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  

Abstract: The creep of asphalt and asphalt concrete were numerically studied 

extensively. However, most of the previous studies only researched the decelerated 

creep stage and equi velocity creep stage while rarely shed light on the accelerated 

creep stage. This paper proposes a novel 3 dimensional visco-elastic damage model 

utilizing two spring and one dashpot components coupled with Kachanov and 

Robotnov (K-R) creep damage theory to describe the whole stages of the creep of 

asphalt and asphalt concrete, i.e., decelerated creep stage, equi-velocity creep stage, 

and accelerated creep stage. The damage evolution equation based on the K-R creep 

damage theory is integrated into the visco-elastic constitutive model by the continuum 

mechanics, and then the uniaxial creep damage solution is deducted. A robust 

numerical algorithm of this model is developed. Through numerical tests on uniaxial 
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

compression and pre-notched three-point bending beam, the numerical curves are 

analogue to measured creep curves, which justifies the accuracy and efficiency of the 

visco-elastic model coupling with K-R creep damage theory and the corresponding 

numerical algorithm. This paper provides not only an accurate and robust creep 

damage constitutive model for the asphalt and asphalt concrete, but also a valuable 

model and an efficient numerical method to evaluate the damage and rupture behavior 

of large-scale infrastructures fabricated by asphalt and asphalt concrete. 

 

Keywords: asphalt concrete, visco-elastic, K-R creep damage theory, finite element 

method 

 

1 Introduction 

Asphalt concrete can be classified as a composite material that consists of at least 

three components, including aggregate, asphalt mastic, and void. Asphalt plays a 

leading role in determining the mechanics performance such as creep deformation and 

stress relaxation. Due to the relaxation and diffusion of the long chain hydrocarbon in 

the asphalt mastic, the asphalt concrete always manifests the visco-elastic and 

visco-plastic behavior under sustained loading [1-3]. Definitely, the visco-elastic and 

visco-plastic behavior is an essential property of the asphalt concrete [4-5]. The 

visco-elastic behavior and plastic behavior of the asphalt extremely contributes to the 

permanent deformation of asphalt concrete such as rutting, which shortens the service 

life of asphalt pavement, involving extra cost for pavement maintenance [6-7]. 

The creep of asphalt concrete can mainly be divided into three stages, including 

decelerated creep stage, equi-velocity creep stage, and accelerated creep stage [8]. In 

the three stages, the decelerated creep stage arises in the initial loading and sustains 

the shortest time. Then the equi-velocity creep stage sustains the longest times, in 

which the sustained period is always determined by the loading amplitude and 

condition temperature. Actually, the accelerated creep stage is crucial in determining 

the damage and failure of the asphalt concrete. In this stage, the asphalt concrete 

mechanical properties change dramatically, inducing the complicated and involved 
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

responses under external loading condition. Meanwhile, a notable phenomenon in this 

stage is that the deformation rate will increase rapidly and sustain to the ultimate 

fracture. When a material reaches the accelerated creep stage, it can be claimed that 

the material will lose the loading capacity immediately [9]. Thus, in asphalt mixture 

design, it is rational to just take the first two stages into account and neglect the 

accelerated creep stage. Abundant researches have paid more attention to the asphalt 

concrete behavior under creep state in the first two stages. Traditional visco-elastic 

models [10-12] with the damping and elastic components provided effective and 

accurate methods for analyzing the first two stages creep defamation. The most 

popular models are the burgers model [13], the generalized Kelvin model and the 

generalized Maxwell model [14-16]. These traditional models [10-16] utilized parallel 

connection and series connection method with the damping, elastic and slip 

components to fit creep curves and back-calculate the parameters of these damping 

and elastic components, providing the energy dissipation and instantaneous response, 

respectively [17]. The accelerated creep stage is different from the first two stages 

with the rapid damage accumulation phenomenon. Groups of the crazes formed in the 

first two stages commence to interact and intersect with each other, prompting the 

fracture in the material [18]. Therefore, the traditional visco-elastic and visco-plastic 

models are not applicable for the accelerated creep stage since they are lack of the 

damage evolution description. How to establish a rational damage mechanism and 

transfer it into traditional visco-elastic and visco-plastic models is still an involved 

and sophisticated problem [19-20]. Consequently, the nonlinear behavior in the 

accelerate creep stage makes the task developing nonlinear visco-elastic and plastic 

models are of great necessity.  

