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� Permanent deformation depends on the loading patterns and testing parameters.
� Power-law model can be used to analyze the permanent deformation characteristic.
� An increase in rest period and loading duration leads to a higher permanent deformation.
a r t i c l e i n f o

Article history:
Received 20 September 2017
Received in revised form 8 February 2018
Accepted 9 February 2018
Available online 22 February 2018

Keywords:
Permanent deformation
Power-law model
Cyclic loading
Repeated Loading Permanent Deformation
(RLPD) test
Loading pattern
Flow number
a b s t r a c t

This research was conducted to evaluate the effect of different loading combinations on the permanent
deformation behaviour in asphalt mixtures. Therefore, repeated loading permanent deformation test
was performed considering different stress levels, loading durations, rest periods and testing tempera-
tures. The results showed that the slope coefficient of Power-law model has a more influence on perma-
nent deformation compared to intercept. Moreover, rutting zones are sensitive to testing parameters.
Rest period could significantly affect the first zone. Nevertheless, secondary zone depends on the loading
duration and deviator stress. Eventually, the testing temperature has the greatest influence on the per-
manent deformation behaviour.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Permanent deformation in Hot Mix Asphalt (HMA) occurs pre-
dominantly at higher temperatures [1]. This distress mostly occurs
in the upper layers than the subgrade when the traffic volume, tire
pressure and axle loads are increased [2]. Development of perma-
nent deformations reduce the service life of asphalt pavements.
Furthermore, this distress could decrease the level of safety in road
transportation networks [3].

Various laboratory tests have been introduced to study the
resistance of HMA against permanent deformations [3–7].
Accordingly, the development of permanent deformation models
is useful to predict the response of asphalt layers under traffic
loading [8].

Among different test methods, NCHRP Project 9–19 [9] has
assessed Flow Time (FT), Flow Number (FN) and Dynamic Modulus
(|E⁄|) in order to determine a simple performance test to study the
permanent deformation resistance in asphalt mixtures. According
to these test methods, researchers found that the FN could be con-
sidered as a better method to evaluate the rutting resistance of
HMA [4,10–12]. In addition, Faheem et al. [13] indicated that the
FN is one of the most important characteristics of HMA, which
has a considerable correlation with Traffic Force Index (TFI). This
index shows the density of traffic during service life of asphalt
pavements. Nowadays, the FN that can be obtained from Repeated
Loading Permanent Deformation (RLPD) test is widely employed as
an accelerated performance test by different researchers [12,14].
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The RLPD test is widely used to assess the permanent deforma-
tion characteristics of HMA since it was utilized by Monismith
et al. [15] in the mid-1970. Generally, in this test method a
dynamic compressive loading pulse at high temperature condi-
tions is applied to cylindrical specimens until their failure point
(i.e. FN number). [8,12,16,17]. During this test, the accumulated
permanent deformation is recorded as a function of loading cycles
(Fig. 1).

The accumulated permanent strain includes three different
zones: primary, secondary and tertiary [8,12,18–20]. In primary
zone, the accumulated permanent deformation grows rapidly until
Fig. 1. Typical relationship between accumulated permanent strain, a

Table 1
Parameters employed by previous researchers in RLPD test. (See belo
reaches the onset of secondary zone. Upon starting the secondary
zone, the rate of permanent strain per cycle is reduced to achieve
a constant value. In this stage, the accumulated permanent defor-
mation grows as a linear equation until the start of the tertiary
zone. In the third stage, the accumulated permanent deformation
per loading cycles begins to increase rapidly until the failure in
the material reaches. The starting point of this stage is called as
FN [1,9,21]. As it was mentioned previously, the FN value has been
recommended as a rutting resistance indicator for HMA [8].

Selecting the parameters of RLPD test can be considered as one
of ambiguous points in this procedure. In this regards, Table 1
ccumulated strain slope and number of cycles under a RLPD test.

w-mentioned references for further information.)
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presents different parameters employed by previous researchers to
apply RLPD test. The selection of these parameters may play an
important role in the study of permanent deformation in HMA.

