Journal of Southeast University (English Edition)

Vol. 33, No. 1, pp. 86 =90

Mar.2017 ISSN 1003—7985

Modification of the linear viscoelastic
deformation prediction model of asphalt mixture

Yan Tianhao

Huang Xiaoming

Zhang Zhigang  Wang Siqi

(School of Transportation, Southeast University, Nanjing 210096, China)

Abstract: A deformation prediction model for the dynamic
creep test is deduced based on the linear viscoelastic (LVE)
theory. Then, the defect of the LVE deformation prediction
model is analyzed by comparing the prediction of the LVE
deformation model with the experimental data. To improve
accuracy, a modification of the LVE deformation prediction
model is made to simulate the nonlinear property of the
deformation of asphalt mixtures, and it is verified by
comparing its simulation results with the experimental data.
The comparison results show that the LVE deformation
prediction model cannot simulate the nonlinear property of the
permanent deformation of asphalt mixtures, while the modified
deformation prediction model can provide more precise
simulations of the whole process of the deformation and the
permanent deformation in the dynamic creep test. Thus, the
proposed modification greatly improves the accuracy of the
LVE deformation prediction model. The modified model can
provide a better understanding of the rutting behavior of
asphalt pavement.
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utting or permanent deformation can greatly reduce
R the service life of the pavement. In the analysis of
permanent deformation, two main aspects are of particu-
lar interest: the laboratory test techniques to measure the
resistance of asphalt mixtures to permanent deformation
and the mechanics models of rutting prediction'".
Various laboratory test methods are currently used to
estimate the permanent deformation property of asphalt
mixtures, such as the static creep test, dynamic modulus
test, and dynamic creep test’”. Compared with the dy-
namic creep test, the static creep test made a larger error
due to its static loading condition”'. The permanent de-
formation in the dynamic creep test had a good correlation
with field performance'”. Many researchers modified the
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dynamic creep test to simulate the real condition of road.
Jiang et al. ™' proposed an optional multiple repeated load
test to consider the axial load spectrum in real pavement.
Li et al. ' modified the dynamic creep test to simulate the
layers condition and the temperature gradient of the actual
pavement. Also, some studies'”* used a smaller platen to
better simulate the actual confinements in pavement.

In terms of the mechanics models,
model is widely used in the deformation prediction of as-
phalt mixtures. The linear viscoelastic ( LVE) model,
though widely used”™", is incapable of long-term rutting
prediction due to a lack of consideration of densification
and material damagem‘. Thus, some nonlinear viscoelas-
tic models were developed'"”™
conducted by some numerical technologies and could not
yield a function for deformation prediction. Though many
models of the permanent deformation prediction of the dy-
namic creep test have been developed'™'", research on the
prediction of whole-process deformation (the deformation
throughout the dynamic creep test) is rare'” .

The objective of this study is to improve the accuracy
of deformation prediction of the dynamic creep test. Spe-
cifically, a LVE deformation prediction model for the dy-
namic creep test is first deduced. Then, a modification to
the linear term of the LVE deformation prediction model
is made to fit the nonlinear property of permanent deform-
ation. Finally, the accuracy of the modified model in pre-
dicting the whole-process deformation and the permanent
deformation is verified by comparing the predicted result
with the experimental data.

1 LVE Deformation Prediction Model

the viscoelastic

However, they were

The load used in the dynamic creep test is a repeated
load consisting of a haversine loading period and a rest
period, to simulate the traffic load on asphalt pavement.
The function of the load form is represented as

nT <t<nT +1,

0 nT+t,<t<(n+1)T
neN (D

where o, is the peak value of the haversine load; ¢, is

the haversine loading period; T is the duration of a load
cycle, T=t,+1t,, and ¢, is the rest period.

The creep compliance of the Burgers model, J(¢), is
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represented as

l 1 1 - Et/'
J)y=—+—+—=—(1-e7"™) (2)
E, n E

where J(f) is the creep compliance at time, GPa™'; tis

the test time, s; E,, E,, 7,, n, are the parameters of the
Burgers model.

