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ARTICLE INFO ABSTRACT
Keywords: Due to rapid changes in weather conditions and increased traffic loads, asphalt pavements have
Asphalt mixes become more susceptible to distress such as rutting, fatigue cracks, and potholes. Therefore,
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significant attention has been focused on improving the performance of these pavements through
various modifications. The objectives of this study are to enhance the overall performance of the
asphalt mixture and improve its ability to resist traffic loads at both low and high temperatures
simultaneously by using double additives from basalt fiber and nano-CaCOs. The study applied
Marshall Stability, Wheel Track Test (WTT), Indirect Tensile Strength (ITS), and Marshall Im-
mersion (MI) tests to assess the performance of the modified mixes. Additionally, the physical
properties were examined using Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX) analysis. Four asphalt mixtures were tested: the first was a control asphalt mix (CAM)
to determine the optimum bitumen content (OBC); the second was nano-CaCO3 modified asphalt
mix (NCAM) with 2 %, 4 %, 6 %, and 8 % of the bitumen weight; the third was basalt fiber
modified asphalt mix (BFAM) with 0.25 %, 0.5 %, 0.75 %, and 1 % of the asphalt mix weight; and
the fourth mixture contained 5.5 % bitumen and optimum ratios of nano-CaCO3 and basalt fibers
(NCBFAM). The results showed that the addition of 8 % nano-CaCOs led to significant im-
provements of 53.97 % in rutting resistance, 22.7 % in low temperature, and 12.5 % in durability
(RMS) compared to the control mix (CAM). The addition of 0.5 % basalt fibers improved rutting
resistance by 32.54 %, ITS by 7.62 %, and durability by 6.3 %. However, the combination of 8 %
nano-CaCOs3 and 0.5 % basalt fibers (NCBFAM) resulted in the most substantial improvements,
with increases of 46.83 % in rutting resistance, 18.94 % in low temperature, and 10.26 % in
durability compared to the conventional mix. These findings demonstrate that the combined
addition of nano-CaCOj3 and basalt fibers significantly enhances the Marshall properties, high and
low temperature, and durability of the asphalt mix.

1. Introduction

Highway is one of the most vital means of transportation in any place, serving as the lifeline through providing roads that offer easy
driving, optimal stability, and water resistance. The asphalt mixture was mainly composed of a mixture of heavy petroleum-based
substances, mineral aggregate, and air voids.

* Corresponding authors.
E-mail addresses: a.hassan50851@beng.bu.edu.eg (A. Hassan), eng mostafaabdelsalam@bhit.bu.edu.eg (M. Abdelsalam).

https://doi.org/10.1016/j.cscm.2025.e04923
Received 25 January 2025; Received in revised form 25 May 2025; Accepted 11 June 2025

Available online 12 June 2025
2214-5095/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).



A. Hassan et al. Case Studies in Construction Materials 23 (2025) e04923

Although flexible pavement offers many benefits, such as flexibility, load-bearing capacity, and ease of maintenance, it also has
several disadvantages that affect its performance and lifespan. Some of the most notable drawbacks that appear due to climate change
and heavy traffic loads include cracking, moisture damage, thermal cracking, rutting, and shoving caused by pressure. In order to
mitigate these disadvantages, improvements by adding modifiers, controlling material proportions, improving maintenance tech-
niques, and ensuring construction quality are typically implemented.

There are several additives that enhance the performance of pavements. However, in recent decades, researchers have focused on
fibers due to their ability to improve the asphalt mix and provide good performance. Initially, certain types of fiber were used to reduce
cracking issues in pavements before the 1990s. However, after that, various other fibers were employed, such as polyester fibers [34],
glass fibers [13], nylon fibers [18], carbon fibers [28], and Lignin Fiber [19,36] and others, to improve mechanical properties and
extend the service life of asphalt. By 2015, the use of these fibers had expanded. Recently, basalt fibers have attracted significant
attention from researchers due to their superior properties compared to other fibers of the same kind.

Researchers have been paying more and more attention to basalt fiber, a novel form of fiber that has emerged quickly in recent
years. Using the spinneret process, basalt fiber is produced from natural basalt rocks [9]. First, the basalt rocks are melted at between
1450 and 1500 °C in a furnace. In order to make fiber, the molten material is then wiredrawn via a platinum-rhodium wiredrawing
plate. The fibers are then promptly covered with an infiltration agent to prevent a brittle break. Because effluent, waste residue, and
waste gas are not released during the production process, basalt fiber is considered environmentally benign [31].

