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ABSTRACT

Moisture induced damage is a prevalent pavement distress commonly observed by road
agencies. The damage caused by moisture significantly affects the pavement's lifespan and
performance. This research investigated the influence of silica fume (SF) on the
susceptibility to moisture. Three concentrations of silica fume were used 3%, 6%, and 9%
by weight of the binder. A thermal camera has been used to detect variations in homogeneity
in the modified asphalt during the mixing process. The optimal asphalt content was 4.92,
5.02, 5.16, and 5.22 for the control and modified mixtures. The moisture susceptibility was
evaluated by measuring the tensile strength ratio (TSR) and index of retained strength (IRS).
The thermal images showed that the silica fume particles in the mixture were uniformly
distributed, as indicated by the convergence of colors at 160°C. The findings showed that the
inclusion of SF at 6% decreased sensitivity to moisture, corresponding to an increase in TSR
and IRS of 12.49% and 13%, respectively.

Keywords: Moisture susceptibility, Silica fume, Thermal camera, Indirect tensile strength,
Compressive strength.

1. INTRODUCTION

The growth of a country's road network is a crucial measure of its progress (Mrema and
Dida, 2020). Most people agree that highways significantly influence societal, economic, and
social advancement (Abtahi et al., 2010). One of the elements that contribute to pavement
deterioration prematurely is moisture sensitivity (Klinsky et al., 2018). Moisture
infiltration into the asphaltic pavement is a significant problem that leads to stripping,
fatigue cracking, raveling, bleeding, and permanent deformation (Nazal and Ismael, 2019).
When water is present at the interface of asphalt concrete pavement, the bonding force
between the different parts of asphalt and aggregate degrades, causing the binder to be
stripped from the surface of the aggregate (loss of adhesion) and the cohesive failure of the
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asphalt binder itself (loss of cohesion) (Behiry, 2013; Das et al., 2015; Kakar et al., 2015).
Moisture susceptibility is recognized as the primary performance issue that affects the
durability of asphalt pavements. The presence of moisture in asphalt pavement causes a
decrease in its stiffness and structural integrity. Researchers have employed various test
methods to assess moisture susceptibility, such as indirect tensile strength and compressive
strength. These tests compare the strength or stiffness of the specimens before and after
their exposure to moisture (Do et al., 2019). In order to prevent the degradation of
mixtures, moisture susceptibility must be properly assessed (Vargas-Nordcbeck et al.,
2016). Pavement's performance, durability, and service life are mostly depend on the
amount of bitumen that can attach and bind to the aggregate surface under various
circumstances (Omar et al., 2020). Hence, the most effective and prevalent method for
raising the asphalt mixture's resistance to moisture is to employ anti-stripping additives
(Hamedi and Tahami, 2018). The key goal of including anti-stripping substances is to
enhance the binding between the aggregate and binder while keeping good HMA
characteristics, thus decreasing the sensitivity of the asphalt mixture to moisture (Sebaaly,
2007; Al-Saad and Ismael, 2022).

Silica fume (SF) is a residual substance generated during the smelting process employed for
the production of silicon and ferrosilicon alloys, which involves reducing high-purity quartz
with coal in electric furnaces. Almost 90% of the components of SF are usually made up of
minuscule amorphous silicon dioxide (SiO2) particles found in the material. Other names for
SF include condensed SF, volatilized silica, micro silica, and silica dust (Khodary, 2016;
Siddique and Mehta, 2020; Zheng et al., 2020; Albeer and Hassan, 2023).

(SF) has been identified as a pozzolanic additive. Its size is less than 100-150 times that of
cement (Fattouh et al., 2023). According to previous investigations, adding SF to asphalt
binder raises the softening point, increases viscosity, and decreases penetration (Akpolat
et al,, 2022). Researchers have used a variety of additives in order to improve the asphalt
mixture's performance and lessen its sensitivity to moisture(Ismael et al., 2023). Generally,
the inclusion of additives increases stiffness, enhances temperature sensitivity, and
decreases moisture sensitivity (Haider et al., 2020). To introduce modifiers into pavement
construction, researchers have incorporated a variety of additives into the ordinary binder,
such as fly ash, silica fumes, sulfur, hydrated lime, and nanomaterials (Sarsam and Lafta,
2014; Jasim and Ismael, 2021).

