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Abstract

Primary issues in pavement engineering, such as rutting, moisture damage, and fatigue cracking, have prompted numerous
studies aimed at improving pavement performance. Utilizing biomaterial waste to modify bitumen through nanotechnology
is a promising approach to improve asphalt-mixture properties and aligns with goals of sustainability and reducing the
dependence on non-renewable resources. Therefore, the primary objective of this study was to investigate the effect of
nano-eggshell powder (NESP) as a sustainable bio-modifier for bitumen on the mechanical properties of asphalt mixtures.
To achieve this, asphalt mixtures containing 0% (control), 5%, and 9% NESP were developed, and their mechanical
properties were investigated through various tests such as moisture damage, Marshall immersion stability, resilient
modulus, dynamic creep, double-punch shear, water immersion, and wheel tracking. The results showed that NESP reduced
the moisture susceptibility of the mixtures by increasing their tensile strength ratio. Additionally, the durability of the
asphalt mixtures improved as the NESP content was increased. Moreover, the addition of NESP significantly enhanced the
resilient modulus and dynamic creep of the asphalt mixtures. The double-punch test revealed that the NESP improved the
rutting and fatigue resistance of the asphalt mixtures. Furthermore, the water-immersion test indicated that NESP enhanced
the adhesion properties between the bitumen and the aggregate. Finally, the wheel-track test results suggested that the
mixtures modified with NESP exhibited a lower rut depth than the control mixtures. Notably, 9% NESP was optimal for
enhancing the mechanical properties of the asphalt mixture. The study demonstrated that using NESP as a bio-modifier for
bitumen is feasible and offers a more sustainable alternative to traditional bitumen additives.
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1. Introduction

Pavements are essential infrastructure components that serve as the foundation for transportation systems, facilitating
the movement of people and goods. However, significant increases in vehicular traffic, axle loads, pedestrians, and
fluctuating temperatures contribute to early pavement failure. Bitumen, a naturally occurring hydrocarbon derived from
petroleum distillation, is a primary component in asphalt mixtures used to construct pavements. However, petroleum-
based resources are non-renewable, and sustainability and carbon neutrality by 2050 have become the primary goals of
several countries [1, 2]. Therefore, there is an urgent need to enhance the properties of asphalt mixtures, extend their
service life by using modifiers, and search for sustainable alternatives to bitumen [3,4].

Researchers have used various additives and modifiers, such as polymers, and waste materials, such as rubber, ash,
and fibers, to enhance the properties of bitumen and the performance of asphalt mixtures [4-10]. However, these
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modifiers have several drawbacks, including instability and incompatibility with bitumen owing to the substantial
differences between their densities, polarities, and molecular weights [11-14]. Thus, improving the characteristics of
these modifiers to meet the desired specifications may incur extra costs, rendering them impractical for large-scale
implementation [15, 16].

Recently, the application of nanomaterials to enhance the properties of bitumen and asphalt mixtures has garnered
considerable interest. This is attributed to the unique characteristics of nanomaterials, such as large surface areas, high
surface free energy, and excellent dispersion within the bitumen matrix [17]. VVarious nanomaterials, such as nano silica
(NS), nano clay (NC), nano titanium dioxide (TiO, ), carbon nanofiber (CNF), and nano zinc oxide (ZnO), have been
used to modify bitumen [4, 18]. Bhat et al. [19] reported that nano SiO, and nano Al, Oz enhance the stability,
moisture-damage resistance, and resilient modulus (Mr) of asphalt mixtures. Aljbouri et al. [7] studied the effects of
incorporating various nanomaterials, including NS, nano carbonate calcium (NCC), NC, and nano platelet
hydroxyapatite (NP), on the durability of asphalt mixtures and found that they significantly enhance their performance.
Abdel-Wahed et al. [20] evaluated the performances of asphalt mixtures modified with NS and NC and revealed that
these nanomaterials enhance the stability, moisture resistance, and rutting resistance of these mixtures.

However, most nano-modifiers are considered impractical for widespread application in road construction because
of their high costs, often resulting in a 60-150% increase in the original bitumen cost [21]. Therefore, their use has been
primarily limited to bitumen modification, and few studies have explored the application of nanotechnology to asphalt
mixtures [22]. Moreover, certain nanomaterials pose risks to the environment, as well as the health and safety of humans
[11, 23], primarily owing to their dispersion in air and the possibility of them leaching into groundwater during pavement
construction and asphalt laying. This dispersion can contribute to air and water pollution, leading to various health issues
and, in some cases, cancer incidence [24]. Therefore, the fundamental challenge lies in using environment-friendly
nanomaterials that can be produced in large quantities at low cost. A potential solution is converting waste materials
into nanomaterials to modify asphalt mixtures. This approach can contribute to environmental protection by converting
waste into valuable resources and aligns with the principles of sustainable development. Additionally, it offers various
benefits to the construction and resource-recovery industries.

Exploring biomaterial waste and investigating their use to modify asphalt mixtures through nanotechnology
presents excellent opportunities because of their availability, low costs, and environmental benefits [25-27].
Additionally, as improper disposal of biological waste can have substantial environmental impacts, incorpo rating
them into road construction can help mitigate their hazardous effects [28]. Biological waste materials such as fish
shells, oyster shells, crayfish shells, bio-oil, and lignin have been used to modify bitumen and exhibited promising
results [29-31].

