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Abstract 41 

Many engineering materials have coupled nonlinear viscoelasticity and viscoplasticity, which are 42 

affected by complex thermo-mechanical loadings. This study aims to address the challenge of 43 

accurately separating the viscoplasticity and the nonlinear viscoelasticity and formulate the 44 

viscoplasticity by considering the effects of temperatures and loading levels. First, the nonlinear 45 

viscoelastic constitutive equation is adopted to accurately separate the viscoplasticity and the 46 

nonlinear viscoelasticity. Then, a kinetics-based viscoplastic model and a new viscoplastic activation 47 

energy indicator are proposed to consider the effects of the temperature and loading level on the 48 

viscoplasticity. As typical nonlinear viscoelastic viscoplastic materials commonly used in pavement 49 

engineering, asphalt binders are selected to demonstrate the principles in this study. It was found that 50 

the proportion of the viscoplastic strain is larger than the nonlinear viscoelastic strain for virgin 51 

asphalt binders (VB) and it increases with the temperature, while high-viscosity modified asphalt 52 

binders (HVB) and rubber asphalt binders (RB) are opposite. The logarithm of the viscoplastic strain 53 

rate is linearly increased with the reciprocal of the temperature, and the viscoplastic strain rates at 54 

different temperatures are correlated and can be predicted based on the established viscoplastic strain 55 

kinetics model. The viscoplastic activation energy indicator can characterize the viscoplastic 56 

deformation resistance for nonlinear viscoelastic viscoplastic materials, and the order of the 57 

viscoplastic deformation resistances of the three binders is: VB<HVB<RB, based on this indicator. 58 

 59 

Keywords: viscoplasticity; nonlinear viscoelasticity; kinetics-based viscoplastic model; viscoplastic 60 

activation energy 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 
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1 Introduction 69 

Many engineering materials have coupled nonlinear viscoelasticity and viscoplasticity, which are 70 

affected by complex thermo-mechanical loadings, and the viscoplasticity will affect the service 71 

performance of the structures where these materials are used. Hence, it is necessary to investigate 72 

and model the viscoplasticity by considering the influence of the temperature and loading level on 73 

engineering materials. A representative nonlinear viscoelastic viscoplastic material, asphalt binder, 74 

widely used in pavement engineering, is selected for investigation in this study. Permanent 75 

deformation in the asphalt layer is one of the main diseases of asphalt pavements, which is mainly 76 

caused by the viscoplasticity of asphalt materials at a high temperature and overloading. The 77 

permanent deformation, also known as rutting, of asphalt pavements, can shorten the service life of 78 

asphalt pavements, compromise ride quality, and more seriously, bring safety hazards. It should be 79 

pointed out that the mechanical properties of asphalt binders play an important role in the rutting 80 

performance of asphalt mixtures and pavements (D'Angelo 2009; Tabatabaee & Tabatabaee 2010; 81 

Laukkanen et al., 2015; Walubita et al., 2022; Singh & Kumar., 2022). 82 

Many indicators have been developed to indicate the viscoplastic performance of asphalt 83 

binders, such as rutting factor G*/sinδ (G* is shear modulus, δ is phase angle) (Kennedy et al.,1994), 84 

zero shear viscosity (Sybilski, D. 1996), low shear viscosity (Morea et al., 2011) and the viscous 85 

component of the creep stiffness (Bahia et al., 2001). These indicators have been successfully applied 86 

to different types of asphalt binders (Lu et al., 2023; Shirzad et al., 2023; Padhan et al., 2020; Leng et 87 

al., 2018a; 2018b). However, these indicators have a limitation that they were established by only 88 

considering the linear viscoelastic property of asphalt binders, while many asphalt binders may have 89 

an obvious nonlinear viscoelastic characteristic, and the impact of nonlinear viscoelasticity of asphalt 90 

binder cannot be negligible (Tsantilis et al. 2021; Delgadillo et al., 2012; Masad et al. 2009; Nivitha 91 

et al., 2018; Sun et al., 2020). 92 

Non-recoverable creep compliance is an indicator which can characterize the viscoplastic 93 

deformation of asphalt binders (D'Angelo et al., 2009). It should be noted that the non-recoverable 94 

creep compliance indicator includes the influence of the nonlinear viscoelasticity of asphalt binders. 95 

The standard non-recoverable creep compliance indicator can be determined through the creep and 96 
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recovery test (AASHTO 2014), which consists of two stress levels (0.1 and 3.2kPa). Each stress 97 

level has 10 load-and-recovery cycles, and in each cycle, creep is applied for 1.0 second followed by 98 

9.0 seconds rest period. The indicator can be determined by the strain at the end of the recovery 99 

phase, i.e., using this strain as the non-recoverable strain of the asphalt binders. However, the 100 

accumulation creep strains of the asphalt binder cannot be recovered in a short time, and Delgadillo 101 

et al., 2012 reported that the strain recovery rate is 98% for the modified asphalt binder after 1,000 s 102 

recovery when the test temperature is 46℃. In practice, the nonlinear viscoelastic strain of asphalt 103 

binders cannot be completely recovered in a finite time. Therefore, it is not feasible to obtain the 104 

precise non-recoverable creep compliance for all asphalt binders based on the test results of the creep 105 

and recovery tests. 106 

Schapery proposed a nonlinear viscoelastic constitutive equation by irreversible thermodynamic 107 

descriptions of the state for nonlinear viscoelastic materials (Schapery 1966; 1969). The problem of 108 

the nonlinear viscoelasticity of asphalt binders cannot be completely recovered in a finite time in the 109 

creep and recovery phase can be solved according to Schapery’s pioneering work. Some researchers 110 

employed Schapery’s nonlinear viscoelastic constitutive equation to obtain the nonlinear viscoelastic 111 

and non-recoverable viscoplastic strain for asphalt binders. Masad et al. (2009) separated the 112 

recoverable (nonlinear viscoelastic) strain from the non-recoverable (viscoplastic) strain and 113 

determined the nonlinear viscoelastic parameters for the asphalt binders based on Schapery’s 114 

nonlinear viscoelastic constitutive equation. Sadeq et al. (2016) analyzed the linear and nonlinear 115 

viscoelastic and viscoplastic strain of the asphalt binders with warm mix asphalt additives according 116 

to the research of Masad et al. (2009). Liu et al. (2021) analyzed the steady-state strain response 117 

under the stress level of 0.1 and 3.2 kPa by Schapery’s nonlinear viscoelastic constitutive equation 118 

and analyzed the test results of the asphalt binders with improved accuracy. In these studies, the 119 

non-recoverable creep compliance of asphalt binders was redefined by the viscoplastic strain 120 

obtained from Schapery’s nonlinear viscoelastic constitutive equation. These studies have great 121 

significance to accurately characterize the viscoplastic performance of asphalt binders, but the effect 122 

of temperature on the asphalt binders is not considered in these studies. 123 

The mechanical behavior of nonlinear viscoelastic viscoplastic materials is closely related to 124 
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temperature and loading level. It will gradually soften as the temperature increases, and large 125 

