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Abstract Linear amplitude sweep tests have been
demonstrated to have good potential in being used for
the evaluation of self-healing properties of neat and
polymer-modified bituminous binders. Past research
works, however, have neglected the effects of mate-
rial non-linearity and thixotropy. This implies that
the whole material integrity loss is attributed to dam-
age and all restoration to self-healing, thus result-
ing in the possible overestimate of both damage and
self-healing when evaluating the fatigue performance
of materials. In the study described in this paper,
specific experimental and analytical methods were
adopted with the purpose of separating non-linearity
and thixotropy in LAS healing tests. Non-linearity
was assessed by means of multiple strain sweep tests
carried out to determine the material non-linear vis-
coelastic moduli at specific testing temperatures.
Thixotropy was considered by coupling self-healing
LAS testing with a purposely defined test in which
loading was applied to the undamaged material after
a rest period equal to that applied in self-healing tests.
Obtained results were processed by means of an ana-
lytical approach based on the simplified viscoelastic
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continuum damage model. Quantification of self-
healing included the determination of material integ-
rity and damage parameters recovered after the rest
period. Such parameters, calculated by excluding
time-dependent and non-linear biasing effects, can be
used as straightforward indicators of the self-healing
potential of neat and polymer-modified bituminous
binders. Moreover, obtained results substantiate the
concept that time—temperature superposition is still
applicable when non-linearity is incorporated into the
simplified viscoelastic continuum damage model.

Keywords Self-healing - Bitumen - Polymer-
modified binder - Linear amplitude sweep - Non-
linearity - Thixotropy - Simplified viscoelastic
continuum damage model

1 Introduction

Bituminous binders are capable of self-repairing
microstructural damage that occurs within the mate-
rial due to external loadings and environmental con-
ditions. Such a capability is referred to as self-healing
[1]. Since self-healing is associated to the presence
of microcracks, assessment of self-healing requires
microcracks to be generated within the bituminous
matrix so that the subsequent crack-closure process
can be analyzed [2, 3]. This can be done by follow-
ing different approaches, based on either fracture
mechanics or fatigue. When considering fracture
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mechanics, the direct tension test, the ductility test,
and the local fracture test are the most common pro-
tocols. Based on these methods, the fracture-depend-
ent healing behavior can be studied in the presence of
a visible crack [4]. For fatigue-based approaches, lab-
oratory testing is typically done by subjecting binder
samples to strain-controlled or stress-controlled loads
by means of purposely devised methods such as the
time sweep (TS) and linear amplitude sweep (LAS)
tests. Both TS and LAS methods rely on the use of
the dynamic shear rheometer (DSR) that is operated
in the parallel plate configuration by employing small
disk-shaped specimens [5-10]. TS tests, developed
during NCHRP Project 9-10 with the purpose of
evaluating fatigue failure of bituminous binders [11],
involve the application of repeated cyclic strains or
stresses with a prescribed constant amplitude and fre-
quency. In strain-controlled mode tests, stress shows a
decreasing trend because of the constant strain input,
whereas in the stress-controlled mode, strain gradu-
ally increases during the test due to the imposed con-
stant stress. In both strain-controlled and stress-con-
trolled tests, specimens undergo progressive damage
with a corresponding stiffness reduction, eventually
reaching limiting conditions that can be identified by
referring to several different criteria [12]. Although
TS tests provide meaningful information pertaining to
damage development, they are not included in the set
of routine specification tests since they are very time-
consuming and require multiple repetitions to attain
good repeatability [13, 14].

The LAS test was introduced as an accelerated
method to evaluate fatigue performance of bitumi-
nous binders [15]. The test procedure entails the
material to be subjected to a shear strain input which
is systematically increased to values high enough to
expedite the damaging process. As a result, typical
shear stress responses are characterized by a bell-
shaped curve with a peak value of stress, after which
stress decreases upon reaching ultimate failure. The
LAS test has been standardized in AASHTO TP 101
[16].

Results of LAS tests can be processed by using the
simplified viscoelastic continuum damage (S-VECD)
model in its linear form [17, 18]. Such a model,
based on Schapery’s theory of work potential [19],
is adopted to enable the prediction of fatigue life
under any loading and temperature of interest using
limited test results. However, the continuum damage

model ignores the complicated microscale behavior
of bituminous binders and quantifies damage evolu-
tion based on the effective stiffness reduction, without
fully assessing the growth of microdefects.