Eggshell waste has received significant attention owing to its low cost and widespread availability compared with
other types of biological waste, and recycling them transforms them into valuable resources [3, 32, 33]. Moreover, it is
the 15th leading cause of environmental contamination [34], releasing high levels of pollutants and odours during
decomposition because of the presence of compounds such as ammonia and hydrogen sulphide [35-37]. It may also
contain bacteria such as Salmonella and Escherichia coli (E. coli), which can cause food poisoning [38]. The disposal
of eggshell waste is a significant issue in many countries, primarily because of the high costs associated with landfills
and their adverse environmental impacts [39]. Estimates suggest that nearly 7 million tonnes of eggshell waste is
generated annually [40], and egg production is expected to reach 90 million tonnes by 2030 [41].

As eggshells contain high concentrations (>96%) of calcium carbonate (CaCO; ) [28, 42], numerous studies have
investigated the potential application of eggshell waste as a raw material in the chemical, engineering, and
environmental fields [43-45]. However, studies on their incorporation into asphalt mixtures as bitumen modifiers for
pavement construction are limited. Masri et al. [46] reported that using 4% of eggshell powder to modify bitumen
increases the Mr of stone mastic asphalt and found that the cumulative strain of the modified sample was better than
that of the unmodified sample. Additionally, Huang et al. [ 28] investigated the effects of using different proportions
(3, 6,9, and 12%) of eggshell powder as bitumen modifiers on the rutting and moisture-damage resistance of asphalt
mixtures. Their results indicated that higher amounts of eggshell powder enhance the rutting and moisture-damage
performance.

However, these studies focused on using eggshell powder at the microscale in asphalt mixtures, without addressing
the compatibility and stability issues between eggshell powder and bitumen. The substantial disparities between the
volume and molecular weights of eggshell powder and bitumen lead to phase separation at high temperatures, which
diminishes the benefits of their addition, particularly when used on a large scale [12, 13, 15, 47]. Recently, Zghair Chfat
etal. [48] incorporated nano-eggshell powder (NESP) at various concentrations (1, 3, 5, 7, and 9% by weight of bitumen)
as a bio-modifier for bitumen and assessed the physical, rheological, and microstructural properties of NESP-modified
bitumen. Their findings revealed that NESP demonstrated significant potential for enhancing the compatibility, thermal
stability, rutting resistance, and adhesion of bitumen.
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A previous study that incorporated NESP into bitumen focused exclusively on evaluating the properties of NESP-
modified bitumen [48]. However, it did not address the mechanical properties of asphalt mixtures containing NESP,
which is crucial for determining the extent of the benefits derived from this modification. Therefore, this study assessed
the effect of NESP on the mechanical properties and performance of asphalt mixtures through several tests, including
moisture-damage resistance, Marshall immersion, resilient modulus, dynamic creep, double-punch (DP) shear, water
immersion, and wheel-tracking.

2. Material and Methods
2.1. NESP

Eggshell waste was prepared before converting it into a nanosize. This process included cleaning, washing,
sterilization, and removal of the shell membranes by boiling in an aqueous NaCl solution for 1 h [28] and then
drying in an oven at 100 °C for 24 h. Subsequently, they were ground into a powder and sieved to achieve a granular
size of 45 um. Finally, a planetary ball mill was used to produce NESP samples with particle sizes of <100 nm
through trial and error using durations of 2, 4, and 6 h. The entire process is shown in Figure 1. A particle-size
analyzer (PSA) was used to assess the particle size, and energy-dispersive X-ray (EDX) microanalysis was
conducted to investigate the chemical composition of NESP. The instrument model BETA204A was used to
measure the specific surface area, and a micromeritics instrument was employed to determine the specific gravity
of the NESP samples. PSA revealed that the optimal nanosize was 73.8 nm, which was achieved after 6 h of milling,
as shown in Figure 2. EDX analysis of the NESP sample revealed high O, Ca, and C contents, as shown in Figure
3, which are consistent with the presence of CaCO; inthe NESP. Additionally, the surface area and specific gravity
of the particles were 57.621 m?/g and 2.7, respectively. The physical properties and chemical composition of the
NESP sample are listed in Table 1.

Eggshell waste Cutting and cleaning Boilling in NaCl solution Drying in oven‘

r

.

Nano eggshell powder Planetary ball milling Eggshell pwder<{Suym  Grinding to powder

Figure 1. Preparation of nano-eggshell powder

Table 1. Properties of NESP obtained through 6 h of milling

Properties Value

Average size (nm) 73.8

Physical properties Specific surface area (m?g) 57.621

Specific gravity 2.7
C=114
0=48.9
Chemical composition Elemental analysis (%) Ca=39.2
Mg=0.3
Si=0.2
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Figure 2. PSA results of NESP obtained through 6 h of milling
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Figure 3. EDX spectra of NESP obtained through 6 h of milling

2.2. Bitumen

Bitumen PEN 60/70 was sourced from the Kemaman Bitumen Company, Malaysia, and thoroughly evaluated before
it was incorporated into the asphalt mixture. Table 2 presents the physical and rheological properties of the bitumen
used in this study, which met both the local requirements and international specifications.