amounts of energy is needed to drive viscoplastic deformation. On the contrary, when the materials 126 

become stiff with the reduction of the temperature, the energy required to produce viscoplastic 127 

deformation is reduced. Besides, the evolution rate of viscoplastic deformation is certainly affected 128 

by the temperature. The high loading level will also increase the viscoplastic deformation of the 129 

materials, while the low loading level is the opposite. Therefore, the temperatures and loading levels 130 

are very significant factors for viscoplasticity. To address this issue, the objective of this study is to 131 

investigate the viscoplasticity coupled with nonlinear viscoelasticity and propose a new evaluation 132 

indicator of the viscoplasticity that considers the effects of the temperatures and loading levels for 133 

the nonlinear viscoelastic viscoplastic materials, and asphalt binders (typical nonlinear viscoelastic 134 

viscoplastic materials) are selected to demonstrate the principles. 135 

To achieve the objective of this study, the following research tasks were conducted. First, a 136 

nonlinear viscoelastic viscoplastic constitutive model is established, and a kinetics-based viscoplastic 137 

model and a new viscoplastic activation energy indicator for nonlinear viscoelastic viscoplastic 138 

materials were proposed. Then, three types of asphalt binders are selected to demonstrate the 139 

principles. Finally, analysis was conducted on the mechanical model parameters (Prony series 140 

coefficients and nonlinear viscoelastic parameters), the nonlinear viscoelasticity and viscoplasticity, 141 

the kinetics-based viscoplastic model and viscoplastic activation energy indicator.  142 

 143 

2 Mechanical and kinetics modeling for nonlinear viscoelasticity and viscoplasticity 144 

Boltzmann’s superposition principle is widely used to describe the linear viscoelastic constitutive 145 

relationship of materials with a time-dependent response (Brinson & Brinson 2008), and a general 146 

three-dimensional linear viscoelastic constitutive model may be written as follows: 147 

( ) ( )
0

0
σ

ε σ τ τ
τ−

∂
= + ∆ −

∂∫
t

ijve
ij ijkl ij ijklD D t d                         (1) 148 

where ε ve
ij  and σ ij  are linear viscoelastic strain tensor and stress tensor of the materials, 149 

respectively; ( )0ijklD  is instantaneous compliance tensor; ∆ ijklD  is transient compliance 150 
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component tensor; and τ  is the arbitrary time between 0 and t. 151 

Considering that some engineering materials show obvious nonlinear viscoelastic characteristics, 152 

Schapery (1966, 1969) developed a nonlinear viscoelastic constitutive equation for the nonlinear 153 

viscoelastic materials which show the nonlinear viscoelastic characteristics based on irreversible 154 

thermodynamic descriptions of the state, and the three-dimensional nonlinear viscoelastic 155 

constitutive equation can be expressed by: 156 

( ) ( ) 2
0 1

0

0
σ

ε σ ψ ψ τ
τ−

∂
′= + ∆ −

∂∫ijkl ijk

t
ijnve

ij ij l

g
g D g D d                    (2) 157 

where ε nve
ij  is nonlinear viscoelastic strain tensor of the materials; 0g , 1g  and 2g  are nonlinear 158 

viscoelastic parameters of the materials, which due to third and higher-order dependence of Gibb’s 159 

free energy on the applied stress; ψ  and ψ ′  are reduced-time, which are defined by: 160 

( ) ( )
0

/ σψ ψ σ
−

= = ∫
t

ijt dt a                             (3) 161 

( ) ( )
0

/
τ

σψ ψ τ σ
−

′ = = ∫ ijdt a                             (4) 162 

in which aσ  is shift factor. In general, the shift factor results from similar higher-order effects of 163 

entropy production and free energy. 164 

It should be noted that the nonlinear viscoelastic constitutive equation for nonlinear viscoelastic 165 

materials degrades to the linear viscoelastic constitutive equation when these nonlinear viscoelastic 166 

parameters are equal to one, i.e., 10 2 1g g g aσ= = = = . In this study, creep and recovery tests are 167 

performed and two-step stress (loading step and unloading step) are contained. To more generally 168 

model the nonlinear viscoelastic characteristics, general two-step stress tensor is selected to study the 169 

nonlinear viscoelastic constitutive equation for nonlinear viscoelastic materials, and two-step stress 170 

tensor can be expressed by: 171 

( ) ( ) ( ) ( )σ σ σ σ= − − −ij p ij p q p ijt H t I H t t I                       (5) 172 

where pσ  and qσ  are magnitudes of two arbitrary constant stresses tensor σ p ijI  and σ q ijI , 173 

respectively; ijI  is unit second order tensor; pt  represents the moment when the σ p ijI  is 174 
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unloading; ( )H t  is Heaviside unit-step function, which can be defined as below： 175 

( ) 0
1

q
q

q

t t
H t t

t t
≤

− =  >
                               (6) 176 

For two constant stress tensors, the nonlinear viscoelastic parameters are also constant at respective 177 

loading time. Substituting Eqs. (5) and (6) into the nonlinear viscoelastic constitutive equation (Eq. 178 

(2)), the strain response of the nonlinear viscoelastic materials can be expressed as below: 179 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )( )
0 0 0

1 2 2 2
0

+

0 0ε σ σ σ

ψ ψ σ τ σ σ τ τ
τ−

= + − −

′+ ∆ − − −∫

ijkl ij ijk
nve p q p
ij p q p p

t
p q p

p q p p

l ij

ijkl ij ij

g H t D g g H t t D

dg D g H g g H t
d

I

I I d

I
           (7) 180 

where 0
pg ， 1

pg , 2
pg  and paσ  are nonlinear viscoelastic parameters of σ p ijI ; 0

qg  ， 1
qg ， 2

qg  and qaσ  181 

are nonlinear viscoelastic parameters of σ q ijI . 182 

Eq. (7) can be divided into two parts, and the form of Eq. (7) can be written as follows: 183 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

0 0 0

1 2 2 2
0

1 2 2 2

0 0

+

+

ε σ σ σ

ττ
ψ ψ σ σ σ τ

τ τ

ττ
ψ ψ σ σ σ τ

τ τ

−

= + − −

 −
′  + ∆ − −
 
 
 −

′  + ∆ − −
 
 

∫

∫

p

p

nve p q p
ij p q p p

t
pp p q p

p q p

ijkl ij ijkl ij

ijkl ij ij

ijkl i

t
pq p q p

p qj p
t

ij

g H t D g g H t t D

dH tdH
g D g g g d

d d

dH tdH
g D g g g d

d d

I I

I I

I I

           (8) 184 

where 
( ) ( )dH

d
τ

δ τ
τ

= ，
( ) ( )p

p

dH t
t

d
τ

δ τ
τ

−
= − ; and ( )ptδ τ −  is Dirac delta function, which has 185 

the following expression: 186 

( )
( )

