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Abstract: In order to investigate the stress-dependent
properties of hot-mix asphalt (HMA), a dynamic modulus test
was conducted on a group of AC-20 specimens at various
stress states and loading frequencies, respectively. A user-
defined material ( UMAT) subroutine incorporating stress-
dependent constitutive model was developed and finite element
(FE) simulation was utilized to confirm the validity of the
UMAT. A three-dimensional (3D) FE model for typical
pavement structure was established, considering the HMA
layer as a stress-dependent material and other layers as linear
elastic materials. Periodic load was applied to the pavement
model and the pavement responses were calculated, including
dynamic modulus distributions, surface deflection, shear stress
and tensile strain in the HMA layer, etc. Both test results and
FE model predictions indicate that the dynamic modulus of
asphalt concrete is sensitive to stress state and loading
frequency. Using the nonlinear stress-dependent model results
in greater predicted pavement responses compared with the
linear elastic model. It is also found that the effects of stress-
dependency on pavement responses become more significant as
loading frequency decreases.
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he property of stress-dependency is that the resilient

modulus of a material can be affected by loading
levels. For conventional design and mechanical analysis
of the asphalt pavement structure, structural layers are
usually simulated as linear elastic materials whose elastic
moduli are constant at a certain temperature and remain
unchangeable under different stress states. In fact, the
pavement materials are not completely linear elastic.
Nonlinear behaviors may appear as a result of complex
traffic loading and environmental conditions. Asphalt lay-
ers are directly exposed to the environment and saddled
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with traffic loading, which results in complicated stress
states, thus causing stress-dependent behavior.

To characterize stress-dependent properties, many con-
stitutive equations have been proposed recently, and some
of them have been widely used in analyzing the stress-de-
pendent behavior of pavement materials. In recent stud-
ies, Al-Qadi et al.!" found using the stress-dependent
modulus for the unbound base layer results in great pre-
dictions of pavement responses and little estimated pave-
ment life for rutting and fatigue cracking. By performing
a dynamic modulus test, researchers found that the dy-
namic modulus of asphalt concrete is susceptible to confi-
ning stress and loading frequency™. Collop et al.™
found that the permanent vertical strains in the stress-de-
pendent case are significantly greater than those in the
non-stress-dependent case by using a stress-dependent
constitutive model for asphalt. Antes et al. ™
sults of the triaxial testing program to model the resilient
modulus of asphalt mixtures as a function of the applied
stresses and found the effects of stress-dependency of as-
phalt mixtures to be not negligible. Zhao et al. "' devel-
oped a stress-dependent model for asphalt mixtures based
on the K- model and investigated the influences of stress
states on dynamic modulus distribution within the surface
layer. Zeiada et al. ™ found that the confining pressure
affects the dynamic modulus of asphalt concrete signifi-
cantly, especially at low frequencies and high tempera-
tures. Zhao et al. "' further proposed a model which em-
ploys the vertical shifting factor to characterize the pres-
sure-dependent behavior of asphalt concrete, and the re-
sults show that when the effect of confinement is consid-

used the re-

ered, the dynamic modulus can be more than two times
the uniaxial value at the same temperature and frequency.

So far, the stress-dependent behavior of asphalt con-
crete has not received extensive research. The study pres-
ented in this paper clarifies the effect of stress-dependent
asphalt concrete modulus on pavement responses.

1 Dynamic Modulus Test

In this study, basalt aggregates, filler and general 70*
bitumen are used to fabricate asphalt mixture, the proper-
ties of which meet the requirements of guide of aggregate
tests (JTGE20—2011). The gradation of AC-20 listed in
Tab. 1 is designed in compliance with the Superpave volu-
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metric mixture design procedure’ . The volumetric de-

sign of the asphalt mixture results in a bitumen content of

4.4% by weight of the total mixture to meet a 4. 0% tar-
get air void.

