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Abstract 40 
Fatigue crack behavior of asphalt binder plays an important influence on the fatigue 41 

performance of asphalt pavements. To evaluate the fatigue crack density evolution within the 42 

steady growth stage of #70 unmodified asphalt binder and SBS modified asphalt binder, the crack 43 

initiation and propagation were characterized based on Griffith theory and modified Paris’ law, 44 

respectively. Aiming to calculate the horizontal length of crack initiation (a), the surface free 45 

energy of those two asphalt binders were calculated by contact angle measured with Wilhelmy 46 

plate test. Also, the stress sweep tests and time sweep tests were performed using Dynamic Shear 47 

Rheometer (DSR) to obtain the mechanical parameters of asphalt binders for calculation of fatigue 48 

crack density (φ ) and dissipated pseudo strain energy (DPSE). They were fitted by modified Paris’ 49 

law, and coefficients n and A were determined. Results show that a for two asphalt binders increase 50 

with the increasing stress level and SBS modified asphalt binder shows a larger crack size in crack 51 

initiation, which means that SBS modified asphalt binder shows a better crack initiation resistance 52 

compared with unmodified asphalt binder. The φ  and DPSE within the steady growth stage follow 53 

the linear relationship, indicating that the unit DPSE causes the equal amount of increase in φ . In 54 

addition, the A and n are independent on the stress levels. They are fundamental material properties 55 

and there is a linear relationship between the log(A) and n. SBS modified asphalt binder processes 56 

the better fatigue crack resistance because of the smaller value of n. 57 

Keywords: 58 

Asphalt binder, Fatigue crack density, Crack initiation, Crack propagation, Surface free energy, 59 

Modified Paris’ law  60 
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1. Introduction 61 

Fatigue crack is a common type of damage that occurs in asphalt pavement. There are two 62 

types of fatigue cracks: cohesive cracks (occurring within an asphalt binder) and adhesive cracks 63 

(occurring at the asphalt binder-aggregate interface) [1]. As an important component of asphalt 64 

mixture, the fatigue crack resistance of asphalt binder determines its fatigue performance [2-3]. 65 

Therefore, the evaluation of asphalt binder fatigue crack resistance has been one of the most 66 

popular topics of asphalt materials to date. 67 

Under repeated loading, the fatigue process of asphalt binder experiences three distinct 68 

stages: crack initiation, steady crack propagation, and unsteady crack propagation. The 69 

photographic technique is an effective way to visualize the crack length of an asphalt binder sample 70 

under different loading cycles, and related studies have shown that circumferential hairline cracks 71 

generated at the periphery of a sample (crack initiation) and propagated inward (crack propagation), 72 

resulting in a decrease of the effective sample radius [1, 4]. In order to understand the evolution of 73 

fatigue cracks and accurately evaluate the damage degree of an asphalt binder sample, the crack 74 

length of formulation has been derived from the stress and strain [1, 5-6] or developed according 75 

to damage mechanics principles [7-9]. At the beginning of a fatigue test, the fatigue crack damage 76 

degree shows a sharp increase due to molecular rearrangements [10-11], microcrack nucleation 77 

[12], and circumferential crack formation [5, 7]. When the crack formation is complete, the fatigue 78 

crack damage degree will show a steady increase. Therefore, the onset of the steady growth stage 79 

is the crack initiation [13]. Once the asphalt binder loses the ability of crack resistance, the fatigue 80 

damage degree will dramatically increase, e.g., stepping into the unsteady growth stage. Normally, 81 

the steady growth stage attracts the attention of more researchers because it represents the fatigue 82 

crack resistance of an asphalt binder to a large extent.  83 

Crack initiation is the premise of propagation [14], which is critical for evaluating crack 84 

propagation. Therefore, crack initiation needs to be analyzed first. In order to figure out the crack 85 

initiation mechanism, some pioneers have developed local crack growth criteria for viscoelastic 86 

materials to solve the problems related to crack initiation. Based on continuum mechanics, Knauss 87 

[15] developed a crack speed criterion. Schapery [16] proposed a crack tip model and a local 88 

energy criterion for evaluating crack initiation. However, those two theories were too complex to 89 

apply to engineering practice because the description of crack initiation using the theories involves 90 

numerous details [14]. To circumvent this limitation, Griffith’s energy criterion has been used to 91 
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deal with the crack initiation of asphalt materials. In this theory, the potential energy of the asphalt 92 

material body is regarded as a balanced station when cracks are initiated. Following this theory, 93 

the crack initiation criteria of asphalt mixture under tensile loading and compressive loading were 94 

developed [14, 17]. Moreover, the crack initiation of an asphalt binder under rotational shear 95 

loading was successfully analyzed based on the Griffith’s energy criterion [13]. Particularly, Li et 96 

al. [18] employed this theory to investigate the crack initiation of waste-derived asphalt binders 97 

(e.g., bio-oil modified asphalt and plastic modified asphalt using polyethylene). In this study, 98 

Griffith’s energy criterion was applied to study the crack initiation length of asphalt binders under 99 

different stress levels. 100 

 To characterize crack propagation, Paris’ law is commonly used to build the relationship 101 

between the fatigue crack growth rate and the pseudo strain energy release rate [8, 19-23]. 102 

According to the fitting of the test results with Paris’ law, the parameters A and n are obtained to 103 

evaluate the fatigue crack performance of asphalt materials. Normally, Paris’ law is applied to 104 

model the damage growth of a single crack for asphalt mixture [19-20] and for asphalt binder [8, 105 

