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Abstract This paper describes part of the activi-
ties conducted by RILEM Technical Committee 278-
CHA (Crack-Healing of Asphalt Pavement Materials)
Task Group 2a. The main objective of the TG2a was
to explore and evaluate the experimental methods and
criteria for the assessment of self-healing of asphalt
binders. The work was developed in two phases. In
the first phase, various existing healing test protocols
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were scrutinized, encompassing time-sweeps with
single rest periods (TS-SRP), time-sweeps with mul-
tiple rest periods (TS-MRP), and linear amplitude
sweeps with rest periods LASH). The protocols were
evaluated and compared across different laborato-
ries. The outcomes of interlaboratory testing led to
the selection of the LASH-based approach. However,
it was acknowledged that new insights and modifi-
cations were necessary due to the possible occur-
rence of biasing effects during the amplitude sweep.
Such issues were addressed in the second phase of
research, in which a modified LASH-based procedure
underwent further investigation using various meth-
ods for data analysis, including approaches based
on dissipated energy and the viscoelastic continuum
damage model.
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1 Introduction

Fatigue cracking is one of the main distress types
affecting asphalt pavements. Under the repeated
actions of traffic loading, microcracks may form in
asphalt mixtures and eventually coalesce into larger
cracks that propagate on the pavement surface [1-3].
Severe cracking can result in structural and functional
pavement failures, diminishing safety for motorists
and escalating the demand for expensive maintenance
and rehabilitation measures.

Fatigue properties of asphalt binders and mix-
tures are commonly investigated by subjecting them
to accelerated testing and monitoring the loss in their
mechanical properties like stiffness or strength [4].
Fatigue damage can occur inside the binder phase
(cohesive) or between the binder/aggregates inter-
face (adhesive) [5]. Asphalt materials are recognized
to have the interesting ability to restore stiffness or
strength lost during repeated loading when allowed to
rest for a given time interval in the absence of exter-
nal actions [6-9]. This ability, associated with dam-
age repair, is commonly referred to as self-healing.
Self-healing can be intrinsic (i.e., inherent to the
material itself) or extrinsic (i.e., induced by added
phases or technologies designed to promote crack
healing and significantly delay crack propagation;
these technologies may or may not be externally trig-
gered) [10]. Therefore, understanding the self-healing
properties of materials is crucial for improving long-
term fatigue predictions and fostering the develop-
ment of more durable and sustainable pavements.

Despite intrinsic cohesive self-healing of bind-
ers having been widely studied for a long time and
a variety of testing methods having been proposed,
researchers have no consensus on a possible stand-
ardized protocol to be used for the assessment and
ranking of binder self-healing potential [11]. This is
mainly due to the inherent complexity of self-healing
mechanisms and the possible occurrence of many
biases in laboratory measurements associated with
reversible phenomena unrelated to micro-damage [3,
4]. Separating such biasing effects from accelerated
testing is a non-trivial process [2, 12, 13]. Moreover,
healing properties are influenced by various factors,
including time, temperature, aging, moisture, and the
eventual presence of modifiers [14—-18].

In literature, the majority of proposed methods for
the evaluation of self-healing properties of asphalt

binders entail inserting rest periods in cyclic fatigue
tests. The Dynamic Shear Rheometer (DSR) is the
most used device to perform fatigue-healing tests
through time sweeps or amplitude sweeps. Time-
sweep healing tests generally include either a single
or multiple rest periods [19-23]. These rest periods
are designed to simulate field conditions, such as
intermittent loading or continuous unloading periods.
However, time-sweep healing tests often require long
durations, depending on the rest period length and
strain amplitude. While extended duration is manage-
able in research settings, it poses a significant chal-
lenge for practical adoption, particularly for mecha-
nistic pavement design or quality assurance purposes.
To overcome such limitations, amplitude-sweep test-
ing has gained popularity due to significantly shorter
testing times. Alongside the increasing use of the
Linear Amplitude Sweep (LAS) test, the LAS-based
healing method proposed by Xie et al. (2017) has also
been adopted by various researchers [24-30].

The healing indicators commonly derived from
healing tests are expressed in terms of the ratio of a
material’s property before damage (i.e., initial state)
and after resting. Parameters used in the literature
include stiffness modulus, number of cycles to fail-
ure, dissipated energy, pseudo-stiffness, continuum
damage and fracture energy [19, 20, 24, 31, 32].
Although some studies have addressed the issue of
incorporating elements such as thixotropy and inter-
nal heating [9, 33], most healing indices have been
relatively simple without taking into account pos-
sible biases in measurements. Moreover, in addition
to material-specific effects intrinsic to asphalt bind-
ers, artifacts in DSR testing due to the constraints of
standard plate-plate configuration (e.g., edge fracture/
instability, wall slippage, adhesion issues) may play a
role in healing properties assessment [34, 35].

The exploration of test methodologies and criteria
for the assessment of self-healing in asphalt bind-
ers delves into the objectives and challenges of Task
Group 2a (TG2a) of RILEM TC 278-CHA. The
present paper describes the experimental work con-
ducted by active task group members to this end.

