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Abstract: In order to investigate the fatigue performance of
French high modulus asphalt concrete and the correlation
between Burger’s parameters and fatigue life, the virtual
model of asphalt mixture trapezoidal specimen in the two-point
bending fatigue test was constructed in discrement element
software PFC3D. The initial stiffness and the maximum stress
when the specimen reached fatigue were calculated. Through
the comparison between virtual and single field fatigue test
curves, the credibility of simulation in DEM was verified.
Then, the impacts of top controlled displacement and Burger’s
parameters (E,, E,, n,, n,) on the fatigue life of the specimen
were explored. The simulation results indicate that the
maximum stress increases with the increase in the top
controlled displacement. With the increase of E, and the
decrease of E, in Burger’s model, the modulus of the asphalt
binder increases, and the fatigue performance of the asphalt
mixture enhances. 7, and 7, have limited influence on fatigue
life compared with E, and E,.

Key words: high modulus asphalt concrete;
simulation; Burger’s parameters; fatigue life
DOI: 10. 3969/j. issn. 1003 —7985.2017. 03. 006

numerical

igh modulus asphalt binder (HMAB) with a pene-
H tration grade less than 25 (0.1 mm) at 25 C has
played a pivotal role in the French asphalt mixture design
method!'". After being developed in the France for over
30 years, it was introduced to the United Kingdom,
South Africa and Australia"'. The superiority of high
modulus asphalt concrete (HMAC) mainly lies in its bet-
ter performance in deformation, fatigue and moisture re-
sistance than base asphalt"™’.

Research conducted by Corté™ in 2001 indicated that
HMAC showed better anti-fatigue performance and an in-
crement in strain after fatigue failure. Herndndez"' repor-
ted that high modulus asphalt retained good resistance to
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fatigue and rutting. Airey et al. " evaluated the aging and
moisture induced damage resistance of HMAC through
laboratory tests. Previous studies proved the engineering
potentiality of this material but failed to reveal the mecha-
nism for improving fatigue performance'” "', Thus, nu-
merical simulations based on the finite element method
(FEM) were conducted to investigate the mechanical re-
sponses and road performance of this material. Zhang et
al.
and shear stress for HMAC pavement under the standard
axle load in 2012. Zheng et al. """ evaluated the perma-
nent deformation of HMAC using the finite element meth-
od. However, the assumption of homogeneity of asphalt
concrete in FEM was not able to accurately reflect the
material properties.

Compared with FEM, the discrete element method
(DEM) is superior for investigating the micromechanics
asphalt mixture and in describing the dynamics of the as-
sembly of aggregates and asphalt binder. In 2001,
Ullidtz"" simulated the permanent deformation and brittle

simulated the distribution of maximum deflection

damage of asphalt mixture after repeated loading using
DEM. Buttlar et al. '"*'investigated the indirect shear test
by conducting a virtual test on the discrete element mod-
el. Liu et al.""” tested and verified the effectiveness of
Burger’s model in simulating the mechanical behaviors of
asphalt. Chen et al. """ studied the fatigue test of asphalt
mixture using PFC and verified the modeling method
through the comparison of simulation and laboratory re-
sults. Thus, DEM is selected to investigate the fatigue
performance of HMAC.

In this paper, a virtual three-dimensional trapezoidal
specimen model was constructed in PFC3D, a particle
flow software based on DEM. Then, Burger’s model was
applied to describe the viscoelastic properties of the as-
phalt binder. The virtual model was verified through the
comparison with laboratory fatigue test results. Then, the
fatigue performance of the virtual specimen was evaluated
by verified top controlled displacement and Burger’s mod-
el parameters. As a result, the connection between the fa-
tigue performance of HMAC and the viscoelastic proper-
ties of the asphalt binder was established. This study pro-
vides a new insight and theoretical basis for improving the
fatigue performance of asphalt mixture using HMAC de-
sign.
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1 Development of DEM Model

1.1 Virtual 3D trapezoidal specimen

Two-point trapezoidal beam fatigue test is widely
adopted in Europe to evaluate the fatigue performance of
asphalt mixture. According to European standard BS EN
12697241 the test is conducted in the controlled dis-
placement mode ( see Fig. 1). In the test, the base surface
of the specimen is fixed to the device platform using ep-
oxy resin. Simultaneously, constant amplitude sinusoidal
deflection D shown in Fig. 2 is exerted on the top surface
of the specimen horizontally. Fatigue failure is reached
when the recorded force on the top surface decreases to a
certain percentage of the initial value.