Tab.1 Gradation of AC-20 asphalt mixture

Sieve size/mm

Gradation

26.5 19 16 13.2 4.75

2.36 1.18 0.6 0.3 0.15 0.075

AC-20 100 99.3 90.2 76.6 41.3

32.9 23.9 14.6 9.6 7.6 5

First, asphalt mixtures of 150 mm x 170 mm ( diameter
x height) were compacted using a Superpave gyratory
compactor, and then each compacted sample was cored
and sawn to produce cylindrical specimens with smooth
and parallel ends and the prescribed dimension of 100 mm
x 150 mm (diameter x height) for use in the dynamic
modulus test. The dynamic modulus test was performed
in a stress-controlled compressive mode by following the
general guidelines specified in Standard Method of Test
for Determining Dynamic Modulus of Hot Mix Asphalt
(AASHTO TP 62—2007). The axial loading levels were
adjusted for each test condition to limit the strain levels
within the range of 50 to 80 x 10 ° and the total accumu-
lated strain within 1 500 x 10 ~°.

Dynamic moduli were measured at the confining pres-
sures of 35, 138, and 207 kPa, the loading frequencies of
0.1, 0.5, 1, 5, 10, and 25 Hz, and the temperature of
20 C. Three linear variable differential transformers
(LVDT) were mounted onto the surface of the specimen.
Three replicates were tested for each of the 18 combina-
tions of confining pressure and loading frequency. Before
the test, specimens were conditioned at least 2 h in an air
bath in order to achieve the test temperature. Dynamic
modulus measurements are listed in Tab.2. Results show
that dynamic modulus increases as the loading frequency
or confining stress increases, and the impact of loading
frequency on dynamic modulus is greater than that of con-
fining stress.

Tab.2 Results of dynamic modulus E* at 20 C MPa

2 Modeling of Stress-Dependent Behavior

The most commonly used stress-dependent constitutive
model is the K-9 model shown as

E* =K 6" (1

where E” is the dynamic modulus; 6 is the bulk stress,
which is defined as the sum of maximum principal stress,
intermediate principal stress and minimum principal stress;
K,, K, are the coefficients. The bulk stress is equivalent to
the total value of axial stress and double confining stress.
The solved model coefficients are listed in Tab. 3.

In this UMAT subroutine, the stress-dependent modu-
lus was defined as Eq. (1). The flow process of the sub-
routine written in Fortran language is described as fol-
lows: 1) The initial stress state and incremental strain
from the main routine is obtained; 2) The overburden and
horizontal stresses are calculated; 3) The total principal
stress and direction are calculated; 4) The bulk stress and
resilient moduli are calculated; 5) The incremental Jaco-
bian matrices are calculated; 6) The stress tensor is upda-
ted and returned to the main routine.

Since the stress-dependent modulus is varying, the
nonlinear analysis is conducted by using an incremental
loading and an iterative solution technique for each load-
ing increment'!. An incremental Jacobian matrix ( also
known as incremental-stiffness matrix) in the subroutine
is defined as the ratio of incremental stress to incremental
strain. Using the incremental strain tensor provided by the
main routine, the UMAT subroutine is required to calcu-

Confining Loading frequency/Hz
stress/kPa 25 10 5 1 05 o1 late the Jacobian matrix, update the total stress tensor for
35 10800 8320 7260 4510 3610 1880 the current load increment, and then transmit the updated
138 11500 9150 7700 4860 3910 2150 total stress tensor to the main routine. The Jacobian ma-
207 12400 9860 8270 5260 4260 2380 trix of material constitutive model is written as
rOE(1-p) E'u E'u o . o _
(T+w) (1 =2u) (1 +p) (1 =2p) (1 +p) (1 -2u)
E'u E'(1-w E'u 0 0 0
(T+w) (1 -2u) (1 +w) (1 -2u) (1 +u)(1-2u)
E'u E'u E'(1-w 0 0 0
po| Arw=2p)  (1+p)(1=20) (1 +p)(1-20) 2)
0 0 0 E 0 0
2(1 +w)
0 0 0 0 21 +p)
0 0 0 0 0 E
L 2(1 +,u,) i
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where y is the Poisson’s ratio.