Table 2. Properties of bitumen PEN 60/70

Description Result Requirement [49] Specification
Penetration at 25 °C (dmm) 62.0 60-70 ASTM D5/D5M [50]
Softening point (°C) 49.2 49-56 ASTM D36/D36M [51]
Viscosity at 135 °C (Pa-s) 0.606 <3 Pa.s ASTM D4402/D4402M [52]
Rutting parameter, G*/sind (kPa) at 64 °C 2.65 >1 kPa ASTM D7175 [53]

2.3. Aggregate

A granite aggregate with a nominal maximum size of 14 mm (AC14) was used in this study; its physical properties
are listed in Table 3. A high specific gravity indicates that the aggregate is durable. Additionally, it featured a water
absorption rate of <2%, suggesting that it had a low tendency to absorb bitumen, thereby requiring less bitumen.
Additionally, its aggregate impact value (AlV), aggregate crushing value (ACV), flakiness index, and elongation
index satisfied these requirements [48], indicating that it is suitable for road construction and highly durable. Figure
4 shows the particle-size distribution of the aggregate. Based on this distribution, the median gradation was determined
to fall within the lower and upper limits specified by the Malaysian Public Works Department—Jabatan Kerja Raya
(JKR [49]).
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Table 3. Physical properties of the granite aggregate

Test Value Requirement [49] Specification
2.65 (Coarse) - ASTM C127 [54]
Specific gravity -
2.56 (Fine) - ASTM C128 [55]
) 0.651(Coarse) <2 ASTM C127 [54]
Water absorption (%) -
1.21 (Fine) <2 ASTM C128 [55]
Aggregate impact value (AlV) (%) 24.7 <30 BS EN 1097-2 [56]
Aggregate crushing value (ACV) (%) 17 <30 BS EN 1097-2 [56]
Flakiness Index (%) 10 <25 BS EN 933-3 [57]
Elongation Index (%) 14 <25 BS EN 933-4 [58]
100 - A
A <
©— Design limit u]
80 - O Lower limit g
Uper limit
S 60 -
< <
% P )
S 40 1 O
<
20 1 <& a
O
n 8
0 T T :
0.05 05 5 50
BS Sieve Size (mm)

Figure 4. AC14 gradation
2.4. Preparation of Modified Bitumen

NESP-modified bitumen was prepared by incorporating 0, 5, and 9% of NESP into bitumen using a high-shear mixer,
as illustrated in Figure 5. These proportions were selected to assess the sensitivity of the NESP content in bitumen based
on previous studies that have incorporated nanomaterials into bitumen [59-62]. The mixture was blended at a speed of
3000 rpm for 40 min at a temperature of 160 °C. The mixing parameters were selected based on those reported in
previous studies that incorporated nanomaterials into bitumen. The selected mixing speed prevented the potential
agglomeration of the NESP, which primarily occurs at speeds lower than 3000 rpm [4]. Moreover, the selected
temperature ensured sufficient fluidity and prevented bitumen aging at higher temperatures [48], whereas the selected
blending time ensured the complete dispersion of NESP in bitumen [48].

Figure 5. Bitumen modification through high-shear mixing
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3. Experimental
3.1. Optimal Bitumen Content (OBC)

In this study, the OBC was calculated based on the Marshall method in accordance with ASTM D 6927 [63]. The
specimens were compacted by employing 75 blows on each side of cylindrical samples with a diameter of 101.6 mm
and thickness of 63.5 cm. The mixing and compaction temperatures were determined for mixtures with viscosities of
0.170 £ 0.02 and 0.280 + 0.03 Pa.s, respectively [64]. Additionally, the OBC of the unmodified mixtures was determined
to be 5.2% and verified with the JKR specifications [49], as listed in Table 4. This ratio was implemented for both the
unmodified and NESP-modified asphalt mixtures to ensure that the amount of bitumen did not confound the test-data
analysis [19, 59, 64-66].

Table 4. Marshall stability and properties of the unmodified mixtures

Parameter Test Value  Specification [49]
Stability (N) 22412.7 >8000
Flow (mm) 3.22 2.0-4.0
Stiffness (N/mm) 6960.5 >2000
Voids In Mix (VIM) (%) 3.74 3-5
Voids Filled with Bitumen (VFB) (%) 71.5 70-80
OBC (%) 5.20 4-6

3.2. Asphalt-Mixture Performance Tests

The performance of the asphalt mixture was evaluated through various tests, including moisture-damage resistance,
Marshall immersion stability, modulus of resilience, dynamic creep, DP shear, water immersion, and wheel tracking,
and the results were rigorously analyzed and compared with those of conventional asphalt mixtures. Additionally,
because NESP contains a high concentration of CaCOs; , its effect on the properties of asphalt mixtures was evaluated
by comparing it with those elucidated in previous studies that used pure nano CaCO; to modify asphalt mixtures. The
optimal NESP proportion was determined based on the asphalt mixture performance.

3.2.1. Moisture Susceptibility

The effect of moisture damage on the asphalt mixture was examined through the ASTM D4867/D4867M [67]. Six
samples of each mixture type were prepared with 7% + 0.5% air voids and divided into two groups. The first group was
saturated (55-80%) in distilled water for 5 min at 25 °C under 70 kPa in a vacuum vessel. Subsequently, they were
submerged in a water bath for 24 h at 60 °C. Thereafter, both groups were maintained at 25 °C for at least 2 h, with the
wet group remaining in the water bath and the dry group placed in a plastic bag and soaked in the water bath. An indirect
tensile-strength test was conducted on the dry and conditioned samples by applying a loading rate of 50.8 mm/min until
failure, as shown in Figure 6. The peak load at failure was used to compute the indirect tensile strength of the conditioned
and unconditioned samples using Equation 1. Subsequently, the tensile-strength ratio (TSR) was obtained to evaluate
the sensitivities of the asphalt mixtures to moisture using Equation 2.

