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� A rutting model in power law form was proposed.
� The model considers shear stress to strength ratio.
� Predictive equations for cohesion (c) and internal friction angle (/) were developed.
� A rutting model was calibrated and validated using field rutting data.
� The model accurately estimate rut depths under varying load and environmental conditions.
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In this study, a rutting model in power law form was proposed considering the shear stress to strength
ratio which can be calculated in terms of cohesion (c) and internal friction angle (/) for different asphalt
mixtures. Predictive equations for c and / were first developed from laboratory testing at a reference
temperature of 50 �C using multiple regression analyses considering asphalt binder, aggregate and volu-
metric properties of different asphalt mixes. The predictive c and / equations were found to have corre-
lation coefficients of 0.87 and 0.86 respectively. The rutting model considers the number of load cycles
(N), shear strength ratio, temperature and load duration as main parameters of the permanent strain
wherein the coefficients were determined using tri-axial compressive strength and repeated load perma-
nent deformation testing. It was calibrated using field rutting data from twenty-six Westrack pavement
sections. Moreover, the rutting model was validated using field performance data obtained from Korean
national highways’ long term pavement performance database. It was found from the validation that the
model can accurately estimate rut depths under varying load and environmental conditions in the fields.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction characterization. Thus, poor correlations with actual field perfor-
Permanent deformation is one of the major distresses occurring
in asphalt concrete (AC) pavements. It typically manifests as rut-
ting that appear as longitudinal depressions in the wheel paths
accompanied by small upheavals to the sides. The rutting is highly
dependent on the pavement structure, traffic and environment
conditions. Since the rutting is a load-associated distress, the accu-
rate prediction of rutting behavior of asphalt mixes plays an impor-
tant role for asphalt pavement design and analysis. Therefore, a lot
of research efforts have been made to develop rutting models that
can accurately describe the rutting behavior of asphalt mixes.

Most of the available rutting models in the literature are empir-
ical or mechanistic-empirical with limited fundamental material
mance are common results [1]. Recently more advanced rutting
models [2–7] based on mechanics such as viscoelasticity, vis-
coelasticity and continuum damage approaches have been intro-
duced. In general, these advanced models require much more
sophisticated constitutive models for AC behavior that can describe
its degradation response (e.g., the consequent permanent deforma-
tion, cracking, and other damages). As a result, the mechanistic
models are rarely used in real practice in asphalt pavement design
and analysis.

Permanent strain models [8–11] and permanent to resilient
strain ratio models [12–16] are most well-known mechanistic
empirical AC rutting models. Basic permanent strain models relate
the permanent vertical strain to the number of load cycles and the
extended version of the models explicitly consider the effects of
temperature, induced stress level, and other parameters. Unlike
the permanent strain models, the permanent to resilient strain
ratio models consider the elastic response of pavement structure
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through the resilient strain. Since the resilient strain governed by
the stiffness of the pavement materials, stress level, layer thick-
nesses, temperature and others, all these effects are indirectly con-
sidered in the models.

Most of the permanent to resilient strain ratio models [13–16]
do not explicitly consider the stress level and material parameters
in the models because the resilient strain mostly takes care of
those two effects. Although these models [13–16] are relatively
simple to use, Archilla et al. [17] found that the AC dynamic mod-
ulus, which was one of the main material properties for calculating
the resilient strain, was not a good parameter for describing the
rutting behavior of asphalt mixes. Besides, these models are based
on unconfined conditions, thus, they need an adjustment factor to
consider the confinement effects in the models such as NCHRP 1-
37A modeling approach.

Permanent deformation of AC layer is the result of a complex
combination of densification and shear flow. The shear flow is a
more dominant contributor to the permanent deformation
occurred in the AC layer [18]. Therefore, some researchers
[19,20] have tried to incorporate shear properties in the rutting
models. One of the major significance of these models compared
to the existing rutting models mentioned above is that a funda-
mental engineering property, shear strength, was incorporated
into the models to represent the rutting resistance of the materials.

These two studies [19,20] gave great insights of the application
of shear properties to the rutting prediction of asphalt mixes. How-
ever, it is limited since rutting tests were performed using wheel
tracking machines which is incapable of providing an accurate sim-
ulation of field stress states. Moreover, the quantity of tests data is
limited and field validation was not conducted.

