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Abstract: In order to quantitatively describe the time-varying mechanical properties of asphalt
mixture during creep process, a nonlinear viscoelastoplastic creep model was proposed, by using
variable-order fractional calculus. The differential order of the variable-order fractional element of
the model is no longer constant, but a variable that changes with time, which reflects the changes of
the mechanical properties of the material during the creep process. Whereas the tertiary creep phase
is modeled by the viscoplastic element with time-varying viscosity, which is attributed to damage
evolution. The uniaxial creep compression tests of AC-13C asphalt mixture under different stress
levels (0.7 MPa, 0.9 MPa, 1.1 MPa, 1.3 MPa, 1.5 MPa, 1.7 MPa) were carried out with MTS-809 testing
machine at 25 °C, and the test results were analyzed by the model using Levenberg-Marquardt
optimization algorithm. It is shown that creep damage occurs when the applied stress exceeds a
certain critical value, and the damage incubation time depends on the applied stress level. The higher
stress decreases the damage incubation time. The model is in good agreement with the experimental
results, and is applicable to describe the entire creep process, which consists of primary, steady and
tertiary stages. Moreover, the variation of the model parameter can describe the change of viscoelastic
properties of the material during the creep process. The differential order of the variable-order
fractional element is constant during the primary creep stage, indicating that the creep behavior of
the asphalt mixture is linear viscoelastic in small strain range. For the same stress level, the fractional
order of the steady creep stage is greater than that of the primary creep stage, and it increases with the
increasing stress level, which shows that the viscous behavior in the steady creep is more remarkable
than that in the primary creep, and the higher the stress level, the more prominent the viscous
performance exhibits.

Keywords: asphalt mixture; creep model; variable-order fractional calculus; time-varying viscosity

1. Introduction

Asphalt mixture is a typical viscoelastic-plastic multiphase composite material, which has complex
rheological properties. Asphalt pavement has been widely used in the highway construction because
of the advantages of no connection joints, low noise and short construction period, and more than
95% of the current highway pavement in China is asphalt pavement. Due to the increasing traffic
volume and the significant increase in axle load, the failure of asphalt pavement becomes increasingly
serious. The major pavement diseases are rutting, potholes, and cracking. Creep is one of the most
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important mechanical properties of the asphalt mixture, and it is directly relevant to the rutting
behavior. Therefore, it is of great significance to predict the creep behavior of the asphalt mixture by
establishing its reasonable constitutive model.

Up to now, many constitutive models have been proposed and applied to study the dynamic
viscoelastic and static viscoelastic behaviors of asphalt mixture, which can be divided into two
categories in general: integral constitutive model and differential constitutive model. Considering the
fact that the multiple integral constitutive models with too many parameters are rarely adopted by
practical engineering, the study of the integral constitutive model mainly focuses on the single integral
constitutive model. As for linear viscoelasticity, the Boltzmann superposition principle is adopted;
as for nonlinear viscoelasticity, the modified Boltzmann superposition principle and the reduced time
models are adopted [1,2]. The Schapery single integral constitutive model has been widely used to
analyze of nonlinear viscoelastic mechanical behavior of asphalt mixtures [2-5]. In the study of the
differential constitutive models, the classical models, such as the Kelvin model, the Maxwell model and
the Burgers model, consist of the series and/or parallel combination of springs and dashpots, and are
generally used to describe the linear viscoelasticity with the advantages of simply, intuition and clear
concept. Cheng et al. [6] used the generalized Kelvin model, the generalized Maxwell model and the
Burgers model to describe the creep behavior of asphalt mixture at various temperatures, and showed
that the generalized Kelvin model and the generalized Maxwell model are superior to the Burgers model
in describing the variation of viscoelastic properties of asphalt mixtures with loading time. In order to
describe the nonlinear viscoelastic mechanical behavior, the influences of viscoplasticity and damage
were taken into consideration, and the corresponding modified models were proposed on the basis of
linear viscoelastic constitutive models. Zhang et al. [7] proposed a viscoelastic damage constitutive
model for asphalt mixture under cyclic loading, which was constructed by coupling the Burgers
model with the modified Chaboche damage model. Bai et al. [4] combined the Schapery’s nonlinear
viscoelastic model and the modified Schwartz’s viscoplastic model to characterize viscoelastic and
viscoplastic behaviors of compressed asphalt mixture. Darabi et al. [5] suggested a coupled nonlinear
viscoelastic, viscoplastic and hardening-relaxation constitutive model for asphalt mixtures, and verified
it by the dynamic moduli and repeated creep-recovery tests. Moreover, the differential operators in
the above mentioned classical differential constitutive models are local integer differentials. However,
the fractional differential operators are nonlocal and applicable to describe the memory characteristics
of viscoelastic materials [8]. It has become a research focus in the study of viscoelasticity, because of
the advantages of few parameters and high accuracy [8-10]. Fini et al. [11] used a simple fractional
viscoelastic model to evaluate the performance of asphalt binders at low service temperatures through
the damping ratio and dissipated energy ratio. Celauro et al. [12] analyzed the creep and creep recovery
test data and adopted the fractional Burgers model to characterize the viscoelastic behaviors of asphalt
mixture. Lagos-Varas et al. [13] proposed a fractional rheological model consisting of a fractional
Maxwell model and a modified fractional Kelvin model to describe the static viscoelasticity of asphalt
mixture. Luo et al. [14] proposed a modified fractional Zener model to quantitatively describe the
symmetric dynamic viscoelastic properties of asphalt mixture. Nevertheless, the mentioned fractional
differential constitutive models have their limitations, such as no change in the fractional differential
order and without considering the rheological property change in creep process.