Fig. 2a illustrates the duration of loading and rest period in
multi-cycle loading/unloading process under haversine waveform.
The haversine waveform as the most suitable waveform in order to
simulate traffic loading has been recommended by previous
researchers [2,3]. Fig. 2b shows the accumulated permanent strain
in HMA under cyclic loading. By considering the strain compo-
nents, the compressive loading waveform has significant impact
on the permanent deformation of HMA. Fig. 2c shows strain com-
ponents of a viscoelastic material under haversine loading, which
include loading duration (tl) and rest time (td). In this respect, Qi
et al. [3] stated that creep curve of HMA under a single compres-
sive load cycle comprises four components including elastic strain,
plastic strain, visco-elastic strain and visco-plastic strain. The
immediate strain (e0) contains an elastic (ee) and a plastic (ep)
parts as well as two viscose contents. According to the visco-
elasto-plastic behaviour of HMA, the elastic strain instantly
Fig. 2. (a) The loading duration and rest time in RLPD test, (b) total strain in HMA
under repeated loading and (c) strain components under haversine loading.
rebounds after unloading. Subsequently, the visco-elastic component
of the strain reverts over the time. In general, elastic and viscoelas-
tic forms of the resilient and the plastic strains constitute the
permanent strain.

2. Predictive models for permanent deformation of HMA

In recent years, different models have been suggested to inves-
tigate and predict the permanent deformation characteristics of
HMA under cyclic loading (Table 2). Based on previous researches,
it can be stated that the Power-law model is an appropriate model
to study the permanent deformation resistance of HMA [3]. More
information on Power-law model provided below.

Both the Semi-log and Power-law models are widely used to
represent the primary stage of creep curve [8]. Nevertheless, Qi
et al. [3] indicated that the empirical linear equation
logðep � logNÞ is the most appropriate statistical model to describe
the permanent deformation behaviour of HMA. This model has
been presented in Eq. (1). When the logarithmic form is consid-
ered, Eq. (1) can be changed to Eq. (2):

ep ¼ aNb ð1Þ

log ep ¼ log aþ b� logN ð2Þ
where (a) and (b) are expressed the characteristics of the perma-
nent deformation of HMA under cyclic loading. Some investigators
reported that the Eq. (1) could not be utilized to describe the ter-
tiary stage. For this purpose, model coefficients can be determined
using multiple regression approach [3]. The developed model has
been presented in Eq. (3).

ep ¼ aðtl; td; T;rÞ � Nbðtl ;td ;T;rÞ ð3Þ
where ep is accumulated permanent strain; tl is loading duration; td
is rest time; T is temperature (�C); r is stress level; N is number of
load repetition; a is intercept as a function of tl, td, T and r and b is
slope as a function of tl, td, T and r.

In order to develop Power-law model’s coefficients that men-
tioned in Eq. (3), Qi et al. [3] employed three types of mathematical
equations, including linear, semi-log and exponential. They stated
that the Eqs. (4) and (5) can be considered as more suitable equa-
tions to predict intercept and slope of Power-law model.

Y ¼ A0 � XA1
1 � XA2

2 � . . . ð4Þ

Y ¼ A0 þ A1 � logX1 þ A2 � logX2 þ . . . ð5Þ
where A0, A1, A2, . . . are the model coefficients that should be calcu-
lated using multiple regression method and X1, X2, X3, . . . are the
model’s parameters.

Regardless of the mixture types, loading conditions affect the
permanent deformation of HMA during secondary zone. In addi-
tion, a statistical model can be used to have a better image from
the impact of loading parameters. As mentioned previously, the
Power-law model was suggested as a powerful model to predict
the permanent deformation characteristic. Nevertheless, the influ-
ence of experimental parameters on model coefficients and predic-
tive permanent deformation should be clarified. Therefore,
introducing a predictive model that its coefficients are function
of experimental parameters can lead to a more accurate evaluation
of permanent deformation.