A rutting model of asphalt mixes was established based on the
shear stress to strength ratio in the authors’ previous researches
[21,22]. In the works, triaxial compressive strength (TCS) and
repeated load permanent deformation (RLPD) tests on the three
types of asphalt mixes with various volumetric properties were
performed at multiple load levels and temperatures to correlate
shear properties to rutting performance. The model coefficients
were independent of mix types and loading magnitudes. The
model could successfully predict the permanent deformation of
various mixes all the way up to the tertiary flow with a high level
of prediction accuracy. The model was also calibrated using accel-
erated performance testing (APT) data.

Although the authors’ original rutting model [22] showed some
advantages compared to the existing mechanistic-empirical rut-
ting models, one of the major weakness is that the model needs
more tests efforts to characterize shear properties of asphalt mixes.
In addition, the model requires calibration and validation with var-
ious rutting performance data obtained from fields.

Therefore, the main objectives of this study are to develop pre-
diction equations for shear properties of asphalt mixes and to cal-
ibrate and validate the rutting model. To accomplish these
objectives, additional laboratory tests were first conducted to mea-
sure shear properties of various asphalt mixes with different volu-
metric properties and testing conditions. The prediction equations
for cohesion and friction angle were developed using the tests data
and the rutting model form was revised. Finally, the rutting model
was calibrated with WesTrack data [23] and validated with field
performance data obtained in Korea.
2. Review of previous model

In the authors’ previous research [21,22], a rutting model based
on shear stress to strength ratio was developed using the TCS and
RLPD tests results conducted on three types of asphalt mixes (i.e.,
two dense-graded mixes of maximum aggregate size of 19 mm
with PG64-22 and PG76-22 asphalt binders, respectively and Stone
Mastic Asphalt (SMA) with PG64-22 asphalt binder) under three
different combinations of deviatoric stresses and confining pres-
sures, and three temperature conditions. Additionally, the effects
of loading frequencies were evaluated at four load durations (i.e.,
0.1, 0.2, 0.4, and 0.8 s). In the previous studies, RLPD test results
revealed an excellent exponential correlation between shear stress
to strength ratio s

sf
and permanent strain �p under certain load rep-

etitions [21]. From laboratory test data, a rutting model based on
shear stress to strength ratio was proposed:

ep ¼ 2:9895� 10�3e6:2807�10�6Ne
3:6723 s

sf
N0:1032

t0:4224 ð1Þ
such that

R2 ¼ 0:946,
root mean square error = 0.006, and
average error = 13.34%.

In Eq. (1), N and t are number of load cycles and load duration,
respectively. The shear stress to strength ratio can be calculated as
follows:

s
sf

¼ ðr1 � r3Þðtan/ sin/þ cos/� tan/Þ
2ðc þ r3 tan/Þ ð2Þ

where
ep = permanent strain,
s = shear stress (kPa),
sf = shear strength (kPa),
N = number of load cycles,
t = load duration of each cycles (second),
r1 = actual major principle stress under the given loading con-
dition (kPa),
r3 = actual minor principle stress under the given loading con-
dition (kPa),
c = cohesion (kPa), and
/ = friction angle (�).

In addition to the rutting model, the authors proposed the pre-
diction equations for the cohesion and friction angle as follows:

c ¼ a0 þ a1T þ a2AC þ a3AV ð3Þ

/ ¼ b0 þ b1T þ b2AC þ b3AV ð4Þ
where

AC = binder content (%),
AV = air-void content (%),
T = temperature (�C), and
ai and bi = regression coefficients are based on asphalt mixtures.

The prediction equations of the cohesion and friction angle in
Eqs. (3) and (4), respectively, are not useful for practical purposes
because material coefficients ai and bi change when asphalt mix
properties change. Therefore, new prediction equations for the
cohesion and friction angle were proposed in this study.

3. Experimental program

3.1. Materials and specimen preparation

As mentioned earlier, the TCS tests were conducted on three
asphalt mixes to obtain shear properties in the previous study
[21,22]. In this study, laboratory tests were performed on four
additional types of asphalt mixes with various air voids and binder
contents. Information on the seven mixes including the three
mixes obtained from the previous study is provided in Table 1.



