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ARTICLE INFO ABSTRACT
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Fatigue cracking is one of the most notable distresses in steel bridge deck pavement (SBDP), necessitating the
development of high performance pavement materials to extend service life. In this paper, the fatigue resistance
characteristics of natural rock asphalt (NRA)/SBS systematically evaluated. Twelve types of composite-modified
asphalt binders were prepared by incorporating Iranian rock asphalt (IRA), Buton rock asphalt (BRA), and SBS as
modifiers. IRA and BRA were added at 5 wt%, 10 wt%, and 15 wt%, while SBS was introduced at 2 wt% and 3 wt
%. The modified asphalt binders subjected to time sweep (TS) test and linear amplitude sweep (LAS) test to
comparatively analyze fatigue damage and fatigue life. DSR-C model was applied to calculate the fatigue crack
length. The research also comparative evaluate differences and correlations between fatigue crack length indexes
and conventional fatigue life indexes. The results showed that NRA enhanced the fatigue performance of
modified asphalt binders. With the increase of NRA content, the fatigue properties of modified asphalt also
become better. Ssl;s is better than other composite modified asphalt binders in both fatigue life and fatigue
cracking indexes, demonstrating that it offers the best resistance to fatigue damage. The fatigue cracking index
calculated by the DSR-based cracking (DSR-C) model could effectively evaluate the fatigue performance of NRA/
SBS composite modified asphalt binders. NRA/SBS composite modified asphalt could be widely used in steel
bridge deck pavement.

1. Introduction

In recent years, the consumption of bridge deck paving materials has
been increasing, and with it, the problem of fatigue cracking due to
insufficient fatigue resistance of steel bridge deck paving (SBDP) mate-
rials has also increased [1]. In order to meet the green and low-carbon
requirements of high-quality development, it is imperative to reduce
the incidence of bridge deck deterioration and operation and mainte-
nance costs, and to improve the performance and service life of bridge
deck paving materials.

Currently, there are three main types of SBDP materials commonly
used: Stone Mastic Asphalt (SMA) [2], Epoxy Asphalt (EA) [3], and Guss
Asphalt (GA) [4]. SMA has good high and low temperature performance,
and it is widely used in highway paving projects with mature
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technology, relatively low cost and short construction period [5]. EA is
mainly categorized into two main types: Warm Epoxy Asphalt (WEA) in
the U.S. and China, and Hot Epoxy Asphalt (HEA) in Japan. EA is mostly
applied to steel bridge decks with complex stress conditions and can be
composited with SMA and other materials [6]. However, double-layer
EA is characterised by high cost, complicated construction, and diffi-
cult to treat after the occurrence of disease, and the existence of these
objective reasons limits the application of EA.

Compared with SMA and EAM, GA has the advantages of good
adhesion and excellent fatigue resistance, and thus has been focused on
by researchers. GA is a special steel bridge deck paving material, which
relies on its own mobility to pave and mold, without the need for mill-
ing. GA also has good waterproofing properties and strong synergistic
deformation ability with steel plates [7]. However, to ensure that GA has
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sufficient adhesion, it is often mixed with a high percentage of SBS,
which can lead to higher costs. Economical considerations have brought
natural rock asphalt(NRA), a material that ensures fluidity at a lower
cost, into the view of researchers [8].

The main types of NRA are Trinidad lake Asphalt (TLA), Qingchuan
rock asphalt (QRA), Buton rock asphalt (BRA), and Iranian rock asphalt
(IRA). The properties of these bitumens, such as softening point and
needle penetration, vary according to origin and ore body characteris-
tics. Scholars have found that TLA has significantly enhanced the anti-
aging properties of asphalt binders, QRA can improve the high tem-
perature performance of asphalt binders [9], BRA has a good adsorption
properties of asphalt binders [10], IRA has a high viscosity and can
effectively improve the asphalt binders resistance to high temperature
deformation [11].

NRA can improve the adhesion and fatigue properties of matrix
asphalt binders, which coincides with the needs of researchers [12]. But
the current application of NRA in GA is more related to the physical
properties of NRA modified asphalt binders, mixture road performance,
and construction performance [13]. There is a lack of research on the
fatigue performance of NRA modified asphalt binders, as well as on the
influence of fatigue damage on rheological parameters and fatigue crack
propagation characteristics. This limitation restricts the widespread use
of NRA.

Therefore, the fatigue performance of modified bitumen can be
evaluated by adopting appropriate fatigue test and corresponding in-
dexes, which can effectively assess the applicability of NRA modified
bitumen in the application of SBDP, and provide various references for
the design of modified asphalt binders.

For the characterisation and indexing of asphalt fatigue perfor-
mance, the Strategic Highway Research Program (SHRP) proposed a
fatigue parameter (|G*|-sin) in the Superior Performing Asphalt Pave-
ment (Superpave) specification. This parameter is used to evaluate
asphalt binders fatigue performance at medium temperatures, where G*
represents the complex shear modulus and & represents the phase angle.
Both values can be obtained from the dynamic shear rheometer (DSR)
test, and the smaller the value of |G*|-sins, the greater the asphalt
binders resistance to fatigue cracking [14].