LAS testing was recently adopted as a tool for the
evaluation of self-healing properties of bituminous
binders [20-22]. For this purpose, the standard LAS
test procedure was modified through the inclusion
of an intermediate unloading period between two
loading phases. In the first phase, the test sample is
loaded upon reaching specific values of shear strain
amplitude in order to generate damage within the
material matrix. In the second loading phase, which
is prolonged until failure, the specimen is reloaded
starting from an initial shear strain value equal to
that imposed at the end of the first phase. During the
intermediate period, the material is left idle for a pre-
selected rest time to activate the self-healing process.
As in the case of LAS tests, results of LAS-based
healing tests are analyzed by means of the S-VECD
model, adapted to include self-healing. In this
regard, Xie and co-workers [23] quantified the heal-
ing potential of bituminous binders by successfully
applying a rest-damage superposition principle with
the purpose of constructing healing master curves
of a damage-based parameter which accounts for
rest period duration and damage level reached prior
to rest. Construction of these healing master curves
requires four different rest period durations and four
damage conditions, thereby leading to sixteen tests in
case of single repetition. With the purpose of short-
ening such a procedure, Wang and co-workers [24]
proposed a simplified testing program by assum-
ing that a single rest period duration is sufficient to
assess healing potential for a given damage condition.
Furthermore, these authors recommended the use of
only three representative testing conditions for a full
healing characterization. Proposing the application of
rest-damage superposition in place of time—tempera-
ture superposition principle, Margaritis and co-work-
ers [25] considered two other healing indices to con-
struct the healing master curves. Such indices reflect
the modulus recovery and the fatigue life extension
due to the rest period, respectively. Other researchers
suggested the adoption of different indices to evalu-
ate healing. Asadi and co-workers [26] developed an
index based on the decrease in crack length, conse-
quently constructing healing master curves. Wang
and co-workers [27] suggested that a parameter based
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on the average stored pseudo strain energy, governed
by strain amplitude, can effectively reveal intrinsic
healing potential under various damage levels and
rest periods.

It has been widely proven that the Schapery-type
damage approach is capable of modeling the damage
process of bituminous binders when the material is
assumed to be linear viscoelastic (LVE) [13, 14, 17,
28]. However, appropriate considerations need to be
made for non-linear viscoelasticity (NLVE). In fact,
when the loading input exceeds the LVE limit, the
proportionality between stresses and strains no longer
holds. Therefore, the behavior tends to deviate from
linear viscoelasticity, resulting in a softer and more
viscous response [29, 30]. The main implication
of such a simplified approach is the overestimate of
damage since the whole stiffness loss is attributed to
fatigue damage. To avoid such a misleading interpre-
tation of test data, specific experimental procedures
have been proposed to differentiate non-linear effects
from those related to damage [31, 32]. They involve
determining NLVE moduli of materials as a function
of the loading input with the consequent possibility to
incorporate non-linearity within the S-VECD frame-
work [33-35].

Other phenomena, such as thixotropy, may inter-
act with fatigue damage and self-healing mechanisms
[36]. While self-healing involves the reversal of struc-
tural damage, thixotropy is related to the reversible
time-dependent reorganization of material micro-
structure [37]. Thus, when the material is left idle
after loading, the changes in its mechanical response
are not exclusively related to the restoration of mate-
rial integrity [38].

2 Research objectives
The primary objectives of this research work are:

e Evaluate the significance of non-linearity on the
damage accumulation of bituminous binders dur-
ing linear amplitude sweep testing;

e Assess the applicability of the time—tempera-
ture superposition principle within the non-linear
framework of the S-VECD model,

e Consider the effects of time-dependent biases
potentially occurring when rest periods are
involved in the test timescale;

e Develop an expedite approach to quantify self-
healing potential, by quantifying and removing the
spurious effects of thixotropy and non-linear vis-
coelasticity.

3 Experimental investigation

Two unaged bituminous binders were considered for
this experimental study. These are a 50/70 pen grade
neat binder (N with a PG70-22), which was sampled
from a refinery located in northern Italy, and a PMB
25/55-60 polymer modified binder (P with a PG76-
22), containing a high percentage of styrene—butadi-
ene—styrene (SBS) and produced in the plant accord-
ing to an undisclosed processing scheme.

The two selected binders were subjected to rheo-
logical measurements which involved the use of
a dynamic shear rheometer. All tests were carried
out by means of the 8-mm parallel-plates geometry
with a 2-mm gap between the plates. For each test
type, a minimum of three replicates were performed
and obtained results were averaged for subsequent
analysis.

