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Using bitumen modifiers to prolong the asphalt mixture’s life has been considered a practical approach in constructing asphalt
mixtures. Among various bitumen modifiers, biomass ones have been more noteworthy because of their abundance, cost-ef-
fectiveness, renewability, and sustainability. Calcium lignosulfonate (CLS), as a plant-based bitumenmodifier, has been studied to
enhance the rheological properties of bitumen. However, the feasibility of using CLS as a rutting retarder of asphalt mixtures is still
unclear. )is study focused on the durability of asphalt mixtures containing CLS powder as a bitumen modifier. Specifically,
extensive laboratory tests were conducted to determine the performance of asphalt mixtures against traffic loadings. In this study,
to begin, CLS-modified bitumen was manufactured using a high-shear mixer at various CLS dosages (5, 10, 15, and 20 wt.%).
Afterward, the optimum bitumen content of asphalt mixtures was found using theMarshall mix design technique. Finally, a series
of dynamic tests, including resilient modulus, dynamic creep, and wheel-tracking tests, were combined with Zhou’s three-stage
model and Tukey method to determine the influence of CLS on asphalt mixture’s rutting potential. )e Tukey method found that
asphalt mixtures containing 15% CLS had the highest rutting performance among the samples tested under repetitive loadings.
Meanwhile, the surface morphology and elemental analysis of CLS powder were investigated using a field emission scanning
electron microscope (FESEM) and by energy-dispersive X-ray spectroscopy (EDX), respectively. )e FESEM and EDX results
showed that the CLS powder had a bumpy structure and its chemical structure contained metal oxide, carbon, magnesium,
calcium, and silicon. )e results indicated that the asphalt mixtures became stiff owing to the combination of CLS and bitumen,
which significantly affected the rutting improvement of asphalt mixtures. Moreover, Zhou’s three-stage model revealed that the
incorporation of CLS into bitumen enhanced the rutting resistance capacity of asphalt mixtures against traffic loadings.

1. Introduction

Nowadays, asphalt mixtures are used as a significant ma-
terial for road construction because of their good perfor-
mance, comfort, and ease of maintenance [1, 2]. Asphalt
mixtures consist of two major constituents, namely, stone
skeleton and bitumen [3]. )e pavements surface layer,
constructed by the asphalt mixture, transfers compressive
stress from the top to the bottom layer [4]. Moreover, the
surface layer protects the pavement’s body against envi-
ronmental factors, including moisture damage, UV radia-
tion, and oxygen [5]. When traffic loadings are conducted on
asphalt mixtures, the serviceability of roads encounters
degradation due to premature distress, including rutting,
cracking, and fatigue failure [6, 7]. )ey can reduce the

service life of pavements; therefore, the need for rehabili-
tation, which requires spending money and time, increases
[8].

Rutting can be defined as the progressive accumulation
of small deformations that occur by densification and shear
deformations under applied traffic loadings [9]. Among the
asphalt mixture’s premature distress, rutting is more no-
ticeable because it increases the risk of human life by dis-
turbing pavements smooth and safe surface for vehicles to
commute [10]. )erefore, rutting leads to endangering road
safety and increases the burden on governments by in-
creasing road maintenance costs [11, 12].

Various research studies have been conducted to de-
termine how well asphalt mixtures resist rutting. Re-
searchers showed that although bitumen formed a small
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proportion of the total weight of asphalt mixtures, bitumen
significantly affected the rutting potential of asphalt mix-
tures [13, 14]. )en, various bitumen modifiers have been
studied to enhance the positive effects of bitumen on the
rutting performance of asphalt mixtures. De Melo et al. [15]
used carbon nanotubes for bitumen modification. )e re-
sults revealed that carbon nanotubes increased the asphalt
mixture’s performance; moreover, they improved the rutting
resistance of asphalt mixtures. Yoo et al. [16] conducted an
experimental work on the combination of polypropylene
and bitumen; their findings showed that polypropylene
could enhance the rutting resistance of asphalt mixtures. In
2020, Ghanoon et al. [17] conducted experimental research
and used styrene–butadiene–styrene (SBS) as a bitumen
modifier. )e findings indicated that the SBS-modified bi-
tumen had a positive effect on the rutting behavior of asphalt
mixtures.