However, it is found that the SHRP fatigue parameters do not
correlate well with the fatigue life of modified asphalt binders, mainly
because they are measured within the asphalt binders viscoelastic range
without considering damage effects. Consequently, in a follow-up study,
the time sweep (TS) repetitive cyclic loading test was introduced in the
National Cooperative Highway Research Programme (NCHRP) to study
the fatigue performance of asphalt binders [15], and the TS test has been
widely used to determine the fatigue damage criterion for asphalt
binders [16]. Some studies have evaluated the fatigue performance of
asphalt mortar by using empirical fatigue index Ny59, phenomenological
index Nfg+«c, and energetic index Njzp through stress-controlled tests
and strain-controlled tests in TS test [17]. Where Nysp refers to the fa-
tigue life at which G* decreases to 50 % of its initial value; Ny g+ refers
to the fatigue life corresponding to the point at which G*xC peaks (C
refers to the number of cycles); and Njy refers to the fatigue life cor-
responding to the point at which the dissipated energy ratio (DER) de-
viates from the initial no-damage linear phase by 20 %.

Since TS test are generally time-consuming, the American Associa-
tion of State Highway and Transportation Officials (AASHTO) develops
an accelerated fatigue procedure, the linear amplitude sweep (LAS) test
(AASHTO-TP101). This test is conducted at a constant temperature and
frequency by increasing the strain amplitude in order to measure the
fatigue damage limit of the asphalt binders and to calculate the fatigue
life of the asphalt binders by using the S-VECD model. In recent research,
there have also been studies on the calculation and prediction of asphalt
binders fatigue crack length based on the rheological parameters ob-
tained from the TS test and the LAS test, and the establishment of the
DSR-C model to evaluate the fatigue performance of modified asphalt
binders from the mechanical point of view of crack expansion [18].
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Table 1
SK70# road petroleum asphalt technical parameters.

Test Values  Standard Testing

requirements method

Penetration at 25 °C/ 0.1 mm 68 60-80 T 0604-
2011

Softening point / °C 53.5 >46 T 0606-
2011

Ductility at 15 °C/ cm >100 >100 T 0605-
2011

Density at 15 °C / (g-cm™>) 1.039 Record of actual T 0603-
measurements 2011

Viscosity at 135 °C/ (Pa-s) 2.598 <3 T 0619-
2011

Thin film Quality loss / % —0.501 —0.8-0.8 T 0610-
oven test 2011

(TFOT) Penetration ratio / 71 >61 T 0604-
% 2011

Residual ductility 21 >15 T 0605-
at 15 °C/ cm 2011

In summary, the current research is less involved in obtaining the
fatigue damage parameters before and after the fatigue damage of NRA/
SBS composite modified asphalt binders, and there is a lack of effective
means of exploring the fatigue characterisation of NRA/SBS composite
modified asphalt binders in the field of SBDP. At same time, for the NRA,
the TLA is costly, whereas the QRA has high temperature sensitivity. The
BRA and IRA are excellent at enhancing the performance of modified
asphalt and are very suitable for preparing it for the GA used in SBDP
[19,20].

Therefore, this paper starts from the fatigue properties of NRA/SBS
composite modified asphalt binders, BRA and IRA were selected to
prepare twelve types of NRA/SBS composite modified asphalt binders.
LAS and TS tests were carried out on NRA/SBS composite modified
asphalt binders. According to the results of TS test and LAS test, different
fatigue indexes were selected to evaluate the fatigue performance of
NRA/SBS modified asphalt binders. The DSR-C model suitable for NRA/
SBS modified asphalt binders was established, and the NRA/SBS com-
posite modified asphalt binders with better fatigue performance was
screened out. In addition, this study analyzes the differences and cor-
relations between conventional fatigue life indexes and fatigue cracking
indexes. The results of this paper can provide theoretical support for the
application of NRA in SBDP.

2. Materials and methods
2.1. Materials

In this study, SK70# road petroleum asphalt was selected as the base
asphalt, and its basic technical, which were determined according to the
Chinese standard JTG E20-2011 [21], are shown in Table 1. NRA/SBS
composite modified asphalt binders used in NRA was selected from BRA
(Fig. 1(a)) and IRA (Fig. 1(b)). The NRA used in this study were in solid
granular form and were added to the matrix asphalt binders as modi-
fiers. Its basic technical parameters are determined according to the
Chinese standard JT/T 860.5-2014 [22], are shown in Table 2. T161B
linear SBS (Fig. 1(c)), produced by Dushanzi Petrochemicals in Xinjiang,
was used as the preparatory material, with an embedding ratio of 30:70.
As for the modified asphalt polymer matrix, its basic technical param-
eters are shown in Table 3.

2.1.1. Sample preparation

The base asphalt was kept at a temperature of 175 °C and the SBS
modifier was added. Then the high-speed shear was set to operate at
5000 rpm. The mixture was then sheared at a constant speed for one
hour. Then, the NRA was added to the asphalt binders and the mixture
was sheared for a further 30 min. Finally, the mixture was placed in an
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(a) BRA

(b) IRA
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Fig. 1. Raw materials.

Table 2
NRA basic technical parameters.
Types of rock BRA IRA
asphalt
Test indicators Values  Standard Values  Standard
requirements requirements
Natural bitumen 25.4 >18 85.3
content/ %
Ash content/ % 14.7 <15 0.8 <1
Density (15°C) (g/ 1.81 >1.70, <1.90 1.03
cm®)
Water content/ % 0.4 <2 0.2 <2
Table 3
T161B linear SBS technical parameters.
Technical item Test result Unit
Oil content 0 wt%
Styrene content 31 wt%
Volatile content 0.37 wt%
300 % tensile stress 2.47 MPa
Tensile strength 25.5 MPa
Elongation at break 750 %
Shore hardness 79 Shore A
Table 4
NRA/SBS modified asphalt binders sample abbreviation description.
NRA dopant SBS dopant
2 wt% SBS 3 wt% SBS
5 wt% IRA Sols Sl
10 wt% IRA Solio Sslio
15 wt% IRA Solis Sshs
5 wt% BRA S5Bs S3Bs
10 wt% BRA S5B1o S3B1o
15 wt% BRA SoB1s S3B1s

oven at 165 °C for 30 min to complete the development process [23].