Experimental testing included three different test
types: Temperature-Frequency sweep (T-f), Multiple
Strain sweep (MS), and Linear Amplitude sweep-
based (LA) tests. T-f tests were preliminarily con-
ducted within the LVE threshold of the materials in
small amplitude oscillatory shear conditions between
4 and 34 °C. MS tests were performed to exceed such
a limit and to characterize the non-linear response
in large amplitude oscillatory shear conditions. By
referring to the LA-based tests, three different testing
configurations were used with the purpose of inves-
tigating the material response to deleterious struc-
tural changes, in the presence of self-healing and by
considering thixotropy. Such tests were indicated as
the Standard LA (S-LA) test, the Repeated LA test
(R-LA) test and Delayed LA (D-LA) test. Two values
of temperature were considered for MS, S-LA, R-LA
and D-LA tests. A first temperature of 20 °C was
selected to represent a typical intermediate tempera-
ture. The second temperature, derived from the mas-
ter curves of the norm of complex modulus, was used
to guarantee equi-stiffness conditions, corresponding
to 34 MPa. Equi-stiffness temperatures were found to
be equal to 9 °C for binder N and 14 °C for binder P.
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3.1 Temperature-frequency sweep tests

T-f tests were carried out to obtain the linear vis-
coelastic fingerprint of the bituminous binders. This
required preliminary selection of the imposed strain
amplitudes, according to the procedure described
in previous works [39]. Such strain values ranged
between 0.05 and 9% depending upon the consid-
ered temperature/frequency combination. Measure-
ments were performed at test temperatures comprised
in the range 4-34 °C (in steps of 6 °C, starting from
34 °C), by imposing a logarithmic variation of fre-
quency from 100 to 1 rad/s at steps of 6 °C. Prior to
measurements carried out at each temperature step, a
thermal conditioning phase of 15 min was imposed to
the specimen. Figure 1 displays typical input data and
output results expressed in terms of angular frequency
and norm of the complex modulus, respectively.

3.2 Multiple strain sweep tests

MS tests were carried out to investigate the non-
linear viscoelasticity of the bituminous binders. MS

tests were performed at a fixed loading frequency
of 10 Hz, and at temperatures set equal to those
selected to perform the LA-based tests described
in Sect. 3. Figure 2 displays typical input data of
shear strain and output results expressed in terms
of magnitude of the complex modulus normalized
with respect to its initial value (herein indicated as
normalized modulus). As highlighted in the graphs,
a MS test is composed of two groups of measure-
ments. Within each group, three successive blocks
of logarithmic increments of strain amplitude are
imposed to the material. Such strains are charac-
terized by an initial minimum value, equal for both
groups, and a maximum value dependent on the
specific group. Initial strain amplitude was selected
to be in the linear viscoelastic domain and was
mainly dictated by equipment resolution. The maxi-
mum value of strain amplitude was set such that the
linear viscoelastic threshold was overpassed only
in the second group in order to explore the NLVE
region of the binders. Initial strain amplitude values
were selected to be equal to 0.1% whereas the final
values were 1% and 10%, for group 1 and group 2,
respectively.

Fig. 1 Angular frequency , LET02
and norm of complex =3
modulus versus time from §
T-f test (binder N) 2
8

2 1.E+01
o
H
s
=
&
=
<

1.E+00

—e— 34°C
—— 28°C
22°C
16 °C
10 °C
4°C

1.E+02

600 800 1000 1200 1400 1600 1800
Time /s

1.E+00

1.E-02

Norm of Complex Modulus / MPa

niem

600 800 1000 1200 1400 1600 1800
Time /s



Materials and Structures (2024) 57:54

Page50f 16 54

Fig. 2 Shear strain and 10.0 — Block1  —
normalized modulus versus o
time from MS test (binder NS Block 2 5
N at 7=20 °C) = Block3 ©
g 1.0 —— Block 1
§ Block 2 g
7 2
172} Block 3 G}
0.1
0 100 200 300 400 500
Time /s
1.0 reesesssssess:
3 08
3
=
§ 0.6
el
£ o4
E
5 02
z
0.0
0 100 200 300 400 500
Time /s
30
3.3 Linear amplitude sweep-based tests 25
X
L = 20
LA-based tests were indicated as S-LA, R-LA and E
D-LA. Prior to each test type, a thermal condition- % 15
ing phase of 30 min was always imposed to the j:ff 10
specimen at the corresponding temperature of test ” 5
(equal to 9 °C and 20 °C for binder N, and 14 °C o
and 20 °C for binder P). 0 100 200 300
Time /s
1.2
3.3.1 Standard linear amplitude sweep tests
QC:S
. =
S-LA tests were conducted according to AASHTO > 08
TP 101 [16]. As per the reference protocol, tests 113
start with an initial frequency sweep phase followed (g 0.4
by a linear amplitude sweep step. The frequency %’
sweep step is characterized by an increase of angu-
lar frequency, from 0.2 to 30 Hz, with an applied 0 0 100 00 200
shear strain amplitude of 0.1%. The subsequent LA Time /s