Previous researches and studies have confirmed this, showing that asphalt mixtures reinforced with basalt fibers exhibit signifi-
cantly better performance in terms of water stability, resistance to both low and high temperatures, and fatigue resistance [12,15,21,
23,33,6].

According to ([8]; Li et al. 2021), basalt fiber was considered one of the most commonly used mineral types in asphalt mixtures. It
is much better than glass fibers and less expensive than carbon fiber. Also, [27] found that the use of basalt fibers in asphalt mixtures
has a significant impact on Marshall’s stability.

Through the conducted Marshall stability and wheel tracking tests, it was confirmed that the addition of basalt fiber significantly
improves the high-temperature properties of asphalt mixtures. The inclusion of basalt fiber enhanced key performance indices such as
rutting resistance and stability, suggesting that basalt fiber is an effective modifier for asphalt, particularly in regions prone to extreme
temperature variations [15].

Another study conducted by [27] investigated the effect of basalt fibers on asphalt mixtures at various ratios
(0-0.25-0.5-0.75-1.0-1.5-2.0 %) by weight of the asphalt mixture. The results indicated that increasing the basalt fiber content
increases the Marshall stability strength up to 0.5 % with an optimum bitumen content of 5 %. "Furthermore, Fucheng [10] conducted
a study on asphalt mixtures modified with 0.4 % basalt fiber content, and the results demonstrated a significant improvement in
resistance to water damage.

Nanomaterials are considered recent additions that have gained significant attention in the field of asphalt technology, thanks to
their properties such as good homogeneity, uniform distribution, and large surface area that interact effectively with asphalt particles
[26]. The pavement sector has seen significant developments as a result of nanotechnology’s rapid advancement in a number of civil
engineering fields [32]. The use of various nanomaterials has significantly increased, such as nano-silica, Nano-titanium, Nano-carbon,
Nano-fibers, Nano-clay, and Nano-zinc oxide, among others, according to research presented by both [16,20]. Recently, there has been
increased focus on nano-CaCOj3 from researchers to improve asphalt properties. According to previous studies, nano-CaCOs is added to
the asphalt binder in percentages from 0 % to 10 % to evaluate the performance of the modified mixture using nanoparticles. For
example, [26] used percentages from 1 % to 7 %, while [14] used percentages from 0 % to 6 %. However, the percentages of calcium
carbonate used from 2 % to 10 % according to [24]. The results indicated that with the increase in the nano-CaCOj3 ratios, creep
resistance, flexural resistance, and moisture resistance increased according to [14]. Regarding the adhesion strength between the
asphalt binder and the aggregate, [26] added nanoparticles to the asphalt mixture and conducted Marshall stability and adhesion
strength tests, The results showed that addition of 5 % nano-CaCOs improved the Marshall stability, and enhanced the adhesion
strength, which contributed to increased resistance of the mixture to deformations during the high summer temperatures in Iraq .

From the previous studies mentioned, nano-CaCO3 has many properties, such as physical characteristics, increased surface area,
reactivity, and increased asphalt viscosity. These properties make asphalt more resistant to permanent deformation and environmental
impacts such as high temperatures and moisture, as well as its resistance to wear and aging. This has made it the focus of this research
alongside the other material, basalt fiber.

Previous studies have indicated that using basalt fibers or nano-CaCOs as single additives to improve the performance of the asphalt
mixture does not have the ability to enhance the overall performance of the mixture at the same time. Therefore, replacing single
additives with double additives to potentially improve the overall performance of the asphalt mixture at low and high temperature.

So, in the current study, the goal is to use double additives from basalt fibers and nano-CaCOj3 to enhance the overall performance of
the asphalt mixture and improve its ability to resist the traffic loads at low and high temperatures at the same time. The impact of
adding both basalt fibers and nano-CaCOj3 on the properties of asphalt mixtures will be explored through conducting various tests for
control and modified asphalt mixtures, such as WTT, ITS, RMS, SEM, and the EDEX test.
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2. Materials and test methods
2.1. Raw materials

2.1.1. Aggregates

The aggregate selected in this study were coarse and fine aggregates of limestone, and it was obtained from the ATAKA quarry, Suze
distinct, Egypt. Based on Fig. 1, the selected gradation of mix design (3B) wearing course surface. The main properties of aggregates
were introduced in Table 1, according to Egyptian specifications. Crushed limestone was used as the powder filler, with an apparent
specific gravity of 2.58.

2.1.2. Bitumen
The base asphalt with 60/70 was used in the experimental program, it was obtained from Suez Refinery, Egypt. Based on the
Egyptian specifications, the physical indexes of virgin asphalt are summarized in Table 2.