Table 1
Mix properties.

Mix Type Binder Grade Mix ID Asphalt Content (%) Air Void (%) VMA (%) VFA (%)

A PG64-22 A-4.0 4.0 7.2 14.3 49.7
A-4.5 4.5 4.8 13.2 63.7
A-5.0 5.0 2.8 12.5 77.7
A-5.5 5.5 1.7 12.7 86.6
A-6.0 6.0 1.3 13.4 90.3

B PG76-22 B-4.0 4.0 7.7 16.2 52.4
B-4.5 4.5 5.7 15.5 63.1
B-5.0 5.0 3.2 14.3 77.7
B-5.5 5.5 2.1 14.1 85.1
B-6.0 6.0 1.8 15.3 88.2

C PG64-22 C-5.0 5.0 7.2 20.7 65.3
C-5.5 5.5 5.5 20.3 72.9
C-6.0 6.0 4.2 20.2 79.3
C-6.5 6.5 2.8 20.1 86.1
C-7.0 7.0 2.1 20.6 89.6

D PG58-22 D-4.5 4.5 4.7 14.1 66.8
D-5.0 5.0 2.7 13.3 79.6
D-5.5 5.5 0.6 13.2 95.1
D-6.0 6.0 0.2 13.6 99.2

E PG64-22 E-4.5 4.5 6.5 18.2 64.2
E-5.0 5.0 4.4 17.5 74.8
E-5.5 5.5 2.9 17.0 82.8
E-6.0 6.0 1.2 17.3 92.9

F PG64-22 F-4.5 4.5 6.5 11.6 31.2
F-5.0 5.0 5.6 11.1 49.5
F-5.5 5.5 2.5 9.6 74.1
F-6.0 6.0 2.5 10.7 76.8

G PG64-22 G-4.5 4.5 7.6 13.0 41.5
G-5.0 5.0 5.8 12.2 52.3
G-5.5 5.5 3.5 12.1 71.5
G-6.0 6.0 2.0 11.2 81.9

Note:
1. Data for the Mixes A, B and C are obtained from the previous studies [21,22]
2. A,B, and D are 19 mm dense grade; E is 25 mm dense grade; F is 13 mm fine grade; G is 13 mm fine plus grade; C is 13 mm stone mastic asphalt (SMA); VMA = voids in
mineral aggregate; VFA = voids filled with asphalt.
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Fig. 1. Aggregate gradations.
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Aggregate gradations used for the seven mixes are also presented
in Fig. 1.

Instead of the TCS tests, Christensen and Bonaquist [24] pro-
posed a simplified method for determining shear properties c
and / based on indirect tensile (IDT) and uniaxial compressive
strength (UCS) tests. This simplified method was validated by Li
et al. [22]. For the simplicity of testing, the IDT and UCS tests were
adopted in this study to measure shear properties.

A Superpave gyratory compactor was used to produce speci-
mens with the diameter of 150 mm and the height of 175 mm.
The gyratory compacted specimens were then cored and sawed
to obtain the required 100 mm diameter by 150 mm tall specimens
for the UCS testing. In addition, the compacted specimens were cut
into two parts to obtain the required 50 mm high specimens for
the IDT testing.

3.2. Testing methods

The UCS and IDT tests were performed at a displacement rate of
50 mm/min under three temperature conditions of 40, 50, and
60 �C using a servo-hydraulic testing system. The peak compres-
sive load was measured to calculate the strength of all the
specimens.

4. Test results

Christensen and Bonaquist [24] proposed a simple method for
determining cohesion and friction angle based on the IDT and
UCS test data using following equations:

tana ¼ jrUCSj � 4jrIDT j
jrUCSj � 2jrIDT j ð5Þ

/ ¼ sin�1ðtanaÞ ð6Þ

c ¼ ð2� tana
cos/

ÞrIDT ð7Þ

wheretan a = slope parameter,
rIDT = indirect tensile strength, and
rUCS = uniaxial compressive strength.
The cohesion and friction angle values for all the specimens

were calculated using Eqs. (5)(7) with the uniaxial compressive
and indirect tensile strengths data obtained from the laboratory
tests and summarized in Table 2.