Three percents (1.0%, 1.5%, and 2.0%) of hydrated lime were added by (Ismael and
Ahmed, 2019) to modify the asphalt mixes' susceptibility to moisture. The results showed
a higher increase in resistance to moisture damage for AC (40-50) and AC (60-70) grades.
(Taher and Ismael, 2022) showed the effects of adding nanosilica (NS) at concentrations
of 2%, 4%, and 6% to asphalt on (HMA) mixtures' susceptibility to moisture under various
aging conditions, revealing that the NS improves pavement performance by improving
volumetric characteristics and stability while lowering susceptibility to moisture damage.
(Al-Taher et al., 2018) utilized silica fume at percentages of 2%, 4%, 6%, and 8% by weight
of bitumen, according to their findings that the Marshall stability, indirect tensile strength
rose by around 23.61%, 3.83%, respectively, at a silica fume percentage of 6%. (Naser et al.,
2023) revealed that asphalt mixtures including silica fume showed significant behavior
concerning stability, The highest increase was recorded at a 75% silica fume addition, SF
was utilized as a filler with steel slag at four different percents by weight of the aggregate:
25%, 50%, 75%, and 100%. The bitumen weight contents of an asphalt mixture including
binders modified with silica fume at 3%, 5%, 7%, and 10% were evaluated by (Shafabakhsh
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et al., 2015). Their results showed that, in contrast to normal asphalt, silica fume improved
the creep behavior of HMA at high temperatures and stress levels.

The major objective of this research is to evaluate the impact of silica fume on the moisture
susceptibility of the wearing course of the improved asphalt mixture in comparison to a
control mixture (i.e the original mixture without any additive).

2. MATERIALS

All materials used are compatible with the criteria of the Iraqi Specification for Roads and
Bridges (SCRB/R9, 2003) and are readily accessible locally.

2.1 Asphalt Cement

This work utilized an asphalt binder (40-50) penetration class, which was obtained from Al-
Durrah Refinery in Baghdad. Table 1. displays the physical characteristics of the asphalt
cement used in this study. Table 2. presents some of the physical characteristics of the
modified asphalt with SF

Table 1. Asphalt cement characteristics.

Test Unit Results SCRB Standard ASTM
Penetration (25°C, 100 g, and 5sec)| 0.1 mm 44 40-50 (ASTM D5, 2013)
Softening point (Ring & Ball) °C 52 | ----- (ASTM D36, 2014)
Specific Gravity, at 25°C o 1.045 | ----- (ASTM D70, 2012)
Ductility@ 25°C, 5 cm/min cm 162 =100 (ASTM D113, 2007)
Flash point(Cleveland open Cup) °C 276 >232 (ASTM D92, 2012)

After the Film Oven Test (ASTM D1754, 2009)
Retained Penetration, of original % 62 >55 (ASTM D5, 2013)
Retained Ductility@ 25°C cm 76 >25 (ASTM D113, 2007)

Table 2. Some of the Physical characteristics of asphalt modified with SF.

Test Unit Results
SF3% | SF6% | SF9%
Penetration (25°C, 100 g, and 5 sec) 0.1 mm 39 35 28
Softening point (Ring & Ball) °C 54 55 60
Ductility@ 25°C, 5 cm/min cm 158 147 133

2.2 Aggregate

The Al-Nibaai quarry's fine and coarse aggregate was used. The coarse aggregate, for the
wearing course ranged in sieve diameters from 3/4 in (19 mm) to No. 4 (4.75 mm), while
the fine aggregate size was observed to vary between No. 4 (4.75 mm) and No. 200 (0.075
mm) sieve. Table 3. provides various physical characteristics of both fine and coarse
aggregate. The asphalt mixture's aggregate grade was chosen to satisfy Iraqi requirements
for the surface or wearing course Type I1IA (SCRB/R9, 2003). Fig. 1 displays the gradation
of aggregate.
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Table 3. Physical characteristics of Coarse and fine aggregate.