Tab.3 The values of K- model coefficients for AC-20

Loading K, K R
frequency/Hz

25 8.15 x 10° 0.187 2 0.993 0

10 1.46 x 108 0.298 2 0.991 9

5 1.58 x 108 0.2829 0. 968 7

7.31 x 107 0.3113 0.988 3

0.5 2.69 x 108 0.199 2 0.994 5

0.1 1.02 x 108 0.2319 0.973 4

3 Verification of the UMAT Subroutine

As Fig. 1 shows, a 3D FE model dimensionally similar
to the cylindrical specimen was developed by using
ABAQUS Version 6. 10 to confirm the validity of the
UMAT subroutine. The periodic half-sine loads of differ-
ent durations and amplitudes were respectively applied on
the top surface. The cylindrical model was partitioned in-
to 5 488 20-node quadratic brick elements.
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Fig.1 FE model of specimen. (a) Load application; (b) Model
meshing

Tab. 4 presents the absolute error and relative error be-
tween the test measured modulus and model predicted
modulus at various loading frequencies. The maximum
absolute error is 132 MPa, and the corresponding relative
error, which is also the maximum, is less than 7% . Re-
sults show that good agreements are achieved between test
measurements and model predictions, and the nonlinear
approach taken in the UMAT subroutine is confirmed to
be effective.

Tab.4 Comparisons between measured and predicted moduli

Loading frequency/Hz
25 10 5 1 0.5 0.1
Absolute error/MPa 32 45 3 88 31 132

0.28 0.49 0.04 1.81 0.79 6.14

Index

Relative error/ %

The structural type and mechanical properties of each
layer are listed in Tab.5. The dimension of the pavement
domain was 3 m x3 m x 1. 5 m (length x width x depth) .
The symmetrical boundary condition was considered in
this pavement model and double rectangular loading areas

were symmetrically distributed beside the centerline of the
surface, as shown in Fig. 2(a). The traffic loading was
modeled by a half-sine load of the maximum amplitude of
0.7 MPa applied on the model surface. A 20-node quad-
ratic brick element was used for the whole model, which
was partitioned into 38 640 elements. Fine meshing was
used around the loading areas, while relatively coarser
meshing was used as the distance and depth to the load
center increased, as shown in Fig.2(b).

Tab.5 Structural type and mechanical properties of each layer

Structural ~ Material Depth/  Modulus/  Density/ Poisson
layer type cm MPa (kg-m~?) ratio
Surface AC 18  Stress-dependent 2 560 0.35
Base CTB 34 1 500 2 300 0.25
Sub-base LFS 20 750 2 300 0.25
Subgrade SG 40 1 800 0. 40

Notes: CTB represents the cement-treated base; LFS represents the lime
and fly-ash stabilized soil.
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Fig.2 Pavement FE model.
meshing.

4 Result and Analysis

The horizontal distributions of dynamic modulus at va-
rious transverse sections of the HMA layer at a loading
frequency of 10 Hz and the vertical distributions at vari-
ous loading frequencies are plotted in Figs. 3 (a) and
(b), respectively. The maximum predicted modulus is
observed at the surface of the HMA layer under the center
of each loading area. The predicted modulus varies both
horizontally and vertically due to the fact that the stress
state alters throughout the HMA layer. It is evident that
the predicted modulus decreases sharply as the horizontal
distance to the load center increases. In most cases, the
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predicted modulus within the loading area decreases as
vertical depth increases, with the exception of the area a-
round the wheel gap center. The trends of predicted mod-
ulus observed in Fig.3(b) are reasonable and in accord-
ance with expectations. The predicted modulus under the
load center decreases as the vertical depth increases. The
reduction of the predicted modulus becomes more signifi-
cant when the pavement is loaded at a high frequency.
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Fig.3 Distributions of the predicted modulus. (a) Horizontal
distributions at various sections at 10 Hz; (b) Vertical distributions at
different loading frequencies

As shown in Fig. 4, the maximum deflection is ob-
served under the center of each loading area, and surface
deflection increases as the loading frequency decreases.
However, there are no obvious differences in the deflec-
tion basin curve within a range of loading frequencies (1
to 10 Hz). In contrast, the augment of the maximum
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deflection is significant when the loading frequency varies
from 25 to 10 Hz or 0.5 to 0. 1 Hz.
strate that surface deflection is sensitive to the loading fre-
quency, especially above 10 Hz or below 0. 5 Hz.

