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Asphalt mixtures are the major constituent of road constructions. *ose mixtures expose to high-temperature levels during the
construction process and their life cycle.*e bitumen aging occurred because of the harmful effects of elevated temperatures upon
the asphalt mixtures, which leads to oxidation, evaporation, and physical hardening within the bitumen structure. *e aging
phenomenon can intensify the hardness and brittleness of bitumen, which negatively affects the performance of asphalt mixtures.
Researchers have investigated different types of bitumen additives to diminish the negative effects of bitumen aging, among which
biomass additives are more attractive for researchers because that additives are organic and mainly emanate from waste materials.
*e current study investigated the effect of calcium lignosulfonate (CLS) at four quantities (i.e., 5%, 10%, 15%, and 20% by the
weight of base bitumen) as an antiaging bitumen additive on physical, workability, thermal susceptibility, rheological, and
chemical properties of 60/70 penetration grade bitumen. *e results revealed that although the addition of CLS into the bitumen
enhanced the rigidity of bitumen against rutting failure at high-temperature conditions, the CLS-modified bitumen was more
susceptible to fatigue failure than the virgin bitumen at low-temperature regions. *e workability analysis showed that the CLS
powder could improve the bitumen’s consistency against permanent deformation at high-temperature levels. Although the
bitumen’s viscosity increased because of CLS modification, the CLS-modified bitumen provided acceptable workability based on
the Superpave specifications. Outcomes from the rheological test revealed that the addition of CLS into the bitumen improved the
rutting resistance of bituminous mixtures at high-temperature levels. *e SARA analysis indicated that the hardening of CLS-
modified samples emanated from the formation of asphaltenes within the bitumen because of CLS incorporation. Different types
of aging indices, including PRP, SPI, VAI, and AIRF, which were calculated in this research, showed that the presence of CLS
within the bitumen could retard the bitumen’s aging process.

1. Introduction

Roads are known as the essential part of the transportation
system because they can bring human accessibility, eco-
nomic development, and social benefits [1, 2]. Moreover,
roads are responsible for their users, including car drivers,
pedestrians, and goods, to provide comfort and safety for
them [3, 4]. Nowadays, asphalt mixtures are more in de-
mand than concrete mixtures in road constructions because
asphalt mixtures can bring high skid resistance, uniform
surface, lower traffic noise generation, and more cost-ef-
fectiveness than concrete mixtures [5–7].

Asphalt mixture can be formed by mixing bitumen and
crushed aggregates [8]. Between them, bitumen plays a

significant role in the characteristics of asphalt mixtures;
however, bitumen consists within a range of 5% of the
asphalt mixture’s weight [9, 10]. Bitumen is emanated from
the crude oil refining process [11]. Bitumen is responsible for
aggregates coating and attaching them together [12].
Moreover, it can protect the asphalt mixtures against en-
vironmental factors, including moisture damage, UV radi-
ation, and oxygen [13, 14]. *e environmental factors and
traffic loading can negatively affect the bitumen coating of
aggregates, leading to the deterioration of the asphalt
mixture’s performance [15, 16]. It is worth mentioning that
road maintenance can impose a financial burden on gov-
ernments if the asphalt mixtures do not have a suitable and
predicted lifetime [17].
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Bitumen aging is a detrimental phenomenon that occurs
during the construction process and service life of asphalt
mixtures [18]. Bitumen aging defines as the effect of hot
temperature on the bitumen’s chemical components [19]. In
general, the chemical composition of bitumen consists of
saturates, aromatics, resins, and asphaltenes [20]. Among
these, saturates are responsible for bitumen’s thermal sus-
ceptibility [21]. *e liquid part of bitumen emanates from
aromatics. Moreover, resins provide adhesiveness and wa-
terproofness features within the asphalt mixtures [22, 23].
Finally, asphaltenes in bitumen create rigidity for bitumen’s
structure [24]. Resins change to asphaltenes during the aging
process; besides, aromatics convert to resins [25]. *en, the
brittleness of bitumen increases, leading to endangering the
bitumen’s service life against fatigue failure [26].