Variable order fractional calculus developed from the basis of classic fractional calculus
theory [15-17], has attracted much attention in recent years. Wu et al. [18] adopted the variable-order
fractional Maxwell model to analyze the creep behavior of salt rock at low stress level. Tang et al. [19]
further proposed a creep model derived from variable-order fractional calculus in order to describe the
nonlinear creep deformation of rock.

Although some researchers have proposed viscoelastic and viscoplastic constitutive models for
asphalt mixture on the basis of constant-order fractional derivative, there is no report about the
analysis of the mechanical behavior of asphalt mixture based on variable-order fractional differential
theory. In this paper, a new viscoelastoplastic creep damage model based on a variable-order fractional
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differential will be constructed to study the creep behavior of asphalt mixture at various stress levels.
The model can describe the whole creep process including primary, steady and tertiary stages, it uses
variable-order fractional elements to model the primary and steady creep, and uses time-varying
viscoplastic element to consider the damage induced tertiary creep stage. The paper is organized as
follows: the basic constitutive models of the constant order fractional viscoelastic element and the
variable-order fractional viscoelastic element are briefly derived in Section 2. In order to model the
damage induced tertiary creep, the dashpot element with variable viscosity is introduced in Section 3.
The new viscoelastoplastic creep damage model based on variable-order fractional differential is then
constructed in Section 4 and verified with experiments in Section 5. Finally, some conclusions are
drawn in Section 6.

2. Fractional Viscoelastic Element

2.1. Constant Fractional Viscoelastic Element

There are various definitions of fractional calculus, and the definition of fractional calculus based
on Riemann-Liouville (R-L) is a widely used one. The R-L fractional integral of function f(t) with
order f is defined by [15]:

1 f(r)
B)Ja (t-1)'7F

where 0 < B < 1,and I'(B) = fooo tP=1e~dt is the gamma function. The R-L fractional differential of
function f(t) with order  is defined as the inverse operation of the fractional integral:
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where 7 is the minimum positive integer greater than . n = 1if 0 < § < 1, and the R-L fractional
differential of function f(t) with order B is then written as:
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In the classical viscoelastic constitutive modeling, the series and/or parallel combinations of
springs and dashpots are usually used to describe viscoelasticity. In order to describe the viscoelastic
mechanical behavior of materials more flexibly, Abel established the relationship between the stress
and the fractional derivative of the strain, which is modeled by the fractional viscoelastic element as
shown in Figure 1. The constitutive relation of the fractional viscoelastic element reads:

o(t) = &-oDfe(t), (0<p<1) @)

where & = E1f, representing the viscosity coefficient of the material, E is the material modulus, 7 is the
characteristic time. It can be seen that when f—0, the fractional dashpot element reduces into a Hooke
spring, and when f—1, the fractional dashpot element reduces into a Newtonian dashpot.