3. Objectives

The main objective of this research is to find an experimental
model in order to predict the permanent deformation behaviour



Table 2
Details of the predictive models for permanent deformation in asphalt mixtures.

Name Permanent Deformation Model Variables Comments

Semi-log model [33] ep ¼ a1 þ b1 � logðNÞ ep: Accumulated permanent strain
N: Number of cycle, a1 and b1: Regression
coefficient

This method is used only to assess the
primary and secondary zones in creep
curve

Power model [15] ep ¼ aNb ep: Accumulated permanent strain
N: Number of cycle, an and b: Regression
coefficient

This method is used only to assess the
primary and secondary zones and the
parameters depend on the material
characterization and testing conditions

Vesys model [34] epn ¼ l0eN
�a epn: Accumulated permanent strain at each

loading cycle, e: Maximum strain under a
haversine loading wave regarding to 0.1 s
loading duration, a=1-S, S: Secondary zone
slope of creep curve
I: Intercept of creep curve, l0:

IS
e

This model is based on the Vesys approach
and its parameters obtained from RLPD
test

Bayomy model [35] pre� failurezone : ep ¼ A1eb1N

Failurezone : ep ¼ aNb

ep: Permanent strain, N: Load of cycle, A1, b1,
an and b: Regression coefficient

This model is based on the results of RLPD
test.

Tseng & Lytton model [36] epa ¼ e0 � e�ðq=NÞb ea: Permanent strain, N: Load of cycle, e0, q and
b: Regression coefficient

This model is based on the RLPD test
results

AASHTO 2002 model [37] log ep
er ¼ logðcÞ þ 0:4262� logðNÞ ep; er: Permanent and resilient strain,

respectively, N: Load of cycle, c: Regression
coefficient

–

Kaloush and Witczak model [9] RD23 ¼ a� ESALb þ C� ðed�ESAL � 1Þ ESAL: Equivalent single axle load, a, b and d:

Regression coefficient, C ¼ T

2:02755
5615:391

� �
:

Function of temperature (�F)

–

FNest model [38] ep ¼ 1
b ½� lnð1� N

c�
1=aÞ

FN ¼ c½1� expð1a� 1Þ�
ep: Permanent strain, N: Load of cycle, a, b and
c: Regression coefficient, FN: Flow number

This model is used to determine the onset
of tertiary zone based on the RLPD test
results

Francken model [27] epðNÞ ¼ ANB þ CðeDN � 1Þ epðNÞ: Permanent strain, N: Load of
cycle, A, B,C and D: Regression coefficient

This model is based on the RLPD test
results, considering different stress levels
and temperatures
This model assess all three stages in creep
curve

Hoerl model [39] dep
dN ¼ ðA� BN �NCÞ epðNÞ: Permanent strain, N: Load of

cycle, A, B,C and D: Regression coefficient
This model assess all three stages in creep
curve using RLPD test results

Fig. 3. Outline of the experimental and analytical procedures used in this study.
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Table 4
Physical properties of the binder.

Parameter Value Unit Method

Penetration at 25 �C 64 0.1 mm ASTM D5
Softening point (R&B) 50.6 �C ASTM D36
Ductility at 25 �C >100 Cm ASTM D113
Flash and fire point 308 �C ASTM D92
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of HMA. Furthermore, the impact of experimental variables on the
permanent deformation of HMA was investigated. To this end, dif-
ferent testing variables including rest period, loading duration,
stress level and temperature were selected to study this behaviour
using RLPD test under different loading conditions. In this respect,
Fig. 3 summarizes the experimental and analytical procedure of
this research.
Specified gravity at 25 �C 1.0296 g/cm3 ASTM D70

Table 5
The settings of SGC device.

