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� LAS test is now the preferred method for assessing asphalt binders fatigue life.

� The VECD concept is extensively used to analyze LAS test data.

� The GR approach has become the most favored method for analyzing the LAS test.

� Fatigue test temperature significantly impacts the fatigue life of asphalt binders.

� Softer binders and polymer-modified binders demonstrate higher fatigue resistance.
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Asphalt binders play a crucial role in the fatigue cracking resistance of asphalt pavement,

making the characterization of their fatigue life increasingly important. To evaluate the

fatigue life of asphalt binders, two tests have been developed: the time sweep (TS) and the

linear amplitude sweep (LAS), both conducted using the dynamic shear rheometer (DSR).

Similar to asphalt mixtures, predicting the fatigue life of asphalt binders necessitates the

predefinition of fatigue failure criterion and/or fatigue failure definition (failure point).

Phenomenological and dissipated energy-based failure criteria are commonly employed to

analyze TS test results, while the viscoelastic continuum damage (VECD) model is pri-

marily used to predict fatigue life through the LAS test. Given that the fatigue test tem-

perature significantly impacts the fatigue life of asphalt binders, various methods have

been proposed in the literature for selecting the fatigue test temperature.

This paper provides a comprehensive review of the fatigue life evaluation of asphalt

binders using both TS and LAS tests. It summarizes the different fatigue failure criteria and

fatigue failure definitions employed and discusses the selection of fatigue test tempera-

tures. Furthermore, the paper examines the influence of fatigue test conditions, binder

chemical composition and/or penetration grade, and bitumen modification on the fatigue

life of asphalt binders. Based on the current review, it is recommended to utilize the LAS

test on PAV-aged bitumen under strain-controlled conditions to evaluate the fatigue life of

asphalt binders. The most relevant failure definition is the peak in stored pseudo-strain

energy based on the simplified viscoelastic continuum damage model (S-VECD).
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Nomenclature

A Material dependent paramete

B Material dependent paramete

BYET Binder yield energy test

C Material integrity (pseudo-stif

CDER Cumulative dissipated energy

CR Crumb rubber

CSR Constant strain-amplitude rat

D Damage variable

Df Damage at failure

DCCs Damage characteristic curves

DER Dissipated energy ratio

DMR Dynamic modulus ratio

DSR Dynamic shear rheometer

ER Energy ratio

ER Reference modulus

f Frequency

FS Frequency sweep

G* Complex shear modulus

jG*jinitial Initial dynamic shear modulu

jG*jLVE Linear dynamic shear modulu

GR Averaged release rate of PSE

HPMB Highly polymer modified bind

i Cycle number

Ic Colloidal instability index

LAS Linear amplitude sweep

LVE Linear viscoelastic

m Slop of the log-log plot of rela

NCHRP National cooperative highway

Nf Fatigue life

NLVE Nonlinear viscoelastic

Np Number of cycles to reach the

NSR Normalized stiffness ratio
Additionally, the authors propose conducting the fatigue test at an intermediate reference

temperature for each country or region, depending on its climate zone.

© 2024 Periodical Offices of Chang'an University. Publishing services by Elsevier B.V. on

behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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research program

crack propagation

PAV Pressurized aging vessel

PG Performance grade

PPA Peak phase angle

PSE Pseudo-strain energy

PSS Peak shear stress

PSPSE Peak stored PSE

PV Plateau value

RDEC Ratio of dissipated energy change

RTFOT Rolling thin-film oven test

SBS Styrene-butadiene-styrene

SHRP Strategic highway research program

SR Stiffness ratio

T� Temperature

t Time

TS Time sweep

VECD Viscoelastic continuum damage

W Dissipated energy

WR Pseudo-strain energy density

WR
Total Total PSE

WR
r Averaged released PSE

WR
r Released PSE

WR
s Stored PSE

a Damage evolution rate

aT Time-temperature shift factor

g Strain amplitude

d Phase angle

si Shear stress at cycle i

sp Peak shear stress at cycle i

ei Shear strain at cycle i

eRi Pseudo strain

eRp Peak shear pseudo strain

x Reduced time
1. Introduction

Under repeated loading, all asphalt materials accumulate

damage (Ghuzlan and Carpenter, 2006; Jia et al., 2023), leading

to potential fatigue cracking in asphalt pavements. Damage

accumulation primarily involves the degradation of

mechanical properties due to the growth of microcracks

within the material (Johnson, 2010; Sudarsanan and Kim,

2022). As damage accumulates, the materials don't need

higher stress to increase or maintain the strain, indicating a

significant change in material integrity and ultimately

leading to fatigue failure (Roque et al., 2020). According to

the literature, several parameters can affect the fatigue of
asphalt pavements, including the layer thickness, layer

interface conditions, the physical and chemical properties of

the asphalt binders, the binder content, the binder aging,

and etc. (Alae et al., 2020; NCHRP, 2021; Sudarsanan and

Kim, 2022; Wang et al., 2017). In asphalt pavements, there

are two main fatigue-cracking mechanisms, bottom-up and

top-down cracking (Canestrari and Ingrassia, 2020; NCHRP,

2021; Roque et al., 2020). The bottom-up fatigue cracking

originates at the bottom of the hot mix asphalt layer due to

the high tensile strain created by repeated load cycles and

progresses upward. Conversely, the top-down fatigue

cracking (longitudinal cracks near the wheel paths)

originates at the surface and progressively propagates

downward through the asphalt layer. It can evolve in three

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jtte.2024.04.007
https://doi.org/10.1016/j.jtte.2024.04.007


J. Traffic Transp. Eng. (Engl. Ed.) 2024; 11 (6): 1210e12421212
stages: single crack, sister cracks, alligator cracking

(Canestrari and Ingrassia, 2020). In both mechanisms,

fatigue cracking initiates through the binder-aggregate

interface or mastic and gradually propagates until failure

(Hammoum et al., 2002; Maillard, 2002). The asphalt binder

is considered to be the main factor controlling fatigue

cracking of the asphalt mixture since it is the only

viscoelastic material within the asphalt mixture (Shen et al.,

2006). Laboratory tests reveal the fatigue damage

mechanism in asphalt concrete in three phases, illustrated

in Fig. 1 (Lefeuvre, 2001; Piau, 1989).

- Phase I (pre-localization phase) involves the initiation and

propagation of microcracks, with a rapid stiffness reduc-

tion attributed to thixotropy and sample heating.

- Phase II (localization phase) is characterized by the inter-

action and coalescence of micro-cracks (stress concentra-

tion), leading to a linear decrease in stiffness due to fatigue

damage (continuum damage state).

- Phase III (post-localization phase) is characterized by the

propagation of macro-cracks (failure of material) (Di

Benedetto et al., 2004; Perraton et al., 2003). The

localization phase is the transition region between the

distributed micro-cracks (pre-localization) and localized

macro-cracks (post-localization).

The three stages are widely investigated using the contin-

uum damage models (phases I and II) and fracture models

(phase III).

The viscoelastic continuumdamagemodel (VECD), initially

proposed and developed by Schapery (1984), is mostly used in

quantifying the evolution and growth of damage in

viscoelastic materials (phases I and II). However, for the

post-localization phase (phase III), characterized by

nonlinear behavior and intense damage, is investigated

using fracture mechanics.

Numerous tests and methods have been adopted to

characterize the fatigue life of asphalt materials under

repeated loading. As previously mentioned, the asphalt

binder is the principal component in the asphalt mixtures

responsible for the damage and fatigue cracking of asphalt

pavement. Consequently, since 2001, there has been a

growing interest in characterizing the fatigue life of asphalt
Fig. 1 e The fatigue damage mechanism in asphalt

concrete (Ahmed et al., 2019).
binders. Initially, the G*sin(d) parameter was introduced by

the Strategic Highway Research Program (SHRP) to evaluate

the fatigue resistance of asphalt binders. G*sin(d) represents

the viscous component of the complex shear modulus,

serving as an indicator of total dissipated energy and it must

not exceed a certain value for adequate fatigue resistance.

Criticism of the G*sin(d) fatigue indicator has been significant

in literature, primarily because no damage is expected to

occur in the linear viscoelastic domain (LVE) (Bahia et al.,

2001; Bessa et al., 2019; Johnson, 2010). In 2001, Bahia et al.

(2001) proposed the time sweep (TS) test, within the

framework of NCHRP 9-10, to evaluate the fatigue life of

asphalt binders under repeated sinusoidal loading (strain or

stress-controlled mode) using the dynamic shear rheometer

(DSR). However, due to the time-consuming nature of the

TS test, Johnson et al. (2009) introduced the binder yield

energy test (BYET) using DSR. The BYET evaluates the yield

energy and the strain corresponding to the peak shear

stress (gtmax), serving as indicators for asphalt fatigue. In

2010, Johnson and Bahia (2010) developed the linear

amplitude sweep (LAS) test to predict the fatigue life of

asphalt binders using the DSR, as detailed in section 2. The

LAS test data are interpreted based on the VECD modeling

principle.

Regardless of the fatigue test employed, studying the fa-

tigue life of asphalt binders and asphalt mixtures necessitates

a predefined failure criterion and/or failure definitions (failure

point). According to Zhang et al. (2013), the failure definition is

the transition point between the viscoelastic continuum

damage and fracture regimes. Several failure criteria and

failure definition have been proposed and investigated to

predict the fatigue life of both asphalt mixtures and binders.

The failure criteria can be broadly categorized into the

phenomenological failure criteria (detailed in subsection 3.1)

and dissipated energy-based failure criteria (described in

subsection 3.2) (Chen et al., 2022; Zeiada et al., 2022).

Importantly, the same failure criteria are applicable for both

asphalt mixtures and binders. It is worth noting that the test

temperature significantly influences the fatigue life of

asphalt binders. Various temperatures have been selected

and tested in the literature to evaluate the fatigue life of

asphalt binders using both TS and LAS tests (detailed in

subsection 7.1).

This paper reviews the state of the art related to the eval-

uation and prediction of the fatigue life of asphalt binders

focusing on the time sweep and linear amplitude sweep tests.

It is noteworthy that the study of the fatigue of asphalt binders

remains, up to date, limited compared to the asphalt

mixtures.

In total, 81 research papers on asphalt binder fatigue using

TS and LAS tests have been thoroughly reviewed. Fig. 2

illustrates the distribution of these papers by year, revealing

a consistent annual increase since 2015. Notably, research

from the USA and China dominates, representing a

significant portion of the reviewed papers, as depicted in

Fig. 3. Specifically, among the 81 reviewed papers, 56

originate from the USA and China, comprising

approximately 69% of the total. Conversely, the study of

asphalt binder fatigue in Europe and Africa remains

relatively limited.

https://doi.org/10.1016/j.jtte.2024.04.007
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From the 81 reviewed research papers, 33 research papers

exclusively utilized the LAS test to evaluate the fatigue life of

asphalt binders, which corresponds to 40.7%, as indicated in

Fig. 4. Additionally, 28 research papers (34.6%) relied solely on

the TS test, while 17 research papers (21%) employed both TS

and LAS tests. However, only 3 research papers (Johnson et al.,

2009; Morshed et al., 2020; O'Connell et al., 2017) utilized the

BYET test as an indicator of the fatigue of asphalt binders.