S, B

(o, O

Figure 1. Constant order fractional viscoelastic element.
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Leto(t) = ooH(t) (H(t) is the Heaviside function), the creep equation for the fractional viscoelastic
element can be obtained by integrating Equation (4):

__0p th

2.2. Variable-Order Fractional Viscoelastic Element

Unlike constant fractional calculus, the fractional order of variable-order fractional calculus no
longer remains constant, but changes with time. Let 0 < f = a(t) < 1, then the fractional calculus of
function f(t) with order a(t) is given below [15]:

t
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where «a(t) is a piecewise constant in time domain, and we can assume that a(t) = ay, k =1,2,...n,
when t;_1 < t < ;. Then, the constitutive equation of the fractional viscoelastic element in the time

period (fy_1 < t < ty) is given by:
o(t) =&y, Di¥e(t), (0<ap <1, kg <t<ty) 8)

where & is the viscosity coefficient corresponding to ay.
Under creep condition, o(t) = ogH(t — f;_1), the creep strain of the fractional viscoelastic element
can be obtained from Equation (8):

(27 OO

e(t) = 41, T O<ap <1, g <t<t) 9)

From Equation (1), the f—th order integration of a constant C is given by:

C(t—a)P
JC = (t-a) (10)
r(1+p)
Thus, Equation (9) becomes:
t—t_q)™
()—@( k1) L (0<ap<1, g <t<t) (11)
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Based on Equation (11), the creep strain of the fractional viscoelastic element after n—1 time
segments can be written as:

g
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3. Dashpot Element with Variable Viscosity

Damage will occur when the material is under creep at higher stresses; the accumulated damage
causes accelerated creep to failure. Therefore, the influence of damage evolution should be taken into
consideration for the constitutive description of the tertiary creep stage. The mechanical property of
the classical dashpot element is characterized by the constant viscosity coefficient &, and its constitutive
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equation is expressed by o = £¢. Zhou et al. [20] demonstrated that the damage accumulation and
meso-cracking evolution in the tertiary creep stage would lead to the continuous decrease in the
viscosity coefficient of rock, which satisfies the exponential decay law. Assuming that the creep tertiary
stage starts when f > t,,_1, the time dependent viscosity coefficient can be expressed as:

E(t) = &y -e @t tm) (1>, q) (13)

where &, is the initial viscosity coefficient in the tertiary creep stage, w is the parameter describing the
damage evolution rate. Replacing ¢ in the constant viscosity dashpot element with &(#) in Equation (13),
the constitutive equation of the time-varying viscosity dashpot element as shown in Figure 2 can be
expressed as:

o(t) = Ene ) i(1), (E> ty) (14)

Let o(t) = ogH(t — t;-1), then the creep strain of the time-varying viscosity dashpot element is
given by:

et) = 5% et — 1], (£ > £,q) (15)
X =
(e, O

Figure 2. Dashpot element with time-varying viscosity.

4. Variable Order Fractional Viscoelastoplastic Creep Model of Asphalt Mixture

As shown in Figure 3, the creep behavior of asphalt mixture can be divided into two types
according to the stress level. From the curve (a) in Figure 3, the asphalt mixture mainly exhibits
linear viscoelasticity at low stress level, and the creep process only includes two stages: primary stage
(0 < t < t1) and steady stage (t > f1). At higher stress levels, damage will occur in the creep process
after a certain time (f,), and, in turn, damage evolution will accelerate the creep. The time (f;) is called
the damage incubation time, which is determined by the stress level. It is well accepted that different
constant applied stresses correspond to different damage incubation times, and the higher the applied
stress, the shorter the damage incubation time required. It is expected, therefore, that there exist two
different critical stresses at a given temperature: one being the so-called critical damage initiation stress,
04, which is the minimum value of stress below which no damage occurs for any elapsed loading time,
and the other, the critical fracture stress, of, at which the material fractures instantaneously, leading to a
zero damage incubation time. Thus, the damage incubation time can be expressed by the model as [21]:

_G),(Ud<GSUf) (16)
d

where A and 7 are material constants determined from the test data fitting.

