  ∑
𝑁𝑖

𝑁𝑓𝑖

𝑇
𝑖=1 …………..…………………………………….…… (2) 261 

Where T: total number of periods, Ni: traffic for period i, and Nfi: the allowable failure 262 

repetitions under the conditions that prevail in period i (Sabouri et al. 2015). In spatial 263 

distribution mode, the damage factor (N/Nf) is shown in contour format for a specific 264 

time. The progression of damage in pavement cross section can be tracked by changing 265 

the time periods.  266 

Figure 9 presents comparisons of damage contour plots for the different mixtures 267 

at the end of 5, 10, and 20 years. Based on the results, users can predict how fatigue 268 

cracking initiates and propagates in pavement (bottom-up, or top-down) and assess the 269 

propagation rate. (Mensching et al. 2016) 270 
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(Figure 9) 271 

The first three contours of Figure 9 show the damage factor distribution of 272 

mixtures from plant 2, while the others are the mixtures from plant 1. To compare two 273 

9.5 mm mixtures, more damage is observed for mixture with stiffer binder (PG 62-28, 9.5 274 

mm, 16.4% RAP) than PG 58-28, 9.5 mm, 21.3% RAP, despite the lower RAP content. 275 

More fatigue cracking distribution is shown for 12.5 mm mixture from plant 2 than          276 

9.5 mm mixture with the same binder.  277 

PG 58-28, 12.5 mm, 18.5% RAP/RAS has the worst performance among mixtures 278 

produced in plant 1, while the similar mixture with the PG 52-34 does not show serious 279 

cracking. Surprisingly, this trend is reversed for 12.5 mm, 28.3% RAP so that more 280 

damage distribution appears for the mixture with softer binder (PG 52-34). 281 

In the LVECD analysis, an element of the pavement cross section is considered 282 

to be completely failed when the N/Nf ratio equals 1.0 (indicated by the red color in Figure 283 

9). Figure 10(a) shows the percentage of the cross section that has failed over the service 284 

life of the pavement containing each mixture. The percentage is calculated by summing 285 

all of the failed elements and dividing by the total number of points in the cross section. 286 

The PG 58-28, 12.5 mm mixture with 18.5% RAP/RAS shows the highest percentages of 287 

failure and a sudden increase in the damage at 20 months, reaching 20% failure in the 288 

next year before the damage rate decreases for the remaining service life. The PG 52-34, 289 

12.5 mm mixture with 28.3% RAP shows the next highest amount of damage followed 290 

by the PG 64-28, 9.5 mm mixture with16.4% RAP, and then the PG 58-28, 12.5 mm 291 

mixture with 22.4% RAP.  292 

Five of the mixtures do not show any failure points, indicating that fatigue 293 

cracking would not be a primary concern in this pavement structure with these mixtures.  294 

To evaluate potential differences in the fatigue behaviour of these mixtures, the maximum 295 
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damage factor value at the end of the 20-year analysis is shown in Figure 10(b) for these 296 

mixtures. The PG 52-34, 12.5 mm, 18.9% RAP mixture has the highest damage factor, 297 

while the same mixture with PG 58-28 binder has the lowest value.  298 

(Figure 10) 299 

Thermal Cracking Performance Predictions 300 

Results from TCModel and IlliTC simulations for prediction of thermal cracking 301 

performance for the nine mixtures evaluated in this study are presented in this section. 302 

Predicted thermal cracking amounts from TCModel for 20-year duration are plotted in 303 

Figure 11. It can be observed from the figure that only three mixtures exhibit thermal 304 

cracking concern. The thermal cracking predictions from TCModel seem to be linked 305 

most closely to the viscoelastic characteristics of the asphalt mixtures. This is not entirely 306 

unexpected, TCModel uses thermoviscoelastic stress calculation as the mechanistic 307 

component of the thermal cracking analysis. The reason for PG 58-28, 12.5 mm, 28.3% 308 