2.1.3. Basalt fiber

Basalt fiber was fabricated from (basaltic rocks, especially those with a highly vesicular texture or scoria), which are subsequently
processed into a continuous fiber at a temperature of (1450-1500) °C, and Obtained from the National Housing and Building Research
Center in EGYT. Its mechanical characteristics are mentioned in Table 3. The length that was used is 6 mm, as shown in Fig. 2a.

2.1.4. Nano-CaCOs3

Nano-CaCOs is a white powder as shown in Fig. 2b, it was used as additive to modify the asphalt mixture. nano-CaCO3 was
manufactured by the National Housing and Building Research Center in EGYT. The mechanical and chemical properties of it were
listed in Tables 4 and 5 respectively.

2.2. Methodology

2.2.1. Experimental plan
In the current study, the sequence diagram for conducting laboratory tests consist of four steps as listed in Fig. 3.

¢ Qualification tests were conducted on virgin aggregate and bitumen according to Egyptian specification in the first step. Then the
mix degradation was selected (3B) wearing surface asphalt mix.

e The second step represented in preparation of control asphalt mix (CAM), according to the Egyptian code [35], five different
percentages of asphalt binder (4 %, 4.5 %, 5 %, 5.5 %, and 6 %) were added and examined by Marshall Stability Test, determining
OBC which would be constant in all specimens.

o The third step contained optimum content of basalt fibers and nano-CaCOs optimization separately, by conducting a Marshall
stability test for basalt fibers modified asphalt mix (BFAM) with (0.25 %- 0.5 %- 0.75 % and 1.0 %) basalt fibers of asphalt mix
weight and nano-CaCO3 modified asphalt mix (NCAM) with (2 %-4 %- 6 %-8 % and 10 %) nano-CaCOs of bitumen weight. Then,
preparation and examination in the Marshall Stability Test of a novel combined modified asphalt mix (BFNCAM) that contains

100 O
Il =O=Upper limit =3¢ Selected Lower limit |

90

80

70

60

50

% Passing

40

30

20

10

0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 12.5 19

Sieve size, mm

Fig. 1. Aggregate mix gradation curve for (3B) wearing surface.
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Table 1
Physical properties of aggregate.
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Test Coarse Aggregate Fine Aggregate
Grade 1 Grade 2
Los Angeles abrasion test 27.9 % 33.3% -
Specific Gravity 2.624 2.622 2.531
Apparent Specific Gravity 2.65 2.705 2.603
Absorption % 1.4 2.04 1.4

Designation No

AASHTO-T96
AASHTO-T85

(For coarse aggregate)
AASHTO-T84

(For fine aggregate)

Specification Limits

<40 %
N/A
N/A
<5%

Table 2
Basic physical characteristics of the asphalt.

Characteristic Standard Value Measured Values Spec. Limits
Penetration (at 25 °C, 5 sec.), 0.1 mm ASTM-D5 62 60-70
Ductility (at 25 °C, 5 cm/min), cm ASTM-D113 100 >95
Softening Point (ring and ball), °C ASTM-D36 45.4 45-55
Kinematic viscosity (at 135 °C), C.st ASTM-D 4402 376 > 320
Flash point, °C ASTM-D92 255 > 250
Density in 15 °C, g/cm3 ASTM-D 70 1.01 -

Table 3

Basic properties of basalt fiber.
Item Sustained Operating Temperature Melting Temperature Fiber Diameter Density Tensile Strength Elastic Modulus
Value 269~650 °C 1050 °C 7 ~15um 2.63~2.65 g/cm3 2000~ 3000 MPa 89 GPa

a
Fig. 2. View of (a) basalt fiber; (b) Nano-CaCOs.
Table 4

Properties of nano-CaCOs.

Item Brightness Specific Surface Area Hardness PH Bulk Density Melting point Moisture Content
Value 96 % 2.7 g/cm2 3 9 0.45-0.95 g/cm3 800 °C 0.2 %

Table 5

Chemical components of nano-CaCOs.
Item CaCO3 Cao MgO Fe,03 Al,O03 SiOy L.O.I
Value % 99.4 55.58 0.18 0.01 0.02 0.3 43.67
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Fig. 3. Sequence diagram for conducting laboratory tests.

optimum content of basalt fiber and nano-CaCO3 and a constant ratio of bitumen, which was previously determined in the second
step.

e The final step before analysis and conclusion was applying several tests, such as Marshall Immersion, Indirect Tensile Strength,
Wheel tracking tests, and SEM and EDX analysis.

