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Abstract: In this study, we investigated the fatigue performance of SBS/terminal blend crumb 8 

rubber (TB) composite modified asphalt binder to extend the service life of pavements. Six types of 9 

modified asphalt binders were prepared and subjected to Time Sweep (TS) and Linear Amplitude Sweep 10 

(LAS) tests to analyze fatigue damage and fatigue life. Utilizing the Taylor diagram and Threat Score 11 

(TS) method, we aimed to optimize fatigue damage evaluation models and indicators suitable for 12 

SBS/TB composite modified asphalt binder. The results demonstrate a significant improvement in the 13 

fatigue resistance of asphalt binders at low and high strain levels with the SBS/TB composite modifier. 14 

Analysis of the Taylor diagram and TS results revealed that the 20% DER deviation criterion and 15 

viscoelastic continuum damage (VECD) models yield similar simulation effects on DSR-C calculated 16 

fatigue life results. These models exhibit better performance in terms of standard deviation and root 17 

mean square error (RMSE), albeit with a slightly lower correlation coefficient. Conversely, the 50% G* 18 

criterion model demonstrates an excellent fitting effect on the correlation coefficient (Sample 19 

Correlation Coefficient, R=0.9289), albeit with significant standard deviation and RMSE. The S×N 20 

peak criterion model shows a better fit for the correlation coefficient while displaying a weaker fit with 21 

the standard deviation. Ultimately, we propose the DSR-C model, 20% DER deviation criterion, and 22 

VECD model as more suitable fatigue damage evaluation models for SBS/TB composite modified 23 

asphalt binder. This study underscores the significance of these findings and their alignment with similar 24 

investigations, suggesting avenues for further improvement and research in the field. 25 

Keywords: Terminal blend crumb rubber (TB), SBS, Modified asphalt binder, Fatigue damage, 26 

Assessment methods 27 
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1 Introduction 29 

According to a report by the Tire Industry Project for the World Business Council for Sustainable 30 

Development, 1 billion end-of-life tires are generated every year and there are currently 4 billion such 31 

tires in landfills and stockpiles worldwide. Waste tires, as recyclable high-polymer materials, have 32 

garnered worldwide attention for their potential for recycling and reuse. In recent years, converting 33 

waste tires into rubber powder modifiers and incorporating them into asphalt pavement has been 34 

recognized as a green solution[1]. This modification method can significantly consume waste tires, 35 

reducing reliance on natural resources in road construction. Terminal blend rubberized asphalt (TBRA) 36 

has gradually gained the attention of researchers due to its excellent storage stability and favorable 37 

construction properties[2, 3]. 38 

Given the promising prospects of TBRA, numerous scholars have conducted research on it. Many 39 

have found that TBRA exhibits good fatigue resistance, deformation resistance, and performs well in 40 

low temperatures but lacks in high-temperature performance. Presently, many researchers are blending 41 

SBS with TB to enhance high-temperature performance of modified asphalt. TB, as a rubber based 42 

modifier, can improve toughness and tear resistance of asphalt binder, further enhancing its fatigue 43 

performance[4]. On the other hand, SBS is a thermoplastic elastomer that undergoes phase changes at 44 

high temperatures, increasing the asphalt binder elasticity and thus reducing fatigue damage. 45 

Currently, some scholars have researched fatigue performance of SBS/TB composite modified 46 

asphalt binder[5]. To evaluate fatigue performance of SBS/TB composite modified asphalt binder, 47 

researchers often employ fatigue testing methods. These tests include strain-controlled tests, stress-48 

controlled tests, and repeated loading tests, simulating the loads that asphalt undergoes in real-world 49 

usage, allowing an accurate assessment of its fatigue performance[6]. Fatigue cracking is a major 50 

distress caused by repeated traffic loading during the long-term service life of asphalt pavements, and 51 

the fatigue resistance of asphalt pavement mainly depends on the rheological and adhesive properties 52 

of the asphalt binder in the mixture[7, 8]. Therefore, accurately characterizing and quantifying asphalt 53 

binder fatigue resistance has been a core issue in research for the past few decades. 54 

Numerous testing methods and evaluation parameters have been proposed for assessing fatigue 55 

resistance of asphalt binders. In the Strategic Highway Research Program (SHRP) in the United States, 56 

a fatigue parameter (|G*|·sinδ) was introduced for evaluating the asphalt binder fatigue performance at 57 

intermediate temperatures. However, it was found that SHRP fatigue parameters had a limited 58 

correlation with the fatigue life of asphalt mixtures and pavements[9-11]. Because G* and δ are obtained 59 

within the linear viscoelastic region of the asphalt binder, without considering damage effects. Polymer 60 

modified asphalt binder, in particular, can withstand higher strains before cracking, and thus, better 61 

methods for evaluating its fatigue resistance were sought. 62 

The National Cooperative Highway Research Program (NCHRP) Project 9-10 introduced Time 63 

Sweep (TS) repeated cyclic loading tests to study asphalt binder fatigue performance[12]. TS tests have 64 

been widely used to determine asphalt binder fatigue failure criteria[13-15]. Based on TS testing data, 65 

researchers have proposed a series of fatigue damage evaluation parameters. Although such 66 

representative evaluation parameters can easily assess the fatigue damage of asphalt binders, they are 67 

empirical and do not quantitatively describe the fatigue damage state of asphalt binder under cyclic 68 

loading. Consequently, subsequent research work has tended to use energy concepts as an alternative 69 

definition of fatigue failure and has applied the dissipated energy ratio (DER)[13, 14, 16] and rate of 70 

dissipated energy change (RDEC)[17-19] widely in asphalt binder fatigue analysis. DER parameters 71 

have been shown to have a good correlation with pavement fatigue testing, but their definition of asphalt 72 



binder fatigue damage is indirect to some extent and still falls into the category of empirical indicators. 73 