phase is conducted in the strain-control mode at a
frequency of 10 Hz. The shear strain amplitude is
increased in the stepwise mode starting from 0.1%
up to 30%. Each step is characterized by an incre-
ment of 1% over 10 s. Figure 3 shows the loading
pattern imposed to specimens during S-LA tests and
the related shear stress output.

Fig. 3 Shear strain and shear stress versus time from S-LA
test (binder N at 7=9 °C)

niem
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3.3.2 Repeated linear amplitude sweep tests

R-LA tests consist of two loading steps and an in-
between rest phase. Two durations of the rest phase
(thereafter labelled as typ) were considered, equal to
0 and 30 min. The value of tgp equal to 0 min was
intended to assess the damage conditions imparted to
the specimen. Instead, the value of 30 min allowed
restoration of material properties. For such a reason,
in the case of tzp equal to 30 min, material stiffness
during the rest period was monitored by applying a
value of continuous oscillatory shear strain equal to
0.1% at a frequency of 10 Hz, with data acquisition
every 30 s. Typical input data and output results of
such tests are showed in Fig. 4, in the case of rest
period equal to 0 min and 30 min. As displayed in
the figure, the first loading entails incremental strain
amplitudes from 0.1% to the strain value correspond-
ing to material failure gathered from S-LA tests. Defi-
nition of strain-related fatigue failure was identified

by referring to the point of yield corresponding to
maximum shear stress [12]. The second loading
phase involved shear strain amplitudes increasing
from 0.1 to 30% as in the case of S-LA tests. Both
loading phases were applied at a frequency of 10 Hz.

3.3.3 Delayed linear amplitude sweep tests

D-LA tests consist of a S-LA test carried out after an
initial rest period of the same duration of that imparted
to the material during the R-LA tests (30 min). Dur-
ing the rest period, measurements were collected every
30 s by applying a value of continuous oscillatory shear
strain equal to 0.1% at a frequency of 10 Hz, in order to
monitor material stiffness. Such a test was introduced
with the purpose of highlighting the possible hardening
of the material, which may occur when it is left at rest.
As documented in the literature [9, 35, 40], it is thought
that such an effect can cause an overestimate of the res-
toration of material properties observed during the rest

30 tgp = 0 min
25 First loading
X
E 20 Second Loading
<
g 15 tgp = 30 min
=
g 10 First loading
5 —o— Rest time
0 —— —e— Second Loading
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Fig. 4 Shear strain and shear stress versus time from R-LA test with 7zp=0 min and #zp =30 min (binder N at 7=9 °C)
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period as well as in the second loading phase of R-LA
tests. Figure 5 illustrates, by way of example, the testing
input and output.

4 Modelling
4.1 Linear viscoelastic modelling

The linear viscoelastic response needs to be modeled in
order to apply Schapery’s extended elastic—viscoelas-
tic correspondence principle [41], with the subsequent
calculation of pseudo-strains in the LVE domain. In
particular, in the case of sinusoidal loading with zero
mean displacement, as that applied in the DSR, pseudo-
strains are evaluated by means of Eq. 1:

1 .
v e = G |G™| ye(w, T) (1)
R

where Gy, is a modulus arbitrarily selected to be equal
to 1,7, is the peak of shear strain, and |G*| yg(@, T) is
the norm of complex modulus derived from its master
curve.