Table 2
Summary of test results.

Mix Type Mix ID T (�C) rUCS (kPa) rIDT (kPa) c (kPa) / (�)

A A-5.0 40 – – 587 44
A-4.0 50 – – 367 47
A-4.5 50 – – 377 43
A-5.0 50 – – 378 42
A-5.5 50 – – 376 41
A-6.0 50 – – 353 42
A-5.0 60 – – 250 39

B B-5.0 40 – – 847 43
B-4.0 50 – – 558 48
B-4.5 50 – – 626 41
B-5.0 50 – – 624 39
B-5.5 50 – – 611 39
B-6.0 50 – – 573 38
B-5.0 60 – – 472 37

C C-6.5 40 – – 521 48
C-5.0 50 – – 367 48
C-5.5 50 – – 381 47
C-6.0 50 – – 367 47
C-6.5 50 – – 348 46
C-7.0 50 – – 326 45
C-6.5 60 – – 254 42

D D-5.0 40 2531 234 452 51
D-4.5 50 1416 143 269 48
D-5.0 50 1307 160 287 46
D-5.5 50 1198 127 236 47
D-6.0 50 1145 124 229 46
D-5.0 60 1053 101 160 44

E E-5.0 40 1717 225 398 40
E-4.5 50 1310 132 240 44
E-5.0 50 1341 153 280 45
E-5.5 50 1184 111 214 50
E-6.0 50 1080 110 207 48
E-5.0 60 902 89 169 49

F F-5.0 40 2410 285 516 44
F-4.5 50 1810 163 318 51
F-5.0 50 2573 329 586 41
F-5.5 50 1907 246 347 41
F-6.0 50 1759 209 378 44
F-5.0 60 1159 84 177 56

G G-5.5 40 2762 315 575 45
G-4.5 50 1599 178 326 46
G-5.0 50 1676 314 380 41
G-5.5 50 1450 182 325 42
G-6.0 50 1351 187 329 38
G-5.5 60 1053 101 182 46

Note: Data for the Mixes A, B and C are obtained from the previous studies [21,22].

330 W.J. Kim et al. / Construction and Building Materials 149 (2017) 327–337
5. Development of AC rutting model

The authors’ original rutting model in Eq. (1) implicitly consid-
ers the temperature effects through the tensile strength as shown
in Eqs. (3) and (4). Since both the shear strength and stress are
influenced by temperature, the effects of temperature may need
to be considered explicitly.

To evaluate the temperature effects to the shear strength, the c
and / values at varying temperatures were compared for all the
asphalt mixes as shown in Figs. 2 and 3. As seen in Fig.2, the cohe-
sion and temperature has a power form relationship in general.
Meanwhile, the relation of friction angle and temperature does
not show any significant trend as shown in Fig.3. Therefore, it
was decided to consider the temperature effects explicitly in the
rutting model.

Before developing a rutting model, the prediction equations for
the cohesion and friction angle were first developed. There are var-
ious material properties affecting the cohesion and friction angle.
They are physical properties of asphalt binder and aggregate and
volumetric properties of asphalt mixes.

Using the experimental data in Table 2, a series of multiple
regression analyses were performed to determine the relations of
shear properties to the material properties of asphalt mixes. After
the regression analysis, the final forms of the prediction equations
for the cohesion and friction angle established are as follows:

cref ¼ a0 þ a1AC þ a2VMAþ a3VFAþ a4P200 þ a5
G�

ref

sin dref

þ a6 logðdref Þ þ a7AC
2 þ a8P

2
200 þ a9VMA� P200 ðR2 ¼ 0:87Þ

ð8Þ

/ref ¼ b0 þ b1AC þ b2VMAþ b3q4 þ b4P200 þ b5 logðdref Þ

þ b6log
2ðdref Þ þ b7

VFA
VMA

þ b8VFAþ b9P
2
200 þ b10q2

4

þ b11VMAP200 þ b12q4 � VMA ðR2 ¼ 0:86Þ ð9Þ
where

AC = binder content (%),
VMA = voids in mineral aggregate (%),
VFA = voids filled with asphalt (%),
q4 = percent cumulative retained on 4.75 mm sieve (%),
P200 = percent passing on the 0.075 mm sieve (%),
G�

ref = binder stiffness at reference temperature of 50 �C (kPa),
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dref = binder phase angle at reference temperature of 50 �C
(degrees), and
a0, a1,. . ., a9, b0, b1, . . ., b12 = regression coefficients provided in
Table 3.