Fig.1 Two-point trapezoidal beam(unit: mm)
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VA

0 0.05 0.10 0.15 0.20 0.25
T/s

Fig.2 Applied sinusoidal displacement

Displacement/mm

Asphalt mixture is a three-phase composite material
composed of the asphalt binder, aggregates and voids.
Since fine aggregates and mineral fines have minor contri-
bution to the mixture’s strength and move with the asphalt
binder under external force, the aggregates smaller than 4
mm, mineral fines and asphalt binder are assumed to be
homogeneous discrete elements in PFC.

Based on the asphalt mixture composition shown in
Tab. 1", coarse aggregates, asphalt binder and voids
were generated in PFC3D. The asphalt content was 6.4% ,
and air voids were 4% . The entire process of generating a
virtual three-dimensional trapezoidal specimen of asphalt
mixture in PFC is shown in Fig. 3. In the first step, coarse
aggregates were generated as aggregate balls without over-
lapping in the trapezoidal volume (see Fig.3(a)). Then,
1 mm ball units were created evenly in the whole trape-

zoidal volume, overlaying the space of the aggregates
(see Fig.3(b)). These balls represent the asphalt binder
and 1 mm was proved to be the most suitable size'"*. Af-
terwards, irregular polyhedron aggregates were created by
applying the clumps generating algorithm in PFC based
on the position information in Fig. 3(a). The algorithm
considered the center of each aggregate ball to be the cen-
troid of the external cube, and several random planes
were generated to cut the hexahedral to obtain irregular
polyhedron aggregate. The homogeneous 1 mm balls in-
cluded in the polyhedron aggregates were regarded as part
of an aggregate element, and then were cumulated togeth-
er as “clump” unit in PFC. There was no contact among
balls in the clump, which were a suitable replacement for
the aggregates. Then, the aggregates generated in Fig. 3
(a) were deleted, and thus there was no overlapping in
the three-dimensional specimen. The eventually obtained
virtual specimen shown in Fig. 3 (c) contained two pha-
ses: aggregates represented by clumps and asphalt binder
represented by 1 mm ball units. In order to meet the re-
quirements of air voids in the asphalt mixture, the numbers
of ball units calculated according to the volume fraction
were deleted at random. It was assumed that all the air
voids in the virtual specimen were distributed randomly.

Tab.1 Asphalt mixture gradation

Sieve size/mm 4 6.3 10 14
31.5 55 76 100

Percentage/ %

() (b) ()
Fig. 3 Construction of the virtual trapezoidal specimen in

PFC. (a) Coarse aggregates; (b) Ball units; (c¢) Clumps and ball units

1.2 Microscopic contact parameters

Four types of microscopic contact parameters are taken
into consideration in the following models: the elastic
contact and point bond model among the interior units of
aggregates, the rheological and parallel bond model
among the interior units of asphalt binder, the rheological
and parallel bond model between aggregates and asphalt
binder, and the elastic contact and parallel bond model
between different aggregates. As the “clump” was ap-
plied to describe the aggregates and the force inside the
clump was ignored, contact among the interior units of
aggregates was also ignored in this paper. The contact
model between the aggregates and asphalt binder is equiv-
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alent to the contact among the interior units of asphalt
binder, due to the binder film covering the aggregates.
The physical properties of aggregates have a high stabili-
ty, and thus the elastic modulus and Poisson’s ratio can be
chosen as the constant. The parallel bond model contains
normal and tangent stiffness parameters K, and K, which
are only concerned with the radius of discrete units. Corre-
sponding microscopic parameters are shown in Tab. 2.

Tab.2 Microscopic contact model parameters of aggregate

E/GPa m K,/(MN - m~") K/(MN-m™")

55 0.25 222R 55.5R

Notes: E is the elastic modulus; w is Poisson’s ratio; R is the radius
of discrete units.

