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ARTICLE INFO ABSTRACT

Keywords: The dominant load-induced damages, permanent deformation (PD) and fatigue cracking (F), are traditionally
Permanent Deformation predicted separately by taking temperature as a variable of departure. This paper presents an experimental study
Fatigue

of the two damages and interaction using sequential test procedure (STP) based on ‘sequential damage’. The STP
is conducted in PD-F and F-PD sequences on each specimen using a creep-recovery and cyclic fatigue tests. The
effect of strain hardening on fatigue cracking is studied in the PD-F sequence, and the impact of fatigue cracking
on permanent deformation is explored using the F-PD sequence. First, the shear deformation in tertiary stage of
creep recovery is investigated using the dissipated energy ratio criterion and a new fourth creep phase is ob-
tained. Following the PD-F sequence, strain-hardening is found a significant accelerator of fatigue damage rate,
particularly on aged and laboratory produced mixes. The fatigue tests without considering the strain-hardening
effect underestimate fatigue damage rate. In the F-PD sequence, the effect of pre-existing crack (up to 40%
modulus reduction) on permanent deformation is found marginal. The sequential test and damage approach is an

Sequential Test
Dissipated Energy
Continuum damage
Flow Number

effective way to analyze interaction between damage modes and evaluate asphalt mixtures.

1. Introduction

Asphaltic concrete is a crucial pavement material with a viscoelastic
and viscoplastic behavior under different strain levels and temperature
conditions. Pavement structures are typically exposed to high magni-
tude, complex mechanical, and environmental loads. The complex tire-
pavement interface stress and environmental factors caused different
modes of damage in asphalt pavements. The damage on the pavement is
manifested in the form of energy dissipation, material ductility
exhaustion, cracking, hardening, and viscoplastic flow. Among the
different damage modes, permanent deformation and fatigue cracking
are the two dominant damage mechanisms. At the material level, the
constituents of asphalt mixture (aggregates, binder, and air voids) and
confinement have significant effect on the respective damage mecha-
nisms [1,2].

Permanent deformation (or rutting) in asphalt layer is caused by the
accumulation of non-recoverable (viscoplastic) strain under repeated
traffic loading, mainly at elevated temperatures. At structural level,
permanent deformation is related to three mechanisms: (1) viscoplastic
deformation in the asphalt layer (densification and shear flow), (2) the
sub-structural (subbase and subgrade) settlement, and (3) studded tire
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abrasion in the wheel path [3-5]. At the mixture level, the permanent
strain is accumulated because of microstructure changes in the asphalt
mixture matrix under a creep-recovery cycle. A strain hardening-
relaxation phenomenon is one of the behaviors of asphalt concrete.
The merits of considering the hardening-relaxation behavior is to
consider the load history effect in the model and to capture a variable
hardening rate at each loading cycle [6-8]. However, the permanent
deformation modeling is heavily relayed on the data from a standard
repeated creep-recovery test. The accumulated permanent strain at the
end of each creep-recovery cycle is described in three distinct stages:
primary, secondary and tertiary [9,10]. The primary creep stage is char-
acterized by a rapid deformation at a decreasing rate (volumetric
densification), and the secondary stage (steady state) has a constant
viscoplastic strain rate. The viscoplastic strain hardening reaches satu-
ration at the flow number and the tertiary creep commences with a rapid
shear deformation [11]. At the maximum strain hardening saturation,
the extra energy is consumed to initiate microcracks (viscodamage) and
an increase in phase angle [12].

Fatigue damage, on the other hand, is a stiffness deterioration
mechanism due to the formation and propagation of cracks under cyclic
stress- or strain-control load. Several fatigue test protocols were
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attempted such as the indirect tensile, beam bending, and axial loading
scenarios [13,14]. The traditional fatigue design criterion was based on
the critical tensile strain at the bottom of the asphalt layer and the crack
propagates bottom-up (BUC). The BUC is mainly due to structural
problems not load-related. Studies showed that load related fatigue
cracks started at or near the pavement surface and propagated down-
wards, that is, top-down cracking (TDC). Although researchers have
reached different conclusions regarding the causes and locations of TDC,
it is believed that TDC is caused by high radial tensile stress at the
surface and longitudinal cracks in wheel paths [15-18]. Furthermore,
experimental and field observations showed that TDC is critical in me-
dium and thick asphalt layers, and BUC is dominant in thin pavements. It
is also argued that the BUC appears as disintegrated zones (cannot reach
the surface), and can conjoined and coalesce with TDC [19]. Further-
more, differential stiffness in the surface and base layers of asphalt
pavement, and rutting of substructure layers can cause significant ten-
sile stresses at the surface and bottom of asphalt pavement layer that
leads to both TDC and BUC. This means design based on tensile strain at
the bottom of asphalt layer overestimates fatigue life.

Nevertheless, an interaction of permanent deformation and fatigue
cracking (TDC or BUC) in asphalt concrete has never been studied in
detail and little is known about the simultaneous damage evolution.
Current fatigue and permanent deformation models (both energy- or
continuum- based) are based the assumption of mutually independent
(non-associated) damage evolution. Temperature is often taken as a
boundary thermodynamic variable between fatigue and permanent
deformation. This is because asphalt relaxes faster at high temperature
and become fatigue cracking resistant, and the stiffness (elasticity) in-
crease at low temperature where permanent deformation is insignificant
[20]. This distinction can be accurate in a controlled test at fixed tem-
perature. However, the interaction between the two main damages is
inevitable in actual pavement due to the reasons: (1) pavement tem-
perature varies significantly in a day let alone over seasons, (2) the same
load causes both damages, (3) as a viscoelastic-viscoplastic material,
pure cracking never happen and plastic deformation around localized
regions of cracks also evolves simultaneously, regardless of the tem-
perature [21]. Hence, pure cracking and pure permanent deformation is
unlikely by varying the temperature or loading level. Based on field
observations, surface deformation along the wheel path causes longi-
tudinal surface cracking inside or just outside of wheel-path [16,17,22].
Furthermore, as a three-phase material, the air voids are the most
important components of asphalt mixture morphology, and about 4%
void content is generally provided to prevent early rutting failure. The
air voids can be considered as multitude of distributed pre-existing
cracks [23]. For example, air void contents of 4% and 7% corresponds
to pre-existing crack size of 0.65 mm and 0.79 mm, respectively [24].
When external load is applied, stress concentrates around the pre-
existing flaws (air voids), and wing cracks initiate and propagate par-
allel to the load direction. Thus, the air voids can act as point of crack
initiation due to tension-tension or tension—compression load and vis-
codamage cracking due to compression [25]. These observations are
testimonial for the association of fatigue cracking and the accompanying
permanent deformation.

