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compression and pre-notched three-point bending beam, the numerical curves are
analogue to measured creep curves, which justifies the accuracy and efficiency of the
visco-elastic model coupling with K-R creep damage theory and the corresponding
numerical algorithm. This paper provides not only an accurate and robust creep
damage constitutive model for the asphalt and asphalt concrete, but also a valuable
model and an efficient numerical method to evaluate the damage and rupture behavior

of large-scale infrastructures fabricated by asphalt and asphalt concrete.

Keywords: asphalt concrete, visco-elastic, K-R creep damage theory, finite element

method

1. Introduction

Asphalt concrete can be classified as a composite material that consists of at least
three components, including aggregate, asphalt mastic, and void. Asphalt plays a
leading role in determining the mechanics performance such as creep deformation and
stress relaxation. Due to the relaxation and diffusion of the long chain hydrocarbon in
the asphalt mastic, the asphalt concrete always manifests the visco-elastic and
visco-plastic behavior under sustained loading [1-3]. Definitely, the visco-elastic and
visco-plastic behavior is an essential property of the asphalt concrete [4-5]. The
visco-elastic behavior and plastic behavior of the asphalt extremely contributes to the
permanent deformation of asphalt concrete such as rutting, which shortens the service
life of asphalt pavement, involving extra cost for pavement maintenance [6-7].

The creep of asphalt concrete can mainly be divided into three stages, including
decelerated creep stage, equi-velocity creep stage, and accelerated creep stage [8]. In
the three stages, the decelerated creep stage arises in the initial loading and sustains
the shortest time. Then the equi-velocity creep stage sustains the longest times, in
which the sustained period is always determined by the loading amplitude and
condition temperature. Actually, the accelerated creep stage is crucial in determining
the damage and failure of the asphalt concrete. In this stage, the asphalt concrete

mechanical properties change dramatically, inducing the complicated and involved
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responses under external loading condition. Meanwhile, a notable phenomenon in this
stage is that the deformation rate will increase rapidly and sustain to the ultimate
fracture. When a material reaches the accelerated creep stage, it can be claimed that
the material will lose the loading capacity immediately [9]. Thus, in asphalt mixture
design, it is rational to just take the first two stages into account and neglect the
accelerated creep stage. Abundant researches have paid more attention to the asphalt
concrete behavior under creep state in the first two stages. Traditional visco-elastic
models [10-12] with the damping and elastic components provided effective and
accurate methods for analyzing the first two stages creep defamation. The most
popular models are the burgers model [13], the generalized Kelvin model and the
generalized Maxwell model [14-16]. These traditional models [10-16] utilized parallel
connection and series connection method with the damping, elastic and slip
components to fit creep curves and back-calculate the parameters of these damping
and elastic components, providing the energy dissipation and instantaneous response,
respectively [17]. The accelerated creep stage is different from the first two stages
with the rapid damage accumulation phenomenon. Groups of the crazes formed in the
first two stages commence to interact and intersect with each other, prompting the
fracture in the material [18]. Therefore, the traditional visco-elastic and visco-plastic
models are not applicable for the accelerated creep stage since they are lack of the
damage evolution description. How to establish a rational damage mechanism and
transfer it into traditional visco-elastic and visco-plastic models is still an involved
and sophisticated problem [19-20]. Consequently, the nonlinear behavior in the
accelerate creep stage makes the task developing nonlinear visco-elastic and plastic
models are of great necessity.