Biomass materials have been more noteworthy for re-
searchers among bitumen modifiers because of their
abundance, cost-effectiveness, renewability, and sustain-
ability [18]. Lignin, obtained from the biofuel and paper
industries, is classified as a significant waste biomass ma-
terial [19]. Lignin has the adequate capability to be used as a
bitumen modifier because lignin’s chemical structure con-
tains reactive chemical compounds that can be employed to
modify petroleum chemical substances [20]. Moreover, the
chemical structure of lignin is comparable to petroleum
bitumen’s chemical structure [21]. Several investigations
have examined the utilization of lignin as a bitumenmodifier
or extender. Batista et al. [22] studied the effect of lignin,
sourced from the pulp industry, on the aging performance of
bitumen. )e results revealed that lignin could retard bi-
tumen’s aging process.

Similarly, Xu et al. [23] indicated that although lignin in
bitumen could enhance bitumen’s aging resistance, incor-
porating lignin into bitumen degraded the fatigue perfor-
mance of modified bitumen. In 2020, apart from the role of
lignin in bitumen modification, Zhang et al. [24] examined
the influence of lignin fibers on the mechanical character-
istics of asphalt mixtures. )e results exhibited the positive
effect of lignin fibers on the asphalt mixture’s mechanical
properties, including abrasion resistance, fatigue life, and
moisture damage.

)e rutting potential of asphalt mixtures can be assessed
by two main laboratory methods: (1) static tests and (2)
dynamic tests [25]. )e former consists of static creep, in-
direct tensile, and Marshall tests; the latter contains dynamic
creep, wheel tracking, and resilient modulus tests [26].
Researchers believe that dynamic tests are more accurate
than static tests to appraise the asphalt mixture’s rutting
susceptibility [27]. Among dynamic tests, the dynamic creep
test is considered one of the most effective techniques be-
cause laboratory outputs achieved by the dynamic creep test
have a reasonable correlation with accumulated strains that
occurred under repetitive loading on-field situations [28]. It
is worth mentioning that the wheel-tracking test can de-
termine the exact rut depth of asphalt mixtures [29].

Comprehensive research has been carried out regarding
creation models to assess and predict the creep potential of

asphalt mixtures. )e outputs of the dynamic creep test have
been proposed for application in creep models because the
creep curve depicts the asphalt mixture’s rutting perfor-
mance based on the accumulation of permanent strain
versus the load repetition [30]. Previous research studies
revealed that creep models, including those by Barksdale,
Monismith, Ohio State, and Superpave, could not precisely
describe the creep curve of asphalt mixtures [31]. In 2004,
Zhou [31] defined three stages for describing the rutting
creep curve; moreover, he located two transition points
between stages [32].

Different types of lignin can be categorized based on their
chemical structure [33]. Organosolv lignin is obtained from
wood processing using liquid organic solvents to treat wood
chips [34]. Kraft lignin emanates from the pulping process,
converting coniferous wood to pulp [35]. Klason lignin comes
from the acid hydrolysis process of wood [36]. Applying the
enzymatic hydrolysis method to produce bio-ethanol leads to
the formation of enzymatic hydrolysis lignin [37]. Sulfonated
lignin emanates from black liquor; moreover, sulfonated
lignin is a nontoxic polymer [38]. Calcium lignosulfonate
(CLS) emanates from the sulfite pulping process, leading to
manufacturing of paper from softwood; moreover, CLS is a
brownish powder and an amorphous polymer [39].

)e annual production of CLS is estimated to be 50
million tons, but only one-half of them can be utilized.
)erefore, the use of CLS for the construction of asphalt
mixtures can reduce the consumption of natural materials
and reduce the mass of CLS that ends up in landfills [40].
)is study aims to investigate the rutting performance of
asphalt mixtures containing CLS-modified bitumen because
CLS contains chemical groups that tend to dissolve in pe-
troleum-based materials; therefore, its solubility potential in
bitumen is more than in lignin [41]. Moreover, the rutting
performance of asphalt mixtures containing CLS-modified
bitumen has barely been investigated.

2. Materials and Methods

2.1. Aggregate. In this experimental research, the stone
skeleton of the asphalt mixture consists of two principal
objects—crushed aggregates and mineral filler—supplied
from the limestone quarry. It has been used as the primary
source for constructing asphalt mixtures in Mashhad, Iran’s
northeastern province [42]. X-ray fluorescence (XRF)
analysis was used to assess the chemical composition of
aggregates. An ARL PERFORM’X spectrometer was used to
conduct the above-mentioned analysis [43]. )e weight
proportions of the major oxides are shown in Table 1 using
the bulk chemical analysis approach. Moreover, the physical
properties of the aggregates were obtained for comparison
with the specification limits (Table 2).