This paper is focused on the experimental study of permanent
deformation and fatigue damage, and the effect of one damage evolution
on another. The interaction between the two damage modes is analyzed
by following a sequential test procedure in two orders [26]: (1) the
permanent deformation — fatigue (PD-F) damage sequence, (2) the fa-
tigue — permanent deformation (F-PD) sequence. The PD-F sequence is
to incorporate pre-deformation or strain hardening on fatigue response
and the F-PD sequence is to simulate the fatigue damage development
prior to permanent deformation in certain cases. In cold climate regions
(seasons) and thick pavements, fatigue can develop without or prior to
viscoplastic deformation. Then, fatigue cracked pavements can then
undergo permanent deformation due to phase angle increment. Seven
asphalt concrete mixtures were tested and analyzed in this study and the
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viscoelastic, viscoplastic and damage responses were studied using
uniaxial dynamic modulus, repeated creep-recovery, and uniaxial fa-
tigue tests.

2. Viscoelastic, viscoplastic and damage modeling
2.1. Viscoelastic model

Asphalt concrete behaves in linear viscoelastic manner at specific
strain levels [27,28]. The strain limits for linear viscoelastic response
limit was assumed different values in the ranges between 50 to 150
micro-strains. The dynamic (complex) modulus |E’| is a fundamental
material property using to analyze the viscoelastic response of asphalt
concrete. It is expressed in a complex number form that represents the
viscous and elastic components of modulus. The frequency-, stress- and
temperature-dependent properties of asphalt concrete can be charac-
terized by constructing a dynamic modulus master curve [29]. The true
stress—strain constitutive equation cannot be expressed using the dy-
namic modulus, which contains an imaginary component. The relaxa-
tion function E(t) is used to define the fundamental stress—strain
constitutive relationship using true viscoelastic strain £ or pseudo
strain sf and pseudo stiffness (C).

o = /E(tfr) - dr (€D)

ve

t
1 e
—Cf=c|— |E(t—17)=— 2
c=Ce=C ER/ (t—71) aTdr 2)

0

where Ey is reference modulus (in unit modulus).

Asphalt concrete is a rate dependent material, and the viscoelastic
properties are not adequate to fully characterize its responses beyond
the viscoelastic stress limit (¢"¢) under different modes of loading.

2.2. Viscoplastic model

Viscoplasticity is the response beyond linearity limit where a rate-
dependent viscoplastic strain is accumulated under repetitive loadings.
In a creep-recovery test with rest period, the viscoplastic strain is
conventionally determined by the additive decomposition of total strain
or from experiment measurement of the nonrecoverable strain. Luo et al.
[30] applied the decomposition technique for direction tension mode in
a pseudo strain space. As a viscoelastic-viscoplastic material, a true
separation between the viscoelastic (") and viscoplastic (¢'P) strain is
difficult with short rest period using a haversine loading pulse [31]. A
coupled viscoelastic-viscoplastic analysis is the accurate way to model
permanent deformation. Several research have been conducted on the
viscoplastic evolution inspired by the phenomenological, microscopic or
macroscopic responses of viscoplastic strain due to external loads [32].
However, most of the existing modeling approaches are focused on
prediction of permanent strain data from the creep-recovery test using
empirical and mechanistic-empirical equations [33]. The classic uniax-
ial viscoplastic flow rate (strain-hardening) model assumes a power law
in viscoplasticity [34,35].

¢, — 8;_6> ®)
where g(o) is stress function, 1 = G&), is viscosity parameter approxi-
mated by a power form, G and p are model coefficients. Power-based
models can approximate the secondary or steady-state creep strain
with good accuracy. However, power function has inherent limitation to
fit viscoplastic strain in the tertiary stage (viscodamage phase). Several
other empirical and mechanistic-empirical models were proposed for all
creep phases [10,11]. The Francken model is the most widely applied
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three-stage model, such as in AASHTO standard. The model takes the
following form.

£y = AN 4+ C(e™ — 1) “

where A, B, C and D are coefficients and N is the number cycles. In the
model, parameter ‘B’ is the rate of strain hardening in the secondary
stage and C indicates the start of tertiary stage (or flow number). Such
type of models overrides the mechanistic and microscopic aspects of
viscoplasticity and relied on the quality of creep-recovery test data, rest
period between creep cycles and other control variables like tempera-
ture, confinement, axial stress magnitude, and mixture properties.

2.3. The continuum damage model

Viscoelastic continuum damage (VECD) theory is widely applied for
asphalt concrete, which is derived based on Schapery’s elastic-viscoe-
lastic correspondence principle and work potential theory [36,37]. The
theory utilizes internal state variable (S) to model damage. The damage
variable (S) represents microstructural changes that leads to a reduction
in effective stiffness due to cracking. The damage rate is defined using
the maximum pseudo strain energy (W®) and damage coefficient « as
follows.

ds oW\ “
dr (7 as ) )
Wk = lUsR = 1C(S) (SR)2 6)
2 2 i
c
c(s) = oF )

The parameter a is a unique material property related to viscoelastic
damage evolution [38], which is dependent on the maximum slope (m,)
of relaxation modulus curve (a = ml0+l for controlled-strain fatigue
test). The detail formulation of simplified VECD (S-VECD) model is
presented in previous studies [39-42]. The accumulated damage after
one load cycle (AS) takes the following form.