0

1

p p

p

t

t

t

d

tδ

δ τ

τ

τ
+∞

−∞

 = ≠


=

−

−∫
                            (9) 187 

Ignoring the term whose value is zero, the expression can be simplified as follows: 188 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )( ) ( )

0 0 0

1 2 1 2 2
0

0 0ε σ σ σ

ψ ψ σ δ τ τ ψ ψ σ σ δ τ τ
−

= + − −

′ ′+ ∆ − + ∆ − − −∫ ∫
p

p

ijkl ij ijkl ij

ijkl ij

nve p q p
ij p q p p

t

ijkl

t
p p q q p

p ijq p p
t

g H t D g g H t t D

g D

I I

Ig d g D g tIg d
   (10) 189 

When 0 pt t≤ ≤ , only the constant stress tensor σ p ijI  is applied for the materials. Eq. (10) can be 190 



8 
 

written as: 191 

( ) ( ) ( ) ( )0 1 2
0

0ε σ ψ ψ σ δ τ τ
−

′= + ∆ −∫
pt

ijkl ij i
nve p p p
ij p j pkl ijg H t D ID gI g d             (11) 192 

It can be seen from Eq. (11) that the values of ( )δ τ  are zero except for 0τ = . Therefore, the 193 

reduced time can be calculated by the following expressions: 194 

( ) ( )
0

/ σ
σ

ψ ψ σ σ
−

= = = =∫
t

ij p ij p

tt dt a I
a

                     (12) 195 

( ) ( )
0

/ 0
τ

σ
σ

τψ ψ τ σ σ′ = = = = =∫ ij p ij pdt a I
a

                   (13) 196 

Substituting Eqs. (12) and (13) into Eq. (10), the following simplified expression of strain can be 197 

obtained: 198 

( ) ( )0 1 20
σ

ε σ σ
  

= + ∆  
  

ijkl ij ij
nve p p p

kl ip jij pp

tg D g D
a

IgI H t ，0 pt t≤ ≤              (14) 199 

Similarly, when pt t> , the constant stress tensor σ q ijI  is applied to the materials, Eq. (10) can be 200 

rewritten as: 201 

( ) ( ) ( ) ( )

( )( ) ( )

0 1 2
0

1 2 2

0ε σ ψ ψ σ δ τ τ

ψ ψ σ σ δ τ τ

−

′= − + ∆ −

′+ ∆ − − −

∫

∫

p

p

t
nve q q p
ij q p p

t
q q p

q p p

ijkl ij ijkl ij

i kl i
t

j j

g H t t D g D g d

g D g g I t

I

d

I

           (15) 202 

Eq. (15) contains two integral terms: the first integral term is caused by the constant stress tensor 203 

σ p ijI  at 0t =  and the second integral term is affected by the constant stress tensor σ q ijI  at pt t= . 204 

Thus, the reduce-time of the first integral term can be determined as follows:  205 

( ) ( ) ( )
0

/ /σ σ
σ σ

ψ ψ σ σ σ σ
−

−
= = = + = = +∫ ∫

p

p

t t p p
ij p ij ij q ij p qt

t t t
t dt a I dt a I

a a
         (16) 206 

( ) ( )
0

/ 0
τ

σ
σ

τψ ψ τ σ σ′ = = = = =∫ ij p ijdt a I
a

                    (17) 207 

In addition, the reduce-time of the second integral term can be calculated by:  208 
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( ) ( )/ σ
σ

ψ ψ σ σ
−

= = = =∫
p

t p
ij q ij qt

t t
t dt a I

a
                      (18) 209 

( ) ( )/ 0
τ

σ
σ

τ
ψ ψ τ σ σ

−
′ = = = = =∫

p

p
ij q ij qt

t
dt a I

a
                   (19) 210 

Finally, substituting Eqs. (16), (17), (18), (19) into Eq. (15), the nonlinear viscoelastic strain of the 211 

nonlinear viscoelastic materials can be present by: 212 

( ) ( )0 1 2 1 2 20
σ σ σ

ε σ σ σ σ
− −   

= + ∆ + + − ∆   
   

ijkl ij ijkl ij
p p pnve q q p q q p

ij q p q pp q qijkl ij

t t t t t
g D g g D g g g D

a a a
I I I ， pt t> (20) 213 

Therefore, when the general two-step stress tensor is applied to nonlinear viscoelastic materials, the 214 

nonlinear viscoelastic constitutive equation which is appliable to any two-step stress can be obtained. 215 

For a special case of the general two-step stress, i.e., 0pσ σ=  and 0qσ = , substituting 0pσ σ= , 216 

0qσ =  and 0 1 2 1q q q qg g g aσ= = = =  into Eq. (20), the following nonlinear viscoelastic constitutive 217 

equation can be obtained: 218 

( )0 1 20
σ

ε σ σ
 

= + ∆  
 

nve p p
ijkl ij ijkl i

p
ij p jp p

tg D g g DI I
a

，0 pt t≤ ≤                (21) 219 

( )2 2
σ

ε σ σ
 

= ∆ + − − ∆ − 
 

pnve p p
ij p p p ppijkl ij ijkl ij

t
g D t t g D t

a
ItI ， pt t>              (22) 220 

In addition, the viscoplastic strain will appear under the high stress for the nonlinear viscoelastic 221 

viscoplastic materials. The viscoplastic strain accumulates over time and is non-recoverable. Thus, a 222 

nonlinear viscoelastic constitutive equation that contains viscoplasticity can be obtained by adding 223 

the viscoplastic strain into Eqs. (21) and (22), which can be expressed by the following equations: 224 

( ) ( ) ( )0 1 20
σ

ε ε ε σ σ ε
 

= + = + ∆ + 
 

ijkl ij ijkl
nve vp p p p vp

ij ij ij p p ip j ij
tt g D g Ig D

a
I t ，0 pt t≤ ≤        (23) 225 

( ) ( ) ( )2 0 2 0
σ

ε ε ε σ σ ε
 

= + = ∆ + − − ∆ − + 
 

pnve vp p p vp
ij ij ij ijkp p p ijl ij ij pp kl ij

t
t g D t t Ig D t tI t

a
， pt t>     (24) 226 

where ε ij  is total strain tensor of the materials; and ( )ε vp
ij t , ( )ε vp

ij pt  are the viscoplastic strain 227 

tensor of the materials at loading time t and tp. 228 
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The next step is to simulate the viscoplastic deformation process of the nonlinear viscoelastic 229 

viscoplastic materials. In this study, the viscoplastic strain of the materials is modeled by the 230 

Perzyna-type viscoplastic model (Perzyna, 1966): 231 

( )vp N
ij

ij

gfε
σ
∂

= Γ〈Φ 〉
∂

                              (25) 232 

where vp
ijε  is the viscoplastic strain rate; Γ  is the viscosity-related parameter; N is viscoplastic 233 

rate-dependent exponent; f is viscoplastic yield surface function; g is viscoplastic plastic potential 234 

function; The McCauley brackets in Eq. (25) imply that: 235 

[ ]( ) ( ) 0,0, /1f if f f Pa〈Φ 〉 = Φ ≤                         (26) 236 

However, only loading time and stress level are considered in Perzyna-type viscoplastic model. 237 