Based on the No. 4 gradation of the Iran Road Pavement
Code, an upper and a lower limit were given for the con-
struction of asphalt mixtures (Figure 1) [44]. As seen in Fig-
ure 1, the selected gradation was within the top and lower
bounds. It is worth mentioning that the selected gradation is
the preferred aggregate gradation for the construction of as-
phalt mixtures among consultants and contractors in Iran [42].
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2.2. Bitumen. )is research employed the 60/70 penetration
grade-paving bitumen supplied from the Shargh Oil Re-
finery (Mashhad, Iran). Table 3 shows its physical properties.
)e mentioned bitumen is compatible with Iran’s climate
conditions [45].

2.3. Calcium Lignosulfonate. Calcium lignosulfonate (CLS)
is a recovered powder made from lignin, a residue of the
wood and paper industries [46]. CLS provided for this study
was light yellow–brown in color; in addition, its CAS
number was 8061-52-7, and Ligno Tech South Africa Co.
Ltd. provided this powder. In Table 4, there is some in-
formation about the essential characteristics of CLS. A field
emission scanning electron microscope (FESEM) was
employed to determine CLS powder’s surface morphology
[47]. According to Figure 2, the CLS surface had a bumpy
structure. Simultaneously, the energy-dispersive X-ray
spectroscopy (EDX) analysis was carried out to determine
the elemental composition of CLS powder [48]. According
to Table 5, the major constituents of CLS powder were metal
oxide, carbon, magnesium, calcium, and silicon.

2.4. CLS-Modified Bitumen. At 160°C, a high-shear mixer
with a rotational speed of 3000 rpm was employed for
30minutes to incorporate CLS powder into virgin bitumen

[49]. Jedrzejczal and others [50] showed that the maximum
amount of lignin powder mixed into bitumen could not
exceed 20% because of the economic factors of the road
construction process. )erefore, the incorporation of CLS
into bitumen was limited to 20% during this study. In this
experimental research, four percentages of CLS powder (5%,
10%, 15%, and 20%) were blended with virgin bitumen (by
weight of bitumen).)e key advantage of incorporating four
levels of CLS into bitumen was to evaluate the effectiveness
of CLS on the durability and performance of asphalt mix-
tures based on the comparative approach.

3. Research Approach

According to ASTM D1559, the control samples optimum
bitumen content (OBC) was first determined using the
Marshall mix design technique. For the determination of
OBC, three Marshall samples of each bitumen content (4%,
4.5%, 5%, 5.5%, 6%, and 6.5%) were fabricated by 75 blows of
the Marshall hammer on each side of the asphalt mixtures.
)e OBC of the control sample was then determined based
on Marshall design parameters, including stability, flow, air
void content, bulk density, and voids in mineral aggregates
(VMA). After determining the OBC of the control sample, it
was considered for fabricating the CLS-modified Marshall
samples. At the next step, cylindrical samples were

Table 2: Physical characteristics of the coarse and fine aggregates.

Test properties Unit Value Standard ASTM Specification limitCoarse aggregate
Los Angeles abrasion value % 21 C131 ≤25
Fractured particles in one side % 96 D5821 ≥95
Fractured particles in two sides % 92 D5821 ≥90
Bulk specific gravity Gr/ m3 2.66 C127 –
Apparent specific gravity Gr/ m3 2.74 C127 –
Water absorption % 0.84 C127 ≤2.5
Fine aggregate
Bulk specific gravity Gr/ m3 2.66 C128 –
Apparent specific gravity Gr/ m3 2.87 C128 –
Water absorption % 3.3 C128 ≤2.5
Sand equivalent % 74 D2419 ≥50
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Figure 1: Upper, lower, and selected criteria for aggregate gradation.

Table 1: Chemical composition of aggregates.

Constituent MgO Al2O3 SiO2 K2O CaO FeeO3 Loi (950°C)

Wt. (%) 17.6 0.03 0.29 0.06 35 0.22 46.8
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manufactured using a Superpave gyratory compactor (SGC)
for resilient modulus and dynamic creep tests. Moreover,
during the wheel-tracking test, a kneading compactor was
employed to prepare slab specimens for rut depth
calculation.

3.1. Marshall Stability Parameters. )e determination of
Marshall parameters for asphalt mixtures involved several
steps. )e Marshall hammer was used to first manufacture a
total of 15 Marshall samples. Second, the manufactured
samples were classified into five categories based on their CLS

(a) (b)

Figure 2: )e FESEM images of CLS powder taken at (a) 500x zoom and (b) 1000x zoom.

Table 5: Elemental analysis of CLS powder by EDX.