Time /s

Master curves of the binders were constructed
by reducing measured linear viscoelastic properties
(norm and phase angle of complex modulus) to a ref-
erence temperature by means of an optimization pro-
cess which involved a simultaneous time—temperature
(#-T) shifting and data fitting. The #-T shifting relied
upon the William-Landel-Ferry (WLF) function,
while fitting of data involved the Christensen-Ander-
son-Marasteanu (CAM) model [42, 43]. Equations of
the CAM and WLF models are shown in Eq. (2) and
Eq. (3), respectively:

loglG*|(wg) = |G°1, 1+<w—c> @
R

o, = ST = Te) 3)

B =T A T+ Ty

where |G| is the norm of the complex modulus, wy, is
reduced frequency, |G*|, is glassy modulus, @, R and
m are CAM model parameters, a; is the time—temper-
ature shift factor, T} is reference temperature, C; and

C, are WLF model parameters.
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4.2 Non-linear viscoelastic modelling

Non-linear viscoelastic response is included in the
elastic—viscoelastic correspondence principle by
means of the non-linear viscoelastic modulus of the
material, the use of which allows damage-related
effects to be discriminated from those related to
non-linear viscoelasticity. In the case of sinusoidal
loading with zero mean displacement, as in DSR
testing, the non-linear viscoelastic solution for the
pseudo-strain amplitude in each loading cycle at the
applied frequency is given in Eq. (4) [33]:

1 "
Y nwve = G |G* |npve (@, T.7,) 4)
R

where |G* | v (a), T, yp) is the non-linear viscoelastic
modulus expressed as a function of the loading fre-
quency, temperature, and shear strain amplitude.

Equation (4) indicates that non-linear pseudo-
strains are equal to the predicted undamaged stress
response (t,) corresponding to loading history
divided by the reference modulus. This implies that,
in the absence of damage, the non-linear viscoelas-
tic response of the material is described by the elas-
tic-like form of Eq. (5):

T, =Gge YR nive 4)

4.3 Simplified viscoelastic continuum damage
modelling

The S-VECD model is based on Schapery’s theory
of work potential employed to describe damage
growth [19]. Such a phenomenon is quantified by
means of the internal state variable S, derived from
the rate-dependent damage evolution law given in
Eq. (6):

s [ owR\®

T <‘W> ©
where 7 is time, a is the undamaged material-depend-
ent constant, assumed to be equal to 1/m + 1, with m
corresponding to the parameter of the CAM model
of the norm of complex modulus (Safaei et al. 2016).

WR is the work performed, also referred to as pseudo-
strain energy density, defined in Eq. (7):

1 1
Wh= 2ot =20 (4 9

where 7 is the stress applied in a given cycle, and y®
is the pseudo-strain. C represents the pseudo secant
modulus that quantifies the integrity of the material,
as expressed in Eq. (8):

T
) = vR « MR ®)
where MR is the Modulus Ratio that takes into
account specimen-to-specimen variability. This
parameter, comprised between 0.9 and 1.1, is evalu-
ated as shown in Eq. (9):

|G>‘< |initial

MR = Gl ©
LVE

where |G*|;,;is 18 the initial norm of complex mod-

ulus, given by the initial measured stiffness of the
undamaged specimen under low strain conditions,
and |G*| v is the LVE modulus.

The combination of Eq. (6) and Eq. (7), via a
numerical integration, leads to the definition of
the internal state variable S, which represents the
cumulative damage of the material at each time step
i, as expressed in Eq. (10):

a

5= 3 (MR ()2 (G = €))7 (= )
(10)

where f#; is the reduced time, evaluated as
the ratio between the measured time and the
time—temperature shift factor (a;) determined from
LVE characterization.

Although such a formulation allows the incor-
poration of temperature effects within the S-VECD
framework [28, 44], it should be specified that it is
a simplification to the fully rigorous S-VECD since
the time varying function is not included.

The relationship between pseudo stiffness (or
material integrity) and internal state variable (or
damage parameter) is the core of the S-VECD
model, known as the damage characteristic curve
(DCC), and represents a material-dependent consti-
tutive relationship.
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Table 1 Parameters of master curves

CAM—WLF N P
Log(G,) 2.93 2.84
Log(e,) 2.06 1.60
R 1.82 1.67
m 1.11 1.02
Cl1 18.6 18.7
C2 149.4 145.9
5 Results

5.1 Linear viscoelasticity

Modeling of the LVE response of the binders as
indicated in Sect. 4.1 led to the determination of the
CAM parameters (|G*| o @p R, m) and WLF coeffi-
cients (C, and C,) used for the construction of con-
tinuous master curves of the norm and phase angle
of the complex modulus (expressed as a function of
reduced angular frequency). The master curves model
parameters, evaluated at the reference temperature of
20 °C, are listed in Table 1.

From the outcomes of the linear viscoelastic analy-
sis, binder P was found to be characterized by a stift-
ness that was higher than that of binder N, as demon-
strated by the values of the crossover frequency, w,,
representing a measure of the material hardness. The
master curve of binder P also showed a more grad-
ual transition from elastic behaviour to steady-state
flow, thus indicating a more rubbery and less brittle
behaviour, as pointed out by the lower value of the
rheological index, R. WLF coefficients were found
to be quite similar, thus suggesting a similar thermal
dependency of the selected binders.