2 Research outline

The work of TG2a was conducted in two phases
(Phase 1 and Phase 2).
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Phase 1 was motivated by the need, discussed
among members of RILEM TC 278-CHA TG2a,
to evaluate and compare the aptitude of existing
methods in discriminating and ranking asphalt
binders in terms of their self-healing properties. To
this purpose, TG2 launched an interlaboratory test-
ing program in which three different protocols were
scrutinized across different laboratories. The proto-
cols were used to test a common array of materi-
als sourced from distinct suppliers. To ensure con-
sistency, each binder was sourced as a single batch
from the corresponding supplier and distributed
to all participating laboratories. Based on the out-
comes and considerations that emerged from Phase
1, a single protocol was selected for the subsequent
phase of the investigation.

Phase 2 was aimed at gaining more insights into
the selected protocol. To this purpose, the original
version of the protocol was revised by introducing
procedural changes to address three main aspects:
i) Loading Scheme Adjustment—The mode of load
application during the second loading phase was
refined to improve reproducibility and decrease the
viscoelastic ringing effect; ii) Rest Period Mod-
ification—A no-rest condition was incorporated
to help differentiate between damage and other
reversible non-linear effects; iii) Supplementary
Rest Periods—supplementary tests with increas-
ing rest times were integrated into the protocol to
account for potential effects, such isothermal hard-
ening, that could influence the measured self-heal-
ing response.
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3 Materials

The set of asphalt binders considered in the experi-
mental study included two neat binders and an SBS
polymer-modified binder. The neat binders were pro-
vided by two refineries located in Ireland (Binder A,
40/60 pen grade) and Italy (Binder B, 70/100 pen
grade); the polymer-modified binder was provided
by a private company operating in France (Binder
C, 30/45 pen grade). These binders were chosen to
represent a wide spectrum of characteristics with
two primary purposes: (1) to establish a baseline for
future studies using broadly available materials and
(2) to facilitate interlaboratory testing by using mate-
rials that may effectively allow the participants to dis-
tinguish their respective restoration and self-healing
potentials.

All binders were subjected to a preliminary rheo-
logical characterization to determine their visco-elas-
tic properties at various frequencies and temperatures.
To this purpose, they were tested using frequency
sweeps in the frequency range from 0.1 to 100 rad/s
and in the intermediate temperature range between 5
and 35 °C. Measurements were carried out on unaged
samples to avoid additional effects introduced by
laboratory aging. The test data were fitted using the
Christensen-Anderson-Marasteanu (CAM) model
[36] to generate master curves of stiffness modulus
(IG*1) and phase angle (d) as a function of reduced
frequency (fg).

As shown by the results depicted in Fig. 1, Binder
C exhibited the highest values of IG*l and lowest
values of (8) over the whole considered frequency
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Fig. 1 Intermediate temperature master curves, at a reference temperature of 20 °C, of stiffness modulus (a) and phase angle (b)
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interval, followed in the order by Binder A and Binder
B. This outcome is fully coherent with expectations
since it reflects the differences in type and penetration
grade of the binders.

4 Phase 1—interlaboratory testing on healing
protocols

Healing test protocols considered in the first phase
of the experimental work included time-sweeps with
a single rest period (TS-SRP), time-sweeps with
multiple rest periods (TS-MRP), and linear ampli-
tude sweeps with rest periods (LASH). All protocols
entailed using DSR with 8-mm parallel plates and a
2-mm gap between plates. They were applied to test
all the considered asphalt binders (A, B and C).

Results obtained from Phase 1, along with a full
description of the protocols and the interlaboratory
testing program, have been published by Baglieri
et al. (2022) [37]. A summary of the main findings
and observations that emerged from the investigation
is reported below.

4.1 Findings from Phase 1

As discussed in previous work by TG2a, the com-
parison of healing performance (HI) derived from
the TS-SRP, TS-MRP, and LASH protocols (sum-
marized in Fig. 2 and Table 1) revealed significant
variability. Although all tests were conducted in
oscillatory shear strain mode under standardized
conditions (20 °C and 10 Hz), the rankings obtained
from these methods were inconsistent. The poly-
mer-modified binder (Binder C) ranked highest in
TS-MRP tests. However, it exhibited comparable

Table 1 Binder rankings for healing tests conducted in Phase
1

Method Binder ranking

TS-SRP Binder B > Binder C > Binder A
TS-MRP Binder C> Binder A > Binder B
LASH Binder B > Binder A > Binder C

healing to a neat binder (Binder B) in TS-SRP tests
and performed the worst in the LASH test. Simi-
larly, Binder B displayed conflicting behavior, dem-
onstrating the highest restoration potential based on
TS-SRP and LASH protocols but ranking the low-
est in TS-MRP tests. Notably, Binder A exhibited
considerably lower restoration potential than Bind-
ers B and C in TS-SRP tests but ranked second in
the LASH and TS-MRP protocols. These outcomes
highlighted the influence of protocol design and
experimental conditions on the self-healing charac-
terization of binders.

In the continuation of the experimental work,
it was decided to focus on a single method among
those considered in the first phase. In this regard,
the LASH-based approach was selected as the pre-
ferred one for evaluating self-healing in asphalt
binders. Despite the challenges and limitations of
the original procedure, the LASH test demonstrated
notable advantages in efficiency and practicality
compared to other test types. It offered a simpler and
faster tool for healing assessment, addressing the
challenges posed by the resource-intensive nature of
time-sweep-based healing tests. Limited laboratory
resources and time constraints further reinforced the
decision to prioritize the LASH-based approach for
Phase 2 of the experimental plan.