Elt Line Int Error K Kr W% A% Zaf Ox% Pk/Bg
C Ka 20.0 4.4546 0.2282 0.0929 23.70 31.61 0.3920 0.00 75.92
O Ka 82.9 4.6018 0.4700 0.1914 59.57 59.65 0.3212 0.00 954.11
Mg Ka 50.9 1.5427 0.1030 0.0419 7.26 4.78 0.5777 0.00 30.88
Al Ka 2.3 1.5659 0.0045 0.0018 0.30 0.18 0.6229 0.00 3.36
Si Ka 6.3 1.5891 0.0131 0.0053 0.73 0.41 0.7346 0.00 5.37
Ca Ka 45.2 0.5246 0.1812 0.0738 8.45 3.38 0.8738 0.00 31.25

1.0000 0.4073 100.00 100.00 0.00

Table 3: )e virgin bitumen’s physical characteristics.

Test properties Standard ASTM Unit Test result
Penetration @ 25 °C D5 0.1mm 67
Softening point C36 °C 51
Viscosity @ 135 °C Pa.s 0.354
Specific gravity D70 Gr/ cm3 1.02
Ductility @ 25 °C D113 Cm +100
Flash point D92 °C 280
PG - 64–16

Table 4: Physical properties of the CLS powder.

Test Unit Results
Color — Light brown
Dry matter % min 93.0
PH (10% solution) — 7.5± 0.8
Insolubility (v/v) % Max 0.5
Bulk density kg/ m3 500
Reducing sugars % 3

4 Advances in Materials Science and Engineering



content. It is worth mentioning that the compaction energy for
sample preparation was equally simulated to heavy traffic
loadings (i.e., 75 blows on each side of the asphalt mixtures) by
the Marshall hammer [51]. After the compaction process, the
Marshall stability, flow value, and Marshall quotient (MQ)
were determined according to ASTM D1559 [52].

Marshall stability depends on the pressure loading ap-
plied on samples during the Marshall test. )erefore,
Marshall stability can be defined as a specimens maximum
bearing capacity under uniform vertical loading [53]. )e
samples deformation during vertical loading up to the
maximum load denotes the flow value [54]. )e Marshall
quotient is calculated by dividing the Marshall stability by
the flow value [55]. Higher MQ values indicate higher
stiffness and better resistance against traffic loadings [56].

3.2. Resilient Modulus. )e elastic stiffness of samples was
determined by the resilient modulus test. )e correlation
between the applied load and the sample’s deformation
during repetitive loadings denotes the stiffness value [57].
Compared to the asphalt mixture’s strength, the resilient
modulus test is nondestructive because the load suffered by
the sample is negligible [58].

)e resilient modulus can calculate the optimum
pavement thickness to design a new pavement [42]. In this
research, the resilient modulus test was conducted at a
temperature of 25°C with a haversine loading applied on
samples using a universal testing machine (UTM) according
to ASTM D4123 [59]. Figure 3 shows the resilient modulus
test’s loading pattern and testing machine. After 15 cycles of
preloading, the computer software determined the average
values at the last five cycles. Afterward, the resilient modulus
was determined using the following equation [42]:

Mr �
P(] + 0.27)

tΔH
, (1)

where Mr is the resilient modulus, P is the repetitive load
(N), ] is Poisson’s coefficient, ΔH is the average of reversible
horizontal deformations (mm), and t is the specimen
thickness (mm) [60]. It is worth mentioning that Poisson’s
coefficient was equal to 0.35 based on the test temperature
[42]. Table 6 presents the setup parameters of the resilient
modulus test.

3.3. Dynamic Creep Test. )e dynamic creep test determines
the tendency of asphalt mixtures to permanent deformations
[61]. Cyclic loadings are applied to the specimens during the
dynamic creep test to simulate actual traffic loads [62]. )e
significant outcome of the dynamic creep test is the vertical
deformation against the loading cycles. While the dynamic
creep test outputs do not correspond to the real rut depth,
they can compare the rutting resistance of various asphalt
mixtures [32].

As depicted in Figure 4, the creep curve obtained from
the dynamic creep test can be divided into three zones. )e
creep strain rate increases sharply in the first phase due to
the compaction process of the asphalt mixture [30]. )e
second phase involves an approximately constant strain rate.

)e creep strain rate experiences an upward trend at the
beginning of the tertiary phase, which denotes rutting failure
[42]. )e flow number (FN) can then be defined as the
number of loading cycles at the beginning of the tertiary
phase. Researchers determine the FN value as a benchmark
to compare the rutting potential of asphalt mixtures [42, 63].