Based on the 21] and 

Park et al. [22] developed a visco-elastic model coupled with damage factor in term of 

the continuum mechanics frame. This model provided an alternate to estimate the 

failure behavior of the asphalt material under creep condition. Subsequently, Darabi, 

et al. [23-24] proposed a visco-elastic-plastic damage model for asphalt concrete, in 

which the temperature influence can be taken in account, due to the thermodynamic 
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

foundation of the model. Shahsavari et al. [25] presented a phenomenological 

viscoelasticviscoplasticviscodamage constitutive model, developed within the 

framework of irreversible thermodynamics. Judycki [26] proposed a nonlinear 

visco-elastic model with nonlinear slip components for analyzing the creep 

deformation of the modified asphalt concrete material, in which the damage behavior 

is imported skillfully by means of the nonlinear slip components. Zhang et al. [27] 

proposed a one dimensional (1D) visco-elastic coupled damage mode for describing 

the three creep stages with analytic method [28]. Through the continuum mechanics 

damage theory, Zheng et al. [29-30] developed a series of visco-elastic-plastic 

damage models to simulate the creep behavior of asphalt concrete under various 

loading and temperature conditions. Lu and Wright [31] proposed a nonlinear 

visco-plastic model and integrated this model into the numerical method for 

predicting the three creep deformation stages and ultimate failure of asphalt binder. 

Ye and Chen [32-33] also developed the visco-elastic coupled damage model to 

simulate the creep behavior of asphalt concrete. Cao et al. [34-35] developed a 

nonlocal visco-damage model using the area weighted method to simulate the damage 

and softening behavior of asphalt concrete. Bandyopadhyaya et al. [36] simulated the 

asphalt concrete with random aggregate technique. The damage mechanism also 

exists in the fatigue of asphalt and asphalt concrete [37]. Hafeez et al. [38] and Castro 

and Sanchez [39] analyzed the fatigue failure of asphalt concrete and attributed the 

damage mechanism to the reduction in stiffness modulus. Zeng et al. [40] developed a 

1D creep damage model based on the K-R creep damage constitutive model for 

predicting the three-stage creep behavior of asphalt binder. Unfortunately, their work 

focuses on the 1D condition and the uniaxial stress is the only variable attaching to 

the damage evolution.  

From the literature above, it is obviously found that many efforts have been 

devoted to developing and applying the visco-elastic and visco-plastic model coupled 

with damage theory. The experiments are mainly uniaxial tension and compression 

creep test under loading condition and numerical approaches mainly use 1D 

constitutive model. Very few researches provided the accurate and effective three 
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

In 3D load condition, the suitable equivalence stress is necessary. Actually, 

different definitions of the equivalence stress will deduce various modified 3D K-R 

creep damage models [45-46]. In this paper, a new equivalence stress (Eq. (7)) [47] is 

formed from the J2 stress and the maximal principal stress, which can consider the 

influences of the maximal principal stress and the shear stress on the creep behavior 

of asphalt materials. And the definition is shown as:  

eq 1 2(1 )J  
                        (7)

 

2
32

2
31

2
212 )()()(

6

1
J             

(8) 


where,  is the weighted parameters ranging from 0 to 1.0. When  equals to 1, 

the equivalence stress will degenerate into the uniaxial loading condition. 1 , 2 , 

and 3  are three principal stresses, respectively. 

Based on Yu and Feng [42], the evolution equation of the damage is defined as:
 

d

d 1

n
eq

m

A

t



                              

(9) 


The solution can be deducted as:  

0 0
1 d d

tm n
eqA t  

                  (10)
 

0

0

1
1

1

u

f

m
tn

eq t
A

m




 


                    
(11) 



Consider the initial condition that 0 , u , and 0t  equal to 0, 1 and 0, respectively, 

from Eq. (11) we can obtain the ultimate failure time as Eq. (12).
  

1[(1 ) ]n
f eqt m A                         (12) 



A life factor is defined as 

1/( 1)[1 ] m

f

t

t
 

, and the  equals to 0 and 1 in the 

perfect condition and ultimate damage condition, respectively. The damage variable 

and its evolution equation can be obtained as Eq. (13) by means of life factor. 

1/( 1)1 1 [1 ] m

f

t

t
                       (13)

 
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Comparison between Fig. 4 and Fig. 5 indicates that the larger the compressive 

loading, the faster the third stage creep behavior of asphalt concrete occurs.  