RAP mixture to be predicted with worst thermal cracking performance can be attributed 309 

to a combination of following factors: 310 

- Tensile strength of 4.3 MPa as compared to the average strength of 4.7 MPa for all 311 

other mixtures with PG XX-28 binder  312 

- Relatively non relaxant behaviour (lower phase angle) and greater stiffness at 313 

shorter loading times and low temperatures as compared to other mixtures (as seen 314 

in Figures 3 and 4).  315 

- While there are other mixtures with even flatter master-curve shapes (such as, PG 316 

58-28, 9.5 mm, 21.3% RAP), it should also be noted that the average time-317 

temperature shift factor for the worst performing mixture is approximately 318 

102.22/10 ºC versus 101.17/10 ºC for PG 58-28, 9.5 mm, 21.3% RAP mixture. Thus, 319 



 15 

the poor performing mixture has substantially higher temperature susceptibility, 320 

which has led to inferior thermal cracking performance. 321 

The other two mixtures (PG 58-28, 9.5 mm, 21.3% RAP and PG 64-28, 9.5 mm, 16.4% 322 

RAP) that exhibit thermal cracking also have relatively high stiffness values compared to 323 

the other mixtures.  324 

(Figure 11) 325 

IlliTC thermal cracking prediction system utilizes a two step analysis approach for 326 

maintaining practical analysis times for various cases. The system is designed to use 327 

critical cracking conditions approach; whereby thermo-viscoelastic stress analysis 328 

identifies the time period when thermal stresses exceed 80% of mixture tensile strength. 329 

These critical conditions are evaluated using finite element analysis with cohesive zone 330 

fracture model. IlliTC simulations were conducted for the five mixtures evaluated using 331 

the DCT test in the laboratory and the results are presented in Table 2. The results show 332 

that only three mixtures have potential for thermal cracking, this is consistent with the 333 

TCModel results. This finding is not entirely unexpected, since both IlliTC and TCModel 334 

utilize thermo-viscoelastic stress calculations. Out of those three mixtures, only the PG 335 

58-28, 12.5 mm, 28.3% RAP mixture showed high risk for thermal cracking. While 336 

simulations did not predict formation of thermal cracks for the other two mixtures, both 337 

mixtures did begin to undergo softening near the top of asphalt layer. In general, mixtures 338 

with high fracture energies, such as all five of the analyzed mixtures, are well resistant to 339 

thermal cracking distress, these results demonstrate need for performance predictions 340 

using simulation models. Simulation models such as IlliTC allow for combining the bulk 341 

viscoelastic behaviour of material with the non-linear fracture response in the context of 342 

the pavement structure. 343 

(Table 2) 344 
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DISCUSSION 345 

The results of fatigue and thermal cracking laboratory testing and pavement evaluation 346 

are summarized in Table 3. The table is color-coded for each parameter to categorize the 347 

values in three groups as relatively good (green), intermediate (yellow), and poor (red) 348 

behavior against cracking.  The mixtures are sorted from the best to worst according to 349 

the LVECD results. The mixtures with no failure points are considered as good (green) 350 

mixtures, three mixtures with about 20% failure or less after 20 years service life are 351 

categorized as intermediate (yellow) mixtures, and the performance of mixture with more 352 

than 80% failure is designated as poor (red). Although the comparison of fatigue and 353 

thermal cracking performance shows good agreement for some of the mixtures, it does 354 

not show a similar performance for the others. This is not surprising because of 355 

differences in traffic load and thermally induced cracking mechanisms. This demonstrates 356 

that for different cracking distress mechanisms use of the same laboratory measured 357 

performance prediction parameter or model may not be suitable. 358 

The dynamic modulus ranking from 1 (softest) to 9 (stiffest) indicates the value of 359 

dynamic modulus at the frequency of 10 Hz and temperature of X. Despite the high (more 360 

negative) Tcr values, the softest mixtures (dynamic modulus rank 1 to 3) have very good 361 

performance for both fatigue and thermal cracking, while the PG 64-28, 9.5 mm, 16.4% 362 