The rheological contact model has an important role in
describing the mechanical properties of asphalt binder.
Burger’s model was chosen as a good approximation for
macroscopic mechanics. The creep compliance of the
model is expressed as

=ttt L (1)
E Ei_CXp( D

The corresponding microcosmic Burger’s model in PFC
is equivalent to the viscoelastic beam between two ele-
ments with a radius of R, and R,. The equivalent beam
length is L = R, + R,. The microscopic Burger’s model
can be represented in normal and tangent directions indi-
vidually in Fig. 4'7'. C_, K., C., K., C,., K.,
C,., and K, are the microscopic Burger’s parameters.

mn kn »
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Microscopic Burger’s model. (a)Normal; (b) Tangent

Fig. 4

Supposing that the micro-contact force is f,, the rela-
tionship between f, and macro-contact stress o is f, = oA,
where A = L’ is the cross sectional area of the equivalent
beam. The normal micro-contact force can be expressed as

fn = ‘-":mc Can = Lngkm + L‘ékckn = Skaan (2)
where ¢, &, &, are the corresponding strains for the
mechanical elements in Burger’s model.

The macro-contact stress can be expressed as
U:‘émcnl :ng2+‘ékn2:‘9mkEl (3)
Combining Egs. (2), (3) and f, =aA, the normal pa-
rameters of microscopic Burger’s model can be written as
Cmn = 771 L ’
Ckm = 7721‘ ’

Kmn = El L

4
K, =E,L (4)

Considering that the relationship between elastic modulus

E and shear modulus is G = , the tangent param-

_E
2(1 +pu)
eters of microscopic Burger’s model can be written as
E n
K =7~ =——"—1L
CU2(1Hp) T TR 2(1-p) (5)
E, YN

:7L’ Cmi :7L

" 2(1 +p) C2(1-u)

L,C
K

The microscopic Burger’s model parameters can be se-
lected once the macroscopic Burger’s model is deter-
mined. Komba et al. "'’ performed the laboratory dynam-
ic modulus testing for hot-mix asphalt with a 20/30 pene-
tration grade binder, which satisfied the HMAB defini-
tion. Thus, the microscopic Burger’s model is determined
according to the relationship between micro and macro
parameters. The microscopic rheological parameters of
asphalt mixture are shown in Tab. 3.

Tab.3 Microscopic contact model parameters of asphalt

Parameter  C,, K C. K., Cu K, G, Ky
Value 267 852L 17 034L  184L 31 016L 107 141L 6 814L  74L 12 406L

Based on the model parameters above, a two-point
trapezoidal fatigue test was simulated in PFC. The test
was carried out with a top displacement amplitude of 0. 1
mm and loading frequency of 10 Hz. Applied force on
the top of the trapezoidal specimen was recorded every 10
cycles. The field two-point trapezoidal fatigue test was
conducted and the loading force was recorded as well '’

According to the conventional bending theory, the
stiffness modulus of HMAC in two-point bending fatigue
tests has the following expression' "’ :

E=WL[

Kl
sl e K] (6)
0

d
where w is the applied load, kN; [ is the length of the
specimen, m; §, is the deflection at the top, mm; d is
the top width, m; b is the thickness of the specimen, m;
K, and K, are the coefficients depending on the geometry
of the specimen, K, =0.370 64, K, =1.144 02.

Based on the recorded loading force in the simulation
and field tests, the stiffness variations of trapezoidal spec-
imen are calculated and plotted in Fig. 5. Observing the

Virtual loading steps/10°
0 0.5 1.0 1.5 2.0 2.5

T T 1

— — Real loading cycles
—— Virtual loading steps

initial stiffness

Ratio of effective stiffness to

0.7F

05 10 15 20 25 30 35
Real loading cycles/10*

Fig.5 Variation of stiffness in the field test and simulation test
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two curves, an identical tendency is detected among the
simulation results and realistic results. The comparison
can confirm the validity of the microscopic parameters
adopted in the virtual DEM model.

2 Results and Analysis
2.1 Virtual fatigue test realized in PFC

In the virtual model, the position of the base layer of
ball units in the trapezoid specimen was fixed. The con-
stant amplitude sinusoidal deflection applied to the top
layer horizontally was changed to 1 mm. Loading fre-
quency was chosen as 10 Hz, which meant that loading
time was around 0. 016 s. The maximum stress inside the
specimen is recorded utilizing serro-mechanism.

