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Abstract: In order to compare the impact of thickness of
different layers on fatigue lives of different semi-rigid asphalt
pavement structures, the mechanical results from finite
element models in ABAQUS are incorporated with the fatigue
results from fatigue models in FE-SAFE to calculate the
mechanical response and fatigue lives of semi-rigid pavement
structures under heavy traffic loads. Then the influences on
fatigue lives caused by the changes in the thickness of layers in
pavement structures are also evaluated. The numerical
simulation results show that the aggregated base and the large
stone porous mixture (LSPM) base have better anti-cracking
performance than the conventional semi-rigid base. The
appropriate thickness range for the aggregated layer in the
aggregated base is 15 to 18 cm. The thickness of the LSPM
layer in the LSPM base is recommended to be less than 15 cm.
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A sphalt pavement structures with semi-rigid bases are
vulnerable to reflective cracking and fatigue. It is
necessary to investigate the propagation of reflective
cracking in pavement structures, and the use of numerical
simulating methods is proved to be valid. Predictions of
the fatigue behavior under repeated uniaxial loading were
conducted by coupling the viscoelastic continuum damage
mechanics ( VCDM) model with numerical models built
in ABAQUS"™.
els were also utilized to confirm that the interlayer sys-
tems were effective in abating reflective cracking'”'. In
China, in order to deal with the complex weather condi-

Three-dimensional finite element mod-

tions and heavy loads, three types of semi-rigid asphalt
pavement structures were utilized. The conventional semi-
rigid base using stabilized materials was widely used due
to its excellent anti-rutting performance and low-cost

Received 2015-06-23.

Biographies: Wang Siqi (1991—), male, graduate; Huang Xiaoming( cor-
responding author), male, doctor, professor, huangxm@ seu. edu. cn.
Foundation item: The National Natural Science Foundation of China
(No.51378121).

Citation: Wang Siqi, Huang Xiaoming, Ma Tao, et al. Numerical anal-
ysis of reflective cracking and fatigue lives of semi-rigid pavement struc-
tures using ABAQUS and FE-SAFE[J]. Journal of Southeast University
(English Edition), 2015,31(4): 541 —546. [ doi: 10. 3969/j. issn. 1003
—-7985.2015.04.019]

. (4
properties'”.

semi-rigid base were usually lime ash aggregate (LAA),
lime ash soil (LAS) and cement treated base (CTB)"'.
The shrinkage and temperature contraction of LAA and
LAS in this type of base limited their utilization'” . Com-
pared with LAA and LAS, CTB was a more stable alter-
native, but the stiffness, water content and cement con-
tent needed to be carefully calculated”™. Wang et
al. ¥ made a new type of aggregated base by placing
graded stones as a layer between the surface layer and the
semi-rigid base. It is confirmed that by adding the graded
stone layer, the distribution of stress in the aggregated
base is changed, and therefore the anti-cracking property
of the semi-rigid pavement structure is increased. Another
method was introduced to modify the stabilized material
base by placing the large stone porous mixture (LSPM)
layer between the surface layer and the semi-rigid base.

The stabilized materials in the conventional

Guo''"! developed finite element models by using ANSYS
to confirm that an appropriate choice of gradation when
using open-graded large stone asphalt mixes ( which was
similar to LSPM) can dramatically enhance the anti-
cracking performance of semi-rigid pavement structures.
Unfortunately, the relationship between the thickness
of layers and fatigue lives of pavement structures remains
unclear, especially in those with an aggregated base or
LSPM base. Field tests proved that the thickness of over-
lay mixtures is the major factor that influences the anti-
cracking performance of asphalt overlays'™'.
to indoor experimental results'™ , the reasonable thickness
of stress absorbing layers (SAL) was 2 to 3 cm. Howev-
er, the SAL only consisted of rock chips, sand and poly-
mer modified asphalt. Wei''" claimed that the bearing ca-
pacity and reflective-cracking resistance of the pavement
structure cannot increase infinitely when increasing the
thickness of graded stones layer. Wu''"' performed or-
thogonal tests and indicated that the thickness of the as-

According

phalt treated base in the semi-rigid base is crucial in resis-
ting reflective cracking, but the suitable thickness needed
to be carefully determined. Li'"
ment models and found that the position of layers, the
frictional contact conditions and the thickness of layers
were the most contributing parameters affecting the fa-
tigue life of the whole semi-rigid pavement structure.
This paper aims to analyze the impact of thickness of
layers on the fatigue lives of different semi-rigid asphalt

established finite ele-
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pavement structures by developing finite element models
using ABAQUS and fatigue models using FE-SAFE (an
accessory of ANSYS). Three semi-rigid pavement struc-
tures are the conventional semi-rigid base, aggregated
base and LSPM base. ABAQUS models are first used to
calculate the mechanical responses under heavy traffic
loads. Then the output results of ABAQUS models are in-
corporated into FE-SAFE to simulate the fatigue perform-
ance of pavement structures. The fatigue lives of three
pavement structures are also calculated. Finally, the in-
fluences on fatigue lives caused by the changes of the
thickness of layers in pavement structures are evaluated.