Based on the Schapery’s pseudo strain postulated theory, Kim and Little [21] and
Park et al. [22] developed a visco-elastic model coupled with damage factor in term of
the continuum mechanics frame. This model provided an alternate to estimate the
failure behavior of the asphalt material under creep condition. Subsequently, Darabi,
et al. [23-24] proposed a visco-elastic-plastic damage model for asphalt concrete, in

which the temperature influence can be taken in account, due to the thermodynamic
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foundation of the model. Shahsavari et al. [25] presented a phenomenological
viscoelastic—viscoplastic—viscodamage constitutive model, developed within the
framework of irreversible thermodynamics. Judycki [26] proposed a nonlinear
visco-elastic model with nonlinear slip components for analyzing the creep
deformation of the modified asphalt concrete material, in which the damage behavior
is imported skillfully by means of the nonlinear slip components. Zhang et al. [27]
proposed a one dimensional (1D) visco-elastic coupled damage mode for describing
the three creep stages with analytic method [28]. Through the continuum mechanics
damage theory, Zheng et al. [29-30] developed a series of visco-elastic-plastic
damage models to simulate the creep behavior of asphalt concrete under various
loading and temperature conditions. Lu and Wright [31] proposed a nonlinear
visco-plastic model and integrated this model into the numerical method for
predicting the three creep deformation stages and ultimate failure of asphalt binder.

Ye and Chen [32-33] also developed the visco-elastic coupled damage model to
simulate the creep behavior of asphalt concrete. Cao et al. [34-35] developed a
nonlocal visco-damage model using the area weighted method to simulate the damage
and softening behavior of asphalt concrete. Bandyopadhyaya et al. [36] simulated the
asphalt concrete with random aggregate technique. The damage mechanism also
exists in the fatigue of asphalt and asphalt concrete [37]. Hafeez et al. [38] and Castro
and Sanchez [39] analyzed the fatigue failure of asphalt concrete and attributed the
damage mechanism to the reduction in stiffness modulus. Zeng et al. [40] developed a
ID creep damage model based on the K-R creep damage constitutive model for
predicting the three-stage creep behavior of asphalt binder. Unfortunately, their work
focuses on the 1D condition and the uniaxial stress is the only variable attaching to
the damage evolution.

From the literature above, it is obviously found that many efforts have been
devoted to developing and applying the visco-elastic and visco-plastic model coupled
with damage theory. The experiments are mainly uniaxial tension and compression
creep test under loading condition and numerical approaches mainly use 1D

constitutive model. Very few researches provided the accurate and effective three
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dimensional (3D) model and the efficient and robust numerical algorithm, which
limits their application. Actually, the in-situ condition of asphalt concrete material is
under 3D loading states. Therefore, it is reasonable to conclude that 1D visco-elastic
damage model derived from uniaxial creep test may provide little help to understand
the creep behavior of asphalt concrete under 3D loading states. Furthermore, when the
visco-elastic component and damage variables are considered, analytic solutions can
only be obtained in a few load and boundary conditions. It is necessary to count on
the numerical method and develop powerful numerical solution algorithms.

The objective of this study is to investigate the creep behavior of asphalt concrete
with a novel 3 dimensional visco-elastic damage model utilizing two spring and one
dashpot components coupled with Kachanov and Robotnov (K-R) creep damage
theory. The corresponding numerical algorithm is developed and employed through
integrating this constitutive model in the finite element method via a user defined

subroutine.

2 Theoretical model

2.1 Three-element viscoelastic model

The three-element viscoelastic model (Fig.1) includes a spring and a Kelvin
model (short for 2S1D model), and responses to the load instantaneously. Definitely,
the asphalt and asphalt concrete manifest the solid characteristic, thus 2S1D model is
suitable for evaluating the creep response. This model was adopted and modified with
damage mechanism in the creep behavior of asphalt binder [40]. Now we start to
deduce the solution of this model for 1D condition. When the system is under fixed
stress loading with magnitude © , the equilibrium equation can be written as Eq. (1).

E=¢g+¢,

o=FEg, )

o=Eg+n¢

where, & is the total strain; ¢ and ¢, are strains from the Kelvin and spring

components, respectively; E, and E, are the stiffness of the Kelvin and spring
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components, respectively; & and " are the damping coefficient and rate of the

.8 .
strain !, respectively.