RAP mixture with a very low Tcr and higher dynamic modulus value shows some levels 363 

of both types of cracking. The largest difference between fatigue and thermal cracking 364 

evaluation is observed in three mixtures:  PG 58-28, 12.5 mm, 28.3%RAP, PG 58-28, 365 

12.5 mm, 18.5% RAP/RAS, and PG 52-34, 12.5 mm, 28.3% RAP. A hypothesis is that 366 

the fatigue cyclic degradation and the single critical event for low temperature cracking 367 

might be more different for the mixtures with greater amounts of aged binder (higher 368 
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RAP content or with presence of RAS). This is a preliminary hypothesis and needs to be 369 

further explored in future studies. 370 

To compare the number of cycles at GR=100 with the LVECD fatigue prediction, there is 371 

not any failure point or significant predicted fatigue cracking for first five mixtures, while 372 

the number of cycles to failure for these mixtures varies from 6600 to 15000 cycles. PG 373 

58-28, 12.5 mm, 18.5% RAP/RAS mixtures with highest number of cycles to failure show 374 

the worst predicted fatigue performance.  375 

In summary, results presented in this work demonstrate that it is not possible to entirely 376 

rely on PG binder grade, recycled binder amounts, maximum aggregate size or only using 377 

single mixture or binder index property to entirely control fatigue and thermal cracking 378 

performance. Use of energy based cracking tests and pavement cracking simulation 379 

models are necessary to combine all the complexities of material behavior in both linear 380 

and non-linear response ranges with pavement structure. Use of simulation models allow 381 

for representation of loading and boundary conditions that pavements undergo in field 382 

that cannot be easily replicated in laboratory tests. 383 

(Table 3) 384 

SUMMARY AND CONCLUSION 385 

The objective of this study was to evaluate fatigue and thermal cracking performance of 386 

asphalt mixtures using energy based models for fatigue and thermal cracking. The study 387 

included the laboratory testing on extracted and recovered binder and mixture and 388 

pavement performance evaluation. The following conclusions can be drawn on basis of 389 

the results and discussions presented in this paper: 390 

- DSR and BBR testing on binders and complex modulus testing on mixtures were 391 

conducted to characterize the viscoelastic behaviour of asphalt mixtures. Generally, the 392 
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results were as expected in terms of higher stiffness for stiffer binders and more recycled 393 

materials for each plant. However, there were significant differences in the stiffnesses of 394 

the mixtures from the two plants. The viscoelastic characteristics for both binder and 395 

mixture have considerable impacts on cracking behaviour of mixtures, however their 396 

impacts are not consistent for either fatigue or thermal cracking.  397 

- The results of pavement evaluation by LVECD for fatigue cracking, and TCModel and 398 

IlliTC for thermal cracking do not follow a consistent trend for all of the mixtures. Due 399 

to the difference in the mechanisms of fatigue and thermal cracking, it might be expected 400 

to have different cracking performance. This difference is also observed in the results of 401 

SVECD and DCT testing. 402 

- The fatigue or thermal cracking performance of asphalt mixtures could not be predicted 403 

by using a single index property or binder and mixture parameter. 404 

-Future investigation is planned to include more mixtures to obtain a larger data base and 405 

investigate the effect of long term aging on cracking performance. Also, the fatigue and 406 

thermal cracking performance of mixtures in the field are being tracked to be compared 407 

with the results of pavement performance predictions. 408 

 409 

REFERENCES 410 

1. Baek, J., H. Ozer, H. Wang, and I. Al-Qadi (2010). “Effects of Interface Conditions of 411 

Reflective Cracking Development in Hot-Mix Asphalt Overlays,” Road Materials and 412 

