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Abstract: In order to investigate the mechanical response of
reflective cracking in asphalt concrete pavement under dynamic
vehicle loading, a finite element model is established in
ABAQUS. The viscoelastic behavior is described by a prony
series which is calculated through nonlinear fitting to the creep
test data obtained in the laboratory. Based on the viscoelastic
theory, the time-temperature equivalence principle, fracture
mechanics and the dynamic finite element method, both the J-
integral and the mix-mode stress intensity factor are utilized as
fracture evaluation parameters, and a half-sine dynamic loading is
used to simulate the vehicle loading. Finally, the mechanical
response of the pavement reflective cracking is analyzed under
different vehicle speeds, different environmental conditions and
various damping factors. The results indicate that increasing either
the vehicle speed or the structure damping factor decreases the
maximum values of fracture parameters, while the structure
temperature has little effect on the fracture parameters. Due to
the fact that the vehicle speed can be enhanced by improving the
road traffic conditions, and the pavement damping factor can
become greater by modifying the components of materials, the
development of reflective cracking can be delayed and the asphalt
pavement service life can be effectively extended through both of
these ways.
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sphalt concrete is widely used all over the world as a

kind of pavement surface material. In several previous
pavement research projects, asphalt concrete was regarded as
a linear elastic material. The subsequent analysis of surface
cracking and reflective cracking was based on linear elastic
fracture mechanics. However, asphalt concrete at high tem-
perature, room temperature, and even low temperature, ex-
hibits viscoelastic and visco-plastic behaviors'". Thus, re-
searchers have made efforts to analyze the asphalt concrete’s
viscoelastic and visco-plastic properties. Lu et al. ' regarded
asphalt concrete as a no damage and homogeneous viscoe-
lastic-plastic material. Based on the Perzyna theory, numeri-
cal methods and analytical methods are utilized respectively
to analyze the test results, and the analysis results show that
these two methods have preferable coherence. Qian et al. !
utilized a generalized Maxwell model to simulate the visco-
elastic behavior of asphalt concrete and obtained the stiffness
modulus in temperature and time domains through experi-
ments and time-temperature equivalent principles. Huang
et al. ™ established an increment-type viscoelastic constitu-
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tive relationship of asphalt concrete. They analyzed a semi-
rigid base with an asphalt concrete overlay and included sur-
face cracking and reflective cracking by using thermal visco-
elastic fracture theory.

The finite element method( FEM) provides a good means
to simulate the structural viscoelastic response of asphalt
concrete pavement. Based on previous laboratory research,
this paper provides a dynamic mechanism and time-tempera-
ture equivalent principle for asphalt concrete, and builds a
viscoelastic FEM model of the pavement structure. The
structural responses under different dynamic loadings and
environmental conditions are analyzed.

1 Viscoelastic Fundamental Theory

The finite element commercial software ABAQUS as-
sumes that the viscoelastic material is defined by a prony se-
ries expansion of the dimensionless relaxation modulus'”’.

The formula of a prony series can be expressed as
g(n =1-2 g(l -e™™) (1)
i=1

where g, is the normalized relaxation modulus, g(?) =E(f)/
E,,E, = E(0). Both g, and 7, are material constants, and
they can be obtained by fitting the laboratory test data.

If creep test data are specified, ABAQUS will calculate
the terms in the prony series automatically. Actually, the re-
sults obtained from the automatic transformation process are
not very precise. Usually, the creep test data are converted to
relaxation data through the convolution integrals as

[ it =sgrds = (2)

where g(t) is the normalized relaxation modulus and j(7) is
the normalized creep compliance. The relaxation data are
fitting to prony series.

Viscoelastic materials obey the time-temperature equiva-
lent principle, which can be expressed as

E(T, 1) =E( To,i) (3)
Qr
where o is the shift factor, which is explained in the para-
graph below. After obtaining the relaxation function and the
shift factor expression of asphalt concrete under a reference
temperature 7, through laboratory testing, the relaxation
functions at any time under any temperature can be ob-
tained.

There are two common methods to calculate the shift fac-
tor: the WLF equation and the Arrhenius equation. In the re-
search of the low-temperature cracking problem of asphalt
concrete, the Arrhenius equation is utilized more frequently.
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Its expression is as follows:

1/T-1/T,

op :exp[éH R

where T is the temperature, H is the activation energy, and
R is the molar gas constant, 8. 314 J/(mol-K).