1  Establishment of ABAQUS and FE-SAFE
Models for Three Structures

Three semi-rigid pavement structures are shown in
Tab. 1. Structure 1 represents the conventional semi-rigid
pavement structure. Structure 2 represents the pavement
structure using the aggregated base by placing the aggre-
gated layer between the surface asphalt layer and the
semi-rigid base. Structure 3 represents the pavement
structure using the LSPM base by placing the LSPM layer
between the surface asphalt layer and the semi-rigid base.

Tab.1 Typical pavement structures

Pavement structures

Pavement layers

Structure 1 Structure 2 Structure 3
40 mm SMA-13 40 mm AC-13 40 mm SMA-13
Surface layer 60 mm AC-20 60 mm AC-20 60 mm AC-20
80 mm AC-25 150 mm ATB-25 80 mm AC-25
Interlayer 150 mm GM 120 mm LSPM
Semi-rigid 360 mm CTB 300 mm CTB 180 mm CTB

base 200 mm LAA/LAS 200 mm LAA/LAS

Notes: SMA-—stone matrix asphalt; AC—asphalt concrete; GM—gra-
ded materials or graded stones.

When defining boundary conditions, the bottom of the
model was set to be completely constrained, and both
sides were symmetrically constrained in the horizontal di-
rection. The tire pressure was distributed in rectangular
instead of circle. Each rectangular was 0.213 m x0. 167
m in size to make sure that the loading contact patch was
equal to the circular one. According to the static equiva-
lent principle, the standard axle loading was converted to
uniformly distributed pressure P (0. 117 MPa) based on
plane models in elasticity.

The layer-divided model without remeshing'"”" was de-
veloped to simulate the development of reflective cracking
in each layer. This model was based on the following as-
sumptions: 1) Reflective cracking developed from bottom
to top; 2) Only the fatigue caused by symmetric loads
was considered; and 3) The fatigue life of the whole
structure was the sum of the fatigue life of each layer.

The procedures of building a ABAQUS model for
Structure 1 are given as follows: First, the model for
completed sub-base using LAS was built and the fatigue

life was calculated as shown in Fig. 1(a); the fatigue life
of the CTB layer was calculated using LAS layer with
transverse crack; while the fatigue life of AC-25 was cal-
culated using LAS and CTB layer with transverse crack;
the sub-surface layer AC-20 was calculated by the model
of LAS, CTB and AC-25 with transverse crack; and the
fatigue life of the surface layer SMA-13 was calculated by
the model of LAS, CTB, AC-20 and AC-25 with trans-
verse crack, as shown in Fig. 1(b). The ABAQUS mod-
els for Structure 2 and Structure 3 were built using the
same procedures.

(o)
Procedures of building ABAQUS model for Structure
1. (a) Calculation of the fatigue life of LAS; (b) Calculation of the fa-
tigue life of SMA-13

Fig. 1

Then the results of ABAQUS were transferred into FE-
SAFE for fatigue simulations. The SMA-13, AC-20,
AC-25, CTB and LAS were put into the analysis group in
FE-SAFE. Note that the GM in Structure 2 was removed
from the analysis group because it had no contributions in
the fatigue lives of pavement structures. In order to simu-
late the transition of stress at the center of the surface of
the pavement, the loading pressure was transferred based
on the following equation:

P(1) =sin(10mr)  0<1<0.1s (1)

where the amplitude is 1; the phase angle is — w/2; and
the frequency is 10 Hz.

After defining the properties of materials and the load-
ing pressure in FE-SAFE, the calculations were operated
in FE-SAFE to simulate the fatigue performance of pave-
ment structures. Then the fatigue results in FE-SAFE
were inputted into ABAQUS to obtain the isotherm graphs
(see Fig.2(a)). In order to calculate the fatigue life of
each layer, the ABAQUS models were separated along
the centerline, as shown in Fig.2(b). Mark points were
set in the center of each layer. Assume that the fatigue
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life of one particular mark point was P,, then the elastic
stress of this mark point can be calculated by

S=5 ( 5) (2)
PE PFE

where S,; and P are set by FE-SAFE according to the
mechanical properties of materials in each layer. Then the
fatigue life of each layer was calculated by repeating cy-
cles under pressure defined previously according to the
Miner theory. Finally, the logarithmic fatigue life of each
layer from bottom to top was collected by calculating
these mark points. This method was proved to be valid
and had good correlations with indoor fatigue test re-

18
sults™ .
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(¢)
Fig.2 Isotherm graphs from ABAQUS. (a) Before the separa-
tion of the model; (b) After the separation of the model

2 Comparisons of Fatigue Lives among Three
Pavement Structures

The results of fatigue life from the FE-SAFE model are
shown in Tab.2, Tab.3 and Tab. 4.