DMR/ N2, . . |7 1
AS = {7T(65i> (¢ - Ci+l):| (D) ®)
+1
er, =00, ©
P I_f;,,gmm 10)
IE LVE
1 [AN
Aty =— | =~ 11
e=a |70) an

The C - S relationship (Eqn (8)) combines the effects of strain level,
temperature, sample variability, and frequency.

where, DMR is the dynamic modulus ratio used to normalize
specimen-to-specimen variation,
Ej; is dynamic modulus from linear viscoelastic test,
|E"|ingerprine 18 fingerprint dynamic modulus),
&R, is the pseudo strain amplitude,

p = °me is a load form factor,
PP

&p and oy, are peak-to-peak strain stress amplitudes (respectively),

Omean I€AN StrESS,

Atg is a reduced time of a cycle,

AN is the number of load cycles between two successive strain
amplitudes.
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2.4. Energy approach

Dissipated energy (DE) in a cyclic load is the area under the
stress—strain hysteresis loop (or the work done per cycle), which is
expressed by the following integral.

T

. 0e(t)
DE—/O‘(I) o dr 12)

0

The energy expended due to applied sinusoidal, creep or creep-recovery
type of loadings can be formulated by substituting the appropriate strain
rate and stress functions in Eqn (12). For a controlled-strain cyclic fa-
tigue test with a sinusoidal stress o(t) = o,sin(wt +¢;) and strain e(t) =
eosin(wt) functions, the dissipated energy takes the following form.

DEy = nE, €Xsin(gp,) 13)

E; is the apparent dynamic modulus at i cycle, @; is the phase angle, ¢,
is target strain amplitude. The dissipated energy was computed by
decomposing into elastic, viscous and viscoplastic (if any) stress—strain
components [21,43]. Masad et al. [43] have identified three dissipated
pseudo strain energy (DPSE) components: (1) energy dissipated due to
increase in the apparent phase angle and the hysteresis loop, (2) dissi-
pated energy related to permanent deformation (viscoplastic strain) and
(3) change in pseudo stiffness due to damage. They also concluded that
the second component of dissipated energy is less than 5 % of the change
of dissipated energy between an idealized hysteresis loop and a hys-
teresis area with some creep-recovery strain. On the other hand, the
dissipated energy due to creep (i.e., constant strain rate) is DEcrep =
0o%¢cr. For creep-recovery permanent deformation (DEpp), creep dam-
age accumulates only during the creep phase of a creep-recovery cycle.
Thus DEpp, is expressed using the Francken model as follows.

DEw = 6,(AN® +CD(e™ — 1)) = 0,%,, a4

The dissipated energy ratio (DER) criteria were proposed as failure in-
dicator for asphalt concrete [44-46]. The common one is expressed as
follows.

DER=n (DE1> 15)

DE,

where DE; and DE, are the dissipated energies at the first and the nt
load cycle. The DER for a controlled-strain (¢,) cyclic fatigue (DERF) and
for creep-recovery permanent deformation (DERpp) can be expressed as
follows.

£ e3si E
DERy = nx S0P (21) (21 16
nE"etsing, E ) \o;

( A+CE@-1) \ _ (K
et =¥ (e 17) ~V(a,) a

where K = A +C (eD —1) is constant, which is dependent on stress level,
initial deformation, and tertiary stage shear failure rate (C and D).

3. Test Methods, and material
3.1. Materials

In this study, seven asphalt concrete mixtures were evaluated for
testing. Four of the mixtures were collected from two asphalt mix pro-
duction plants in Norway (denoted as P1 and P2). The mixtures are
asphalt concrete (AC) and stone mastic asphalt (SMA) mixtures, as
shown in Table 1. Moreover, two mixes were produced in the laboratory
(designated as AC-L and SMA-L). The AC-P1 mixture is pure binder and
the AC-P1-X is a polymer modified mixture. Similarly, the SMA-P2



M.M. Alamnie et al.

Table 1

Tested asphalt mixtures compositions (aggregate gradation and binder properties).
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Mix Type Sieve size (mm) Binder Content (%) Binder Grade (at 25 °C)
16 11.2 8 4 2 0.25 0.063

Percent passing (%)

Plant-Produced mixtures (P1 and P2)

AC-P1 100 95 75 47.5 335 11.5 8 5.6 70/100

AC-P1-X 100 95 70 48 36 15.5 7 5.8 PMB 65/105-60

SMA-P1 100 94 56 36 27 16 10.5 5.83 70/100

SMA-P2 100 92 58 37 23 13 9 5.95 “

SMA-P2-X 100 91.2 53.6 35.7 21.7 12.8 8.4 5.83

Laboratory-Produced mixtures (L)

AC-L 100 95 70 47.5 33.5 12.5 7.5 5.1 70/100

SMA-L 100 95 55.5 37.5 26 16 11 5.3 «“

mixtures were sampled at different times from mixing plant 2, denoted
as SMA-P2 and SMA-P2-X. Two of the mixtures, AC-P1-X and SMA-P2-X
are one year older (aged) than the other mixtures. The samples were
stored up to one year at room temperature. All mixtures have a nominal
maximum aggregate size (NMAS) of 11 mm with pure binder except a
polymer modified (PMB) for AC-P1-X.

3.2. Test methods

Cylindrical test specimens of size about 180 mm height and 150 mm
diameter were produced using a gyratory compactor according to
Superpave gyratory compaction procedure. The final test specimens
were fabricated by coring and cutting to 150 mm height and 100 mm
diameter. The IPC global universal testing machine (UTM-130) was used
for testing according to the test parameters given in Table 2.