2000P
ITS = 2% )
TSR (%) = toeond 5 100 )
ITSdry

where ITS denotes the indirect tensile strength (kPa), P is the maximum load (N), t is the specimen height (mm), D is
the specimen diameter (mm), and ITScong and 1T Sqry are the average tensile strengths (kPa) of the wet and dry samples,
respectively.

Figure 6. Setup of the sample in the ITS apparatus for the indirect tensile-strength test
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3.2.2. Marshall Immersion

The Marshall immersion test is a continuation of the Marshall test performed in accordance with the ASTM D1075-
07 [68] and is used to assess the moisture sensitivity and durability of asphalt mixtures. In this test, the ability of the
mixture to withstand the effects of water and temperature was assessed by exposing it to hot water at 60°C for 30 min,
24 h, and 48 h. Nine samples were divided into three groups of three each. The first group, designated as unconditioned
samples, was immersed in a water bath at 60 + 1 °C for 30 min. The second and third groups were immersed in a water
bath at 60 + 1 °C for 24 and 48 h, respectively, and designated as conditioned samples. Subsequently, all groups were
tested at a constant compression rate of 50 = 5 mm/min until failure, as illustrated in Figure 7. Durability assessments
of asphalt pavements are primarily based on the loss of strength or stability, which is typically expressed as an index.
Three indices are used to assess pavement durability: retained strength index (RSI) (Equation 3), first durability index
(FDI) (Equation 4), and second durability index (SDI) (Equation 5) [69]. A lower RSI indicated lower pavement
durability. By contrast, a higher durability index indicates a greater loss of strength or stability, suggesting a low
pavement durability [70].

RSI (%) = z—o x 100 3)

where S; is the stability after immersion at time t; or that of the conditioned specimen, and Sy is the stability before
immersion or that of the unconditioned specimen.

_ y'n-1 Si-Sit1
FDI =Y et @
1 - i -
SDI ==Xl A= 2= NG (Si- Sia) X[ 2t (a1 t)] (5)

where S; and Si:1 are the RSI percentage after immersion times of tj and tis1, respectively, t, is the total immersion
duration of immersion, and Ai represents the square of the lost strength for the i immersion period.

Figure 7. Marshall-immersion test setup

3.2.3. Resilient Modulus (Mr)

The resilient modulus (Mr) indicates the ability of the asphalt pavement to return to its initial state after being
subjected to loading. This non-destructive test was conducted in accordance with the ASTM D7369 [71]. A universal
testing machine (UTM-5P) was used to conduct the tests, as illustrated in Figure 8. The tests were conducted at 25 and
40 °C to evaluate the resistance of the asphalt mixtures to fatigue cracking and rutting. Prior to testing, the samples were
conditioned for 4 h in the UTM. During the test, they were subjected to a load of 1000 N with a haversine wave pattern.
Each sample was subjected to 5 pulses, each involving loading for 0.1 s and resting for 0.9 s. Additionally, each asphalt-
mixture sample was tested at various orientations by rotating it 0— 90°. Subsequently, the software calculated its Mr
(MPa) as follows:

F

Mr = Ht (0.27+1) (6)

where F is the applied force (N), t is the sample thickness (m), H is the horizontal displacement (m), and p is Poisson’s
ratio.
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Figure 8. Mr test setup

3.2.4. Dynamic Creep

A dynamic creep test was conducted according to the BS EN 12697-25 [72], which is a destructive test used to assess
permanent deformation or rutting. It was conducted using the UTM-5P, and the samples were conditioned at 40°C for
4 h prior to the testing. After conditioning, they were placed inside the machine, with the variable differential transformer
positioned on the right- and left-hand sides, as shown in Figure 9. In the first stage, a preload of 150 kPa was applied
for 30 s to ensure contact between the load bar and sample. Subsequently, a cyclic-loading stress of 300 kPa was applied
for 3600 cycles. The creep-stiffness modulus (CSM; MPa) and creep strain slope (CSS) were then calculated based on
the data obtained from the repeated-load creep test as follows:

CSM == )

€

lo, -lo,
CSS = g £3600 g £1200 (8)
log 3600 - log 1200

where ¢ is the applied stress (kPa), € is the cumulative axial strain at the 3600th cycle (mm), €3600 is the strain at the
3600th cycle, and £1200 is the strain at the 1200th cycle.

Figure 9. Sample set up inside the UTM-5P machine for the dynamic creep test

3.2.5. DP Shear

The DP shear test, conducted by Jimenez at the University of Arizona [73, 74], was employed to investigate the
stripping of the asphalt mixtures. This test, which has been employed in several studies [11, 73-75], was employed not
only for the stripping evaluation but also for assessing the rutting and fatigue behavior [11]. Three cylindrical samples
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of each mixture type were prepared, with dimensions matching those of the Marshall samples. The first set was immersed
in a water bath at 60°C for 30 min to evaluate rutting, whereas the remaining specimens were tested at 25°Cto assess the
fatigue behavior of the asphalt mixture. As illustrated in Figure 10, the sample was positioned between two steel rods
(each with a diameter of 25 mm) and tested at a speed of 25.4 mm/min. The DP shear strength was calculated as follows:

ot = A (9)

m(1.2bh — a?)

where ot is punching stress (Pa), a is the punch radius (mm), h is the specimen height (mm), b is specimen radius (mm),
and P is the maximum load (N).