Pavement Design, 11(2), pp. 307-334. 413 

2. Chehab, G., Kim, Y. R., Schapery, R. A., Witczak, M. W., and Bonaquist, R., (2003), 414 

“Characterization of Asphalt Concrete in Uniaxial Tension using a Viscoelastoplastic 415 

Continuum Damage Model”, Journal of the Association of Asphalt Paving Technologists. 416 



 19 

3. Cao, W., Norouzi, A., and Kim, Y. R. (2016), “Application of Viscoelastic Continuum 417 

Damage Approach to Predict Fatigue Performance of Binzhou Perpetual Pavements”, 418 

Journal of Traffic and Transportation Engineering, Vol. 3, Pages 104-115. 419 

4. Dave, E. V., & Buttlar, W. G. (2010). Low temperature cracking prediction with 420 

consideration of temperature dependent bulk and fracture properties. Road Materials and 421 

Pavement Design, 11(sup1), 33-59. 422 

5. Dave, E.V., W.G. Buttlar, S.E. Leon, B. Behnia, and G.H. Paulino (2013). “IlliTC – Low 423 

Temperature Cracking Model for Asphalt Pavements,” Road Materials and Pavement 424 

Design, 14(Sup. 2), pp. 57-78. 425 

6. Dave, E. V., & Hoplin, C. (2015). Flexible pavement thermal cracking performance 426 

sensitivity to fracture energy variation of asphalt mixtures. Road Materials and Pavement 427 

Design, 16(sup1), 423-441. 428 

7. Dave, E.V., C. Hoplin, B. Helmer, J. Dailey, D. Van Deusen, J. Geib, S. Dai, and L. 429 

Johanneck (2016a). Effects of Mix Design and Fracture Energy On Transverse Cracking 430 

Performance of Asphalt Pavements in Minnesota. Transportation Research Record, 2576, 431 

pp. 40-50, 2016. 432 

8. Dave E.V. and B. Behnia (2016b). Cohesive Zone Fracture Modelling of Asphalt 433 

Pavements with Applications to Design of High Performance Asphalt Overlays. (article 434 

submitted for publication). 435 

9. de Souza, F.V., J.B. Soares, D.H. Allen, and F. Evangelista, Jr. (2004). “Model for 436 

Predicting Damage Evolution in Heterogeneous Viscoelastic Asphaltic Mixtures,” 437 

Transportation Research Record, 1891, pp. 131-139. 438 

10. Eslaminia, M., Thirunavukkarasu, S., Guddati, M. N., & Kim, Y. R. (2012). Accelerated 439 

pavement performance modeling using layered viscoelastic analysis. Proceedings of the 7th 440 

international RILEM conference on cracking in pavements, Delft, The Netherlands. 441 

11. B. Keshavarzi, Y.R. Kim, A viscoelastic-based model for predicting the strength of asphalt 442 

concrete in direct tension, Construction and Building Materials. 122 (2016), pp. 721–727 443 



 20 

12. Kim, Y. and F.T.S. Aragão. (2013). “Microstructure Modeling of Rate-Dependent Fracture 444 

Behavior in Bituminous Paving Mixtures.” Finite Elements in Analysis and Design, 63, pp. 445 

23-32. 446 

13. Lytton, R. L., Roque, R., Uzan, J., Hiltunen, D. R., Fernando, E., & Stoffels, S. M. (1993). 447 

Performance models and validation of test results (Final Report to Strategic Highway 448 

Research Program; Asphalt Project A-005, SHRP Report A-357). Washington, DC. 449 

14. Marasteanu, M., K.H. Moon, E.Z. Teshale, A.C. Falchetto, M. Turos, W. Buttlar, E. Dave 450 

and others, “Investigation of Low Temperature Cracking in Asphalt Pavements,” National 451 

Pooled Fund Study -Phase II, Report No. MN/RC 2012-23, Minnesota Department of 452 