18, 21-22]. However, Paris’ law has made the accuracy of crack propagation evaluation for asphalt 106 

materials pale because there are a multitude of cracks propagating in asphalt materials under cyclic 107 

loading. To address this problem, Si et al. [24] proposed that the crack length of a single crack 108 

could be replaced by the damage density, e.g., the ratio of area of all cracks to the total area of a 109 

sample, to evaluate the fatigue crack growth of asphalt mixtures. Later, the concept of damage 110 

crack density was successfully employed in a modified Paris’ law to characterize the fracture 111 

resistance of asphalt mixture [25-28]. Therefore, the fatigue crack density of an asphalt binder 112 

proposed by  authors will be employed in characterizing the fatigue crack evolution in this study 113 

[9]. Another important part of Paris’ law is the pseudo strain energy release rate, which was 114 

proposed by Schapery [29] to replace the stress intensity factor due to the viscoelastic 115 

characterization of asphalt binder. Usually, the total dissipated pseudo strain energy is used to 116 

determine the pseudo strain energy release rate. However, the energy is used not only for cracking 117 

but also used for other behaviors, such as permanent deformation and the viscoelastic effect [20]. 118 

Consequently, in this study, in order to understand the fatigue crack evolution behavior of 119 

two types of asphalt binders under controlled-stress loading, including #70 unmodified asphalt 120 

binder and SBS modified asphalt binder, the crack initiation and propagation in the steady growth 121 

stage whose range was determined by the secant method were analyzed simultaneously for various 122 
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stress levels. To accurately evaluate the fatigue crack growth rate, only the dissipated pseudo strain 123 

energy due to fatigue cracking was applied in the calculation of the pseudo strain energy release 124 

rate. Therefore, this paper is organized as follows. First, the materials and the laboratory tests, 125 

including the DSR test and the Wilhelmy plate test for contact angle measurement, are described. 126 

The subsequent section describes the background and the theory containing the analysis of the 127 

fatigue crack density growth stages, crack initiation analysis based on the Griffith theory, and 128 

fatigue crack density propagation using the modified Paris’ law. Then the corresponding 129 

discussions of the horizontal length of the crack initiation, the relationship between the fatigue 130 

crack density and the dissipated pseudo strain energy for cracking, and the modified Paris’ law 131 

parameters related to crack growth rate are presented. The last section concludes the paper with 132 

the main contributions of this study. 133 

2. Materials and Laboratory Tests 134 

2.1. Materials 135 

Herein, two kinds of asphalt binders commonly used in China were studied, including #70 136 

unmodified asphalt binder and SBS modified asphalt binder whose content of SBS polymer of the 137 

control binder was 4% by weight. The basic properties of the asphalt binders, including penetration, 138 

softening point, and ductility, were tested based on the methods in the specification JTG E20-2011 139 

[30],  as listed in Table 1. The results met the requirements in the specification JTG F40-2004 [31]. 140 

These two asphalt binders were prepared as DSR tests samples and Wilhelmy plate test specimens, 141 

which were used to measure the viscoelastic mechanical parameters and contact angles for the 142 

calculation of the surface energies of the asphalt binders. 143 

Table 1 Basic properties of asphalt binders 144 

Asphalt type Penetration 
(25℃, 100 g, 5 s)/0.1 mm 

Ductility 
(10℃, 5 cm/min)/ cm Softening point/℃ 

#70 68.5 50.0 47.0 
SBS 53.0 ＞100 94.5 

2.2. DSR tests 145 

To obtain the viscoelastic mechanical parameters of asphalt binders, the asphalt binder 146 

samples were subjected to DSR tests with a parallel plate of 8 mm having a gap of 2 mm [32]. 147 

First, the samples were subjected to stress sweep tests in which the amplitude of shear stress 148 

increased logarithmically from 0.1 kPa to 400 kPa without any rest periods in order to find the 149 
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critical point of the stress level between the undamaged stage and the damage stage, which played an 150 

important role in determining the stress levels for the time sweep tests. The critical points of the 151 

stress level for the #70 unmodified asphalt binder and the SBS modified asphalt binder were 150.2 152 

kPa and 157.4 kPa, respectively. Furthermore, the linear viscoelastic (undamaged stage) mechanical 153 

parameters obtained from the stress sweep tests were of great significance in analyzing the 154 

behaviors of the fatigue crack density propagation. The average values of the phase angle and the 155 

dynamic shear modulus within the undamaged stage for those two asphalt binders were 56.5°, 156 

6583.9 kPa and 53.4°, 5588.4 kPa. Second, the time sweep tests at high stress levels (180 kPa, 200 157 

kPa, 220 kPa, 240 kPa, 260 kPa, 280 kPa, and 300 kPa) were conducted for each tested sample 158 

under controlled-stress rotational shear loading. All of the tests were performed at 20°C and 10 Hz, 159 

with two replicates for every testing condition. 160 

2.3. Wilhelmy plate test for the calculation of the surface free energy (SFE) 161 

The Wilhelmy plate method is a common way to measure the contact angles between 162 

asphalt binders and liquids. The testing data were used to calculate the SFE components of the 163 

asphalt binders based on the Young-Dupre equation (see Eq. (1)) [33]. As shown in Eq. (1), the 164 

calculation of SFE components of the asphalt binders required the measurement of the contact 165 