Through the Laplace transformation, Eq. (1) can be written as:

E=a+2
o=FE¢g, ?)
o =E¢g +nsé

The superscript ¢ ° represents the variable in the Laplace coordinate, and the
variable s 1is the Laplace factor.
With the O eliminated, we can get:

c/(E +ns)+0/E, =& +&,=¢

3)
Through the inverse Laplace transformation, we can get the constitutive model

from the 1D condition to 3D condition as Eq. (4).

d .0 t—7 .0 (! -7
0= [ Euy ool = 81 Eyenal= P @

-0
. . &
where, ¢ represents time, 7 represents the reduced time, “# represents the

E ikl @)

strain under the deflection load, represents the relaxation modulus, which can
be obtained from the three-component model from Bergstrom [41].

However, in complicated boundary conditions or time-dependent conditions, Eq.
(4) cannot be solved with the analytic method, especially for the 3D conditions.

Actually, the numerical method is a better option for most conditions.

The integration of Eq. (4) yields to Eq. (5a):

zM(T)
0,(0)= Ejy(0)ey (0)+ [ £, (1 —0)—2"—dx s
0, ift<0
When the applied load meets the requirement gij(t):{é‘g-t, £150° while

Ei/'kl @)

can be expanded to power series, then the Eq. (5a) can be written as Eq. (5b).
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t . t—r1
0(0) = | E;u(0)&) expl—-——1d=
fo (5b)

Only the first order derivative of the variables exists in Eq. (5b), which will
simplify the numerical solution procedure with the traditional numerical difference
methods such as the forward Euler method, the backward Euler method, and the
central difference method. If the number of damping components rises, the higher
order derivatives of the variables will rise, in which the above-mentioned difference
numerical methods will reduce their general capacity to solve the constitutive
equation. Then the specialized difference numerical method will be required. The
difference numerical methods mentioned above have been provided in the most finite
element platforms due to the universal and accurate capacity. Thereby, the 3D
viscoelastic solid constitutive model proposed in this paper can be easily integrated
for numerical applications. It is acknowledged that the 3D visco-elastic solid
constitutive model is more suitable and accurate for numerical solution and
application as other complicated models require the aid of various kinds of

Runge-Kutta methods, in which the parameters changes from case to case.
2.2 K-R creep damage constitutive model

Kachanov firstly proposed the creep damage model for the long-term damage and
failure behaviors of the metal material [42]. Kachanov [43] developed Robotnov’s
model [44] to form K-R creep damage constitutive model, which can evaluate the
creep failure. Abundant researches adopted this model to explain the creep damage
phenomena in the asphalt and asphalt concrete. A modified K-R creep damage on the
basis of Zeng et al. [40] is deducted as follows.

The damage evolution equation defined by K-R is listed as:

(l_a))m (6)
where, @ and @ are the damage variable and the rate of damage variable,

respectively. @+ are the stress in the loading axial. 4, 7 and 7 are the material

parameters responding to the damage evolution, respectively.
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In 3D load condition, the suitable equivalence stress is necessary. Actually,
different definitions of the equivalence stress will deduce various modified 3D K-R
creep damage models [45-46]. In this paper, a new equivalence stress (Eq. (7)) [47] is
formed from the J> stress and the maximal principal stress, which can consider the
influences of the maximal principal stress and the shear stress on the creep behavior

of asphalt materials. And the definition is shown as:

o, =0, +(l-a)J,

(7)

1
J, = g\/(o-l _0_2)2 + (o, _0-3)2 +(o, _0-3)2

(8)

where, « is the weighted parameters ranging from 0 to 1.0. When « equals to 1,

the equivalence stress will degenerate into the uniaxial loading condition. o,, o,,

and o, are three principal stresses, respectively.