Moreover, the testing time is often long and cumbersome. 74 

Given the limitations of TS testing, the American Association of State Highway and Transportation 75 

Officials (AASHTO) developed an accelerated fatigue procedure known as the Linear Amplitude 76 

Sweep (LAS) test (AASHTO-TP101). This test is conducted at constant temperature and frequency, 77 

gradually increasing strain amplitudes to measure the fatigue damage limit of asphalt binder[20, 21]. 78 

Although the LAS test significantly reduces the testing duration and provides preliminary insights into 79 

asphalt binder fatigue behavior, it may cause cracking due to excessive loads as the strain amplitudes 80 

gradually increase, rather than fatigue cracking caused by repeated loading. Furthermore, LAS testing 81 

involves formula calculations and parameter fitting, which can be cumbersome and somewhat empirical. 82 

Therefore, the VECD model, which attempts to clarify the fatigue damage mechanism of asphalt binder, 83 

remains inconclusive. The parameters or models used to evaluate asphalt binder fatigue damage as 84 

described above are often empirical or semi-empirical and lack intuitiveness. 85 

Further investigation is required to delve into the fatigue damage mechanism of asphalt binder 86 

from a fundamental mechanical perspective, particularly concerning crack propagation under rotational 87 

shear forces. Additionally, a direct assessment of asphalt binder fatigue crack resistance could be 88 

achieved by predicting crack propagation based on crack length in asphalt binder. Several studies have 89 

already initiated direct investigations into crack growth in asphalt binder. For instance, Hintz and 90 

Bahia[22] utilized DSR Time Sweep (TS) testing and digital visualization to observe crack growth 91 

trends in asphalt binder samples. Shan, Tian, He, and Ren[23] employed experimental and image 92 

analysis methods to determine internal crack propagation in asphalt binder samples subjected to shear 93 

fatigue. The research shows that under the action of rotational shear fatigue loads, fatigue cracks in 94 

asphalt binder specimens are "edge cracks" that initiate from the outer periphery and propagate inward, 95 

producing a rough fracture surface with radial peaks and valleys. Circumferential cracks reduce the 96 

effective radius of cylindrical samples, and the effective radius has a good correlation with the degree 97 

of fatigue damage in asphalt binder, serving as a new evaluation indicator. 98 

SBS/TB composite modified asphalt binders have been widely used, but it is currently unclear 99 

which model can better characterize the fatigue performance of SBS/TB composite modified asphalt 100 

binder. while assessment parameters or models for fatigue performance have often been empirical or 101 

semi-empirical, further research is needed to understand the fatigue damage mechanisms of asphalt 102 

binder from the perspective of crack propagation.  103 

In this study, this paper aims to use TS test criteria, VECD model, and DSR-C model to compare 104 

and study the fatigue damage behavior of SBS/TB composite modified asphalt binder. The applicability 105 

and accuracy of the relevant models are verified using the actual failure morphology images of asphalt 106 

binder after fatigue testing. On this basis, Taylor plot analysis method is used to compare and analyze 107 

the simulation accuracy of various fatigue damage evaluation models, and select a fatigue damage 108 

evaluation model that is more suitable for SBS/TB composite modified asphalt binder. 109 

2 Materials and Experimental Methods 110 

2.1 Materials 111 

In this study, the base asphalt binder used was SK70# road petroleum asphalt binder, and its basic 112 

technical specifications are listed in Table 1. The linear SBS polymer matrix for preparing the composite 113 

modified asphalt binder was T161B produced by Dushanzi Petrochemical Company in Xinjiang, China, 114 



with a block ratio of 30:70. Its basic technical parameters are presented in Table 2. Rubber particles 115 

with a particle size of 80 mesh were used, and their main technical specifications are shown in Table 3. 116 

Table 1 SK70# Road Petroleum Asphalt Technical parameters 117 

Test Values 
Standard 

requirements 
Testing method 

Penetration at 25 °/mm 67 60~80 T 0604-2011 

Softening point / ℃ 52.5 ≥46 T 0606-2011 

Ductility at 15 °C >100 ≥100 T 0605-2011 

Density at 15 °C /(g·cm-3) 1.037 

Record of 

actual 

measurements 

T 0603-2011 

Viscosity at 135 ℃/(Pa·s) 2.608 ≤3 T 0619-2011 

Thin film oven test 

(TFOT) 

Quality loss /% -0.504 -0.8 ~ 0.8 T 0610-2011 

Penetration ratio 

/% 
72 ≥61 T 0604-2011 

Residual ductility 

at 15 ℃/cm 
20 ≥15 T 0605-2011 

Table 2 T161B Linear SBS Technical Parameters 118 
Technical Item Test Result Unit 

Oil Content 0 Wt/% 

Styrene Content 31 Wt/% 

Volatile Content 0.38 Wt/% 

300% Tensile Stress 2.41 MPa 

Tensile Strength 25.4 MPa 

Elongation at Break 750 % 

Shore Hardness 79 Shore A 

Table 3 Crumb rubber Basic Technical Parameters 119 
Technical Item Test Result Technical Requirements 

Relative Density 1.18 / 

Heating Loss 0.38 % ≤1.0 % 

Acetone Extractables 7 % ≤14 % 

Carbon Black Content 30 % ≥28 % 

Rubber Hydrocarbon Content 56% ≥48 % 

Fiber Content 0.02 % ≤0.5 % 

Metal Content 0.01 % ≤0.03 % 

2.2 Preparation of Modified Asphalt Binder Samples 120 
To ensure the uniform and stable preparation of the modified binder, a wet process known as 121 