angles between the asphalt binders and at least three probe liquids with known surface energy 166 

components. In this study, probe liquids (glycerol, ethylene glycol, formamide, and distilled water) 167 

with various polarities were selected. The surface free energy components of these four probe 168 

liquids are shown in Table 2. In order to obtain the contact angle, glass plate specimens coated 169 

with a thin asphalt film were immersed in the liquids mentioned above at a constant rate of 3 170 

mm/min and 20°C, which was coincident with DSR tests. During this process, the force applied to 171 

the specimen was constantly recorded. Then the contact angle between the asphalt binders and the 172 

liquids could be calculated with a kinetic force balance [34]. Three replicates were measured for 173 

every type of probe liquid. Three replicates were measured for every type of probe liquid, and the 174 

average values of contact angle were shown in Table 3. 175 

[ ] ( )LW LW
L S L S L S L1 cos 2θ − + + −+ = + Γ+Γ Γ Γ Γ Γ Γ  (1) 176 

where Γ is the surface free energy, mJ/m2, the “S” subscript indicates the asphalt binders in this 177 

study, and the “L” subscript indicates the probe liquids. The “-” superscript indicates the Lewis 178 

base component, the “+” superscript indicates the Lewis acid component, and the “LW” superscript 179 
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indicates the Lifshitz-van der Waals component. θ  is the contact angle between the asphalt binder 180 

sample and the probe liquid. 181 

Once the SFE components of the asphalt binders were calculated, the total SFE of the 182 

asphalt binders could be determined based on the Good-van Oss-Chaudhury (GvOC) theory, as 183 

shown in Eq. (2) [35]. 184 

LW AB LW 2 + −= + = Γ +Γ Γ Γ Γ Γ , (2) 185 

where the “AB” superscript indicates the Lewis polar acid-base component. 186 

Table 2 Surface energy components of four known liquids at 20°C (mJ/m2). 187 
Known liquid LWΓ  +Γ  −Γ  ABΓ  Γ  

Glycerol 34.00 3.92 57.40 30.00 64.00 
Ethylene Glycol 29.00 1.92 47.00 19.00 48.00 

Formamide 39.00 2.28 39.60 19.00 58.00 
Distilled Water 21.80 25.50 25.50 51.00 72.80 

 188 

Table 3 Determined contact angles of asphalt binders with known liquids at 20 ℃. 189 

3. Background and Theory 190 

3.1. Fatigue crack density growth stages 191 

Under a periodic rotational shear load, the fatigue crack damage would extend from the 192 

edge of the cylindrical asphalt binder DSR sample to the center of the sample. In order to 193 

quantitatively analyze the fatigue crack of the asphalt binder, the fatigue crack density were 194 

proposed by authors [9]. The fatigue crack density was calculated by the ratios of the damaged 195 

volume to the total volume of the asphalt binder sample, shown in Eq. (3). In the DSR tests, the 196 

height of asphalt binder sample is invariable. Therefore, the fatigue crack density only changes 197 

with the decrease of effective radius of undamaged sample. In order to determine the effective 198 

radius, the torque equilibrium principle and dissipated strain energy (DSE) equilibrium principle 199 

were applied [9]. As shown in Eq. (4), the effective radius was calculated using mechanical 200 

parameters (dynamic shear modulus and phase angle) of asphalt binder on undamaged and 201 

damaged conditions. Fig. 1 shows a typical fatigue crack density curve with the increase of the 202 

load cycles for the controlled-stress fatigue testing. It was clear that the fatigue crack density of 203 

Asphalt 
binder 

Distilled Water Formamide Glycerol Ethylene Glycol 
Average/ ° CV/% Average/ ° CV/% Average/ ° CV/% Average/ ° CV/% 

#70 103.64 0.89 86.40 1.90 92.34 0.64 78.73 0.52 
SBS 97.26 0.56 77.14 2.61 82.90 3.11 61.75 3.47 



8 

 

the asphalt binder experienced three stages, i.e., the crack initiation stage (Stage I), steady growth 204 

stage (Stage II), and unsteady growth stage (Stage III). The fatigue crack density increased sharply 205 

with the shorter loading cycles within the Stage I, and the crack initiation finished at the end of 206 

this stage. Once the circumferential crack formed, the fatigue crack behavior of the asphalt binder 207 

stepped into steady growth stage, showing a linear increase of the fatigue crack density. Therefore, 208 

the onset of stage II was defined as the crack initiation. When the fatigue crack damage propagated 209 

to a higher level, the asphalt binder lost the ability of fatigue resistance, presenting a vertical 210 

increase in the fatigue crack density. Usually, researchers pay more attention to the mechanical 211 

behaviors within a steady growth stage because it undergoes more than 50% of the load cycles 212 

during the whole fatigue process. 213 
2

, , th
2

0 0 0

2
, th
2

0

1 100% 1 100%

= 1 100%

C N E N

E N

V r hV
V V r h

r
r

π
φ

π
  

= = − × = − ×       
 
− ×  

 

,  (3) 214 

Where ,C NV  is the cracked volume of the asphalt binder sample; V  is the undamaged volume of 215 

the asphalt binder sample; 0V  is the total volume of the asphalt binder sample; , thE Nr  is the effective 216 

radius of undamaged part at the Nth load cycle, which was determined with Eq. (4), in mm, 0r  is 217 

the initial radius of the sample, 0 4r mm= , and h is the height of the sample, 2 .h mm=  218 