As seen from curve (b) in Figure 3, when the creep stress is higher than the damage initiation
stress 04, besides the primary stage (0 < t < t) and steady stage (f; < t < t,), the tertiary stage will
occur for t > tp During the primary stage, the strain rate gradually decreases with time; during the
steady stage, the strain rate basically keeps constant, and the strain increases with a constant speed or
tends to be a stable value; during the tertiary stage, because of the damage evolution, the viscosity
of the material decreases with time and the strain rate increases with time, which results in a rapid
increase of deformation and ultimate failure. According to the above two types of creep behavior and
their characteristics, a fractional viscoelastoplastic creep model consisting of variable order fractional
viscoelastic element and time-varying viscosity dashpot element will be constructed to analyze and
describe the creep behavior of asphalt mixture.
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Tertiary stage (b)

Primary Steady stage

4

Primary stage Steady stage

o

Figure 3. Schematic of creep curves of asphalt mixture.

The creep process was divided into primary stage, steady stage and tertiary stage according
to the time history, and each stage was described by different viscoelastic elements or viscoplastic
elements. Considering the instantaneous elasticity, viscoelasticity and viscoplasticity of the asphalt
mixture, a variable order fractional viscoelastoplastic creep model was proposed. Figure 4 shows the
schematic diagram of the model. If the creep process only consists of the primary stage and steady
stage, the time-varying viscoplastic element will be removed from the model, which is then reduced to
the variable order fractional viscoelastic creep model. Compared with the classic viscoelastic and or
viscoplastic model, the viscoelastic element and/or viscoplastic element in the present model only play
their roles in the corresponding creep stages.

Variable order

Instantaneous fractional Time-varying
elasticity viscoelasticity viscoplasticity
g N Od
E, | Sha & D~
i i o
&0 o>

<
Y
A
\ 4

Figure 4. Fractional viscoelastoplastic creep model with variable order.

At low stress levels (0 < 04), the asphalt mixture only exhibits the primary creep and steady creep.
As seen in Figure 4, at the moment of loading, the asphalt mixture produces an instantaneous elastic
deformation, which can be described by the spring element in the model:
Y
0= — 17
€= F (17)
In the primary stage, due to the low elastic modulus of the asphalt component in the mixture,
viscous flow will occur, which will reduce the aggregate gap. In addition, the asphalt mixture will
be consolidated and hardened, and its ability to resist deformation will be enhanced, so its creep
rate decreases. This stage can be modeled by the first variable order fractional viscoelastic element,
as marked by (1) in the dashed box, of the model shown in Figure 4:

o 1
El(t)zé—lm, (0<t$t1) (18)

where ¢; is the intersection time of the primary stage and the steady stage.



Appl. Sci. 2020, 10, 3862 7 0f 12

With the passage of time, the porosity of the asphalt mixture becomes smaller, the mixture
components bear the load together, and the creep rate gradually turns to be stable. This behavior
will be simulated by the second variable order fractional viscoelastic element, as marked by (2) in the
dashed box, of the model shown in Figure 4:

o (t=t)™

= é_zr(a2+1), (t>t1) 19)

ea(t)

Therefore, the creep model of two-stage creep of asphalt mixture can be expressed as:

() = o | o [Min(t, )] o (t-t)*®

- — 2
Eo & T(a+1) & T(ar+1) 20)

where Min(a, b) means taking the smallest value from the variables a and b, (-) is the Macauley bracket,
indicating (x) = (x + |x]) /2.