Fig. 2 Healing indicators 52% )
for the testing protocols ° 50% Binder A
used in Phase 1 (adapted 439 .
from [37]) 370, ° ® Binder B
0
V)
< 34% Binder C
T 21%
14% 15%
3%
|
TS-SRP TS-MRP LASH
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4.2 Observations on the LASH test

The first issue faced by participants during LASH
testing was the inconsistency and inaccuracy in
the ramp to the initial strain of the second loading
phase. In fact, during the transition from rest to the
desired strain amplitude, data points were imprecise,
with some DSR systems requiring several seconds
to stabilize (Fig. 2). The problem was found to vary
depending on the DSR’s model, spindle geometry,
and binder type. The inconsistency may stem from
inertia-elastic or viscoelastic ringing, a known arti-
fact in high-frequency oscillatory shear and stepped
amplitude sweeps tests [38]. To address this issue,
operators removed “outlier” data points at the start of
the second loading phase, beginning the analysis only
once the DSR readings stabilized (Fig. 3).

Another issue that may arise in amplitude sweep-
based healing tests is the possible presence of edge
effects during loading. Several studies have shown
the impact of edge effects on modulus loss for
asphalt binders during time-sweeps [40]. These edge
effects, promoted by shear rate increases at the sam-
ple’s periphery, cause instability flow and deforma-
tion (“necking”) under excessive non-homogeneous
forces. The result is a non-uniform deformation and
partial immobilization of the sample, complicating
the interpretation of test results. Other studies have
demonstrated that amplitude-sweep tests are not
immune to these effects [22, 34, 41, 42]. In the work
by Safaei and Castorena (2016), three failure modes
were identified (adhesive failure, cohesive cracking,
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=
&
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Fig. 3 Inaccurate zone of measurement (circled in red) in
LASH test second loading phase. Due to viscoelastic ringing,
it is demonstrated that a DSR may require additional time to
stabilize ramping from 0.1% to the desired strain amplitude
[39]

and instability flow) across varying temperatures.
Their findings indicated that an intermediate PG tem-
perature minus 4 °C would be the appropriate testing
temperature to ensure damage accumulation occurs
without significant flow or adhesion issues.

To comprehend the issue of instability flow as
well as equipment-specific artifacts, inspections
with video analysis tools were conducted as part of
the interlaboratory tests to monitor deformations and
geometric changes of samples during DSR measure-
ments. To this purpose, samples made with the con-
sidered binders were subjected to amplitude sweeps
and filmed to verify when sample geometry changed
during the test. Videos were processed using com-
mercial software to enhance brightness and contrast,
and still, frames were extracted at one frame per sec-
ond and binarized. A manually selected region of
interest (ROI) representing the “undamaged” sam-
ple area (Fig. 4, presented by way of example for the
unmodified Binder A) served as the basis for analy-
sis. Four regions were defined: Regions 1 (R1) and
Region 4 (R4) measured changes outside the sample
area, while Regions 2 (R2) and Region 3 (R3) quanti-
fied changes inside the sample area. The white pixel
areas in each region were averaged and normalized to
assess geometric changes. This operation facilitated
determining the flow strain amplitude (FSA), defined
as the deviation from the initial linear region of the
strain-energy curve before flow occurs; FSAs were
determined for both the inner and outer regions [40].
The analysis highlighted the importance of selecting
adequate testing temperatures or strain thresholds to
minimize edge effects in amplitude sweep-based pro-
tocol (Fig. 5).

5 Phase 2—insights into LASH-based testing
5.1 Specimen preparation

The 8-mm diameter and 2-mm gap specimens for
LASH-based testing at DSR were fabricated by
following a common preparation process based on
the use of silicone rubber mold, as shown in Fig. 6.
The process consisted of various subsequent steps.
Firstly, the binder was placed in a forced draft
oven until it reached sufficient fluidity: this typi-
cally required 30 min for a 50-g container of mate-
rial. Oven temperatures were selected to reduce the
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Fig. 5 DSR sample prepa-
ration (left to right): BBR-
shaped asphalt binder beam
placed in a freezer, speci-
men dissection from asphalt
beam and homogenized
specimen after heating
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Fig. 6 Loading pattern of LAS test
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potential overheating and premature aging (i.e.,
130 and 150 °C for the neat and polymer-modified
binder, respectively). After heating, the binder was
poured into a pre-prepared frame typically used for
bending beam rheometer. The reason is related to
the need of preparing each specimen immediately
before testing. After the beams were de-molded,
the specimens were carefully wrapped in aluminum
foil and stored at freezing temperatures (15 to — 20
°C). Before preparing for DSR testing, the beams
were removed to room temperature and a small por-
tion was dissected and placed into the silicone rub-
ber mold using a heated spatula. To de-mold the
specimen, it was put into a freezer at — 5 °C for 2
to 5 min with an aluminum foil cover; then, it was
placed on the pre-heated DSR plates (45 or 50 °C
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for the neat binder and polymer-modified binder,
respectively). The upper plate was moved to the
trimming position, and the sample was trimmed
according to AASHTO T 315-12 to be prepared for
measurement.