0.25

, th 0
sin
sin

NF VE
E N

NFVE

G
r r

G
δ
δ

∗

∗

 
 = ⋅ ⋅
 
 

, (4) 219 

where VEG∗  and NFG∗  are the dynamic shear modulus of the undamaged condition and the Nth 220 

fatigue loading cycle, respectively, in kPa, and VEδ and NFδ are the phase angles of the undamaged 221 

and Nth fatigue loading cycles, respectively, in radians. 222 

However, the most difficult issue was the partitioning of the range of these three fatigue 223 

crack density growth stages. To resolve this problem, the secant method was performed to locate 224 

the critical points (the red points in Fig. 1) of the fatigue crack density between the different stages 225 

based on the concavity and convexity characteristics of the fatigue crack density curve [9]. The 226 

onset point of Stage III was the point where the slope of the secant line (the value of k1), as shown 227 
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in Fig. 2(a) was at a minimum. Similarly, the demarcation point between Stage I and II was 228 

determined when the slope of the secant line (the value of k2) was at a minimum with a reverse 229 

chronological order in the load cycles, as shown in Fig. 2(b). As a result, the range of Stage II was 230 

obtained. 231 

 Fig. 1 Fatigue crack density growth trend with controlled-stress loading [9]. 232 

 233 
Fig. 2 Partition of the fatigue crack density curve based on the secant method: (a) 234 

determination of the demarcation point between Stage II and III, and (b) determination of 235 

demarcation point between Stage I and II [9]. 236 

The fatigue crack damage was a process of energy redistribution within the asphalt binder 237 

sample based on the Griffith theory [13]. There were two types of energies (recoverable pseudo 238 

strain energy [RPSE] and dissipated pseudo strain energy [DPSE]) that were generated during 239 

the fatigue testing with sinusoidal unloading and loading, as shown in Fig. 3 [36]. The RPSE was 240 

equal to the area between the stress-pseudo strain curve and the horizontal axis, which was stored 241 

and recovered corresponding to the purely elastic effect of the material [13, 37]. The RPSE 242 

played an important role in the analysis of the crack initiation. The DPSE was equal to the area 243 

of the stress-pseudo strain loop, representing the energy dissipated in a loading cycle due to 244 
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damage [37-38]. Therefore, the DPSE was suitable for depicting the fatigue crack behavior of the 245 

asphalt binder during the fatigue testing. Detailed information about the energies is provided in 246 

section 3.2 and section 3.3. Likewise, the energy-based characterization of the fatigue crack 247 

density evolution within the steady growth stage was also the main research subject in this study. 248 

 249 
Fig. 3 Illustration of energy components: dissipated pseudo strain energy (DPSE) and 250 

recoverable pseudo strain energy (RPSE) [36]. 251 

3.2. Crack initiation analysis based on Griffith theory 252 

Under the sinusoidal stress loading, the applied stress and strain response could be 253 

described using Eq. (5) and Eq. (6). 254 

( )0= sinF tτ τ ω  (5) 255 

( )0 sinNF NFtγ γ ω δ= −  (6) 256 

where 0Fτ  , 0NFγ  , and NFδ  are the stress amplitude, strain amplitude, and phase angle of the 257 

damaged condition, respectively,ω  is the angular frequency, and t is the loading time. 258 

The corresponding pseudo strain for the controlled-stress mode had the form shown in Eq. 259 

(7). 260 

( ) ( )0 0sin = sinR R VE
NF VE NF NF VE

R

Gt t
G

γ γ ω δ δ γ ω δ δ
∗

= − + − +  (7) 261 

where 0
Rγ  is the pseudo strain amplitude, VEδ  is the phase angle within the linear viscoelastic stage, 262 

and VEG∗   and RG  are the dynamic shear modulus within the linear viscoelastic stage and the 263 

reference modulus, which were equal in this study. 264 

According to the definition of the RPSE, the value of the RPSE density at a given radial 265 

position was determined with the function shown in Eq. (8) [13]. 266 

( ) ( )2

0 0 2

1 1
2 2

VER
F

R

G r
RPSE r

G h
θ

τ γ
∗

= = ,  (8) 267 
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where the θ is the rotational angle. 268 

As analyzed above, the crack initiation was the point where the steady growth stage started, 269 

so Eq. (8) was rewritten as shown in Eq. (9). 270 

( ) ( ) ( )
2

2
0 0 0 0 02

1 1
2 2

VER
F

R

G
RPSE c r c

G h
θ

τ γ
∗

= = ⋅ − , (9) 271 

where the 0c  is the crack length of Stage I, which was determined with Eq. (10). 272 

0 0= Ec r r−  (10) 273 

where the Er  is effective radius of the asphalt binder sample. 274 

Based on the Griffith theory, the energy-based crack initiation criteria of the asphalt binder 275 

sample for the time sweep test were proposed, which could be described using Eq. (11) [13]. 276 

( ) ( ) ( )0 0 0 02 0RPSE r k a r c r c a⋅ ⋅ ⋅ − − Γ ⋅ − − = ,  (11) 277 

where a is the horizontal length of the crack initiation and k is the coefficient of the vertical height, 278 

which was determined to be 2π [39], as shown in Fig. 4. 279 

Fig. 4 The cracking initiation pattern of the asphalt binder DSR sample under fatigue 280 

testing. c0 is the crack size of Stage I, a is the crack length of the crack initiation, and k the 281 

is the coefficient of the vertical height [13]. 282 

In order to simplify the formulation of Eq. (11), 0 0r c a− −  was replaced by 0 0r c− due to 283 