2.2.2. Specimens preparation
There are different methods to prepare the asphalt mixes: dry method, wet method, and the third one contains wet and dry

Fig. 4. Mixing of nano-CaCO3 with bitumen in high shear mixer, (a) high sheer mixture; (b) asphalt binder after mixing with nano-CaCO3.
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methods. The control asphalt mixture (CAM), basalt fiber modified asphalt (BFAM), nano-CaCO3; modified asphalt (NCAM), and
combined basalt fiber and nano-CaCO3 modified asphalt (BFNCAM) mixes were prepared as follows:

In control asphalt mixture CAM preparation, each of the aggregates and bitumen were heated to a temperature about 165 °C
separately before mixing them for 90 s in an asphalt mixing pot.

The main issues or drawbacks associated with the use of basalt fibers is their ability to absorb moisture, which causes the fibers to
clump together, reducing their dispersion in the asphalt and consequently affecting the durability of the mixture. The results showed
that basalt fibers are less moisture-absorbent compared to other types of fibers [33]. The dry condition was used for adding basalt fiber.
First, basalt fibers were mixed with the heated aggregates; the asphalt binder was added to the mixture after good distribution of fibers
in the aggregate. The mixture was then mixed for 5 min in an asphalt mixer while the bowl was being heated. If the distribution is not
deemed sufficient, the mixing period can be extended by an additional minute.

Another method of mixing was the wet condition; it’s used to blend the nano-CaCO3 with asphalt binder. Despite the advantages
that nanomaterials offer to asphalt mixtures, they require a specific mixing approach due to the potential agglomeration that may
occur during addition, which is one of the major drawbacks. The wet method is a preferred technique for blending nanomaterials with
the binder to prevent or minimize agglomeration[30]. A mixer at a minimum rate of 4000 RPM was used for this purpose. Nano-
particles are characterized by their large surface area, which necessitates sufficient mixing with the asphalt binder to ensure proper
distribution of the nanoparticles and prevent agglomeration. This process is essential to achieve a homogeneous mixture of
nano-CaCO3 with the asphalt binder. The chosen number of revolutions is based on previous studies conducted on the same type of
asphalt binder with nano particles [3]. nano-CaCO3 and bitumen were separately heated to 135 °C for 4 h, then they were mixed in the
mixture for 60 min [3] as shown in Fig. 4. Finally, the mix of nano-CaCO3 with asphalt binder was added to mix with the heated
aggregates. Basalt fibers were added to the asphalt mixture by the direct method, while Nano-CaCO3 was added to the asphalt mixture
by the indirect method. Both direct and indirect methods were used in adding the modifier materials to the asphalt mixture.

2.3. Experimental procedures

In this research, the Marshall stability test was used to determine the optimum content of bitumen in the control asphalt mix, which
represents the constant ratio in the modified mixes. After adding each of the basalt fibers and nano-CaCO3 with selected proportions,
the optimum ratio of them was determined based their impact on the Marshall stability of the asphalt mixture. Furthermore, several
tests, including wheel tracking, indirect tensile strength, Marshall immersion tests, and SEM and EDX analyses, were performed to
examine the effect of the optimum ratio of these additives on the performance of the asphalt mixture.

2.3.1. Marshall test
The main objective of Marshall testing was to determine the optimum asphalt content for all mixtures according to the control
mixture by preparing three sets of samples with different asphalt content ratios according to AASHTO-T245 as shown in Fig. 5. The

Fig. 5. Some stages of testing samples using the marshall method, (a) samples inside the water bath; (b) marshall apparatus.
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dimensions of these specimens were 101.6 mm in diameter and 63 + 0.5 mm in height. These ratios included 4 %, 4.5 %, 5 %, 5.5 %,
and 6 % of asphalt content. Also, Marshall stability test was used to determine the optimal fiber content and the different percentages
of nano-CaCOs in asphalt mixtures. According to the high-temperature rheological parameters, the optimal content of nano-CaCO3
composite was determined. The volumetric and mechanical properties of each sample were analyzed to determine the most effi-
cient mix [29].

2.3.2. Wheel tracking test

The Wheel Tracking Test (WTT) is commonly used to evaluate the rutting resistance of asphalt pavement, specifically its ability to
resist permanent deformations under high temperatures and concentrated moving loads. The test follows the procedure outlined in
AASHTO T324-14, a standard by the American Association of State Highway and Transportation Officials ([1].

This test measures the rutting of HMA samples modified with nano-CaCO3 and basalt fiber. The asphalt mixture’s deformation was
used to measure the rutting test [37].