Transportation, August 2012. 453 

15. Marasteanu, M., A. Zofka, M. Turos, X. Li, R. Velasquez, X. Li, C. Williams, J. Bausano, 454 

and others (2007). "Investigation of Low Temperature Cracking in Asphalt Pavements", 455 

Report No. 776, Minnesota Department of Transportation, St. Paul, MN. 456 

16. Mensching, D. J., Rahbar-Rastegar, R., Underwood, B. S., Daniel, J. S., (2016) “Identifying 457 

Indicators for Fatigue Cracking in Hot Mix Asphalt Pavements using Viscoelastic 458 

Continuum Damage Principles”, In press, Journal of the Transportation Research Board 459 

17. Norouzi, A., Sabouri, M., and Kim, Y. R., (2016). “Fatigue Life and Endurance Limit 460 

Prediction of Asphalt Mixtures Using Energy-Based Failure Criterion,” International 461 

Journal of Pavement Engineering (IJPE), pp 1-14.  462 

18. Rahbar-Rastegar, R., and Daniel, J., (2016), “Mixture and Production Parameters Affecting 463 

Cracking Performance of Mixtures with RAP and RAS”, Proceedings of 8th RILEM 464 

International Conference on Mechanisms of Cracking and Debonding in Pavements, V. 13, 465 

pp 307-312 466 

19. Rahbar-Rastegar, R., and Daniel, J., (2016b), “Laboratory versus Plant Production: Impact 467 

of Material Properties and Performance for RAP and RAS Mixtures”, International Journal 468 

of Pavement Engineering, pp 1-12. 469 

20. Sabouri, M., T. Bennert, J.S. Daniel, and Y.R. Kim. Evaluating Laboratory-Produced 470 

Asphalt Mixtures with RAP in Terms of Rutting, Fatigue, Predictive Capabilities, and High 471 



 21 

RAP Content Potential. Transportation Research Record: Journal of the Transportation 472 

Research Board, National Academics, Washington, D.C., 2015. 473 

21. Van Deusen, D., Johanneck, L., Geib, J., Garrity, J., Hanson C. & Dave, E.V. (2015). DCT 474 

low temperature fracture testing pilot project (Final Report 2015-20). St. Paul, MN: 475 

Minnesota Department of Transportation. 476 

22. Wagoner, M. P., W. G. Buttlar, and G. H. Paulino. (2005) “Disk-Shaped Compact Tension 477 

Test for Asphalt Concrete Fracture,” Experimental Mechanics, Vol. 45, pp. 270-277. 478 

23. Wang, Y., Norouzi, A., and Kim, Y. R. (2015), “Comparison of Failure Cracking 479 

Performance Predictions in Asphalt Pavements Using Pavement ME and LVECD 480 

Programs” Transportation Research Record: Journal of the Transportation, National 481 

Academics, Washington, D.C., 2015. 482 

24. Zhu, Y., Dave, V. E., Rahbar-Rastegar, R., Daniel, J. S., and Zofka, A., (2017) 483 

“Comprehensive Evaluation of Low Temperature Fracture Indices for Asphalt Mixtures” 484 

Road Materials and Pavement Design (article in press) 485 

  486 



 22 

Table 1- Mixture Types and Properties  487 

Plant 
Binder PG 

Grade 

NMAS 

(mm) 
%AC 

%Total Binder 

Replacement 

% RAP 

Binder 

% RAS 

Binder 

Average Air Void 

(%) 

Fatigue DCT 

Plant 1 

(2013) 

58-28 

 
12.5 5.3 

28.3 28.3 0 7.4 8.4 

18.5 7.4 11.1 6.8 N.A. 

18.9 18.9 0 7.7 N.A. 

52-34  12.5 5.3 

28.3 28.3 0 6.9 N.A. 

18.5 7.4 11.1 6.8 N.A. 