Various types of bitumen modifiers have been consid-
ered to use as a bitumen’s antiaging additive, such as carbon
black, ashes, biomaterials, and multidimensional nano-
materials, some of which can emanate from waste [27–30].
In 2006, Ouyang et al. [31] indicated that zinc oxide (ZnO2)
powder could improve the bitumen’s antiaging behavior. In
2009, Zhang et al. [32] investigated the impacts of carbon
black on bitumen’s aging properties, and the results showed
that carbon black had a positive effect on bitumen aging. In
2011, nanoclay was noticed by You et al. [33], who con-
cluded that the addition of nanoclay into the bitumen could
be effective on the high-temperature performance of bitu-
men; besides, it can postpone the bitumen’s oxidation. In
2021, Giustozzi et al. [34] investigated the impact of waste
cooking oil as a bitumen’s antiaging additive. *e results
showed that waste cooking oil could significantly improve
the bitumen’s rheological characteristics; moreover, it could
hinder the bitumen’s aging.

Due to improving the bitumen’s antiaging performance,
some researchers have evaluated the feasibility of addition
biomass material as an antiaging agent into the bitumen
[35, 36]. *e biomass additive can be considered a cost-
effective bitumen modifier because biomass materials are
organic and emanate from living organisms, such as plants
and animals [37, 38]. As a biomass additive, lignin has
increasingly begun to use as a bitumen modifier [39], be-
cause, on the one hand, its generation is estimatedmore than
50 million tons per year [40], and, on the other hand, the
usage of lignin as the bitumen modifier can help to reduce
waste materials [41]. Calcium lignosulfonate (CLS) is known
as a by-product of the pulp and paper industries [41, 42].
Although CLS has the potential of dissolving in bitumen,
limited researches have been conducted to evaluate the usage
of CLS as a bitumen’s antiaging additive.

2. Objectives and Scope

In this study, the effect of CLS on the physical properties,
workability potential, thermal susceptibility, and rheological
behavior of bitumen was investigated. Changes in chemical
components of CLS-modified bitumen were investigated
using the SARA test. Moreover, bitumen samples were
subjected to the short-term aging process to evaluate the
antiaging behavior of CLS powder within the bitumen. *e

rolling thin-film oven (RTFO) test was considered to sim-
ulate the short-term aging process. Experimental exami-
nations were conducted on virgin, CLS-modified, and aged
bitumen samples to assess the effect of CLS modification and
the aging process upon the bitumen’s characteristics. It is
worth mentioning that the incorporation of CLS powder
into the bitumen was considered according to the CLS-to-
bitumen (CLS/b) ratios: 0.05, 0.10, 0.15, and 0.20 by the
weight of bitumen. It is hoped that the outputs reveal that
whether the addition of CLS within the bitumen can pos-
itively affect the characteristics and antiaging behavior of
bitumen or not.

3. Experimental Materials and Methods

In the current study, 60/70 penetration grade bitumen was
provided from Shargh Oil Refinery (Mashhad, Iran). *e
basic characteristics of the virgin bitumen are presented in
Table 1. CLS powder (CAS No: 8061-52-7), obtained from
Lingo Tech South Africa Co. Ltd., was used as a bitumen
modifier with 5%, 10%, 15%, and 20% by weight of bitumen.
*e physical appearance of CLS powder was solid with light
yellow-brown color. Table 2 represents the physical prop-
erties of CLS powder. *e molecular structure of CLS is
depicted in Figure 1; moreover, the CLS chemical formula is
C20H24CaO10S2 [42].

*e surface morphology of gold-coated virgin bitumen
and CLS powder was analyzed based on the field-emission
scanning electron microscopy (FESEM) technique. It can be
concluded that the virgin bitumen had a smooth surface;
besides, CLS powder had a spherical shape containing a
bumpy surface, as shown in Figures 2 and 3.