The asphalt mixtures were compacted using the Superpave Gyratory Compactor to obtain the required percentage of air voids
inside the cylindrical mold with a diameter of 150 mm and a height of 120 mm. Then, the mold was cut in half after 24 h, with each
half having a height of 50 mm. After that, it was heated to 60 °C for at least five hours before the test as shown in Fig. 6.

2.3.3. Indirect tensile strength test

In this test, a direct tensile test is used to determine the tensile strength of asphalt mixtures at low temperatures. The test is
conducted according to AASHTO T-283 [2], which specifies that the sample diameter should be 100 mm and the height 63.5
+ 2.5 mm, and that the samples should be placed at a temperature of —5 °C. The loading is applied in a strip and perpendicular to the
surface of the sample at a rate of 1 mm/min, [7] as shown in Fig. 7.

Samples are prepared according to Section 2.2.2, with a minimum of three samples for each type of asphalt mixture. After prep-
aration, the samples are tested under a load applied at a rate of 1 mm/min, and the average results for these samples are calculated to
obtain the final tensile strength value for each mixture type [7].

2.3.4. Marshall immersion test
The Marshall immersion test was used to compute the residual Marshall stability ratio. The Marshall immersion test is regarded as
one of the most popular techniques for assessing an asphalt mix’s resistance to moisture susceptibility. The samples were prepared and
tested according to the ASTM (D-1075). According to this test, the samples were divided into two groups, each group consisting of
sixteen identical specimens with a diameter of 101.6 mm and varying heights, with eight specimens in each group. The first group (A)
was heated to a temperature of 25 + 1 °C by placing them in a temperature-controlled air bath for no less than 4 h. After that, measure
the Marshall stability of the specimens according to the approved test method, while the second group (B) was immersed in water at a
temperature of 60 + 1 °C for 24 h according to [3]. After that, measure the Marshall stability of the specimens in accordance with the
standards specified in Test Method [5]. The Marshall Stability test was performed on each group, and the residual Marshall Stability
ratio (RMS) was calculated using the Eq. (1).
RMS = x—gxl 00 (€D)
Where RMS represents residual Marshall stability, MS1 is Marshall stability for group A (4 h and 60 °C), and MS2 is Marshall stability
for group B (24 h and 60 °C).

2.3.5. Scanning electron microscope and energy dispersive X-rays
The electron microscope is an advanced device used to make highly detailed observations by magnifying particles or objects to sizes
larger than those visible with a standard optical microscope. This type of microscope is used to analyze materials at the molecular level,

Fig. 6. (a) Wheel tracking test machine, (b) preparing the Mold;(c) placing the mold inside the device to apply the test.
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Fig. 7. The device was used in ITS test, (a) gyratory compactor; (b) sample in freezer; (c) sample in ITS machine.

including asphalt materials and many other substances, allowing for the study of fine details that are essential for understanding the
properties and structure of materials [25].

For the asphalt materials or asphalt mix to be analyzed using the Scanning Electron Microscope (SEM) and Energy Dispersive X-rays
(EDX). SEM was used to examine the sample’s morphology and clarify its fine components and how these materials are interrelated. As
for the sample size used in the test, it does not exceed one centimeter, provided that this sample contains a mixture with all the
components to ensure that these components are examined.

The large samples were cut into smaller pieces so that they could fit into the designated space inside the device, as shown in Fig. 8.
There is no specific size requirement. After that, the device is operated and various magnification factors ranging from 500 to 5000
times are used to understand the microstructure and morphology of each mix individually.

EDX was produced when electrons are ejected from the sample’s atomic shells [11]. The elemental composition of each blend was
determined using EDX. Elemental analysis is performed at specific locations using an EDX detector after SEM images are acquired.
Based on the collected energy spectra, the EDX system can ascertain the chemical composition of the materials and generate elemental
composition charts.

3. Result and analysis
3.1. Marshall test

3.1.1. Marshall results for CAM

The OAC was calculated as the average of three asphalt content levels that achieved peak stability, maximum density, and a target
air voids percentage (AV) of 4 %. Based on the test results, it was found that the optimal asphalt binder according to Egyptian code was
5.5 %. The results of the Marshall tests for each mix are summarized in Table 6. These results are consistent with the specifications of
the Egyptian code and [4,8].

Fig. 8. Sample preparation for SEM testing; (a) SEM device; (b) placing samples inside the device.