)is study conducted the dynamic creep test on speci-
mens of asphalt mixtures by UTM-14 at the Ferdowsi
University of Mashhad following the AS-2891.12.1 standard
(Figure 4) [64]. At the beginning of the dynamic creep test,
samples were subjected to a static preloading stress of 10 kPa,
which took 5minutes to establish proper contact between
the sample’s surface and the loading’s platen [42]. After the
preloading stage, a cyclic stress level of 400 kPa with a
frequency of 5Hz was applied to the samples. )e dynamic
creep test was conducted at 50°C. Moreover, samples were
treated at a temperature of 50°C for four hours before
starting the test due to providing homogenous temperature
within asphalt mixtures. Table 7 summarizes the required
variables of the dynamic creep test.

3.4. Wheel Tracking Test. )e Hamburg wheel-tracking
(HWT) test has been used to measure the rut depth caused
by the rolling wheel (Figure 5) [65]. )e HWToutputs show
the permanent deformations emanating from applying cy-
clic loadings on the surface of asphalt mixtures [57]. )e
HWT test was performed on 300 × 300 × 50mm compacted
slabs with a 4% air void content at 50°C following the
AASHTO T324 code (Figure 5) [66]. Moreover, the rubber
wheel with an average contact stress of 50 psi was subjected
to the slab samples with a 52 + 2 passes/minute loading rate
[67]. A linear variable differential transformer (LVDT),
placed at the side of the wheel, measured the rut depth data
at each cycle. )e HWT test was automatically terminated
after 120minutes. Figure 5 illustrates the HWT test appa-
ratus and the compacted slab of the asphalt mixture.

)e value of the wheel-tracking slope in the air (WTSair),
which denotes the grade of the deformation on the track for
1000 load cycles, was calculated using the following equation
[68]:

WTSair �
d6000 − d3000( 

3
, (2)

whereWTSair corresponds to the wheel-tracking slope (mm/
103 load cycles) and d3000 and d6000 denote the rut depth
values (mm) at 3000 and 6000 load cycles, respectively.

It is worthmentioning that the RD value, which indicates
the total rut depth at the termination time (120minutes), was
determined [69]. To analyze the dynamic stability of asphalt
mixtures, the DS parameter was obtained by the following
equation [70]:

DS �
N t2 − t1( 

d2 − d1
, (3)

where DS corresponds to the dynamic stability (cycle/min);
d1 and d2 are the deformations of the asphalt mixture at
rutting times t1 and t2, respectively (min); and N corre-
sponds to the rolling rate (52 cycles/min).

Advances in Materials Science and Engineering 5
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Figure 3: Resilient modulus test: (a) resilient modulus test apparatus and (b) loading shape.

Table 6: Setup parameters of the resilient modulus test.

Parameter Unit Value
Temperature °C 25
Applied load N 650
Poisson’s ratio — 0.35
Loading period ms 100
Rest period ms 900
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Figure 4: Dynamic creep test: (a) dynamic creep test apparatus and (b) permanent strain curve.

Table 7: Variables of the dynamic creep test.

Parameter Unit Value
Loading pattern — Rectangular
Rest period ms 750
Loading period ms 250
Contact stress kPa 10
Applied repeated stress kPa 400
Termination criteria — Until the tertiary stage appeared
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3.5. Outline of Zhou Model and Tukey Method. Zhou con-
sidered three separate stages for creep behavior of asphalt
mixtures based on the permanent deformation curve [27].
)e power–law function was recommended to define the
primary stage. )e second stage was then described using a
linear function. Finally, the exponential function was pro-
posed to predict the tertiary stage [31]. )e three-stage
permanent deformation model proposed by Zhou can be
calculated based on the following equations [27]:

N≤NPS, εP � aNb
, (4a)

NPS ≤N≤NST,

εPS � aNb
PS,

εP � εPS + C N − NPS( ,

(4b)

N≥NST,

εST � εPS + C NST − NPS( ,

εP � εST + d e
f N− NST( ) − 1 ,

(4c)

where a, b, c, d, e, and f are the material constants; NPS and
NST denote to the number of load repetitions corre-
sponding to the end of the primary and secondary stages,
respectively; furthermore, εPS and εST correspond to the
permanent strain at the end of the primary and secondary
stages, respectively.

)is study calculated the permanent strain per cycle
using UTM software for each sample during the dynamic
creep test. In the next step, NPS, NST, εPS, and εST were
determined according to Zhou’s three-stage permanent
deformation model. In addition, the one-way analysis of
variance (ANOVA) was used to determine the effect of
CLS on the creep behavior of the asphalt mixtures. )e
Tukey method with a 95% confidence level was also
considered to rank the creep performance of asphalt
mixtures [71].