To investigate the effect of CLS incorporation and aging
on the bitumen’s properties, first of all, physical tests in-
cluding penetration, softening point, and torsional recovery
tests were conducted on the bitumen samples. Secondly,
kinematic and rotational viscosity tests were considered to
assess the bitumen’s workability potential. After that, bi-
tumen’s thermal susceptibility was measured according to
penetration index (PI) and penetration viscosity number. At
the next step, rheological features of bitumen samples at
high-temperature conditions were examined according to
the dynamic shear rheometer (DSR) test. Finally, the SARA
test determined the chemical components of bitumen
samples. *e experimental procedure was summarized, as
can be seen in Figure 4.

4. Sample Preparation

*e incorporation of CLS powder, which was sieved through
a No.100 sieve, into the virgin bitumen was conducted using
the high-shear mixer at 150°C. Moreover, the mixing speed
and mixing time were adjusted at 3000 rpm and 30min,
respectively [43]. Based on the CLS content which was added
to the virgin bitumen, the bitumen samples were coded, as
can be seen in Table 3. In order to evaluate the homogeneity
of CLS-modified samples, the FESEM technique was used
[44]. Figure 5 shows the FESEM images, which were taken
from CLS20. On the one hand, it can be found that the CLS
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powder dissolved into the bitumen. On the other hand, CLS
powder changed the bitumen’s texture from a smooth
surface to a porous surface. *e short-term aging was ap-
plied on the bitumen samples using the rolling thin-film
oven (RTFO) apparatus according to AASHTO T240. It is
worth mentioning that bitumen samples were exposed to a
temperature of 160°C for 75min during the aging process
[45].

5. Test Methods

5.1. Physical Property Tests

5.1.1. Penetration Test. *e penetration test is known as a
conventional physical test [46]. According to ASTM D5, the
penetration test was conducted on prepared bitumen
samples using a standard needle at a constant temperature
(25°C) [47]. *e results of the penetration test can evaluate
the bitumen’s consistency [48]. If the bitumen samples show
a low penetration value, that bitumen can resist the rutting
failure at high-temperature regions because of its hardness;
however, it can endanger the asphalt mixtures against the
fatigue failure at low-temperature conditions [49,50].

5.1.2. Softening Point Test. *e softening point value can
also be measured to determine the bitumen’s physical
properties [51].*e softening point test was conducted using
standard rings and balls in a water bath based on ASTMD36
[52]. *e results can evaluate the bitumen’s temperature
susceptibility [53]. If the bitumen specimen indicates a high
softening point value, that bitumen can preserve its con-
sistency at high-temperature conditions [54].

5.1.3. Torsional Recovery Test. *e torsional recovery test
can determine the bitumen’s elasticity caused by CLS
powder [55]. Torsional recovery defines as a bitumen’s re-
covery measured after rotating 180° at 25°C according to the
ARRB AG : PT/T112 procedure [56]. Figure 6 depicts the
parts of the torsional recovery test apparatus schematically
[57]. Equation 1 calculates the torsional recovery percentage
(TR) [56].

TR �
A
180

× 100, (1)

where A corresponds to the recovered angle, recorded when
the band of the specimen is removed and leads to bitumen’s
recovery for 30 seconds.

5.2. Workability Performance Tests

5.2.1. Kinematic Viscosity Test. *e bitumen’s flow behavior
can be evaluated by the kinematic viscosity test based on
ASTM D2170 [58]. For this purpose, a glass capillary ki-
nematic viscometer is filled with bitumen; at the next step,
the capillary tube is subjected to the specified temperature
(135°C). Finally, the bitumen flows between standard marks
through the capillary tube due to bitumen’s gravitational
force, and the passing time can be achieved [59]. *e ki-
nematic viscosity is obtained bymultiplying the passing time
by the calibration factor of the glass capillary kinematic
viscometer tube [60]. Figure 7 shows the kinematic viscosity
measurement apparatus.