5.2 Non-linear viscoelasticity

Non-linear viscoelastic features of considered binders
were assessed by deriving NLVE moduli ((G*|y.vr)
directly from the results of MS tests, represented as
normalized values of the norm of the complex mod-
ulus plotted as a function of strain amplitude [39].
However, this required the results obtained in the
three test blocks composing the second phase of test-
ing (group 2) to be preliminarily compared among
each other in order to highlight possible changes in
response due to non-reversible permanent damage.

For such a purpose, a vertical shifting of the curve
of block 2 of group 2 was conducted to expand the
viscoelastic representation beyond the LVE domain.
Instead, as observed from test results, blocks 3 of
group 2 led to minor damaging effects. Thus, any
additional damage was assumed to occur only when
higher levels of shear strain were imposed to the
specimen. Healing effects were neglected since no
rest periods were introduced between successive
blocks. The vertical shifting process is displayed in
Fig. 6, in terms of |G*|y.yp(®, T,y) normalized by
|G*|;yg(w, T) for binder P at 14 °C. The shifted curve
is composed of an initial linear part within the LVE
domain characterized by values equal to 1. When the
shear strain is increased, the normalized modulus
starts to decrease, thus revealing non-linearity. The
reversibility of stiffness reduction observed by apply-
ing multiple repetitions of loading proved that such
effects are caused by phenomena not related to dam-
age. It can be pointed that, as expected, the extent of
non-linearity was found to be both temperature and
strain amplitude dependent.

Once |G*|ypye(@,T,y) values were obtained,
yRyive values could be determined by means of
Eq. (4). The importance of discriminating non-linear-
ity is exemplified in Fig. 7a, where the linear and non-
linear cases of the pseudo-strains gathered from S-LA
tests are compared. The area comprised between the
two curves quantifies the impact of non-linearity
which cannot be neglected when high values of load-
ing inputs are imposed. Once non-linearity is removed
from the analysis through the adoption of ¥, . the
incremental damage can be captured by plotting shear
stress as a function of non-linear pseudo-strain as pre-
sented in Fig. 7b. It can be observed that when the

1.0 T ¢ Damage — Shlft
*: 08 —e— Block 1 ;
O Block2 2
o =
8 06 Block3 ©
g —— Block1
=
% 04 Block 2 g

G}
02 Block 3
0.1 1.0 10.0

v/ %

Fig. 6 |G*|y;(®,T,y) normalized by |G*|;(w,T) (binder P at
T=14°C)

niem
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Fig. 7 Effect of non- 3.0
linearity (a) and damage (b)
(binder N at T=9 °C)
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@ YRove /-

non-linear curve collapses upon the identity line, no
damage is occurring because shear strains are suffi-
ciently low. Instead, deviation of the curve from the
identity line depicts damage accumulation, as pointed
out by the highlighted area. In both graphs, the curves
are interrupted at a shear strain of 10%, correspond-
ing to the maximum value investigated in MS tests.

The effect of non-linearity on the damage char-
acteristic curves is highlighted in Fig. 8, where the
curves were constructed by using LVE and NLVE
pseudo-strains, in the case of binder N (a) and P (b).
The curves refer to the analysis of S-LA data until
peak shear stress. As observed from the figures, the
LVE curves fall below the NLVE curves, with lower
values of material integrity C and higher extension
of the damage parameter S. This demonstrates that
when non-linearity is not considered in the analysis,
progressive damage is overestimated. When consider-
ing non-linearity, it can be observed that the NLVE
curves fall above the LVE curves because the revers-
ible component of non-linearity is removed, and the
decreasing rate of the curves is dependent only on the
effect of the damaging process. This highlights the
importance of considering NLVE when performing
the S-VECD analysis.

t4 / LVE
1.2 Pt
e NLVE
1.0
£ 08
S .
~ 0.6
N
0.4
effect of effect of
. 0.2
non-lineary damage
0.0
25 3.0 00 02 04 06 08 1.0 1.2 14
(b) YRave / -