Activation energy is required when the Arrhenius equation
is applied. Zheng et al. "' expressed the formula of the shift
factor of an asphalt mixture when the reference temperature
T,=15 C,

(5)

ap =exp

40 000 x4. 18/ 1 1
[ 8.314 (T To)]

2 Finite Element Model

The semi-rigid base pavement is simulated as a plane-
strain multilayer system'”. The purpose of this study is to
investigate the reflective cracking viscoelastic response of
asphalt concrete pavement under periodic loadings. Thus, the
interlayer contact conditions are assumed to be continuous,
and the calculation model of the reflective cracking under

vehicle loading is shown in Fig. 1.
2r

R1XLY 5

Asphalt concrete surface

Semi-rigid base \—Reﬂective cracking

Subbase layer ‘

Subgrade layer LZ

Fig.1 Schematics for pavement under dynamic loading

The distributed load is set at g =0. 707 MPa with a con-
tact range of 2r =2 x 10. 65 cm. The width of the existing
crack in the base layer is 4 mm, and the length of the reflec-
tive cracking in the asphalt concrete layer is 4 cm.

A prony series with six terms is used to describe the re-
laxation behavior of asphalt concrete. This paper utilizes the
fitting method of viscoelastic parameters presented by Lii et
al™™. The viscoelastic parameters of common 70# asphalt
concrete AC-20 is shown in Tab. 1.

Tab.1 Asphalt concrete AC-20 fitting values of prony series

8i Ti
0. 140 66 4. 626 49
0. 092 68 1 080. 488 51
0. 151 78 0.376 00
0. 368 30 44 856. 874 72
0. 123 99 28. 637 78
0.122 14 181. 403 86

The fitting correlation coefficient between the parameters
in Tab. 1 and the test data is 0. 999 98, providing a suitable
accuracy for implementation into ABAQUS for the pave-
ment simulation.

The pavement dimensions and properties are shown in
Tab. 2",

Tab.2 Standard structure parameters

Pavement layer Thickness/cm Modulus/MPa  Poisson ratio

Asphalt concrete layer 18 0.35
Semi-rigid base 30 5 000 0.15
Subbase layer 30 1 000 0.20
Subgrade 60 0.35

3 Dynamic Vehicle Loading

In this paper, the vehicle load is considered dynamic, and
the simplified form of the dynamic load presented in the
Kenlayer programme developed by Huang''” is utilized. The
vehicle dynamic load is a semi-sinusoidal distributed load on
an equivalent circular. The loading formula is

(1) = g, sin’ ( % + “7[) (6)

where T is the loading period, and ¢, is the amplitude of
the distributed load, set at 0.7 MPa.

4 Pavement Structure Vibration Analysis

In order to analyze the pavement response under dynamic
vehicle loading, the governing equation is expressed as''"

Mii + Cii + Ku = F(1) (7)

where M, C and K represent the mass matrix, the damping
matrix and the stiffness matrix, respectively; i, i, u are the
acceleration vector, the velocity vector and the displacement
vector, respectively; F(t) expresses the dynamic loading
vector that acts on nodes. The consistent mass matrix is used
in the FEM calculation of this paper and it can be expressed
as

C=aM +pK (8)

where « and B are the constant coefficients related to the in-
herent frequencies and the damping factors of the structure.
These coefficients can be determined by the inherent fre-
quencies and the damping ratio of any two vibration modes,

_ 20’[‘1’./(0)/{1 - w,[j)

2 2
w; —w;

B :Z(wjgj -w{;)

2 2 9
w; - w;

o

where w,, w; are the natural cyclic frequencies of these two
modes; {;,{; are the corresponding damping factors.

5 Influence of Vehicle Speed

Stress and strain are not suitable for evaluating the me-
chanical response around the tip of cracking in a structure.
Thus, the stress intensity factor and J-integral are used in this
paper. Both parameters are the basic parameters in fracture
mechanics''” .

Fig. 2 shows that the reflective cracking parameters
change as the dynamic vehicle loading moves on the pave-
ment under the reference temperature 15 C.

The results indicate that there is a similar trend between
the reflective cracking parameters and the loading function.
As the vehicle speed increases, the time history curve of the
parameters gradually moves forward. The J-integral and the
mixed-mode stress intensity factor K* changes in a similar
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fashion since they all decrease as the speed increases. As a
representative value, the maximum value of K" is reduced
from 0. 080 2 to 0. 058 09 MPa-m'” while the speed increa-
ses from 20 to 120 km/h. There is a decrease of 27. 6% .