Property | Standard ASTM | Result | SCRB
Coarse Aggregate
Bulk Specific Gravity (ASTMC127,2015) 258 | -
Water Absorption % (ASTMC127,2015) 055 | @ -
Los Angeles Abrasion % (ASTM C131, 2020) 16 30 max
Fine Aggregate
Bulk Specific Gravity (ASTM C128, 2015) 261 | -
Water Absorption % (ASTM C128, 2015) 081 | -

2.3 Mineral Filler

In this investigation, the asphalt mixture was made with limestone dust because it was
available and inexpensive. The filler, which is provided from the Iraqi lime factory in
Karbala, is sieved through an opening of 0.075 mm. The (SCRB/R9, 2003) requirement

was followed in selecting the filler shown in Table 4.

Table 4. Characteristics of limestone dust

Property Result SCRB Requirement
% Passing Sieve No0.200 95 70-100
Specific Gravity 269 | -
100 I
o - @ =blend
X
£ 80 —— Upper limit
-]
o »— lower limit
[}
[
< 60
k]
S
.00
@ 40
=
>
e
oo
< 20
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Figure 1. The gradation of aggregate (by researcher based on (SCRB/R9, 2003)).

2.4 Silica Fume (SF)

SF was added to asphalt mixes as a binder modifier to enhance their performance and
reduce their susceptibility to moisture by 3, 6, and 9% of the binder weight. SF is by
product of the manufacture of elemental silicon or silicon-containing alloys in electric arc
furnaces, superfine non-crystalline silicon dioxide (SiOz2) particles. Fig. 2 illustrates the SF
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used in this work, while Table 5. exhibits the chemical characteristics of SF based on the
X-ray fluorescence test results. Table 6. displays the physical characteristics of SF based
on the product technical document.

Figure 2. Photo of silica fume.

Table 5. Chemical characteristics of silica fume.

Si0; % | S03% | Ca0% | Fe:03% | Al:03 % LOI
94.5 0.11 2.04 0.37 0.11 Max 6%

Table 6. Physical characteristics of silica fume.

Appearance Bulk Density | Surface Area Specific retained on sieve
PP kg/m’ m’/g Gravity 45 micron
Gray to medium gray| (500-700) Min 15 (2.10-2.40) Max 10%

2.5 Blending Silica Fume (SF) with Asphalt

In order to effectively carry out the blending of SF with asphalt cement, various devices
including a thermal camera, tachometer, and mixer were employed, as illustrated below:

2.5.1 Compact Thermal Imager (Thermal Camera)

The UTi120P thermal imager was utilized in this study. Thermal imagers convert invisible
infrared rays into visible thermal images. The accuracy of a thermal camera primarily
depends on emissivity, which is defined as the ability of an object for reflecting the
temperature of its surface by the infrared radiation emitted from it (Albatici et al., 2013).
For this camera, the emissivity was determined for various materials, including concrete,
asphalt, black aluminum, water, bricks, and copper. The emissivity value for asphalt was
found to be 0.96. In other wordes, if the emissivity were equal to 1, then the infrared rays
emitted by the material, when measured by the thermal camera (infrared sensor), would
accurately represent the real temperature with 100% accuracy. Table 7 exhibits the
characteristics of thermal camera and images.

2.5.2 Digital Laser Tachometer Instrument

The digital tachometer instrument has been used to measure the rotation speed in
revolutions per minute of a shaft or disk in a motor or any rotary device. A laser
tachometer emits a laser beam. The beam is aimed at a reflective strip (tape) on the
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rotating object. The laser spot should be visible on the reflective tape. These strips were
attached to the rotating part of a mechanical mixer for reflecting the tachometer
instrument's laser signal, allowing for accurate signal receipt from the moving section.
When the light beam makes contact with this tape, it is then redirected back towards the
light sensor located in the tachometer. The device will record the frequency of
occurrences when the reflected signal is received. Consequently, the reading was
expressed in rotations per minute. In this study, the mixer reached 1500 rpm, as shown
in Fig. 3.