Based on Yu and Feng [42], the evolution equation of the damage is defined as:

do Ao,

eq

dr (1-w)" (9)
The solution can be deducted as:

[ (1-0)"do= 40}

(10)

(l_w)Hm ©u )
S Gl N
1+m Tes

Ly
o (11)

@,

Consider the initial condition thata, , @,

u?

and ¢, equalto 0, 1 and 0, respectively,

from Eq. (11) we can obtain the ultimate failure time as Eq. (12).

t, =[(1+m)Ac! T (12)

¢ — [I_L]l/(mﬂ)
y , and the ¢ equals to 0 and 1 in the

A life factor is defined as
perfect condition and ultimate damage condition, respectively. The damage variable
and its evolution equation can be obtained as Eq. (13) by means of life factor.

a):l_¢:1_[l_i]l/(m+l)
L

(13)
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The strain equivalence theory proposed by Lematire and Chaboche [47] was used
to update stresses in the effective space with the damage variable, @. Based on the
strain equivalence theory, the strain in perfect material caused by the stress &
implemented in the effective space should be equivalent to the one in damage material
caused by the stress o implemented in the nominal stress space, as shown in Fig. 2.
The symbol D in Fig. 2 represents the damage factor in material. By means of the

strain equivalence theory, Egs. (14-15) are shown below.

o. O, o
fy=gl == (14)
’ Eg/k/ Eg/k/ (1 - a))Eijkl

or

o, =E,(1-w), (15)

y

When the material is under the 3D load condition, the constitutive equation in the

effective space is defined as:

O..
i (16)
E”kl

)

S =

where, the EW and E;, are the 4 order stiffness tensors in the nominal and

effective space, respectively. And the damage variable is utilized to describe the
degradation of the material stiffness as Eq. (17).
w=1-—2 (17)

ijkl

3 Numerical algorithms

When the material is in the elastic state, the lame constants are always utilized for

defining the constitutive relationship between the stress tensor and strain tensor as:
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o, =&, +2ue
o, =4 +2ue
< .. =&, +2us.. (18)
O, = Hé,,
O = HE,.
O, = HE,

Expending Eq. (18) yields a relationship between the stress & its rate and the

strain & its rate as Eq. (19).
o, +00, =g, +2us +AE, +2[E
o, t06, =&, +2ue, + A&, +20E
0., +00, =As, +2us_+ A, +2jis
DG, = (1€ 19
O, tV0,, = UE  + lE,, (19)

GXZ +UGXZ = ﬂg,\”z + lugxz

0,.+00, =ue, +[E,

where, O, A, p, A and ji are the parameters of the material. The superscript .’
represents the rate of the variable. ¢, is the volume strain, defined as:
£,=&,t&, +&, (20)

The central different format is applied in this study to keep the numerical

algorithm stable. The values of function f and rate of function f'in the central point of

the time #,i.e., f , and f , ,aredefined in Eq. (21), respectively.
At

t+—At t+l
2 2
. Af
ft‘+%At B A_[
- 1 Af (21)
S =IH T 0 A=ty

where, f, and Af represent values of the unknown function f'and increment of the

unknown function fin the time ¢.
Utilize Eq. (21) to fabricate the updated formula of the constitutive equation in
the time ¢, defined as Eq. (22).
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(

At A~
Ato! + (% +0)Ao, =2uAte’ + Atdel + (Atpu+2 1) Ae!, + (At =+ L)AE!
22
A t At ~ A i A i A IL! o A t ( )
| to,, +(7 +0)Ao,, =Atue,, +( IE + WA,

And the components of the Jacobi Matrix contributing to the coverage during the

iteration procedure are deduced as Eq. (23).

A OAo —
Ao, 089y 8o, _ 1 iauiiy+ 424
OAe (“7A£yy OAg_ ﬂ - 2

2
y) ~
Aoy, _ Atl [AH(Z)+ ]
OAe = +5 2

A i (23)
OAo . _ Atl [At(§)+i]

OAg.. AL . 2

2
OAo A OAo
22000 0 LA+ g
OAe,, OAe. OA = . 2

It is too complex and involved to use Eq. (23) to update the Jacobi Matrix in the
whole creep analysis procedure. Furthermore, the numerical results even depend on
the increment of the time in some conditions [48].

When the force loading with Heaviside function is implemented for testing the
creep response, the Jacobi Matrix including the time influence is required to be
employed as Eq. (24). It should be mentioned that which Jacobi Matrix is more

rigorous and rational is still an involved topic in computational mechanics hitherto.