Terminal Blend technology was employed to achieve desulfurization or dispersion of rubber in hot 122 

asphalt binder, ensuring its thorough dispersion. The specific preparation process is as follows:  123 

a. Heat the SK70# base asphalt binder to approximately 200°C. 124 

b. Add the designed amount of crumb rubber to the heated base asphalt binder. 125 

c. Raise the temperature rapidly to 220°C and perform high-speed shearing at 220°C for 40-126 

60 minutes with a rotation speed of 5000 rpm. 127 

d. Gradually lower the temperature to 175°C. 128 

e. Add the SBS modifier and maintain a constant rotation speed while continuing high-speed 129 

shearing for 1 hour. 130 

f. Add a sulfur stabilizer at a mass fraction of 0.15% of the base asphalt and shear for 20 131 

minutes. 132 

g. Finally, place the mixture in a 165°C oven for 30 minutes for development. 133 



h. Stir regularly during development to prevent separation. 134 

The abbreviated names of the samples for various proportions are explained in Table 4. 135 

Table 4 Abbreviations of Samples 136 
Sample Name Description 

S2 2% SBS Modified Asphalt binder 

S3 3% SBS Modified Asphalt binder 

S2R10 2% SBS and 10% Rubber Composite Modified Asphalt binder  

S2R15 2% SBS and 15% Rubber Composite Modified Asphalt binder  

S3R10 3% SBS and 10% Rubber Composite Modified Asphalt binder  

S3R15 3% SBS and 15% Rubber Composite Modified Asphalt binder  

2.3 Time Sweep Test 137 
The time sweep test is a strain-controlled fatigue assessment conducted at room temperature, aimed 138 

at ensuring the fatigue failure of asphalt binder by subjecting it to cyclic loading at low strain levels. 139 

The test utilizes parallel loading plates with an 8 mm diameter (with a 2 mm gap). Samples undergo 140 

54,000 loading cycles at a temperature of 20°C, a frequency of 10 Hz, and a strain amplitude of 5%. 141 

This procedure helps in determining various parameters including the complex shear modulus, phase 142 

angle, and other fatigue characteristics of the samples under failure conditions. 143 

From the gathered data, a range of fatigue failure criteria were employed to predict and evaluate 144 

the fatigue life of each sample. Among the multitude of available criteria, this study selected the most 145 

pertinent ones such as the complex modulus decay criteria, phase angle peak criteria, S×N peak criteria, 146 

and 20% DER deviation criteria. These criteria were utilized to assess the fatigue resistance 147 

performance of the modified asphalt binder. 148 

2.4 Linear Amplitude Sweep Test (LAS) 149 
According to AASHTO TP101, the LAS test was employed to assess the fatigue characteristics of 150 

SBS/TB modified asphalt binder. All LAS test specimens underwent 20 hours of aging using the PAV 151 

aging method. The testing temperature was maintained at 25°C, with samples having an 8 mm diameter 152 

and a parallel plate spacing of 2 mm. As a part of the accelerated program, the LAS test expedited the 153 

determination of parameters A and B in the conventional strain-controlled fatigue equation. These 154 

parameters are defined as follows: 155 

f ( ) B

pN A   
                             （1） 156 

Where Nf represents the fatigue life. γp represents the applied shear strain amplitude. 157 

The LAS test procedure comprises two main stages. Firstly, a constant shear strain amplitude of 158 

0.1% was applied to the sample during a frequency sweep ranging from 0.2 Hz to 30 Hz. This initial 159 

stage aimed to capture the rheological properties of the samples within the Linear Viscoelastic (LVE) 160 

region without inducing damage. Secondly, an amplitude sweep was conducted to assess the damage 161 

characteristics of the samples. During this phase, the oscillating shear strain was incrementally 162 

increased from 0 to 30% over 5 minutes at a loading frequency of 10 Hz. 163 

The parameters A and B in Equation (1) can be calculated using the viscoelastic material damage 164 

evolution mechanics model (S-VECD model) from the VECD theory[24]. The formula for calculating 165 

the fatigue parameters in this model is as follows: 166 
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Where D represents damage density. γ0 represents the applied strain during the test. t is the test 171 

time. α is the reciprocal of the slope of the storage modulus G’0 with respect to the logarithm of angular 172 

frequency, calculated from frequency sweep data. C(t) represents the ratio of the complex modulus of 173 

the sample at time t to the initial complex modulus, indicating material integrity. C0 is the initial value 174 

of C, equal to 1. C@PeakStress is the material integrity value corresponding to the peak stress. C1 and 175 

C2 are curve-fitting parameters. Df represents the fatigue failure criterion. f is the test loading frequency. 176 

3 Results and Discussion 177 

3.1 Time Sweep Test Results Analysis 178 

3.1.1 Complex Modulus Decay Criterion 179 
The 50% modulus decay criterion uses the number of loading cycles required for the specimen 180 

modulus to decrease by 50% as the fatigue life of the asphalt binder. To facilitate visual analysis, the 181 

normalized modulus ratio S was used as the research indicator. The relationship curves between S values 182 

and the number of loading cycles for various modified samples, as well as the predicted fatigue life 183 

results, are shown in Figure 1 and Figure 2, respectively. 184 

From the results in the figures, it can be observed that at a 5% strain level, modified asphalt binders 185 

with high levels of SBS and TB content (S2R15, S3R10, S3R15) exhibit excellent fatigue resistance. Their 186 

normalized modulus ratios only decrease to 0.5 after 33,780, 41,820, and 60,180 cycles of oscillatory 187 

loading, respectively. Furthermore, it can be seen from the figures that the samples initially display a 188 

brief plateau region at the beginning of loading, followed by a sharp decline. This indicates that the 189 

addition of TB delays the fatigue damage initiation point in the SBS asphalt binder matrix. Based on 190 