5.2 Modified test procedure

The modified procedure for LASH-based testing
involved performing shear strain amplitude sweeps
under large oscillatory shear conditions using three
different testing configurations: linear amplitude
sweep (LAS), repeated linear amplitude sweep with
a single rest period (R-LASH) and without rest
period (R-LAS), and delayed linear amplitude sweep
(D-LASH). These configurations were designed to
evaluate the self-healing performance of asphalt bind-
ers while accounting for possible time-dependent
effects. The neat binders (A and B) were exclusively
considered for the modified LASH-based proce-
dure of Phase 2 of the research to eliminate poten-
tial influences of the elastomer’s presence on the
results. Moreover, DSR video analysis revealed that
neat binders were the most challenging materials to
be tested when considering instability flow issues. All
tests were carried out in three replicates at a constant
temperature of 20 °C and frequency of 10 Hz.

5.2.1 LAS

Amplitude sweeps were used to evaluate the fatigue
resistance of materials under incremental loading.
They were also considered to select the appropriate
damage level for rest periods in healing tests. LAS
tests were performed following AASHTO TP 101-12
(2018). According to the standard, the binder was
subjected to an initial frequency sweep, during which
0.1% strain was applied over a range of frequencies
from 0.2 to 30 Hz. The subsequent linear amplitude
sweep was carried out using oscillatory shear in
strain-control mode at 10 Hz. The loading scheme
consisted of intervals of constant strain amplitude,
where each interval was followed by another inter-
val with a 1% increment between intervals. Figure 6
shows the loading pattern imposed on the specimens
during the LAS test, with minimum and maximum
strain values equal to 0.1 and 30%, respectively.

5.2.2 R-LASH and R-LAS

R-LASH test consisted of two loading phases sepa-
rated by a single rest period. The first loading phase
followed an increasing shear strain pattern, starting
from 0.1% and continuing until a specific damage
level was reached. The second loading phase was
conducted as a standard LAS test.

The damage level imposed in the first loading was
established based on the peak in the shear stress (T)
versus shear strain (y) curve, denoted as y('rpeak).
Two levels were considered in this study for R-LASH
testing:

e level 1—y value equal to 50% of y(T,eq)
e level 2—y value equal t0 Y(T )

The duration of the rest period was set to one of
four values: 5, 30 min, 2, or 24 h. During the rest
period, a low continuous oscillatory shear strain
of 0.1% was applied at 10 Hz to monitor material
stiffness, with data points recorded every 30 s. It is
important to mention that during the application of
the increasing shear strains, the occurrence of damage
may be superimposed by non-linear effects due to the
viscoelastic nature of the binder. Thus, it is of primary
importance to verify whether the damage is imparted
to the sample or if the response merely reflects the
non-linearity of the material. R-LAS tests without a
rest period were performed to verify the proper dam-
age level imparted by the first loading. R-LAS tests
were also conducted to determine whether damage
could occur without healing due to the lack of rest.
Figure 7 illustrates the loading patterns imposed on
samples during repeated amplitude sweeps without a
rest period and with a rest period of a given length.

5.2.3 D-LASH

D-LASH tests were introduced to account for the
potential hardening of the material that may take
place when it is left idle. This hardening effect could
affect the response observed during the second load-
ing phase of the R-LASH test. D-LASH tests involved
performing a standard linear amplitude sweep on
an undamaged sample after being conditioned with
various rest times. An example of the loading pattern
applied to the sample during the tests is illustrated in

Fig. 8.
nilem
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5.3 Experimental results
5.3.1 Stress versus strain curves

Figure 9a shows an example of shear stress versus
shear strain curves derived from LAS test replicates

carried out on binder A. Visual inspection of the
curves in the figure indicates good repeatability of
the test results, as evidenced by the close alignment
of the three curves. This is further substantiated by
the low coefficients of variation for 7., and Y(Tpeu),
which ranged between 1.20 and 1.80% for all test

30 30
® I Load ® I Load
25 11 Load 25 11 Load
20 20 O Rest
S5 S5
> >~
10
5
0 _ 1 —_—
0 200 400 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
t [sec] t [sec]
Fig. 7 Loading pattern of R-LAS (left) and R-LASH (right) tests with a rest period of 30
Fig. 8 Loading pattern of 30 —
D-LASH test with a rest Load
period of 30 min 25 O Rest
20
S5
>
10
5
0 _ 1
0 200 400 800 1000 1200 1400 1600 1800 2000 2200
t [sec]
0.5 0.5
= 1°rep. = 1°rep.
0.4 2° rep. 0.4 2° rep.
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= 03 ‘= 03
) a5
= =
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Fig. 9 t versus y (a) and ©’ versus y (b) curves derived from LAS tests on Binder A
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conditions and materials considered in the study. In
Fig. 9b, 7' represents the measured 7 normalized with
respect to the Dynamic Modulus Ratio (DMR) fac-
tor. This factor is the ratio of the initial norm of the
complex modulus, which indicates the stiffness of the
undamaged specimen under low strain conditions, to
the linear viscoelastic norm of the complex modulus
of the material. T was used instead of the measured t
to eliminate differences due to specimen-to-specimen
variability. This adjustment reduced the coefficient of
variation to values below 0.5%, as visually demon-
strated in the graph where the results from the three
repetitions collapsed on top of each other.