5.2.2. Rotational Viscosity Test. *e bitumen’s rotational
viscosity (RV) is a key factor of bitumen to ascertain its
workability during the mixing and compaction of asphalt
mixtures [61]. Based on the procedure described in ASTM
D4402, the cylindrical spindle, which contains a constant
rotational speed, should be submerged in the bitumen
during the RV test [62]. In this research study, the Brookfield
rotational viscometer conducted the RV test with the ro-
tational speed of 20 RPM at 135°C and 165°C to evaluate the
bitumen’s workability of both virgin and modified samples
[63]. *e ASTM D4402 recommends that the bitumen’s RV
values be lower than 3.00 Pa s at 135°C [64].

Table 1: Properties of the base bitumen.

Properties Units Standard Measured values
Penetration 0.1mm ASTM D5 63
Softening point °C ASTM D36 53
Ductility at 25 cm ASTM D113 +100
Density Gr/ cm3 ASTM D70 1.02
Flash point °C ASTM D92 280
Loosen heating % ASTM D1754 0.3

Table 2: Physical characteristics of the CLS used in this study.

Parameter Color Odor Density (kg/m3) Melting point (°C) PH
Test results Light brown Very slight odor 500 +130 7.5

Figure 1: Molecular structure of CLS.
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5.3. ,ermal Susceptibility Analysis

5.3.1. Penetration Index (PI). *e bitumen’s temperature
susceptibility can be determined by the penetration index
(PI) value which depends on the results of penetration and
softening point tests [65]. Temperature susceptibility indi-
cates the effect of temperature upon the changes in the
bitumen’s consistency [66]. *e PI was calculated as follows
[67]:

PI �
1952 − 500 × log pen25(  − 20 × SP

50 × log pen25(  − SP − 120
. (2)

Pen25 denotes the bitumen’s penetration value at 25°C in
a tenth of millimeters (dmm), and SP presents the bitumen’s
softening point value in terms of degree Celsius.

It is worth mentioning that the bitumen’s PI values
fluctuate from around –3 (high-temperature susceptible
bitumen) to around +7 (low-temperature susceptibility).
Based on previous studies, it can be concluded that if the
bitumen contains the PI value between -1 and +1, it will be
favorable for usage in asphalt mixtures [68].

5.3.2. Penetration Viscosity Number (PVN). Besides the
penetration index (PI), the penetration viscosity number
(PVN) was introduced as an additional option to specify the
bitumen’s temperature susceptibility based on penetration
and kinematic viscosity values [69]. *e formula for PVN
determination is expressed as follows [70]:

PVN � −1.5 ×
4.258 − 0.7967 × log Pen25(  − log(V)

0.795 − 0.1858 × log Pen25( 
 .

(3)

Pen25 is the penetration value (dmm) measured at 25°C,
and V is the bitumen’s kinematic viscosity value (cSt)
recorded at 135°C.

Based on previous researches, it can be concluded that
the bitumen’s PVN values range from +0.5 to -2. Moreover,
decreasing the PVN value leads to high-temperature sus-
ceptibility [71].

5.4. Rheological Property Test. *e elastic, viscous, and vis-
coelastic portions of bitumen were analyzed by a dynamic
shear rheometer (DSR) test [72]. Figure 8 shows the DSR test
apparatus. *e DSR test is capable of measuring the vis-
coelastic behavior of bitumen which is affected by different
variables, including polymers and temperature levels. *en
to investigate the effect of CLS on the rheological behavior of
bitumen at high-temperature levels, the DSR test was per-
formed on virgin and CLS-modified bitumen samples [73].
*e complex shear modulus (G∗) and the phase angle (δ)
were achieved as outputs of the DSR test, which was con-
ducted upon the 25mm bitumen sample discs at a frequency
of 10 rad/sec according to the procedure described in
AASHTO T315 [74]. *e complex modulus (G∗) expresses
the bitumen sample’s total resistance against deformation
when it exposes to the shear stresses; moreover, the phase
angle (δ) can be defined as the delay between the applied
shear stress and the resulting shear strain [75, 76]. Figure 9
depicts the elastic portion and viscous portion of bitumen. It

(a) (b)

Figure 2: FESEM images of the virgin bitumen, which was taken at (a) 100 x zoom and (b) 1.00 kx zoom.