It is noted here that the prediction equations for c and / in Eqs.
(8) and (9) are only valid at the reference temperature of 50 �C.

Figs. 4 and 5 respectively show comparisons between the mea-
sured and predicted c and / values using Eqs. (8) and (9). It is
observed that the predicted values are in a good agreement with
the experimental results. The correlation coefficients between the
Table 3
Regression coefficients of Eqs. (8) and (9).

C /

a0 9534.656 b0 635865.271
a1 96.450 b1 �2.109
a2 31.537 b2 25.003
a3 �0.052 b3 �234.014
a4 �225.653 b4 210.598
a5 �12.655 b5 �668404.905
a6 �4526.946 b6 177161.697
a7 �12.606 b7 �0.528
a8 41.113 b8 0.058
a9 �14.267 b9 �23.345

b10 2.190
b11 0.487
b12 �0.504
measured and predicted values are 0.87 and 0.86 for c and / val-
ues, respectively.

The authors’ original rutting model in Eq. (1) has an exponential
form and is not easy to handle mathematically. For example, the
number of load cycles to certain plastic strain level is difficult to
be directly determined from Eq. (1). Since the power law models
[13–16,19,25] has been widely used to describe the relation
between the cumulative permanent strain and the number of load
cycles [13–16,19,25], it is decided to revise the authors’ original
rutting model by applying a power law model.

An analysis of variance (ANOVA) was applied to evaluate the
effect of load cycles N, shear stress to strength ratio s

sf
, temperature

T, and load duration t on measured plastic strain. Based on the
ANOVA testing as shown in Table 4, they have a significant influ-
ence with the measured plastic strain at 5% level of significance.

Letting the number of load cycles N, shear stress to strength
ratio s

sf
, temperature T, and load duration t as major governing

parameters for the permanent strain ep, the following power form
for the rutting model was assumed:

ep ¼ k0ðNÞk1 s
sf

� �k2

ref

ðTÞk3 ðtÞk4 ð10Þ

where ki are model coefficients and ðs=sf Þref is ratio of shear stress
at an arbitrary temperature to shear strength at a reference temper-
ature of 50 �C under the same confining pressure. The ðs=sf Þref can
be calculated as follows:



Table 4
Results of ANOVA on Main Effects on rutting model.

Source Sum of squares df Mean square F p-Value Significant

Load cycles (N) 0.02224972 7 0.003179 7.583443 <0.001 Yes
Strength ratio (s=sf ) 0.023917 23 0.00104 2.35448 <0.001 Yes
Temperature (T) 0.016528 2 0.008264 26.385 <0.001 Yes
Load duration (t) 0.008313 3 0.002771 7.640361 <0.001 Yes
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s
sf

� �
ref

¼ smaxðtan/ref sin/ref þ cos/ref � tan/ref Þ
cref þ r3 tan/ref

ð11Þ

where
smax = maximum shear stress under the given loading condition,
r3 = actual minor principle stress under the given loading

condition,
cref = cohesion at reference temperature of 50 �C (kPa), and
/ref = friction angle at reference temperature of 50 �C (�).
After the statistical analysis of the TCS and RLPD tests data

obtained from the previous study [21,22], the coefficients of Eq.
(10) were determined and are as follows:

ep ¼ 10�15:0247ðNÞ0:29425 s
sf

� �2:7844

ref

ðTÞ6:79174ðtÞ0:44878 ð12Þ

To verify the rutting model proposed in Eq. (12), permanent
strain values were calculated using Eq. (12) with Eqs. (8) and (9)
and compared with the measured values from the RLPD tests.
Fig. 6 shows a comparison between measured and predicted per-
manent strains. It is observed in the figure that the predicted val-
ues are in a good agreement with the experimental results. The
correlation coefficient between the measured and predicted strains
is 0.94 and has an average root mean square error (RMSE) of 0.008.
This implies that the proposed rutting and shear properties models
successfully predicted the rutting behavior of various asphalt
mixes.
332.7 mm