In summary, the process for evaluating the fatigue life of

asphalt binders using the TS and LAS tests is summarized in

Fig. 5. As per literature recommendations, asphalt binders

should undergo aging via the rolling thin film oven test

(RTFOT) and pressure aging vessel (PAV) procedures and

then characterized to determine their undamaged linear

viscoelastic properties. Whatever the fatigue test used, it is

crucial to carefully select the fatigue test temperature, as it

significantly impacts fatigue life, and the adopted failure

criterion and failure definition also plays a crucial role in

determining asphalt binder fatigue life. This review paper

emphasizes the various failure criteria and failure

definitions utilized in analyzing TS and LAS fatigue tests.

Additionally, it examines the influence of fatigue test
Fig. 3 e Number of reviewed re
temperature, asphalt binder chemical composition and/or

penetration grade, and bitumen modification on asphalt

binder fatigue life.
2. Tests and methods used to evaluate the
fatigue of asphalt binders

Until now, the G*sin(d) parameter has been widely used as an

indicator for the fatigue behavior of binders (AASHTO, 2015).

Initially, the G*sin(d) value, measured after PAV at 10 rad/s

(1.59 Hz) and 1% strain amplitude, was limited at 3000 kPa.

Actually, the Superpave specification (AASHTO, 2015)

required that the G*sin(d) parameter, after PAV test, must

not exceed 5000 kPa at a frequency of 10 rad/s for standard

traffic and 6000 kPa for heavy and very heavy traffic

(AASHTO, 2015). This fatigue indicator has been largely

criticized for the reason that the test is conducted within the

linear viscoelastic domain (Bahia et al., 2001; Bessa et al.,

2019; Johnson, 2010), whereas asphalt binders fatigue

damage occurs in the non-linear viscoelastic domain. In

response to the lack of correlation between the G*sin(d)
search paper per country.

https://doi.org/10.1016/j.jtte.2024.04.007
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BYET in the reviewed papers.
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Superpave fatigue parameter and fatigue of asphalt mixture,

new fatigue binder tests were developed. In 2001, Bahia et al.

(2001) introduced the TS test to evaluate the fatigue of

asphalt binder using a DSR (8 mm parallel plates with 2 mm

gap) by means of the degradation of material integrity under

cyclic loading. The TS can be conducted under controlled

stress or strain at a constant frequency and amplitude by

applying of cyclic loading. It is necessary that the stress or

strain levels selected, to perform the TS fatigue test, are

outside of the linear viscoelastic region due to the non-linear

damage behavior of asphalt binders. To be outside the linear
Fig. 5 e Flowchart of evaluation of fatigue life of
viscoelastic region of the binder, the selected strain level for

the test must be equal or higher than the strain level

required to have 5% reduction of the initial complex

modulus (Airey and Rahimzadeh, 2004). Based on this

principle, Nan et al. (2022) recommended using the stress/

strain LVE limit as the applied amplitude for conducting the

time sweep test. The strain level must be carefully chosen,

as high-performance asphalt binder may not fail under a

small strain level, while weaker asphalt can be significantly

damaged under a high strain level (Yan et al., 2022). As an

indication, Martono and Bahia (2008) and Bessa et al. (2019)

conducted the TS tests at a different strain levels, ranging

from 2% to 10% strain. The choice of the testing frequency

does not have a significant impact on the fatigue life

(Boussabnia et al., 2021), but it does have an impact on the

test duration. The time sweep test is considered time-

consuming, especially when different strain amplitudes are

tested. For one strain amplitude, the total testing time is

around 16 h (576,000 cycles) (Anderson et al., 2001). In order

to perform the time sweep test within a reasonable time

(30 mine6 h), Yan et al. (2022) suggested selecting the strain

amplitude between 2% and 6% using a 10 Hz loading

frequency. Tabatabaee and Tabatabaee (2010) demonstrated

that most tested binders did not fail within a reasonable

time under 1.59 Hz and 10% strain compared to those tested

at 15 Hz. Due to the long duration of the TS test, alternative

fatigue tests have been developed to evaluate the fatigue life

of asphalt binders in a reasonable time using the DSR. In

2009, Johnson et al. (2009) introduced the binder yield energy
asphalt binder using the TS and LAS tests.

https://doi.org/10.1016/j.jtte.2024.04.007
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test (BYET) for characterizing the fatigue life of asphalt

binders using the DSR (8 mm parallel plates with 2 mm gap).

The BYET is conducted under constant strain rate loading,

resulting in linearly increasing shear strain over time,

thereby causing the binder to accumulate damage more

rapidly compared to the TS test. The BYET is performed

according to AASHTO TP 123-16 (AASHTO, 2016) at a

selected temperature by the application of a constant shear

rate of 2.3% s�1 for 30 min. During the test, stress and strain

are measured, allowing the construction of a stress-strain

curve. This curve depicts shear stress increasing with shear

strain until peak shear stress is reached, after which it de-

creases. The yield energy, defined as the area under the stress-

strain curve up to the peak shear stress (as illustrated in Fig. 6),

and the shear strain, corresponding to the peak shear stress

(gtmax), are measured at the end of the test. These

parameters serve as indicators for fatigue resistance

(Johnson et al., 2009). However, O'Connell et al. (2017)

observed a poor correlation between the fatigue life of South

African binders assessed using the BYET test and that of

asphalt mixtures evaluated through the four-point bending

beam fatigue test. Consequently, they did not recommend

utilizing the BEYT to predict the fatigue life of asphalt

binders in South Africa.

As the BYET is only an indicator for fatigue, it is not largely

used to evaluate the fatigue life of asphalt binder. In 2010,

Johnson and Bahia (2010) introduced the linear amplitude

sweep test (LAS) based on viscoelastic continuum damage

(VECD) concepts (section 4). The LAS test is recognized as an

accelerated procedure for characterizing the fatigue life of

asphalt binders. Similar to the TS and BYET tests, the LAS

test is conducted using a DSR (8 mm parallel plates with

2 mm gap) under increased loading amplitudes. The LAS test

comprises two steps: the frequency sweep followed by the

strain amplitude sweep. The frequency sweep aims to define

the undamaged properties and the a parameter defined in

section 4. During the frequency sweep, the amplitude strain

is maintained constant at 0.1% (within the LVE range), while

the frequency ranges from 0.1 to 30 Hz. Subsequently, the

amplitude sweep test can be performed immediately after

the frequency sweep, maintaining a frequency of 10 Hz and

employing amplitude strains ranging from 0.1% to 30.0%.

Each strain level undergoes 100 cycles over 10 s, resulting in

a total duration of 310 s and 3100 cycles in a full loading
Fig. 6 e Yield energy from BYET test (Johnson et al., 2009;

Zeiada et al., 2022).
cycle (as depicted in Fig. 7(a)) (AASHTO, 2021; Johnson, 2010;

Johnson and Bahia, 2010).

The LAS test is typically conducted at intermediate tem-

peratures. For some types of rheometers incapable of instan-

taneously applying a 1% increase in loading amplitude

between two intervals, Hintz and Bahia (2013) proposed a

modified LAS test, increasing the loading amplitude by 0.1%

per second up to 30% (Fig. 7(b)). This modification, which

maintains the frequency constant, ensures that the total

duration and loading cycles remain unchanged compared to

the original LAS test. This modified LAS test is standardized

in AASHTO TP 101-14 (AASHTO, 2014). While LAS standards

do not specify the number of replicates, Hintz et al. (2011)

suggested that the difference between two replicates should

be less than 15%; otherwise, a third test is recommended.

In summary, the time sweep (TS), linear amplitude sweep

(LAS), and binder yield energy test (BYET) should all be con-

ducted on RTFOT or PAV-aged asphalt binders. Since 2017, the

LAS test has emerged as the most widely used fatigue test for

evaluating the fatigue life of asphalt binders, as depicted in

Fig. 8. Conversely, the BYET is the least utilized test for

evaluating the fatigue life of asphalt binders compared to

the TS and LAS tests.
3. Fatigue failure criteria and fatigue failure
definition

In some papers, there is a real confusion between the fatigue

failure criterion and fatigue failure definition. The fatigue

failure criterion refers to the law governing the material

behavior during damage, either through a mechanistic or

empirical approach, while the fatigue failure definition is the

identification of the fatigue failure point (fatigue life) of

asphalt materials. According to Zhang et al. (2013), the failure

criterion defines the applicable region associated with the

continuum damage model and is important in

characterizing the fatigue failure point (service life) of

asphalt materials.

In the literature, various fatigue failure criteria and failure

definitions are utilized to predict the fatigue life of both

asphalt mixtures and binders. As previously mentioned, fail-

ure criteria are typically divided into two main groups,

phenomenological failure criteria and dissipated energy-

based failure criteria. Initially the fatigue failure criteria and

failure definitions have been developed to evaluate the fatigue

life of asphalt mixtures, they are now commonly employed to

predict the fatigue life of asphalt binders as well.

3.1. Phenomenological failure criteria

This approach is based on the variation of stiffness modulus

and phase anglewith loading cycles to define the fatigue life of

asphalt mixtures and asphalt binders. Raithby and Sterling

(1972) were the first researchers to define fatigue life as the

loading cycles corresponding to a 50% reduction in the initial

stiffness modulus, referred to as Nf50%. Because of its

simplicity, the 50% reduction in the stiffness modulus

compared to the undamaged modulus is still used. Despite

its simplicity, this failure definition has been largely

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 7 e Typical loading scheme for LAS test. (a) According to AASHTO T 391-20 (AASHTO, 2021). (b) According to AASHTO TP

101-14 (AASHTO, 2014).
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criticized in literature; some researchers consider that this

failure definition lacks solid theoretical support (Zeiada

et al., 2022; Zhang et al., 2013). Furthermore, studies by

Zhang et al. (2013) and Basueny et al. (2015) have shown that

the fatigue life at 50% reduction in stiffness modulus, Nf50%,

of asphalt mixture is often far from the failure point

(Fig. 9(a)). In response to these limitations, Reese (1997)

proposed an alternative approach to defining fatigue life, as

the loading cycles corresponding to the phase angle peak

(Fig. 9(b)). During fatigue testing, the phase angle typically

increases linearly with the loading cycles before sharply

decreasing. Reese (1997) identified this sharp decrease as the

point of fatigue failure. According to Zhang et al. (2013), the

abrupt modification of the phase angle indicates a

significant transformation occurring within the material.

Consequently, Reese's approach is considered more

consistent compared to the 50% stiffness reduction.

Rowe and Bouldin (2000) introduced a new

phenomenological fatigue failure criterion known as the

stiffness ratio (SR), which is based on the energy ratio (Eq.

(9)) described in subsection 3.2. The SR is applicable in both

controlled-stress (Eq. (1)) and controlled-strain modes (Eq.

(2)), where the ratio of sin(d0)/sin(di) is assumed to be 1.