0a c . After substituting Eq. (9) into Eq. (11), the relationship between the SFE of the asphalt 284 

binder and the model parameters of the crack initiation gave 285 
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( ) ( )
2

2
0 02

1=
4

VE

R

G
r c ka

G h
θ∗

Γ ⋅ −   (12) 286 

3.3. Fatigue crack density propagation analysis based on the DPSE with the modified Paris’ law 287 

For controlled-stress loading, the DPSE could be represented by Eq. (13). 288 

 
( )

( )

0 0

2
0

sin

sin

R
F NF VE

F
NF VE

NF

DPSE

G

πτ γ δ δ

τπ δ δ∗

= −

= −
 , (13) 289 

where NFG∗  is the dynamic shear modulus within the damaged stage. 290 

During the fatigue testing process, permanent deformation and cracking are common 291 

distresses for an asphalt binder and they occur simultaneously. Therefore, the dissipated energy 292 

could be divided into several components because of diverse damage effects. Masad [20] modified 293 

Eq. (13) into Eq. (14) considering the following three components: (1) viscoelastic energy ( 1RW , 294 

see Eq. [15]) for the change of the phase angle, (2) permanent deformation ( 2RW , see Eq. [17]), 295 

and (3) cracking ( 3RW see Eq. [16]). Eq. (13) was multiplied by ( * *
NF VEG G ) to calculate the 1RW , 296 

which was the dissipated energy at the reference undamaged dynamic shear modulus. The 3RW297 

was related to the difference of the dynamic shear modulus between the undamaged condition and 298 

the damaged condition. 299 

 1 2 3R R RDPSE W W W= + +   (14)  300 

( )
* 2

0
1 *= sinNF F

R NF VE
VE VE

GW DPSE
G G

τπ δ δ∗= −  (15) 301 

( ) 2
3 0 0 0 0 * *

1 1 1 1
2 2

R R
R F NF VE F

NF VE

W
G G

τ γ γ τ
 

= − = − 
 

 (16) 302 

2 1 3R R RW DPSE W W= − −  (17) 303 

As a viscoelastic material, the evolution speed of the damage type of an asphalt binder is 304 

determined by the testing temperature. In this study, the main distress of the asphalt binder samples 305 

was cracking because of the lower temperature (20°C). Therefore, the dissipated energy calculated 306 

with Eq. (16) was used to analyze the fatigue crack density evolution.  307 

Paris’ law was proposed to describe the relationship between the crack growth rate of a 308 
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single crack and the stress intensity or J-integral [40]. For the asphalt materials, the pseudo J-309 

integral Paris’ law was modified by replacing the stress intensity or J-integral with the pseudo J-310 

integral, as shown in Eq. (18). 311 

( )d
d

n
R

c A J
N
=  ,  (18) 312 

where c  is the crack size, N represents the loading cycles, A and n are the fitting parameters, and 313 

RJ is the pseudo J-integral. 314 

 Paris’ law was suitable for modeling the crack growth rate of a single crack. However, 315 

there were numerous cracks that propagated and merged within the asphalt material during the 316 

fatigue testing, resulting in the loss of the bearing area. In order to circumvent this limitation, a 317 

modified Paris’ law (see Eq. [19]) was proposed using the damage density (φ ), which was the 318 

ratio of the lost area to the total area of the sample [25]. 319 

( )d
d

n
RA J

N
φ
= 

, (19) 320 

where RJ is the pseudo J-integral, representing the pseudo strain energy release rate per unit of 321 

cracking areas. RJ was defined as shown in Eq. (20).  322 

,

/
/

N
R

C C C N

DPSEDPSE DPSE NJ
V V N V

∂ ∂ ∂
= = =

∂ ∂ ∂


 , (20) 
323 

where NDPSE  is the dissipated pseudo strain energy at the Nth loading cycle. As discussed above, 324 

this study only considers the DPSE for cracking, so NDPSE  in Eq. (20) is replaced by Eq. (21). 325 

And ,C NV  is the cracked volume of the asphalt binder sample, which was determined based on Eq. 326 

(22). 327 

( ) ( )

( )

3, 3, 3,

2 2
0 * *

d

1 1 1 2
2

C

R N R N C R N C
V

F E
NF VE

W W r V W r V

h c r c
G G

τ π

= ≈ ⋅

 
= − ⋅ ⋅ + 

 

∫∫∫


 

 

, (21) 328 

where c is the increase of the crack size at the Nth loading cycle. 329 

Based on the definition of the fatigue crack density, e.g., Eq. (3), the cracked volume of the 330 

asphalt binder sample could be calculated with Eq. (22). 331 
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, 0C N NV Vφ= , (22) 332 

where Nφ  is the fatigue crack density at the Nth loading cycle, and 0V  is the total volume of the 333 

asphalt binder DSR sample. 334 

Then, substituting Eq. (20) to Eq. (22) into Eq. (19) gave 335 

3,

0

d
dd
d

n

R NW
A

N V
N

φ
φ

 
 

=  
 
 

. (23) 336 

Rearranging Eq. (23) produced 337 
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Taking the logarithm of both sides of Eq. (24) yielded 339 
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  (25) 
340 

According to the plot, the fatigue crack density growth rate, and the dissipated pseudo stain 341 

energy for cracks in double logarithm scales, the parameters of the modified Paris’ law, n and A, 342 

were determined with Eq. (26) and Eq. (27), respectively. 343 

1 1
n KK n

n K
= ⇒ =

+ −   (26) 
344 

( )0 0
1 ln ln ln =n ln

1 1
nb A V A b V b

n n
= − ⇒ + +

+ + , (27) 
345 

where K and b are the slope and the intercept of the fitting line of the relationship between the 346 

fatigue crack density growth rate and the dissipated stain energy for cracking in double logarithm 347 

scales, respectively.
 