Factor Value

Angle of tilt 1.25�
Loading ram 600 Kpa
Rotation speed 90 rpm
Specimen height 68 mm
4. Experimental design

4.1. Materials

Aggregates used in this research were prepared from crushed
limestone. The aggregate gradation curve was selected according
to Iran Highway Asphalt Paving Code and it is illustrated in Fig. 4
[40]. Some physical and mechanical properties of aggregates have
been presented Table 3. Additionally, the unmodified 60/70 pene-
tration grade bitumen was used to prepare the specimens. The
basic properties of bitumen have been shown in Table 4. According
to Marshall mix design [41], the optimum binder content was fixed
to 5% by total mass of the mix. The Superpave Gyratory Compactor
(SGC) was employed to fabricate the 4-inch diameter cylindrical
specimens (Table 5).
Fig. 4. The aggregate grada

Table 3
Physical properties of aggregates.

Property

Specific Gravity (gr/cm3) (ASTM C 127 & 128) –
Sand Equivalent (SE) –
Fine Aggregate Angularity (AASHTO TP33) –
Los Angeles Abrasion Value (AASHTO T96) Num

Abra
Atterburg Limits (AASHTO T89, T90) Plast

Plast
Liqui

Percentage of Fractured Particles in Coarse Aggregate (ASTM D5821) One
Two

Flakiness and Elongation (BS 812) Elong
Flaki

Soundness of Aggregate by Use of Sodium Sulphate or Magnesium Sulphate
(AASHTO T104)
4.2. Methods

The Universal Testing Machine (UTM-5) equipped with
temperature control chamber (Fig. 5) was utilized to perform the
RLPD test. Furthermore, in order to study the impacts of loading
tion used in this study.

Value Limits

Coarse aggregate Fine aggregate Filler

2.523 2.486 2.578 –
– 73 – Min. 50
– 47 – Min. 45

ber of Rotation 500 – – –
sion value 14.4 – – Max. 30
icity Index – N.A. 2 Non-plastic
ic Limit (PL) – 0 22 –
d Limit (LL) – N.A. 24 –
Side 100 – – Min. 100
Side 92 – – Min. 90
ation 19.4 – – Max. 20
ness 3.1 – – Max. 5

0.94 2.8 –



Fig. 5. UTM-5 apparatus equipped with temperature control chamber.

Table 6
Loading patterns used in this research.

Parameter Value Unit

Loading time 100 500 1000 ms
Rest ratio (Rest time/loading time) 1/1 1/9 –
Stress level 100 200 kPa
Temperature 40 55 �C
Loading wave Haversine
Replicate 2 –
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(i.e. traffic density and axle weight) and environmental conditions
on permanent deformation behaviour, different experimental
parameters such as loading duration, rest time, stress level and
testing temperature were considered in this research. Based on
testing protocols that suggested by international codes (Table 1),
the selected parameters to conduct RLPD test in this study have
been presented in Table 6.

5. Results and discussion

A statistical method was employed to develop a model to anal-
yse the rutting behaviour in HMA under cyclic loading, considering
different testing conditions. It can be seen from Fig. 6 that the
Fig. 6. Permanent deformation behaviour of
majority of samples cannot reach to the onset of the tertiary zone
under different testing conditions (this could be due to applying
low levels of stress). Therefore, the rutting resistance of HMA in
primary and secondary stages has been analysed. Furthermore,
the Power-law model was selected to study the creep curve under
cyclic loading in this research. In order to analyse the impact of dif-
ferent variables, intercept and slope of the Power-law model were
defined as a function of testing parameters. Accordingly, Eqs. (6)
and (7) were selected to predict the coefficients of the model.

a ¼ a1 � Ta1 � Sa2 � La3 � Ra4 ð6Þ

b ¼ b1 þ b1 � log T þ b2 � log Sþ b3 � log Lþ b4 � logR ð7Þ
where a and b are the intercept and slope of Power-law model. T, S,
L and R represent the temperature, stress level, loading duration
and rest ratio respectively. In addition, aiandbi are the regression
constants.

Minimum least square method was used to obtain the
coefficients of Power-law model. This method indicates that
the coefficients (i.e. a1, a2,. . ., an) should be calculated for a
given set of data ((x1,y1),(x2,y2),. . ... . .,(xn,yn)) with respect to
y = f(a1,a2,...,am, x). The Sum of Squared Errors (SSE), which pre-
sented in Eq. (8), should be minimized. Therefore, the best model
that can be fitted to data is determined by calculating coefficients
regarding the minimum SSE. Accordingly, the predictive model
was presented in Table 7.