Adhikari et al. (2009) further extended this concept and

proposed the normalized rowe and bouldin stiffness ratio

(NSR) (Eq. (3)).
Fig. 8 e Evolution of the utilization of the TS and LAS test in

literature (from the 81 reviewed papers).
SRs¼ i jGi
*j (1)

SRe ¼ i

jGi
*j (2)

NSR¼ i jGi
*j

jG0
*j (3)

where i is the load cycle number, Gi* is the complex modulus

at load cycle i and G0* is the initial undamaged complex

modulus, taken at cycle number of 50 according to Adhikari

et al. (2009). They do not explain the reason to take the

initial undamaged complex modulus at cycle number of 50.

For both SR and NSR methods, the fatigue life is defined as

the number of cycles corresponding to the peak of SR and NSR

curves, as illustrated in Fig. 10.

Some researchers have argued that phenomenological

failure criteria may not effectively account for viscoelastic

effects and therefore cannot reliably predict the fatigue life of

asphalt binders (Sun et al., 2019; Yue et al., 2021). Shen et al.

(2006) pointed out limitations of phenomenological failure

criteria, including their inability to consider damage

evolution and their dependence on loading conditions

(controlled stress or strain), test methods, and material

types. Moreover, the phenomenological failure criteria

presents a severe difficulty in investigating the healing

phenomenon and the fatigue endurance limit (Shen et al.,

2006). To address these limitations, alternative criteria based

on the dissipated energy approach have been developed.

It is worth noting that the three failure criteria mentioned

above are employed to predict the fatigue life of asphalt binders

in the TS test. However, these criteria are not applicable in the

LAS test due to the continuous increases in applied loading.

Among the 81 reviewed research papers, 17 research papers

utilized the phenomenological approach to evaluate the fatigue

life of asphalt binders using theTS test. The 50% reduction inG*

failure definition was employed in 13 research papers; while

the peak phase angle and peak in SR andNSR failure definitions

were used in 6 and 5 research papers, respectively.

Some researchers employed two or three failure definitions

within the same paper, as indicated in Table 2. The traditional

https://doi.org/10.1016/j.jtte.2024.04.007
https://doi.org/10.1016/j.jtte.2024.04.007


Fig. 9 e Fatigue life of asphalt mixture. (a) 50% stiffness reduction. (b) Peak of phase angle (Zhang et al., 2013).
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failure definition (50% reduction in stiffness) remains the

most commonly used. The main conclusions on these

failure definitions are given in section 5.
3.2. Dissipated energy-based failure criteria

The dissipated energy in a viscoelastic material, which rep-

resents the energy loss through mechanical work, heat

release, or damage, is quantified by calculating the area under

the stress-strain curve (Eq. (4)) (Ghuzlan and Carpenter, 2006;

Hintz, 2012; Johnson, 2010).

Wi ¼p si ei sinðdiÞ (4)

whereWi is the dissipated energy, si is the stress amplitude, ei
is the strain amplitude, and di is the phase angle at the cycle

load i. In controlled strain mode, the dissipated energy can be

calculated using Eq. (5), while in controlled stressmode, Eq. (6)

is employed (Rowe and Bouldin, 2000; Zeiada et al., 2022).

Wi ¼p e2G*
i sinðdiÞ (5)

Wi ¼p
s2

G*
i

sinðdiÞ (6)

where G*
i is the complex modulus at load cycle i.
Fig. 10 e Fatigue life based on normalized stiffness ratio

method (Zeiada et al., 2022).
The total dissipated energy W is given in Eq. (7).

W¼
Xn

i¼1
Wi (7)

Van Dijk et al. (1972) were the first researchers who

proposed a relationship between fatigue life (Nf) of asphalt

mixtures and the total dissipated energy (W), assuming that

all dissipated energy contributes to damage. This

relationship is represented by Eq. (8).

W¼A Nf
B (8)

where A and B are material constants.

As a consequence of Van Dijk et al. (1972) pioneering work,

three primary failure criteria based on dissipated energy were

developed.

� The energy ratio (ER), proposed by Hopman et al. (1989),

represented by Eq. (9).

� The dissipated energy ratio (DER) or, in some papers, the

cumulative dissipated energy (CDER), proposed by Pronk

and Hopman (1991), expressed by Eq. (10).

� The ratio of dissipated energy change (RDEC), developed by

Ghuzlan and Carpenter (2000), represented by Eq. (11).

ER¼ i W0

Wi
(9)

DER¼CDER ¼
Pn

i¼1Wi

Wn
(10)

RDEC¼Wiþ1 �Wi

Wi
(11)

whereWi andWiþ1 are the dissipated energy at cycle i and iþ1

respectively.

The fatigue life is predicted directly from the variation of

DER and RDEC with the loading cycle. As for the DER, the fa-

tigue life is defined by Bahia et al. (2001) and Bonnetti et al.

(2002) as the number of cycles to reach the crack

propagation stage, Np, based on the intersection of the two

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 11 e Fatigue life based on crack propagation (Zeiada et al., 2022). (a) Stress-controlled test. (b) Strain-controlled test.

Fig. 12 e Variation of RDEC with load cycles (Zeiada et al.,

2022).
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tangent lines (Fig. 11). It can be observed that the Np depends

on the loadingmode. In the case of a stress-controlled test, the

increase of loading cycle increases the phase angle and strain

amplitude and decreases the stiffness due to the

accumulation of damage (Hajj and Bhasin, 2018).

Consequently, the dissipated energy increases with the

loading cycle, while the DER increases linearly with loading

cycles until it reaches a maximum value (failure) and then

drops brutally when the material fails (Fig. 11(a)). In the case

of a strain-controlled test, the material weakens during the

test and presents lower stress resistance. Consequently, the

dissipated energy reduces, and the DER steadily increases

(Fig. 11(b)). Because of that, the failure point is unclear

(Bonnetti et al., 2002).

In order to establish a unified failure definition irrespective

of the loading mode (stress or strain-controlled test), Bonnetti

et al. (2002) introduced theNp20 parameter.Np20 represents the

loading cycle corresponding to a 20% deviation of the

dissipated energy ratio (DER) curve from the no-damage line.

While the DER concept assumes that all dissipated energy

contributes to damage, this assumption is criticized by

Ghuzlan and Carpenter (2000). They argue that only a

portion of dissipated energy drives damage, considering the

viscoelastic effect. Therefore, Ghuzlan and Carpenter (2000)

proposed using the variation of ratio of dissipated energy

change (RDEC) with load cycles (N) to define the fatigue life

(Nf) of asphalt mixtures. The RDEC vs. N curve (Fig. 12) can

be categorized into three stages. The first stage corresponds

to decreasing of RDEC with load cycles. The second stage

corresponds to practically no variation of RDEC with load

cycles, defined as plateau value (PV) by Ghuzlan and

Carpenter (2000). While the third stage corresponds to a

rapid increase in the RDEC values (Fig. 12). The fatigue

failure is defined as the loading cycle corresponding to the

transition point between the PV and the third stage. Shen

et al. (2006) applied the RDEC approach to define the fatigue

life of asphalt binders and mastics, finding a strong

relationship between PV and Nf50% curves for asphalt

binders and asphalt mixtures. Similarly, Pereira et al. (2016)
observed the same relationship (Fig. 13), defining the PV as

the RDEC value corresponding to a 50% reduction in stiffness.

Due to the nature of continuous increases in applied

loading in the LAS test, dissipated energy-based failure

criteria are primarily utilized to predict the fatigue life of

asphalt binders in the TS test. As indicated in Table 2, among

the 81 reviewed papers, 22 research papers employed the DER/

Np20 and RDEC approaches to investigate the fatigue life of

asphalt binders using the TS test. Specifically, 7 research

papers utilized both the DER/Np20 and RDEC approaches as

failure definitions, 11 papers exclusively used the DER/Np20

failure definition, and 5 research papers relied on the RDEC

approach. Notably, the DER approach emerged as the most

commonly used dissipated energy-based failure criterion.

Establishing the relationship between fatigue life (Nf) and

load amplitude (g) of asphalt mixtures and binders using

dissipated energy-based failure criteria necessitates con-

ducting several tests at different applied amplitudes. However,

this time-consuming procedure has prompted researchers to

adopt viscoelastic continuum damage (VECD) mechanics to

predict the fatigue life of asphalt mixtures and binders at

different load amplitudes froma single test (Hintz, 2012). VECD

is primarily employed in the LAS test to examine damage

evolution and the fatigue life of asphalt binders.

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 13 e Relationship between PV and Nf50% (Pereira et al.,

2016).

Fig. 14 e Stress-strain curve from the LAS test (Roque et al.,

2020).
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4. Viscoelastic continuum damage (VECD)
approach

The mechanistic VECD model is extensively utilized for pre-

dicting damage progression and fatigue life in viscoelastic

materials. This approach focuses on macroscopic behavior,

quantifying effective stiffness and damage as loading con-

tinues. The effective stiffness, measured experimentally, is

defined as the material's integrity. The damage (D), or the in-

ternal state variable (S) in some papers, is quantified empiri-

cally based on Schapery's theory. Schapery (1990) developed

the work potential theory for elastic materials with growing

damage. The damage evolution law for elastic material is

given in Eq. (12).

dD
dt

¼
�
�vW
vD

�a

(12)

where a is the damage evolution rate, and W is the total

dissipated energy (strain energy density in some papers).

The damage evolution law of elastic materials was

extended to viscoelastic materials (asphalt mixtures) by Park

et al. (1996) (Eq. (13)) in which the physical strain e is

transformed to pseudo strain eR. The introduction of pseudo

strain aims to eliminate the time effects of viscoelastic

materials. Based on the elastic-viscoelastic correspondence

principle, Schapery (1984) defined the pseudo strain eR as

shown in Eq. (14). Therefore, the form of Eq. (14) is identical

to Hooke's law for elastic materials.

dD
dt

¼
�
� vWR

vD

�a

(13)

eR ¼ 1
ER

s (14)

where ER is the reference modulus, typically taken as one.

Thus, in the linear viscoelastic domain (LVE), the pseudo

strain equals the LVE shear stress. Then, Eq. (14) can be

rewritten as indicated in Eq. (15), where jG*jLVE is the linear

viscoelastic complex shear modulus.

eRi ¼ ei jG*jLVE (15)

The damage evolution rate related to the material's creep

or relaxation properties, a, is determined from the slope m of
the log-log plot of relaxation or creep with time. According to

Lee and Kim (1998), a ¼ 1þ 1
m for strain-controlled tests and

a ¼ 1
m for stress-controlled tests.

And WR is the pseudo-strain energy density, defined in Eq.

(16).

WR ¼1
2

�
eR
�2

C (16)

where C is the material integrity (or pseudo-stiffness) defined

in Eq. (17).

C¼ sP

eRp DMR
(17)

where eRp is the peak pseudo-strain, sP is the peak shear stress,

and DMR (dynamic modulus ratio) is the specimen-to-spec-

imen variability factor, given in Eq. (18). Where jG*jinitial is the

undamaged complex shear modulus. The DMR value range

from 0.9 to 1.1 (Cao and Wang, 2018; Yue et al., 2021).