Steel punches

Figure 10. DP test setup

3.2.6. Water Immersion

This test was conducted in accordance with the AASHTO T182 [76] to evaluate the moisture sensitivity of the loose
asphalt-coated aggregates. First, a 100-g asphalt-coated aggregate sample was immersed in a 500-ml glass container
containing distilled water for 16-18 h at 25°C, as illustrated in Figure 11. Thereafter, the samples were visually examined
to determine the proportion of coated material remaining above or below 95%. If the mixture failed to meet the test
requirements (less than 95% remaining), it was considered a failure and was avoided owing to its susceptibility to
stripping [77].

Figure 11. Water-immersion test setup

3.2.7. Wheel Tracking

Rutting tests were conducted according to the procedure outlined in the AASHTO TP 63-03 [78]. The Asphalt
Pavement Analyzer Jr. (APA Jr.; HM-457; Gilson Company Inc., Lewis Center, OH, USA), equipped with an automatic
measuring system, was used to evaluate the rut depths of the asphalt mixtures, as depicted in Figure 12. The test involved
recording the loading-cycle curves and final rut depth after 8,000 cycles (16,000 passes) under dry conditions at 60°C.
Approximately 135 min were required to complete the rutting cycle. These tests were performed on cylindrical samples
with a diameter of 150 mm, a height of 75 mm, and an air void content of 7 + 0.5%. Four specimens were used to
represent each set of samples in the test.

Asphalt mixtures may undergo significant deformation during the initial testing phase compared with the final stage.
Therefore, determining the rutting rate (RR) (mm/min) is crucial for understanding the overall behaviour of the mixture
during the test, and it is calculated as follows [79, 80]:
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_ deds

RR =

(10)

where d; and d, denote the rut depths at 45 and 60 min, respectively.

Pressure hose

‘!

]

'(»-4» +)

»
\

Pressure gauge

Figure 12. Double-wheel-tracking machine (APA Jr.)

4. Results and Discussions
4.1. Moisture Damage

The susceptibility of asphalt pavements to moisture damage is a significant issue because it deteriorates the adhesion
between the aggregate and bitumen, ultimately impacting the performance of the asphalt mixture. In this study, the
moisture susceptibilities of both the unconditioned and conditioned samples were evaluated based on the TSR by
measuring their ITSs, which are illustrated in Figure 13. Evidently, the ITS values of the wet mixtures are significantly
lower than those of dry mixtures. This reduction was anticipated because the presence of water weakened the adhesion
between the aggregates and bitumen, thereby decreasing the strength of the asphalt-mixture samples under loading. By
contrast, the unconditioned specimens of the NESP-modified asphalt mixtures exhibit significantly higher ITS values,
with 9% NESP shown the highest ITS of 1278 kPa, followed by the 5% NESP (1135 kPa), whereas the control mixture
exhibits the lowest value (1041 kPa). The higher ITS values can be attributed to the enhanced adhesion between the
bitumen and aggregates in the modified mixture than those in the unmodified mixture. This enhancement makes it more
difficult to break the bitumen—aggregate bonds. Additionally, bitumen stiffness is an important factor. The incorporation
of NESP into bitumen enhances the stiffness and strength of the resulting mixture, thereby increasing its resistance to
adhesion failure.

mmmm Unconditioned s conditioned ==@==TSR

1400 88
© 875

1200

1000

800

TSR (%)

600

400

Indirect Tensile Strength (kPa)

200

0 5 9
NESP %

Figure 13. ITS and TSR results of unconditioned and conditioned asphalt-mixture samples

Similarly, after conditioning, the ITS values of the conditioned samples increased as the NESP content was increased,
as illustrated in Figure 13. The control mixture exhibited the lowest ITS of 843.0 kPa, whereas the modified mixtures
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containing 5% and 9% of NESP registered ITS values of 977.0 and 1118 kPa, respectively. These results indicate that
NESP considerably enhances the bitumen—aggregate adhesion under wet conditions. Previous studies reported similar
findings, demonstrating that the addition of nano-CaCO; improved the ITS of asphalt mixtures by enhancing the
bitumen-aggregate adhesion [7, 8, 59].

Furthermore, the TSR results illustrated in Figure 13 indicate that all mixtures met the minimum TSR requirement
of 80% set by the ASTM D4867/D4867M [67]. Furthermore, the TSRs of the NESP-modified asphalt mixtures were
higher than those of the unmodified ones. The phenomenon of moisture failure in asphalt mixtures is attributed to the
loss of cohesion within the bitumen or at the bitumen—aggregate interface. Cohesive failure may occur because water
molecules are easily attracted to asphaltene molecules, which have stronger polarity than other bitumen components,
consequently increasing the distance between these components [81]. As the duration of bitumen conditioning with
moisture increases, the failure point shifts from within the bitumen to the bitumen—aggregate interface, leading to a loss
of adhesion between the two, and this phenomenon is accelerated at higher temperatures [81]. Therefore, the addition
of NESP with a high nonpolar content and superior thermal properties can increase the structural bitumen ratio and
enhance its stiffness, thereby mitigating the effects of water and heat [82]. Additionally, owing to its high CaCO3
content, NESP enhances the coating properties of the aggregates by forming molecular layers on their surfaces, thereby
increasing the moisture resistance and strength of the samples. According to Hamedi et al. [83], CaCO3 significantly
alters the hydrophobic properties of the asphalt mixtures. As the percentage of CaCO; increases, the aggregates become
more hydrophobic, which improves their moisture resistance. Manfro et al. [59] and Aljbouri et al. [7] reported similar
results, wherein the susceptibility of asphalt mixtures to moisture decreased with the addition of nano CaCO; .