4. Results and Discussion

In order to calculate the optimum bitumen content (OBC) of
control asphalt mixtures, their Marshall design parameters
are summarized in Table 8. According to the Iran Road
Pavement Code, the OBC of control asphalt mixtures was
the average of values achieved based on the following
criteria:

(1) )e OBC should provide 4% air voids within the
compacted asphalt mixture.

(2) )e OBC presents the maximum stability of the
compacted asphalt mixture.

(3) )e OBC brings the maximum specific gravity for
compacted asphalt mixture.

After the determination of OBC, other Marshall design
parameters, including voids in mineral aggregates (VMA),
voids filled with bitumen (VFB), and flow values, were
checked whether they satisfied the local code specification
limits. )e determined OBC for the control asphalt mixture
was 4.9%. It is worth mentioning that the OBC of the control
sample was selected to prepare CLS-modified samples.

4.1. Marshall Stability Parameters. When the OBC of the
asphalt mixture was obtained, the Marshall stability pa-
rameters were determined for the five combinations cate-
gorized based on the CLS content. Figure 6(a) shows that the
Marshall stability values experienced an upward trend versus
an increment in the CLS content from 0% to 15%. Additional
CLS within the bitumen from 15% to 20% decreased the
Marshall stability value from 7.26 kN to 6.67 kN, respec-
tively. Furthermore, the asphalt mixture containing 15%
CLS shows a 31% increase in the Marshall stability value
compared with the control asphalt mixtures. Figure 6(b)
shows that the CLS-modified samples recorded lower flow
values than the control sample; moreover, the asphalt sample

(a) (b)

Figure 5: Wheel-tracking test: (a) wheel-tracking test apparatus and (b) manufactured slab of asphalt mixture.
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containing 15% CLS had the lowest flow value among all
samples. )e lowest flow value of asphalt mixtures was
3.01mm, approximately 20% lower than the control sam-
ple’s flow value.

)e trend of Marshall stability and flow values depicted
in Figure 6 is compatible with previous investigations on the
effect of CLS on bitumen’s stiffness potential [72, 73].
Figure 6(c) shows that when CLS content increased by more
than 15% within the bitumen, the brittleness potential of
asphalt mixtures soared. )en, the Marshall stability value
decreased, and the flow value enlarged. )e Marshall test
results achieved are in accordance with our earlier obser-
vation, which showed that the combination of CLS and
bitumen improved the consistency and stiffness of CLS-
modified bitumen, leading to improvement in the asphalt
mixture’s Marshall parameters [33, 39].

Figure 6(c) reveals that the addition of CLS into the bi-
tumen improved the performance of asphalt mixtures against
rutting. )e MQ values of CLS-modified asphalt mixtures
were higher than those of the specimen fabricated by virgin
bitumen. As depicted in Figure 6, the MQ values experienced
a 64% increase when the CLS content increased from 0% to
15% and hit a peak containing a value of 2.42 kN/mm. )en,

asphalt mixtures containing 15% CLS showed the highest
resistance to shear stress. )e achieved Marshall quotient
values were compatible with the findings of McCreedy and
Williams [74]. )ey showed that lignin’s presence in asphalt
mixtures enhanced the asphalt mixture’s rigidity.

4.2. ResilientModulus. Figure 7 shows the resilient modulus
values of asphalt mixtures. )e resilient modulus test
evaluated the response of asphalt mixtures under repeated
loadings [75]. Moreover, that test was conducted at 25°C to
simulate intermediate temperature conditions for asphalt
mixtures [42]. As illustrated in Figure 7, the addition of CLS
to the bitumen increased the resilient modulus of asphalt
mixtures. )e highest resilient modulus was about 17%
higher than the resilient modulus of the control sample.
More than 15% of CLS into the bitumen brought about a
downward trend in resilient modulus values. )erefore, the
stiffness of asphalt mixtures improved by adding CLS to the
bitumen, which enhanced the asphalt mixture’s durability
against permanent deformations. On the other hand, an
excessive increase in the resilient modulus values reduced
the asphalt mixture’s flexibility, which was responsible for

Table 8: Fitted equations of the Marshall design parameters.