SSE ¼
Xn
i¼1

ðyi � f iÞ2 ¼
Xn
i¼1

ðyi � f ða1; a2; . . . ; am; xiÞÞ2 ð8Þ

where yi is the ith value of the variable to be predicted, xi is the ith

value of the explanatory variable, fi is the predicted value of yi
and a1, a2, . . ... . .,am are the coefficients of regressed model.

Generally, by adding an intercept to a main equation with a for-
mat of y = f(x), the surface moves toward the vertical direction.
However, it is expected that the newest equation should be more
accurate than the previous one.

In this research, the overall format of the intercept equation is
modified using an additional parameters (a0). The developed
model are presented in Table 7. According to this table,
R-squared value is equal to 0.8772. It is clear that among different
parameters, temperature has the greatest influence on the inter-
cept and slope, whilst the loading duration applies the lowest
HMA under different loading patterns.



Table 7
Permanent deformation models.

Equation R2

Overall model e ¼ a� Nb –

Primary developed model a ¼ 0:6768� T�1:4968 � S0:2834 � L0:1788 � R0:5692 0.8772

b ¼ �2:2616þ 0:3256� log Sþ 0:033� log L� 0:1274 logRþ 1:1036� log T
Modified model a ¼ �0:1207þ 0:0957� T0:1593 � S�0:0495 � L0:000291 � R0:1647 0.956

b ¼ �1:3416þ 0:3532� log Sþ 0:4401� log Lþ 0:0842� logR� 0:1522� log T

Fig. 7. Comparison between measured and predicted data.

Fig. 8. Variance distribution between predicted and measured data.

Fig. 9. Deviation between experimental and predictive data.
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effects. It is worth noting that the difference between obtained and
predicted values should be small and unbiased (i.e. higher
R-squared values desirable). It can be observed from Table 7 that
the R-squared of the modified model (R2=95.6%) is higher than pri-
mary model. Therefore, it can be said that the modified model is
more accurate. Regarding the modified model, rest period and
loading duration are the parameters that can considerably affect
the intercept and slope, respectively. In fact, rest period is the most
effective parameter that can affect the intercept equation. Never-
theless, this parameter have slight impact on slope equation. In
addition, impact of loading duration on these parameters are vice
versa. This could show that the impacts of different testing param-
eters on the permanent deformation behaviour depend on the
model type that employed to analyse the experimental data.

According to the modified model, since the loading duration
coefficient is very low (i.e. close to zero), the effect of this param-
eter on the intercept is inconsiderable. Furthermore, the highest
coefficient of intercept is belonged to temperature parameter. This
could indicate that the increment of testing temperature leads to a
growth in the intercept. However, because of the negative coeffi-
cient of temperature in slope equation ((b) equation in modified
model), higher temperatures lead to lower slope.

Moreover, axial deviator stress has a significant effect on the
slope equation. If the test conditions are kept fixed and stress level
is considered as a variation of model, the form of intercept equa-
tion is transformed as Eq. (9).

a ¼ a0 þ a
1

S0:0495
ð9Þ

where a0 and a are the intercept and slope, respectively; S is inde-
pendent and a is dependent variables.

According to this Equation, it can be seen that higher amounts
of stress level lead to a decrease in the intercept of the Power-
law model. This trend continues until the intercept reaches a con-
stant value. This shows that higher axial stress levels could have a
negligible effect on the intercept. Nevertheless, this impact on the
slope of the Power-law model is different. From slope equation (b)
of modified model that mentioned in Table 7, it can be understood
that greater stress level leads to an increase in slope equation. At
initial loading cycles, different stress levels cannot significantly
affect the permanent deformation behaviour, but at higher num-
bers of loading cycles, their impacts are more obvious. It was also
found that an increase in rest period and loading duration result in
higher permanent deformations. Although, the rest period coeffi-
cient in slope equation has the smallest magnitude, an increase
in rest period duration leads to higher amounts of permanent
deformation. Additionally, higher amount of loading duration can
increase the observed permanent deformation.