Temperature, one of the most important factors affecting viscoplastic strain, is not considered in this 238 

model. To consider the effect of the temperature on the viscoplasticity, a kinetics-based model will be 239 

established to characterize the viscoplasticity for the nonlinear viscoelastic viscoplastic materials. In 240 

kinetics theory, a rate constant is used to measure the time required for any physical or chemical 241 

process to reach an equilibrium state. The minimum energy that promotes the development of a 242 

certain physical or chemical process of the system is called the activation energy of the process, 243 

which has different activation energy for different materials and different physical or chemical 244 

processes. The activation energy of a certain physical or chemical process is only related to the 245 

material. The Arrhenius equation is widely used to establish the relationship between rate constant 246 

and activation energy for a certain physical or chemical process, which can be expressed as follows 247 

(Bamford and Tipper, 1969): 248 

0

aE
RTk A e

−
=                                   (27) 249 

where k  is the rate constant of a certain physical or chemical process, 0A  is the pre-exponential 250 

factor of the process; aE  is the activation energy of the process; R is the ideal gas constant; and T is 251 

the absolute temperature of the process. 252 

Kinetics theory has been used to characterize the fatigue damage, heal process of the asphalt 253 

materials (Luo et al., 2020; Li et al., 2021). For example, Li et al. (2021) established a relationship 254 
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between fatigue cracking growth rate and temperature for asphalt binders based on the kinetics 255 

theory. Furthermore, the kinetics theory has also been used to correlate the modulus change rate with 256 

the temperature, and an aging prediction model has been established to characterize the aging 257 

process of the in-service asphalt pavement (Luo et al., 2015; 2017; 2018). In this study, the 258 

viscoplastic deformation process of the nonlinear viscoelastic viscoplastic materials is temperature- 259 

and stress-dependent, and the Arrhenius equation in kinetics theory is employed to introduce the 260 

temperature effect for the Perzyna-type viscoplastic model, thus Eq. (27) can be modified as: 261 

0 ( )ε
σ

− −∂
= = Γ 〈Φ 〉

∂


avp avpE E
vpT NRT RT
ij vp

ij

gA e f e                       (28) 262 

where εvpT
ij  is the viscoplastic strain rate considering the effects of temperatures and stress; vpA  is 263 

the pre-exponential factor, which equals to the stress-dependent viscoplastic strain rate 264 

0 ( ) N

ij

gf
σ
∂

Γ 〈Φ 〉
∂

 at a reference temperature; and avpE  is the viscoplastic activation energy of the 265 

nonlinear viscoelastic viscoplastic materials. 266 

Taking the logarithm of both sides of Eq. (28) yields: 267 

0ln ln ( )ε
σ

 ∂
= Γ 〈Φ 〉 −  ∂ 

 avpvpT N
ij

ij

Egf
RT

                        (29) 268 

Finally, a kinetics-based viscoplastic model and a viscoplastic activation energy indicator for 269 

characterizing the viscoplasticity for the nonlinear viscoelastic viscoplastic materials can be 270 

accurately determined based on Eqs. (23), (24), (25), (28) and (29) by considering the influence of 271 

the temperature and loading level. According to Eq. (29), the greater the viscoplastic activation 272 

energy, the smaller the viscoplastic strain rate, i.e., the greater the energy required for producing the 273 

same viscoplastic strain rate. Therefore, this indicator can be used to evaluate the viscoplastic 274 

deformation resistance of the nonlinear viscoelastic viscoplastic materials. 275 

 276 
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3 Materials and test methods 277 

3.1 Materials 278 

To validate the feasibility of the theoretical process above and the applicability of the new indicator 279 

for nonlinear viscoelastic viscoplastic materials, asphalt binders (typical nonlinear viscoelastic 280 

viscoplastic materials) were taken as examples of analysis. Three types of asphalt binders supplied 281 

by Hebei Transportation Investment Group Corporation in China were selected, including a virgin 282 

asphalt binder, a high-viscosity modified asphalt binder and a rubber asphalt binder, which were 283 

denoted as VB, HVB and RB, respectively. VB does not have any additives, HVB contains styrene–284 

butadiene–styrene and other polymer additives, and RB has 30% of crumb rubber. The basic 285 

properties (penetration, softening point and ductility) of these binders were obtained in accordance 286 

with the Chinese specification, as listed in Table 1. 287 

Table 1. Basic properties of asphalt binders 288 

Properties Unit 
Virgin asphalt 

binder 
High-viscosity modified 

asphalt binder 
Rubber asphalt 

binder 
Penetration at 

25°C 
0.1mm 25 75 50 

Softening point °C 71.7 91.0 87.8 
Ductility (5 °C) cm >50 >20 >10 
 289 

3.2 Sample preparation 290 

In this study, the Discovery Hybrid Rheometer (DHR) from TA Instruments was adopted to perform 291 

laboratory tests for three types of asphalt binders. 25 mm diameter parallel plates and a 1 mm gap 292 

were used. The main steps for preparing the asphalt binder samples include: (1) heat the asphalt 293 

binders by putting them into the oven; (2) pour the hot flow-state asphalt binders into the silicon 294 

rubber mould, and cool the asphalt binder sample to room temperature for some time; (3) take out the 295 

asphalt binder sample by flexing the silicon rubber mould; (4) adhere the asphalt binder sample to 296 

the lower parallel plate and press the top surface of the sample gently; (5) turn off the environmental 297 

chamber of the instrument and raise the temperature to soften the asphalt binder sample; (6) lower 298 

the upper parallel plate to the trim gap and then lock the rotating lever of the instrument; (7) trim the 299 
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needless asphalt binder by using the heated trim tool and lower the upper parallel plate to the target 300 

gap; and (8) accurately control the temperature of asphalt binder samples by liquid nitrogen and 301 

environmental chamber before starting the laboratory tests. Thus, the preparation of the asphalt 302 

binder sample was completed. 303 

 304 

3.3 Test methods 305 

To investigate the viscoplasticity of the asphalt binder by accurately separating it from nonlinear 306 

viscoelasticity and propose a new evaluation indicator of the viscoplasticity that considers the 307 

influence of temperature, creep and recovery tests under a low-stress level and a high-stress level 308 

were performed on three types of asphalt binders (VB, HVB and RB).  309 

 310 

3.3.1 Creep and recovery test under a low-stress level 311 

Some studies indicated that the linear viscoelastic information of the asphalt binders can be 312 

determined by the recovery stain at the creep stress of 0.1 kPa (Shirodkar, et al., 2012; Liu et al., 313 

2021). The linear viscoelastic mechanical properties of asphalt binders were needed to determine the 314 

nonlinear viscoelastic parameters. Hence, the creep stress level of the creep and recovery test under a 315 

low-stress level was selected as 0.1kPa in this study, and the selected testing temperatures were 58°C，316 