Table 4 shows the abbreviated names of the various NRA/SBS
composite modified asphalt binders formulations. The composite
modified asphalt binders samples used in this study were aged using
PAV aging method for 20 h at 64 °C [24].

2.2. Test methods

2.2.1. Linear amplitude sweep test
The test temperature was set at 20 °C, the diameter of the asphalt
binders is 8 mm, and the spacing of the parallel plates is 2 mm. Two

repetitions of the test were conducted for each type of asphalt binders.
The LAS test was carried out in two phases in the strain control mode. In
the first stage, the specimens were subjected to frequency sweeping test
with a strain amplitude of 0.1 % and a scanning frequency range of
0.2-30 Hz.

Based on the result of the frequency sweeping test, the damage
analysis parameter a is determined to obtain the performance of the
modified asphalt binders before damage, and this is used to evaluate the
rheological properties of the modified asphalt binders. In the second
stage, the oscillatory shear mode was selected, and the sinusoidal load
amplitude was linearly increased from 0.1 % to 30 % over 300 s at a
constant frequency (10 Hz) during 3100 loading cycles. The total test
time was 310 s, the peak shear strain,peak shear stress, phase angle and
complex shear modulus were recorded every 10 loading cycles (1 s)
[25]. Modified asphalt binders was considered to fail when the initial
modulus is reduced by 35 %, and the number of failure cycles was
calculated using Eq. (1).

Ny =A(r,)" )

Where Ny is the fatigue life; y, represents the amplitude of the applied
shear strain.

A and B are VECD model coefficients which depending on the ma-
terial properties. A represents the ability of the material to maintain its
integrity during loading cycles and cumulative damage. This parameter
is directly related to the energy storage modulus. If the energy storage
modulus decreases during the loading cycle, then A decreases. It in-
dicates that the asphalt binders has a lower ability to resist cumulative
damage and maintain its integrity during the loading process [26]. Ac-
cording to Eq. (1), when the strain level is equal to 1, the fatigue life is
equal to A. Therefore, A can be regarded as the fatigue life of asphalt
binders at a strain level of 1 (100 %). Both A and B can be calculated by
the mechanical model of damage evolution of viscoelastic materials in
VECD theory (S-VECD model) as shown in Egs. (2)-(5) [26].

a

1

D(t) = Zil [1702(Cix — I (6 — tiq )T 2

C(t) = Co — G, (D) 3

Dy — (Co - C@geakStress)l/ C2 )
1

f0p) =2a (5)

~ Tl - G GGG

Where D represents damage density, yo represents the applied strain
during the test. t is the test time. a is the reciprocal of the slope of the
storage modulus G’y with respect to the logarithm of angular frequency,
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Table 5
LAS testing fatigue parameter results based on S-VECD model.
Asphalt binders a C; Cz A(x10°) B
Sols 1.288 0.052 0.629 2.332 —2.789
Salio 1.291 0.059 0.664 3.997 —2.956
Solis 1.342 0.071 0.641 6.432 —2.876
Ssls 1.478 0.023 0.712 2.875 —3.087
Sslio 1.432 0.095 0.779 4.156 —-3.102
Sslis 1.498 0.019 0.746 7.231 —3.214
S2Bs 1.298 0.038 0.689 1.987 —2.459
S2B1o 1.295 0.041 0.658 4.054 —2.563
S2Bis 1.335 0.065 0.691 6.873 —2.672
S3Bs 1.488 0.027 0.728 2.677 —2.648
S3B1o 1.510 0.083 0.752 4.438 —-3.321
S3Bis 1.512 0.057 0.703 7.148 —3.391
i —— 8, B, ——8,B, ——S,B,
—S;Bs—5;B;y——5:Bys

Material Completeness "C"

0.0
1 1 1 1
0 100 200 300 400
Damage Density "D"
(a) BRA/SBS
1.0
—S)li——S,]}, Solys
— S5 S3lie—S;k;s

Material Completeness "C"

0 100 200 300 400 500
Damage Density '""D"

(b) IRA/SBS

Fig. 2. NRA/SBS composite modified asphalt binders D-C curve.

which calculated from frequency sweep data. C(t) represents the ratio of
the complex modulus of the sample at time t to the initial complex
modulus, indicating material integrity. Cp is the initial value of C, equal
to 1. C@PeakStress is the material integrity value corresponding to the
peak stress. C; and Cz are curve-fitting parameters. Dy represents the
fatigue failure criterion. f is the test loading frequency.

2.2.2. Time sweep test
The TS test is a strain-controlled fatigue test that is performed at

Construction and Building Materials 494 (2025) 143315

3.0E+5

e S,B; o S.Bs
" 5By 7 SBy
S;Bis © S;Bys

2.5E+5

1.5E+5

1.0E+5

Shear Stress (kPa)

5.0E+4

0.05+0 &

5 10 15 20 25 30
Shear Strain (%)

(a) BRA/SBS

3.0E+5

2.5E+5

2.0E+5

1.5E+5

Shear Stress (kPa)

1.OE+5

5.0E+4

0.0E+0

Shear Strain (%)

(b) IRA/SBS

Fig. 3. Strain-stress curve for NRA/SBS composite modified asphalt binders.

room temperature to ensure that fatigue failure of the asphalt binders
material occurs by applying cyclic loading to the asphalt binders at low
strain levels [27]. The DSR parallel loading plate used in this section of
the test is 8 mm in diameter with a gap set at 2 mm. The samples were
subjected to 54,000 cycles of loading at a temperature of 20 °C, a fre-
quency of 10 Hz, and a strain control mode of 5 % in order to determine
the complex shear modulus, phase angle, and other fatigue parameters
of the samples under the failure-damage condition. The time-scan test is
time-consuming, but it can be used to validate the results of the
strain-frequency-scan test based on the S-VECD theory from the basic
definition of fatigue life.