Three main types of tests were conducted to characterize asphalt
mixture’s viscoelastic, viscoplastic and fatigue responses. The tests are:
(1) the dynamic modulus test to determine linear viscoelastic charac-
teristics (AASHTO T378 2017), (2) a controlled-strain uniaxial fatigue
test (AASHTO TP-107 2017) in both tension-tension and ten-
sion—compression modes, and (3) cyclic creep-recovery tests (EN
12697-25 2016 and AASHTO T378 2017).

3.2.1. Sequential test approach

Inspired by the sequential creep and fatigue damage evolution in
researches by [47,48], the sequential test was proposed in this study to
investigate the effects of permanent deformation on fatigue damage
evolution and vice versa [26]. To simulate the effect of one damage
mode on the other, the test campaign is performed in two sequences on
each test specimen - the PD-F and F-PD sequences. The permanent
deformation — fatigue (PD-F) is intended to capture the early life

Table 2
Summary of test parameters, controls, and variables.
Test Types
Dynamic Creep- Uniaxial Fatigue
modulus recovery
Test Standard AASHTO T378 EN 12697-25 AASHTO TP107
Specimen size 1.5 1.5 1.5
(height to
diameter ratio)
Number of 4 3 2
duplicates
Temperature, °C -10, 5, 10, 21, 30, 40, 50 10, 15, 21, 30
40
Frequency, Hz 20, 10, 5,2, 1, - 10
0.5,0.2, 0.1
Control mode Control strain Control stress Target strain (ue):
(ue): 50 (MPa): 0.5 to 2 100, 150, 200,
300, 400
Loading (rest) time, s - 0.1 (0.9) -
Pulse (Confinement) Sinusoidal Haversine Sinusoidal
(Uniaxial) (Uniaxial and (Uniaxial)

triaxial)

permanent deformation (hardening) before fatigue started. In other
words, permanent deformation is a short- and fatigue is a long- term (in
ranges of 10° cycles) damage after aging. In most cases, except thermal
cracking, viscoplastic strain accumulates before fatigue cracking initi-
ates, and permanent deformation is believed to be the cause of surface
cracking in pavement [16]. In the PD-F sequence, virgin specimens are
tested in a creep-recovery test within the steady-state stage well before
flow number (FN) commences i.e., N < FN. Then, the pre-deformed
(strain-hardened) specimens are tested in uniaxial fatigue at low tem-
peratures until failure.

The fatigue — permanent deformation (F-PD) sequences is proposed
to simulate the effect of preexisting fatigue cracking on permanent
deformation mechanism of asphalt concrete. In this sequence, new
specimens are first tested in the uniaxial fatigue test (in ten-
sion—compression T-C or tension-tension T-T modes) in controlled-
strain modes at low and intermediate temperatures (not more than 40
% of initial stiffness reduction). A 50 % initial modulus reduction due to
fatigue cracking has been considered as failure indicator in asphalt
concrete [13,49]. Then, the pre-fatigued specimens are tested in creep-
recovery tests at elevated temperatures.

The nondestructive fingerprint dynamic modulus test was performed
before the fatigue damage tests. The overall testing process is illustrated
in Fig. 1, and the ball and socket joint system for uniaxial cyclic fatigue
test scheme is shown in Fig. 2. A plastic steel putty epoxy was used to
glue the top and bottom tension platens.

4. Results and discussions
4.1. Dynamic modulus test
The dynamic modulus maser curve is fitted using a sigmoid function

and the WLF [50] time-temperature shift factor oy through the least
square optimization technique.

- (a—6)
ORI = O el rlog) (a8
Ci(T-T
log(or) = — 7@'1 - %)0 19)

where 8, a, 1 and y are coefficients; f is reduced frequency (= ar x f);
C; and C; are WLF constants. The dynamic modulus master curves of the
tested mixtures are constructed at 21 °C reference temperature. As
shown in Fig. 3, laboratory-produced (AC-L, SMA-L) and aged (AC-P1-X,
SMA-P2-X) mixtures have low dynamic modulus (stiffness) at high
temperatures. This implies that the mixtures are more susceptible to
permanent deformation than unaged and plant-produced mixtures. It is
possible to verify deformability using the ratio of dissipated (loss) to the
maximum stored energy per cycle (2zsing, where ¢ is phase angle) given
in Table 3. High energy loss corresponds to high phase angle and
deformability potential.

On the other hand, the dynamic modulus at low temperatures and
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Fig. 1. Overall process testing specimen instrumentation and test sequences (dynamic modulus, creep recovery, and uniaxial fatigue tests).

(b)

70+1 mm

/" Glued Surface

Bottom plate

Fig. 2. Schematic of fatigue test configuration (a) locking ball joint (b) gauge point.

high frequencies corresponds to fatigue properties of mixtures. To better
understand the fatigue response of the materials, the relaxation modulus
curve is often used instead of dynamic modulus curve which contains the
loss modulus component E = E’sing). Fatigue damage is the deterio-
ration of the storage modulus due to increase in loss modulus or phase
angle. For this reason, the time-domain relaxation modulus E(t) is often
used to describe viscoelastic responses than the frequency-domain dy-
namic modulus. The relaxation modulus is obtained from the storage
modulus (E) data using the analytical Prony method. The relaxation
modulus is expressed using the Generalized Maxwell (GM) model in
discrete form as follows.

E(t) =Eq+ iE,- (e(*'/m-) ) (20)

where E, is long-term (equilibrium) modulus; E; and p; are relaxation

modulus and relaxation time, respectively; and M is the total of number
of GM elements. A total of 12 Prony series coefficients were found suf-
ficient to fit the relaxation modulus curve using a pre-smoothened
storage modulus data (Fig. 4). The pre-smoothening is done using a
sigmoid-type continuous function to remove outliers in the storage
modulus data [29]. The log-log ratio of the relaxation modulus - time

curve is the slope, such that, the maximum slope ism, = max{% }

It has been established that the maximum slope is related to the visco-
elastic damage rate (), which is expressed for strain-controlled tests as
o= mln—&-l [38]. The viscoelastic damage rate is found dependent on
confining stress for triaxial test scenarios [29]. As given in Table 3,
laboratory-produced mixtures (AC-L and SMA-L) have the maximum
slope of relaxation modulus which corresponds to minimum damage
rate (alpha). This is inline with the possibility that plant-produced
mixtures could undergo oxidative aging [51] and hardening
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Fig. 3. Dynamic modulus master curves (reference temperature at 21 °C).