348 

4. Results and discussions 349 

4.1. Crack initiation analysis 350 

To employ the crack initiation criterion of an asphalt binder based on the SFE and RPSE, 351 

the SFE components of these two asphalt binders were first calculated using Eq. (1) and Eq. (2) 352 

according to the contact angles results of the Wilhelmy plate tests, which are detailed in Table 4. 353 

The total SFE and the Lewis polar acid-base component of the SBS modified asphalt binder were 354 
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slightly larger than those of the #70 asphalt binder, but the result of the Lifshitz-van der Waals 355 

component was the complete opposite. 356 

Table 4 SFE components of binders at 20°C (mJ/m2). 357 

Asphalt binder LWΓ  +Γ  −Γ  ABΓ  Γ  
#70 13.56  0.98  1.21  2.18  15.74  
SBS 11.69  4.06  1.18  4.38  16.07  

Once the total SFE of the asphalt binders was determined, the horizontal length of the crack 358 

initiation (a) could be calculated using Eq. (12). Additionally, the secant method mentioned in 359 

section 3.1 was used to determine the crack length of Stage I (C0) and the loading cycles 360 

corresponding to the C0. Therefore, the data for the C0, the loading cycles of Stage I and a were 361 

presented in Table 5. It can be seen from Table 5 that the values of C0 and a both increased with 362 

the increasing stress level, and the value of a was far smaller than that of C0. However, the loading 363 

cycles to initiation decreased with the increase of the stress level, which indicated that the higher 364 

stress level accelerated the process of crack initiation, resulting in a larger crack length for Stage 365 

I. At the beginning of Stage I, the numerous micro cracks occur and these cracks form the 366 

circumferential crack. The larger loading cycles within the Stage I means that the asphalt binder 367 

shows better capability of crack initiation resistance. Under the lower stress levels, the SBS 368 

modifier plays an important role in crack resistance of circumferential crack reformation. When 369 

the stress level increases to a certain extent, the SBS may lose the strong ability of crack resistance. 370 

Therefore, the loading cycles in Stage I show different attenuation trend under the lower and higher 371 

stress levels. Furthermore, the SBS modified asphalt binder showed a larger crack size at the end 372 

of Stage I and loading cycles is larger than that of unmodified asphalt at any stress level, which 373 

meant that the SBS modifier hindered the crack initiation of the modified asphalt binder compared 374 

with the unmodified asphalt binder. As shown in Eq. (12), the calculation of “a” relates the 375 

dynamic shear modulus in the linear viscoelastic stage ( VEG∗  ), reference modulus ( RG  ), crack 376 

length of Stage I ( 0c ) and surface free energy (Γ ). Herein, VEG∗  equals to RG . The value of VEG∗  377 

and Γ   of these two types of asphalt is almost the same. Therefore, the calculation of “a” is 378 

dependently determined on value of ( )2
0 0r c−  . As shown in Table 5, the 0c   of SBS modified 379 

asphalt is larger than that of unmodified asphalt. Therefore, the SBS modified asphalt exhibits 380 

larger crack size in crack initiation. The larger crack size in crack initiation means that the loading 381 

cycles within the Stage I is larger and crack density will lingeringly step into the steady growth 382 
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stage showing crack initiation resistance. 383 

Table 5 Results related to Stage I: C0, loading cycles and a. 384 

4.2. Relationship between the fatigue crack density and the DPSE for cracking 385 

 Fig. 5(a) shows the relationship between the fatigue crack density (φ ) and the DPSE for 386 

the fatigue crack (WR3) during the entirety of the fatigue testing. At the beginning of testing, there 387 

was an approximatively linear relationship between these two parameters. However, when the 388 

asphalt binder lost the fatigue crack resistance ability, e.g., stepping into the unstable growth stage 389 

(Stage III) mentioned in the section 3.1, the unit growth in the fatigue crack density needed more 390 

DPSE, leading to the structural failure of the asphalt binder sample. In particular, the parameters 391 

within Stage II followed a linear relationship, as shown in the dashed box. The #70 unmodified 392 

asphalt binder as an example, the relationships between the φ  and WR3 at 5 stress levels within 393 

Stage II are shown in Fig. 5(b). This meant that the unit DPSE caused an equal amount of increase 394 

in the fatigue crack density, which potently demonstrated that the secant method was a 395 

considerably effective way to determine the range of the steady growth stage (Stage II) from the 396 

view of the DPSE. 397 

Asphalt binder Stress level/ kPa C0/mm CV /% Cycles of Stage Ⅰ CV /% a/ mµ   CV /% 

#70 

180 0.26 2.21 507 13.2 2.05 3.2 
200 0.29 12.1 495 10.0 2.08 10.2 
220 0.36 4.2 490 12.3 2.16 6.3 
240 0.38 7.4 390 10.9 2.19 7.8 
260 0.45 7.3 370 2.5 2.28 6.5 
280 0.46 0.2 365 1.94 2.29 2.5 
300 0.49 13.2 337 8.5 2.32 10.7 