64°C and 70°C for three types of asphalt binders (VB, HVB and RB). Taking the test results of VB 317 

as an example, Figure 1a shows the typical creep and recovery test results of the VB at 0.1kPa and 318 

three temperatures. In the legend, “_C” stands for creep strain and “_R” stands for recovery strain of 319 

the asphalt binders. It can be seen from Figure 1a that the loading time is 1s and the creep strain 320 

increases with the loading time during the creep phase, and the recovery time is 9s and the recovery 321 

strain decreases with the recovery time during the recovery phase. Besides, the creep strain and 322 

recovery strain increase with the increase of the temperature. 323 

3.3.2 Creep and recovery test under a high-stress level 324 

To investigate the nonlinear viscoelasticity and viscoplasticity of asphalt binders, the creep and 325 

recovery tests under a high-stress level were performed. The selected high-stress level was 3.2kPa. 326 
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To make sure the mechanical properties of the asphalt binder determined under the low-stress level 327 

were applied to those under the high-stress level, the same testing temperatures (i.e., 58℃，64℃ and 328 

70℃) were applied to the tests under the high-stress level. Similarly, taking the test results of VB as 329 

an example, Figure 1b plots the typical creep and recovery test results of the VB at 3.2kPa and 330 

different temperatures. The relationship trends of creep strain and recovery strain are the same as 331 

Figure 1a, but the high-stress level can increase energy dissipation of the asphalt binders and induce 332 

larger strain. 333 
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 336 

(b) 337 

Figure 1. Typical creep and recovery test results of the VB at: (a) 0.1kPa; (b) 3.2kPa 338 

 339 

4 Results and discussion 340 

4.1 Mechanical model parameters  341 

According to Eqs. (23) and (24), the total strain consists of nonlinear viscoelastic and viscoplastic 342 

strain. Before separating the viscoplastic strain and the nonlinear viscoelastic strain for three types of 343 

asphalt binders in this study, mechanical model parameters need to be first determined. There are two 344 

aspects: (1) determine the creep compliance based on the test results of the recovery test under the 345 

low-stress level (0.1kPa); and (2) obtain the nonlinear viscoelastic parameters according to the test 346 

results of the creep and recovery test under the high-stress level (3.2kPa). 347 

4.1.1 Determination of the creep compliances 348 

When the one-dimensional constant stress is applied to the asphalt binder under linear viscoelastic 349 

condition, the creep compliance of the binder can be calculated by: 350 

( ) ( )=
p

t
D t

ε
σ

                                 (30) 351 
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The Prony series model is widely used to analyze the creep compliance of asphalt materials (Luo, et 352 

al., 2020; Zhang, et al., 2016). In this study, the creep compliances of three types of asphalt binders 353 

are also modeled by the Prony series model: 354 

( ) ( )( )0 0
1

1 exp /
M

i i
i

D t D D D D t λ
=

= + ∆ = + − −∑                     (31) 355 

where ( ) 0D D t D∆ = −  represents the transient compliance; iD  is components of the creep 356 

compliance; iλ  is components of the retardation time; M is the total number of the Maxwell 357 

elements.  358 

Furthermore, some studies show that the linear viscoelastic properties of the asphalt binder can be 359 

determined by the recovery strain under the creep stress of 0.1 kPa (Shirodkar, et al., 2012; Liu et al. 360 

2021). Under the linear viscoelastic condition, the nonlinear viscoelastic parameters 361 

0 1 2
q q q qg g g aσ， ， ，  are equal to one. Therefore, the recoverable linear viscoelastic strain in the 362 

recovery phase of the asphalt binder can be calculated based on Eqs. (23) and (24), and it can be 363 

expressed as: 364 

( ) ( ) ( )p pve pD t D t D t tε σ ∆ −∆ + ∆ − ∆ =                      (32) 365 

where veε∆  is the recoverable viscoelastic strain in the recovery phase of the asphalt binder. 366 

According to the test results of the creep and recovery test, it can be found that the initial 367 

components of the creep compliance 0D  are zero for three types of asphalt binders. Then, the other 368 

Prony series coefficients iD  and iλ  can be determined by Eq. (32) and the test results in the 369 

recovery phase of the asphalt binder based on the “Solve” tool in Excel. Taking the VB as an 370 

example, Figure 2 shows the test results and model values of the recoverable viscoelastic strain of 371 

VB at three temperatures (58℃，64℃ and 70℃). It can be seen that the model values can match the 372 

test data well at three temperatures for the VB, and the same findings apply to HVB and RB. It 373 

indicates that the Prony series can be used to model the creep compliance of the asphalt binders. The 374 

Prony series coefficients of the creep compliance of VB, HVB and RB at 64℃ are shown in Table 2. 375 
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 376 

Figure 2. Test results and model values of the recoverable viscoelastic strain of VB at three 377 

temperatures (58℃，64℃ and 70℃) 378 

 379 

Table 2. Prony series coefficients of creep compliance of asphalt binders at 64℃ 380 

Materials   VB HVB  RB 

Components of 
creep 

compliance 
(1/kPa) 

D1 0.27022  0.31474  0.40391  
D2 0.32163  2.19249  0.89889  
D3 0.09651  0.53762  0.14015  
D4 0.01373  0.21691  0.05142  
D5 0.00899  0.03895  0.01474  

Components of 
retardation 

time (s) 

λ1 100 100 100 
λ2 10 10 10 
λ3 1 1 1 
λ4 0.1 0.1 0.1 
λ5 0.01 0.01 0.01 

 381 

4.1.2 Determination of the nonlinear viscoelastic parameters 382 

To have a better understanding of the effects of the nonlinear viscoelastic parameters, the curves of 383 
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the strain vs loading time are plotted with some different values of nonlinear viscoelastic parameters. 384 

Figure 3 presents the effects of different nonlinear parameters on the creep and recovery strain 385 

response. Figure 3a shows the strain responses with different nonlinear viscoelastic parameters, g1. It 386 

shows that g1 influences the creep strain response, and the creep strain increases with the increase of 387 

g1. However, the recovery strain responses keep unchanged with the increase of g1. Figure 3b 388 

presents the strain responses with different nonlinear viscoelastic parameters, g2. It can be seen that 389 

the creep and recovery strain responses increase with the increase of g2. Figure 3c illustrates the 390 

strain responses with different nonlinear viscoelastic parameters, aσ . The creep strain and recovery 391 

strain responses are both affected by aσ , and decrease with the increase of aσ . Besides, to more 392 

clearly show the effect of the nonlinear viscoelastic parameters on the strain responses, Figure 3d 393 

presents the change percentage of the strain responses when the nonlinear viscoelastic parameter is 394 