A. Hassan et al. Case Studies in Construction Materials 23 (2025) e04923

Table 6
The results of marshall method for CAM.
Mix type OAC% Stability (Kg) Flow (mm) VA% Density (g/cm3)
CAM 4.0 1351.02 2.75 10.42 2.27
4.5 1429.45 2.63 7.53 2.33
5.0 1636.06 3.50 5.93 2.35
5.5 1475.83 291 4.87 2.36

6.0 1425.24 2.95 3.69 2.37

Standard Value > 1100 2-4 3-5

3.1.2. Marshall results for BFAM

The Marshall test results with different percentages of basalt fibers were added present in Table 7. The 0.5 % of basalt fibers is
considered optimal, as it has shown considerable effectiveness in enhancing both the stability and flexibility of asphalt mixtures, as per
the Marshall method characteristics. This proportion significantly improves the asphalt’s stability. This aligns with previous studies
[15].

Basalt fibers enhanced the bonding strength between the asphalt binder and the aggregates, also function as a network to bind the
components of the mix together. The percentage of air voids decreased according to adding basalt fiber compared to the traditional
mix, due to the asphalt binder adhering well to both sides of the well-dispersed basalt fibers in the mix, which reduces voids in the
asphalt mixture. The fibers also help reduce the flow of the mix, as basalt fibers minimizes the movement of aggregates during loading
due to the network it forms.

3.1.3. Marshall results for NCAM

Alternatively, the Marshall test was carried out on the asphalt mixture modified with various percent of nano-CaCOj3. Based on the
rheological properties of asphalt at high temperatures, it was found that the optimal percentage of nano-CaCOg3 carbonate that im-
proves the stability and flexibility of asphalt is 8 %.The results showed that the Marshall stability was increased with an increase in the
percentage of NCAM at 8 % by 35.94 % compared with CAM, where nano-CaCO3 enhances the bonding resistance between the asphalt
binder and the aggregates because the nanomaterials improve the physical and chemical interactions, thereby reducing the permanent
deformation of the NCAM, The large surface area of the nanomaterial inhibits the exudation of lighter fractions of the asphalt binder, as
these fractions are absorbed by the surface of the nanomaterial [24], Thus, the percentage of air voids and flow decreased with the
addition of the same percentage of nano-CaCOj3 according to CAM, as shown in Table 8. Then, according to the Egyptian specifications
for asphalt mixtures, it was found that using 5.5 % bitumen with 8 % nano-CaCOg3 provides the best performance for the mixture
compared to other percent of nano-CaCOs.

3.1.4. Marshall results for BENCAM

As for the addition of a mixtures of basalt fiber and nano-CaCOs to the asphalt mix, the authors found that adding basalt fiber with
nano-CaCO3 improved the Marshall stability, air voids, flow, and density according to the CAM as shown in (Figs.9 to 12).

Considering the Marshall stability, it is evident that the addition of nano-CaCOs3 to the asphalt mixture, the Marshall stability
increased by 36 % and the flow resistance values decreased by 6.6 % as shown in Fig. 9. Consequently, basalt fibers were added to
enhance flow resistance; adding basalt fibers at a rate of 0.5 % of the sample weight improved the flow resistance of the asphalt mixture
by 4.16 % according to the CAM, as illustrated in Fig. 11. Therefore, the addition of double additives enhances the performance of the
asphalt mixture compared to adding a single additive.

The results are evident that the addition of a double additive of improved materials to the asphalt mixture resulted in an
improvement in Marshall stability, flow, air voids, and density, although to a lesser extent compared to the mixture containing only
nano-CaCOs. Nano-calcium carbonate enhances the physical and chemical properties of the asphalt binder, thereby increasing the
bonding strength between the aggregates and the binder. Basalt fibers, on the other hand, function as a network to bind these com-
ponents together, but they also increase the air void content. However, the surface area of the nano-CaCOs helps to reduce these voids,
leading to an increase in Marshall stability, flow, air voids, and density for the mixture compared to the one containing only nano-
CaCO3 carbonate.