3. Results and discussion
3.1. Analysis of LAS test result

In this study, the fatigue parameters of each NRA/SBS composite
modified asphalt binders were calculated by the S-VECD model.The
results are given in Table 5.

The S-VECD model effectively measures the correlation between
damage density D and material integrity C. The specific results are
shown in Fig. 2. When the damage density D is kept constant, the in-
crease in the value of C reflects better material integrity, implying that
the asphalt binders material has better durability when subjected to
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Fig. 4. Fatigue life based on S-VECD model at different strain levels.

more load cycles, and at the same time the fatigue resistance to damage
is improved. As can be seen from the trend of the curve in the figure,
where D is 0 the highest material integrity (C = 1), implying that the
composite modified asphalt binders remains undamaged at this point in
time. With the damage density D increases,the C value decreases. At
D = 400, all composite modified asphalt binders C values decrease by
more than 80 %, falling below 0.2.

At the same damage density, the C value increases with higher SBS
and NRA content in the composite modified asphalt binders. When the C
value is the same, the composite modified asphalt binders with higher
content of SBS and NRA can withstand greater damage density. The
material integrity of S3B1s, SaBis, Sslis, and Szl s performs better when
the NRA doping is up to 15 wt%, which indicates that the fatigue
resistance of the asphalt binders has been enhanced by the composite
effect of SBS and NRA. A possible reason for this situation is that the NRA
is fully dissolved in the asphalt binders during the modification process.
Its components of pure asphalt, mineral components and SBS together to
participate in the modification process, so that the modified asphalt
resistance to high temperature deformation ability to increase, and
further enhance its fatigue resistance [20].

Fig. 3 shows the results of stress-strain curves for different composite
modified asphalt binders samples. It can be seen that, with the increase
of shear strain, the shear stress response of the composite modified
asphalt binders samples reaches a peak at a certain point. This peak
stress corresponds to the yield stress of the asphalt binders material. The
shear strain at which this peak occurs is referred to as the yield strain.
After the shear strain continues to increase and exceeds the yield strain,
the shear stress decreases rapidly from the yield stress point, at this time,
the asphalt binders material has undergone serious fatigue damage, the
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Fig. 5. Normalised modulus ratio vs. loading cycles for composite modified
asphalt binders.

ability to withstand shear stress decreases dramatically.

For the peak stress value of each curve, it can be seen from the figure
that the yield stress values of SyBs, S3Bs, Sals, and S3ls are larger, which
indicates that 5 wt% NRA modified asphalt binders lacks ductility and is
more prone to brittle fracture. Different curves correspond to different
peak values and their corresponding widths. The larger the peak yield
stress value is, the narrower the peak width of the curve is. However SBS
and NRA doping can obviously reduce the peak yield stress value, and
the peak width is proportional to the dosage of SBS and NRA. Among
them, which SyB1s, S3Bis, Salis, S3lis have larger peak widths. This in-
dicates that the composite modified asphalt binders has less strain
dependence and better fatigue resistance due to the increase of SBS and
NRA content.

The 2.5 % and 5.0 % shear strains used in this study represent the
modified asphalt binders applied to low strength pavements and high
strength, respectively. The predicted fatigue life of each NRA/SBS
composite modified asphalt binders is calculated by the S-VECD theory
for the two strain levels. The results are shown in Fig. 4. The fatigue life
of the composite modified asphalt binders increases with the increase of
the mass percentage of NRA under the same SBS doping level. At the
same time, the fatigue life of composite modified asphalt binders
increased when the SBS dosage is increased from 2 wt% to 3 wt%. S3B1s
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Fig. 6. Fatigue life based on complex modulus decay criterion.

and S3l;s have the highest fatigue life at the same shear strain. Strain
increased from 2.5 % to 5.0 %, the fatigue life of different types of
composite modified asphalt binders has a large difference. And this
difference is more obvious under the strain level of 5 %. The fatigue life
of the same asphalt binders at 5.0 % is significantly lower than that at
2.5 %. It can be seen that high strain conditions on the fatigue life of
composite modified asphalt binders are unfavourable, so in practical
applications, there is a need to select composite modified asphalt binders
according to the specific surface bearing conditions to ensure the
durability of the road.

3.2. Analysis of TS test result

3.2.1. The complex modulus decay criterion

The complex modulus decay criterion uses the number of loading
cycles corresponding to the reduction of asphalt binders modulus to the
initial 50 % as the fatigue life of the asphalt binders. For visual analysis,
the normalised modulus ratio S is used as the research index. S is the
ratio of the complex shear modulus under each loading cycle to the
complex shear modulus measured under the first shear cycle, meaning
the initial normalised modulus ratio of all asphalt binders typesisS = 1.
The curves shown in Fig. 5 presented the relationship between the S
value and the number of loading cycles for each composite modified
asphalt binders.

From the results in Fig. 5, it can be seen that the normalised modulus
ratio curves of SyB15 and S3Bis are further to the right from the inter-
section point at S = 0.5 at 5 % strain level. The S value decays to 0.5
after 24,600 and 32,800 oscillatory loading cycles, respectively, which
shows good fatigue resistance.