4.2. Marshall Immersion

The Marshall-immersion test was used to assess the durability of the asphalt mixtures. Figure 14 shows the stability
results for various immersion times. The unconditioned samples, which were immersed for 30 min, exhibited higher
stabilities as the NESP content increased, with the control, 5% NESP-modified, and 9% NESP-modified asphalt
mixtures demonstrating values of 21.59, 22.52, and 27.89 kN, respectively. However, as shown in Figure 14, the stability
decreased as the immersion times increased, possibly owing to the deterioration of the adhesion between the aggregates
and bitumen caused by heat and water exposure. After immersion for 24 h, the stability values of the control, 5% NESP-
modified, and 9% NESP-modified asphalt mixtures decreased by 10, 9.4, and 9.0%, respectively, compared with the
unconditioned samples, whereas after immersion for 48 h, they exhibited reductions of 18.0, 16.3, and 15.7%,
respectively.
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Figure 14. Marshall stability results

The enhancements in the bitumen cohesion and adhesion with the aggregate, which prevent water from easily
displacing bitumen from the aggregate surface, were responsible for the increase in the Marshall stability of the NESP-
modified asphalt mixtures. This resulted from the increased reactivity between the NESP and the bitumen matrix, which
is facilitated by the large surface area of NESP as the nanoparticles reinforce bitumen particles and improve their
bonding [84]. Additionally, the adhesion improvement can be attributed to the increased surface free energy of the
bitumen owing to the addition of NESP, which possesses alkaline characteristics owing to its high CaCO; content [48,
85]. These results agree with those obtained by Hao et al. [86], who noted that the addition of CaCO3; nanoparticles to
asphalt mixtures increases the Marshall stability.
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Figure 15 shows the RSI results. The most notable improvement can be observed in the 9% NESP-modified asphalt
mixture, which exhibits RSI values of 91.0 and 84.3% for immersion times of 24 and 48 h, respectively, whereas the
5% NESP-modified asphalt mixture exhibits RSI values of 90.5 and 83.7%, respectively. By contrast, the control
mixture exhibits the lowest RSI values of 90.04% and 82.1% for immersion times of 24 and 48 h, respectively. This
improvement can be attributed to the presence of NESP, which was uniformly distributed in the bitumen owing to its
small size and large surface area, resulting in an increased structural bitumen ratio. Additionally, the high content of
CaCO; in NESP reduces the acidity of bitumen, thereby enhancing its adhesion to granite aggregates [87].
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Figure 15. RSI results for samples immersed for 24 and 48 h

Figure 16 shows the durability index results, revealing that both the FDI and SDI values decreased as the NESP
content increased. Specifically, the FDI values decreased by 9.0 and 11.0% for the 5% and 9% NESP-modified asphalt
mixtures, respectively, compared with the control mixture. Similarly, the SDI values decreased by 10.7 and 16.4% for
the 5 and 9% NESP-modified asphalt mixtures, respectively, compared with the control mixture. The durability index
reflects the loss of strength or stability of an asphalt pavement. Therefore, a lower durability index value indicates lower
strength and stability loss and therefore, higher durability [70]. Consequently, the addition of NESP enhanced the
stability and durability of the asphalt mixtures under wet conditions.
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Figure 16. FDI and SDI results of samples immersed for 48 h

4.3. Resilient Modulus (Mr)

Figure 17 shows the Mr results of the three mixtures at 25 and 40 °C, which reflect their fatigue and rutting
resistances, respectively. At both temperatures, the NESP-modified asphalt mixtures exhibited higher Mr values than
the control mixture. At 25 °C, the control mixture exhibited the lowest Mr value of 2640 MPa, whereas the 5% and 9%
NESP-modified asphalt mixtures exhibited Mr values of 2871 and 3397 MPa, respectively. The higher Mr values of the
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NESP-modified asphalt mixtures suggest that they feature higher stiffness and elasticity, which allow them to return to
their original states after the load is removed, thereby reducing fatigue cracking. This improvement can be attributed to
the presence of NESP nanoparticles, which enhance the bitumen—aggregate adhesion. Additionally, nanomaterials
improve the strength and elasticity of bitumen and are highly effective in controlling crack extensions [19]. Furthermore,
the Mr results at 40°C exhibit a similar pattern. As anticipated, the Mr decreased at this temperature because bitumen
softens and loses its elasticity at higher temperatures. Notably, the highest Mr of 731 MPa can be observed for the 9%
NESP-modified asphalt mixture, followed by 653 MPa for the 5% NESP-modified asphalt mixture, whereas the control
mixture exhibits the lowest Mr of 569 MPa. The higher Mr values of the NESP-modified asphalt mixtures at this
temperature indicate their ability to resist permanent deformation or rutting. This can be attributed to the incorporation
of NESP, which enhances the thermal properties of bitumen and prevents the degradation of its colloidal structure,
thereby improving the elasticity of the asphalt mixture [88-90]. These findings align with those of previous studies,
which found that bitumen modified with nano CaCO; enhanced the Mr of asphalt mixtures at medium and high
temperatures [8, 91, 92].
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Figure 17. Mr results for the three mixtures at 25 and 40 °C