Table 7
The results of marshall method for CAM& BFAM.
Mix Type AC% BF% Stability (Kg) Flow (mm) VA% Density (g/cm3)
CAM 5.5 - 1475.83 2.87 4.87 2.36
BFAM 0.25 1614.98 2.87 4.78 2.35
0.5 1657.15 2.89 4.50 2.35
0.75 1542.29 3 5.88 2.32
1.0 1511.67 3.375 7.57 2.28
Standard Value - - > 1100 2-4 3-5 -
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Table 8
The results of marshall method for CAM& NCAM.
Mix Type AC% NCC % Stability (Kg) Flow (mm) VA% Density (g/cm®)
CAM 5.5 - 1475.83 2.87 4.87 2.36
NCAM 2 1620.21 2.80 7.42 2.37
4 1670.52 2.81 6.57 2.38
6 1709.85 2.75 4.68 2.38
8 2006.28 2.73 3.54 2.39
10 2001.48 2.71 3.11 2.4
Standard Value - - > 1100 2-4 3-5 -
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3.1.5. Wheel tracking results

The Wheel Tracking Test (WTT) was used to determine how well the Nano-CaCOg and basalt fiber modified Hot Mix Asphalt (HMA)
samples performed at high temperatures. The percentage of fiber basalt and nano-CaCOs that are utilized is 0.5 % and 8 %,
respectively.

The rutting values obtained from the Wheel tracking test as shown in Fig. 13, indicating that adding 8 % nano-CaCOs resulted in a
53.97 % reduction in rutting values compared to the control mix. Samples containing 0.5 % basalt fibers showed a reduction of
32.54 % in rutting compared to the control mix, while samples with a combination of nano-CaCOs and basalt fibers saw a 46.83 %
reduction in rutting.

This improvement is attributed to the high surface area of nano-CaCOs, which enhances bitumen particles and increases their
strength, leading to higher bitumen viscosity and improved adhesion with aggregates, thereby reducing rut depth [29]. On the other
hand, basalt is only beneficial as an additive in limited amounts; excessive addition yields negative results. Increasing the quantity of
basalt fibers gradually expands the distance between bitumen particles, weakening the bond strength between them, causing cohesion
and adhesion between particles to break at minimal force, thus diminishing bitumen’s adhesion capability [33]. The reason for this can
be attributed to the differences in properties between nano-CaCO3 and basalt fibers. nano-CaCOj3 has a large surface area, allowing it to
disperse effectively with the asphalt binder, which enhances its adhesion to the binder and improves its resistance to rutting. On the
other hand, although basalt fibers have strength and flexibility, they do not interact as effectively as nanoparticles due to the nature of
the fibers. Additionally, it is more difficult to achieve a homogeneous distribution of basalt fibers within the mixture, unlike nano--
CaCOs. As a result, basalt fibers have a lesser effect on improving the rheological properties of the mixture when added with
nano-CaCOs in the same mix.

3.1.6. Indirect tensile strength results
The average results of the indirect tensile strength test for each mixture. When adding basalt fibers at a rate of 0.5 % of the sample
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Fig. 13. Rutting depth for modified asphalt mixtures.
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weight and nano-CaCOs at a rate of 8 %, the indirect tensile strength improved by 22.70 % and 7.62 %, respectively, compared to the
traditional mixture as shown in Fig. 14. The indirect tensile strength is observed when both basalt fibers and nano-CaCOs are added to
the asphalt mixture modified at low temperatures. Comparing the indirect tensile strength value of the modified mixture containing
both nano-CaCOj3 and basalt fibers to that of the control mixture, it is evident that the modified mixture outperforms the control
mixture by 18.94 %. This result aligns with previous studies on both nano-CaCO3 and fibers. Davar et al., [7].

Basalt fibers enhance the mixture by binding the aggregate particles with the asphalt binder, thereby reducing the expected cracks
up to a certain load. As a result, the failure of the specimen requires higher energy, which also aligns with Research [17]. While,
nano-CaCOs has a larger surface area, which enhances its ability to absorb asphalt and contributes to its stability within voids.
Consequently, this leads to increased adhesion strength between aggregate particles. Moreover, nano-CaCOs also increase the viscosity
of the asphalt binder, improving the resistance to cracking and failure of the specimen [24].

The combination of basalt fibers and calcium carbonate significantly improved the indirect tensile strength compared to adding
each of them separately to the mixture.

3.1.7. Immersion—compression results
The Marshall immersion test is one of the tests that assess the moisture susceptibility of the mixture by calculating RMS. Fig. 15
presents the test results, which reveal improvements in the values of RMS under both dry and wet conditions with the addition nano-
CaCOg or, basalt fiber or a combination of both, the increase in RMS was observed to be 12.5 %, 6.3 %, and 10.26 % respectively.
Nano-CaCOs increases the density of the asphalt mixture, thereby reducing internal gaps and the connected pores between the
aggregate and the asphalt binder. This leads to improved water stability and decreased permeability of the asphalt concrete [38].
Additionally, Fiber addition improving adhesion between the asphalt and aggregate and decreasing water erosion, which is
responsible for these improvements. Furthermore, the mixture becomes stronger due to the fibrous network that forms within it.[22].
The results indicate that nano-CaCOj is the best in moisture resistance. However, when a composite of basalt fiber and nano-CaCOj3
is added, the basalt enhances the adhesion strength between the aggregate and the binder, but it slightly increases the voids compared
to the mixture that contains only nano-CaCOj3. Basalt also plays a significant role in improving the asphalt mixture’s resistance to low
temperatures. Therefore, a mixture of nano-CaCOs and basalt fiber greatly contributes to improving the properties of the asphalt
mixture.