Figure 3: FESEM image was taken at 4.00 kx zoom from the CLS
powder.
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is worth mentioning that both mentioned portions are
correlated to the total shear complex modulus (G∗) and
phase angle (δ) [74].

5.5. SARA Fraction Analysis. In this research, SARA fractions
were separated from unaged and aged bitumen samples in
accordance with ASTM D4124 [77]. *en to determine

bitumen’s SARA components, the solvent precipitation and
chromatographic column method were used. Based on men-
tioned separation method, four components, namely, saturates,
aromatics, resins, and asphaltenes, were identified within the
bitumen [78]. *e first component usually forms 5 wt.% to 15
wt.% of bitumen. *e physical appearance of saturates is liquid
and colorless at room temperature.*e second fraction takes 30
wt.% to 45 wt.% of bitumen; moreover, the color of aromatics is
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yellow to red at room temperature. Around 30 wt.% to 40 wt.%
of bitumen is formed by resins that are solid and have dark
brown color at room temperature. *e black color of bitumen
emanates from asphaltenes which usually construct 5 wt.% to 20
wt.% of bitumen [79, 80].

6. Results and Discussion

6.1. Physical Properties

6.1.1. Penetration Test. Figure 10 shows the results of the
penetration test for bitumen samples. It can be found that
when the CLS particles increased from 0% to 20%, the
outputs of the unaged sample decreased dramatically from
62.5 dmm to 42.6 dmm. For each bitumen mix type, the
aging process could increase the bitumen stiffness because
the aging process dwindled the penetration values of aged
samples compared with penetration values of unaged
specimens. In order to determine the susceptibility of bi-
tumen samples against the aging process, the percent
retained penetration (PRP) index was determined based on
(4) [81].

PRP �
Penetration after aging
Penetration before aging

× 100. (4)

*e presence of CLS particles within the bitumen had a
positive effect on the PRP index of bitumen samples,
according to the results presented in Figure 10. *en, CLS
particles provided positive effects against the bitumen
hardening during the aging process. *e bitumen with 15%
CLS showed the lowest susceptibility against aging because
that bitumen sample had the highest PRP value.

6.1.2. Softening Point Test. *e high-temperature suscepti-
bility of bitumen samples was measured according to the
softening point test [53]. Figure 11 shows how the softening
point values increased versus the addition of CLS particles
within the binder. According to Figure 11, as the content of
CLS particles increased, the softening point of bitumen
specimens experienced an upward trend. *erefore, CLS
particles could increase the bitumen hardening, which led to
improvement in the high-temperature performance of bi-
tumen. *e highest softening point value of CLS-modified
samples was 53°C, which increased approximately 8% than
the virgin binder. Moreover, the bitumen aging led to an
increase in bitumen’s stiffness because the softening point
values of aged bitumen samples were higher than unaged
ones. *e effect of aging on the bitumen hardening was
calculated based on the softening point index (SPI) (5) [82].

SPI � Aged softening point value − Unaged softening point value.

(5)

It is evident from Figure 11 that CLS particles could
dwindle the bitumen’s stiffness emanated from the aging
process because the SPI values of CLS-modified samples
were lower than the SPI value of the virgin specimen.

6.1.3. Torsional Recovery Test. *e torsional recovery outputs
are reported in Figure 12. *e results determine the viscoelastic
and brittleness of bitumen samples at low-intermediate tem-
peratures [56]. It can be found that the recovered angle and
torsional recovery values dropped when the CLS powder was
added. For example, the bitumen sample containing 20% CLS
powder recorded the lowest recovered angle and torsional
recovery values. *en, it can be deduced that the addition of
CLS powder into the bitumen affects the elastic behavior of the
bitumen samples at 25°C, negatively. Meanwhile, CLS powder
can degrade the bitumen’s fatigue life because the brittleness of
CLS-modified samples was higher than virgin bitumen’s
brittleness.