DMR¼ jG*jinitial
jG*jLVE

(18)

From Eqs. (15), (17) and (18), the material integrity can be

simplified as indicated in Eq. (19).

CðtÞ¼ jG*jt
jG*jinitial

(19)

The relationship between CðtÞ and DðtÞ is given in Eq. (20)

(Kim et al., 2006). It is assumed that at t ¼ 0, C ¼ C0 ¼ 1

(undamaged material) and D ¼ 0 (AASHTO, 2014; Kim et al.,

2006).

CðtÞ¼C0 � C1 D
C2 (20)

C1 and C2 can be derived from Eq. (21).

logðC0 �CðtÞÞ¼ log C1 þ C2 log DðtÞ (21)

The damage accumulation as a function of time is given in

Eq. (22).

DðtÞ¼
Xn

i¼1

�
DMR
2

�
eRp

�2
ðCi�1 � CiÞ

	 a
aþ1

ðti � ti�1Þ
1

1þa (22)

According to Kim et al. (2006), the damage at failure, Df,

corresponds to the peak shear stress (Fig. 14) and can be

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 15 e Damage characteristics curve C(D) and the fatigue life curve (Zhang et al., 2020). (a) Typical damage characteristic

curve C(D). (b) Typical fatigue life curve from LAS test (CR means crumb rubber, SR means SBSþCR).
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determined using Eq. (23). It is referred as peak shear stress

(PSS) failure definition.

Df ¼
�
C0 � Cat peak stress

C1

� 1
C2

(23)

The fatigue life parameters A and B (Eq. (24)) can be

calculated following Eqs. (25) and (26), respectively.

Nf ¼Ag�B (24)

A¼ f
�
Df

�k
kðp C1C2Þa (25)

where k ¼ 1þ ð1�C2Þa and f is the frequency, f ¼ 10 Hz.

B¼ 2a (26)

The higher the value of A, the longer the fatigue life.

Meanwhile at a constant A, the higher the value of B, the

shorter the fatigue life. Based on the VECD, the damage

characteristic curve C(D) and the fatigue life curve can then be

plotted. Fig. 15(a) and (b) show, respectively, the typical

damage characteristic curve and the typical fatigue life

curve of some binders (neat and modified with different

additives).

The VECD concept developed by Kim et al. (2006) was

widely utilized in the literature to predict the fatigue life of

asphalt binder using both the TS and LAS tests (Bessa et al.,

2019; Bła _zejowski et al., 2020; Kavussi and Barghabany, 2016;

Kuchiishi et al., 2019; Mirhosseini et al., 2017; Morshed et al.,

2020; Sun et al., 2019). In 2010, Johnson (2010) applied the

VECD to define the fatigue life of asphalt binders using the

LAS test. However, Johnson employed the dissipated strain

energy density W (Eq. (4)) to quantify the work performed

(Eq. (27)), whereas Kim et al. (2006) utilized the pseudo strain

energy density.

dD
dt

¼
�
�vW
vD

�a

(27)

So, Johnson (2010) defined the damage accumulation for

asphalt binder as given in Eq. (28).
DðtÞ¼
Xn

i¼1



pID g2ðjG*j sinðdi�1Þ � jG*j sinðdiÞÞ

� a
aþ1ðti � ti�1Þ

1
1þa

(28)

where ID is the initial undamaged jG*j, d is the phase angle, and

g is the applied shear strain amplitude.

In Johnson's approach (Johnson, 2010), jG*j sinðdÞ
represents the material integrity C, and the a parameter is

calculated using the slope m of the log G0(u) versus log(u)

plot, based on the inter-conversions between the relaxation

modulus G(t) and the storage modulus G0(u) proposed by

Schapery and Park (1999).

The power law equation related thematerial integrity with

damage becomes (Eq. (29)).

��G*
�� sinðdÞ¼C0 �C1 D

C2 (29)

where C0 is the initial undamaged jG*j sinðdÞ.
Some researchers (Li et al., 2022; Zhang et al., 2020, 2022)

used the normalized jG*j sinðdÞ to define the material

integrity C (Eq. (30)); therefore, C0 ¼ 1 (undamaged material).

Ci ¼ jGi
*j sinðdiÞ

jG0
*j sinðd0Þ

(30)

According to Johnson (2010), the damage at failure, Df,

corresponds to the 35% reduction in jG*j sinðdÞ, it can be

determined using the following Eq. (31). Johnson (2010)

found a good correlation between the fatigue life evaluated

based on the Np20 parameter using the TS test and the 35%

reduction in jG*j sinðdÞ using the LAS test. Consequently, the

35% reduction in G*sin(d) failure definition has been adopted

in the LAS specification according to AASHTO T 391-20.

Df ¼ 0:35

�
C0

C1

� 1
C2

(31)

Aurilio et al. (2021), Li et al. (2022) and Mannan et al. (2015)

defined the damage at failure DE as the 50% reduction of the

normalized jG*j sinðdÞ (Eq. (32)), to link with the Nf50% used

for asphalt mixes.

Df ¼ 0:5

�
C0

C1

� 1
C2

(32)
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Fig. 16 e Viscoelasticity effect for undamaged material (Zhang et al., 2013). (a) Dissipated strain energy. (b) Dissipated

pseudo strain energy.

Fig. 17 e Psseudo hysterisis loop for damaged material

(Zhang et al., 2013).
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In Johnson's approach (Johnson, 2010), the fatigue life

parameter A is calculated according to Eq. (33). While the

parameter B remains unchanged compared to that of Kim

et al. (2006) (Eq. (23)).

A¼ f
�
Df

�k
kðp ID C1C2Þa (33)

Johnson's approach (Johnson, 2010) has been standardized

in the current specification of the LAS test (AASHTO, 2021). In

Johnson's approach (Johnson, 2010), based on the dissipated

strain energy, it is assumed that the total dissipated strain

energy does damage. However, the dissipated strain energy

also includes the energy associated to viscoelastic damping

(viscous dissipation) (Cao and Wang, 2018). In effect, only a

portion of the dissipated strain energy is responsible for

damage growth. However, in the dissipated pseudo-strain

energy approach, the elastic-viscoelastic correspondence

principle eliminates the effect of viscoelasticity.

Consequently, Cao and Wang (2018) recommended the

utilization of the VECD approach founded on the pseudo-

strain energy proposed initially by Park et al. (1996), based

on the elastic-viscoelastic correspondence principle.

As indicated above, the dissipated strain energy W (Eq. (4))

is the area inside the loop of the stress-strain curve (Fig. 16(a)).

The area of the dissipated pseudo strain energy WR can be

calculated using Eq. (34).

WR
i ¼p sie

R
i sin ðdi � dÞ (34)

where di is the phase angle at cycle i, d is the undamaged phase

anglemeasured in the LVE domain due to the viscoelasticity of

the material. When the material is undamaged, the di is

approximately equal to the initial d. Therefore, the dissipated

pseudo strain energy tends to zero, and the pseudo hysteresis

loop converges into a line (Fig. 16(b)). However, when the

applied load exceeds the endurance limit, the material

undergoes damage, and the pseudo hysteresis increases due

to the increase of phase angle di, while d (viscoelasticity

effect) remains constant. Consequently, the pseudo

hysteresis transforms from a line (undamaged material) into

an elliptical shape (damaged material), as indicated in

Fig. 17. As the viscoelasticity effect has been removed using

the pseudo strain energy, the change in the pseudo strain
energy is due principally to damage unlike the dissipated

energy in which the change is due to the combined

viscoelasticity and damage effect.

Similarly, Wang et al. (2015), proposed the pseudo-strain

energy (PSE) based method to define the failure of asphalt

binder using the LAS test. The total PSE, termed as WR
Total

(Eq. (35)), is the sum of cumulative released PSE WR
r (Eq. (36))

and cumulative stored PSE WR
s (Eq. (37)). Fig. 18 shows the

stress-pseudo strain curve obtained from the LAS test (Wang

et al., 2015). The total PSE injected into the material by the

applied load, represents the area under the undamaged line,

the released PSE by the material due to damage represents

the area between the undamaged and damaged line (area

with red lines), and the stored PSE represents the area under

the damaged line (area with black lines). This pseudo-strain

energy (PSE) concept is used initially on the asphalt mixtures

by Zhang et al. (2013).

WR
Total ¼

1
2

�
eR
�2

(35)
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Fig. 18 e Total, released, and stored PSE in stress-pseudo

strain curve (Roque et al., 2020; Wang et al., 2015).
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WR
s ¼

1
2
C
�
eR
�2

(36)

WR
r ¼

1
2
ð1�CÞ �eR�2 (37)

where C is the material integrity (defined above in Eq. (17)).

C ¼ 1 when the material presents a linear viscoelastic

behavior and decreases when the material undergoes

damage.

The number of cycles corresponding to the maximum

stored PSE is defined, by Wang et al. (2015), as the fatigue life

(Nf) of asphalt binder (Fig. 19).

Wang et al. (2015) observed a good correlation between the

fatigue life (Nf) obtained from the LAS test using themaximum

stored PSE failure definition and that obtained from the TS test

using the peak phase angle failure definition with an R2 value

of 0.99.

In their study, Zhang et al. (2013) illustrated the evolution

of the total released PSE of asphalt mixtures (Fig. 20). They

noted that the rate of the total released PSE, termed as GR,
Fig. 19 e Fatigue life (Nf) using maximum stored PSE (Yue

et al., 2021).
remains almost constant. Initially, GR is used to represent

the steady rate of damage accumulation. However, Sabouri

and Kim (2014) redefined the GR parameter as the rate of

change of the averaged released PSE (WR
r ) as indicated in Eq.

(38), where Ar is the area of released PSE before reaching the

fatigue life (Fig. 19). They demonstrated that the relationship

between fatigue life and the average GR is independent of

loading history, loading mode and temperature.

GR ¼WR
r

Nf
¼

Z Nf

0

WR
r

Nf
2 ¼ Ar

Nf
2 (38)

In 2015, Wang et al. (2015) introduced the GR approach to

develop the simplified viscoelastic continuum damage (S-

VECD) model of asphalt binders for analyzing the results of

the LAS test. They demonstrated that the relationship

between the GR parameter and the fatigue life Nf can be

expressed as shown in Eq. (36) (Fig. 21). Additionally, they

illustrated that the GR approach is unaffected by loading

history and temperature. This relationship (Eq. (39)) is

established by conducting LAS tests at various constant

strain-amplitude rates (CSR), as outlined in subsection 7.3.

GR ¼aNf
b (39)

where a and b are the failure criterion model constants.

Based on the GR failure criterion, the improved fatigue life

formula is given in Eq. (40).