In order to assess the validity of the generated model, the
experimental data were compared with the predictive results
(Fig. 7). Furthermore, the deviation distribution between experi-
mental and predicted data is presented in Fig. 8. Whereas the
amounts of deviation between observed and predicted data are
presented in Fig. 9. This Figure illustrates that the average
deviation between predictive and experimental data is equal to
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661.3 me. According to Fig. 7, the predicted and measured data are
relatively close to each other. Regarding Figs. 8 and 9, it can
be clearly seen that the variance between predicted and measured
data are very small. Thus, it can be concluded that the modified
developed model can be used to predict the permanent deforma-
tion behaviour in asphalt mixtures.

The sensitivity analysis of the predictive model has been carried
out to determine its most effective parameters. In this respect,
Figs. 10–12 show a comparison between predicted slopes and
intercepts regarding the different combinations of the test param-
eters. It can be seen that the fifth order polynomial-exponential
model is fitted to the predicted results of (a) and (b). These figures
Fig. 10. 5th order polynomial - exponential fitted equation on ‘‘a” data.

Fig. 11. Norm of residuals of intercept equation.

Fig. 12. 5th order polynomial - exponential fitted equation to ‘‘b” data.

Fig. 13. Norm of residuals of slope equation.
represent the behaviour and sensitivity of the intercept and slope
with respect to the different experimental conditions. Generally,
(a) values tends linearly and it can be divided into two different
categories. However, (b) changes sinusoidal with respect to differ-
ent loading combinations. In addition, the intercept is more limited
than the slope, and the slope is the most effective parameter in the
predictive model. In other words, the slope of Power-law model is
more influential than its intercept. Furthermore, the Norm of resid-
uals was used as goodness of fit indicator. This indicator is a mea-
sure of the deviation between the correlation and the data (i.e. a
lower norm signifies a better fitting). Figs. 11 and 13 indicated that
the equations of the predictive model are fitted satisfactorily. This
shows that the slope of Power-law model is more sensitive to vari-
ation of experimental parameters compared to the intercept. As
mentioned previously, loading duration and axial stress level have
the highest impacts on the slope equation respectively. Based on
the developed predictive model, it can be understood that the per-
manent deformation in asphalt mixtures under cyclic loading is
more sensitive to loading duration and axial stress level than test-
ing temperature and rest time.

5. Conclusions

The main aim of this research was to develop a predictive model
based on the results of RLPD test. Additionally, the impact of differ-
ent experimental parameters on the permanent deformation of
HMA was analysed. The most important findings are presented
below:

1- The predictive model can be used successfully to predict the
permanent deformation behaviour of asphalt mixtures
under different loading combinations. In this regard, a tradi-
tional Power-law model was developed based on the exper-
imental data with a suitable accuracy (R2 = 0.8772). In
addition, a modified Power-law model with a more accurate
prediction has been presented (R2 = 0.956).

2- It was found that the slope value (b) has more influence on
permanent deformation than the intercept (a). Furthermore,
regarding the developed model, the slope value was strongly
depended on the loading duration and axial deviator stress.

3- One of the most effective parameters that can influence the
permanent deformation behaviour in HMA was loading
duration, followed by axial stress level and rest period dura-
tion. Longer rest period and loading duration lead to an
increase in permanent deformation. The permanent defor-
mations that occurred in the first zone are sensitive to rest
period. However, the loading duration can affect the sec-
ondary zone of creep curve.



S.M. Motevalizadeh et al. / Construction and Building Materials 167 (2018) 707–715 715
4- During the first zone of creep curve an increase in deviator
stress level do not significantly affect the permanent defor-
mation. However, during the secondary zone where the per-
manent deformations linearly increase, higher deviator
stress level can increase the permanent deformations. More-
over, the testing temperature was one of the most effective
parameters that can influence the permanent deformation
performance in HMA.
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