Table 7. Characteristics of thermal camera and images.

Technical data Uti 120p
IR resolution (pixels) 120*90
Thermal sensivity < 60 mk
Temperature range -20 °C~400 °C
Accuracy +2°C
Emissivity 0.01 ~0.99 adjustable
Response time <500 ms
Image mode Thermal
Color palettes 3 (iron bow, grey, rainbow)
Image format Bitmap (BMP)

(a)Before turning on the mixer  (b) Device at 1500 rpm (c) Blending SF with asphalt
Figure 3. Tachometer device and mixer.

2.5.3 Trail Method of Mixing Silica Fume with Asphalt

A trial method was employed to determine the appropriate mixing temperature. The
necessary uniformity was monitored through the utilization of a thermal imaging device.
Three temperatures were used (150,160, and 170°C) (Sarsam and AL-Lamy, 2015; Zheng
et al,, 2020; Akpolat et al.,, 2022) at 1500 rpm that was measured previously. The
images showed that the homogeneity of asphalt containing silica fume appears after 45
minutes at 150°C, while it occurs after 30 minutes at 160°C. At 170°C, homogeneity happens
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after 30 minutes, but bubbles were noticed. Consequently, 160°C was selected as the most
suitable temperature for achieving the necessary homogeneity in a short time. It will be
explained later through thermal analysis. Thermal images illustrating the steps of mixing
using a thermal camera are shown in Figs. 4 to 8. Three different concentrations of SF (3%,
6%, and 9% by weight of the binder) were added to asphalt cement to modify it. To complete
the mixing procedure, a mechanical mixer was used to modify the asphalt with SF. SF was
added gradually to the asphalt after it had heated to 160°C, and the mixer was running at
500 rpm to ensure that the SF particles were evenly dispersed. After 5 minutes, the speed of
mixing was increased to 1500 rpm for (30 minutes) as a constant blending time (Alhamali
etal., 2016; Ezzat et al., 2016).

Asphalt
pan

Mix of
asphalt
with silica

(a) After (0.5) min. (b) After (5) min. (c) After (15) min. (d) After (45) min.

Figure 4. Thermal images of mixing 6% silica fume with asphalt at 150°C.

(a) After (0.5) min. (b) After (5) min. (c) After (15) min. (d) After (30) min.

Figure 6. Thermal images of mixing 6% silica fume with asphaltat 170°

79



(a) After (0.5) min. (b) After (5) min. (c) After (15) min. (d) After (30) min.

Figure 7. Thermal images of mixing 3% silica fume with asphalt at 160°C.

(a) After (0.5) min. (b) After (5) min. (c) After (15) min. (d) After (30) min.

Figure 8. Thermal images of mixing 9 % silica fume with asphalt at 160°C.

3. EXPERIMENTAL WORK

Firstly, the Marshall approach has been used to determine the 0.A.C. for the conventional
mixture and each percentage of silica fume additive. To assess the asphalt mixture's
resistance to moisture degradation, the index of retained strength and the tensile strength
ratio were calculated. Compressive strength and indirect tensile testing were utilized to find
these parameters.