Indeed, under the vehicle loading magnitude, which is often smaller than those 

used in the uniaxial compression, the asphalt and asphalt concrete will manifest the 

accelerated creep sooner or later in the in-situ performance, in which the loading is 

approximate repeated with the lower loading magnitude, longer loading time and 

changing temperature. It can be claimed that asphalt and asphalt concrete will be 

markablely dominated and mediated by the loading magnitude. Furthermore, the 

loading time is also involved in the formation the accelerated creep failure besides the 

ambient temperature. The total creep behaviors of asphalt in the numerical test are 

exhibited with prolonged step times, as shown in Fig.5. This model predicts that the 

creep time can activate the accelerated creep failure. The loading magnitude, however, 

is unable to activate the creep accelerated failure due to not enough sustained loading 

time. Actually, the damage mechanism is expected to prompt the formation of the 

creep accelerated failure by inducing the degradation of stiffness by considering the 

statistical influence of the interaction and intersection of craze arising in the meso and 

micro scales [50]. This intrinsic phenomenon provides the proof that long time may 

be the most important factor for the accelerate creep behavior due to the essence of 

the rheology property of the asphalt and asphalt concrete [51-52]. 

The damage evolution curves under different loading magnitudes are shown in 

Fig.6. Similar tendencies were observed on the creep strain. Fig. 6 supports the 

concept that the damage mechanism is critical for the formation of the accelerated 

creep stage, and the damage evolution influences the service life of asphalt and 

asphalt concrete material [53-54]. 

4.2 Pre-notched three-point bending beams test 

The applicability of the proposed 3D visco-elastic coupled damage constitutive 

model on bending mode was investigated through the pre-notched three-point bending 

beam test. Compared with the direct tension test, the indirect tension test and the 

semi-circular bending test, the three-point bending beams are easy to prepare without 
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inducing the defects [55-57]. The geometry size of the beam is shown in Fig.7. The 

length, depth, and height are 300mm, 50mm, and 80mm, respectively. An initial notch 

was fabricated in the middle of the beam bottom. The width and height of notch are 

2mm and 20mm, respectively. The MTS system was used to apply a 20mm/min load 

on the indenter, and two rolling supports provided the reaction forces. 

In the FEM model (Fig. 8), pre-notched beams were created. Considering the 

converge problem due to the singularity on the crack tip, a semi-circle with 1mm 

radius was assumed for the crack tip in the FEM model. 4000 four-node plane stress 

elements were utilized. The boundary condition is similar to the experiment. There are 

two rolling supports providing fixed displacement constraints in the X and Y 

directions without the rolling constraints, and the top indenter is implemented with a 

20mm/min velocity load. The parameters utilized in the model are listed in Table 2. 

The load-crack mouth opening displacement (P-CMOD) curve is usually a 

measurement to compare numerical simulation and laboratory test [58-59]. From Fig. 

9, it is found that the numerical and experimental P-CMOD curves match well. In 

order to further explore the fracture mechanism, the Von-Mises contour of the three 

point bending beam in the ultimate fracture stage is shown in Fig. 10, as well as the 

normal stress and strain contours in the X and Y directions shown in Fig. 11, and 

damage contour shown in Figs. 12. An intensity distribution region of the Von-Mises 

equivalence stress exists on the tip of the initial notch forming a branch pattern along 

about 30 degree with the Y direction, and the magnitude of the Von-Mises equivalence 

stress is around 5.7kPa (Fig. 10). Similar results can be observed in the normal stress 

and strain contours in the X direction (Fig. 11). 

The magnitude of the normal stress in the X and Y directions are 5.3kPa and 

2.3kPa, respectively, which proves that the beam is mainly under tension state. In the 

three-point bending beam test for cement concrete, the ratio of the normal stress 

magnitudes in the X and Y directions in the final fracture step ranges from 10 to 20 

times [35]. According to Fig. 11, the ratios of the magnitudes of the normal stress and 

normal strain in the X and Y directions are only 2 times and 6 times, respectively. It 

can be claimed that stress levels in the two directions are comparable to each other, 
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and both can influence the damage evolution. Thus, the uniaxial stress condition is not 

the real case when asphalt concrete is in fracture failure. The 3D visco-elastic damage 

model is critical and necessary for predicting the damage behavior of asphalt and 

asphalt concrete. The damage distribution contour (Fig. 12) also has the similar 

intensity region with that in the Von-Mises equivalence stress contour (Fig. 10), as the 

Von-Mises equivalence stress contributes the evolution of the damage variable. 