SBS 

180 0.44 0.6 885 10.7 3.04 1.1 
200 0.46 13.4 826 15.3 3.06 10.8 
220 0.47 11.1 715 3.0 3.08 9.5 
240 0.53 3.4 535 5.1 3.20 4.7 
260 0.63 2.9 415 5.3 3.39 3.1 
280 0.64 7.7 385 11.0 3.41 6.9 
300 0.74 0.9 355 13.8 3.62 1.8 
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 398 
Fig. 5 Relationship between the fatigue crack density and DPSE for the fatigue crack: (a) 399 

during the entirety of the fatigue testing and (b) the parameters of #70 unmodified asphalt 400 

binder at 5 stress levels (220 kPa, 240 kPa, 260 kPa, 280 kPa, and 300 kPa) within Stage II. 401 

Table 6 The slope of the linear formulation between the fatigue crack density and WR3. 402 

Based on the analysis above, Table 6 shows the slope of the linear formulation (e.g., the 403 

parameter k shown in the Fig. 5(a)) between the fatigue crack density and WR3 within the second 404 

stage of the #70 unmodified asphalt binder and the SBS modified asphalt binder for different stress 405 

levels. It was clearly seen from the table that there was a linear relationship between these two 406 

parameters because of the high R2 values (>0.98). In general, the value of the slope decreased with 407 

the increase of stress levels, which meant that the same incremental fatigue crack density would 408 

generate a larger dissipation of energy for the higher stress level. Therefore, the loading cycles of 409 

Stage II would decrease with the increasing stress level. 410 

Asphalt 
binder 

Stress level/ 
kPa 

Slop (k)  
No. 1 R2 No. 2 R2 Average CV /% 

#70 

180 0.0144 0.9960 0.0139 0.9950 0.0143 1.7 
200 0.0101 0.9924 0.0095 0.9963 0.0098 3.1 
220 0.0071 0.9956 0.0073 0.9948 0.0072 1.4 
240 0.0054 0.9987 0.0061 0.9969 0.0058 6.0 
260 0.0045 0.9987 0.0045 0.9983 0.0045 0.0 
280 0.0043 0.9980 0.0042 0.9996 0.0043 1.2 
300 0.0028 0.9984 0.0021 0.9953 0.0025 14.0 

SBS 

180 0.0070 0.9914 0.0073 0.9929 0.0072 2.1 
200 0.0083 0.9966 0.0073 0.9964 0.0078 6.4 
220 0.0040 0.9905 0.0048 0.9914 0.0044 9.1 
240 0.0029 0.9828 0.0029 0.9859 0.0029 0.0 
260 0.0022 0.9871 0.0024 0.9902 0.0023 4.3 
280 0.0018 0.9850 0.0023 0.9922 0.0021 11.9 
300 0.0013 0.9876 0.0012 0.9814 0.0013 3.8 
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4.3. Modified Paris’ law coefficients A and n 411 

Based on the testing data of the time sweep tests, Eq. (25), which was established using the 412 

modified Paris’ law, was applied to determine the coefficients n and A. Table 7 details the values 413 

of the coefficients n and A, which were shown in the logarithm form of the #70 unmodified asphalt 414 

binder and the SBS modified asphalt binder under various stress levels. It could be found from 415 

Table 7 that the values of log(A) and n were approximatively constant within a significantly larger 416 

stress level range regardless of the #70 unmodified asphalt binder or the SBS modified asphalt 417 

binder. The average values of log(A) containing 14 calculated data points for the #70 unmodified 418 

asphalt binder and the SBS modified asphalt binder were -8.04 and -5.28, respectively. Likewise, 419 

those of n for the two asphalt binders were 2.57 and 1.17. Meanwhile, the corresponding variable 420 

coefficients (CVs) of the four groups of data were 9.83%, 9.30%, 13.05%, and 13.52%, 421 

respectively. The analysis showed that the coefficients n and A are independent on stress levels. 422 

Compared with the unmodified asphalt binder, the SBS modified asphalt binder had a larger value 423 

of log(A) and a smaller value of n, which meant that the fatigue crack density evolution speed of 424 

the SBS modified asphalt binder was slower than that of unmodified asphalt binder. In other words, 425 

the SBS modified asphalt binder possessed better fatigue crack resistance ability. The SBS was a 426 

copolymer that consisted of rigid polystyrene (PS) blocks and rubbery polybutadiene (PB) blocks. 427 

The blocks showed a cross-linked elastomer network [41]. Therefore, the network played an 428 

important role in hindering the extension of the fatigue crack. Fig. 6 presents the morphology of 429 

SBS polymer in the modified asphalt binder obtained by laser scanning confocal microscope 430 

(LSCM) using the 488-nm laser diode, where the fluorescence phase is SBS-rich and the darker 431 

phase is bitumen-rich. As shown in Fig 6, the SBS phase uniformly lies in the modified asphalt 432 

binder. The continuous SBS polymer phase improves the mechanical property of asphalt binder 433 

with respect to crack resistance, and this is the reason why the SBS modified asphalt binder shows 434 

better ability of crack resistance compared with the unmodified asphalt binder. 435 