1.5 ( 1 2 1.5g g aσ= = = ). The following conclusions can be obtained from Figure 3d: (1) the nonlinear 395 

viscoelastic parameter g1 only affects the creep strain response of the materials, while the nonlinear 396 

viscoelastic parameter g2 and aσ  both influence the creep and recovery strain response of the 397 

materials; (2) the nonlinear viscoelastic parameter g1 and g2 have the same influence to the creep 398 

strain response, and the effect values keep unchanged with the loading time; (3) the nonlinear 399 

viscoelastic parameter aσ  decreases the creep and recovery strain responses, and the change 400 

percentage of the strain first increases, and then decreases with the loading time in the creep phase, 401 

and continuously decreases with the loading time in the recovery phase; and (4) the effect of 402 

nonlinear viscoelastic parameter g1 and g2 on the strain response is more significant than that of the 403 

nonlinear viscoelastic parameter aσ . 404 
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 409 

(c)  410 

 411 

(d)  412 

Figure 3. Strain responses at different nonlinear viscoelastic parameters and change percentage of 413 

the strain responses when 1 2 1.5g g aσ= = = : (a) at different nonlinear viscoelastic parameters g1; (b) 414 
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at different nonlinear viscoelastic parameters g2; (c) at different nonlinear viscoelastic parameters 415 

aσ ; (d) change percentage of the strain response when 1 2 1.5g g aσ= = =  416 

 417 

Hence, the nonlinear viscoelasticity of the materials is affected by these three nonlinear viscoelastic 418 

parameters together. In this study, the creep and recovery test under the high-stress level of 3.2kPa 419 

are performed on the asphalt binders, and the nonlinear viscoelastic characteristics are displayed. As 420 

introduced above, Eqs. (23) and (24) can be used to analyze the test results of the creep and recovery 421 

test for asphalt binders. It is noted that the expressions of strains are different when 0 pt t≤ ≤  and 422 

pt t> . When 0 pt t≤ ≤ , the asphalt binder is in a creep phase. Thus, the strain at pt t−=  can be 423 

determined as: 424 

( ) ( )1 2 0( ) ,
σ

ε ε σ
−

− −= ∆ +pp p vp
p pp

t
t g g D t

a
                        (33) 425 

According to Eq. (33), the nonlinear viscoelastic strain can be obtained as: 426 

( ) ( )0 1 2 0, ( )
σ

ε ε σ σ
−

− −− = ∆ pvp p p
p p p

t
t t g g D

a
                       (34) 427 

When pt t+= , the constant stress 0σ  is removed, the nonlinear viscoelastic strain will gradually 428 

recover with the increase of recovery time. In addition, the viscoplastic strain is non-recoverable in 429 

the recovery phase, thus the strain at pt t+=  can be calculated by: 430 

( ) ( ) ( )2 0 2 0 ,0
σ

ε σ σ ε+ + + + 
= ∆ + − − ∆ − + 

 

pp p vp
p p p p p pp

t
t g D t t g D t t t

a
              (35) 431 

The viscoplastic strain is the same at pt t−=  and pt t+= , that is ( ) ( )0, ,0ε σ ε− +=vp vp
p pt t , and 432 

combining Eqs. (33) and (35), the following equation can be obtained: 433 

( ) ( ) ( ) ( )2 1 0 2 10 0( ) ( ) 1p p pp p p p
p p p p p pp p p

t t t
t t g g D D t t D t t g D g

a a aσ σ σ

ε ε σ σ σ
−

− + + +
  

− = ∆ −∆ + − + ∆ − = ∆ −  
   

 (36) 434 

For the asphalt binders, the creep strain at pt−  and the recovery strain at pt+  are the same, i.e., 435 

( ) ( )p pt tε ε− += . Thus, solving for 1
pg  based on Eq. (36), i.e., 1 1pg = . This is an important conclusion 436 
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that the nonlinear parameter 1
pg  of asphalt binders is always equal to one. Hence, the nonlinear 437 

parameters 0
pg  and 1

pg  in nonlinear viscoelastic constitutive equation will not affect the nonlinear 438 

viscoelastic behavior of the asphalt binders. Next, other nonlinear parameters 2
pg  and paσ  for the 439 

asphalt binders can be determined. Combining Eq. (24) in the recovery phase and Eq. (33) in the 440 

creep phase of the asphalt binders, the expression of the nonlinear viscoelastic strain during the 441 

recovery phase can be formulated as: 442 

( ) ( ) ( )2 0 2 0 1 2 ( )p pp p p p
p p pp p

t t
t t g D t t g D t t g g D

a aσ σ

ε ε σ σ
−

−  
− = ∆ + − − ∆ − − ∆ 

 
           (37) 443 

Solving the nonlinear parameters 2
pg  and paσ  in Eq. (37) by fitting the test data in the recovery 444 

phase of the asphalt binders. Figure 4 shows the test data and model values in the recovery phase 445 

under the stress level of 3.2kPa at three temperatures (58℃，64℃ and 70℃) of VB, HVB and RB. It 446 

can be seen from Figure 4 that the test data can match the model value calculated by Eq. (37) for all 447 

binders at the three temperatures. Table 3 presents nonlinear viscoelastic parameters at the three 448 

temperatures of the three types of asphalt binders. 449 
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 452 
(b) 453 

 454 
(c) 455 

Figure 4. Test data and model values in the recovery phase under the stress level of 3.2kPa at three 456 

temperatures (58℃，64℃ and 70℃) of three types of asphalt binders (VB, HVB and RB): (a) VB; (b) 457 

HVB; (c) RB 458 
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Table 3. Nonlinear viscoelastic parameters at three temperatures of three types of asphalt binders 460 

Materials VB HVB RB 

Parameters 1
pg  2

pg  paσ  1
pg  2

pg  paσ  1
pg  2

pg  paσ  

58℃ 1 1.023 1.115 1 1.025 1.202 1 1.070 1.241 

64℃ 1 1.140 1.850 1 1.177 1.196 1 1.081 1.537 

70℃ 1 1.059 2.338 1 0.678 0.412 1 1.087 1.503 

 461 

4.2 Nonlinear viscoelasticity and viscoplasticity 462 

When the mechanical model parameters are determined, the nonlinear viscoelastic strain and 463 

viscoplastic strain can be separated based on the test results. Specifically, by substituting the 464 

mechanical model parameters into Eq. (21), the nonlinear viscoelastic strain of the asphalt binder can 465 

be determined. Then, combining the nonlinear viscoelastic parameters and Eq. (23), the viscoplastic 466 

strain can be accurately separated. Taking the analysis results of 58℃ as an example, Figure 5 467 

presents the nonlinear viscoelastic strain, viscoplastic strain and total strain in the creep and recovery 468 

phase of VB, HVB and RB at 58℃. In the legend, “_C” stands for the strain response in the creep 469 

phase, and “_R” stands for the strain response in the recovery phase. For example, “Total strain_C” 470 

refers to the total creep strain and “Total strain_R” refers to the total recovery strain of the asphalt 471 

binders. It can be seen from Figure 5 that the total creep strain consists of nonlinear viscoelastic 472 

strain and viscoplastic strain in the creep and recovery phase. Hence, the nonlinear viscoelastic strain 473 

and viscoplastic strain can be clearly separated based on the analysis in this study. 474 
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 479 