Figure 2, the fatigue life ranking of the various samples according to the modulus decay criterion is as 191 

follows: S3R15 > S3R10 > S2R15 > S3 > S2R10 > S2. 192 

 193 

Figure. 1. Plot of Normalized Modulus versus loading cycles 194 



 195 

Figure. 2. Fatigue Life of Modified Asphalt Binders Based on Complex Modulus Decay Criterion 196 

3.1.2 Phase Angle Peak Criterion 197 
The phase angle peak is a phenomenological indicator. Fatigue life is defined as the number of 198 

loading cycles at which the asphalt binder reaches its highest phase angle value. The variation of phase 199 

angle with the number of loading cycles for each sample obtained from the time sweep test is shown in 200 

Figure 3. From the results in the figure, it can be observed that the phase angles of S2 and S3 show an 201 

anomalous increase, which may be due to the low polymer concentration, causing the binder to exhibit 202 

shear thinning behavior. On the other hand, the phase angle peak values of S2R10, S2R15, S3R10, and 203 

S3R15 occur at around 1000 loading cycles with little difference. Therefore, the fatigue life determined 204 

based on the phase angle peak criterion is not reliable[25]. Due to the unclear theoretical background 205 

of phase angle peaks, this method is considered unsuitable for evaluating the fatigue resistance of 206 

SBS/TB composite modified asphalt binder in this study. 207 

 208 

Figure. 3. Plot of Phase Angle versus loading cycles 209 

3.1.3 S×N Peak Criterion 210 
The S×N peak is a phenomenological indicator, where S represents the normalized modulus ratio 211 

defined during the fatigue test period, and N is the number of loading cycles. Fatigue life is defined as 212 

the number of loading cycles at which the asphalt binder reaches its highest S×N value. According to 213 

the results in Figure 4, it can be observed that only S2, S3, S2R10, and S2R15 exhibit peaks. Among them, 214 

S2 shows the earliest peak, and an increase in the amounts of SBS and TB both leads to an increase in 215 

the S×N values of the samples, with the peaks showing a significant delay. However, when the SBS 216 



content reaches 3%, it can be seen that no peaks appear in the two samples, indicating that S3R10 and 217 

S3R15 have better fatigue resistance. In general, the fatigue life of each sample determined based on the 218 

S×N peak criterion is highly consistent with the results obtained from the complex modulus decay 219 

criterion. 220 

 221 

Figure. 4. Plot of S×N versus loading cycles 222 

3.1.4 20% DER Deviation Criterion 223 
The 20% DER deviation is an energy energy-based criterion. The energy dissipation (Wi) during 224 

each loading cycle is calculated using equation (6). By summing up the energies for each cycle, 225 

cumulative energy dissipation up to a target loading cycle n is quantified. Correspondingly, DER is 226 

defined as the ratio of cumulative energy dissipation up to loading cycle n to the energy dissipation at 227 

loading cycle n[14], as shown in equation (7). 228 

i i i i= sinW                               （6） 229 
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n
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                          （7） 230 

Where Wi represents the energy dissipation at loading cycle i, σi is the stress amplitude at loading 231 

cycle i, εi is the strain amplitude at loading cycle i, δi is the phase angle corresponding to loading cycle 232 

i, 1

n

ii
W


 represents the sum of total energy dissipation up to loading cycle n, and Wn represents the 233 

energy dissipation at loading cycle n. According to Bonnetti research, asphalt binder fatigue life is 234 

defined as the number of loading cycles where DER deviates 20% from the undamaged linear line[26]. 235 

Each asphalt binder was tested at least three times to obtain an average value, with a coefficient of 236 

variation of less than 15%. 237 

The DER test results for each sample are shown in Figure 5. At a 5% strain level, when the number 238 

of loading cycles is less than 10,000, all modified asphalt binders have DER deviation values less than 239 

20%, indicating that the modified asphalt binders have not yet undergone fatigue damage. With an 240 

increase in the number of cycles, the DER curves of the various samples begin to show significant 241 

differences. According to the 20% DER deviation criterion, it can be seen that both SBS and TB have 242 

an improving effect on the fatigue resistance of asphalt binder, and the influence pattern is consistent 243 

with the complex modulus decay results. Furthermore, based on the calculation method of DER, it can 244 

be deduced that under a fixed strain level, the evolution of DER is mainly dominated by the changes in 245 



G* and phase angle. Combining the changes in G* and phase angle (Figures 1 and 2), it can be concluded 246 

that G* has a greater impact on DER decay. For example, in the case of S2, at the loading cycle where 247 

its DER deviates by 20%, its complex modulus has decayed by 57%, while the phase angle has changed 248 

only by 4.5%. Thus, it can be inferred that the fatigue life determined by both the modulus decay 249 

criterion and the 20% DER deviation criterion is highly correlated. 250 

 251 

Figure. 5. Plot of DER versus loading cycles 252 

3.2 LAS Analysis 253 

The results of LAS tests and the fatigue parameters calculated by the S-VECD model for each 254 

sample are presented in Table 5, and the relationship curves for these parameters are shown in Figures 255 

6 to 8. 256 

Figure 5 LAS testing fatigue parameter results based on S-VECD model 257 

Asphalt binder α C1 C2 A(×105) B 

S2 1.392 0.052 0.514 2.002 -2.785 

S3 1.394 0.051 0.485 6.979 -2.789 

S2R10 1.279 0.031 0.570 3.087 -2.557 

S2R15 1.489 0.068 0.432 15.663 -2.978 

S3R10 1.493 0.070 0.429 18.586 -2.987 

S3R15 1.615 0.091 0.382 70.772 -3.229 

Figure 6 presents the stress-strain curve results for PAV samples with different dosages of modifiers. 258 