6.2. Workability Performance

6.2.1. Kinematic Viscosity Test. *e outputs of the effects of
CLS powder on kinematic viscosity of virgin bitumen are
plotted in Figure 13 *e addition of CLS powder to the
virgin bitumen increased the value of kinematic viscosity of
the control sample from 339 cSt to 408, 431, 548, and 617 cSt
with 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.% of CLS powder
incorporated, respectively. It can be concluded that the CLS-
modified bitumen contained higher consistency compared
with the virgin bitumen. *en, CLS powder decreased the
high-temperature susceptibility of bitumen, which can
improve the strength of the asphalt mixture against rutting.

6.2.2. Rotational Viscosity Test. *e results of the RV test at
135°C and 165°C are shown in Figures 14 and 15, respectively.
Compared with the virgin bitumen, the CLS-modified samples
recorded higher RV values. Moreover, when the dosage of the
CLS was 20%, the highest RV value was achieved at each
specified temperature level. It can be seen that the CLS20
recorded 0.68Pa s and 0.17Pa s at 135°C and 165°C, respec-
tively. As a result, it can be concluded that the CLS particles
could increase the stiffness of bitumen at high-temperature
conditions. *e RV values of all bitumen samples were lower
than 3.00Pa s; therefore, the presence of CLS particles within the
bitumen did not negatively affect the bitumen’s workability [64].
*e viscosity aging index (VAI) was calculated for bitumen
samples based on (6) to evaluate the effect of the aging process
on the bitumen’s viscosity [83].

VAI �
Viscosity after aging − Viscosity before aging

Viscosity before aging
× 100.

(6)

As Figures 14 and 15 depict, the VAI experienced a
downward trend at 135°C and 165°C when the CLS particles

Table 3: Codes of different samples.

Sample Code
Virgin bitumen CLS0
Virgin bitumen +5% CLS CLS5
Virgin bitumen +10% CLS CLS10
Virgin bitumen +15% CLS CLS15
Virgin bitumen +20% CLS CLS20
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increased within the bitumen. *en, CLS particles could
retard the bitumen’s stiffness due to the aging process.

6.3. ,ermal Susceptibility Analysis

6.3.1. Penetration Index (PI). Figure 16 depicts the PI value
of the bitumen sample, which indicates the bitumen’s
temperature susceptibility [66]. *e low PI value denotes
bitumen’s brittleness, negatively affecting the transverse
cracking in low-temperature regions. Moreover, the high PI
value shows the high-temperature susceptibility leading to
bitumen’s softness [68]. As shown in Figure 16, incorpo-
rating 5%, 10%, 15%, and 20% CLS powder into the bitumen
dwindled the PI value of unaged samples to -0.82, -0.84,
-0.88, and -0.9, respectively. CLS-modified samples were

more prone to brittleness than the virgin bitumen because
the PI value of modified samples experienced a downward
trend toward the negative zone. *e aging process increased
the bitumen’s hardness because the PI value of aged spec-
imens decreased toward negative values. Moreover, CLS
powder could diminish the bitumen’s hardening caused by
aging.

6.3.2. Penetration Viscosity Number (PVN). *e effect of
CLS powder upon the bitumen’s thermal susceptibility was
measured based on PVN values, as depicted in Figure 17. It
can be concluded that the virgin bitumen had the highest
temperature susceptibility because its PVN value was the
lowest. When CLS content increased from 0% to 20%, the
PVN value experienced an upward trend from -0.97 to -0.52.

(a) (b)

Figure 5: FESEM images of the CLS-modified bitumen, which were taken at (a) 1oo x zoom and (b) 1.00 kx zoom.

1. Electrical engine

5 5

The container for the
sample

The degreed plate
loading time in seconds

10

10 10
20

30

40

50

60

70
80

90

20
30

40

50

60

70

80
100

percent recovery
90

0

9
8 28.6 mm

9.5 mm

7

6

5

4

3

2

8
9

7

6

5

4

3

2

101

6

4 4

1

8

7

3

2

Upper board as bearing for the engine
Loading rim
Columns to support the engine board
The welded angles to prevent any lateral
movement when the loading rim rotates
Degreed plate to measure recovered angle
Place for the container of the sample
Down board as bearing for the container of the
sample and the degreed plate

2.
3.
4.
5.