In this study, the shear stress specifically represents the
maximum shear stress, which value is equivalent to the
difference between the maximum principal stress and the
minimum principal stress. As shown in Fig. 5 (a),
when the pavement is loaded at 25 Hz, the shear stress
close to the surface is positive owing to the fact that the
minimum principal stress is greater than the maximum
principal stress; as depth increases, the shear stress
gradually turns to negative and shares a similar develop-
ment with other loading conditions. Apart from this ex-
ception, the shear stress increases in the upper portion of
the surface layer, then decreases in the lower part. The
shear stress increases as the loading frequency decreases.
The maximum shear stresses at each loading frequency
are all observed at 7 cm depth of the HMA layer. With
the loading frequency varying from 25 to 0.1 Hz, the
maximum shear stress increases by 20% .

The results demon-
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Fig.5 Vertical distributions.
strains at various loading frequencies

(a) Shear stresses; (b) Tensile

Fig. 5(b) illustrates the vertical distributions of tensile
strains within the HMA layer at various loading frequen-
cies. The change in tensile strain consists of three sta-
ges. At beginning, the tensile strain gradually increases

from negative to zero. Then, it constantly increases
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from zero to the maximum. Finally, it decreases as the
vertical depth increases. However, the third stage at 25
Hz is inconspicuous, and it remains fundamentally un-
changed. It is clear that the lower the loading frequency,
the greater the tensile strain ( absolute value). The max-
imum tensile strain increases 8. 3 times when the loading
frequency varies from 25 to 0. 1 Hz, but the differences
in the tensile strain are small at loading frequencies of 1
to 10 Hz. From the above, the impact of the loading
frequency on tensile strain within the HMA layer is re-
markable, especially at low loading frequencies.

Tab. 6 summarizes the predicted pavement responses

at selected positions based on the linear elastic and non-
linear stress-dependent models at various loading fre-
quencies. It is apparent that all types of model predic-
tions listed in the table become greater as the loading fre-
quency decreases. The use of the nonlinear stress-de-
pendent model for the HMA layer leads to greater pre-
dicted pavement responses in comparison with the linear
elastic model. It is found that the maximum pavement
responses are all achieved from the stress-dependent
model at 0. 1 Hz, indicating that the effects of stress-de-
pendency in asphalt concrete and frequency of traffic
loading are significant for pavement responses.

Tab.6 Comparisons of predicted pavement responses between linear and nonlinear models

) Maximum Compressive strain Tensile strain in  Maximum shear Tensile stress at  Tensile stress at
Loading Model i .
frequency, Hz type deflection on top of . bottom . - stress bottom bottom of
at surface/mm subgrade/10 of HMA/10 in HMA/kPa of base/kPa subbase/kPa
L 0.183 460.9 47.2 472.3 58 40.8
0-1 NL 0.323 502.9 269.9 511.9 69.2 56.9
L 0.154 443.8 38.2 446. 6 52 34

0-3 NL 0.262 489.8 164. 1 501.3 66 51.9

L 0. 146 438.4 36.4 435.7 49.8 31.7

! NL 0.225 478.6 106 491.3 63.1 47.7

L 0.133 427.8 32.7 427.7 44.8 27.1

> NL 0.221 477.1 99.7 489. 8 62.6 47.1

L 0.129 424. 1 31.3 415.1 42.8 25.5

10 NL 0.219 476.3 92.6 487.0 62.4 46.8

L 0.124 419.4 29.6 361.9 40. 1 23.3

23 NL 0.161 448.0 62.9 414.6 53.6 35.7

Notes: L represents linear elastic model; NL represents nonlinear stress-dependent model.

5 Conclusion

Based on the predicted pavement responses obtained
from different constitutive models, conclusions can be
drawn as follows:

1) Using the nonlinear stress-dependent model results
in greater predicted pavement responses than using the
linear elastic model, including surface deflection, shear
stress and tensile strain in the HMA layer, tensile stresses
at the bottom of the base and sub-base, and compressive
strain at the top of the subgrade.

2) Predicted pavement responses increase as the load-
ing frequency decreases. However, it is found that sensi-
tivity to loading frequencies of 1 to 10 Hz is less com-
pared to other loading frequencies.

3) The effects of stress-dependency on surface deflec-
tion and tensile strain in the HMA layer become more sig-
nificant as the loading frequency decreases.
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