Nf ¼
�
K
a

g
2þ2a

�
C2
p

�	 1

bþ1�C2
p (40)

where

p¼ 1� aC2 þ a

q¼ 2af

ð1� aC2 þ aÞðC1 C2Þa ðjG*jLVEÞ2a

K¼ 1
2
C1 ðjG*jLVEÞ2 q�C2

p
1

C2
p þ 1

To summarize, the utilization of the VECD approach varies

significantly depending on whether pseudo strain energy,

dissipation energy, or the GR approach is employed, as out-

lined in Table 1. As indicated in Table 2, the VECD approach is

predominantly utilized for analyzing the results of the LAS

test. Only three research papers (Baglieri et al., 2018; Safaei

and Castorena, 2020; Underwood, 2016) employed the S-

VECD (PSE) to predict the fatigue life of asphalt binders using

the TS test. It can be seen from Table 2 that the S-VECD

(PSE) is the most commonly used failure definition,

appearing in 26 papers, followed by the VECD (PSS) with 16

uses, and finally the VECD (35% reduction in G*sin(d)) which

is used in 15 papers. Some papers incorporate two or three

failure definitions, as displayed in Table 2. It is worth noting

that among the 81 research papers reviewed on the fatigue

life of asphalt binders using the TS, BYET and LAS test, 68 of

them employed the fatigue life failure definitions mentioned

above (Table 2); the remaining papers utilized other indices

or methods to interpret the fatigue test results.
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Fig. 20 e Evolution of total released PSE with cycle load (Zhang et al., 2013).
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5. Correlation between different failure
definitions used in the TS and LAS tests

As mentioned above, the fatigue life of asphalt mixtures and

asphalt binders depends strongly on the used failure criterion

and the definition of failure point. Several failure criteria and

failure definitions have been proposed and tested to predict

asphalt materials’ fatigue life (sections 3 and 4). This section

reviews the correlations and relationships between the

different failure criteria and failure definitions used to eval-

uate the fatigue life of asphalt binders using the time sweep

and the linear amplitude sweep tests. As stated above, three

main failure definitions are used to analyze the results of the

LAS test on the basis of the VECD approach, the 35% reduction

in G*sin(d) (VECD (35% G*sin(d))), the peak shear stress (VECD

(PSS)), and the peak stored PSE (S-VECD (PSE)).

Kuchiishi et al. (2019) found that the S-VECD (PSE) failure

definition generally yields a higher fatigue life compared to

VECD (PSS) for both unmodified and modified binders. This

discrepancy can be substantial, sometimes three to four

times higher, particularly at certain temperatures. It is

interesting to note that for unmodified 30/45 binder, the

fatigue life exhibits an increase with temperature when
Fig. 21 e Relationship between GR and Nf (Yan et al., 2021).
using the peak shear stress as the failure definition.

However, when using the peak of stored PSE as the failure

definition, the fatigue life shows a decrease with

temperature, indicating an opposite trend (Fig. 22(a)).

Remarkably, this contradiction is not observed in highly

polymer-modified binders (HPMB) (Fig. 22(b)). In like manner,

Wang et al. (2020) demonstrated a poor correlation between

the VECD (35% G*sin(d)) and the S-VECD (PSE) & GR approach.

However, a linear relationship has been found between the

VECD (PSS) failure definition and the S-VECD (PSE) & GR

approach. They also noted that the 35% reduction of G*sin(d)

failure definition tends to underestimate fatigue life.

Therefore, they recommended using the peak shear stress

failure definition in the LAS test.

To highlight the effect of failure definition on the fatigue

life prediction, Zhang et al. (2020) investigated the fatigue life

of different types of binders, including unmodified and

modified binders, as well as unaged and aged binders, using

the LAS test with the three mentioned failure definitions.

They concluded that the peak shear stress yielded the most

accurate predictions. Interestingly, they noted that the peak

of stored PSE was not as clearly observed for the modified

binders. Conversely, Roque et al. (2020) found that the

fatigue lives of unmodified and modified binders were

comparable when using the 35% reduction in G*sin(d) as the

failure definition in the LAS test. However, they observed a

plateau instead of a distinct peak in the shear stress-strain

curves of some polymer-modified binders when using the

peak shear stress as the failure definition. Nevertheless, they

found that the S-VECD & GR approach effectively

differentiated between unmodified and polymer-modified

binders, thus considering the 35% reduction in G*sin(d) and

peak shear stress failure definitions inadequate. Similarly,

Yan et al. (2021) showed that, for high-performance modified

binders, utilizing S-VECD (PSE) as the fatigue failure

definition is recommended. They argued that the current

failure definitions used in the LAS test, namely the 35%

reduction in G*sin(d) and peak shear stress, cannot

adequately capture the improved performance expected

from polymer modifiers.
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Table 1 e Main difference in the VECD approach, based on the pseudo strain energy, the dissipation energy and the GR

approach.

Approach C Df A Reference

Peak shear stress sP

eRp DMR
�
C0 � Cat peak stress

C1

� 1
C2

fðDf Þk
kðp C1C2Þa

Kim et al. (2006)

35% reduction jG*j sinðdÞ jG*j sinðdÞ
0:35

�C0

C1

� 1
C2

fðDfÞk
kðp ID C1C2Þa

Johnson (2010)

50% reduction
jGi

*j sinðdiÞ
jG0

*j sinðd0Þ
jGi

*j sinðdiÞ
jG0

*j sinðd0Þ 0:5
�C0

C1

� 1
C2

fðDfÞk
kðp ID C1C2Þa

Li et al. (2022); Zhang et al. (2020, 2022)

GR approach sP

eRp DMR
Maximum stored PSE

Nf ¼
�
K
a

g
2þ2a

�
C2

p

�	
1

bþ 1� C2

p

Wang et al. (2015)
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The authors of this paper utilized the findings reported by

Roque et al. (2020) to establish correlations between the three

failure definitions. It is evident from the results that there is

no significant correlation between the VECD (35% G*sin(d))

and VECD (PSS) failure definitions (Fig. 23(a) and (b)), nor

between the VECD (35% G*sin(d)) and S-VECD & GR approach

(Fig. 23(c) and (d)) for the predicted fatigue life at 2.5% and

5.0% shear strain. However, a notable correlation was

observed between the peak shear stress failure definition

and the GR approach, particularly at 5% shear strain

(Fig. 23(e) and (f)).

To compare the effect of failure criterion on the damage

characteristic curves, Zhang et al. (2020) used two analytical

methods to constitute the damage characteristic curves, the

pseudo-strain energy-based method, developed by Wang

et al. (2015), and the dissipated energy-based method

adopted by Johnson (2010), Johnson and Bahia (2010). They

observed differences in the cumulative value of damage

intensity (D) and the damage characteristic curves between

the two methods (Fig. 24). This discrepancy primarily stems

from the theoretical differences in the equations for

calculating damage intensity in the two methods. In the

pseudo-strain energy-based method, the material integrity C

is defined as C ¼ sP
eRp DMR

(Eq. (17)), whereas it is defined as

C ¼ G*sin(d) (Eq. (30)) in the dissipated energy-based method.

Additionally, the coefficient DMR
2 ðeRpÞ2 in the damage intensity

(Eq. (22)) in the pseudo-strain energy-based method is

replaced by the coefficient pIDg2 (Eq. (28)) in the dissipated

energy-based method. As the material integrity C is

practically identical at the same strain for the two analytical

methods (Fig. 24), consequently the main difference in the

cumulative value of damage intensity (D) and the damage

characteristic curves is attributed essentially to the disparity

in the two coefficients DMR
2 ðeRpÞ2 and pIDg2. Therefore, Zhang

et al. (2020) recommended the pseudo-strain energy method

for representing damage growth.

Based on the findings and conclusions drawn from various

reviewed papers, it can be concluded that the simplified

viscoelastic continuum damage, based on the peak of stored

pseudo strain energy fatigue failure definition proposed by

Wang et al. (2015), is the most recommended whatever the

bitumen nature, modified and unmodified and aged and

unaged binders, and the loading mode and history.
In the TS test, various fatigue failure criteria and failure

definitions are utilized to predict the fatigue life of asphalt

binders. These include: 50% reduction in complex modulus

G*(Nf50%), the peak in phase angle (PPA), the peak in stiffness

ratio (NSR), the dissipated energy ratio (DER), the 20% devia-

tion from the DER undamaged line (Np20), and the ratio of

dissipated energy change (RDEC). Wang et al. (2016) compared

five fatigue failure definitions using the time sweep fatigue

test conducted under control-stress and control-strain

mode, the Nf50%, the PPA, the peak of NSR, the DER and the

RDEC. They found that the RDEC approach, PPA and peak in

NSR provide comparable fatigue life predictions, and they

recommended the NSR failure criterion because it is well

defined and easy to calculate. However, Cao and Wang

(2018) discovered that, when using the NSR failure

definition, the fatigue life of some aged binders was higher

than that of unaged binders, contrary to the experimental

evidence and general engineering experience. Consequently,

they proposed a new failure definition, defined as the peak

of iC2(1�C), where C is the material integrity aforementioned

in Eq. (14). Similarly, Yan et al. (2022) studied the fatigue

behavior of multiple modified asphalts binders using four

different failure definitions: the Nf50%, the PPA, the peak of

NSR, and the Np20 parameter. They observed that the phase

angle and NSR peaks were not applicable to high-

performance elastomeric-modified binders. Specifically, no

peaks were observed for elastomeric-modified asphalts for

both strain levels tested (5% and 10%). The authors found a

strong correlation between the 50% reduction in complex

modulus and the Np20 parameter (R2 ¼ 0.96). Based on their

findings, they recommended the 50% reduction in the

stiffness modulus as the most suitable failure point.

The TS test was also employed by Bessa et al. (2019) to

investigate the fatigue behavior of three asphalt binders:

neat penetration grade 30/45 bitumen, modified bitumen

with 3% SBS, and highly modified bitumen with 7.5% SBS.

They utilized three failure definitions: the reduction in the

initial G* to 50%, NSR, and DER. Interestingly, the authors

found that all three failure definitions yielded similar fatigue

life results based on their published findings. Similarly,

Mannan and Tarefder (2018) demonstrated that there was no

significant difference between the 50% reduction in stiffness,

DER, and RDEC failure criteria. Furthermore, Nan et al. (2022)

https://doi.org/10.1016/j.jtte.2024.04.007
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Table 2 e Failure definitions used in the TS and LAS tests.