No-rest condition

0.5
— 0.4 ..". . ® I Load
° y 1 LAS
> R
°© E‘ 0.3 t
0.1 \
0.0 ..'-clccc
0 10 20 30
(a) v [%]
0.5
~ 0.4 ® I Load
T‘g '.:LAS
O = 03 s
'; [aW
9 2,
=
g .
a 0.1 A
0.0 ..........
0 10 20 30
(© v [%]

IT Load

II Load

Figure 10 presents the results from R-LASH tests
with no rest and 30-min rest performed on Binder
A. In Fig. 10b, which corresponds to damage level
1, it is evident that the second loading phase initially
overlaps with the first loading phase and then follows
the path (curve defined by points) described by the
material in the LAS test (which serves as the refer-
ence behavior). This would suggest that full healing
occurred after 30 min of rest, as the material behavior
in the R-LASH test is the same as that in the LAS
test. However, Fig. 10a shows that the behavior of the
material during the second loading phase in no-rest
conditions is identical to that observed in the LAS

30 minutes of rest period

0.5
II Load
0.4 ~ ® I Load
' 2 LAS
s 03 :
[aT
= :
- 02 Y
0.1 %
0'0 ccccccccc
0 10 20 30
(b) v[%]
0.5
11 Load
0.4 B ® I Load
1 LAS
= 0.3 E
[aT
=
= 0.2
0.1
0.0 ........
0 10 20 30
() v [%]

Fig. 10 Example of 1’ versus y outcomes derived from tests on binder A subjected to damage level 1 without rest (a) and with
30 min of rest period (b) and damage level 2 without rest (¢) and with 30 min of rest period (d)
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test. This indicates that no damage occurred in the
first phase of loading. Therefore, deviation from lin-
ear viscoelastic behavior in the T versus y curve is to
be attributed entirely to non-linearity of the material.
Figures 10c and d show that actual damage occurred
when the strain value reached at the end of the first
loading phase was increased to level 2. The occur-
rence of damage is clearly argued from the evidence
that both reloading curves of R-LASH and R-LAS
tests follow a different path with respect to the refer-
ence LAS curve. By comparing the various t° versus
y curves, the magnitude of healing gained during the
rest period and the remaining damage to be healed
can be straightforwardly quantified. The magnitude
of healing can be assessed by comparing the reload-
ing curves of R-LASH and R-LAS tests to each other.
The remaining unhealed damage can be determined
by examining the difference between the t’ versus y
curves of the LAS test and the second loading phase
of the R-LAS test.

However, it is important to note that the recovery
of mechanical properties of the material during the
rest period may be partly attributed to time-dependent
effects, such as physical hardening under isothermal
conditions. Figure 11, which compares the response
of Binder A subjected to R-LASH tests at different
rest times, provides evidence of such effects that may
yield non-negligible levels. The increase in rest time
from 30 min to 24 h resulted in a significant progres-
sive increase in peak value of strain with respect to

0.5
R =30 min

0.4 ®eR=2h
= 03 R=24h
ol
=
- 02

0.1

0.0

0 10 20 30

v [%]

Fig. 11 t° versus y curves derived from D-LASH tests on
binder A in non-rest conditions and after rest time equal to
30 min, 2, and 24 h

the no-rest condition. Since R-LASH tests were car-
ried out on undamaged specimens, such an increase
cannot reflect any healing but is associated with a
time-dependent hardening.

Considerations reported above on the stress versus
strain response of Binder A can be extended to Binder
B, which exhibited a qualitatively similar behavior
under the different types of tests.

5.3.2 Energy-based analysis

Dissipated strain energy (w) is widely used as a fun-
damental property to study the behavior of asphalt
binders under repeated loading [43]. Pronk and Hop-
man [44] suggested that the energy dissipated during
each loading cycle contributes to fatigue damage.
Any change in the material’s internal structure due to
damage is then reflected in alterations to the energy
dissipation process [45, 46].

Examples of w values plotted as a function of shear
strains gathered from LAS tests on Binders A and B
are displayed in Fig. 12.

After the rest period was applied to the materi-
als subjected to a given level of damage in R-LASH
tests, cohesive healing contributed to such dam-
age repairing. This was reflected in changes of w
curves, as shown by diagrams reported in Fig. 13. As
expected, the curves corresponding to the first load-
ing phases collapsed on top of the w curves of LAS
tests because the response was independent of the
rest period applied right after loading. As the binders
were reloaded, the deviation of w values from the ref-
erence curves was influenced by the level of damage

0.16 A
B
0.12
£ 008
=
B
0.04
0.00 -
0 10 20 30
Y [%]

Fig. 12 w versus y curves derived from LAS tests on binders
Aand B
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Fig. 13 w outcomes derived from R-LASH tests on binders A and C subjected to damage level 1 without rest (a and ¢) and with

24 h of rest period (b and d)

imposed during the first loading phase. This is dis-
played in Fig. 13a and ¢ when no rest was applied.
The longer the rest period, the closer the reloading w
curve to that of the first phase. In certain cases, the w
values during the second loading phase exceeded the
values obtained from LAS tests, as shown in Fig. 13b
and d for a 24-h rest period. This behavior, observed
in the T versus y curves, is likely due to effects related
to hardening phenomena occurring when the mate-
rial was left idle under isothermal conditions. Addi-
tionally, Fig. 14 presents the w curves derived from
D-LASH tests conducted with different rest periods.
A comparison of the curves reveals that longer rest

periods led to increased w values, further confirming
the effect of rest time on material response.