6.
7.
8.

300

4

6

70
80

90

30

0

0

70

80
1000000000000000000000000000000000000000000

percentttt ttttttttt rererererereeeeecorereeerrererreeerreeee very
90

Figure 6: Components of the torsional recovery test [57].

Advances in Civil Engineering 7



*en, the increase of CLS powder within the bitumen was
directly related to bitumen’s better thermal stability. As a
result, the CLS-modified bitumen can resist more against
rutting failure than the virgin bitumen.

6.4. Rheological Properties. Figures 18 and 19 reveal the
results of the DSR test for unaged and aged bitumen
specimens. It can be found that the complexmodulus (G∗) of
CLS-modified samples was higher than virgin bitumen.
*en, addition of CLS into the bitumen could increase the
bitumen’s stability against rutting failure. Moreover, the
complex modulus (G∗) of all bitumen samples experienced a
downward trend when the temperature increased from 58°C
to 70°C. At all temperature levels, the maximum complex
modulus (G∗) appeared when the CLS dosage was 15%. As
depicted in Figure 19, the aging process increased the
complex modulus (G∗) of bitumen samples because the
aging process could increase the bitumen’s hardness.

According to Figure 20 CLS-modified samples had the
lower phase angle (δ) values compared with the virgin

bitumen. *erefore, the CLS powder could increase the
strength of bitumen against shear stresses [73]. *e CLS15
achieved the lowest phase angle (δ) among all samples at
each temperature level, and then, CLS15 had the highest
resistance against shear stresses. *e phase angle (δ) values
experienced an upward trend when the temperature in-
creased because elevated temperatures increased the viscous
behavior of bitumen samples [74]. Figure 21 shows that the
phase angle (δ) of bitumen samples decreased during the
aging process because aging could increase the bitumen’s
hardness.

Due to evaluating the bitumen’s rutting resistance for
virgin and CLS-modified bitumen samples, the rutting factor
(G∗/sinδ) was measured, as can be seen in Figure 22 [84]. It
can be concluded that the incorporation of CLS into the
bitumen could improve the bitumen’s resistance against
rutting failure. Moreover, when the temperature raised, the
rutting factor (G∗/sinδ) values of all bitumen specimens
dropped. *us, the high temperature could increase the
bitumen’s viscous components. Especially at 70°C, the
unaged bitumen samples could not resist the permanent

Figure 7: Kinematic viscosity test apparatus.

Figure 8: Dynamic shear rheometer (DSR) test device.
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deformation based on the Superpave specifications because
their values were lower than 1.0 kPa [85]. After RTFO aging,
the rutting factor of bitumen samples increased compared
with unaged bitumen specimens. *is meant the aging
process could increase the bitumen’s hardness. *e rutting
factor (G∗/sinδ) of aged bitumen samples at 70°C could not
pass the requirement about Superpave specifications because
the rutting factor (G∗/sinδ) of aged bitumen samples was
lower than 2.2 kPa [85].

In order to measure the bitumen’s hardness emanated
from the aging process, the aging index of the rutting factor
(AIRF) was calculated as follows [86]:

AIRF �
G∗/sin(δ)aged

G∗/sin(δ)unaged
. (7)

A lower AIRF led to better aging resistance; therefore,
the CLS-modified samples had lower susceptibility to aging
than the control specimen, as can be seen in Figure 23.