(c) 480 

Figure 5. Nonlinear viscoelastic, viscoplastic strain and total strain in creep and recovery phase of 481 

three types of asphalt binders (VB, HVB and RB) at 58℃: (a) VB; (b) HVB; (c) RB 482 

 483 

Figure 6 plots the proportions of the nonlinear viscoelastic strain, the viscoplastic strain of three 484 

types of asphalt binders (VB, HVB and RB) at three temperatures (58℃, 64℃ and 70℃). In the 485 

legend, “NLVE” stands for the nonlinear viscoelasticity and “VP” stands for the viscoplasticity of the 486 

asphalt binders. It can be observed from Figure 6 that the proportion of the viscoplastic strain is 487 

larger than the nonlinear viscoelastic strain for VB (the proportion exceeds 60%), while it’s opposite 488 

for HVB and RB. This is because additives can improve the viscoplastic deformation resistance of 489 

the modified asphalt binders compared with the virgin asphalt binders without any additives. Besides, 490 

the proportion of the viscoplastic strain increases with the increase of the temperature for VB, HVB 491 

and RB, while the nonlinear viscoelastic strain is opposite. This is because the asphalt binders will 492 

gradually soften as the temperature increases, and more energy drives viscoplastic deformation of the 493 

asphalt binders compared with that at the lower temperature. In addition, the proportion of 494 

viscoplastic strain increases with the loading time for VB, HVB and RB at the three temperatures, 495 
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while the proportion of the nonlinear viscoelastic strain is opposite. It indicates that the viscoplastic 496 

strain is accumulated more quickly than the nonlinear viscoelastic strain of asphalt binders. 497 

 498 
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 502 

(c) 503 

Figure 6. Proportions of the nonlinear viscoelastic strain, the viscoplastic strain of three types of 504 

asphalt binders (VB, HVB and RB) at three temperatures (58℃, 64℃ and 70℃): (a) VB; (b) HVB; 505 

(c) RB 506 

 507 

In addition, the non-recoverable creep compliance Jnr has been widely used to evaluate the 508 

viscoplastic deformation of asphalt binders (D'Angelo et al., 2009). In the standard calculation 509 

method, Jnr is calculated by the residual strain in the recovery phase and applied creep stress. 510 

However, the residual strain in the last loading time contains viscoplastic strain and not fully 511 

recovered nonlinear viscoelastic strain. Therefore, the standard calculation method for Jnr is 512 

inaccurate because the nonlinear viscoelastic strain is not fully recovered. In this study, the 513 

viscoplastic strain and nonlinear viscoelastic strain are separated. Hence, the viscoplastic strain can 514 

be determined for three types of asphalt binders accurately. To improve the calculation accuracy of 515 

the non-recoverable creep compliance, Jnr can be redefined as: 516 

vpm
nr

p

J
ε
σ

=                                    (38) 517 

where m
nrJ  is modified non-recoverable creep compliance of the asphalt binders in the creep and 518 
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recovery test.  519 

Figure 7 presents the comparison between unmodified Jnr and modified m
nrJ  at three temperatures 520 

(58℃，64℃ and 70℃), two creep stress levels (0.1kPa and 3.2kPa), as well as their difference 521 

percentage. The following findings can be obtained: (1) the unmodified Jnr is larger than the 522 

modified m
nrJ  indicator at any temperatures, creep stress (0.1kPa and 3.2kPa) for all binders; (2) the 523 

m
nrJ  indicator increases with the increase of the temperature, and creep stress level for all binders; (3) 524 

the m
nrJ  indicator of VB is larger than those of HVB and RB, i.e., the order of viscoplasticity 525 

deformation resistance is RB>HVB>VB; and (4) different materials, temperatures and creep stress 526 

levels produce different difference percentages between unmodified Jnr and modified m
nrJ , the 527 

difference percentage of VB is minimum (less than 10%), while the difference percentages of HVB 528 

and RB are much larger (most are more than 50%). 529 

The reason for the finding (1) is that the modified m
nrJ  is calculated by removing the total nonlinear 530 

viscoelastic strain, which is true “non-recoverable” creep compliance. The reason for finding (2) is 531 

that the viscoplastic strain increases with the increase of temperature and creep stress level. The 532 

reason for finding (3) is that the modified asphalt binders are strengthened by the interaction between 533 

the additives and virgin asphalt binders, leading to better viscoplastic deformation resistance of RB 534 

and HVB. The reason for finding (4) is that viscoplasticity is more dominant than nonlinear 535 

viscoelasticity for VB, while RB and HVB are opposite, which can be observed in Figure 6. 536 
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 541 

(c) 542 

Figure 7. Comparison between unmodified and modified non-recoverable creep compliance at three 543 

temperatures (58℃，64℃ and 70℃), two creep stress levels (0.1kPa and 3.2kPa) and their difference 544 

percentage for three types of asphalt binders (VB, HVB and RB): (a) at 0.1kPa; (b) at 3.2kPa; (c) 545 

difference percentage of the unmodified and modified non-recoverable creep compliance 546 

 547 

Furthermore, a percent recovery R is widely used to evaluate the recoverable ability of asphalt 548 

binders. However, the standard calculation approach of R is not accurate either, because the residual 549 

strain at the end of the recovery stage contains some parts of not fully recovered nonlinear 550 

viscoelastic strain. Similarly, to improve the calculation accuracy of the percent recovery, it can be 551 

redefined as: 552 
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where mR  is modified percent recovery; NVVEε  is the recoverable nonlinear viscoelastic strain of 554 

the asphalt binders; and Totalε  is total creep strain, which is equal to the creep strain at the end of 555 

creep stage or the recovery strain at the initial recovery stage of the asphalt binders. 556 
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Figure 8 presents the comparison between unmodified percent recovery R and modified percent 557 

recovery mR  at different temperatures and creep stress levels, as well as their difference 558 

percentages for three types of asphalt binders. It can be found from Figure 8 that: (1) the unmodified 559 

percent recovery R is smaller than the modified mR  at any temperatures, creep stress (0.1kPa and 560 

3.2kPa) for all binders, and most difference percentages between unmodified and modified percent 561 

recovery are more than 10% as shown in Figure 8c; (2) the mR  value of VB is the minimum; (3) 562 

the mR  values of all binders decrease with the increase of the temperature. 563 

The reason for finding (1) is that the modified mR  is calculated by the “true” recoverable strain, 564 

while unmodified R is calculated by the residual strain at the end of the recovery stage. The reason 565 

for finding (2) is that VB without the additives is viscoplasticity dominant, while HVB and RB 566 

strengthened by the additives are dominated by nonlinear viscoelastic characteristics. The reason for 567 

the finding (3) is that all asphalt binders will produce viscoplastic deformation more easily at high 568 

temperatures.  569 
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 572 

(b) 573 

 574 

(c) 575 

Figure 8. Comparison between unmodified and modified percent recovery at three temperatures 576 