5.3.3 Simplified viscoelastic continuum
damage-based analysis

The simplified viscoelastic continuum damage
(S-VECD) model has been adopted to interpret linear
amplitude sweep test data. This model allows for the
derivation of the damage characteristic curve (DCC),
which links material integrity (pseudo-stiffness, C) to
damage intensity (internal state variable, S) [34, 41].
Figure 15 displays the DCCs determined from LAS

tests for Binders A and B.
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Fig. 14 Comparison of w curves derived from D-LASH tests on Binder A (a) and Binder B (b) with rest periods of 30 min, 2, and

24 h
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Fig. 15 DCCs derived from LAS tests of binders A and B

When applying the S-VECD analysis to R-LASH
data, two DCCs corresponding to the two loading
phases of the test can be obtained. This is shown in
diagrams reported in Fig. 16, derived from test data
measured in the range of y between 0.1% and y(Tjeqp)-
As in the previous case, the first loading phase over-
lapped with the reference behavior observed during
the LAS test, as it was independent of the rest period
applied after the first loading. For the reloading phase,
the initial value and shape of DCCs were influenced
by the extent of the rest period. It is worth noting
from Fig. 16b and d that initial values of C recorded
in the second loading phases after 24 h of rest were
greater than 1, causing the entire DCCs to shift above
those of the first loading phase. It is inferred that
such an occurrence can also be imputed to hardening
effects caused by the microstructural reorganization

of material during the rest period. This outcome is
further substantiated by the results obtained from
D-LASH tests at different rest periods, as displayed
in Fig. 17. The comparison of DCCs shows that the
adoption of longer rest periods translated into a pro-
gressive vertical shift of curves. This implies that for
any specific level of material integrity, the binder is
able to endure a damage intensity that increases as the
rest period is longer.

6 Summary and conclusions

The experimental work carried out by the RILEM TC
CHA-278 TG2a aimed at providing new insights into
understanding and testing the self-healing properties
of asphalt binders.

Multiple self-healing test protocols were evaluated
and compared through interlaboratory testing in the
first phase of the research. The three proposed pro-
tocols—Time-Sweep Single Rest Period (TS-SRP),
Time-Sweep Multiple Rest Periods (TS-MRP), and
Linear Amplitude Sweep with Healing (LASH)—
were used to test a common array of asphalt binders.
Results obtained by different laboratories revealed
conflicting binder rankings across the three protocols,
emphasizing the impact of test design and condi-
tions. The findings from interlaboratory testing also
indicated that material-related biasing effects, such
as instability flow, viscoelastic ringing, and equip-
ment-specific artifacts limit current fatigue-healing
protocols. Incorporating video analysis tools into the
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Fig. 16 DCCs derived from R-LAS tests on Binders A and B subjected to damage level 1 without rest (a and ¢) and with 24 h of rest

period (b and d)

protocols offered practical criteria for identifying fail-
ure points and improving data reliability.

Among the three protocols, the LASH test was
selected as the preferred and most practical choice
for the second testing phase. The original version
of the protocol underwent some modifications to
address some specific aspects, as: (1) the loading
scheme was adjusted to refine load application dur-
ing the second loading phase, reducing viscoelastic
ringing and improving reproducibility; (2) a no-rest
condition was introduced to distinguish damage from
non-linear effects; and (3) supplementary tests with
increasing rest periods were added to account for

hardening effects. The outcomes of the second phase
of experimental work demonstrated that the rest peri-
ods’ duration significantly influenced the materials’
response, as observed through dissipated energy and
continuum damage metrics. The dissipated energy
w proved to be a reliable indicator of changes in the
specimen’s damage level, effectively linking R-LASH
and D-LASH tests through damage accumulation and
hardening phenomena. Applying the simplified vis-
coelastic continuum damage (S-VECD) model fur-
ther revealed that longer rest periods impacted the
restoration of material, with some samples achieving
pseudo-stiffness values exceeding their initial states.
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Fig. 17 Comparison of DCCs derived from D-LASH tests at increasing rest periods on Binder A (a) and Binder B (b)

Further investigation of D-LASH tests suggests
that microstructural reorganization during rest time
enhances the material’s ability to endure subsequent
damage, leading it to be a source of bias in healing
assessments. By leveraging insights from D-LASH
tests, it may be possible to isolate these hardening
effects, enabling a more accurate evaluation of actual
healing mechanisms.

The work done by the task group is deemed to
have produced useful strides in the study and charac-
terization of self-healing properties of asphalt bind-
ers; however, several areas require further explora-
tion. One key focus is the impact of aging factors
such as thermo-oxidative, moisture-related, and
UV-induced aging—on binder healing behavior, as
these factors are critical to understanding long-term
performance. Additionally, the role of additives,
including recycling agents and antioxidants, should
be evaluated to determine their effects on binder
performance. Finally, extending laboratory findings
to field applications is essential to validate the proto-
cols and assess their ability to predict in-service per-
formance accurately. Such research areas could fall
within the objectives and scope of a new RILEM TC
that would continue investigating this topic.

Author contributions O. Baglieri: Conceptualization, Writ-
ing—original draft, Writing—review and editing, Supervision
R.M. Aurilio: Formal analysis, Investigation, Writing—origi-
nal draft, Visualization F. Miglietta: Formal analysis, Investiga-
tion, Writing—original draft, Visualization L. Tsantilis: Inves-
tigation, Writing—review and editing, Visualization H. Baaj:
Conceptualization, Writing—review and editing, Supervision.