3.1 Marshall Test

The O0.A.C. for the chosen aggregate gradation was determined using the Marshall mix design
method. Three specimens were created for each of the asphalt contents (4-6%), utilizing
(12.5mm) nominal maximum size aggregate in every mixture. After the mold had been
compacted, it was moved on a flat surface and allow cool down at ambient temperature for
20 hours until it was removed. For the control mix and each percentage of the silica fume
addition, identical samples with measurements of 63.5 mm in height and 101.6 mm in
diameter were created. Next, following (ASTM D6927,2015), the specimens were prepared
for testing by immersing them in a water bath at 60°C for 30 minutes. Lastly, take the
specimen out of the water bath and use a towel to wipe off any remaining water. Then,
immediately put it into the Marshall Apparatus and note the stability and flow values. In this
design approach, the Asphalt Institute's recommended O.A.C. was determined by selecting
4% of air voids as the primary factor. All other characteristics, such as bulk density, flow,
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Marshall stability, and voids, were evaluated in the criteria in order to ascertain the required
specifications, and this process has been repeated for other mixes modified with SF with
different concentrations of 3%, 6%, and 9% by weight of the binder(Islam, 2020). Table 8.
is a summary of the 0.A.C results. Fig. 9 shows the specimens and Marshall test, and Fig. 10
displays the Marshall characteristics for the control mixture.

Table 8. The outcomes of Marshall test
0.A.C. Stability Flow Bulk density A.V. V.M.A V.F.A
(%) (kN) (mm) (gm/cm?) (%) (%) (%)
4.92 9.89 3.28 2.333 4 14.71 72.80
SCRB (R9) for wearing coarse
46 | Min8 | 24 | _ | 3-5 | Min14 |

Figure 9. The specimens and Marshall test.
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Figure 10. Marshall characteristics for the control mixture.

3.2 Indirect Tensile Strength

The moisture sensitivity of the asphalt mixture was assessed using the ASTM D4867. The

calculation of the number of blows required to generate 7% #1 air spaces is shown in Fig.
11

Air Voids %
=)}

3 A2
40 45 50 55 60 65 70 75 80
No. of Blows

Figure 11. Correlation between the number of blows and the percent of air voids.

After calculating the blows, four groups were created from the Marshall samples, each
consisting of two sets, each set including three samples. There was no additive in one of the
groups, while the other groups received modifications consisting of 3%, 6%, and 9% of SF.
The initial set of samples was chosen as unconditioned samples. These samples were
submerged in a water bath at 25°C for a duration of 30 minutes. Subsequently, they were
subjected to an (ITS) test. The second set of samples from every group was placed in water
at temperature 25°C while being exposed to a vacuum in order to exclude air. After that, the
samples were treated to one cycle of freezing and thawing, which involved being frozen for
16 hours at -18°C and then thawed for 24 hours at 60°C. Then, the specimens were extracted
and immersed in a water bath at temperature 25°C for aduration of one hour, repeating the
identical test with the initial set. Fig. 12. illustrates the test's procedure. The ITS and TSR
value were calculated using the following Eq. (1), Eq. (2)
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ITSY% = 2000 Pult. +100 (1)
ITS con

TSR% = ITS uncon 100 (2)

Where:-

- ITS : indirect tensile strength (kPa)

- P ult.: The ultimate load failure (N),

- D: sample's diameter (mm).

- t: sample's height (mm).

- ITScon. : indirect tensile strength of wet samples
- ITSuncon. : indirect tesile strength of dry samples

Figure 12. The indirect tensile strength test.

3.3 Compressive Strength Test

The index of retained strength (IRS) was employed to assess the resistance of a mixture to
moisture degradation. The lowest allowable value of (IRS) is 70%, according (SCRB/R9,
2003). This test was conducted in compliance with (ASTM D1074, 2011). The asphalt
mixture was compressed utilizing a compressed device until the specimen achieves the
appropriate height (4 inch). The specimen has a height and diameter of 4 inch (101.6 x 101.6
mm) (Mawat and Ismael, 2020; Abdi Kordani et al., 2021). The specimens were chilled
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for awhole day, prior to experiencing a loading rate of 5.08 mm/min during the compressive
strength test. After that, the specimens were placed vertically such that the initial surface of
the specimen could be subjected to axial force until it failed as explained in (ASTM1075,
2011). Fig. 13 shows the test specimens for compressive strength.