Tab.2 Fatigue life of each layer in Structure 1

Proportions in fatigue Sum of

Layers  Fatigue life life of structure/ % fatigue life
SMA-13 238 297 18.03 1322 034
AC-20 382 319 28.92 1 083 736
AC-25 142 839 10. 80 701 416
CTB 539 234 40.79 558 577
LAS 19 343 1. 46 19 343

Tab.3 Fatigue life of each layer in Structure 2

Proportions in fatigue Sum of

Layers  Fatigue life A . X
life of structure/ % fatigue life
AC-13 398 298 16.90 2 356 311
AC-20 466 331 19.79 1958 013
ATB-25 812 398 34.48 1 491 682
CTB 679 284 28. 83 679 284

Tab.4 Fatigue life of each layer in Structure 3

Layers  Fatigue life Pr.oportions in fatigue S.um o.f
life of structure/ % fatigue life
SMA-13 485912 16. 42 2 958 627
AC-20 682 309 23.06 2 472 715
AC-25 884 812 29.91 1 790 405
LSPM 11 827 0.40 905 593

CTB 674 418 22.79 893 765
LAS 219 347 7.41 219 347

From Tabs.2 to 4, it can be seen that in the semi-rigid
pavement structures, the proportions in fatigue life of
each structure can be considered as the loading times of
the reflective cracking in this layer. Considering the fact
that the surface asphalt layer has better anti-cracking per-
formance than other layers, if the surface asphalt layer
has a large proportion in the fatigue life, the whole semi-
rigid pavement structure can have better anti-cracking per-
formance. The surface asphalt layer has the least propor-
tion in the fatigue life in Structure 1 (57. 75% ) compared
with Structure 3 (69.8% ) and Structure 2 (71.77%),
which means that the use of the outstanding anti-cracking
performance of the surface asphalt layer is not fully devel-
oped in Structure 1.

Tab. 3 shows that the existence of the GM layer chan-
ges the proportions of the fatigue life of Structure 2 dra-
matically. The proportion of the fatigue life of ATB is
34.48% in Structure 2. It is confirmed that the ATB lay-
er combined with the GM layer is beneficial in resisting
reflective cracking in Structure 2.

Tab. 4 shows that even though the proportion of the
LSPM layer in Structure 3 is only 0.4% , it leads to the
increase in the proportions of the fatigue life of the sur-
face asphalt layer ( SMA-13, AC-20 and AC-25)
(69.39% ) compared with that of Structure 2 (36.69% ).
This means that the utilization of the LSPM layer can
make good use of anti-cracking performance of the sur-
face asphalt layer in Structure 3.

From Tabs. 2 to 4, it can also be seen that Structure 1
has the largest thickness (74 cm) with the shortest fatigue
life (1 322 034), while Structure 3 has the smallest thick-
ness (68 cm) with the longest fatigue life (2 958 627). It
can be concluded that the aggregated base ( Structure 2)
and the LSPM base ( Structure 3) are more effective in re-
sisting reflective cracking than the conventional semi-rigid
base (Structure 1). Different combinations of layers such
as the aggregated base and the LSPM have positive effects
on prolonging the fatigue life if the thickness of these lay-
ers are determined carefully.

3 Effects of Layer Thickness on Fatigue Life of
Three Pavement Structures

Since the thickness of stress absorbing layers (SAL) is
crucial in designing pavement structures to resist reflective
cracking'”', it is necessary to investigate the effects of



544

Wang Siqi, Huang Xiaoming, Ma Tao, Zhu Tanyong, Tang Tao, and Liu Wanchen

layer thickness on fatigue lives of three pavement struc-
tures. Wang'"' built a ABAQUS model and suggested
that when the crushed stone base has a thickness in the
range of 15 to 25 cm, the pavement structure has an out-
standing anti-cracking performance. Zhang et al. ™ con-
ducted simulations and field tests on anti-cracking per-
formance of interface self absorbing composite (ISAC)
and found that the ISAC can dissipate reflective cracking
efficiently in a pavement structure.

In this section, the thickness of each layer in the
ABAQUS model was changed while performing calcula-
tions of the fatigue life of each layer in three pavement
structures. The fatigue lives with respect to the thickness
of each layer were given to determine the appropriate
thickness when designing pavement structures.