Funding Open access funding provided by Politecnico di
Torino within the CRUI-CARE Agreement.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References
1. OzerJ, Al-Qadi IL, Singhvi P, Bausano J, Carvalho R, Li
X, Gibson N (2018) Prediction of pavement fatigue crack-
ing at an accelerated testing section using asphalt mixture
performance tests. Int J Pavement Eng 19(3):264-278
2. Baaj H, Di Benedetto H, Chaverot P (2004) Differ-
ent experimental approaches and criteria for fatigue of
asphalt mixes. In: proceedings of the forty-ninth annual
conference of the canadian technical asphalt association
(CTAA)-Montreal, Quebec
3. Di Benedetto H, Soltani AA, Chaverot P (1997) Fatigue
damage for bituminous mixtures. In: proceedings of the
fifth international rilem symposium MTBM lyon pp.
263-270
4. Baaj H (2002) Comportement a la fatigue des matériaux
granulaires traités aux liens hydrocarbones, Doctoral Dis-
sertation, INSA Lyon


http://creativecommons.org/licenses/by/4.0/

Materials and Structures

(2025) 58:236

Page 150f 16 236

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

D. Williams, D. N. Little, R. L. Lytton, Y. R. Kim, Y. Kim
(2001) Microdamage healing in asphalt and asphalt con-
crete, Volume II: Laboratory and field testing to assess
and evaluate microdamage and microdamage healing,
Report No. FHWA-RD-98-142

Little DN, Lytton RL, Williams D, Kim YR. (1999) An
analysis of the mechanism of microdamage healing based
on the application of micromechanics first principles of
fracture and healing. J Assoc Asphalt Paving Technol 68
Kim YR, Little DN, Lytton RL (2003) Fatigue and heal-
ing characterization of asphalt mixtures. J] Mater Civ Eng
15(1):75-83

Song I, Little DN, Masad EA, Lytton R (2005) Compre-
hensive evaluation of damage in asphalt mastics using
X-ray CT, continuum mechanics, and micromechan-
ics (with discussion). J Assoc Asphalt Paving Technol
74:885-920

Bahia HU, Zhai H, Onnetti K, Kose S (1999) Non-linear
viscoelastic and fatigue properties of asphalt binders, J
Assoc Asphalt Paving Technol 68

Leegwater G, Tabokovi¢ A, Baglieri O, Hammoum F,
Baaj H. (2022) Terms and definitions on crack-healing
and restoration of mechanical properties in bituminous
materials, Proc. RILEM Int. Symp. on Bituminous
Materials (ISBM), Lyon 2020, Vol. 1, Springer Int. Pub-
lishing, pp.47-53

Varma R, Balieu R, Kringos N (2021) A state-of-the-art
review on self-healing in asphalt materials: mechani-
cal testing and analysis approaches. Constr Build Mater
310:125197

Di Benedetto H, Nguyen QT, Sauzéat C (2011) Non-
linearity, heating, fatigue and thixotropy during cyclic
loading of asphalt mixtures. Road Mater Pavement Des
12(1):129-158

Boussabnia MM, Perraton D, Di Benedetto H, Lamothe
S, Proteau M (2023) Validation of time-temperature
superposition principle for high modulus asphalt con-
crete in the linear viscoelastic and fatigue domains.
Fatigue Fract Eng Mater Struct 46(1):80-95

Sun D, Yu F, Li L, Lin T, Zhu XY (2017) Effect of
chemical composition and structure of asphalt binders
on self-healing. Constr Build Mater 133:495-501

Lv Q, Huang W, Zhu X, Xiao F (2017) On the investiga-
tion of self-healing behavior of bitumen and its influenc-
ing factors. Mater Des 117:7-17

Wu S, Ye Y, Li Y, Li C, Song W, Li H et al (2019)
The effect of UV irradiation on the chemical structure,
mechanical and self-healing properties of asphalt mix-
ture. Materials 12(15):2424

Baaj H, Mikhailenko P, Almutairi H, Di Benedetto
H (2018) Recovery of asphalt mixture stiffness dur-
ing fatigue loading rest periods. Constr Build Mater
158:591-600

Shirzad S, Hassan MM, Aguirre MA, Mohammad LN,
Cooper S Jr, Negulescu II (2019) Rheological properties
of asphalt binder modified with recycled asphalt mate-
rials and light-activated self-healing polymers. Constr
Build Mater 220:187-195

Santagata E, Baglieri O, Tsantilis L, Chiappinelli G
(2015) Fatigue and healing properties of nano-rein-
forced bituminous binders. Int J Fatigue 80:30-39

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Li L, Gao Y, Zhang Y (2020) Crack length-based heal-
ing characterization of bitumen at different levels of
cracking damage. J Clean Prod 258:120709

Canestrari F, Virgili A, Graziani A, Stimilli A (2015)
Modeling and assessment of self-healing and thix-
otropy properties for modified binders. Int J Fatigue
70:351-360

Qiu X, Cheng W, Xu W, Xiao S, Yang Q (2020) Fatigue
evolution characteristic and self-healing behaviour of
asphalt binders. Int J Pavement Eng 23(5):1459-1470
Gaudenzi E, Cardone F, Lu X, Canestrari F (2020)
Analysis of fatigue and healing properties of conven-
tional bitumen and bio-binder for road pavements. Mate-
rials 13(2):420

Xie W, Castorena C, Wang C, Kim YR (2017) A frame-
work to characterize the healing potential of asphalt
binder using the linear amplitude sweep test. Constr
Build Mater 154:771-779