Author 50% G* PPA SR/NSR DER/Np20 RDEC VECD (PSS) VECD (G*sin(d)) S-VECD (PSE)

Anderson et al. (2001) �
Bonnetti et al. (2002) �
Planche et al. (2004) �
Shen et al. (2006) �
Martono et al. (2007) �
Santagata et al. (2009) � � �
Tabatabaee and Tabatabaee (2010) � �
Johnson (2010) � �
Shen et al. (2010) �
Hintz et al. (2011) �
Liu et al. (2011) �
Wang et al. (2015) �
Kavussi and Barghabany (2016) �
Mannan et al. (2015) �
Safaei and Castorena (2016) �
Wang et al. (2016) � � � � �
Underwood (2016) �
Saboo and Kumar (2016) �
Safaei et al. (2016) �
Mirhosseini et al. (2017) �
Ameri et al. (2017) � �
Xie et al. (2017) �
Safaei and Castorena (2017) �
Wang et al. (2018b) �
Wang et al. (2018a) �
Cao and Wang (2018) �
Sabouri et al. (2018) �
Safaei and Castorena (2020) �
Baglieri et al. (2018) �
Mannan and Tarefder (2018) � � �
Sun et al. (2019) �
Kuchiishi et al. (2019) � �
Bessa et al. (2019) � � � �
Cao and Wang (2019) �
Liu et al. (2019) � �
Garcia et al. (2020) � �
Qiu et al. (2020) �
Zhang et al. (2020) � � �
Bła _zejowski et al. (2020) �
Roque et al. (2020) � �
Morshed et al. (2020) �
Wang et al. (2020) �
Zhang et al. (2022) �
Chen et al. (2021) �
de Oliveira et al. (2021) �
Salehfard et al. (2021) �
Yue et al. (2021) �
Deef-Allah and Abdelrahman (2021) �
Aurilio et al. (2021) �
Yan et al. (2021) � � �
Asadi et al. (2021) �
Chen et al. (2021) � � �
Kamboozia et al. (2021) �
Wang et al. (2021) �
Zhang and Oeser (2021a) � � �
Luo et al. (2022) � � �
Yan et al. (2022) � � � �
Yang et al. (2022) �
Lyu et al. (2022) �

(continued on next page)
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Table 2 e (continued )

Author 50% G* PPA SR/NSR DER/Np20 RDEC VECD (PSS) VECD (G*sin(d)) S-VECD (PSE)

Nan et al. (2022) � � � �
Li et al. (2022) � � � �
Wang et al. (2022) � �
Chen and Bahia (2022) �
Liu et al. (2022) �
Steineder et al. (2022) � � � � �
Joohari and Giustozzi (2022) �
Wang et al. (2023) �
An et al. (2023) �
Total of used failure definitions 13 6 5 18 11 16 15 26
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established correlations between the 50% reduction in

stiffness (termed as 0.5S), NSR and DER failure definitions. A

strong correlation has been founded between DER and NSR,

in which the coefficient of correlation R2 is close to 1

(Fig. 25(a)). Additionally, the 50% reduction in G* failure

definition exhibited a good correlation with both NSR

(Fig. 25(b)) and DER (Fig. 25(c)), with an R2 greater than 0.75.

On the other hand, Luo et al. (2022) found that the RDEC

failure criterion and the 50% reduction in G* are more

consistent than the DER approach. They also show that the

Np and Np20 parameters determined from the DER approach

provide practically the same fatigue life. Indeed, it has been

found that the fatigue lives predicted from the RDEC and

50% reduction in G* are higher than those predicted from the

DER approach. Additionally, the loading mode can also

affect the correlations between the different failure points.

Steineder et al. (2022) demonstrated a strong correlation

between the four-failure definitions, 50% reduction in the G*,

peak phase angle, DER and RDEC using the time sweep test

under the stress-controlled mode, with a coefficient of

determination close to 1. However, in the case of strain-

controlled mode, the authors found that the peak phase

angle does not correlate well with the author failure points

(R2 < 0.5). The three-failure criterion, 50% reduction in G*,

DER and RDEC, showed good correlation regardless of the

loading mode. The authors recommended the utilization of

50% reduction in G* and DER failure definitions. It was

observed that the fatigue life predicted based on the DER

approach is about 7%e10% smaller than that predicted with

the 50% reduction in G* (Steineder et al., 2022).

The impact of the applied stress amplitude on the corre-

lation between failure criteria and failure definitions has also

been studied. Zhang and Oeser (2021a) showed that, at small

applied amplitude, the difference between the fatigue life of

asphalt binders predicted based on the DER failure criterion

is much higher than that predicted based on the NSR failure

criterion. However, this difference decreased when higher

amplitudes were tested on the TS test using stress-

controlled mode. Additionally, the authors also noted that at

high applied amplitudes (as an indication, beyond 700 kPa

for 20/30 penetration grade and beyond 250 kPa for SBS

modified bitumen), the DER deviates from the undamaged

line after only a few load cycles. Consequently, they
questioned the utilization of the DER failure criterion at high

applied amplitudes.

A multi-criteria analysis was conducted from the

reviewed papers regarding the correlation between fatigue

failure definitions in the TS test. This analysis, presented in

Table 3, assigns a positive sign (þ) to the recommended

failure definitions or those present a good correlation and a

negative sign (�) to criticized failure definitions or those

present a poor correlation, regardless of the bitumen's
nature or the loading mode used in the TS test. The

findings reveal that the traditional 50% reduction in

stiffness modulus emerges as the most recommended

failure point for predicting asphalt binder fatigue life using

the time sweep test, followed by the RDEC approach than

the DER failure criterion. Meanwhile, the peak phase angle

is deemed less recommended among the compared failure

definitions.
6. Correlation between the TS test and LAS
test

The LAS test is an accelerated fatigue test, which is considered

a surrogate for the TS test (real fatigue test) (Hintz, 2012;

Johnson, 2010; Johnson and Bahia, 2010). Several studies

compared the fatigue life of asphalt binders using both LAS

and TS tests (Cao and Wang, 2019; Nan et al., 2022; Safaei

et al., 2016; Yan et al., 2022). A strong correlation between

the LAS test and the TS test has been observed by Cao and

Wang (2019) when using pseudo-strain energy as a failure

definition for both tests (Fig. 26). Furthermore, studies by

Wang et al. (2020) and Yan et al. (2022) demonstrated a

strong correlation between the TS test, utilizing various

failure definitions, and the LAS test based on the S-VECD

(PSE). Similarly, Nan et al. (2022) reported a strong

correlation (R2 ¼ 0.83) between the LAS test utilizing peak

shear stress as a failure definition and the TS test using the

DER approach (Fig. 27). Additionally, Safaei et al. (2016)

utilized the S-VECD (PSE) approach to analyze the damage

characteristic curves (DCC) for both TS and LAS tests. They

showed that the DDC derived from the time sweep test

exhibit greater linearity and higher values of material

integrity for the same damage intensity compared to those

https://doi.org/10.1016/j.jtte.2024.04.007
https://doi.org/10.1016/j.jtte.2024.04.007


Fig. 22 e Fatigue life based peak shear stress and peak PSE (Kuchiishi et al., 2019). (a) Unmodified binder. (b) HPMB.
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generated from the LAS test (Fig. 28). This difference is

primarily attributed to material non-linearity induced by the

high amplitude of the LAS test, reaching up to 30%.

In summary, the LAS fatigue test demonstrates a strong

correlation with the real binder fatigue test (TS test), particu-

larly when employing the S-VECD (PSE) failure definition,

regardless of the fatigue test temperature. However, it is

essential to note that the fatigue life of asphalt binder is

significantly influenced by the fatigue test temperature in

both LAS and TS tests, regardless of the failure definition

employed.
7. Effect of experimental tests conditions on
the fatigue life of asphalt binder

The fatigue test conditions, including test temperature,

loading mode, loading time, and gap size, can significantly

influence the fatigue life of asphalt binders. Therefore, it is

crucial to carefully consider and control these test conditions

to obtain accurate and reliable fatigue test results for asphalt

binders.

7.1. Effect of fatigue test temperature on the fatigue life
of asphalt binder

It is generally assumed that an increase of testing temperature

enhances the fatigue life of binders. However, conducting fa-

tigue tests at higher temperatures may lead to an over-

estimation of the binder's fatigue performance, while testing

at lower temperatures may result in underestimation

(Kuchiishi et al., 2019). Therefore, the temperature at which

fatigue tests are conducted plays a crucial role in evaluating

the fatigue life of asphalt binders, and careful selection of

the test temperature is essential. Furthermore, Chen et al.

(2022) demonstrated that the effect of temperature on the

fatigue life of asphalt binder, assessed using the LAS test, is

more pronounced at high strain levels compared to low

strain levels. As a result, the authors suggested including
high strain levels, up to 15%, in the LAS test, rather than the

10% recommended by the AASHTO TP101.

As stated in the literature (Kuchiishi et al., 2019; Safaei and

Castorena, 2016; Yang et al., 2023), there are three primary

failure mechanisms, cohesive fatigue “true fatigue”, adhesion

loss (between the rheometer plate and the samples) and

instability plastic flow (edge fracture). The edge fracture is

the inability of the binder to maintain its geometry at its

boundary. Studies by Anderson et al. (2001) and Planche et al.

(2004) have demonstrated that, under the same controlled

strain in the TS test, the fatigue life of binders increases with

temperature and decreases after reaching a maximum value.

The temperature at which the fatigue life reaches the peak

value is defined as the transition between the fatigue

cracking (internal micro-damage) and the instability flow

(Fig. 29). These studies indicate that fatigue cracking, also

known as true fatigue, tends to occur at temperatures where

the initial stiffness modulus exceeds 15 MPa. On the other

hand, edge becomes dominant at temperatures where the

initial complex modulus is around 5 MPa (Anderson et al.,

2001; Planche et al., 2004).

Based on their experimental study with four bitumens,

including modified and unmodified bitumens, Safaei and

Castorena (2016) established limits for each failure

mechanism, adhesion loss for G* > 60 MPa, cohesive fatigue

for 12 MPa � G* � 60 MPa and plastic flow for G* < 12 MPa,

where G* is measured at LVE domain (low controlled-strain

or stress). According to their findings, temperatures

corresponding to a complex modulus greater than 60 MPa or

less than 12 MPa should be excluded from fatigue testing.

Despite this recommendation, several researchers

characterized the fatigue life of different binder types at a

single intermediate temperature, typically ranging between

20 �C and 25 �C (Asadi et al., 2021; Baglieri et al., 2018; Bessa

et al., 2019; Chen et al., 2021; Joohari and Giustozzi, 2022; Liu

et al., 2019; Mannan and Tarefder, 2018; Qiu et al., 2020;

Sabouri et al., 2018; Salehfard et al., 2021; Shen and

Sutharsan, 2011; Sun et al., 2019; Wang et al., 2018b; Yan

et al., 2021; Zhang et al., 2020; Zhang and Oeser, 2021a).
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Fig. 23 e Correlations between failure definitions (Roque et al., 2020). (a) Nf at 2.5%_35% G*sin(d) Vs. PSS. (b) Nf at 5.0%_35%

G*sin(d) Vs. PSS. (c) Nf at 2.5%_35% G*sin(d) Vs. GR. (d) Nf at 5.0%_35% G*sin(d) Vs. GR. (e) Nf at 2.5%_PSS Vs. GR. (f) Nf at 5.0%_PSS

Vs. GR.
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Fig. 24 e Damage characteristic curves (Zhang et al., 2020). (a) Dissipated energy. (b) Pseudo-strain energy-based method.

Fig. 25 e Correlation between 0.5S, DER and NSR failure criteria in the time sweep test (Nan et al., 2022). (a) SN Vs. DER. (b)

0.5S Vs. SN. (c) 0.5S Vs. DER.
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Table 3 e Multi-criteria analysis to define the most
recommended failure definitions.

