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� The creep and recovery behaviors of
the asphalt mixture are tested.
� The asphalt mixture exhibits obvious

nonlinearity.
� The simplified Schapery’s viscoelastic

model is used for recoverable strain.
� The modified Schwartz’s viscoplastic

model is used for irrecoverable strain.
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a b s t r a c t

A simplified Schapery’s nonlinear viscoelastic model and a modified Schwartz’s viscoplastic model with a
proposed stress function are combined to characterize viscoelastic and viscoplastic behaviors of com-
pressed asphalt mixture. In this combined model, the simplified Schapery’s model is used for describing
the recoverable strain, and the modified Schwartz’s model is for the irrecoverable strain. The model
parameters are determined with the multiple-stress repeated creep–recovery test and the one-hour
creep test, and then the combined model is validated with some other tests, including the one-hour creep
test at a different stress, the fixed-stress repeated creep–recovery test and the random loading test. Com-
pared with the Perzyna’s viscoplastic model, the modified Schwartz’s model can fit the experimental
viscoplastic strain response better in a wide stress range, so that the combined model can predict the
creep and recovery behaviors of asphalt mixture under uniaxial compression well.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Due to permanent deformation accumulation caused by re-
peated traffic loads, rutting is one of the major failure modes in as-
phalt concrete pavements. It is extremely important to assess and
improve the resistance of asphalt concrete to permanent deforma-
tion before making a desirable design. The laboratory wheel track-
ing test is the most direct and frequently-used method to

investigate the rutting resistance, but it is empirical and cannot
give a deep understanding of the material properties. It has been
well known that asphalt concrete is a time-dependent material
which exhibits noticeable viscoelastic and viscoplastic characteris-
tics [1,2]. These characters can be reflected by a creep–recovery
test [3]. When asphalt concrete is subjected to a constant load,
deformation occurs and develops with time. After the load is re-
moved, the deformation can partly recover. To clarify how much
the irrecoverable part is in the total strain, Ossa et al. [4,5] pro-
posed an empirical method to measure the ratio of the recoverable
part to the total axial strain. They found the ratio to be a constant
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which was independent of the total axial strain and scarcely influ-
enced by the confining pressure. Some other researchers preferred
to decompose the total strain into a viscoelastic strain and a visco-
plastic strain and to model them separately [6–12]. The viscoelas-
tic strain described by a viscoelastic model was used to represent
the recoverable part of total strain, while the viscoplastic strain de-
scribed by a viscopalstic model was used to describe the irrecover-
able part.

The purpose of this paper is to find a simplified method to
investigate the viscoelastic and viscoplastic characteristics of as-
phalt mixture in compression. In this method, proper models are
used to describe the mechanical behaviors, and as few experi-
ments as possible are carried out to determine the model
parameters.

There have been many methods to model the viscoelastic strain.
When the strain is very tiny, the Boltzmann superposition principle
is often applicable, and the linear viscoelastic theory can be used
[13]. However, in most cases, especially at high stress and high
temperature, asphalt mixture exhibits obvious nonlinearity with
respect to load because of its complicated composition. Schapery’s
nonlinear viscoelastic model [14], originated from the Boltzmann
superposition integral by introducing four stress-dependent
parameters, is still widely used today. The other useful method
to model nonlinear viscoelasticity is the pseudo strain and stress
theory [11,15–17]. It can model viscoelasticity as nonlinear elastic-
ity by applying the correspondence principle to eliminate the time
dependence. Theoretically, the strain could be partially recoverable
in a viscoelastic model because a plastic component is often in-
cluded. For example, a free dashpot can produce plastic strain in
the Maxwell spring-dashpot model [18]. So complete recoverabil-
ity must be imposed on the viscoelastic model, if it is used to de-
scribe the recoverable strain only.