According to the Boltzmann superposition principle in
the linear viscoelastic theory, the strain of asphalt mix-
tures can be represented by the convolution integral.

o) = [ I -8 T a (3)
0 £
where ¢ is the integration variable; () is the strain of
the analyzed material.

Substituting Eq. (2) into Eq. (3), the strain for the 1st

load cycle (0 <t<T) can be represented as

e, (t 0<t<t
(1) :{ (D) 0 (4)
&,(1) t, <t<T
where
. (2t
" tosm(f)
2sin(“—) (E, +E) 1- 0
(t) _ T max + tO + Z’TT _
B S 2 E\E, m
. wz(eEl’/’“ + cos(@))ni
wsin( wt) 7, Iy
2 2 2 3 2 2 (5)
E +o'n E +w'E,n,
P L Gl B S T Yo/
= om, 2(E + w0 Eyn)

where w =27/t,.

Based on the Boltzmann superposition principle, the
LVE deformation prediction model in the (7 + 1)-th load
cycle (nT<t<(n+1)T) can be deduced as

Y et =(i=1)T) +e,(1-n)
nT <t<nT +1,
s(t) =1 .., (7)
Y elt-(i-1DT

nT+t, <t<(n+1)T

2 Material and Test Method
2.1 Material properties

The commonly used dense-grade asphalt mixture AC-13
was selected in this study. No. 70 asphalt was used as the
asphalt binder, the properties of which are listed in Tab. 1.
Optimal asphalt content was determined to be 5.0% . The
aggregate gradation was designed as shown in Tab. 2.

All specimens were fabricated by a superpave gyratory
compactor ( SGC). The cylindrical specimens were 100
mm in diameter and 100 mm in height.

Tab.1 Main technical indices of asphalt binder
Binder Pys/0.1 mm  PI Tres/C  Disc/cm
No. 70 asphalt 63.4 -0.88 47.6 >100 1.035
Notes: P,s ¢ is the penetration at 25 C; PI is the penetration index;

Tres is the softening point; D5 « is the ductility at 15 C; v is the rela-

tive density.

Tab.2 Aggregate gradation of AC-13 asphalt mixture

Sieve size/mm 19 16 13.2 9.5 4.75 2.36
Passing percentage/ % 100 100 92.7 77.4 46.6 32.1
Sieve size/mm 1.18 0.6 0.3 0.15 0.075

Passing percentage/%  21.0 14.6 8.2 6.4 5.4

2.2 Dynamic creep test

The dynamic creep test was conducted by a universal
testing machine. The repeated load described in Eq. (1)
was applied. 7, and T were chosen as 0.45 and 6 s based
on the intersection traffic survey. The temperature was
maintained at 60 C. The vertical deformation of speci-
men was measured by linear variable differential transduc-
ers (LVDTs). The first test was conducted with a stress
level of 0. 7 MPa and 100 cycles of deformation were
measured in the first test to verify the accuracy of the
whole-process deformation prediction. Three other tests
with different stress levels (0.6, 0.7 and 0.8 MPa) were
conducted to verify the accuracy of the permanent de-
formation prediction.

3 Fitting Parameters of Burgers Model

The experimental data in the 1st cycle of the dynamic
creep test is used to fit the Burgers parameters. The non-
linear deformation equation for the 1st cycle is deduced
and shown in Egs. (5) and (6). The parameters of the
Burgers model are regressed and listed in Tab. 3, with the
coefficient of correlations R* being equal to 0. 986. Fig. 1
shows that the fitted curve matches well with the experi-
mental data. It can be concluded that the LVE deforma-
tion prediction model can precisely simulate the recovera-
ble deformation in a single load cycle.

o Measured strain
Fitted curve

Time/s
Fig.1 Experimental data and the fitted curve in the first load
cycle

Tab.3 The parameters of Burgers model
Coefficients E;/MPa E,/MPa 7,/(MPa - s)n,/(MPa-s) R?
449.259 930.999 1 850.735 555.648 0.986