When the stress exceeds the damage initiation stress, ¢ > 04, the creep curve of the asphalt
mixture includes three typical stages. Since there is no damage in the first two stages, it can still be
described by Equation (20). Whereas, for the tertiary stage, the damage evolution causes the viscosity
coefficient of the mixture to decrease continuously, which results in an increase in creep rate until the
overall failure. Such behavior at this stage is simulated by a viscoplastic element with time-varying
viscosity, which is a Bingham-like element composed of a friction element and a variable-viscosity
dashpot in parallel, as marked by time-varying viscoplasticity in Figure 4. Similar to Equation (15),
the creep equation of the time-varying viscoplastic element becomes:

(0 —04) w(t—tp)
e3(t) = —/—— (e ~-1 21
() = 5 ( ) (21)
where t; is the start time of the tertiary creep. Therefore, by combining the creep equation for the
primary stage and steady stage, the creep model of the three-stage creep of the asphalt mixture can be
expressed as below:

ety = L 4 o Min(t, 1% o [Min(ta — b, &~ )1 02 09) (qutt-ty _ 1)

= — — 22
Eo & T(a+1) & T(az+1) &3w @

5. Model Verification

5.1. Creep Test of Asphalt Mixture

As for the design of asphalt mixture under heavy traffic condition, Zhonghai AH-70 heavy traffic
road asphalt was selected to prepare the AC-13C asphalt mixture samples. The asphalt mixture
gradation was designed according to Standard Test Methods of Bitumen and Bituminous Mixtures
for Highway Engineering [22], as listed in Table 1, and the asphalt-aggregate mass ratio was 4.57%.
A cylinder with a diameter of 150 mm and a height of 150 mm was made by the CONTROLS 76-PV2522
asphalt mixture gyratory compactor, and then was cored and cut into a sample with a diameter of
100 mm and a height of 100 mm, as shown in Figure 5.

Table 1. Grading of AC-13 asphalt mixture.

Sieve (mm) 16 132 95 475 236 118 06 03 015 0.075
Passing rate (%) 100 96 78 535 38 25 175 14 10 5
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Figure 5. Specimen of AC-13C asphalt mixture.

Uniaxial compression creep tests were carried out on the AC-13C asphalt mixture samples at 25 °C
by using the MTS-809 testing machine, as shown in Figure 6. Considering the influence of the stress
level on the creep behavior of the asphalt mixture, Constant stresses of 0.7 MPa, 0.9 MPa, 1.1 MPa,
1.3 MPa, 1.5 MPa and 1.7 MPa were applied, to consider the effect of stress on creep behavior. Three
tests were carried out under each stress level and then averaged. Figure 7 shows the averaged creep

test data at various stresses.

Figure 6. MTS-809 testing machine.

0.16 . : i :
0.14- o Compressive stress ]
« (0.7MPa
0.12+ 5 09MPa -
N o 1.IMPa
0.10- g v 4 1.3MPa b
g 1.5MPa
N 1.7MPa

0 2000 4000 6000 8000 10000
t/s

Figure 7. Creep curves of asphalt mixture under various compressive stress levels.
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5.2. Results and Disscussions

In order to distinguish the linear/nonlinear characteristics of the creep behavior, the creep strain is
divided by the corresponding applied stress to obtain the creep compliance curve, as shown in Figure 8.
It can be seen that the creep compliance curves for stresses of 0.7 MPa, 0.9 MPa and 1.1 MPa are
almost coincident, indicating that the creep compliances at these stress levels are stress independent,
and the asphalt mixture exhibits linear viscoelastic creep behavior; when the stresses are higher than
1.1 MPa, the creep compliance curves depend on the stress level, and the asphalt mixture shows
nonlinear characteristics. Assuming that the nonlinear creep is caused by damage evolution, the creep
damage initiation stress can be taken as 04 = 1.1 MPa. Figure 9 shows the creep rate curve and creep
acceleration curve at various stress levels, and it can be seen that the primary creep stages under
all stresses are completed at t; = 300 s. While, for the stresses of 1.5 MPa and 1.7 MPa, the creep
acceleration phases start at about t, = 1250 s and t, = 620 s, respectively.

0.12 . : i :
Compressive stress
0107 « 07MPa |
o (0.9MPa
o 1.1MPa b
4 1.3MPa
v 1.5MPa 4
o 1.7MPa
00000080080PRePRRnnnDnD0n0n0000

0 2000 4000 6000 8000 10000
t/s

Figure 8. Creep compliance curves of asphalt mixture under various compressive stress levels.