In addition, it can be seen from Fig. 5 that at the beginning of
loading, the S curve for composite modified asphalt binders exhibits a
short “platform area”. As the dosage of SBS and NRA increases, the
duration of the platform area extends. The plateau region of the S curve
is more pronounced for S3B1s, S3B1s, Salis and Sslys. This may be due to
the compounding action of NRA and SBS, which improves the ability of
the material to maintain its integrity.

When the number of loading cycles approaches 10,000, a sharp
decline in the S curve begins to appear. In contrast, asphalts such as S2Bs
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Fig. 7. Curve of SxN versus number of loading cycles.

and SyIs demonstrate a downward trend at the start of the loading cycle.
This suggests that the combined effect of NRA and SBS causes the fatigue
damage node in the asphalt matrix to appear later. The fatigue lives
which determined by complex modulus decay quasi-measurement of
Sol;5 and S3ly5 are 30,200 and 43,200. This is superior to both S5B15 and
S3B1s.

The predicted fatigue life results in Fig. 6 are consistent with the LAS
test fatigue life results, showing an improvement in fatigue performance
with increased SBS and NRA content. S curve platform area of SyB1s,
S3B1s, Solis, and Sslis is more obvious, while S;Bs and Ssls, and other
asphalt binders types in the beginning of the loading cycle, show a
decreasing trend. This indicates that the composite effect of NRA and
SBS delays the appearance of the fatigue damage node of the asphalt
binders matrix. This may be due to the increased asphaltene content in
the modified asphalt binders. In the asphalt colloidal model, asphaltens
are assumed to exist as associations of polar molecules, and the associ-
ations are not mobilized by addition of solvents such as n-heptanes. With
the addition of natural rock asphalt, asphaltens and resins content in-
creases. At the same time, saturates and aromatics content decreases.
From the asphalt composition analysis, the addition of rock asphalt
improves its temperature durability and high temperature performance.
It further improves its fatigue resistance [28].

3.2.2. The SxN peak criterion

SxN is a phenomenological indicator. S is the normalised modulus
ratio defined during the fatigue test and N is the number of loading
cycles. The fatigue life calculated based on this fatigue criterion is
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Fig. 8. Schematic diagram of cylindrical samples in DSR test.
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defined as the number of loading cycles at which the asphalt binders
reaches its highest SxN value.

From Fig. 7(a), the peaks of the SxN curves for all the composite-
modified asphalt binders appeared in the plateau region. The S3Bis
peak was the largest, followed by the SyB;s5 peak, while the SoBs peak
was the smallest and appeared at the earliest time. This suggests that
increasing the dosage of SBS and BRA greatly increases the SxN peaks
and delays their appearance. According to Fig. 7(b), the Syls peak
appeared in a region similar to the plateau and the SxN value changed
little with an increase in the number of loading cycles. Except for Ssls,
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the SxN curves of all the IRA/SBS composite modified asphalt binders values of Syly¢ and S3l;o show a tendency to be close to each other when

showed a continuous upward trend and the peaks appeared with a clear the number of loading cycles is more than 45,000. The minor fluctua-
lag. tions observed in the SxN curves of S;l5 and Sslis near the 45,000

It is worth noting that Some kinds of NRA/BRA asphalt binders did cycles may be attributable to the decline in the phase angle of S;I;5 and
not reach the peak value of SxN, which shows that the fatigue life of S3l;5 prior to the termination of the shear cycles. In general, both the
these asphalt binder would be much higher if the SxN criterion was NRA and SBS composite asphalt binders demonstrate adequate fatigue
considered. Therefore, the TS test should be carefully evaluated and resistance during the loading cycles. Furthermore, the fatigue resistance
finished after the peak of SxN is finally reached. of the asphalt binder matrix is found to be positively influenced by the

When the IRA doping is 10 %, the SxN values of Syl;¢ and S3l;p are augmentation of SBS and NRA contents.

significantly higher than those of Syls and S3ls. Furthermore, the SN
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Fig. 11.

3.3. DSR-C fatigue damage model based on LAS and TS tests

Crack length can be used as a direct assessment of the fatigue
cracking resistance of asphalt binders. In order to improve the accuracy
of fatigue crack prediction in asphalt binders and to explain the cracking
process of asphalt binders materials under rotational shear fatigue
loading, a number of existing studies have begun to focus on the direct
study of crack propagation in asphalt binders. For example, Hintz uses
TS testing and digital visualisation in DSR to study trends in crack
expansion in asphalt binders samples [25]. Shan used DSR testing and
image analysis to determine internal crack expansion in asphalt binders
samples during shear fatigue [17]. In these studies, Eq. (6) is used to
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predict the effective radius based on the fact that the measured torque
(T) decreases with the number of loading cycles in the TS test. The crack
length in the DSR test is determined by subtracting rg determined by Eq.
(6) from the original sample radius ry.

2TH

4
-2 6
' ﬂG{Gg .

Where rg is the effective radius shown in Fig. 8, representing the radius
of the remaining uncracked area of the asphalt binders sample in the
DSR test. T and 0 are the torque and deflection angles measured by DSR.
h is the height of the sample. And |Gp*| is the shear modulus of the
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undamaged asphalt binders.