In the field bending fatigue failure, fatigue failure is
reached when the force on the top of the specimen de-
clines to 50% of the initial force. However, it is time
consuming to adopt that criteria. Thus, it was considered
that the specimen fails when the force on the top of the
specimen declines to 60% of the initial force. The simu-
lation result is of the same significance as it reflects the
same tendency of the fatigue life variation when the pa-
rameters change.

As can be seen from Fig. 6, the applied force on the
specimen dropped rapidly, and then gradually tended to
be smooth with cycling. As the crack did not occur in the
deflection-control fatigue test, the decrease of the maxi-
mum stress follows a similar tendency.

i 5.50
0.58¢ - - -Maximum stress

0.56} —— Applied force 1525
45.00 &
e 0.54 E
B 0.52} {4252
Q % 2
é 0.50 luso £
E 0.48 e :
& 0.46 :
044 1400 2

0.42 jIEes

0.40 . , = 150

0 200 400 600 800

Loading steps
Fig.6 Applied force and maximum stress vs. loading steps

2.2 Effect of top displacement on fatigue life

In the simulations, by altering the displacement applied
to the top of the specimen, with the frequency being
maintained, the values of fatigue life and the maximum
stresses were observed. The initial stiffness was calculated
by Eq. (6).

Fig. 7 shows that when the displacement increases, the
fatigue life decreases, and the maximum stress increases.
It can be seen that the variation of fatigue life is nearly
linear with deflection after the logarithmic coordinate is
applied. From Eq. (6), it can be seen that when the
stiffness remains, the applied force linearly increases with

deflection increasing. This is related to the increasing
maximum stress in the specimen. The multiples of deflec-
tion amplification are related to the maximum stress in-
creasing multiples. If the applied deflection is increased
tenfold, the maximum stress increases approximately ten-
fold at the same time. Ignoring the decimal omission due
to the scientific notation, this can be attributed to the fact
that the maximum strain in the specimen is linear with
macro deflection, and the strain is related to the applied
deflection.

1300 170
—a— Fatigue life A
1200F - a— Maximum stress /160
% /
Z 1100t R B
] p =
= . 1405
AL e
= | - 0]
£ 900t T~ - 30
>< 120
800 R
.7 -\. 110
700 - A "I ‘
0.1 1 10

log(D/mm)
Fig.7 Variations of fatigue life and stiffness vs. controlled de-
flection

The stiffness remains constant in the test, which is
around 4 GPa, and it is independent of applied deflection.

2.3 Effects of macroscopic parameters on fatigue life

As the viscoelastic property of the asphalt binder has an
important role in enhancing the modulus of asphalt mix-
ture, it is necessary to investigate the effects of rheologi-
cal parameters to provide a theoretical basis for improving
the fatigue performance of the asphalt mixture.

The viscoelastic property of asphalt mixture is ex-
pressed by Burger’s model in this paper, and macroscopic
mechanical parameters (E, ,E,,n,,n,) in the model have
a close correspondence with microscopic parameters
(c,.., K,,, C.., K., C.., K., C, K.) as above.
Thus, the determination of E, ,E, ,n, ,n, is important for
reflecting material mechanical properties.

When different grades of asphalt are selected in the
mixture, usually most of macroscopic parameters are
changed, particularly when high modulus asphalt mixture
is taken into analysis. It is discovered that E, tends to in-

ms ? ms ?

crease and E, tends to decrease when the asphalt modulus
rises and penetration drops. In order to investigate the in-
fluence of macroscopic parameters (E,, E,,n,,n,) in
Burger’s model on the fatigue life of asphalt mixture, the
method of control variables is applied in this part. The
maximum displacement on the top of the specimen is
0.1 mm, and the frequency applied is 10 Hz.