Marshall parameter Unit Fitted equation R-squared
Marshall stability kN y � −5750x2 + 542.04x − 7.38 0.956
Flow mm y � −1328.6x2 + 182.87x − 2.08 0.954
Unit weight gr/m3 y � −292.86x2 + 31.44x + 1.59 0.977
Air voids % y � 4821.4x2 − 726.82x + 28.34 0.968
VMA % y � 10257x2 − 1024.8x + 39.86 0.983
VFB % y � −19071x2 + 3510.5x − 55.95 0.961
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Figure 6: Marshall tests results: (a) Marshall stability outputs, (b) Marshall flow values, and (c) Marshall quotient results.
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the asphalt mixture’s brittleness potential. In accordance
with the resilient modulus results of the current study, Prez
and others. [76] found that lignin could enhance the stiffness
of asphalt mixtures, which led to a 10.48% increase in re-
silient modulus of asphalt mixtures containing 20% lignin
compared with that of the control sample.

Based on the AASHTO flexible pavement design guide
and Van Til and others’ estimation method, the calculated
thickness reduction for surface layers constructed by CLS-
modified bitumen is presented in Table 9. It can be con-
cluded that bitumenmodification with CLS led to the surface
layer’s thickness reduction. As shown in Table 9, the
thickness of the asphalt mixture containing 15% CLS was
11.61% lower than the thickness of the control sample during
the road pavement’s construction.

4.3. Dynamic Creep. )e dynamic creep test was conducted
on unmodified and CLS-modified specimens to determine
their creep behavior. It is worth mentioning that the dynamic
creep test continued until samples reached the third phase of
the cumulative strain curve. )ree samples were fabricated
with the same design procedure for each CLS content and
tested using the UTM-14 machine under the same condition.
Figure 8 shows that the asphalt mixture with 15%CLS had the
lowest cumulative strain values. Moreover, all CLS-modified
samples experienced higher rutting resistance than the
control sample.)e flow number (FN), determined at the end
of the second phase of the dynamic creep curve, is reported in
Figure 9. As shown in Figure 9, the presence of CLS can delay
the plastic failure of the asphalt mixture due to traffic loads.
For example, the FN value of the asphalt samples containing
15% CLS was recorded as 1013, which was about 1.8 times
higher than the FN value of control samples. )ese findings
are consistent with that of Xu et al. [23], who showed that
incorporating lignin into bitumen could enhance the rutting
performance of asphalt mixtures at high-temperature levels.
Moreover, it is encouraging to compare the dynamic creep
test results of the current study with the findings of Zhang
et al. [24], who demonstrated that adding 2%, 4%, 6%, and 8%
lignin into bitumen improved the resistance of asphalt
mixtures against rutting.

4.4. Wheel Tracking. Figure 10 demonstrates the curves of
rut depth versus passing time derived from the HWT test.
It can be observed that in contrast with the rut depth of

CLS-modified samples, rut depth was more considerable
for control specimens at 60°C. Moreover, the mixture
containing 15% CLS had the lowest rut depth, and the
control sample had the highest value after 120minutes. At
the end of the HWT experiment, when the CLS content
increased from 0% to 15%, a decrease of about 45% in the
rut depth was observed. )erefore, CLS had a beneficial
impact on the rutting resistance of asphalt mixtures. )e
HWT test results are compatible with previous research
performed by Xie et al. [77], who found that lignin could
strengthen the high-temperature performance of asphalt
mixtures.

Table 10 presents the final rut depth, dynamic stability,
and wheel-tracking slope values of the HWT test. It can be
found that the rutting parameters (i.e., RD, WTS, and DS)
had lower values for CLS-modified samples than for the
control specimen. Meanwhile, the samples containing 15%
CLS exhibited the highest performance during the HWTtest.
)en, modification of bitumen by the CLS could effectively
improve the rutting performance of asphalt mixtures.

4.5. Zhou Model and Tukey Method. Table 11 presents the
cycle’s repetition number and permanent deformation at
transition points of asphalt mixtures based on Zhou’s three-
stage model. According to Table 11, when the CLS content
increased from 0% to 15%, the loading repetition number of
primary and secondary stages increased. It can be observed
that the stiffness of CLS-modified samples improved their
rutting performance. Although 20% CLS decreased the
rutting performance of asphalt mixtures compared to those
containing 15% CLS, control samples had the highest sus-
ceptibility to rutting.

Table 12 explains the findings of the one-way ANOVA
conducted by Minitab software. )e statistical analysis was
performed based on the null hypothesis in which all means
were assumed equal. )e p value was less than 0.05, indi-
cating that the null hypothesis was unacceptable at the
transition points. )en, the p value indicates that the
presence of CLS had a significant influence on the rutting
performance of asphalt mixtures.