@, 4, a; 0 0
@y Ay Ay 0 0
D= 3 4y 4y 0 0 (24)
0 O a, 0 0
0 O 0 a4 O
0 0 0 0 0 a4

1 A = A
where, a,, a,, and a,, equal to A7 [At(5+,u)+/1+2,u], a, , a;; and ag
+0
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1
At
Y

TN
equal to [At(’E)+,u], a, , a, , a5, 4, , 4, and a,, equal to

1
At
)

[At(%) +1].

When the damage occurs in material, Eq. (24) can be rewritten as:

all alZ al3 0 0 0
a, G, a, 0 0 0
a a a 0 0 0
D=(l-w)| 5 %2 %
( ) 0 0 0 a, O 0 (25)
0 0 0 0 as; 0
0 0 0 0 0 Qg

When the visco-elastic damage property of material is considered, numerical
method implementation is required from Eq. (17) to Eq. (25) for substituting the
analytic solution from Eq. (6) to Eq. (12).

Actually, the analytic method becomes nonapplicable for obtaining the solution
when the boundary condition becomes complex or in the 3D state, where the
numerical method plays a leading role. For expanding the application of the proposed
constitutive model (Eq. (25)), a user defined material subroutine (short for UMAT)
written in Fortran language is integrated into the FEM software. The constitutive

model is complied with the flow as shown in the Fig. 3. Assume that the analysis has

1th

been executed for n™ loops, and the n+1" loops will commence. The time and time

increment in the n loops are ¢ and A, respectively.

n+l

. o ! L. n+l .
(1) Obtain the strain increment 7 and the time increment A" provided by

n

. E..
FEM result at the n+1% loops; the strain components % and the stress components

O provided by FEM result at the nth loops;

n+l

(2) Calculate the pseudo stress components ~# at the n+1™ loops based on Eq.
(22);

(3) Update the equivalence stress at the n +1%

loops based on Egs. (7-8);

(4) Update the equivalence damage variable at the n+1™ loops based on Eq. (13);
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n+l

(5) Recalculate and update the stress components —#  at the n+1™ loops based on
Eq. (12) considering the damage factor;
(6) Update the Jacobi Matrix;

(7) Jump out of the subroutine and return to the main program.

4 Validation on the proposed 3D visco-elastic coupled damage constitutive model

4.1 Uniaxial compression test

The uniaxial compression experiment is usually utilized to describe the creep
behavior of asphalt concrete [49]. A series of uniaxial compression numerical tests
using the visco-elastic model coupled with K-R damage theory are simulated under
loads with different magnitudes. The three-stage creep characteristics of the asphalt
and asphalt concrete are very crucial for numerical procedure with FEM. Parameters
defining the visco-elastic constitutive and damage evolution are listed in Table 1 [40].

The numerical creep curves of specimens under the uniaxial compression are
found matching well with the experimental data [40] with variations less than 5%, as
shown in Fig 4. An outstanding advantage of the proposed model over traditional ones

[32, 40] is that this model can keep numerical and experimental results close while

maintaining all inputs constant under different loading magnitudes except Y. U is

utilized for defining the initial elastic instantaneous response. The visco-elastic
damage model in this paper is simply and effective for the design and analysis on
asphalt and asphalt concrete material and structure under compression.

From Fig.4, the three-stage creep behavior can be observed both in the numerical
and experimental results under conditions when the compressive loading higher than
0.20MPa. Such three-stage creep behavior was not found under 0.10MPa loading
magnitude. The reason can be explained as that when the loading magnitude is not
high enough or the loading time is not long enough, the accelerated creep failure
phenomenon will not exhibit obviously. The accelerated creep failure can be barely
observed under 0.15MPa compressive loading magnitude. When the loading time
increases, the third stage, i.e. accelerated creep failure, can be observed even the

loading magnitudes are small, 0.10MPa and 0.15MPa, as shown in Fig. 5.
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Comparison between Fig. 4 and Fig. 5 indicates that the larger the compressive
loading, the faster the third stage creep behavior of asphalt concrete occurs.