Another finding from Table 7 was that there was an excellent linear relationship between 436 

the values of log(A) and that of n, which were fitted using a linear model, as shown in Fig. 7. The 437 

high R2 value demonstrated that either log(A) or n was suitable for evaluating the fatigue crack 438 

resistance of asphalt binders. There were some related findings from other papers [8, 27, 39], as 439 

shown in Fig. 8. Luo et al.’s analysis [39] verified a strong correlation between the two parameters 440 

of different asphalt mixtures according to the test data from Jacobs’s [42] dynamic uniaxial tensile 441 
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test, Luo et al.’s [25] controlled-strain RDT test, and Gu et al.’s [43] overlay test, which is shown 442 

in Fig. 8(a). Luo et al. [27] developed a theoretical model through rigorous derivation to 443 

characterize the linear relationship between the Paris’ law coefficients A and n of four types of 444 

asphalt mixtures, as shown in Fig. 8(b). Furthermore, the results of the Paris’ law parameters of 445 

the unmodified asphalt binder and the modified asphalt binder from Li et al. [8] are displayed in 446 

Fig. 8(c). No matter what type of research object (asphalt binder or asphalt mixture) was studied, 447 

or what kind of law (Paris’ law or modified Paris’ law) was used for analysis, the coefficients n 448 

and A in the logarithmic form were always highly correlated with each other. Moreover, the 449 

coefficient n was an excellent indicator, compared with coefficient A, for evaluating the crack 450 

resistance of asphalt materials, which was proven using sensitivity analysis by examining the 451 

damage density behaviors in response to the changes of two coefficients [25]. Generally, the 452 

material with a smaller value of n showed better fatigue crack resistance performance. 453 

As analyzed in section 4.1, the higher stress level would cause a larger horizontal length 454 

for the crack initiation (a). However, the coefficients A and n that were used to model the fatigue 455 

crack density evolution did not show obvious changes with the increasing stress level. 456 

 457 
Fig. 6 Fluorescence image of SBS modified asphalt taken by laser scanning confocal 458 

microscope (LSCM). 459 

 460 

 461 

 462 
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Table 7 Modified Paris’ law coefficients under different stress levels. 463 

Asphalt 
binder 

Stress level/ 
kPa No. log(A) n Asphalt 

binder 
Stress level/ 

kPa No. log(A) n 

#70 

180 1 -8.45 2.88 

SBS 

180 1 -5.88 1.33 
2 -7.86 2.84 2 -5.79 1.40 

200 1 -8.46 2.91 200 1 -5.57 1.30 
2 -7.45 2.37 2 -5.68 1.14 

220 1 -6.98 2.18 220 1 -5.68 1.29 
2 -8.87 2.78 2 -5.67 1.25 

240 1 -8.90 2.78 240 1 -4.87 1.01 
2 -9.05 2.98 2 -4.46 0.84 

260 1 -8.24 2.46 260 1 -5.73 1.31 
2 -7.56 2.63 2 -4.96 1.07 

280 1 -9.11 2.81 280 1 -5.17 1.17 
2 -7.14 2.13 2 -5.07 1.19 

300 1 -7.61 2.24 300 1 -4.49 0.96 
2 -6.85 1.98 2 -4.90 1.16 

Fig. 7 Relationship between the modified Paris’ law coefficients. 464 
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R² = 0.9557
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y = -9.5361x - 1.9683
R² = 0.9859
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 Fig. 8 Analysis of relationship between those two coefficients from previous literatures. (a)  466 

analysis of Luo et al. [39] based on the data from Jacobs [42], Luo et al. [25] and Gu et al. 467 

[43]; (b) analysis of Luo et al. [27] and (c) data from Li et al. [8]. 468 

5. Summary and conclusions 469 

Targeting the analysis of fatigue crack density evolution within the steady growth stage of 470 

two types of asphalt binders, the crack initiation and the propagation were characterized based on 471 

the Griffith theory and the modified Paris’ law, respectively. The main findings and conclusions 472 

are summarized as follows: 473 

1. The horizontal lengths of the crack initiation for two asphalt binders increased with the 474 

increasing stress level. 475 

2. The SBS modified asphalt binder showed better crack initiation resistance because of a 476 

larger value of the crack length in Stage I and the crack initiation and loading cycles to initiation 477 
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at any stress level. This was due to the SBS modifier hindering the crack initiation of the modified 478 

asphalt binder compared with the unmodified asphalt binder. 479 

3. The total DPSE generation during the fatigue process contained three parts: (1) viscoelastic 480 

energy, (2) DPSE for permanent deformation, and (3) DPSE for cracking. When the test 481 

temperature was 20°C, the main damage to the asphalt binder was a fatigue crack. The fatigue 482 

crack density and the DPSE for cracking within the steady growth stage followed a linear 483 

relationship. Their fitting results demonstrated that the secant method is a considerably effective 484 

method for determining the range of the steady growth stage. 485 

4. The fatigue crack density growth rate was modeled with a modified Paris’ law by only 486 

considering the DPSE for cracking, and the coefficients A and n were determined. 487 

5. Those two parameters, e.g., n and Log(A), were almost identical under various stress levels, 488 

which meant that they were inherent to the material performance. Additionally, there was a linear 489 

relationship between n and Log(A). 490 

6. A smaller value of n indicated that the asphalt binder showed an excellent fatigue crack 491 

resistance. Therefore, the SBS modified asphalt binder possesses a better fatigue crack resistance 492 

ability because of the cross-linked elastomer network in the modified asphalt binder. 493 
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