Table 3
Loss modulus ratio and relaxation modulus-related variables (long-term relaxation modulus and viscoelastic damage parameter).
AC-L SMA-L AC-P1 SMA-P1 SMA-P2 AC-P1-X SMA-P2-X
Maximum loss ratio (2zsing) 4.09 4.08 3.61 3.831 3.76 3.84 4.25
E(MPa) 61.92 87.88 172.48 101.74 127.12 72.20 38.78
Maximum Slope (m,) 0.70 0.69 0.52 0.59 0.53 0.50 0.65
Alpha () 2.43 2.45 291 2.69 2.90 3.02 2.54
s phenomena due to re-heating the loose mixture sample for gyratory
__ 10 ! ' ' compaction.
©
o ® M
m m LN
% 10 £ %v%wa&é@g
3 4.2. Cyclic creep-recovery test
g Mixture &Wﬁ%% Y P 4
3 5 SMA-L Wyl e . .
= 3 x ACL %‘Vveu x o Permanent deformation damage response of asphalt concrete is
E - o 3
5 10 < SMA-P2 b QGQ DEE’ o ! highly stress and stress-path dependent [29,52]. Stress sensitivity in-
= o SMA-P1 ® QZ'D VDX.DQX creases with temperature for both viscoelastic and viscoplastic re-
[ .
% 102 ® ACP1 ¥ %S'Di; e ot sponses. The creep-recovery response of asphalt concrete was explained
& A SMA-P2-X A using the strain rate in the three creep phases. In a typical asphalt
v AC-P1-X mixture, the strain rate decreases in the primary stage, constant rate
10" \ . . . s (steady state) in the secondary stage, and rapidly increases in the ter-
108 108 107 1072 10° 102 tiary stage. The rate in the steady-state stage is the most important

Reduced Time (sec)

Fig. 4. Relaxation modulus master curves (reference temperature at 21 °C).

property to assess the performance of asphalt concrete because of the
strain hardening. The tertiary stage commences with the formation of
micro-cracks at the maximum saturation of strain-hardening, the flow
number (FN). The FN can be identified when the second derivative of the
Francken model (Eqn (4)) changes from negative to positive. After the
flow number, shear failure starts at constant volume. The first part of the
equation (AN?) is the power function to fit the primary and secondary
stages and the viscodamage part is fitted using (C(e®™ —1)). The coef-
ficient ‘B’ is the rate of strain in the secondary stage or the rate of
hardening.
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Furthermore, triaxial creep-recovery tests are selected in lieu of the
uniaxial to simulate the actual field confinement. The realistic confining
pressure in pavements is thought to be between 100 and 200 kPa,
depending on the mixture type. The confining- and axial stress-
dependent responses of asphalt concrete can be seen in Fig. 5 (a to d).
The axial stress increases the rate of deformation, while confinement
retards the strain rate and increases in the viscosity (1) thus extends the
flow number.

4.2.1. Four-stage permanent deformation criterion

From a mechanistic viewpoint, the classic flow number failure cri-
terion is only an indicator for the initiation of shear deformation (vis-
codamage) and could not give the full history of viscoplastic damage
evolution. In actual practice, pavements can be in-service after micro
cracks initiated at the flow number, that is, from micro-crack initiation
at FN to the formation of macro cracking. In this phase, the micro cracks
accumulate, grow, and coalesce to cause macro cracks. Therefore, it is
worth investigating the remaining life of pavement from maximum
hardening saturation to the formation of macro crack, which is referred
to as shear endurance life (SEL). To estimate the life between FN and the
macro crack formation a new formulation is proposed. Note that using
the conventional strain rate method, it was not possible to identify the
cycle number where macro-cracks started. The dissipated energy
approach is applied to formulate a fourth creep phase in the tertiary
stage and to calculate the shear endurance life, SEL. The cycle number at
the macro-crack formation need to be revealed, which is denoted as Npy.
Thus, SEL is expressed as
SEL = Npy — FN 21

The dissipated energy criterion DERpp from Equation (17) is applied to
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Fig. 6. Four-stage permanent deformation evolution — SMA-P2-X (T = 40 °C,
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find a peak point (cycle number) in the tertiary creep stage where the
macro-crack started. As shown in Fig. 6, it is possible to reveal additional
fourth creep phase in the tertiary creep stage using the dissipated energy
ratio method.

The peak value of the DER curve (Npy) is believed to be the point of
macro-crack formation that corresponds to excessive energy dissipation.
At this point, the shear endurance limit is reached, and the sample can
carry no more external load. As the FN marks the start of micro-crack
initiation, and the Npy marks the formation of macro-cracks and the
commencement of the fourth creep stage. The DER curve starts
descending in the fourth stage due to excessive energy dissipation,
which leads to loss of integrity or collapse. In the above expression (Eqn
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Fig. 5. Effect of stress on permanent deformation and hardening rate — (AC-P1 at 50 °C).
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(21)), the corresponding permanent strains at peak point (epy) and flow
number (epy) can be used to express the shear endurance life, esg, =
Epy —EEN-

An example is presented to illustrate the relation using aged spec-
imen (SMA-P2-X). As shown in Fig. 7, a positive correlation is found
between flow number and SEL and Npy with good accuracy. High flow
number means a long shear endurance life before macro-crack forma-
tion. The correlation between the number of cycles in Fig. 7(a) has
shown better relationship than using the corresponding strain quantities
in Fig. 7(b).