Indeed, under the vehicle loading magnitude, which is often smaller than those
used in the uniaxial compression, the asphalt and asphalt concrete will manifest the
accelerated creep sooner or later in the in-situ performance, in which the loading is
approximate repeated with the lower loading magnitude, longer loading time and
changing temperature. It can be claimed that asphalt and asphalt concrete will be
markablely dominated and mediated by the loading magnitude. Furthermore, the
loading time is also involved in the formation the accelerated creep failure besides the
ambient temperature. The total creep behaviors of asphalt in the numerical test are
exhibited with prolonged step times, as shown in Fig.5. This model predicts that the
creep time can activate the accelerated creep failure. The loading magnitude, however,
is unable to activate the creep accelerated failure due to not enough sustained loading
time. Actually, the damage mechanism is expected to prompt the formation of the
creep accelerated failure by inducing the degradation of stiffness by considering the
statistical influence of the interaction and intersection of craze arising in the meso and
micro scales [50]. This intrinsic phenomenon provides the proof that long time may
be the most important factor for the accelerate creep behavior due to the essence of
the rheology property of the asphalt and asphalt concrete [51-52].

The damage evolution curves under different loading magnitudes are shown in
Fig.6. Similar tendencies were observed on the creep strain. Fig. 6 supports the
concept that the damage mechanism is critical for the formation of the accelerated
creep stage, and the damage evolution influences the service life of asphalt and

asphalt concrete material [53-54].
4.2 Pre-notched three-point bending beams test

The applicability of the proposed 3D visco-elastic coupled damage constitutive
model on bending mode was investigated through the pre-notched three-point bending
beam test. Compared with the direct tension test, the indirect tension test and the

semi-circular bending test, the three-point bending beams are easy to prepare without
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inducing the defects [55-57]. The geometry size of the beam is shown in Fig.7. The
length, depth, and height are 300mm, 50mm, and 80mm, respectively. An initial notch
was fabricated in the middle of the beam bottom. The width and height of notch are
2mm and 20mm, respectively. The MTS system was used to apply a 20mm/min load
on the indenter, and two rolling supports provided the reaction forces.

In the FEM model (Fig. 8), pre-notched beams were created. Considering the
converge problem due to the singularity on the crack tip, a semi-circle with 1mm
radius was assumed for the crack tip in the FEM model. 4000 four-node plane stress
elements were utilized. The boundary condition is similar to the experiment. There are
two rolling supports providing fixed displacement constraints in the X and Y
directions without the rolling constraints, and the top indenter is implemented with a
20mm/min velocity load. The parameters utilized in the model are listed in Table 2.

The load-crack mouth opening displacement (P-CMOD) curve is usually a
measurement to compare numerical simulation and laboratory test [58-59]. From Fig.
9, it is found that the numerical and experimental P-CMOD curves match well. In
order to further explore the fracture mechanism, the Von-Mises contour of the three
point bending beam in the ultimate fracture stage is shown in Fig. 10, as well as the
normal stress and strain contours in the X and Y directions shown in Fig. 11, and
damage contour shown in Figs. 12. An intensity distribution region of the Von-Mises
equivalence stress exists on the tip of the initial notch forming a branch pattern along
about 30 degree with the Y direction, and the magnitude of the Von-Mises equivalence
stress is around 5.7kPa (Fig. 10). Similar results can be observed in the normal stress
and strain contours in the X direction (Fig. 11).