According to the damage distribution contour in Fig. 12, the most probable fracture 

path was drew manually out with an oblique line. Fig. 13 shows the fracture path in 

the pre-notched three-point bending beam test. It is found that the fracture path will 

propagate generally along with the loading axial, which is similar to the damage 

distribution in the numerical simulation (Fig. 12). Therefore, the efficiency and 

accuracy of the numerical method are acceptable when simulating the fracture and 

failure of asphalt concrete under complex loading conditions. 

Bending is a main loading mode in the birth of distresses such as rutting and 

fatigue cracking on asphalt pavement. Asphalt pavement layer(s) is closer to the plane 

structure. The stress state in the middle and the profile of the asphalt pavement layers 

always manifest the difference, being the plane stress state and the plane strain state 

respectively. The three-point bending beam test need to reflect this kind of transition 

in stress state. Without considering this transition, the three-point bending beam test 

will not provide the satisfactory information for the bending mode of asphalt 

pavement. 

Three-point bending beams with different depths (50mm, 75mm, and 125mm) 

were casted and the bending tests were conducted in laboratory. The length and height 

of the beams are the same, 300mm and 80mm, respectively. The corresponding 

simulations were conducted using the proposed model. Fig. 14 shows the P-CMOD 

curves of the experimental and simulated results. It can be seen that the failure 

strengths in simulation match well with experimental results, indicating the proposed 

model is applicable to describe beam bending with varied depths, i.e., beams either in 

plate stress or plate strain states or 3D load states. The difference between measured 

and simulated P-CMOD curves may be due to the random distribution of aggregates 
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surrounding pre-notches in the beams in experiments.  

In order to study the influence of the beam depth on the bending behavior of 

asphalt mixture, pre-notched three-point bending beams with various depths (10% to 

90% of the unit depth, 50mm) were built and the bending tests were simulated in the 

proposed model with keeping the rest inputs constant. Fig. 15 shows the numerical 

P-CMOD curves. It can be seen that the failure strength increases as the beam depth 

increases. Additionally, the softening behaviors of beams with different depths are 

different. In specific, the thicker the beam, the faster the reaction force drops after the 

failure, which can be explained as follows: (1) the more area of asphalt mixture 

restress limit, the higher the failure strength. (2) However, once 

the softening behavior starts, beams with higher depths have larger unloading areas 

than the ones with smaller depths, releasing more energy. Similar phenomena were 

observed in Cao et al. [33]. 

5. Conclusions 

In this study, a novel visco-elastic damage model (2S1D model) was proposed. 

The three stages of creep behavior of the asphalt and asphalt concrete was described 

with the K-R creep damage theory, which was then implemented into the novel 

visco-elastic damage model to simulate failure mechanism of such materials in 

ABAQUS platform with a self-developed UMAT. Based on numerical tests and lab 

experiments, we can draw conclusions as follows: 

(1) The good consistence between numerical and experimental results indicates 

validity and effectiveness of the proposed visco-elastic damage model.  

(2) An advantage of the proposed visco-elastic damage model is that merely one 

parameter of the model needs to be reset for fitting the experimental results in the 

different loading magnitudes while the parameters related to the damage evolution 

behavior keep constant from case to case. This merit is of crucial importance in 

practice and suitable for the large-scale computation. Another advantage is that the 

FEM model using the proposed constitutive model can simulate the damage evolution 

of asphalt and asphalt concrete without serious converge problems. 
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(3) Even under low loading magnitudes the asphalt and asphalt concrete still 

inevitably enter the accelerated creep stage when the loading time is long enough. 

(4) The uniaxial visco-elastic damage constitutive model fails to describe the 

failure phenomenon of asphalt concrete, yielding developing 3D visco-elastic damage 

constitutive models necessary. 

(5) The proposed model is applicable to simulating the three-point bending beams 

with varied depths, i.e., beams either in plate stress or plate strain states or in 3D load 

states. 

(6) In the three-point bending test, the failure strength increases as the beam 

depth increases. Specifically, the thicker the beam, the faster the reaction force drops 

after the failure. 
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