It can be observed that as the shear strain increases, the shear stress response of the seven asphalt binders 259 

reaches a peak at a certain point, which is the yield stress of the asphalt material, corresponding to the 260 

yield strain[27]. After the peak, the shear stress rapidly decreases, indicating severe damage to the 261 

material at this point. During this process, it can be noted that the peak values and their corresponding 262 

widths vary among different samples. Among them, S2 and S3 have narrower peak widths, while the 263 

addition of TB significantly widens the yield stress peak, and the widening effect of the peak width is 264 

usually attributed to the increase in the percentage of large molecular substances[28]. This suggests that 265 

SBS/TB composite modified asphalt binder exhibits less strain dependence and better fatigue resistance 266 

due to the increased content of large molecular polymers. Regarding the stress peak values for each 267 

curve, it can be seen from the graph that S2 and S3 have higher yield stress values, indicating that single 268 

SBS modified asphalt binder lacks ductility and is more prone to brittle fracture. The addition of TB, 269 



on the other hand, helps reduce the stress peak values. This may be because during the amplitude 270 

scanning process, SBS and TB do not form an appropriate network in the asphalt binder, indicating that 271 

TB can increase the toughness of the asphalt binder. 272 

 273 

Figure. 6. Stress-Strain Curves for Various Samples 274 

The S-VECD model can quantify the relationship between damage density (D) and material 275 

integrity (C), as shown in Figure 7. With damage density kept constant, higher C values represent better 276 

material integrity, indicating that the asphalt binder can withstand more load cycles and exhibit better 277 

durability, i.e., improved fatigue performance[29]. From the curves, it can be seen that SBS/TB 278 

composite modified asphalt binder has higher C values at lower damage densities, indicating superior 279 

fatigue resistance compared to S2 and S3. As damage density increases, there is no significant difference 280 

in C values for different dosages of SBS/TB modified asphalt binders, and the improvement in 281 

durability compared to single SBS modified asphalt binder is not significant. Comparing various 282 

composite modified asphalt binders, it can be observed that at low damage density conditions, the 283 

material integrity increases with the increasing dosage of SBS and TB, indicating that the addition of 284 

composite modifiers can effectively enhance the fatigue resistance of the asphalt binder matrix. 285 

Furthermore, it is worth noting that for S2R10, at damage densities greater than 200, the C value 286 

gradually becomes lower than S3, approaching that of S2. This suggests that at higher damage densities, 287 

the enhancement of asphalt binder matrix durability by low dosage TB is relatively weak. 288 

 289 

Figure. 7. D-C Curves of Samples 290 



Figure 8 shows the predicted fatigue life of various samples calculated using the VECD theory at 291 

two strain levels. At a 2.5% strain condition, as the dosage of SBS and TB increases, the fatigue life of 292 

the samples gradually increases. The addition of 10% and 15% TB can respectively increase the fatigue 293 

life of S2 by 0.9 times and 5.55 times, and that of S3 by 1.22 times and 5.77 times. It can also be noted 294 

that the fatigue life of S3 is higher than that of S2R10, indicating that the enhancement of fatigue 295 

resistance in the asphalt binder matrix by low-dosage TB is weaker than that of SBS. Overall, the 296 

addition of SBS/TB composite modifiers is beneficial for improving the fatigue resistance of asphalt 297 

binder, and this improvement is equally prominent at low and high strain levels. 298 

 299 

Figure. 8. LAS test results 300 

3.3 DSR-C Fatigue Damage Model Based on TS and LAS Tests 301 

Traditional TS and LAS tests have often been used to define fatigue damage in asphalt binders. 302 

However, defining fatigue damage in asphalt binder using fatigue life has indirect and empirical aspects. 303 

It cannot explain the mechanisms of fatigue damage in asphalt binder, nor can it reflect the cracking 304 

process, or crack propagation, of asphalt binder under rotational shear fatigue loads. To enhance our 305 

understanding of fatigue cracks and establish a grading system for asphalt binder fatigue performance, 306 

Zhang and Gao, among others, introduced the principles of damage mechanics and proposed a new 307 

asphalt binder fatigue performance evaluation model known as the Damage-Based Shear Rheology 308 

Crack (DSR-C) model. The DSR-C model utilizes two damage mechanics equilibrium principles, 309 

namely the torque balance principle and the Dissipated Strain Energy (DSE) balance principle[30-32] 310 

(as shown in Equations 8 and 9). It assumes that the torque and DSE under damaged conditions in 311 

asphalt binder are equal to the torque and DSE under undamaged conditions. This model establishes 312 

fatigue crack calculation formulas for asphalt binder in two states (undamaged and damaged), based on 313 

rheological properties (Equation 10): 314 
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                   （10） 317 

Where maxN  is the maximum stress amplitude of the sample under damage conditions after the 318 

nth loading cycle. maxE   is the maximum effective stress amplitude of the asphalt binder under 319 

undamaged conditions. r0 is the radius of the fatigue test sample (4 mm). h is the thickness of the fatigue 320 

test sample (2 mm). rE is the effective radius of the sample after the fatigue test, representing the radius 321 

of the uncracked area of sample in the DSR test. 
0G 

 and 0  are the dynamic modulus and phase 322 

angle of the asphalt binder under undamaged conditions. 
NG 

 and N  are the dynamic modulus 323 

and phase angle of the asphalt binder under the nth loading cycle in time sweep. 324 

This formula ignores the process of how materials transition from an undamaged state to a 325 

damaged state. Therefore, the prediction of crack damage only involves material properties in two 326 

mechanical states. Compared to the LAS fatigue life prediction model based on Viscoelastic Continuum 327 