However, in the case of a relatively high number of load cycles, the
calculated values of crack length are smaller than the measured values
from the digital image analysis. This is mainly due to the fact that Eq. (6)
is derived from the linear elastic stress-strain constitutive relationship in
the undamaged state. Therefore it cannot be used to predict the effective
radius resulting from fatigue crack growth in the damaged state. For the
above reasons, Zhang and Gao et al. use the principle of damage me-
chanics and the rheological parameters of asphalt binders before and
after fatigue damage obtained from LAS and TS tests to develop a DSR-

10
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based crack growth (DSR-C) model to predict the crack expansion of
asphalt binders during the DSR test[27]. Thus, they provide a direct
method to effectively quantify the fatigue resistance of asphalt binders.
The DSR-C model adopts the principle of damage mechanics, principle
of torque, and dissipated strain energy (DSE) equilibrium (Egs. (7), (8))
and establishes a predictable crack expansion calculation formula (Eq.
(9)) for asphalt binders under rotational shear fatigue loading.

arg®
TE max
2

ary’
—5 INmax =
2

)
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Fig. 13. (a) Typical surface crack image of asphalt binder sample after TS test at 20 °C and 10 Hz; (b) Real crack morphology image of asphalt binder sample surface

after treatment.
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Where 7y max is the maximum stress amplitude of the asphalt binder
sample under damage conditions at the nth load cycle;zg max is the
maximum effective stress amplitude of the asphalt binder under un-
damaged conditions. |Gp*| and §p are the dynamic modulus and phase
angle of the asphalt binder under undamaged conditions. |Gy*| and &y
are the dynamic modulus and phase angle of the asphalt binder under
the nth loading cycle in time sweep.

3.3.1. Rheological parameters of asphalt binders before and after fatigue
damage

The shear modulus |Gy*| as well as the phase angle y of the asphalt
binders under undamaged conditions are obtained from the LAS test.
The LAS fatigue damage test ranging from 0.1 % to 30 % test at tem-
perature of 20 °C.

Figs. 9 and 10 show the variation curves of shear modulus |Gp*| and
phase angle 5o with linear shear strain, measured during the LAS test for
BRA/SBS and IRA/SBS composite modified asphalt binders, respec-
tively. In all plots, the complex shear modulus shows a platform area and
then decreases rapidly with increasing shear strain. The platform area
corresponds to smaller shear strains which are around 1 %, and the
complex shear modulus curve decreases the fastest after the shear strain
exceeds 10 %.

For the phase angle curve, it is in the shear strain of 1 % near the
platform area, and then increases rapidly. Upon reaching approximately
5 % strain levels in the shear process, both the complex shear modulus
and the phase angle undergo observable alterations. When the shear
strain reaches 10 %, the phase angle curve shows a sudden decreasing
trend, with peak-like fluctuations observed in the figure. It can be seen
that a shear strain of 10 % represents the cut-off point for the rapid
decay of the rheological properties of the composite modified asphalt
binders material.

Furthermore, comparative analysis revealed that the phase angle at
which fatigue damage did not occur increased with increasing rock
asphalt dosage. This finding is consistent with the change rule of the
phase angle where fatigue damage occurs later, indicating that high rock
bitumen dosage can improve the fatigue performance of modified
asphalt. This hypothesis is supported by subsequent fatigue cracking

11

experiments.

According to the |Gp*| as well as 5y results of NRA/SBS composite
modified asphalt binders determined by the LAS test, the complex shear
modulus and phase angle begin to show a significant trend of change at a
strain level of 5 %. So the controlled strain level of the TS test is chosen
to be 5 %, the test temperature is 20 °C, and the test frequency is 10 Hz.
In fact, TS tests using 5 % and 7 % strain levels have been performed in
the literature to study the fatigue damage behavior of asphalt [29,30]. In
order to ensure that each composite modified asphalt binders under the
loading conditions shows obvious fatigue damage, the loading cycle
time of this test is set to 5400 s, so the total number of cycles is 54,000
times. Figs. 11 and 12 show the variation curves of post-breakage shear
modulus |Gy*|and phase angle sy with the number of loading cycles,
measured during the TS test for BRA/SBS and IRA/SBS composite
asphalt binders, respectively.

At the beginning of the TS test loading cycle, the complex shear
modulus curves of all composite modified asphalt binders show a small
platform area or peak, which is due to the lower TS test temperature.
When the DSR rotor began applying shear stress to the composite
modified asphalt binders, the asphalt binders had not yet experienced
fatigue damage, and its internal resistance to the external shear load was
stronger. As the loading cycles increases, the asphalt binders internal
fatigue damage is gradually occurring, and then the complex shear
modulus then maintains the trend of decreasing with increasing loading
cycles. The complex shear modulus and phase angle at the end of the
fatigue loading cycle are marked in the graphs. The increase in the
amount of NRA resulted in a significant increase in the phase angle after
damage, indicating that NRA has a positive effect on improving the fa-
tigue resistance of modified asphalt.

3.3.2. Verification of fatigue crack results of DSR-C model

By substituting the obtained results of the rheological parameters of
the composite modified asphalt binders before and after fatigue damage
into the DSR-C model (Eq. (9)), the calculated fatigue crack lengths of
different composite modified asphalt binders can be obtained. In order
to further verify the accuracy of the fatigue crack length calculated by
the DSR-C model, it is necessary to obtain the real fatigue crack length of
the composite modified asphalt binders at the end of the TS test with the
help of image processing. The accuracy and reliability of the DSR-C
model can be verified by comparing the difference between the
measured and calculated values. The true fatigue crack length of the
composite modified asphalt binders at the end of the TS test can be
determined by the following image processing steps:

Acquisition of real fatigue crack images of asphalt binders surface
after TS test. After 54,000 loading cycles of TS test, the temperature of
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Fig. 14. Surface images of fatigue cracking of BRA/SBS at 20 °C and 10 Hz loading conditions.