As shown in Table 13, the Tukey method is used to rank
the performance of asphalt mixtures in terms of creep be-
havior. It can be concluded that while the asphalt mixtures
containing 15% CLS had the highest rutting performance,
control specimens had the lowest rutting performance
against traffic loadings. As can be seen from Table 13, the
Tukey method did not show any significant differences in
second transition point values between samples containing
10% CLS and 20% CLS.
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Figure 7: Resilient modulus of asphalt mixtures.

Table 9: )ickness reduction results based on resilient modulus
values.

Mix type Layer coefficient )ickness reduction (%)
CLS-0% 0.311 0
CLS-5% 0.320 2.9
CLS-10% 0.334 7.4
CLS-15% 0.347 11.61
CLS-20% 0.338 8.6
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Table 10: Final rut depth, wheel-tracking slope, and dynamic stability values of mixtures emanated from the wheel-tracking test.

Mix type RDair (mm) WTSair (mmper 103cycles) DS (cycle/min)

CLS-0% 5.81 0.64 1554
CLS-5% 5.04 0.48 2094
CLS-10% 4.05 0.34 2928
CLS-15% 3.24 0.31 3351
CLS-20% 3.65 0.41 2492
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5. Conclusions

)e following results can be obtained with regard to the
effects of adding CLS as a bitumen modifier in hot mix
asphalt mixtures:

(i) )e bumpy surface structure of CLS particles was
detected through the FESEM test. Moreover, metal
oxides, carbon, magnesium, calcium, and silicon
were the significant elements of CLS, according to
the EDX analysis.

(ii) Although the Marshall stability of CLS-modified
asphalt mixtures recorded higher values than con-
trol samples, the flow outputs of asphalt mixtures
containing the CLS powder had lower values than
the control specimen. As a result, the presence of
CLS increased the stiffness of asphalt mixtures.
According to the Marshall quotient values, the
highest stiffness was achieved for the asphalt mix-
ture containing 15% CLS.

(iii) )e incorporation of CLS into bitumen improved
the response of the asphalt mixture to cyclic load-
ings because CLS-modified asphalt mixtures had a

higher resilient modulus than control specimens.
Moreover, CLS could decrease the thickness of the
surface layer, leading to cost-benefit features during
the road construction process.

(iv) )e addition of CLS into bitumen enhanced the
rutting performance of asphalt mixtures against
cyclic loadings. Among the four kinds of asphalt
mixtures made by 5%, 10%, 15%, and 20% CLS, the
asphalt mixture with 15% CLS demonstrated the
highest resistance to cyclic loadings during the
dynamic creep test.

(v) Increasing the CLS content up to 15% achieved the
lowest value of rut depth during the wheel-tracking
test. )e rutting susceptibility of asphalt mixtures
experienced an upward trend when the CLS content
increased more than 15%.

(vi) In future investigations, it will be interesting to
evaluate the rutting performance of asphalt mix-
tures containing CLS powder based on different
loading shapes during the dynamic creep test.
Moreover, further research can investigate the
temperature and loading’s frequency interactive

Table 11: Creep curve models derived from Zhou’s transition points.

Sample code
First transition point Second transition point

First stage model End of the first stage Second stage model End of the second stage
CLS-0% εP � 3043.7691N0.5044 107 εP � 32142.0423 + 121.9299(N-107) 558
CLS-5% εP � 1466.2776N0.5279 135 εP � 19536.2273 + 103.2894(N-135) 621
CLS-10% εP � 2330.5186N0.4641 146 εP � 23546.6286 + 78.4503(N-146) 803
CLS-15% εP � 1400.5292N0.5302 160 εP � 20655.0756 + 36.3122(N-160) 1013
CLS-20% εP � 4630.2121N0.3316 151 εP � 24442.7261 + 56.5546(N-151) 828

Table 12: One-way ANOVA: transition point values versus CLS content.

Source Df Adj SS Adj MS F-value P value
First transition point

CLS content 4 5012.4 1253.1 55.94 <0.001
Error 10 224 22.4
Total 14 5236.4

Second transition point
CLS content 4 391504 97875.9 352.83 <0.001

Error 10 2774 277.4
Total 14 394278

Table 13: Classification of transition points using the Tukey procedure with a confidence level of 95%.

CLS content (%) N Mean Grouping
First transition point

15 3 160 A
20 3 151 A B
10 3 146 B C
5 3 135 C
0 3 107 D

Second transition point
15 3 1013 A
20 3 828 B
10 3 803 B
5 3 621 C
0 3 558 D
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effects on the rutting potential of CLS-modified
asphalt mixtures based on the response surface
methodology.
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