Figure 18 shows the recovered axial strain and total recoverable horizontal deformation of the control and NESP-
modified asphalt mixtures. Notably, an opposite trend to that of the Mr is evident, indicating that a lower recovered axial
strain led to higher Mr values of the mixtures. The recovered axial strain of the NESP-modified asphalt mixtures are
lower than that of the control mixture at 25 °C, and similar trends are observed at 40 °C. Additionally, the recovered
axial strains of the mixtures at 40 °C are greater than those at 25 °C. This can be attributed to the increase in temperature,
which softens the bitumen and increases its deformation, leading to the greater deformation at 40 °C. However, the
NESP-modified asphalt mixtures exhibited resistance to deformation, resulting in lower recoverable axial strains than
that of the control mixture. These findings agree with the Mr results that demonstrated that the NESP-modified asphalt
mixtures have higher Mr values.
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Figure 18. Total recoverable horizontal deformation (nm)
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4.4. Dynamic Creep

Figure 19 shows the cumulative-strain results after 3600 cycles at 40°C, wherein the NESP-modified asphalt
mixtures exhibit a lower permanent strain than the control mixture. The maximum permanent strain of the control
mixture is 12542 microstrain, whereas those of the 5% and 9% NESP-modified asphalt mixtures are 11147 and 9318
microstrain, respectively. Thus, the permanent strain of the 9% NESP-modified asphalt mixture decreased by
approximately 26% compared with the control mixture, indicating that NESP enhances resistance to permanent
deformation and rutting. Figure 20 shows the values of the CSM and CSS, wherein the control, 5% NESP-modified
asphalt, and 9% NESP-modified asphalt mixtures have creep stiffness values of 238, 268, and 310 MPa, respectively.
Thus, the 9% NESP-modified asphalt mixture exhibited the most significant enhancement in creep stiffness, which can
be attributed to the superior properties of the bitumen used in the mixture. The strong interfacial forces between the
NESP particles and the bitumen matrix resulted in robust bonding and high adhesion of the bitumen [23], thereby
enhancing the bitumen—aggregate bonding and leading to a notable improvement in the asphalt-mixture performance.

14000

12000

10000

8000 -
6000 <|

4000 -

Accumulated (micro-strain)

2000 -

= (0% (control) 5% NESP 9% NESP

0 500 1000 1500 2000 2500 3000 3500 4000
Number of cycles

Figure 19. Cumulative-strain results of control and NESP-modified asphalt mixtures
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Figure 20. Creep-stiffness results and slopes of control and NESP-modified asphalt mixtures

To assess the resistance to permanent deformation during the initial phase, CSS was determined by calculating the
slope of the permanent strain pattern from 1200-3600 cycles. As shown in Figure 20, the 9% NESP-modified asphalt
mixture achieved the lowest CSS value of 0.132, whereas the 5% NESP-modified asphalt and control mixtures recorded
values of 0.142 and 0.149, respectively. Lower CSS values indicate higher resistance to permanent deformation.
Therefore, owing to their increased stiffness, the NESP-modified asphalt mixtures demonstrated greater resistance to
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permanent deformation or rutting than the control mixture. Albayati et al. [92] also reported a similar finding, noting
that asphalt mixtures containing bitumen modified with nano-CaCO; exhibit greater resistance to permanent
deformation.

4.5. Double Punching (DP)

The DP test is an alternative method for assessing the rutting and fatigue resistance of asphalt mixtures [11, 93, 94].
The DP stress at 25 °C predicts the fatigue resistance of asphalt mixtures, with higher values indicating lower fatigue
cracking. Additionally, the DP stress computed at 60 °C indicates the rutting resistance, with higher values suggesting
lower rutting [11]. Figure 21 illustrates the DP stress results of the control and NESP-modified asphalt mixtures at 25
°C and 60 °C. A significant improvement in the DP stress of the mixtures with higher NESP content can be observed at
25 °C. Specifically, the 5% and 9% NESP-modified asphalt mixtures exhibit DP stress enhancements of 9% and 21%,
respectively, compared with the control mixture. This indicates that the NESP-modified asphalt mixtures were
significantly more resistant to fatigue cracking. This improvement can be attributed to the high surface area of NESP,
which enhances the adhesion between bitumen particles and leads to the creation of a protective layer [48]. This layer
plays a crucial role in absorbing the energy of the applied load, thereby delaying and mitigating crack occurrences [8].
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Figure 21. Punching shear strengths of the control and NESP-modified asphalt mixtures

Additionally, the results obtained at 60°C show that the addition of NESP enhances the strength of the asphalt
mixture, with the 5% and 9% NESP-modified asphalt mixtures exhibiting 28.0% and 59.0% higher DP stress values,
respectively, compared with the control mixture. This enhancement indicates the NESP-modified asphalt mixtures
significantly improve the pavement's ability to withstand permanent deformation or rutting. The enhanced strength of
the NESP-modified asphalt mixtures can be attributed to the improved properties of the bitumen film coating the
aggregate. Additionally, the large surface area of NESP reinforces the bonds between the bitumen molecules and
increases their adhesion and cohesion, which delays its transition from the elastic to viscous phase at higher temperatures
[95].