5.3 Time—temperature superposition

In the case of bituminous binders subjected to LA-
based tests, applicability of the #-7 superposition
principle to the non-linear form of the S-VECD
model needs to be verified. This requires the selection
of a reference temperature (7x) chosen to be equal
to 20 °C. Afterwards, the DCC can be constructed
at the Ty by accounting for temperature effects via
the reduced time fi, which introduces the time—tem-
perature shift factors (a;) determined from the linear
viscoelastic characterization (as made explicit in the
previous formulation of Eq. (10)). Thus, the construc-
tion of the DCC at the Ty translates into a shifting
process of the DCC gathered at temperatures differ-
ent from 20 °C (T=9 °C for binder N, and T=14 °C
for binder P). It is implicit that the DCC gathered at
20 °C remains the same since it corresponds to Tp.
Results are displayed in Fig. 9 for binder N and
P, without (a and c¢) and with (b and d) the applica-
tion of the t-T equivalency. From the figures, it can
be seen that the damage characteristic curves are
unique to each binder, irrespective of temperature
and that they are independent of material non-line-
arity. These results demonstrate the applicability of

Fig. 8 Damage character- 1.0 1.0
istic curves evaluated by \ LVE
considering LVE and NLVE 0.8 0.8 e NLVE
behaviors (binder N (a) at
T=9 °C, and binder P (b) at , 0.6 , 06
T=14°C) = =~
04 © 04
0.2 0.2
0.0 0.0
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
(a) S/- (b) S/-
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t-T superposition to the non-linear solution of the
S-VECD modeling.

5.4 Thixotropy

Thixotropy can cause an increase in stiffness that
can be erroneously superimposed to that related to
the self-repairing process, thus leading to an inac-
curate interpretation of the self-healing capability of
materials [35]. Figure 10a shows, by way of example,
the isothermal increment of Cp recorded during the
rest period of D-LA tests in the case of binder N, at
the two different temperatures (9 °C and 20 °C). In
order to take into account such an increase in material
integrity, the maximum increment in the Cgp values

recorded at the end of the rest period (ACgp) was
considered as a correction factor. The factors ACgp
evaluated for the two considered binders are dis-
played in Fig. 10b. As expected, it is noted that such a
factor is greater than one and tends to decrease as the
testing temperature is higher, by a rate that is depend-
ent on binder type.

The traditional S-VECD model, which does not
consider thixotropy, can lead to an erroneous assess-
ment of material integrity C, which also affects the
state variable S since C enters in the formulation of S
(Eq. (10)). Hence, Eq. (7) was corrected by means of
the parameter ACpp to account for the change in mod-
ulus caused by time-dependent phenomena occurring
during rest periods.

Fig. 10 Cgp values as a 1.04 1.04
function of tgp of D-LA N
tests (a) and factors ACgp 1.03 1.03 p
as a function of T (b) ' ’ \
5 102 10
© 3
1.01 1.01
ACyp
(T=09°C)
1.00 1.00
0.0 10.0 20.0 30.0 5 10 15 20 25
(a) tep / Min (b) T/°C
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Figure 11 displays the DCC curves obtained from
S-LA and D-LA tests, before (a) and after (b) the cor-
rection by means of the ACyp parameter. It is worth
noticing that when the single loading phase is pre-
ceded by a rest period, the curve starts from a value
that is greater than one (Fig. 11a), with a consequent
overall shift of the curve. This outcome demonstrates
the need to depurate results from time-dependent
effects that take place during the unloading phase.
As can be seen from the figure, the correction pro-
vided by ACpp leads to an overlap between the DCC
of D-LA tests and the reference DCC coming from
S-LA tests (Fig. 11b).

5.5 Self-healing

With the purpose of evaluating self-healing of the
selected binders, the S-VECD model, in its non-linear
form which includes the thixotropic parameter, was
employed to interpret experimental data gathered
from R-LA tests carried out with fzp equal to O min
(no rest period) and 30 min. The final formulations
adopted in the analysis for the calculation of C and
S are reported in Eq. (11) and Eq. (12), respectively:

T
Chive!(S) = .
YRnive e MR © ACgp (11)
S (MR 2 -
S = 2 ( 5" (J/RNLVE)I- . (CNLVE,;'—1 — CNLVE’,')) o
- (12)
L
. (tR,i - tR,i—l) T+a
Typical damage characteristic curves corre-

sponding to the first and second loading phases of
a R-LA test (herein termed as DCC, and DCC,)
are displayed in Fig. 12, which refers to the no rest
period condition (tzp=0). As expected, the DCC,

¢ DCC,
¢, * DCC,
S-LA
C=0

S=0 S, S,

Fig. 12 Typical results of the analysis of R-LA data (binder N
at T=20 °C)

overlaps with the reference DCC gathered from the
S-LA test performed at the same temperature since
it is independent of the rest period applied after
loading. The DCC, eventually reaches the imposed
damage level corresponding to peak shear stress,
after which the binder is subjected to a new ampli-
tude sweep. The subsequent DCC, is characterized
by an initial value of C (C,) and a terminal value of
S (S,) that are obviously different from those of the
DCC,. In particular, C, is lower than C, (equal to 1
as per definition of undamaged material), and S, is
lower than S; (which can be reached at maximum
accumulated damage).