(58℃，64℃ and 70℃), two creep stress levels (0.1kPa and 3.2kPa) and their difference percentage 577 
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for three types of asphalt binders (VB, HVB and RB): (a) at 0.1kPa; (b) at 3.2kPa; (c) difference 578 

percentages of unmodified and modified percent recovery 579 

 580 

4.3 Viscoplastic activation energy indicator 581 

As can be seen from Figure 7 and Figure 8, the non-recoverable creep compliance and percent 582 

recovery are both affected by temperature and stress level. This study has also developed a 583 

temperature and stress-independent indicator (viscoplastic activation energy indicator) to 584 

characterize the viscoplasticity. Based on the separated viscoplastic strain, the viscoplastic strain rate 585 

can be obtained. Taking the VB as an example, Figure 9 shows the relationship between the 586 

viscoplastic strain and loading time of VB at two creep stress levels (0.1 and 3.2kPa) levels and three 587 

temperatures (58℃，64℃ and 70℃). The exponential term of the power function is almost equal to 588 

one, which indicates that the viscoplastic strain rate basically keep unchanged on this condition. The 589 

separated viscoplastic strain and viscoplastic strain model can match well at the two creep stress 590 

levels and three temperatures (the R2 values are larger than 0.9). 591 
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 594 

(b) 595 

Figure 9. Relationship between the viscoplastic strain of VB and loading time at two creep stress 596 

levels (0.1 and 3.2kPa), three temperatures (58℃，64℃ and 70℃): (a) at 0.1kPa; (b) at 3.2kPa 597 

 598 

According to Eq. (29), the logarithm of the viscoplastic strain rate is linear with 1/RT based on the 599 

analysis of the kinetics theory. This rule can be verified by the separated viscoplastic stain at the 600 

three temperatures. Figure 10 shows the relationship between the logarithm of the viscoplastic strain 601 

rate and 1/RT of VB, HVB and RB at two creep stress levels (0.1 and 3.2kPa). ln vpk  increases with 602 

the decrease of 1/RT, because high temperature leads to faster viscoplastic deformation of the asphalt 603 

binders. Besides, the relationships between ln vpk  and 1/RT of VB, HVB and RB are linear (the R2 604 

values are larger than 0.99). Hence, Eq. (29) is verified, i.e., the viscoplastic deformation process can 605 

be well modeled by the kinetic theory. In this way, the viscoplasticity of asphalt binders at different 606 

temperatures is correlated and the viscoplastic strain rate of asphalt binders at different temperatures 607 

can be predicted based on the viscoplastic strain kinetics model (Eq. (29)).  608 
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y = 81.072t0.9463

R² = 0.9996

y = 227.06t0.9907

R² = 0.9999

y = 564.6t0.9474

R² = 0.9996

0

100

200

300

400

500

600

700

0 0.2 0.4 0.6 0.8 1

Vi
sc

op
la

st
ic

 st
ra

in
 (%

)

Loading time (s)
VB_58℃ VB_64℃
VB_70℃ Linear (58℃)
Linear (64℃) Linear (70℃)



36 
 

stress levels. It can be seen that the order of the viscoplastic activation energy of the binders is 610 

VB<HVB<RB. According to the kinetics theory, the greater the viscoplastic activation energy, the 611 

greater the energy required for viscoplastic deformation. Hence, the order of viscoplastic 612 

deformation resistance is VB<HVB<RB. Furthermore, the viscoplastic activation energy at the two 613 

stress levels (0.1kPa and 3.2kPa) are basically the same, which indicates that the viscoplastic 614 

activation energy is independent of the loading level (0.1kPa and 3.2kPa), which is consistent with 615 

the findings on the cracking activation energy of asphalt binders (Li et al., 2021). Therefore, the 616 

viscoplastic activation energy can be used as a characteristic indicator only related to the viscoplastic 617 

deformation process of the nonlinear viscoelastic viscoplastic materials, which can be used to 618 

evaluate the viscoplastic deformation resistance for the nonlinear viscoelastic viscoplastic materials. 619 
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 622 

(b) 623 

Figure 10. Relationship between the logarithm of the viscoplastic strain rate and 1/RT of three types 624 

of asphalt binders (VB, HVB and RB) at two creep stress levels (0.1 and 3.2kPa): (a) at 0.1kPa; (b) 625 

at 3.2kPa 626 

 627 

Figure 11. Viscoplastic activation energy of three types of asphalt binders (VB, HVB and RB) at two 628 

creep stress levels (0.1 and 3.2kPa)  629 
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5. Findings and future work 630 

This study investigates the viscoplasticity coupled with the nonlinear viscoelasticity and proposes a 631 

new viscoplastic evaluation indicator that considers the influence of the temperatures and loading 632 

levels for the nonlinear viscoelastic viscoplastic materials. The following points summarize the main 633 

findings of this study: 634 

 For any nonlinear viscoelastic material, nonlinear viscoelastic parameter g1 only affects the 635 

creep strain response, while nonlinear viscoelastic parameter g2 and aσ  both affect the creep 636 

and recovery strain response; and the effect of g1 and g2 on the strain response is more 637 

significant than aσ . For asphalt binders, g1 is always equal to one and will not affect the 638 

nonlinear viscoelastic behavior of the asphalt binders. 639 

 The proportion of the viscoplastic strain is larger than the nonlinear viscoelastic strain for VB 640 

(the proportion exceeds 60%), while it’s opposite for HVB and RB; and the proportion of the 641 

viscoplastic strain increases with the increase of the temperature and loading time for VB, HVB 642 

and RB, while the nonlinear viscoelastic strain presents the opposite trend. 643 

 The non-recoverable creep compliance and percent recovery are redefined based on the 644 

viscoplastic strain and nonlinear viscoelastic strain, which can accurately characterize the 645 

viscoplastic deformation and strain recovery ratio of asphalt binders comparing with the 646 

standard indicator. 647 

 The logarithm of the viscoplastic strain rate has a linear relationship with the reciprocal of the 648 

temperature, and it increases with the decrease of the reciprocal of the temperature. The 649 

viscoplastic strain rates of asphalt binders at different temperatures are correlated, and their 650 

relationship can be predicted based on the established kinetics-based viscoplastic model. 651 

 The viscoplastic activation energy indicator is proposed to characterize the viscoplastic 652 

deformation resistance for the nonlinear viscoelastic viscoplastic materials. The greater the 653 

viscoplastic activation energy, the greater the energy required for producing viscoplastic 654 

deformation. The order of viscoplastic deformation resistance of the asphalt binders is: 655 

VB<HVB<RB, based on the viscoplastic activation energy indicator. 656 
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In the future study, more materials and conditions will be employed to investigate the nonlinear 657 

viscoelasticity and viscoplasticity, which will provide more solid evidence to understand the 658 

mechanical behavior of the nonlinear viscoelastic viscoplastic materials. 659 
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