6.5. SARA Fraction Analysis. Figures 24 and 25 illustrate the
distribution of bitumen’s fractions (i.e., asphaltenes, resins,
aromatics, and saturates) based on the SARA analysis before
and after the aging process, respectively.*e outputs are plotted
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Figure 10: Penetration and PRP values of bitumen samples.
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Figure 12: Recovered angle and torsional recovery values of virgin and CLS-modified samples.
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as the average of the three replicates. Figure 24 shows that the
resins and aromatics consisted of the major part of bitumen’s
mass. Moreover, the addition of CLS within the bitumen
dramatically increased the asphaltenes, leading to bitumen’s
stiffness. It is worth mentioning that CLS particles had a

negative effect on the resins and aromatics. For example, as
presented in Figure 24, the addition of 20% CLS to the bitumen
dwindled the aromatics and resins proportions from 32.93% to
27.95% and from 38.9% to 34.48%, respectively. As depicted in
Figure 25, although the aging process could increase the
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Figure 14: Rotational viscosity results and VAI values of bitumen samples (at 135°C).
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Figure 15: Rotational viscosity results and VAI values of bitumen samples (at 165°C).
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Figure 19: Effect of temperature levels and CLS content on the complex modulus of bitumen samples after aging.
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proportion of asphaltenes and resins, it negatively affected the
aromatics and saturates. However, as the CLS content increased
within the bitumen, the formation speed of asphaltenes
dwindled. As a result, CLS could alleviate the bitumen’s stiffness
emanated from the aging process.

7. Conclusions

*is research conducted various laboratory tests to
characterize and compare the properties of bitumen
samples modified with five different dosages of CLS.
Moreover, the antiaging effect of CLS within the bitumen
was investigated according to a series of aging indices
emanated from the comparison of results between aged
samples and virgin specimens. *e following major
conclusions are achieved based on the analysis and results
of this laboratory investigation.

(i) *e CLS particles contained a spherical shape with
a bumpy surface. Although the virgin bitumen had
a smooth surface, the surface texture of CLS-
modified bitumen was porous. And, the CLS
powder had high solubility potential into the
bitumen.

(ii) *e increase of CLS into the bitumen led to an in-
crease in bitumen rigidity. *en, CLS-modified
samples could more resist against rutting failure
compared with the virgin bitumen. *e PRP and SPI
indices showed that the increase of bitumen rigidity,
which emanated from the aging process, could be
controlled by the CLS powder. *e CLS-modified
bitumen, which contained 15% CLS, showed the
highest PRP value and the lowest SPI value among all
bitumen samples. As a result, 15% CLS provided the
highest antiaging potential within the bitumen.

(iii) *e torsional recovery test showed that CLS in-
corporation degraded the bitumen’s fatigue life at
low-intermediate temperature conditions. More-
over, the brittleness of bitumen increased as the
CLS content increased.

(iv) At high temperatures, the presence of CLS enhanced
the bitumen’s consistency against permanent defor-
mation. Although CLS raised the stiffness of bitumen,
the CLS powder could not negatively affect the bi-
tumen’s workability. *e lowest VAI was achieved for
the CLS15 mix type. *en, 15% CLS had the highest
impact on the antiaging behavior of bitumen.

(v) *e aging process and CLS incorporation nega-
tively affected the bitumen’s hardening, which led
to the bitumen’s brittleness at low-temperature
conditions. However, bitumen’s thermal suscepti-
bility increment dwindled when the CLS content
increased.

(vi) Based on the complex modulus (G∗) and phase angle
(δ) obtained by the DSR test, it can be concluded that
there was a significant improvement of rutting
resistance for the CLS-modified bitumen compared to
the virgin bitumen at high-temperature levels. *e
CLS-to-bitumen (CLS/b) ratio of 0.15 achieved the
optimum value for complex modulus (G∗) and phase
angle (δ); therefore, the most rutting resistance gained
for the bitumen prepared by 15% CLS. *e AIRF
index expressed that the CLS could bring the antiaging
potential for bitumen.

(vii) *e incorporation of CLS into the bitumen changed
the distribution of bitumen’s SARA fractions. *e
addition of CLS to the bitumen decreased the fraction
of resins and aromatics compared to the virgin bi-
tumen. Moreover, the fraction of asphaltenes and
saturates increased within the bitumen because of CLS
incorporation. *en, CLS could increase bitumen’s
hardening. However, the presence of CLS within the
bitumen dwindled the formation speed of asphaltenes
during the aging process. *at meant CLS could
hinder the oxidative aging in bitumen.
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