Based on the simulation results in Fig. 8, the fatigue
life of the asphalt mixture increases when E, increases.
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This shows high degree of consistency with field test re-
sults. It is found from the simulation that the maximum
stress increases with the increase of E,. And, according
to Eq. (6), the initial stiffness increases from 6 800 to
10 220 MPa with the increase of E,. The results indicate
a completely different trend of the variation of E, com-
pared with E,. It explained why the fatigue life and maxi-
mum stress decreases with the increase of E, ,and the cal-
culated initial stiffness drops from 4 445 to 3 625 MPa,
which corresponds to the previous study' ™. The effects
of Eland E, are opposite, and the high modulus of
HMAC can be attributed to the increase of E,.

3000r . Fatigue life 10.8
2500k AT Maximum stress
g 0.7
Z 2000¢ £
£ =
o 1500F H0.6 2
& o
.20 g
= 1 000F 1)
= 105
500+
. . L . 4
¢ 0.7 0.8 0.9 1.0 0
E, /10
(a)
1 400p —=— Fatigue life 10.8
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1200F
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3 1000} =
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2 800f 0.6 ¥
<
= 700
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1 1 1 1 0.5
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Fig.8 Variations of fatigue life and stiffness. (a) Variable E, ;

(b) Variable E,

Only when 7, and 7, vary simultaneously, the fatigue
life changes but follows no pattern ( see Fig.9). What is
interesting in Fig. 9 is when 7, increases, regardless of
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Fig.9 Variations of fatigue life and stiffness vs. viscosity

the increase or decrease of 7),, the fatigue life climbs,
and vice versa. Compared to E, and E,, 5, and 7, impact
less on fatigue life and only cause an obvious variation af-
ter enlarging 100 times. As the initial stiffness varies
from 3 951 to 3 959 MPa, the effects on the initial stiff-
ness and maximum stress can be both ignored. Thus, al-
though 7, and 7, do not influence the stiffness of the ma-
terial, they affect the fatigue life to a limit.

2.4 Evaluation of high modulus asphalt

From above, when the asphalt modulus increases and
the penetration grade decreases, E, tends to increase,
while E, tends to decrease, and 7, and 7, vary diversely,
which is in accordance with the previous study>’. To
simulate the characteristics of high modulus asphalt, four
parameters were changed simultaneously. The virtual ex-
perimental results above show that the effects of », and 7,
on fatigue life are negligible compared with E, and E, un-
der equivalent amplification. Thus, different scaling fac-
tors were applied to the parameters.

Next, a new situation is taken into consideration: 7, is
expanded to 100 times, with E, to 1. 15 times and E, to
0.95 times. Fatigue life increased from 1 208 to 2 628,
while initial stiffness and maximum stress increased from
3 959 and 628 to 4 049 and 648, respectively. It is clear
that the life of a high modulus asphalt mixture specimen
is prolonged.

According to Lee et al. ', adopting high modulus as-
phalt to improve fatigue life was demonstrated through
field tests. The results in this paper verified the conclu-
sion based on the discrete element method, and explained
the performance of high modulus asphalt mixture in the
rheological level of Burger’s parameters that n,, E, and
E, are related to the variation of fatigue life.

3 Conclusions

1) In this paper, a virtual three-dimensional trapezoid-
al specimen of asphalt mixture was established in PFC.
Based on the virtual model, two-point trapezoidal ben-
ding fatigue test was conducted on the specimen. The
model was verified with the comparison between simula-
ting and laboratory test results. Then, the fatigue per-
formance of the specimen was evaluated with verified top
controlled displacement and Burger’s model parameters.

2) In a single virtual fatigue test, the force applied on
the top of the specimen reduced rapidly and then slowed
down to a balanced value eventually. Stiffness and maxi-
mum stress decreased simultaneously.

3) With the increase of the applied displacement, the
fatigue life of the specimen declined. And, the fatigue
life of the virtual specimen increased when the Burger’s
model parameters E, were enhanced and E, reduced. The
parameters 7, and 7, have less impact on the fatigue life
of the specimen. The stiffness of the material mainly con-
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tributes to the increase of E, and the decrease of E,.
Thus, HMAC with higher stiffness has longer fatigue
life.

4) In general, high modulus asphalt with lower pene-
tration grade is recommended in this paper to improve the
fatigue life of asphalt mixture, and this can be applied to
extend the life of the asphalt pavement in road engineer-

ing.
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BE.ATHREESBSTH T RELE FHAZ Burger's BRAK SR P HAMZBG L L, EBHRTK
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