4.6. Water Immersion

The loss of bitumen-aggregate adhesion owing to moisture significantly contributes to the failure of asphalt
mixtures. Consequently, a water-immersion test was conducted to assess the stripping phenomenon and evaluate the
bitumen-aggregate adhesion properties for both the control and NESP-modified asphalt mixtures. The results are shown
in Figure 22, which demonstrates that >95% of aggregates were coated with bitumen after immersion, thereby meeting
the specification limit set by the AASHTO T182 [76]. These findings indicate that as the NESP content increased,
stripping reduced considerably, suggesting an enhancement of the bitumen-aggregate adhesion. The loss of adhesion
can be attributed to the relatively acidic natures of both the bitumen and aggregates (granite), as they both tend to attract
water particles [82, 96]. The addition of NESP, an alkaline material with high CaCO; content, increases the base
component in the bitumen matrix. This enhances the reactivity between the aggregate and bitumen, resulting in improved
adhesion and increased resistance to stripping [90]. This finding was also confirmed in a previous study, which noted
that NESP enhances bitumen wettability [48]. Moreover, a previous study also obtained similar results, wherein the
addition of nano-CaCO; to asphalt mixtures improved their stripping resistance [83, 97].
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Figure 22. Water-immersion results for the control and NESP-modified asphalt mixtures

4.7. Wheel Tracking

The samples and results of both the control and NESP-modified asphalt mixtures after the wheel-tracking test at
60°C are shown in Figures 23-a and 23-b. Evidently, the 9% NESP-modified asphalt mixture exhibits the smallest rut
depth of 3.72 mm, followed by the 5% NESP-modified asphalt mixture, which demonstrates a rut depth of 4.10 mm. By
contrast, the control mixture exhibits a higher rut depth of 4.42 mm. This enhancement in rutting resistance of asphalt
mixtures can be attributed to the bitumen used in them [98]. At high temperatures and under repeated loading, the
bitumen layer binding the aggregate structure becomes softer and thinner, and its colloidal structure becomes less
cohesive. NESP can mitigate these disruptions to the colloidal composition owing to its high surface area, which allows
it to interact strongly with the oily components of bitumen. This interaction leads to the conversion of the colloidal
bitumen system from sol to gel, resulting in significant increases in viscosity and adhesion [48, 84]. This enhancement
can also be attributed to an increase in the rutting parameter (G*/sin d) of bitumen through the addition of NESP [48].
However, all mixtures exhibited rut depths of <8 mm, which is in accordance with the specifications of asphalt-mix
performance outlined by the Virginia Department of Transportation (VDOT) [99]. Additionally, these findings align
with those of Manfro et al. [59], who noted that the addition of nano-CaCO; to asphalt mixtures enhances their
resistance to permanent deformation and rutting.
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Figure 23. a) Samples of control and NESP-modified asphalt mixtures; b) rut depths and RRs after wheel-tracking test at 60 °C
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The RR results in Figure 23-b indicate that mixtures with higher NESP content exhibit lower RRs, which indicate
their enhanced resistance to permanent deformation [79, 80]. Specifically, the control mixture exhibits the highest RR
of 0.84 mm/h, whereas the 9% NESP-modified asphalt mixture exhibits the lowest RR of 0.30 mm/h. These findings
indicate that incorporating NESP reduces permanent deformation or rutting and provide additional evidence that the
addition of NESP can increase the rutting resistance of asphalt mixtures.

5. Conclusion

This study investigated the effects of NESP on the mechanical properties of asphalt mixtures. Mechanical tests
conducted on both the control and 5% and 9% NESP-modified asphalt mixtures revealed that the addition of NESP
enhanced the moisture resistance of the mixtures by increasing their TSR. Furthermore, the modified mixtures exhibited
better durability, as indicated by their lower FDI and SDI values and higher RSI values. Moreover, the NESP-modified
mixtures exhibited higher Mr values at 25 and 40 °C than the control mixture. Additionally, NESP increased the CSM
of the asphalt mixtures and reduced their permanent deformation. The results of the DP shear tests indicated that asphalt
mixtures with higher NESP content exhibited better rutting and fatigue resistances. The incorporation of NESP also
enhanced the bitumen—aggregate adhesion, thereby increasing the resistance of the mixtures to stripping. Finally, the
wheel-tracking results confirmed that the NESP-modified mixtures exhibited lower rut depths than the control mixture.
Additionally, 9% NESP content was determined to be optimal for enhancing the mechanical properties of asphalt
mixtures. These findings demonstrate that NESP has several potential environmental benefits, including waste reduction
and improved pavement performance, leading to longer service life and reduced maintenance costs.

Future studies should experiment with asphalt mixtures incorporating more than 9% NESP to further optimize their
performance and identify the best NESP to bitumen ratio. Additionally, field tests should be conducted to evaluate the
performance of asphalt mixtures containing NESP-modified bitumen, particularly for maintenance applications. It is
also recommended to investigate the potential of other biomaterial wastes as nanomaterials for bitumen modification,
which could contribute to mitigating the environmental effects of these waste materials and enhance their recycling.
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