18.9 18.9 0 6.3 7.6 

Plant 2 

(2014) 

58-28  
9.5 6.1 21.3 21.3 0 5.8 6.8 

12.5 5.8 22.4 21.3 0 5.3 7.0 

64-28  9.5 6.1 16.4 16.4 0 5.8 7.2 

 488 

 489 

 490 

Table 2-IlliTC Thermal Cracking Performance Predictions  491 

Mix 
DCT Fracture 

Energy (J/m2) 

Critical Cracking 

Condition 

Identified 

Thickness of Asphalt 

Layer Cracked / 

Softened (%) 

Predicted Thermal 

Cracking Amount at 

5 Years (m/200 m) 

58-12.5-28.3% 650.9 Yes 100% Cracked 200 

58-9.5-21.3% 721.4 Yes 30% Softened (Damaged) None 

52-12.5-18.9% 703.2 No   

58-12.5-22.4% 604.4 No   

64-9.5-16.4% 692.4 Yes 17% Softened (Damaged) None 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 
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 507 

Table 3- Comparison of Fatigue and Thermal Cracking Test and Model Predictions 508 

Mix 

Laboratory Testing  
LVECD Model 

Prediction  TC Model 

Prediction (% 
cracking at 20 

year) 

IlliTC 

Prediction 

(amount of 

predicted 
cracking) 

Binder 

(Tcr)  

Dynamic 

Modulus 

Rank* 

SVECD 

Fatigue 
(Nf @ 

GR=100) 

DCT  

Rank Level Fracture 

Energy 

(J/m2) 

FST 

(10-6 

m) 

58-12.5-
18.9%RAP 

-6.4 1 8926  1 Good Negligible  

58-12.5-

28.3%RAP 
-3.8 5 7848 650.9 148.7 2 Good 100 100 

52-12.5-

18.5%RAP
RAS 

-8.5 2 11270  3 Good Negligible  

58-9.5-

21.3%RAP 
-3.3 8 15150 721.4 153.2 4 Good 45.8 

Softening for 

top 45 mm 

52-12.5-
18.9%RAP 

-7.7 3 6636 703.2 173.2 5 Good Negligible No Cracking 

58-12.5-

22.4%RAP 
-3.9 9 9973 604.4 123.2 6 Inter. Negligible No Cracking 

64-9.5-
16.4%RAP 

-1.2 7 4180 692.4 145.8 7 Inter. 42.5 
Softening for 
top 25 mm 

52-12.5-

28.3%RAP 
-6.0 4 8115  8 Inter. Negligible  

58-12.5-
18.5%RAP

RAS 

-8.0 6 22500  9 Poor Negligible  

* Ranks 1 to 9 show the softest to stiffest mixtures at 10 Hz. 509 

  510 
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 511 

Figure 1- The Low PG Temperature for Extracted and Recovered Binders 512 

 513 

 514 

Figure 2- Delta Tcr Values for Extracted and Recovered Binders 515 
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517 

Figure 3- Dynamic Modulus Mastercurves for Different Mixtures at Reference Temp. of 21.1˚C 518 

 519 

Figure 4- Black Space Diagrams for Different Mixtures at Reference Temp. of 21.1˚C 520 
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524 

Figure 5 –Fatigue Failure Criteria (GR – Nf) Plots for Different Mixtures 525 

 526 

 527 

Figure 6 - Fracture Energy (DCT testing) for Different Mixtures 528 
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 532 

Figure 7 - Fracture Strain Tolerance, FST (DCT testing) for Different Mixtures 533 
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 536 

Figure 8 - Pavement Cross Section and Simulation Parameters 537 
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 541 

Figure 9 – Set of Damage Contours for Different Mixtures after 5, 10, and 20 years 542 
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 546 

 547 

 548 

Figure 10 – Pavement Performance from LVECD Analysis; (a) Percentage of asphalt layer 549 

failed; (b) Maximum damage level for mixtures without completely failed elements. 550 
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 554 

Figure 11 - Thermal Cracking Performance from TCModel 555 
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