Damage (VECD) mechanics, this method does not require information about material characteristics 328 

during the evolution of damage, such as how the material transitions from a linear viscoelastic state to 329 

a nonlinear viscoelastic state and a damaged state. This makes the acquisition and calculation of model 330 

parameters more straightforward. The rheological parameters of asphalt binder before and after fatigue 331 

damage can be obtained through LAS and TS tests. 332 

3.3.1 Acquisition of Rheological Parameters Before and After Asphalt Binder Fatigue Damage 333 

LAS tests were conducted on various samples to obtain the undamaged shear modulus (|G0
*|) and 334 

phase angle (δ0) at a test temperature of 20°C and a shear loading frequency of 10 Hz. The strain 335 

amplitude increased linearly from 0.1% to 30%. During this process, complex modulus and phase angle 336 

results for each sample were recorded, and the curves of G* and δ with shear strain amplitude were 337 

plotted (as shown in Figure 9). From the results in the graph, it can be observed that at lower shear strain 338 

levels, all samples exhibit a plateau region in both complex modulus and phase angle. As the shear 339 

strain increases, the complex modulus gradually decreases, while the phase angle increases, indicating 340 

a gradual decline in the rheological properties of the asphalt binders. The undamaged shear modulus 341 

(|G0*|) and phase angle (δ0) for each asphalt binder were determined by averaging the data from the 342 

linear viscoelastic region (plateau stage) in Figure 9. It can be seen that increasing the SBS dosage 343 

results in higher modulus and lower phase angle for the asphalt binder, while the impact of TB on the 344 

asphalt binder is mainly reflected in an increase in complex modulus, with no clear pattern in phase 345 

angle changes. 346 



 347 

(a) S2                               (b) S3 348 

 349 

(c) S2R10                             (d) S2R15  350 

 351 

(e) S3R10                            (f) S3R15 352 

Figure. 9. |G0*| and δ0 results for various samples 353 

The shear modulus (|GN
*|) and phase angle (δN) under damaged conditions can be obtained through 354 

TS tests. In this study, the test temperature was set at 20°C, and the test frequency was 10 Hz. Based on 355 

the LAS test results, when the strain level reached 5%, all samples exhibited significant changes in 356 

complex modulus and phase angle. Therefore, a strain level of 5% was selected for the TS test to ensure 357 

that the samples would experience noticeable fatigue damage. The number of loading cycles for the TS 358 

test was set at 54,000 cycles. The relationship curves between complex modulus and phase angle for 359 

each asphalt binder obtained during the TS test are shown in Figure 10. From the graph, it can be seen 360 

that the complex modulus of the asphalt binders exhibits a significant decline during loading, while the 361 



phase angle changes relatively little. The complex modulus and phase angle values marked in the graph 362 

are the values of |GN
*| and δN when the number of loading cycles reaches 54,000 (N = 54,000). 363 

 364 

（a）S2                           （b）S3 365 

 366 

（c）S2R10                        （d）S2R15 367 

 368 
（e）S3R10                       （f）S3R15 369 

Figure. 10. |GN*| and δN results for various samples 370 

3.3.2 Verification of DSR-C Model Fatigue Crack Results 371 

By substituting the obtained |G0
*|, δ0, |GN

*|, and δN results into the DSR-C crack calculation model 372 

(Equation 10), the calculated fatigue crack lengths for each asphalt binder can be determined. To further 373 

validate the accuracy of the DSR-C model fatigue crack calculation values, an image analysis method 374 

was used to measure the actual fatigue cracks on samples after TS fatigue testing. By comparing the 375 

calculated values with the measured values, the reliability of the model was verified. The process of 376 

measuring fatigue cracks in samples in a damaged state is as follows: 377 

Obtaining Images of Asphalt Binders Surface in Fatigue Damage State: After undergoing 54,000 378 

loading cycles in the TS test, the asphalt binders were subjected to a cooldown to 3°C to prevent asphalt 379 



binders specimen melting and preserve crack morphology and geometry. Then, the top loading rotor 380 

was separated from the bottom loading base axially, and the sample was removed from the apparatus. 381 

The surface morphology of the samples was photographed at this point, resulting in the original fatigue 382 

damage images[30]. The images of typical asphalt binders cracking surfaces obtained from this process 383 

are shown in Figure 11. From the images, it can be observed that the samples surface exhibits different 384 

forms in different regions. In the central area of the samples, the surface is flat and smooth, representing 385 

the undamaged portion of the sample during the time sweep test. In the edge area of the sample, a 386 

circular rough surface composed of radial peaks and valleys (referred to as "roof-type cracks") is caused 387 

by the interaction between the samples surface and the bottom due to shear loading. The definition of 388 

fatigue cracks, as indicated in the graph for S2, is the difference between the radius r0 of the asphalt 389 

binder test sample and the effective radius rE, which represents the radius of the uncracked area of the 390 

sample in the DSR test. 391 

 392 

Figure. 11. Images of asphalt binders fatigue cracking surfaces under loading conditions of 20°C and 10 393 
Hz (54,000 loading cycles) 394 

Measurement of Actual Fatigue Cracks: Firstly, the original damage images were processed, and 395 

specific areas involved in the process were defined (as illustrated for S2 in Figure 12). Based on 396 

significant differences in grayscale values, the boundaries between undamaged and cracked areas were 397 

marked using Adobe Photoshop CS6 software. Then, pixel area statistics functions in Image Pro Plus 398 

(IPP) 6.0 software were used to calculate the pixel area of the undamaged area and the entire sample 399 

area, and the pixel area ratio (Se/S0) was used to replace the actual area ratio. Finally, the crack length 400 

(c), represented as the measured crack length, was obtained using Equation 11: 401 

0 e 0d (1 S / S )
c

2


                       （11） 402 

Where d0 is the diameter of the sample, which is 8 mm. 403 



 404 

Figure. 12. Schematic diagram of fatigue crack measurement for S2 samples 405 

Based on the above process, calculated fatigue crack lengths and model calculation values were 406 

obtained for each asphalt binder using the DSR-C model. Additionally, to ensure the accuracy of the 407 

model validation results and discuss the impact of the number of loading cycles on the model accuracy, 408 

the same method was used to calculate fatigue crack values and measurements for 42,000 loading cycles 409 

for each asphalt binder. The results for both loading cycle conditions are shown in Tables 6 and 7. 410 