Values




88 Yan Tianhao, Huang Xiaoming, Zhang Zhigang, and Wang Siqi

4 Modified Deformation Prediction Model
4.1 Defect of LVE deformation prediction model

Fig. 2 compares the experimental results and the predic-
tion of the LVE deformation prediction model within the
first 60 s (10 cycles) in the dynamic creep test. Howev-
er, the prediction error becomes significant as the number
of loading cycles increases.

o Measured strain
Predicted strain by LVE model

1751

Strain/10 ~3

Fig.2 Experimental data in the first 10 loading cycles and the
predicted deformation by the LVE model

The increase of permanent deformation in every load cy-
cle (from the (n —1)-th to the n-th load cycle) is calcu-
lated as

Ae,y(n) =e,(n) —g,(n-1)=¢(nT) —e((n-1)T)
(8)

where g, (n) is the increase of permanent deformation
from the (n —1)-th to the n-th load cycle; ¢,(n) is the
permanent deformation at the end of the n-th load cycle
where ¢ =nT, so g,(n) =&(nT).

Substituting Eq. (7) into Eq. (8), the following equa-
tion is obtained .

- EnT/x,
( max

Ae. (n) (nT) TO -1+e"“"™ 'm0
e (n) =g, (nT) = +
w 2 wn, 2(E, +0’E,m3)

(9)

The first term of Eq. (9) is a constant term and the
second one is an exponential term. Clearly, the exponen-
tial term decreases to 0 as the number of loading cycles n
increases, so the value of ¢, (n) will converge to the
constant term. Tab.4 compares the exponential term with
the constant term. The exponential term becomes smaller
as the number of cycles increases. Therefore, the constant
term is the main factor contributing to the permanent de-
formation. The permanent deformation in the LVE deform-
ation prediction model can be calculated as

(10)

n n wgmax
eu(n) = ZSPd(n) = Zaz(nT) =Wn
i=1 i=1

1

From Eq. (10), it is clear that the predicted permanent

Tab.4 Comparison between the constant term and the expo-
nential term

Cycle number  Constant term Exponential term Ratio
1 1.22 x10~* 2.84x10°% 4.29 x103
2 1.22x1074 1.35 %1012 9.00 x 107
3 1.22x1074 6.43 107" 1.89 x 10"
4 1.22x1074 3.06 x10 72 3.97 x10'°
5 1.22 x10 74 1.46 x10 % 8.35 x10%

Note ; Ratio represents the ratio of the value of constant term to the value
of the exponential term.

deformation is a linear equation of the number of loading
cycles n. Also, it is reasonable to conclude that, in the
Burgers model, 7, is the parameter which has the most
significant influence on the prediction of permanent de-
formation.

4. 2 Modification of the

prediction model

LVE deformation

As mentioned above, the constant term in the expres-
sion of &, (t) causes the linear increase of the predicted
permanent deformation. A modification of the constant
term should be made to fit the nonlinear property of the
permanent deformation of the asphalt mixtures.

The constant term in &, (¢) is modified by an exponen-
tial function,

TO
8;“0(!([) — max(Cl + (1 _ Cl )eCz(Z-n-—mt)) +
1],

—Et/n, 2mE/(wny) y 2 2
e ) nr( —1 +e‘n"<w7]7 )a) 7]20-max

2(E; +0’E,m;)

(11)

where C, and C, are two additional coefficients.
Two other factors are considered in this modification.
mod

First, the continuity of the model (when r=1,, &, (t,)
should be equal to &, (#,)) is ensured by this modifica-

. - o 29 .
tion. It can be verified by substituting ¢, = “T into Eq.
w®

(5) and Eq. (11).

Secondly, this modification also guarantees the compati-
bility of & (¢) with &, (). It can be verified, in the
special case when C, =C, =0, £ () degrades to &, (?).