The magnitude of the normal stress in the X and Y directions are 5.3kPa and
2.3kPa, respectively, which proves that the beam is mainly under tension state. In the
three-point bending beam test for cement concrete, the ratio of the normal stress
magnitudes in the X and Y directions in the final fracture step ranges from 10 to 20
times [35]. According to Fig. 11, the ratios of the magnitudes of the normal stress and
normal strain in the X and Y directions are only 2 times and 6 times, respectively. It

can be claimed that stress levels in the two directions are comparable to each other,



=
O WOo Jo Ul WN B

OO OO U OO OO DD DNEDNDDDDDDDEDDNWDWWWWWWWWWDNDNNDNDNODNNDNNMDNDNMDNNNNRERERRRERERRRRE
GO WNRPOWO-JOH U WNRPRPOWOWOJOHOU P WNRPRPOWOWO-JOHOU D WNRPRPOWOWO-JOOU D WNREPOWOWJoYO b WN

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

and both can influence the damage evolution. Thus, the uniaxial stress condition is not
the real case when asphalt concrete is in fracture failure. The 3D visco-elastic damage
model is critical and necessary for predicting the damage behavior of asphalt and
asphalt concrete. The damage distribution contour (Fig. 12) also has the similar
intensity region with that in the Von-Mises equivalence stress contour (Fig. 10), as the
Von-Mises equivalence stress contributes the evolution of the damage variable.
According to the damage distribution contour in Fig. 12, the most probable fracture
path was drew manually out with an oblique line. Fig. 13 shows the fracture path in
the pre-notched three-point bending beam test. It is found that the fracture path will
propagate generally along with the loading axial, which is similar to the damage
distribution in the numerical simulation (Fig. 12). Therefore, the efficiency and
accuracy of the numerical method are acceptable when simulating the fracture and
failure of asphalt concrete under complex loading conditions.

Bending is a main loading mode in the birth of distresses such as rutting and
fatigue cracking on asphalt pavement. Asphalt pavement layer(s) is closer to the plane
structure. The stress state in the middle and the profile of the asphalt pavement layers
always manifest the difference, being the plane stress state and the plane strain state
respectively. The three-point bending beam test need to reflect this kind of transition
in stress state. Without considering this transition, the three-point bending beam test
will not provide the satisfactory information for the bending mode of asphalt
pavement.

Three-point bending beams with different depths (50mm, 75mm, and 125mm)
were casted and the bending tests were conducted in laboratory. The length and height
of the beams are the same, 300mm and 80mm, respectively. The corresponding
simulations were conducted using the proposed model. Fig. 14 shows the P-CMOD
curves of the experimental and simulated results. It can be seen that the failure
strengths in simulation match well with experimental results, indicating the proposed
model is applicable to describe beam bending with varied depths, i.e., beams either in
plate stress or plate strain states or 3D load states. The difference between measured

and simulated P-CMOD curves may be due to the random distribution of aggregates
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surrounding pre-notches in the beams in experiments.

In order to study the influence of the beam depth on the bending behavior of
asphalt mixture, pre-notched three-point bending beams with various depths (10% to
90% of the unit depth, 50mm) were built and the bending tests were simulated in the
proposed model with keeping the rest inputs constant. Fig. 15 shows the numerical
P-CMOD curves. It can be seen that the failure strength increases as the beam depth
increases. Additionally, the softening behaviors of beams with different depths are
different. In specific, the thicker the beam, the faster the reaction force drops after the
failure, which can be explained as follows: (1) the more area of asphalt mixture
reaches the material’s stress limit, the higher the failure strength. (2) However, once
the softening behavior starts, beams with higher depths have larger unloading areas
than the ones with smaller depths, releasing more energy. Similar phenomena were

observed in Cao et al. [33].
5. Conclusions

In this study, a novel visco-elastic damage model (2S1D model) was proposed.
The three stages of creep behavior of the asphalt and asphalt concrete was described
with the K-R creep damage theory, which was then implemented into the novel
visco-elastic damage model to simulate failure mechanism of such materials in
ABAQUS platform with a self-developed UMAT. Based on numerical tests and lab
experiments, we can draw conclusions as follows:

(1) The good consistence between numerical and experimental results indicates
validity and effectiveness of the proposed visco-elastic damage model.