0.0010 : 2.0x10° T T T
| _ ——0.7MPa
| Compressive stress — 0.9MPa
0.0008 + 0.7MPa i
! —— L.IMP
' ——0.9MPa 1.0x10°¢ ] 3MP2 :
! —— 1.IMPa ’
0.0006L ! - 1o 1.5MPa
5 : 1.3MPa S —— 1.7MPa
= ! —— 1.5MPa 3 0.0 |
3000041 ! LIMPa ] oy
! 1,=1250s
£,=300s .
0.0002 | E -1.0x10° k
P 56205 1505
0.0000 | . #=300s
1 n 1 1 1 1 ‘2.0X10-6 1 1 1 1
0 1000 2000 8000 9000 10000 0 1000 2000 8000 9000 10000
(a) t/s (b) t/s

Figure 9. Creep rate curves (a) and creep acceleration curves (b) of asphalt mixture under various
compressive stress levels.

Zhu et al. [23] conducted uniaxial compression tests on AC-13C asphalt mixture, and obtained the
compression strength ranging 3.70 MPa ~ 4.38 MPa. In this study, the compression strength is set to be
the average value, i.e., of = 4.0 MPa. As shown in Figure 10, using Equation (16) to fit the obtained
damage incubation time data, we obtained A = 45 s, n = 1.95. Therefore, the relationship between
creep damage incubation time and the creep stress obeys the equation below:

40-0
c—1.1

1.95
t — 45 ( ) , (1.1 MPa < o < 4.0 MPa) (23)
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Figure 10. Damage incubation time as a function of creep stress.

It can be calculated that £, = 7200 s when 0 = 1.3 MPa, meaning that there is no damage within
the test duration of 6000 s for the creep under 1.3 MPa, and, thus, the experimental creep curve only
includes the primary stage and steady stage, as it behaves in a manner for the creep under stresses
lower than 1.1 MPa because of no damage.

By means of the Levenberg-Marquardt optimization algorithm in 1stopt, nonlinear fitting of the
test data in the primary stage, the steady stage and the tertiary stage for various stress levels were
completed by use of Equation (22), and the corresponding parameters were determined, as listed in
Table 2. It can be seen that in the stress range considered, the model parameters of the primary stage
creep are the same constants, regardless of the applied stress, which indicates that when the strain is
small, the asphalt mixture behaves linearly viscoelastic; under the same applied stress, the fractional
differential order for the steady creep stage is greater than that for the primary stage creep, i.e., ap > a;.
Moreover, in the steady creep stage, the fractional differential order a, increases with increasing stress
level, which demonstrates that the viscoelastic behavior of the material is more inclined to viscous
flow when the applied stress increases, indicating the shortening of the characteristic time and the
increase of the creep rate. In the tertiary stage, the parameter w increases with the applied stress level,
which is consistent with the fact that the creep damage rate increases with stress level.

Table 2. Parameters of the creep model for asphalt mixture.

o/MPa. Ey/MPa a &1/(MPa-s*1) ti/s ay  &f(MPa-s*2) tofs &/(MPas) w
0.7 143 0.35 730 300 0.42 6100 / / /
0.9 143 0.35 730 300 0.44 7300 / / /
1.1 143 0.35 730 300 0.54 14,000 / / /
1.3 143 0.35 730 300 0.70 31,600 (7200) / /
1.5 143 0.35 730 300 0.95 66,700 1250 66,700 0.0045
1.7 143 0.35 730 300 0.99 67,000 620 67,000 0.0048

Figure 11 shows the comparison between the model and the test results. It can be seen that the
model is in good agreement with the test results, which verifies that the model can effectively describe
the whole primary-steady-tertiary creep process of the asphalt mixture under different stress levels.
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Figure 11. Creep of asphalt mixture: model vs. test.