20 kN 20 kN
6. Calibration

Although the AC rutting model proposed in this study success-
fully predicted the permanent strain values measured in the labo-
ratory tests for various asphalt mixes, the model should be
calibrated using field data because of the difference in loading
and environmental conditions between the field and laboratory.
Thus, the prediction equation for the rutting model was calibrated
using the field rutting data obtained from the 26 pavement sec-
tions of WesTrack testing [23].
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Fig. 6. Comparison of measured and predicted permanent strains.
In order to calibrate the rutting model, calibration coefficients
were assigned in Eq. (12) as follows:

ep ¼ 10�15:0247a0 ðNÞ0:29425a1 s
sf

� �2:7844a2

ref

ðTÞ6:79174a3 ðtÞ0:44878a4 ð13Þ

where ai is calibration coefficients for the rutting models.
In the WesTrack testing [23], all the pavement sections have the

same thickness as shown in Fig. 7 but materials of AC layer and
subgrade are different. For the AC layer, PG64-22 asphalt binder
and three different aggregate gradations were used. The loading
conditions were maintained constant for all the time. Incremental
cumulative permanent strain was calculated for every hour to
account for the effects of temperature change with time. To accu-
rately compute the rut depth, the AC layer was divided into three
sublayers as seen in the same figure.

The AC dynamic modulus of each sublayer was predicted based
on its volumetric properties, gradation, specific temperature, and
frequency using Hirsch model [26] which was validated in the pre-
vious work [27]. Resilient moduli of 138 MPa for the aggregate
subbase of all the sections and various modulus values for sub-
grade provided in the report [23] were used. Poisson’s ratio values
of 0.35, 0.4 and 0.45 were assumed for asphalt layer, aggregate
subbase and subgrade, respectively [23].

Since temperature data only at the pavement surface was avail-
able in the report [23], temperatures of the AC pavement at various
depths were predicted using Bells equation [28] with coefficients
proposed by Lukanen et al. [29] as follows:
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Fig. 7. WesTrack pavement representation for calibration of rutting model.



W.J. Kim et al. / Construction and Building Materials 149 (2017) 327–337 333
Td ¼ 2:8þ 0:894� IRþ flogðdÞ � 1:5g
� f�0:54� IRþ 0:77� ð5� dayÞ þ 3:763� sinðhr � 18Þg
þ fsinðhr � 14Þg � f0:474þ 0:031� IRg ð14Þ

where
Td = pavement temperature at depth d (�C),
IR = surface temperature (�C),
d = depth (mm) at which pavement temperature is predicted,
5-day = mean air temperature, (�C) during the previous 5 days,
and
hr = time of day in 24-h system.

The loading time at effective depth in AC layers was estimated
by the following equation proposed in NCHRP [15]:

t ¼ 2� ðaþ deff Þ
277:8� V

ð15Þ

where
t = loading time (s),
a = tire contact radius (mm),
deff = effective depth (mm), and
V = vehicle speed (km/h).

KENLAYER, a multilayered elastic program, was used to calcu-
late the principal stresses (r1 and r3) in AC sublayers and vertical
compressive strain (ev) on the top of the subgrade surface. Since
the incremental permanent strain for every hour was to be calcu-
lated, the structural analysis should be performed for every hour
which requires a lot of analysis time. Thus, to save analysis time,
a series of regression analysis was conducted to determine the
y = -3.1E-09x5 + 4.7E-07x4 - 1.9E-05x3 + 2.0E-05x2 - 1.7E-03x + 9.0E-01
R² = 1.0E+00

y = -5.1E-10x5 + 9.3E-08x4 - 4.8E-06x3 + 4.2E-05x2 - 2.3E-04x + 1.3E-01
R² = 1.0E+00
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Fig. 8. Typical relation between principle stres
principal stresses and vertical strains at any temperature within
each pavement section such as Fig. 8. Regression equations were
then used to determine stress and strain values for various temper-
ature conditions.