According to the above data, there is an optimal speed for
maintaining pavement performance while allowing for driver
safety. Most of the roads in China have an upper-limit speed
to ensure the safety of vehicles and passengers. The upper-
limit speed can be enhanced by improving the road condi-
tions. One effective method is to build freeways. Therefore,
building more freeways and making more vehicles run on
freeways can well relieve the reflective cracking damage on
asphalt concrete pavements.
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Fig.2 Time-history curves of reflective cracking parameters
under different vehicle speeds. (a) J-integral; (b) Mix-mode stress
intensity factor K *

6 Response of Dynamic Loading Under Various
Temperatures

In this section, the temperature influence on the proper-
ties of asphalt concrete is considered, but thermal stress is
not considered. The vehicle speed is taken as 80 km/h.

The analysis results are shown in Fig. 3. At different refer-
ence temperatures, the cracking parameters exhibit periodic
variation and the time history curves are similar. In fact, the
maximum value of the cracking parameters and the moments
at which they appear are very similar. This phenomenon ex-
plains that the reflective cracking parameters induced by dy-
namic loadings cannot be significantly influenced by the var-
iations in material properties induced by temperature differ-
ences.

The results show that no matter whether in winter or in
summer, the reflective cracking damages induced by vehicle
loadings do not have significant differences. Researches on
temperature influence must be focused on the thermal stress
analysis.

7 Influence of Damping Factors

In this section, the influence of damping on the response
of pavement structure is investigated. The reference tempe-

160
£ 140
2 120
- 100
E 80
% 60
4
=~ 20
0 _
0
t/s
(a)
0.08 T/C:
~0.07 ——-20; =—-10
2 0.06 ——0; —>5
g —*—15; -e—30
= 0.05 e
£0.04
< 0.03
L 0.02
0.01
0
0 0.050.10 0.15 92)0 0.25 0.30 0.35 0.40
t/s
(b)
Fig. 3 Time-history curves of loading fracture parameters

under different reference temperatures. (a) J-integral; (b) Mix-
mode stress intensity factor K *

rature is set as 15 C and the vehicle speed is 80 km/h. As
shown in Fig. 4, the reflective cracking parameters decrease
and the maximum value moves backward as the damping ra-
tio increases when / =0. At this point, the pavement struc-
ture has a high vibration, but the decay rate is very small.
Because of the pavement vibration after dynamic loading, J-
integral and K~ reach high initial values, which promote the
development of the reflective cracking. As the damping ratio
increases, the pavement structure vibration attenuates rapidly
and the maximum value of K decreases from 0. 114 1 to
0.036 2 MPa-m"?. In addition, when [ increases from 0 to
0. 2, the maximum value of K~ decreases by 68.3% .
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Fig.4 Time-history curves of reflective cracking parameters

with different damping factors. (a)J-integral; (b) Mix-mode stress

intensity factor K *

According to the above results, it is obvious that improv-
ing the damping ratio of materials can effectively reduce the
values of reflective cracking parameters . Thus, adding mate-
rials with a high damping factor into asphalt concrete can be
very helpful to delay the development of reflective cracking.
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8 Conclusion

The primary purpose of this study is to investigate reflec-
tive cracking of asphalt concrete under periodic vehicle load-
ing. The finite element method ( FEM) and the viscoelastic
theory are used to simulate the response of the pavement
structure. The results indicate that the reflective cracking pa-
rameters J-Integral and K™ represent periodic variation as the
load changes. The time-history curve of cracking parameters
moves forward and the maximum value decreases as the ve-
hicle speed increases. Also, increasing the vehicle speed is
beneficial to extending the service life of the pavement. Due
to the high upper-limit speed, freeways should well reduce
the reflective cracking damage to asphalt concrete pave-
ment. Thus, it may be an effective method to extend the
pavement service life by building a road as a freeway.

Temperature variations can hardly influence the reflective
cracking parameters which are caused by vehicle dynamic
loadings. This result indicates that no matter whether in win-
ter or in summer, the reflective cracking damages induced by
vehicles does not have any significant differences. Resear-
ches on temperature influence should be focused on the ther-
mal stress analysis.

In regards to loading periods, the vibration attenuates
more rapidly as the pavement damping factor increases. In
addition, the maximum value of each cracking parameter be-
comes smaller as the pavement factor increases, so the addi-
tion of materials with a large damping factor can delay the
development of reflective cracking.
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