Similar correlation can be seen for other six mixtures tested at
different temperatures, and axial stress levels. The result presented in
Fig. 8 is for the AC-P1-X mixture. The data points in the Fig. 8 represents
the SEL and Npy of tested samples at two different temperatures (30 °C
and 40 °C), three axial stresses (0.65, 1.5 and 2 MPa), and new and pre-
fatigued samples. Regardless of initial conditions, the correlation be-
tween the flow number and the peak value is found in agreement, but
the shear endurance life (SEL) has shown slightly weak correlation. This
implies that the shear deformation (viscodamage) phase is dependent on
stress, temperature, and initial conditions of the specimen.

Furthermore, the deformability rates (epN/FN, epv/NPV and eggr, /SEL)

are used to assess the viscoplastic deformation rates of different mix-
tures. Fig. 9 shows the good correlation between the deformability rate
and the flow number. The data points in the figure corresponds to flow
numbers and permanent strain at maximum saturation for different AC-
P1-X and SMA-P2-X duplicate samples tested at different temperatures
(30 and 40 °C), and deviatoric stresses (from 0.5 to 2 MPa). Regardless of
the differences with testing parameters, the deformability rate can be
approximated with a power relationship.
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4.3. Uniaxial fatigue test

Uniaxial fatigue tests were conducted on different asphalt concrete
mixtures on new and strain-hardened specimens according to test pa-
rameters given in Table 2. Fatigue tests are recommended between 5 and
15 °C, mostly at 10 °C [44]. Typical fatigue damage response is
described using dynamic modulus deterioration curve which evolved in
three stages, as shown in Fig. 10, a rapid reduction in the first phase,
steady state in the second stage and a rapid reduction in the third stage.

As discussed in Section 2.3, the viscoelastic continuum damage
model is the most comprehensive fatigue damage constitutive model
that considers time-temperatures factor, rate of relaxation module
change, factor for specimen-to-specimen variation and pseudo stiffness
deterioration. Therefore, the damage characteristic curves (C — S) are
constructed to characterize the pseudo stiffness deterioration (C) due to
damage (S). The 50 % pseudo stiffness reduction is considered as fatigue
failure point. The C-S relationship relates the temperature dependent
viscoelastic damage quantity with the pseudo stiffness deterioration. As
shown Fig. 11, laboratory-produced and aged specimens have shown
rapid damage rate compared to that of plant produced specimens. The C
— S curve can be used to classify different mixtures. However, the
comparison based on the C-S curve can be misleading. For example,
from rheological viewpoint, the damage rate (alpha) is smaller for lab-
oratory and aged samples (Table 3). Several factors such as initial void
(pre-flaw) can influence the damage rate. Moreover, the damage rate of
the tested mixtures is consistent with the slope of relaxation modulus or
the viscoelastic damage parameter (alpha).

Furthermore, the dissipated energy ratio, DERF = n x (%) (%) is

used to characterized the rate of damage accumulation for different
fatigue tests. For the control-strain fatigue tests, the effect of target on-
specimen strain is an important factor for damage rate. Fig. 12 shows
examples of specimens fatigued for about 16 % to 40 % reduction of
initial modulus. It is found that the DERy curve is dependent on tem-
perature and on-specimen control strain (ue). Specimens with high
damage have lower rate of DER at low temperatures. As temperature
increases, DERy decreases or fatigue resistance increases.

5. The interaction of fatigue and permanent deformation
5.1. The PD-F sequence

5.1.1. The effect of strain hardening on fatigue damage

The rational of the PD-F sequence is the assumption that permanent
deformation evolves before ductility exhaustion and significant fatigue
cracking in asphalt concrete, as discussed in Section 3.2.1. For instance,
new pavements are more likely to undergone volumetric densification
(deformation) before fatigue cracking initiates. This is due to the reason
that high energy is required to initial fatigue cracking due to the fast
relaxation and viscous properties of new asphalt pavements. Therefore,
initial strain-hardening of the asphalt concrete can have a direct
consequence on the fatigue damage rate of serviceable pavements. To
investigate this scenario, asphalt concrete samples are pre-deformed in
steady-state stage at 40 or 50 °C and the same sample is tested in uni-
axial fatigue part of the PD-F sequential test at 10 °C and 10 Hz in
tension-tension or tension-compression mode.

The objective of the PD-F test sequence is to investigate the effect of
strain hardening on the fatigue damage rate of asphalt concrete mix-
tures. Considering the pre-deformation (strain hardening) effect during
fatigue test is believed as a more realistic way of damage sequence when
actual pavement is considered. In the PD part, volumetric deformation
evolves (air void reduction), and the viscous nature of asphalt concrete
is reduced, making the material prone to fatigue cracking. Thus, strain
hardening can cause an increase in the ‘nominal stiffness’ of the spec-
imen and accelerates fatigue damage. After a certain level of hardening
(aging), both fatigue and permanent deformation damages can develop
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simultaneously.

The viscoelastic continuum damage (VECD) approach is applied to
quantify the fatigue damage evolution. The damage characteristic curve
is fitted using the expression C = 1 —as®, where parameter b is the slope

of logC —logS curve. As shown in Fig. 13, the strain hardening (PD) ac-
celerates fatigue damage rate in the PD-F test sequence. It is evident that
pre-deformed samples have shown high fatigue damage rate and energy
dissipation than undeformed (new) samples. The results are consistent
for the new and aged tested specimens.

Moreover, Fig. 14 (a) demonstrates that the rate of pseudo stiffness
deterioration or parameter b’ in C = 1 —as® is used to visualize pseudo
stiffness deterioration rate. This agrees with the relaxation modulus rate
(maximum slope and alpha) (Fig. 4 and Table 3). Alternatively, the
dissipated energy quantity can also be used to explain the PD-F inter-
action of fatigue and permanent deformation. As shown in Fig. 14 (b),
for the same amount of pseudo stiffness reduction, the amount of cu-
mulative dissipated energy needed is greater for new samples than the
pre-deformed ones. This means the number of cycles required to cause a
50 % of pseudo stiffness reduction are smaller for pre-deformed (strain
hardened) samples than the new (undeformed) specimens. In other
words, the amount of energy expended on new samples is much higher
than the pre-deformed samples to cause failure. Thus, both the dissi-
pated energy and continuum damage approaches yield similar conclu-
sions (Fig. 14 a and b).