To model the irrecoverable strain, many viscoplastic models
are expressed in differential formulas which define the visco-
plastic strain rate as a function of the current stress and inter-
nal variables. Perzyna’s viscoplastic model is one of them and
has been wildly used [6,19,20]. It assumes that only when
the stress exceeds a threshold can the permanent strain be
produced. The threshold corresponds to the yield surface in
the three-dimensional space, so the model can be extended
into three-dimensional cases easily. However, sometimes the
stress threshold is too low to measure, especially at high tem-
perature cases. Different from Perzyna’s viscoplastic model,
Schwartz’s viscoplastic model [8] uses a stress function to de-
scribe complex nonlinear relationship between stress and
viscoplastic strain rate without the necessity of defining a
stress threshold. In addition, recently, a new viscoplastic model
based on the convolution integral was proposed by Subramani-
an et al. [9]. This model is expressed in an integral formula
and hypothesizes that the viscoplastic strain rate depends not
only on the current values of stress and viscoplatic strain,
but also on the loading history. No matter which formula is
used, a viscoplastic model must embody the strain hardening
effect of the material, and ensure the viscoplastic strain rate
to be zero when the current stress vanishes.

This paper combines a simplified Schapery’s nonlinear visco-
elastic model and a modified Schwartz’s viscoplastic model
with a proposed stress function to characterize viscoelastic
and viscoplastic behaviors of compressed asphalt mixture. The
model parameters are determined with the multiple-stress re-
peated creep–recovery test and the one-hour creep test. The
multiple-stress repeated creep–recovery test can exhibit the
nonlinear viscoelasticity and viscoplasticity, while the creep
test can reflect the long-term response to loading. Both the
strain and stress in this paper are compressive but measured
in positive sign.

2. Combined viscoelastic–viscoplastic model

2.1. Strain decomposition

Fig. 1 schematically shows a typical viscoelastic–viscoplastic re-
sponse in a creep–recovery experiment. Before the recovery point
t0, the asphalt mixture sample creeps because of being subjected
to a constant load. The creep strain can be decomposed into a
recoverable part and an irrecoverable part, which will be described
by the viscoelastic and viscoplastic models, respectively. The
decomposition of the strain can be expressed as

e ¼ eve þ evp; ð1Þ

where eve and evp denote the viscoelastic and viscoplastic strain
components, respectively. At t0 the load is removed instantaneously
and the creep strain begins to be partly recovered. When the recov-
ery time lasts long enough, only the irrecoverable creep strain evp(t0)
remains. The recoverable creep strain eve at t0� will be totally recov-
ered after t0�. The instantaneous strain decrement at time t0 is de-
fined as Dee = eve(t0�) � eve(t0+), which is also called the
instantaneous recovered strain. During the recovery period, the
strain is gradually recovered with time elapsing. The strain decre-
ment from time t0+ to t(t > t0+) is defined as Dev(t) = eve(t0+) � eve(t),
which is also called the retarded recovered strain. As shown in
Fig. 1, the recoverable creep strain at t0� can be decomposed into
two parts: Dee and Dev(1).

2.2. Simplified Schapery’s nonlinear viscoelastic model

The simplified Schapery’s nonlinear viscoelastic model is ex-
pressed as

eve ¼ g0D0rþ
Z t

0�
DDðt � sÞdðg2rÞ

ds
ds; ð2Þ

where D0 and DD(w) are the instantaneous compliance and the
transient compliance, respectively. g0 and g2 are the stress-depen-
dent parameters.

In the creep–recovery test shown in Fig. 1, the viscoelastic
strain response can be theoretically expressed according to Eq.
(2) [14]. When 0+

6 t 6 t0�, r = r0 (namely a constant creep stress),
so that

eveðtÞ ¼ ðg0D0 þ g2DDðtÞÞr0; ð3Þ

but when t P t0+, r = 0, so that

eveðtÞ ¼ ðDDðtÞ � DDðt � t0ÞÞr0g2: ð4Þ

Because the viscoelastic strain is totally recoverable, the strain in
Eq. (4) should be zero when t ?1. To this end, the following Prony
series is used to represent the transient compliance.

DDðtÞ ¼
Xn

i¼1

Dið1� expð�kitÞÞ; ð5Þ

Fig. 1. A typical viscoelastic–viscoplastic response in a creep–recovery experiment.
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