(t) is a generalization of &g, (1), so

mod

Therefore, &,

mod

g, (t) is bound to have a better applicability than g, (7).
Due to these reasons, the modified deformation predic-
tion model can be acquired by replacing &, (7) with

mod

g, (t). The mathematical expression is

n

N et = (i —=1)T) +&,(t —nT)

i=1
nT <t<nT+1,
Smod(t> = n+l (12)

e (- (i -1)T)

i=1

nT+t, <t<(n+1)T

As discussed in Section 4. 1, when simulating perma-
nent deformation, the exponential term in g, is ignored,
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so the modified permanent deformation prediction model
can be deduced and simplified.

n

8;011(”) - Zglznod(nT) -

i=1
n

z "To-max< Cl + (1 _ Cl ) eC:(Z‘""””T) ) —
i=1 W7,
(13)

Pn+P,(1-e™)
where P,, P,, P, are three interim coefficients used to
simplify the nonlinear regression.

( 1 _ Cl )ecz(z‘”"“T)

1 —e“'c

P, , P, =C0T

5 Verification of the Modified Deformation Pre-
diction Model

Using the experimental data in the first 10 loading cy-
cles of the test, the additional coefficients of the modified
model C,, C, can be regressed based on the nonlinear
equation in Eq. (12), where C, =2.512 1 x107°, C, =
8.0102x107*, and R’ =0.973.

The modified prediction model and the experimental
data in 100 loading cycles are compared in Fig.3. The
enlarged figure shows that even at the end of the test, the
prediction matches well with the experimental data in each
load cycle. Therefore, the modified model is believed
to be capable of providing an accurate prediction for the
whole process of the dynamic creep test.

2.57 1o o Measured strain
12 Predicted strain by modified model
2.0 o8
04 \
(? 565 570 575 580 585
215 "
2
E
wn

Ju—
(=}

L L

0 1 1 1 1
0 100 200 300 400 500 600
Time/s

Fig.3 Experimental data in the 100 loading cycles and the pre-
dicted deformation by the modified model

To verify the prediction of the permanent deformation,
dynamic creep tests with three different stress levels of
0.6, 0.7, 0.8 MPa were conducted. The values of the
regression coefficients in Eq. (13) are listed in Tab. 5.

The prediction curve of the permanent deformation and
the experimental data of the dynamic creep test are com-
pared in Fig.4. The permanent deformation curve can be
divided into three stages: 1) Decelerating in the primary

Tab.5 Regression coefficients of the modified permanent de-

mod

formation prediction model g,

Regression coefficients

Stress/MPa P, P, P, R?
0.6 1.12x107°% 8.90x107* 1.74x107% 0.997 7
0.7 2.75x107°% 7.73x107% 3.5x1073  0.996 3
0.8 3.59x107° 6.94x107% 4.87x107% 0.9976

stage; 2 ) Increasing linearly in the secondary stage;
3) Accelerating in the tertiary stage ">’. It can be conclu-
ded that the modified model can provide an accurate pre-
diction for the permanent deformation in the primary and
secondary stage, but it cannot simulate the accelerating in
the tertiary stage.

301 20.6 MPa
20.7 MPa 2

@ 25f °0. 8 MPa o AA’A,"

=) 2

3 20t f;g“

‘3

j -1

2oasy

5

5 10t ——Prediction curve at 0.6 MPa
E - - -Prediction curve at 0.7 MPa
-V —.—- Prediction curve at 0.8 MPa
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Fig.4 Permanent deformation at three different stress levels.
(a) Permanent deformation at three different stress levels; (b) Three
stages of the permanent deformation

6 Conclusions

1) The LVE deformation prediction model can precise-
ly simulate the deformation in a single load cycle, but it
cannot simulate the nonlinear property in permanent de-
formation.

2) The constant term of £, () in the LVE deformation
prediction model leads to the linear increase of the perma-
nent deformation prediction, and it is this defect that
needs to be modified in the LVE model.

3) In all the Burgers model parameters, m, has the
most significant influence on the prediction of permanent
deformation.

4) The modified deformation prediction model can ac-
curately predict the whole-process deformation in dynamic
creep tests.

5) The modified deformation prediction model can ac-
curately predict the permanent deformation in the primary
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and secondary stages, but it cannot simulate the perma-
nent deformation in the tertiary stage, so further research
needs to be conducted.
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