Wang C, Xie W, Underwood BS (2018) Fatigue and
healing performance assessment of asphalt binder from
rheological and chemical characteristics. Mater Struct
51:1-12

Aurilio M (2020) Evaluating the effect of a self-heal-
ing elastomer on the self-healing properties of asphalt
cement, Master’s Thesis, University of Waterloo
Baglieri O, Tsantilis L, Santagata E (2018) Evaluation
of healing potential of bituminous binders using a vis-
coelastic continuum damage approach. Constr Build
Mater 184:344-350

Asadi B, Tabatabaee N (2020) Alteration of initial and
residual healing potential of asphalt binders due to
aging, rejuvenation, and polymer modification. Road
Mater Pavement Des 23(2):287-307

Chen Y, Wang C (2020) Oxidative aging effects on dam-
age-healing performance of unmodified and polymer
modified asphalt binders. Proc. 5th Int symp on asph
pave & envir (APE. Springer International Publishing,
Cham, pp 395403

Aurilio R, Aurilio M, Baaj H, (2020) The effect of a
chemical warm mix additive on the self-healing capa-
bility of bitumen, Proc. RILEM Int Symp on Bitum
Mater

Li H, Luo X, Yan W, Y, (2020) Zhang, Energy-based
mechanistic approach for crack growth characterization
of asphalt binder. Mech Mater 148:103462

Miglietta F, Underwood BS, Tsantilis L, Baglieri O,
Santagata E (2023) Self-healing master curves of
bituminous binders: a non-linear viscoelastic con-
tinuum damage framework. Road Mater Pavement Des
24:124-144

Miglietta F, Tsantilis L, Baglieri O, Santagata E (2021)
A new approach for the evaluation of time—temperature
superposition effects on the self-healing of bituminous
binders. Constr Build Mater 287:122987

Safaei F, Castorena C (2016) Temperature effects of lin-
ear amplitude sweep testing and analysis. Transp Res Rec
2574(1):92-100

Aurilio RM, Aurilio M, Baaj H (2022) The effect of a
chemical warm mix additive on the self-healing capa-
bility of bitumen. J Test Eval. https://doi.org/10.1520/
JTE20210207

niem


https://doi.org/10.1520/JTE20210207
https://doi.org/10.1520/JTE20210207

236 Page 16 of 16

Materials and Structures (2025) 58:236

36.

37.

38.

39.

40.

41.

42.

Marasteanu MO, Anderson DA. (1999) Improved model
for bitumen rheological characterization. In: eurobitume
workshop on performance related properties for bitumi-
nous binders (Vol. 133). Brussels, Belgium: European
Bitumen Association

Baglieri O, Baaj H, Canestrari F, Wang C, Hammoum F,
Tsantilis L, Cardone F (2020) Testing methods to assess
healing potential of bituminous binders. Proc. RILEM
Int Symp on Bitum Mater: ISBM Lyon 2020 1. Springer
International Publishing, Cham, pp 55-62

Ewoldt RH, Johnston MT, Caretta LM. (2015) Experi-
mental challenges of shear rheology: how to avoid bad
data, Comp Flu Bio Sys: Exp, Theo, Comp 207-241
Aurilio R. (2023) Investigating and developing fatigue-
healing characterization of asphalt materials, Doctoral
Dissertation, University of Waterloo

Anderson DA, Le Hir YM, Marasteanu MO, Planche JP,
Martin D, Gauthier G (2001) Evaluation of fatigue criteria
for asphalt binders. Transp Res Rec 1766(1):48-56

Hintz C. (2012) Understanding mechanisms leading to
asphalt binder fatigue, Doctoral Dissertation, The Univer-
sity of Wisconsin-Madison

Tan Y, Shan L, Kim YR, Underwood BS (2012) Heal-
ing characteristics of asphalt binder. Constr Build Mater
27(1):570-577

niem

43.

44,

45.

46.

Shen S, Airey GD, Carpenter SH, Huang H (2006) A dis-
sipated energy approach to fatigue evaluation. Road Mater
Pavement Des 7(1):47-69

Pronk AC, Hopman PC (1991) Energy dissipation: the
leading factor of fatigue. In: Highway research: Sharing
the benefits (pp. 255-267) Thomas Telford Publishing
Santagata E, Baglieri O, Tsantilis L, Dalmazzo D, Chi-
appinelli G (2016) Fatigue and healing properties of
bituminous mastics reinforced with nano-sized additives.
Mech Time-Dep Mater 20:367-387

Santagata E, Baglieri O, Dalmazzo D, Tsantilis L (2017)
Investigating cohesive healing of asphalt binders by
means of a dissipated energy approach. Int J Pavement
Res Technol 10(5):403-409

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.



	Article of RILEM TC 278-CHA: evaluation of self-healing properties of asphalt binders—outcomes and challenges
	Abstract 
	1 Introduction
	2 Research outline
	3 Materials
	4 Phase 1—interlaboratory testing on healing protocols
	4.1 Findings from Phase 1
	4.2 Observations on the LASH test

	5 Phase 2—insights into LASH-based testing
	5.1 Specimen preparation
	5.2 Modified test procedure
	5.2.1 LAS
	5.2.2 R-LASH and R-LAS
	5.2.3 D-LASH

	5.3 Experimental results
	5.3.1 Stress versus strain curves
	5.3.2 Energy-based analysis
	5.3.3 Simplified viscoelastic continuum damage-based analysis


	6 Summary and conclusions
	References