6. Conclusions

Based on the fact that the asphalt mixture shows different viscoelastic characteristics in its different
creep stages, a variable order fractional viscoelastoplastic creep model was proposed to model the
instantaneous elasticity, variable order fractional viscoelasticity and time-varying viscoplasticity.
Some conclusions can be drawn as follows:

(1) When the creep stress on asphalt mixture exceeds a certain critical value, the damage will occur,
and the damage incubation time depends on the applied stress level. The higher the stress,
the shorter the damage incubation time.

(2) The proposed model agrees well with the results of the creep tests, which verifies that the model
can effectively describe the primary-steady-tertiary creep process of the asphalt mixture under
different stress levels.

(3) The parameters of the model have a clear physical meaning, and the change of the fractional
differential order quantitatively describes the change of the viscoelastic properties of the material
at different creep stages. The fractional differential order for the steady creep stage is greater than
that for the primary stage creep. Moreover, the fractional differential order for the the steady
stage increases with increasing stress level.

Author Contributions: Conceptualization, W.L.; Data curation, B.L. and Y.Z.; Formal analysis, W.L. and B.L.;
Funding acquisition, W.L.; Methodology, W.L. and B.L.; Validation, Y.Z. and ]J.D.; Writing—original draft, W.L.
and B.L.; Writing—review & editing, W.L. and B.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No. 11572275)
and High-level Talent Gathering Project in Hunan Province (2019RS1059).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schapery, R.A. On the characterization of nonlinear viscoelastic materials. Polym. Eng. Sci. 1969, 9, 295-310.
[CrossRef]

2. Gao, D.; Wang, P; Li, M.; Luo, W. Modelling of nonlinear viscoelastic creep behaviour of hot-mix asphalt.
Constr. Build. Mater. 2015, 95, 329-336. [CrossRef]

3. Ban,H.Im,S,; Kim, Y.-R. Nonlinear viscoelastic approach to model damage-associated performance behavior
of asphaltic mixture and pavement structure. Can. J. Civ. Eng. 2013, 40, 313-323. [CrossRef]

4. Bai, F; Yang, X.; Zeng, G. Creep and recovery behavior characterization of asphalt mixture in compression.
Constr. Build. Mater. 2014, 54, 504-511. [CrossRef]

5. Darabi, M.K.; Huang, C.-W,; Bazzaz, M.; Masad, E.A.; Little, D.N. Characterization and validation of the
nonlinear viscoelastic-viscoplastic with hardening-relaxation constitutive relationship for asphalt mixtures.
Constr. Build. Mater. 2019, 216, 648-660. [CrossRef]


http://dx.doi.org/10.1002/pen.760090410
http://dx.doi.org/10.1016/j.conbuildmat.2015.07.112
http://dx.doi.org/10.1139/cjce-2012-0289
http://dx.doi.org/10.1016/j.conbuildmat.2013.12.088
http://dx.doi.org/10.1016/j.conbuildmat.2019.04.239

Appl. Sci. 2020, 10, 3862 120f 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cheng, Y.C.; Li, H,; Li, L.D.; Zhang, YYW.; Wang, H.T.; Bai, Y.S. Viscoelastic properties of asphalt mixtures with
different modifiers at different temperatures based on static creep tests. Appl. Sci. 2019, 9, 4246. [CrossRef]
Zhang, J.; Li, Z.; Chu, H.; Lu, ]. A viscoelastic damage constitutive model for asphalt mixture under the cyclic
loading. Constr. Build. Mater. 2019, 227, 116631. [CrossRef]

Baglieri, O.; Santagata, E.; Sapora, A.; Cornetti, P.; Carpinteri, A. Fractional viscoelastic modeling of antirutting
response of bituminous binders. J. Eng. Mech. 2017, 143, D4016002. [CrossRef]

Sasso, M.; Palmieri, G.; Amodio, D. Application of fractional derivative models in linear viscoelastic problems.
Mech. Time Depend. Mater. 2011, 15, 367-387. [CrossRef]

Fukunaga, M.; Shimizu, N. Fractional derivative constitutive models for finite deformation of viscoelastic
materials. |. Comput. Nonlinear Dyn. 2015, 10, 061002. [CrossRef]