Reference 50% G* PPA NSR DER/Np20 RDEC

Wang et al. (2016) þ þ þ
Cao and Wang (2018) e

Mannan and Tarefder (2018) þ þ þ
Bessa et al. (2019) þ þ þ
Zhang and Oeser (2021a) þ e

Nan et al. (2022) þ þ þ
Luo et al. (2022) þ e þ
Yan et al. (2022) þ e e þ
Steineder et al. (2022) þ e þ þ
Score þ6 �1 þ2 þ3 þ4
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Kuchiishi et al. (2019) investigated the impact of

temperature variations (ranging from 10 to 30 �C) on the

fatigue life of asphalt binders assessed through the LAS test.

Two asphalt binders were tested: unmodified 30/45

penetration grade and highly polymer-modified binder.

Their findings revealed that both tested binders exhibited

cohesive fatigue failure at temperatures of 15 �C and 20 �C.
However, plastic flow failure was observed at 30 �C for the

unmodified bitumen and at 25 �C for the highly polymer-

modified bitumen. Adhesion loss was only detected for the

unmodified bitumen at 10 �C, where the base binder

displayed higher stiffness compared to the highly polymer-

modified binder. Based on their results, the authors

recommended a temperature of 20 �C for conventional

binders and 15 �C for highly modified binders to assess

fatigue performance effectively. Other researchers have used

the intermediate temperature performance grade, calculated

as the average of the high and low-performance grade

temperatures ＋4 �C (Aurilio et al., 2021; Bonnetti et al., 2002;

Chen et al., 2022; Hintz et al., 2011; Wang et al., 2015, 2016).

While, certain studies (Santagata et al., 2009; Shenoy, 2002)

have utilized the iso-stiffness (or equi-stiffness) temperature
Fig. 26 e Correlation between Nf of TS and LAS tests based

on the PSE failure criterion on neat bitumen (control) and

bitumen modified with crumb rubber (CRM) (Cao and

Wang, 2019).
concept, wherein the test temperature is chosen to ensure

that the binders exhibit identical initial complex moduli at

the start of the fatigue test, as shown in Fig. 30.

On the basis of this concept, Shenoy (2002) defined the

fatigue test temperature at which every tested binder

presents a shear complex modulus of 1 MPa at the start of

the time sweep fatigue test under a controlled strain of 25%.

According to Shenoy (2002), using the 25% controlled strain

generate reliable fatigue responses in reasonably short

experimental time and consequently avoids the edge

fracture even at temperatures correspond to low complex

modulus (<1 MPa). In contrast, the conventional time sweep

fatigue test, conducted over an extended period, may lead to

edge fracture at complex moduli lower than 5 MPa (Martono

et al., 2007; Planche et al., 2004). Bonnetti et al. (2002) and

Santagata et al. (2009) also adopted the iso-stiffness

temperature concept to determine the temperature for

fatigue testing, where the initial complex modulus of the

binders was set at 15 and 25 MPa, respectively. In another

study, Canestrari et al. (2015) utilized an iso-stiffness level of

3 MPa to investigate the fatigue and healing properties of

four different binders. They ensured the absence of edge

fracture by monitoring the normal force and inspecting the

specimens during the fatigue test. Yang et al. (2022) selected

the iso-stiffness conditions at 30 MPa, aiming to maintain

the complex modulus within the range of 12e60 MPa, as

suggested by Safaei and Castorena (2016) to avoid adhesion

loss or edge flow.

Johnson (2010) proposed a novel definition of the iso-

stiffness temperature concept by incorporating both

modulus and phase angle considerations. In this approach,

the fatigue test temperature is determined such that G*sin(d)

parameter equals 5 MPa, which corresponds to the fatigue

Superpave specification limit. Hintz and Bahia (2013)

adopted the same concept proposed by Johnson (2010), but

aimed for a target G*sin(d) value of 6.5 MPa to define the iso-

stiffness temperature specifically for conducting the LAS test.

In order to eliminate the effect of fatigue test temperature

on the fatigue life on asphalt binders, Safaei and Castorena

(2016) applied the time-temperature superposition principle

to predict the fatigue performance under any temperature and

loading using the LAS test results carried out at one selected

temperature. The time-temperature superposition principle

has been used, firstly for asphalt concrete (Chehab et al.,

2002; Underwood et al., 2006), to eliminate the temperature

effect using the S-VECD by the utilization of the reduced

time (x) rather than the real-time (t) in the damage model

(Eq. (41)). The reduced time is calculated using the

viscoelastic time-temperature shift factors (Eq. (42)).

DðtÞ¼
Xn

i¼1

�
DMR

2

�
gR
P

�2ðCi�1 � CiÞ
	 a

aþ1

ðxi � xi�1Þ
1

1þa (41)

x¼ t
aT

(42)

where aT is the time-temperature shift factor determined

from LVE characterization.

In summary, the lack of uniformity in selecting fatigue test

temperatures for asphalt binders is evident, highlighting the

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 27 e Correlation between Nf of LAS test and TS test

based on DER criterion (Nan et al., 2022).
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need for further investigations to standardize and normalize

the selection of fatigue test temperatures for asphalt binders.

Table 4 summarizes the various testing temperatures adopted

in the literature to investigate the fatigue life of asphalt

binders using both TS and LAS tests.
7.2. Effect of fatigue test loading mode on the fatigue life
of asphalt binder

Luo et al. (2022) evaluated the fatigue life of asphalt binders

using the time sweep test under various stress-controlled

modes. It has been demonstrated that the fatigue life

decreases when the applied stress increase, whatever the

failure criterion used, as shown in Fig. 31.

As for the effect of loadingmode, Johnson (2010) conducted

the LAS test under controlled stress mode rather than

controlled strain mode. At each loading interval, the stress

was increased by 50 kPa until 1000 kPa. Under stress-
Fig. 28 e Damage characteristic curves (Safa
controlled mode, the strain response increases with damage.

However, in strain-controlled mode, the stress response

decreases with damage (Fig. 32). It has been found that the

strain-controlled mode gives a peak shear stress response

during the damage with a decrease in material integrity.

However, without a priori knowledge, the stress-controlled

mode gives abrupt failure. According to Johnson (2010), the

predicted fatigue life under the strain-controlled mode is

more accurate.

7.3. Effect of fatigue test duration on the fatigue life of
asphalt binders

As for the effect of loading time on the fatigue life of asphalt

binders, Wang et al. (2015) conducted the LAS test under

different duration by changing the constant strain-

amplitude rates (CSR). The CSR is defined as the strain

amplitude (%) divided by the test duration. For the

standard LAS test, with a duration of 5 min (LAS-5), the

CSR equals 0.00100 (30%/300). The various CSR tested is

0.00400 (LAS-1.25), 0.00200 (LAS-2.5), 0.00100 (LAS-5),

0.00050 (LAS-10) and 0.00033 (LAS-15) (Fig. 33). Similarly,

Wang et al. (2020) and Roque et al. (2020) evaluated the

fatigue life of various asphalt binders using the LAS test

with different durations (LAS-5, LAS-10 and LAS-15) on the

basis of S-VECD and GR approach. As a result, Wang et al.

(2020) showed that the standard LAS test (LAS-5) correlates

very well with the time sweep. While, Roque et al. (2020)

demonstrated that there is less damage per loading cycle

in the case of long loading time (LAS-15), resulting in an

increase in fatigue life (Fig. 34).

7.4. Effect of gap size on the fatigue life of asphalt
binders

Anderson et al. (2001) investigated the impact of the gap size

(1, 2 and 3 mm) on the fatigue life of asphalt binders using
ei et al., 2016). (a) TS test. (b) LAST test.
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the TS test. Their findings revealed that for cohesive fatigue,

where failure is attributed only to internal damage, the

fatigue life remains unaffected by the gap size. However, in

the case of instability plastic flow, the fatigue life is

significantly influenced by the thickness of the gap (Fig. 35).
7.5. Effect of damage evolution rate parameter a on the
fatigue life of asphalt binders

Safaei et al. (2016) conducted a comparative analysis to

evaluate the impact of the damage evolution rate parameter,

a (a ¼ 1/m and a ¼ 1 þ 1/m), on the damage characteristic

curves (DCCs) of asphalt binders using the time sweep test

based on the S-VECD. Their findings revealed distinct

behavior in the DCCs based on the chosen a parameter.

When a ¼ 1/m was utilized, the DCCs exhibited loading

history and temperature dependence (Fig. 36(a)). In contrast,

when a ¼ 1 þ 1/m was utilized, the DCCs displayed no

dependency on temperature and loading history (Fig. 36(b)).

Consequently, Safaei et al. (2016) recommended adopting

a ¼ 1 þ 1/m for characterizing damage evolution in asphalt

binders.

Still on the effect of damage evolution rate parameter a on

the fatigue life of asphalt binders, Johnson (2010) conducted a

comparative analysis between the a calculated from the

frequency sweep (first step in the LAS test) and the a

calculated from the stress relaxation test. The study

revealed a significant correlation (R2 > 0.98) between the

fatigue life predictions obtained from the LAS test and those

from the time sweep test when a was calculated based on

the frequency sweep test results. In contrast, a poor

correlation was observed when a was derived from the

stress relaxation test (Fig. 37). These findings suggest that

the a parameter calculated from the frequency sweep test is

more reliable and is therefore recommended for use in the

LAS test to predict asphalt binder fatigue life accurately.

Based on the findings presented above, Table 5

summarizes the impact of experimental test conditions on

fatigue testing of asphalt binders.
Fig. 29 e Variation of fatigue life with temperature for

different binders using the TS test (Planche et al., 2004).

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 32 e Variation of shear stress with shear strain in the

LAS test under both stress and strain-controlled mode

(Johnson, 2010).

Fig. 30 e Selection of iso-stiffness temperature (Santagata

et al., 2009).
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8. Effect of the chemical composition and/or
penetration grade of asphalt binder on the
fatigue life

Santagata et al. (2009) conducted a comprehensive study on the

fatigue and healing properties of six 70/100 penetration grade

bitumens sourced from various refineries, each with distinct

chemical composition, using the TS test. The researchers

investigated the influence of chemical composition,

particularly the saturates, aromatics, resins, and asphaltenes

(SARA) fractions, on asphalt binder fatigue behavior. Their

findings indicated that asphaltenes and saturates could have a

beneficial effect on retarding microcrack growth. This positive

influence may be attributed to the bodying effect provided by

asphaltenes and the flocculation effects resulting from the

presence of aliphatic chains within the saturates fraction.

However, in contrast to their findings, Wang et al. (2018b)

showed that the asphaltene negatively affects the binder

fatigue life using the LAS test. They highlighted that the softer

binders with higher penetration values exhibit higher fatigue
Fig. 31 e Fatigue life under different applied stress (Luo

et al., 2022).
resistance. This observation aligns with the results presented

by Cao and Wang (2019), who found that the addition of waste

cooking oil, which softens the binder, led to increased fatigue

life (Fig. 38). These findings collectively support the notion that

softer binders tend to demonstrate higher fatigue lives

compared to harder binders.