Comparing the two tables, it is evident that the fatigue crack length values for asphalt binder under 411 

54,000 loading cycles are larger, indicating that an increase in the number of loading cycles exacerbates 412 

the fatigue damage in the asphalt binder. Additionally, it is apparent that the addition of SBS and TB 413 

improves the asphalt binder resistance to fatigue damage. The fatigue performance ranking of the 414 

various asphalt binders is consistent for both loading cycle conditions, indicating that the asphalt binders 415 

resistance to fatigue performance is in the following order: S3R15 > S3R10 > S2R15 > S3 > S2R10 > S2. 416 

Based on the results of fatigue crack lengths, it can be concluded that the combination of 3% SBS and 417 

15% TB is more effective in inhibiting fatigue cracking in asphalt binders. 418 

The correlation analysis results between the DSR-C model fatigue crack calculation values and the 419 

measured values for different loading cycles are shown in Figure 13. It can be observed that the 420 

calculated crack values and measured values for all seven asphalt binders exhibit a good correlation. 421 

Furthermore, under 54,000 loading cycles, there is a higher correlation between the crack length 422 

calculation values and the measured values, indicating that the model accuracy improves with an 423 

increase in the number of shear loading cycles, making the model more advantageous for characterizing 424 

asphalt binders with greater degrees of fatigue damage. 425 

Table 6 Model parameters and crack results for asphalt binders under 42,000 loading cycles 426 

Asphalt 

Binder 

G0
* 

(kPa) 

δ0 

(°) 

GN
* 

(kPa) 

δN 

(°) 

Model 

Calculation 

(mm)  

Measured 

(mm) 

S2 1746.065 56.659 416.759 55.271 1.193 1.279 

S3 3016.403 53.703 835.265 55.213 1.112 1.083 

S2R10 2221.097 50.640 567.561 51.833 1.168 1.259 

S2R15 2478.697 51.256 859.293 54.620 0.964 1.026 

S3R10 3337.293 47.623 1286.172 51.511 0.894 0.948 

S3R15 4187.236 50.195 1656.825 53.782 0.866 0.924 

Table 7 Model parameters and crack results for asphalt binders under 54,000 loading cycles 427 

Asphalt 

Binder 

G0
* 

(kPa) 

δ0 

(°) 

GN
* 

(kPa) 

δN 

(°) 

Model 

Calculation 

(mm)  

Measured (mm) 

S2 1746.065 56.659 335.999 56.120 1.347 1.306 



S3 3016.403 53.703 658.265 56.112 1.286 1.259 

S2R10 2221.097 50.640 471.425 52.523 1.303 1.325 

S2R15 2478.697 51.256 647.300 55.822 1.182 1.169 

S3R10 3337.293 47.623 991.024 53.517 1.109 1.038 

S3R15 4187.236 50.195 1531.425 55.751 0.946 0.909 

 428 

Figure. 13. Correlation between DSR-C model fatigue crack calculation values and measured values: (a) 429 
42,000 loading cycles; (b) 54,000 loading cycles 430 

3.4 Comparison of Fatigue Damage Evaluation Models for SBS/TB Composite Modified Asphalt 431 
Binder 432 

To intuitively compare the accuracy of different asphalt binders fatigue damage assessment models, 433 

this study uses Taylor diagrams to comprehensively compare the R, centered root mean square error 434 

(CRMS), and standard deviation (σ) among traditional TS and LAS test related evaluation models. This 435 

analysis aims to identify a more suitable fatigue damage assessment model for SBS/TB composite 436 

modified asphalt binder. 437 

The Taylor diagram is a representation method first proposed by Karl E. Taylor in 2001, which 438 

succinctly summarizes the correspondence between simulated and observed fields[33]. It is essentially 439 

based on the cosine relationship formed by the correlation coefficient, root mean square difference, and 440 

standard deviation. These three correlation evaluation indicators are integrated into a polar plot. In this 441 

plot, the correlation coefficient, root mean square difference, and the ratio of standard deviations 442 

between the two models are represented by a single point in a two-dimensional (2-D) graph. This allows 443 

for the assessment of the accuracy of different models in simulating real situations. The Taylor diagram 444 

has significant advantages in assessing the relative merits of competing models and overall performance 445 

monitoring as models evolve. 446 

The R, CRMS, σ between models can be calculated using the following equations: 447 
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Where r represents the actual measurement values, f and A represent model calculated values. 451 

Based on the results of Section 3.3.2, the DSR-C fatigue assessment model calculated crack length 452 

has a good correlation with the observed fatigue crack length in samples. Therefore, this study selects 453 

the DSR-C model as the "benchmark" model. Based on the results of Sections 3.1 and 3.2, the phase 454 

angle peak criterion of the TS test is not suitable for evaluating the fatigue performance of SBS/TB 455 

modified asphalt binder. Therefore, this model is not included in the comparison. Additionally, since 456 

the TS test results are all obtained at a 5% strain level, to ensure consistency in external conditions for 457 

model comparison, the fatigue life results calculated by the VECD model at a 2.5% strain level are also 458 

not included in the comparison. In summary, the models participating in the comparison are the complex 459 

modulus decay criterion model (50%G*), S×N peak criterion model, 20%DER deviation criterion model, 460 

and VECD model (5% strain). 461 

However, the parameters compared in the Taylor diagram should have consistency. The evaluation 462 

indicator of the DSR-C model (fatigue crack length) is not on the same scale as the evaluation indicators 463 

of other models (fatigue life). Therefore, it is necessary to convert the fatigue crack length of the DSR-464 