3.1.8. SEM and EDX results

the results of the EDX test, indicating that calcium is the main component in all asphalt mixtures due to the use of limestone in all
mixtures as shown in Fig. 16. For the asphalt mixture containing basalt fibers, the second most abundant element after calcium is
sulfur. Sulfur plays an important role in enhancing the performance of the mixture at high temperatures, as evidenced by the rutting
test, where basalt fibers improved the mixture’s resistance to rutting compared to the conventional mixture. Sulfur also contributes to
moisture resistance, which is demonstrated in the Marshall immersion test.

For the mixture containing nano-CaCOj3, the primary components after calcium are carbon and silicon. Carbon helps improve the
asphalt mixture’s properties at both high and low temperatures, as demonstrated in the rutting test and the Indirect Tensile Strength
test, respectively.

As for the mixture containing basalt fibers and nano-CaCOs, the main component in the mixture is sulfur, followed by calcium. This
indicates that this mixture performs better at both high and low temperatures, as well as in moisture resistance, as demonstrated in the
previous tests.
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Fig. 14. Indirect tensile strength result.
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Fig. 16. EDX results for (a)CAM (b) BFAM (c)NCAM (d) BFNCAM.

As for the SEM test, Fig. 17 shows that the asphalt binder encapsulates the basalt fibers, and it also indicates a reduction in the air
voids in the asphalt mixture containing nano-CaCOs.

4. Conclusions and recommendations

The primary objective of this research is to determine the mechanical properties of conventional asphalt mixtures and those
modified with basalt fiber and nano-CaCOs. Specification number (AASHTO-T245) was used to prepare all the samples. After prep-
aration, tests for wheel track test (WTT), indirect tensile strength test (ITS), and Marshall Immersion Test were conducted to compare
the modified asphalt mixture with the conventional asphalt mixture. These tests were performed at both high and low temperatures, as
well as for moisture resistance.

According to the tests results of this study, the following can be summarized:
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Fig. 17. The SEM for asphalt mixture; (a) CAM, (b) BFAM, (c) NCAM, (d) NCC with BA.

e The results show that the indirect tensile strength of the asphalt mixture modified with 0.5 % basalt fiber increased by 22.70 %,
while the rutting resistance increased by 48.23 %, and moisture resistance improved by 6.3 %, compared to the conventional
mixture. Therefore, it can be concluded that basalt fiber enhances the performance of the asphalt mixture at low temperatures
according to anther additives.

o the results of the asphalt mixture modified with 8 % nano-CaCOys, it is evident that the rutting resistance of the mixture increased by
53.96 %, while the indirect tensile strength increased by 7.62 %, and moisture resistance improved by 12.5 %. This indicates that
the asphalt mixture modified with nano-CaCO3 enhances the performance of the asphalt mix at high temperatures compared to
basalt fiber.

e When both basalt fibers at a rate of 0.5 % and nano-CaCOj3 at a rate of 8 % are added, the rutting resistance, indirect tensile
strength, and moisture resistance of the asphalt mixture increased by 20 %, 30 %, and 40 %, respectively. This clearly indicates that
the asphalt mixture containing a dual addition of basalt fibers and nano-CaCOg performs better at both high and low temperatures
compared to the conventional mixture, or the mixture containing only basalt fibers or only nano-CaCOs. This is because each of the
additives improves performance either at high temperatures or low temperatures, but not both.

In summary, one can have said that the double-adding technology into asphalt mixtures demonstrated a greater ability to improve
the all over performance and lifespan of the road pavement in comparison with single additives.

Finally, the authors recommend conducting additional tests, including creep and three-point bending tests, to evaluate the cracking
behavior when using these additives at different temperatures. Also, explore how these modified asphalt mixtures can be incorporated
into recycling processes. It is also recommended to explore the impact of these additives on the sustainability and recyclability of
asphalt mixtures. Additionally, a theoretical analysis should be performed using a finite element program (Abaqus) to understand the
material behavior and its performance under various loading and environmental conditions.
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