The cumulative damage variable (S) at 50 % pseudo stiffness
reduction and the dissipated energy quantity (DEg) give some compa-
rable regression and good correlation, as shown in Fig. 15. The corre-
lation could be perfect linear. However, the damage (S) is the aggregate
of all internal state variables including any viscoplastic deformation and
viscous while the DEp is the energy expended due to an assumed pure
sinusoidal load only.

5.2. The F-PD sequence

5.2.1. The effect of pre-fatigue cracking on permanent deformation

As discussed in Section 3.2.1, the objective of the F-PD sequence test
is to investigate the effect of pre-existing fatigue crack on the permanent
deformation responses of different asphalt concrete mixtures. First, the
fatigue part of the F-PD sequence is conducted at 10 Hz frequency and
10 °C temperature to induce a certain extent of fatigue cracking
(maximum of 40 % dynamic modulus reduction). Then, the same pre-
fatigued specimen is test in a creep-recovery permanent deformation
test at higher temperature (30, 40 and 50 °C) until failure. The fatigue
part of the F-PD test sequence is intended only to cause initial cracks not
to fail the sample in a controlled-strain test prior to creep-recovery test.
It is possible that viscoplastic deformation can develop during the
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fatigue part of the tests. However, it is highly dependent on the fatigue
test temperature and target on-specimen strain amplitude. It is found
that a tension-compression fatigue test at 10 °C caused no more than
0.08 % creep strain. Thus, the corresponding dissipated energy due to
the creep strain is insignificant compared to the cyclic fatigue part [43].

The effect of pre-existing cracking on permanent deformation in the
F-PD sequence is analyzed using the strain rate in the steady-state stage,
flow number and the expanded energy. The dissipated energy and
hardening rate are strongly dependent on the deviatoric stress. High
deviatoric stress result in high dissipation, rapid creep rate, and small
flow number. First, the deformation (hardening rate) is studied with
respect to the energy quantities in the F-PD sequence. It can be seen in
Fig. 16 (a) that the strain hardening (parameter ‘B’ in Francken model)
is positively proportional with the dissipated energy due to creep-
recovery deformation (where DEpp is the cumulative energy up to
flow number ). However, the rate of strain hardening has a negative
correlation with the dissipated energy due to fatigue (DE) in the F-PD
sequence (Fig. 16 b). In addition, the effect of pre-fatigue on permanent
deformation is analyzed by correlating the flow number and respected
expended energies in fatigue and permanent deformation damages (DEr
and DE, pD).

It is also found that neither DEr nor DEpp energy quantities are
consistent with the flow number, as shown in Fig. 17. The expended
energies are dependent on mixture type and temperature. In Fig. 17a,

10

the DEpp at 30°C shows an increasing trend for AC-P1-X mixture. On the
other hand, it has a decreasing relation for the SMA-P2-X at 40 °C with
respect to flow number (Fig. 17b). The DEpp is high for a small flow
number, that is, deformation rate is high due to rapid permanent
deformation at higher temperature (Fig. 17b). It should be emphasized
here that comparison based on energy dissipation quantity alone is
difficult and could give misleading conclusions. It also varies from
specimen to specimen, initial voids, and pre-fatigue damage. Several
phenomena can be the reasons for the inconsistency of the effect of fa-
tigue on the subsequent permanent deformation damage. Firstly, the PD
part of F-PD test is performed at higher temperatures (30, 40 and 50 °C)
and some of the initial fatigue cracks (at 10 °C) can heal during the rest
period and temperature conditioning period for the creep-recovery tests.
However, energy dissipation is irreversible regardless of the sample’s
apparent (damage) state or the healing potential. Secondly, the ten-
sion—-compression or tension—-tension cyclic fatigue test using cylindrical
specimens requires large loading cycle to cause significant cracks (the 50
% stiffness reduction is only an approximate failure criteria). Therefore,
20 to 40 % stiffness reduction in fatigue tests has little impact on the
subsequent permanent deformation damage. The third reason could be
related to potential hardening or post compaction during the ten-
sion—compression fatigue test phase. This compaction can improve
deformation resistance. Thus, based on this study, the effect of small pre-
crack on the permanent deformation (F-PD sequence) is found marginal.
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5.3. Total dissipated energy

Based on the sequential procedure, the total dissipated energy (DEr)
can be the discrete sum of expended energies on each test specimen. A
simple linear summation can be assumed (DE; = DEpp + DEp). Different
behaviors of asphalt concrete such as hardening relaxation, healing,
aging etc., can significantly affect the interaction between fatigue and
permanent deformation in both the PD-F and F-PD sequences. The effect
of temperature and role of material type is also crucial for energy
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dissipation. The magnitude of DEy is found much smaller than the DEpp
for both the F-PD and PD-F sequences (Fig. 17). This can be due to the
reason that the fatigue test is conducted in strain-controlled mode and
the expended energy per cycle DEr is much smaller than DEpp. On the
other hand, the DEpp is a stress-controlled test at high temperature.
Thus, DEr decreases as the flow number increases for the same amount
of fatigue damage (DEp). Fig. 18 shows the total expended energy for the
F-PD sequence. The mixtures AC-P1-X and SMA-P2-X are used to explain
the F-PD test sequence. The fatigue part is tested at 10 °C, and the PD
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part is at 30 °C and 40 °C for fatigue and permanent deformation. Based
on a simple additive of energies, inconsistency with respect to the flow
number is observed (Fig. 18). The dissipation rate is defined as the ratio
of total dissipated energy to the corresponding flow number (%) and
indicate a descending pattern with flow number for both mixtures, as
shown in Fig. 18 (a and b). It should be underlined that the total dissi-
pation energy is dependent on sequence and the damage interaction will
affect the total dissipated energy in a nonlinear manner both in the F-PD
and PD-F sequences. Hence, the total dissipated energies in the two
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sequences (DEr_pp and DEpp_r) will be different.