The c and / values of each AC sublayer were determined based
on the binder contents, volumetric properties, and gradations for
the 26 pavement sections using Eqs. (8) and (9). Eq. (11) was
used to calculate the shear stress to strength ratio value for each
sublayer. The permanent strain value for each sublayer was esti-
mated using Eq. (12) for a given number of load cycles and
temperature.

The time–hardening scheme [1] is used to determine the cumu-
lative permanent strains occurred in AC sublayers for the ith time
interval as follows:

ep;1 ¼ a1½DN1�k1 ð16Þ

ep;t ¼ at
ep;t�1

at

� � 1
k1 þ DNt

" #k1

ð17Þ

where

at ¼ k0 s
sf ;t

� �k2

ref
ðTÞk3 ðtÞk4 ,

sf t = shear strength for the tth hour of loading,
ep;t = permanent strain for the tth hour of loading, and
DNt = number of load application during the tth hour.

Similarly, the time–hardening scheme was used to compute the
rut depth of unbound layers. The equation used to calculate rut
depth for unbound material in this study is as follows [30]:
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rdt ¼ dt
rdt�1

dt

� � 1
0:372

þ DNt

" #0:372

ð18Þ

where

dt ¼ 3:548
½1:05� 10�9e�4:484

v;t � and ð19Þ

ev;t = vertical compressive strain at surface of subgrade for the tth
hour of loading.

The overall rut depth is computed as the sum of rut depth of
individual sublayers that is obtained by multiplying the calculated
permanent strain by the thickness of each layer and rut depth
occurred in unbound layers:

RD ¼
Xn
i¼1

epihi þ rd ð20Þ

where
RD = total rut depth,
n = number of sublayers,
epi = permanent strain in sublayer i,
hi = thickness of sublayer i, and
rd = rut depth of unbound material.
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Fig. 9. Typical comparison results between pred
Using the procedure mentioned above, a trial and error
approach was conducted to determine the calibration coefficients
of the rutting models in Eq. (13). The predicted rut depth and mea-
sured one were compared using an error minimization technique.
As a result, the calibration coefficient a0 was found to be 0.955 and
all other coefficients were 1.0.

Fig. 9 shows typical comparison results between the predicted
and measured rut depth for sections 1 (fine), 7 (coarse), 24 (coarse)
and 19 (fine-plus) in WesTrack [23]. It can be seen from the figure
that the predicted rut depths generally fit well with the measured
ones.

To evaluate the prediction error of the proposed rutting model,
the predicted and measured rut depths for all the sections were
compared in Fig. 10. As seen in the figure, the correlation coeffi-
cient is 0.96 and the average root mean square error (RMSE) is
2.35 mm.

7. Validation

Independent field rutting performance data obtained from Long
Term Pavement Performance (LTPP) in Korea were used to validate
the calibrated rutting model. The LTPP data were collected from 8
different road sections of national highways located in various
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areas as shown in Table 5. The vehicle speed used in this analysis is
60 km/h. The resilient modulus of subgrade and subbase were esti-
mated from the back-calculation of FWD test data conducted right
after the construction of each section. Adjusting the moduli values
Table 5
Traffic information of LTPP sections.

Sections Highway Route No. Construction Date ESAL

2006 2007

L1 46 Dec. 2005 185,891 284,319
L2 44 Nov. 2006 1,005,652 931,922
L3 21 Jan. 2008 – –
L4 23 Dec. 2005 672,831 629,901
L5 18 Jan. 2008 – –
L6 17 Jan. 2008 – –
L7 77/82 Jan. 2008 – –
L8 1 Jan. 2008 – –

Table 6
Structure and resilient modulus of unbound material of LTPP sections.

Sections Layer Thickness (cm)

AC Surface AC Binder AC B

L1 6.0 – 20.0
L2 6.0 6.0 14.0
L3 5.0 6.0 19.0
L4 5.0 6.0 15.0
L5 5.0 – 20.0
L6 5.0 6.0 21.0
L7 5.0 7.0 20.0
L8 5.0 6.0 16.0

Table 7
Asphalt mix properties of LTPP sections.