IRS =22 100 (3)
S1

Where,
S1: The compressive strength of the dry sample (kPa);
S2: The compressive strength of immersed sample (kPa)

Figure 13. Compressive strength samples

4. RESULTS AND DISCUSSION

4.1 Thermal Analysis

The thermal analysis software linked to the thermal camera was employed to evaluate the
uniformity of surface temperatures of asphalt enhanced with silica fume, as illustrated in the
thermal image analysis presented in Figs. 14 to 18.

The primary substance depicted in these images consists of a blend of asphalt and silica
fume. Through thermal analysis, fluctuations in temperature are observed during the
various stages of mixing, ultimately revealing the achievement of the intended uniformity
over the course of the process.

In all the images, in (a) and (b), it was found that there is a mixture of colors ranging from
low to high, but as mixing continues, homogeneity occurs, as illustrated in (c) and (d).
Homogeneity can be observed through the convergence of temperatures recorded at various
points and for different colors through thermal analysis until a significant convergence in
temperatures and colors is achieved, indicating their suitability for the mixing process.
Therefore, 160 degrees was chosen due to the similarity in temperature at most points on
the surface.
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Center temperature (C) 131°C
High (H) 150°C
temperature
S1 S2 S3 S4
68°C 93.8°C 118.2°C 1%2'7
Center temperature(C) 147.3°C
High (H) 150.4°C
temperature
S1 S2 S3 S4 S5
86°C 101.3°C 147°C 1025 1040
C C
Center temperature (C) 142°C
High (H) 149°C
temperature
S1 S2 S3 S4
133.7°C 141.3°C 145.1°C 122'8
Center temperature(C) 151.9°C
High (H) 154.2°C
temperature
S1 S2 S3 S4
149.7°C 143.8°C 150.1°C 1502'4
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Figure 14. Thermal analysis to images of mixing 6% SF with asphalt at 150°C.
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Center temperature(C) 148.6°C
High (H) 160.6°C
temperature
S1 S2 S3 S4 S5
60°C 100.4°C 126°C | 157.4°C | 135.1°C
Center temperature(C) 153.4°C
High (H) 160.9°C
temperature
S1 S2 S3 S4
122.5°C 151.6°C 136.9°C 155.1°C
Center temperature(C) 159.9°C
High (H) 163.6°C
temperature
S1 S2 S3 S4
158.5°C 136.9°C 142.4°C 142°C
Center temperature(C) 160.5°C
High (H) 161.3°C
temperature
S1 S2 S3 S4 S4
159.9°C 159.9°C 159°C | 159.9°C | 159°C

Figure 15. Thermal analysis to images of mixing 6% SF with asphalt at 160°C.
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Center temperature(C) 167.4 °C
High (H) 169.9°C
temperature
S1 S2 S3 S4 S4
94.6°C 111.8°C 126°C | 137°C | 164°C
Center temperature(C) 163.1 °C
High (H) 171.4°C
temperature
S1 S2 S3 S4
120.7°C 133.2°C 149.3°C 163.9°C
Center temperature(C) 167.2 °C
High (H) 172.2°C
temperature
S1 S2 S3 S4
165.7°C 145°C 158.6°C 159.1°C
Center temperature(C) 168.4 °C
High (H) 173°C
temperature
S1 S2 S3 S4 S5
166.7°C 172.3°C | 163°C 1Zé'8 163°C

Figure 16. Thermal analysis to images of mixing 6% SF with asphalt at 170°C.
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Center Temperature

142.3°C
@
High (H) 160.3°C
Temperature
S1 S2 S3 S4 S5
77.8°C 99.2°C 1%,3'1 1206'4 151.7°C
C C
Center o
Temperature(C) 147.3°C
High (H) 161.4°C
Temperature
S1 S2 S3 S4 S5
114°C 118°C 15;1'6 138°C 1%,8'6
C C
Center Temperature 147 5°C
(©)
High (H) 161.1°C
Temperature
S1 S2 S3 S4 S5
108.7°C 118°C 124°C | 141°C 156°C
Center o
Temperature(C) 161.3°C
High (H) 163.5°C
Temperature
S1 S2 S3 S4 S5
161°C 159°C 158°C | 159°C 160°C