5.4. Discussion

The mechanistic prediction of damage in asphalt pavement has been
the focus of study in last recent decades. Asphalt concrete is exposed to
cyclic load from traffic and undergo a creep-recovery process in its
service life, and two main damage evolve in the form of stiffness dete-
rioration (fatigue cracking) and viscoplastic strain (permanent defor-
mation). From the literature study, it is evident that the interaction
between these two dominant damage modes was not presented in
detailed. However, field observations have shown the mutual progres-
sion of the two damage on the pavement surface along the longitudinal
wheel path.

In this study, the experimental investigation of seven different
asphalt mixtures is conducted by testing each specimen for fatigue and
then for permanent deformation at low and high temperatures respec-
tively and vice versa. The sequential test procedure is proposed to
introduce the effect of pre-cracking on the permanent deformation
response (in the F-PD sequence) and strain-hardening on the fatigue
cracking (in the PD-F sequence). Here, temperature is considered as a
factor in the sequential damage and for the testing. Most standard lab-
oratory tests utilize gyratory compacted samples for fatigue and per-
manent deformation due the difficulty of getting field cored samples
longer than 40- or 50-mm for fatigue and permanent deformation tests.
The sequential test approach can be used to resolve and investigate the
influence of pre-fatigue on deformation and vice versa using longer
sample sizes. Thus, the consideration of strain hardening in fatigue test
and the pre-cracking in permanent deformation is a reasonable way to
characterize interaction between the two damages and try to simulate
the field condition.
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Fig. 16. Effect of pre-fatigue damage on permanent deformation rate — the F-PD sequence (a) DEpp, of pre-fatigued samples (b) initial DEf of samples used for PD test.
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First, the linear viscoelastic responses of mixes are analyzed using
dynamic modulus test and the time-temperature superposition princi-
ple. The respective damages are quantified using the energy and con-
tinuum approaches. In the energy approach, the total dissipated energy
is computed by assuming a simple linear addition of expended energies
on each specimen tested in F-PD and PD-F sequences. The discreteness of
energy per cycle is an advantage for simplicity but can be inefficient to
consider the microstructural changes in a continuous time history. The
interaction between deformation and fatigue damages is believed to be a
complex phenomenon due to the thermo-piezo-rheological, healing,
hardening-relaxation behaviors of asphaltic materials. The continuum
method is the most comprehensive method for the time-dependent
(history) of damage evolution and has the advantage of damage
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coupling in continua.

From experimental observation and analyses, the PD-F sequence is
more plausible and suitable for experimentation, and the continuum
method is applied conveniently to model the fatigue part of the sequence
(section 5.1.1). In most pavements, permanent deformation expected
before fatigue cracking initiation. The PD part of test in the PD-F
sequence should be performed with attention so that the specimen
will not fail beyond steady-state stage or flow number. Some asphalt
mixes may not have all the three distinct creep phases. Therefore, the PD
part of PD-F sequence needs careful consideration so that only strain
hardening is induced not micro-cracks in the specimen. On the other
hand, the F-PD sequence is observed to be challenging to quantify the
effect of fatigue cracking on the permanent deformation due to
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relaxation and healing effects at high temperature during conditioning.

Furthermore, the sequential test approach offers saving in both
material and sample preparation time. A single specimen is utilized for
three tests i.e., dynamic modulus, fatigue, and creep-recovery
(depending on either the F-PD or PD-F sequence). A framework can be
developed and standardized to investigate the sequential test procedure
for various levels of pre-deformation or pre-crack as a function of ma-
terial properties, temperature, stress and strain levels, etc. In general,
the study explored the interaction of fatigue and permanent deformation
damages and verified the proposed test procedure and models using
extensive test data from seven asphalt mixtures produced in laboratory
and mixes collected from asphalt production plants.

6. Conclusion

The focus of this study is the experimental investigation of perma-
nent deformation and fatigue damage of asphalt concrete mixes using
repeated creep-recovery and uniaxial fatigue tests, respectively. The
interaction between the two damage was explored using the energy and
continuum approaches on seven asphalt mixes.

e A new permanent deformation failure criterion is proposed using the
dissipated energy ratio (DER) and validated using different new and
aged asphalt concrete samples. A new post flow number creep phase
is found in the shear deformation stage that marks the formation of
macro-cracks at the end of shear endurance limit.

e A sequential test procedure (STP) is proposed to investigate the
interaction between fatigue (F) and permanent deformation (PD)
damage in two orders — the F-PD and PD-F sequences. The sequential
damage assumption is found simple and effective approach to
characterize damage interaction using the existing conventional test
protocols.

The PD-F sequence has shown that permanent deformation (strain

hardening) is the cause high fatigue damage rate, which agrees with

the literature and field observations. The finding ascertains that the
fatigue test using new samples can overestimate fatigue life of
asphalt mixtures.

In the F-PD sequence, the effect of pre-fatigue cracking up to 40 %

initial stiffness at low or intermediate temperatures is found mar-

ginal on permanent deformation at 30 °C and 40 °C. Healing and
relaxation are the likely reasons for this phenomenon.

e Aged and laboratory mixed samples are found prone to high fatigue

damage, and the effect of strain hardening on fatigue is highly pro-

nounced on stone mastic asphalt (SMA).

The energy method is simple and straightforward, but the discrete-

ness of energy quantity can be the limitation for accurate charac-

terization of damage in continua. A nonlinear interactive damage
model should be considered for accurate time-history characteriza-
tion of fatigue-permanent deformation interaction.
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