Fig. 15. Surface images of fatigue cracking of IRA/SBS at 20 °C and 10 Hz loading conditions.

DSR mainframe is set to 3 °C, and the temperature is kept at this tem-
perature for 10 min, so that the composite modified asphalt binders will
completely cool down to prevent it from melting. It can keep the geo-
metric dimensions and internal cracks fixed. Also this step facilitate the
subsequent sampling operation. At the end of the holding procedure, the
8 mm rotor is withdrawn and images of the asphalt binders surface crack
morphology are taken from a fixed distance perpendicular to the asphalt
binders surface direction. Fig. 13(a) shows a typical asphalt binders
surface real fatigue crack morphology image obtained during this pro-
cedure. It can be seen that in the centre portion of the asphalt binders
sample, a smoother circular uncracked area is presented, which is
caused by the direct pull-off after the TS test.

This central region represents the uncracked portion of the asphalt
binders sample during the TS test and its radius is defined as the effective

radius (rg). Around this central region, there exists an annular area of
rough surfaces consisting of crests and troughs along the radial direction
of the specimen as a result of shear-induced surface interactions between
the bottom of the rotor and the cracked surface at the top of the spec-
imen. It means that this annular area is caused by cracking under rota-
tional shear loading. This type of cracking pattern is known as "roof
cracking", and the surface morphology of this crack demonstrates that
crack propagation in the asphalt binders samples in the DSR experiments
is essentially controlled by the shear fatigue loading rather than by the
"edge instability" of the specimens [31]. For the fatigue crack length is
defined as labelled in Fig. 13(a), where ry is the asphalt binders radius
and the fatigue crack length is the difference between r( and the effec-
tive radius rg.

Measurement of real fatigue cracks. Firstly, the real crack
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Table 6
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Fatigue modelling parameters and crack length results of composite modified asphalt binders under 54,000 loading cycles.

Asphalt binder Go* o GN* On Model calculation (mm) Measured (mm)
(kPa) ©) (kPa) ©)
S5Bs 3468.317 52.459 575.668 50.835 1.433 1.423
S5B10 3267.868 54.301 646.135 52.633 1.318 1.329
S:B1s 2686.796 58.147 625.538 53.737 1.185 1.193
S3Bs 3593.176 53.11 618.978 51.264 1.407 1.419
S3B1o 3057.084 55.094 649.81 53.382 1.269 1.257
S3B1s 2734.819 59.584 651.687 58.06 1.194 1.176
Sals 3600.227 51.434 520.724 48.957 1.511 1.513
Salio 3170.362 54.079 559.396 51.416 1.385 1.402
Salis 2719.522 57.354 584.717 53.699 1.246 1.230
Ssls 3694.554 51.736 602.724 50.212 1.444 1.437
Sshio 3269.546 54.305 699.164 52.782 1.267 1.275
Sshis 2788.333 58.479 646.255 55.742 1.203 1.193
Adobe Photoshop CS6 software. The pixel area of the undamaged area
R2=0.993 and the entire sample area is calculated using the pixel area statistics
Elsh function in Image Pro Plus (IPP) 6.0 software, and the actual area ratio is
E replaced with the pixel area ratio (S./Sp). The final crack length (c),
s denoted as the measured crack length, can be obtained by Eq. (10).
E a4l o Figs. 14 and 15 show the fatigue-cracked surface images of BRA/SBS and
3 IRA/SBS composite asphalt binders, respectively.
=
E o do(1 — 1/S./So)
S13f €= 2 (19)
o S
= Where dj is the diameter of the sample, which is 8 mm.
= , According to the above process the real measured and model
z B ) ) ) calculated values of fatigue damage crack length of composite modified
8 ® SB; @ 5By, 4 5By asphalt binders based on DSR-C model can be calculated. The results are
v SBs ¢ SiBy S3Bys shown in Table 6. Under 54,000 cycles of loading, all the composite
11 1'7 1I? ll 1 1'5 modified asphalt binders produce fatigue cracks of more than 1 mm.The
- - ) ’ fatigue crack lengths are reduced by the influence of the increase in the
True Measured Value (mm) dosage of SBS and NRA. The fatigue crack true measured values can be
obtained sorted as: BRA: S3B15<S2B15<S3B19<S2B10<S3B5<S2Bs, IRA:
(a) BRA/SBS S3l15<Sal15<S3l10<S2l10<S3l5<Sals. The shorter the fatigue crack, the
better the fatigue resistance.
The fatigue crack lengths of Ss3l;5 and S3Bis are 1.193 mm and
R2=0.996 1.176 mm respectively, which are only 78.85 % and 82.64 % of the
EL5H fatigue crack lengths of Syls and SyBs. It showed that SBS and NRA
g effectively improved the fatigue life of composite modified asphalt
E binders. The correlation analysis between the calculated values of DSR-C
Sk model and the corresponding real measurements is shown in Fig. 16. The
3 e figure demonstrates that the real measurements of the fatigue crack
= lengths for both types of NRA and SBS composite modified asphalt
<9
GRELS
3
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Fig. 16. Correlation between calculated and measured fatigue crack values for
DSR-C model at 54,000 loading cycles.

morphology image of the original asphalt binders surface is processed,

in which the specific area involved is defined as shown in Fig. 14(b).
Base on the significant difference in grey values, the boundary be-

tween the undamaged area and the cracked area is marked using the

13
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Fig. 17. Comprehensive comparison of fatigue performance index of NRA/SBS
composite modified asphalt binders.
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binders exhibit a strong correlation with the calculated values from the
DSR-C model. It suggests that the DSR-C model has a high computational
accuracy and reliability.