Fini, E.H.; Khodaii, A.; Hajikarimi, P. Fractional viscoelastic study of low-temperature characteristics of
biomodified asphalt binders. |. Mater. Civ. Eng. 2016, 28, 04016078. [CrossRef]

Celauro, C.; Fecarotti, C.; Pirrotta, A.; Collop, A.C. Experimental validation of a fractional model for
creep/recovery testing of asphalt mixtures. Constr. Build. Mater. 2012, 36, 458—466. [CrossRef]

Lagos-Varas, M.; Movilla-Quesada, D.; Arenas, ].P.; Raposeiras, A.C.; Castro-Fresno, D.; Calzada-Perez, M.A;
Vega-Zamanillo, A.; Maturana, J. Study of the mechanical behavior of asphalt mixtures using fractional
rheology to model their viscoelasticity. Constr. Build. Mater. 2019, 200, 124-134. [CrossRef]

Luo, W,; Liang, S.; Zhang, Y. Fractional differential constitutive model for dynamic viscoelasticity of asphalt
mixture. China J. Highw. Transp. 2020, 33, 34—43. (In Chinese)

Yang, X. General Fractional Derivatives: Theory, Methods and Applications; CRC Press, Taylor & Francis Group:
Boca Raton, FL, USA, 2019.

Samko, S. Fractional integration and differentiation of variable order: An overview. Nonlinear Dyn. 2013, 71,
653-662. [CrossRef]

Ramirez, L.E.S.; Coimbra, C.EM. A variable order constitutive relation for viscoelasticity. Ann. Der Phys.
2007, 16, 543-552. [CrossRef]

Wu, F; Liu, J.; Wang, J. An improved maxwell creep model for rock based on variable-order fractional
derivatives. Environ. Earth Sci. 2015, 73, 6965-6971. [CrossRef]

Tang, H.; Wang, D.; Huang, R.; Pei, X.; Chen, W. A new rock creep model based on variable-order fractional
derivatives and continuum damage mechanics. Bull. Eng. Geol. Environ. 2018, 77, 375-383. [CrossRef]
Zhou, HW.; Wang, C.P,; Mishnaevsky, L.; Duan, Z.Q.; Ding, J.Y. A fractional derivative approach to full
creep regions in salt rock. Mech. Time Depend. Mater. 2013, 17, 413-425. [CrossRef]

Luo, W.; Liu, W. Incubation time to crazing in stressed poly (methyl methacrylate). Polym. Test. 2007, 26,
413-418. [CrossRef]

Research Institute of Highway Ministry of Transportation. Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering; China Communications Press: Beijing, China, 2011; Volume JTG E20-2011.
Zhu, Y; Tan, J.; Yue, A. Testing research on mechanics properties of AC-13C. Highw. Eng. 2011, 36, 57-63.
(In Chinese)

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/app9204246
http://dx.doi.org/10.1016/j.conbuildmat.2019.08.012
http://dx.doi.org/10.1061/(ASCE)EM.1943-7889.0001081
http://dx.doi.org/10.1007/s11043-011-9153-x
http://dx.doi.org/10.1115/1.4028438
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001525
http://dx.doi.org/10.1016/j.conbuildmat.2012.04.028
http://dx.doi.org/10.1016/j.conbuildmat.2018.12.073
http://dx.doi.org/10.1007/s11071-012-0485-0
http://dx.doi.org/10.1002/andp.200710246
http://dx.doi.org/10.1007/s12665-015-4137-9
http://dx.doi.org/10.1007/s10064-016-0992-1
http://dx.doi.org/10.1007/s11043-012-9193-x
http://dx.doi.org/10.1016/j.polymertesting.2006.12.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fractional Viscoelastic Element 
	Constant Fractional Viscoelastic Element 
	Variable-Order Fractional Viscoelastic Element 

	Dashpot Element with Variable Viscosity 
	Variable Order Fractional Viscoelastoplastic Creep Model of Asphalt Mixture 
	Model Verification 
	Creep Test of Asphalt Mixture 
	Results and Disscussions 

	Conclusions 
	References