Figure 17. Thermal analysis to images of mixing 3% SF with asphalt at 160°C.
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Center Temperature (C) 148.6°C
High (H) 160.6°C
Temperature
S1 S2 S3 S4 S5
57.8°C 75.9°C 10%1 128°C | 151.8°C
Center Temperature(C) 120.6°C
High (H) 160.2°C
Temperature
S1 S2 S3 S4 S5
122°C 114.2°C 906(':4 107°C 129°C
Center Temperature (C) 149.9°C
High (H) 161.3°C
Temperature
S1 S2 S3 S4
128.8°C 141.8°C 143.6°C 156.7°C
Center Temperature(C) 161.3°C
High (H) 162.3°C
Temperature
S1 S2 S3 S4 S5 N&
| (d) +5,| 1?,2'9 10?:1 106(:1 10?:0 160.4°C 159.5°C

Figure 18. Thermal analysis to images of mixing 9% SF with asphalt at 160°C.
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4.2 Marshall Test

With the inclusion of 3%, 6%, and 9% of SF, the (0.A.C) rose from 4.92% in original binder
to 5.02%, 5.16%, and 5.22% in an enhanced binder. According to the Marshall stability
results, as seen in Fig. 19. adding 3, 6, and 9% SF raised the mixture's Marshall stability by
(12.43, 20.42, and 15.36%) respectively. The highest stability increase was obtained at 6%
silica fume. The findings demonstrated that, despite an increase in asphalt composition, the
Marshall flow dropped by 5.79 and 14% with the addition of 3 and 6% of SF, respectively.
When the SF concentration reached 9%, the flow started to climb again, although it was still
dropping in comparison to the control mix, which had a 3.13 mm decline of 4.57%. Fig. 20.
displays that the effect of SF on the Marshall flow. Because of the increased surface area of
SF, there is a rise in binder stiffness, which contributes to this enhancement in stability and
leads to a drop in flow. As the percentage of SF rose to 9%, the bulk density increased. The
mixture got denser as a result of the large surface area of SF applied to the binder. Fig. 21.
demonstrates how SF affects the asphalt mixture's density, while keeping the air voids
percentage (AV%) within the permitted limits. As to the (SCRB/R9, 2003), 3-5% of AV is
sufficient to avoid bleeding that results from asphalt with low AV (below 3%) mixture.
However, a high AV (above 5%) reduces the resistance of asphalt mixture to fatigue and
moisture. As seen in Fig. 22. the inclusion of 3%, 6%, and 9% of SF resulted in a drop in the
VMA%. The high surface area of the SF resulted in a greater number of voids being filled with
bitumen. This, in turn, enhanced the ability of the asphalt to fill the voids and create a more
durable asphalt mixture, as demonstrated by Fig. 23. A drop in voids in mineral aggregate
percentage may be linked with the rise in density. Table 9. presents the collected test results
of the impact of SF. These outcomes are in agreement with (Shafabakhsh et al., 2015;
Zheng et al., 2020; Zhu and Xu, 2021).
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Figure 21. Impact of SF on bulk density.
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Figure 23. Impact of SF on VFA.

Table 9. Impact of Silica Fume on Marshall characteristics.

S.F | 0.A.C. | Stability | Bulk density Flow AirVoids | V.M.A V.F.A
(%) | (%) (kN) (gm/cm?) (mm) (%) (%) (%)
0 4.92 9.89 2.333 3.28 4 14.71 72.80
3 5.02 11.12 2.334 3.09 4 14.69 72.88
6 5.16 11.91 2.336 2.82 4 14.65 72.96
9 5.22 11.41 2.341 3.13 4 14.62 73.20

4.3 Tensile Strength Ratio

The inclusion of SF by weight of binder enhanced both the wet and dry tensile strength.
Consequently, T.S.R values rose, with the tensile strength ratio having the most growth at
6% SF percent. In comparison to the control mix, TSR value rose by 12.49%. as a result of
increase bonding between binder and aggregate due to high surface area and cementation
effect of SF. The results also indicated that there was a convergence between the TSR values
for the control mix and 3% SF, which may be attributed to the ratio being insufficient enough
to increase adhesion between the components of the asphalt mix. Table 10. As well as Fig.
24 display each of the data required for the test. The results align with the research
conducted by (Al-Taher et al., 2018; Al-Ani, 2020).