C model into fatigue life. According to the research by Zhang, Gao, and others, asphalt binder crack 465 

propagation can be divided into three stages: the initial transition period (Stage I), stable growth period 466 

(Stage II), and rapid growth period (Stage III). Among them, when the crack length reaches the critical 467 

point of the separation load cycles, it enters the rapid crack growth stage (Stage III). This separation 468 

load cycle (critical point of Stages II and III) can be considered as the fatigue life Nf of the asphalt 469 

binder. According to this theory, the DSR-C model is used to calculate the fatigue crack length of asphalt 470 

binders under different loading cycles, and the crack propagation curve during fatigue loading is plotted. 471 

As shown in Figure 14, taking S2 and S3 as examples, the fatigue crack propagation of asphalt binders 472 

conforms to the three-stage theory. Thus, the fatigue life values based on the DSR-C model can be 473 

calculated for various samples. 474 

 475 

Figure. 14. Asphalt binders Fatigue Crack Propagation Curve 476 
The calculated fatigue life results for various samples obtained from each model are shown in 477 

Table 8, and the Taylor diagrams of simulated fatigue life by each model are shown in Figure 15. 478 

In Figure 15, the fatigue life results calculated by the DSR-C model are the reference values (REF), 479 

and the calculated values of the other four models closer to the DSR-C model (in red) indicate better 480 

fitting of fatigue life by those models. Overall, the 20%DER deviation criterion model and VECD model 481 

are close in their comprehensive simulation results, with better simulation results for standard deviation 482 



and RMSE but slightly lower correlation coefficients. For the other models, the 50%G* criterion model 483 

has a better fit for the correlation coefficient, which is 0.9289, but it has larger standard deviation and 484 

RMSE. The S×N peak criterion model has a better fit for the correlation coefficient but a poorer fit for 485 

the standard deviation. 486 

To more accurately assess the comprehensive simulation accuracy of each model, TS are introduced 487 

to compare the fitting results of each model, defined as in equation (15). 488 
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0

4( r) r ]m
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STD STD
T

STD STD
 4 2 41+ /[( + )(1+ )               （15） 489 

Where r represents the correlation coefficient between each model and REF, r0 is the maximum 490 

value of r, STDm is the standard deviation of each model, STD0 is the standard deviation of REF, and 491 

TS values range from 0 to 1. A higher TS value indicates better simulation results. The TS results for 492 

each model are shown in Table 9. It can be concluded that the 20%DER deviation criterion model 493 

performs the best in terms of comprehensive simulation results, followed by VECD model, while the 494 

50%G* and S×N peak criterion models have lower TS. These results suggest that DSR-C model, 495 

20%DER deviation criterion, and VECD model are more suitable as fatigue damage assessment models 496 

for SBS/TB composite modified asphalt binder, whereas traditional evaluation criteria based on TS tests 497 

have lower accuracy. 498 

Table 8 Fatigue Life Calculation Results of Various Fatigue Models for Asphalt Binders 499 

Model 
Nf 

S2 S3 S2R10 S2R15 S3R10 S3R15 

DSR-C 

(REF) 
7783 11892 9753 22670 31234 38562 

50%G* 7020 28200 24180 33780 41820 60180 

S×N Peak 

Criterion 
8375 21348 24268 24583 32480 42657 

20%DER 

Deviation 

Criterion 

5162 10257 8435 12346 22460 25470 

VECD 2264 7843 5036 12973 15195 39156 

 500 

Figure. 15. Taylor Diagrams of Simulated Fatigue Life by Different Fatigue Damage Models 501 



Table 9 TS Scores of Various Fatigue Models for Asphalt Binders Fatigue Life Assessment 502 

Fatigue Model 50%G* 
S×N Peak 

Criterion 

20%DER Deviation 

Criterion 
VECD 

TS 0.8289 0.8197 0.8792 0.8639 

4 Conclusion 503 

This study comprehensively evaluated the fatigue performance of SBS/TB composite modified 504 

asphalt binder using the fatigue failure criteria of TS tests, LAS tests based on the VECD model, and 505 

the DSR-C fatigue crack model. The predictive fatigue results of the DSR-C model were verified using 506 

image analysis. Taylor diagrams were used to compare and analyze the simulation accuracy of various 507 

fatigue damage evaluation models. The main conclusions are as follows: 508 

(1) The TS test results suggest that the addition of TB effectively delays the fatigue failure of SBS 509 

asphalt binder. However, it is noted that the phase angle peak criterion of the TS test is not the most 510 

suitable metric for evaluating the fatigue performance of SBS/TB composite modified asphalt binder. 511 

(2) LAS test findings underscore the significant improvement in fatigue resistance of asphalt 512 

binder due to composite modifiers across various strain levels. Notably, TB enhances fatigue resistance 513 

by widening the range of yield stress peak in asphalt and reducing both stress peaks and strain 514 

dependency. 515 

(3) The fatigue crack length index derived from the DSR-C model provides a more intuitive and 516 

precise depiction of cracking progression in SBS/TB composite modified asphalt binder under fatigue 517 

loads. Furthermore, it exhibits a robust correlation with actual fatigue cracking observed in asphalt 518 

binder. 519 

(4) Taylor diagram results for fatigue life, utilizing various fatigue damage models, indicate that 520 

the DSR-C model, the 20% DER deviation criterion, and the VECD model are more suitable as fatigue 521 

damage evaluation models for SBS/TB composite modified asphalt binder. 522 

In future studies, we aim to further explore the applicability of the DSR-C model to other modified 523 

asphalts. Additionally, we plan to compare fatigue assessment methods of other asphalt types using both 524 

the Taylor diagram and TS test, striving to identify a fatigue assessment method that is universally 525 

suitable for various modified asphalts, enhancing the comprehensiveness of our findings and aligning 526 

with similar investigations. 527 
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