Salehfard et al. (2021) observed correlations between

binder fatigue life and the colloidal instability index (Ic),

calculated from SARA fractions, but only when Ic was below

0.9, indicating a threshold limit. Regarding self-healing, Sun

et al. (2017) demonstrated that the binders with higher

aromatics content exhibited better self-healing ability, while

those with higher content of large molecule size showed

lower self-healing ability. Similarly, Santagata et al. (2009)

and Wang et al. (2018b) highlighted the role of the saturates-

to-aromatics ratio in the self-healing of microcracks.

Johnson (2010) noted that understanding the relationships

between chemical components and mechanical properties of

asphalt binders remains challenging.

In order to highlight the effect of penetration grade on the

fatigue life of asphalt binders, the authors of this paper utilized
Fig. 33 e LAS test with different loading time (Wang et al.,

2015).

https://doi.org/10.1016/j.jtte.2024.04.007
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Fig. 34 e Effect of loading time on the fatigue life of asphalt binder using the LAS test (Roque et al., 2020).
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datafromLiuetal. (2019) researchpaper, inwhichthefatiguelife

of three penetration grades, 50, 70 and 90 were investigated

under three level of controlled stress, 70, 80 and 90 kPa using

two failure definitions, 50% reduction in G* and the peak of

NSR, as shown in Fig. 39(a) and (b) respectively. A notable

observation is that, in particular at lower applied stress levels,

the 50-penetration grade bitumen consistently demonstrates

significantly higher fatigue life, approximately three times

greater, compared to the 70 and 90 penetration grade binders

across all failure criteria and controlled stress levels. However,

as the applied stress increases, the fatigue life of the 50

penetration grade bitumen decreases considerably compared

to the 70 and 90 penetration grade binders, suggesting that at

high applied stress levels, the fatigue life of the 70 and 90

penetration grade binders may exceed that of 50 penetration

grade bitumen. Liu et al. (2019) did not provide an explicit

explanation for the substantial difference in fatigue life among

50, 70 and 90 penetration grade binders. Similarly, Wang et al.

(2018b) pointed out that, contrary to expectations, 50

penetration grade bitumen exhibited slightly superior fatigue

resistance than 70 penetration grade bitumen due to its lower

asphaltenes fraction.

In summary, the development of damage and microcracks

within the asphalt binder is also strongly influenced by its
Fig. 35 e Effect of gap size on the fatigue life of asphalt, in

the case of instability plastic flow (Anderson et al., 2001).
microstructure. Typically, softer binders demonstrate greater

fatigue resistance. However, further research on the impact of

bitumen chemistry on fatigue life is needed.
9. Effect of modifiers addition on the fatigue
life of asphalt binder

The effect of bitumen modification with various additives on

the fatigue life of asphalt binders has indeed been extensively

studied, in the literature, using both the TS and LAS tests.

Numerous studies have shown the positive effect of various

additives on the fatigue behavior of bitumens, the lack of

consistency in the testing methods and failure criteria/defi-

nitions used makes it challenging to conduct a quantitative

and objective comparison across studies. Indeed, several

studies (Ameri et al., 2017; Cao andWang, 2019; Shi et al., 2022;

Tabatabaee and Tabatabaee, 2010) have demonstrated the

significant improvement in fatigue life with the addition of

crumb rubber to bitumen. Similarly, highly-polymer

modified binders have shown superior fatigue performance

compared to pure bitumen across various temperature

conditions (Bessa et al., 2019; Bła _zejowski et al., 2020;

Kuchiishi et al., 2019). This improvement is attributed to the

enhanced elasticity provided by the continuous polymeric

network in the modified binder, allowing it to resist higher

strain levels before failure. Additionally, Saboo and Kumar

(2016) and Yan et al. (2022) demonstrated that elastomeric-

modified asphalt have higher fatigue life compared to non-

elastomeric ones. This improvement is further validated by

Aurilio et al. (2021) demonstrating a linear increase in

fatigue life with increasing SBS content (Fig. 40).

Additionally, observations of failure morphology indicate

that damage predominantly occurs in the base binder at the

edge of specimens, while the SBS network in the middle

remains intact (Zhang and Oeser, 2021b). Furthermore, the

combination of crumb rubber (CR) and SBS modification

enhances fatigue life compared to the CR-modified bitumen

https://doi.org/10.1016/j.jtte.2024.04.007
https://doi.org/10.1016/j.jtte.2024.04.007


Fig. 36 e Damage characteristic curves of PG 64-28 asphalt binder (Safaei et al., 2016). (a) a ¼ 1/m. (b) a ¼ 1 þ 1/m.

Fig. 37 e Relationship between Nf TS test (3% strain) and the LAS test (Johnson, 2010). (a) a calculated from the frequency

sweep. (b) a calculated from the stress relaxation test.
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and SBS-modified bitumen, regardless of the failure

definitions used, as illustrated in Fig. 41 (Nan et al., 2022).

Yet, the addition of Sasobit® (a synthetic hard wax) in

asphalt binders modified with SBS and CR has been investi-

gated by Yue et al. (2021). Their study revealed a substantial

improvement in fatigue resistance with the inclusion of
Table 5 e Recommended test conditions for the LAS test.

Testing parameter Test (LAS/TS)

Applied stress TS The fatig

stress in

Stress/strain-controlled mode LAS The stra

Loading time LAS The stan

very we

Gap size TS The fatig

size in t

Damage evolution rate a LAS The dam

depende

history f

The a pa

frequenc

correlate
Sasobit®. Specifically, the asphalt modified with 3% SBS, 10%

CR, and 3% Sasobit® exhibited higher fatigue life across all

strain amplitudes.

The effect of adding nanoparticles such as carbon nano-

tubes and nanoclays (Santagata et al., 2015), organo-

montmorillonite (Liu et al., 2011) and nano-hydrated lime
Observation Reference

ue life decreases when the applied

creases.

Luo et al. (2022)

in-controlled mode is more accurate. Johnson (2010)

dard LAS test (LAS-5 min) correlates

ll with the time sweep.

Wang et al. (2020)

ue life remains unaffected by the gap

he case of cohesive fatigue.

Anderson et al. (2001)

age characteristic curves display no

ncy on temperature and loading

or a ¼ 1 þ 1/m.

Safaei et al. (2016)

rameter calculated from the

y sweep test is more reliable and

s very well with the time sweep.

Johnson (2010)
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Fig. 38 e Effect of waste cooking oil “termed as Bio” on the

fatigue life of asphalt binders (Cao and Wang, 2019).

Fig. 40 e Effect of SBS content on the fatigue life of asphalt

binders (Aurilio et al., 2021).

J. Traffic Transp. Eng. (Engl. Ed.) 2024; 11 (6): 1210e12421236
(Kavussi and Barghabany, 2016), on the fatigue life of asphalt

binders was also investigated. Generally, the addition of

nanoparticles has been found to improve the fatigue life of

asphalt binders, although the efficiency depends on the

specific physicochemical properties of the nanoparticles.

Also, according to Mirhosseini et al. (2017), the date seed ash

significantly improves the fatigue life resistance of asphalt

binders. Similarly, An et al. (2023) demonstrated that the
Fig. 39 e Fatigue life of 50, 70 and 90 penetration grade binders

definition: peak NSR.
addition of graphene oxide enhances the fatigue life of

asphalt binders. However, Li et al. (2022) reported that the

addition of diatomite had an adverse effect on the fatigue

life of asphalt binders, as indicated in Fig. 42. According to

the authors, this decrease in fatigue life observed on the

diatomite-modified binders is primarily attributed to the

increase in the heat dissipation energy caused by the

addition of diatomite.

Liu et al. (2022) investigated the effect of adding waste

engine oil (WEO) and polyphosphoric acid (PPAc) on the

fatigue behavior of asphalt binders. Their findings revealed a

significant enhancement in fatigue life, with approximately

a 1000% increase for 2% PPA þ 2% WEO and about a 1150%
(Liu et al., 2019). (a) Failure definition: Nf50% G*. (b) Failure

https://doi.org/10.1016/j.jtte.2024.04.007
https://doi.org/10.1016/j.jtte.2024.04.007


Fig. 41 e Effect of CR and SBS on the fatigue life of modified asphalt binders (Nan et al., 2022).

Fig. 42 e Effect of diatomite addition on the fatigue life of

asphalt binder (Li et al., 2022).
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increase for 1% PPAc þ 4% WEO. Similarly, Asadi et al. (2021)

found that adding aromatic extract and waste cooking oil

rejuvenators improved the fatigue life of aged asphalt

binders. The partial replacement of bitumen with a

renewable bio-oil resulted in nearly identical fatigue

performance compared to virgin bitumen, having the same

consistency, as indicated by Gaudenzi et al. (2020). However,
Table 6 e Effect of some additives on the fatigue life of asphalt

SBS CR Nanoparticles* Sasobit® Date se

Positive effect � � � � �
Negative effect

Note: * nanoparticles include carbon nanotubes, nanoclays, organo-mon
they observed that the bio-binder exhibited higher self-

healing capability compared to the conventional binder.

Based on the findings presented in section 9, Table 6

summarizes the effects of various asphalt modifiers on their

fatigue lives.
10. Conclusions

This review paper provides a comprehensive overview of the

evaluation of the fatigue life of asphalt binders, covering the

testingmethods, the failure criteria, the failure definitions, the

effect of testing conditions as well as the effect of bitumen

penetration grade, chemical composition, and bitumen

modification. Based on the reported findings, the following

conclusions and recommendations are drawn.

� The linear amplitude sweep (LAS) test has become the

preferred testing method for evaluating fatigue life of

asphalt binders since its introduction. It offers advantages

such as accelerated testing compared to the time sweep

(TS) test.

� Various failure criteria and definitions are used to predict

the fatigue life of asphalt binders using both LAS and TS

tests. In particular, the viscoelastic continuum damage

(VECD) concept is widely utilized for analyzing LAS test

results, incorporating both dissipated energy and pseudo-

strain energy. The S-VECD and GR approach has emerged
binders.

ed ash Graphene oxide Diatomite WEOþPPA Bio-oil

� � �
�

tmorillonite, nano-hydrated lime.
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as the most recommended method for analyzing LAS test

results due to its independence from loading history,

loading mode, and temperature effects.

� The temperature of the fatigue test significantly affects

asphalt binder fatigue life. Different methods for selecting

test temperatures exist, but there is no consensus on the

optimal temperature. Further research is needed to stan-

dardize temperature selection.

� The impact of chemical composition on fatigue life re-

mains complex and contradictory. While softer binders

generally exhibit higher fatigue resistance. More research

is needed to understand the relationships between chem-

ical composition and fatigue behavior.

� Polymer-modified binders generally exhibit superior fa-

tigue performance compared to conventional binders.

Additives such as crumb rubber and styrene-butadiene-

styrene (SBS) contribute positively to the fatigue life of

asphalt binders. Additionally, elastomeric modified

asphalt demonstrates higher fatigue resistance compared

to non-elastomeric binders.

Therefore, it is recommended to utilize the LAS test on PAV-

aged bitumen under strain-controlled conditions, employing

the S-VECD and GR approach. Additionally, fatigue testing

shouldbe conductedat an intermediate reference temperature

adapted to the climate zone of each country or region.
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