Table 10. Tensile strength ratio outcomes.

SF (%) Dry LT.S (kPa) Wet LT.S (kPa) T.S.R (%)
0 1227 1008 82.12
3 1386 1167 84.22
6 1467 1355 92.38
9 1397 1223 87.54

4.4 Index of Retained Strength

In this test, the index of retained strength (IRS) was employed to assess the compressive
strength of the asphalt mix while exposed to water. Similar to the tensile strength ratio's
growing trend, adding 3%, 6%, 9% of Silica Fume additive enhances both wet and dry of
compressive strength values. Therefore, the amount of the (IRS) also enhanced by 6% as a
best acquired findings. The highest obtained in (IRS) value over the control mixture was
13%, and this resulted in a decrease in the asphalt mixture's sensitivity to moisture, where
moisture resistance increased as IRS increased. The test results are summarized in Table
11. As well as are illustrated in Fig. 25. The findings are compatible with (Al-Taher et al.,
2018).
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Figure 24. Impact of silica fume on TSR.
Table 11. Index of retained strength findings.
SF Dry Compressive Wet Compressive LR.S
(%) Strength (kPa) Strength (kPa) (%)
0 8658 6543 75.56
3 10418 8511 81.69
6 11889 10159 85.45
9 11293 8874 78.58
100
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Figure 25. Impact of Silica Fume on IRS.
5. CONCLUSIONS

This study investigates the effectiveness of asphalt mixtures containing silica fume on

moisture susceptibility. The resistance of the asphalt mix to moisture was assessed by the

utilization of indirect tensile strength and compressive strength tests. The results led to the

following conclusions:

¢ The tensile strength ratio (TSR) values rise with the inclusion of SF by weight of binder,
indicating a reduction in the asphalt mixture's sensitivity to moisture. The inclusion of 6%
SF produced the greatest TSR of 92.38%, compared to the control mixture's 82.12% TSR.
This led to a 12.49% increase in the (TSR).

¢ The inclusion of 6% of SF also led to the highest IRS, which was 85.45% compared to the
75.56% control mixture. With this amount, the (IRS) was raised by 13%.

e The thermal images revealed a consistent distribution of SF particles in the asphalt cement
through the homogeneity of colors following 30 min. of blending SF at 160 °C.
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¢ The incorporation of SF with three percents (3, 6, and 9%) of the binder's weight enhanced
the Marshall characteristics of the asphalt mixes. The inclusion of 6% SF resulted in the
highest Marshall stability, measuring 11.91 kN, whereas the control mixture recorded 9.89
kN. The Marshall stability was increased by 20.42% with this amount.

e Marshall flow dropped with the addition of SF; the largest decrease in Marshall flow was
14% when 6% of SF was added, whereas the air voids percentage (AV%) remained within
permitted limits.

¢ The best SF content for increasing TSR and IRS and reducing moisture sensitivity was 6%
when mixed with asphalt at 160 °C for 30 minutes using a 40/50 asphalt cement.

NOMENCLATURE
Symbol Description Symbol Description
HMA Hot Mix Asphalt SCRB State Corporation for Roads and Bridges
SF Silica Fume ASTM | American Society for Testing and Material
VFA Voids Filled with Asphalt ITS Indirect Tensile Strength
VMA Voids Mineral Aggregate IRS Index of Retained Strength
AV Air Voids D sample's diameter, mm
0.A.C. Optimal Asphalt Content TSR Tensile Strength Ratio
P The ultimate load failure t Sample's height, mm
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