Extending the analysis to the case of tzp equal to
30 min, Fig. 13 shows the results obtained for binder
N and binder P. Graphs on the left (a and c) corre-
spond to the case of no rest period, whereas the ones
on the right (b and d) refer to 30 min of rest.

In graph presented in Fig. 13a, c the difference
between C, and C, is exclusively due to damage.
The lower value of S, compared to S; is due to the
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reduced capacity of the previously damaged material
(S,) to endure the same damage of the intact matrix
(S)). In the cases where a rest period is imposed (b
and d), C, and S, tend to the values corresponding
to the undamaged material (C; and S,) as a result
of self-healing effects. In other words, the closer the
DCC, is to the corresponding DCC,, the more the
binder has been able to self-heal.

With the purpose of synthesizing damage and self-
healing effects into simple parameters, the values of
the ratios C,/C; and S,/S; can be considered for mate-
rial integrity and damage, respectively. By referring
to R-LA tests with no rest period, such values repre-
sent the imposed damage level corresponding to peak
shear stress. This is the maximum deleterious structural
change that can be healed by the binder. The longer
the material is left idle, the greater is the self-healing
achieved during rest and therefore such values can
reach the maximum value of 1 without exceeding it. In
the case of R-LA tests with rest periods, values of the
abovementioned ratios are indicators of self-healing.
Obtained values of such parameters are presented in
Fig. 14 for material integrity (a) and damage (b), at the
two testing temperatures.

By comparing the results, it can be noticed that
C,/C, values were always greater than S,/S,. Thus,

C,/C, seems to be more prone to reflect partial heal-
ing stages, thus leading to an overestimate of the true
healing performance of binders. On the other hand,
the parameter S,/S,; seems to be capable of quantify-
ing the degree of full self-healing that occurs in the
binder as a consequence of molecular interdiffusion and
entanglement.

From a comparison of self-healing results, it can
be noticed that each material shows a different self-
healing capability, which is dependent on tempera-
ture. Binder P exhibited by far the greatest self-heal-
ing potential, reaching full healing at 20 °C. From a
general overview of these results, the highest test-
ing temperatures led to the highest values of healing
parameters. For binder N, C,/C, were quite similar at
the two temperatures.

6 Summary and conclusions

The research work described in this paper proposes
an expedite approach to quantify the healing char-
acteristics of bituminous binders by adopting a test-
ing protocol based on the linear amplitude sweep
test. This new approach also accounts for the effects
of thixotropy and non-linearity, that were properly
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embedded within the simplified viscoelastic contin-
uum damage framework. The specific conclusions
that can be drawn from this study are summarized
as follows:

e Non-linear viscoelasticity needs to be considered
in the overall analysis for an accurate prediction
of damage and self-healing. For such a purpose,
the multiple strain sweep test has been proved
to be suitable to assess non-linear viscoelastic
moduli up to approximately 10% shear strain
amplitude, for the binders and testing tempera-
tures considered in this investigation.

e Time-dependent effects due to thixotropy need
to be quantified and removed from the overall
observed response since it was found that they
play a non-negligible role when rest periods are
involved in the test timescale. For such a pur-
pose, a specific correction factor was introduced
within the modeling approach.

e The time-temperature superposition principle
was found to be valid for the analyzed binders
when non-linear viscoelasticity is introduced
within the framework of the S-VECD.

e Modification of the standard linear amplitude
sweep test was found to be suitable in evaluating
the self-healing potential of bituminous binders
by imposing a single rest period at the occur-
rence of fatigue failure, identified at peak shear
stress. In doing so, two indicators of self-healing
were defined based on the S-VECD-type mate-
rial integrity gained and the damage accumu-
lated after rest.

Obtained outcomes proved that the methodology
yielded by this research work is able to capture the
true damage and self-healing of bituminous binders,

by eliminating the effects of thixotropy and non-lin-
earity. Although such results are quite promising, the
non-linear form of the S-VECD model used for self-
healing assessment will be validated in the future by
using a broader range of binder types and testing con-
ditions (i.e. testing temperature, rest period duration
and fatigue failure).
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