3.4. Comprehensive comparison of different fatigue performance indexes

In order to visually compare the difference in fatigue performance
between BRA/SBS composite modified asphalt binders and IRA/SBS
composite modified asphalt binders, S3Bs, S3B1¢, S3B1s, S3ls, S3li0, and
Ssli5 are selected for a comprehensive comparison. The evaluation in-
dicators include the S-VECD fatigue life (under the strain level of 2.5 %
and 5.0 %), the corresponding fatigue life based on the complex
modulus decay criterion (Nysp), the calculated fatigue crack length of the
DSR-C model and the measured fatigue crack length.

As shown in Fig. 17, the pentagonal species has five corners,
including three fatigue life indexes and two fatigue crack indexes. Each
corner also represents the ranking of six modified asphalt fatigue in-
dicators. As can be seen, the fatigue performance indicators of different
modified asphalts binders are essentially identical in terms of conven-
tional fatigue life and fatigue cracking. The measured and calculated
fatigue crack lengths of S3Bs and Ssls are greater than 1.4 mm, which is
much larger than the measured and calculated fatigue crack lengths of
S3Bi5 and Ss3ljs. And it implies that S3Bs and Ssls show a weaker resis-
tance to fatigue crack extension during fatigue testing. The fatigue life of
S3Bi5 and Ssl;s under the strain level of 2.5 % and 5.0 % and the fatigue
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Fig. 19. Measured fatigue crack value and Nf.yecpcs.o %) correlation.

life corresponding to the complex modulus decay criterion exceeded
those of SgBs and Ssls, which indicates that the composite modified
asphalt binders with the combination of 3 wt% SBS and 15 wt% NRA has
a good fatigue resistance performance.

In light of the above analysis, a correlation is established between the
fatigue crack indexes of the real test and the fatigue life indexes. The
results of this correlation are presented in Figs. 18-20. The findings of
the correlation analysis demonstrate a strong correlation between the
fatigue crack indexes and the fatigue life indexes, with R? values
exceeding 0.94. This substantiates the reliability of fatigue crack in-
dicators in evaluating the fatigue performance of NRA/SBS composite
modified asphalt binder. With the exception of the fatigue life calculated
by S-VECD theory under low strain conditions, the correlation between
fatigue crack index and fatigue life of IRA/SBS modified asphalt binder
is higher and more significant than that of BRA/SBS modified asphalt
binder. This finding indicates that the fatigue crack index is a more
suitable index for evaluating IRA/SBS modified asphalt binder. It is
important to note that the correlation between the fatigue cracking
index and the Nf.ygcp of the BRA/SBS modified asphalt binder is weaker
than the other indexes at a strain level of 5 %, with an R? value of 0.945.
This indicates that the use of the fatigue cracking index for the evalua-
tion of the fatigue performance of the BRA/SBS-modified asphalt binder
is not precise enough at high strain conditions.
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4. Conclusion

In this study, the fatigue characteristics of NRA/SBS composite
modified asphalt binders based on LAS test and TS test are analysed by S-
VECD model, 50 % complex modulus decay criterion, SxN peak crite-
rion, and the DSR-C model. The fatigue damage parameters of NRA/SBS
composite asphalt binders were determined both before and after fa-
tigue testing, and the DSR-C model’s crack-prediction capability was
validated by comparison with actual binder crack-morphology images.
The fatigue crack indexes and fatigue life indexes calculated by DSR-C
model are also correlated. The main conclusions are as follows:

(1) From the results of the LAS test, it can be seen that the material
integrity of the composite modified asphalt binders increases
with adding BRA and IRA. For the same composite modified
asphalt binders, Nryecp under the strain level of 5.0 % was
significantly lower than the Ngypcp under the strain level of
2.5 %, it is evident that high strain conditions are unfavourable to
the fatigue life of composite modified asphalt binders.
The TS test results show that BRA and IRA composite modified
asphalt binders maintain good fatigue resistance during the test
loading cycle. The increase of SBS and NRA content has a positive
effect on the fatigue resistance of the composite modified asphalt
binders, this may be due to the synergistic effect of NRA and SBS.
(3) The DSR-C model has good accuracy and reliability for the pre-
diction of fatigue crack length of NRA/SBS composite modified

(2
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asphalt binders, which accurately matches with the real mea-
surements based on the real asphalt binders cracking morphology
images. It can accurately reflect the fatigue crack extension pro-
cess of NRA/SBS composite asphalt binders under fatigue loading
conditions.

(4) The fatigue cracking index calculated based on the DSR-C model
can well evaluate the fatigue performance of NRA/SBS composite
modified asphalt binders, and the fatigue cracking index is better
applicable to IRA/SBS composite modified asphalt binders.

(5) Sslys is better than other modified asphalt binders in both fatigue
life index and fatigue cracking index, which shows that S3l;s has
the best fatigue damage resistance.

(6) There is some variability in the fatigue performance of NRA/SBS
modified asphalt binders indicated by different fatigue indexes,
but the fatigue crack indexes and conventional fatigue life in-
dexes are more strongly correlated, and their R? were all greater
than 0.9.

For future research, it is recommended that the fatigue performance
of modified asphalt binders be evaluated from an energetic perspective
to develop a more generalizable fatigue evaluation method. In addition,
subsequent studies should further refine the DSR-C model and improve
its accuracy to ensure its applicability to a wider range of modified
asphalt binders types.
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