Sections Binder Content (%) VMA (%)

AC Surface AC Binder AC Base AC Surface

L1 6.8 – 4.0 23.1
L2 6.3 5.0 4.0 19.0
L3 5.0 4.8 4.0 14.8
L4 5.4 4.8 3.7 17.8
L5 5.5 – 4.2 19.2
L6 5.4 5.0 4.1 17.8
L7 5.2 5.0 4.0 17.8
L8 5.5 5.0 4.0 18.0
for AC and unbound material is controlled until the error of the
back-calculated modulus is less than 5% [31] and are provided in
Table 6. The AC dynamic modulus of each section was predicted
from Hirsch model using volumetric properties in Table 7, grada-
tion, specific temperature, and frequency. The Poisson’s ratios of
asphalt layer, subbase and subgrade were assumed to be 0.35,
0.4 and 0.45, respectively. And temperatures of the AC pavement
at various depths were predicted using Eq. (14).

Following the same procedure used in the calibration, rut depth
values for all the LTPP sections were estimated and compared with
measured values. Some comparison results between the predicted
and measured rut depth development are shown in Fig. 11. Overall,
the predicted rut depth matches well with the measured rut depth
in the field.

To evaluate the prediction accuracy of the rutting model, the
predicted and measured rut depth values for all the sections were
compared in Fig. 12. The correlation coefficient R2 is 0.87 and the
average root mean square error (RMSE) is 1.19 mm, which indi-
cates that the calibrated rutting prediction model was able to accu-
rately predict field rut depth under varying load and
environmental conditions.
2008 2009 2010 2011 2012 2013

151,824 311,226 178,461 482,549 630,322 460,968
673,755 914,767 1,403,989 1,158,026 1,849,533 1,739,154
531,832 822,755 748,875 3,331,004 2,808,393 2,706,895
1,327,814 1,233,969 1,308,487 1,748,576 1,625,640 1,620,716
517,845 466,784 549,973 793,639 834,656 617,333
2,212,656 2,053,381 2,021,917 2,222,066 2,634,736 3,391,617
632,811 1,232,212 1,670,265 2,285,540 925,859 2,072,461
701,648 725,976 835,163 1,030,823 1,107,091 1,681,702

Resilent Modulus (MPa)

ase Subbase Subbase Subgrade

30.0 346 121
30.0 116 119
20.0 220 129
34.0 146 106
35.0 60 74
36.0 191 221
20.0 116 81
30.0 89 50

VFA(%)

AC Binder AC Base AC Surface AC Binder AC Base

– 18.2 75.3 – 58.3
15.2 18.1 68.4 68.4 58.5
17.8 18.6 70.9 54.0 56.5
16.2 16.4 61.9 60.5 61.5
– 19.3 57.8 – 56.5
14.6 17.4 61.5 71.9 63.1
16.4 18.4 59.5 62.7 56.5
16.5 21.1 62.7 61.9 48.3
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8. Conclusions

Prediction equations for shear properties of asphalt mixes,
cohesion c and friction angle /, were proposed in this study.
Authors’ original rutting model of asphalt mixes based on shear
stress to strength ratio was revised, calibrated and validated. Some
of the important findings in this study are summarized as follows:

� The shear strength, which is a function of c and /, is an essential
parameter representing resisting force of the AC to the rutting.
Using laboratory test results of c and / for various asphalt
mixes, a multiple regression analyses were conducted to
develop c and / predictive equations at a reference temperature
of 50 oC considering physical properties of asphalt binder and
aggregate and volumetric properties of asphalt mixes. The pre-
diction equations have a correlation coefficient of 0.87 and 0.86
for c and /, respectively.

� A rutting model of asphalt mixes in a power law form was
developed considering number of load cycles N, shear stress
to strength ratio s

sf , temperature T, and load duration t as main
parameters contributing to permanent strain. The model coeffi-
cients were maintained constant regardless of mixture types
and loading conditions.

� The rutting model was calibrated using field rutting data
obtained from 26 pavement sections inWesTrack. It was further
validated using LTPP data obtained from national highways in
Korea. It was observed from the validation study that the rut-
ting model proposed in this study successfully predicted rutting
behavior of asphalt pavements. The predicted and measured rut
depths were compared and the correlation coefficient and RMSE
were 0.87 and 1.19 mm, respectively.
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