(2) An advantage of the proposed visco-elastic damage model is that merely one
parameter of the model needs to be reset for fitting the experimental results in the
different loading magnitudes while the parameters related to the damage evolution
behavior keep constant from case to case. This merit is of crucial importance in
practice and suitable for the large-scale computation. Another advantage is that the
FEM model using the proposed constitutive model can simulate the damage evolution

of asphalt and asphalt concrete without serious converge problems.
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(3) Even under low loading magnitudes the asphalt and asphalt concrete still
inevitably enter the accelerated creep stage when the loading time is long enough.

(4) The uniaxial visco-elastic damage constitutive model fails to describe the
failure phenomenon of asphalt concrete, yielding developing 3D visco-elastic damage
constitutive models necessary.

(5) The proposed model is applicable to simulating the three-point bending beams
with varied depths, i.e., beams either in plate stress or plate strain states or in 3D load
states.

(6) In the three-point bending test, the failure strength increases as the beam
depth increases. Specifically, the thicker the beam, the faster the reaction force drops

after the failure.
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Table 1 The visco-elastic parameters utilizing in the uniaxial compression simulation

L;ading 2 p 7 (Ml;a/ - a .
cale S 12
MP 10
(MPa) (MPa) (MPa) (MPa/s) (GPa/s) (1077)
0.10 0.7 1.4 70 14000 14 -0.7 1.8 300 0
0.15 0.7 1.4 70 14000 9.0 -0.7 1.8 300 0
0.20 0.7 1.4 70 14000 7.8 -0.7 1.8 300 0
0.25 0.7 1.4 70 14000 7.0 -0.7 1.8 300 0
0.30 0.7 1.4 70 14000 6.5 -0.7 1.8 300 0
Table 2 The relation between the D,” and Poisson's ratio
Poisson's ratio D ; b Dé b
v=0.2 1.45 1.03
v=0.3 1.43 0.93
v=04 1.35 0.80
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Fig.1 Three components visco-elastic solid model in uniaxial condition
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Fig. 2 The diagram of effective strain
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Stress and strain values in the n loop; the incremental of the strain in the n+1t% loop

\Z

Calculate the stress value in the n+1t loop based on Eq. (22)

N

Calculate the equivalence stress value in the n+1% loop based on Eqs. (7-8)

N\

Update the equivalence damage variable at the n+1t loop based on Eq. (13)

A4

Update the stress components at the n+1% loop based on Eq. (12) considering the damage factor

I

Update the Jacobi Matrix

NI

Jump out of the subroutine and return to the main program

Fig. 3 Flow chart of visco-elastic coupled damage model subroutine
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Fig. 4 Comparison between test and numerical for creep strain curve under different

loading scales
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Fig.5 Three phases creep strain curve under different 0.1MPa and 0.15 MPa loading

scale
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Fig. 6 The damage evolution curve under five different loading scales
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Fig. 7 The three-point bending beam specimen



Fig. 8 FEM model of the three point bending beam
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Fig. 9 The compared between the numerical result and experiment result for CMOD

curve
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Fig. 10 The Von-Mises equivalence stress distribution contour at the final step

fracture of the three point bending test
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(a) the normal stress distribution contour in the X direction
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(b) The normal stress distribution contour in the Y direction
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(d) the normal strain distribution contour in the Y direction

Fig. 11 The normal stress and strain distribution contours at the final step
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Fig. 12 The damage distribution contour at the final step
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Fig. 13 The ultimate fracture of the three point bending test
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Fig. 14 The comparison of P-CMOD curves with different depths between the

experiment results and numerical results



Depth=0.1

—=— Depth=0.2

400 —— Depth=0.3

250 —— Depth=0.4

—v— Depth=0.5

300 4 —— Depth=0.6

z —— Depth=0.7

3 250 4 —— Depth=0.8

BS —— Depth=0.9
£ 200 - ;

&

—

W

S
1

100 4 |

50

T T T T T T
0.003 0.006 0.009 0.012

Crack mouth opening displacement/mm

Fig. 15 The load-crack mouth opening displacement curves for different depths of the

beam/m