3.1 Effects of thickness of layers on fatigue life of

Structure 1

The effects of thickness of the surface layer and base on
the fatigue life of Structure 1 are shown in Fig. 3 and Fig.
4, respectively.
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Fig. 4 shows that the fatigue life of Structure 1 increa-
ses as the thickness of semi-rigid base increases. Howev-
er, if the thickness reaches 36 to 38 cm, the fatigue life
decreases slightly as the thickness keeps increasing. This
means that the increase in the thickness of the semi-rigid
base cannot guarantee the increase of fatigue life in Struc-
ture 1. When the semi-rigid base is thin, the main stress
in the base is tensile stress. However, the compressive
stress starts to appear if the thickness goes beyond a
threshold (36 cm in this case), and the stabilized materi-

als in the semi-rigid base become unstable, begin to

squeeze each other and change the mechanical property of
the whole base. This process definitely sabotages the anti-
cracking performance of the semi-rigid base.

Meanwhile, the fatigue life increases steadily as the
surface asphalt layer becomes thicker ( see Fig.3). Ac-
cording to previous studies'"', the reflective cracking can
be well mitigated by increasing the thickness of the sur-
face asphalt layer. The surface asphalt layer has good an-
ti-cracking performance.

3.2 Effects of thickness of layers on fatigue life of
Structure 2

The effects of thickness of ATB and the GM layer on
the fatigue life of Structure 2 are shown in Fig. 5 and Fig.
6, respectively.
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Fig. 5 and Fig. 6 show clearly that the fatigue life in-
creases when the thickness of the ATB layer increases.
They also show that the fatigue life of Structure 2 increa-
ses dramatically if the thickness of the GM layer is less
than 15 cm. The increase of fatigue life slows down as
the thickness reaches 15 to 18 cm. The GM layer is the
crucial part in Structure 2. It serves as the stress absorb-
ing layer in this structure. Although it has no contribu-
tions in calculations of fatigue, it has an indirect impact
on resisting reflective cracking from rapid propagation.

However, the increase in the thickness of the GM layer
can increase the fatigue life of Structure 2, which can
lead to large fatigue strain in the ATB layer due to the rel-
atively small modulus of the GM layer. This is the reason
why the fatigue life of Structure 2 stops increasing when
the thickness range of the GM is 15 to 18 cm. Hence, the
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recommended thickness for the GM layer is from 15 to
18 cm.

3.3 Effects of thickness of LSPM on fatigue life of
Structure 3

The effect of thickness of the LSPM layer on fatigue
life of Structure 3 is shown in Fig. 7.

6.551
6.50
6.45
6.40
6.35

Logarithmic fatigue life

6. 10 1 1 1 1 1 J
9 10 11 12 13 14 15

Thickness of LSPM/cm
Fig.7 Correlation between thickness of LSPM and fatigue life

It can be seen from Fig. 7 that the fatigue life of Struc-
ture 3 increases when the thick LSPM layer is utilized.
This is similar to the trends of the GM in Structure 2.
However, when the thickness of the LSPM reaches 15
cm, the increase of the fatigue life of Structure 3 slows
down.

The LSPM layer is the stress absorbing layer in Struc-
ture 3. The relatively low modulus leads to the increase
of fatigue lives in other layers which come into contact
with the LSPM layer. Even though the contribution of the
LSPM layer itself in the fatigue life of Structure 3 is in-
significant (0. 4% ), it results in the dramatic increase in
proportions of fatigue lives of the surface asphalt layer
(69.39% ) and sub-base (LAS) (7.41% ) in Structure 3
compared with that in Structure 1 (57.75% and 1.46%,
respectively). This phenomenon can be explained in two
aspects: as for the whole pavement structure, the com-
press stress from top to bottom and tensile stress from
bottom to top can be disseminated when passing through
the LSPM layer, as the GM layer does. As for the stress
concentration, the reflective cracking needs more time
and path to propagate through the LSPM layer due to the
inconsistence at the edge of cracking. This can indirectly
prolong the fatigue life of Structure 3.

Unfortunately, determining the appropriate thickness
range of the LSPM still remains unsettled. Although in-
creasing the thickness of the LSPM layer is beneficial for
resisting reflective cracking, it leads to the degeneration
in anti-rutting performance of pavement structures. It is
suggested from Fig. 7 that the thickness of the LSPM in
Structure 3 should be no more than 15 cm.

4 Conclusions

1) The finite element models using ABAQUS and the
fatigue models using FE-SAFE for three semi-rigid pave-

ment structures are established in this paper. The impacts
of the thickness of layers on the fatigue lives of three
pavement structures are compared by calculating the fa-
tigue lives by FE-SAFE.

2) The comparisons of the fatigue lives of three semi-
rigid pavement structures suggest that the aggregated base
and the LSPM base are more beneficial than the conven-
tional semi-rigid base in resisting reflective cracking if
they are properly deployed. The thickness of these layers
need to be carefully determined.

3) The numerical simulation results show that the ap-
propriate thickness range of the aggregated layer in the
aggregated base is 15 to 18 cm, while the thickness of the
LSPM layer in the LSPM base should be no more than
15 cm.
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