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Abstract: Many waste materials can be repurposed effectively within asphalt concrete to en-
hance the performance and sustainability of pavement. One of these waste materials is sawdust
ash (SDA). This study explores the beneficial use of SDA as a substitute for limestone dust
(LD) mineral filler in asphalt concrete. The replacement rate was 0%, 15%, 30%, 45%, and
60% by weight of total mineral filler. Scanning electron microscopy (SEM) was employed to
assess the surface morphology of Sawdust (SD), SDA, and LD. In addition, a series of tests,
including Marshall stability and flow, indirect tensile strength, moisture susceptibility, and re-
peated uniaxial loading tests, were conducted to examine the performance characteristics of
asphalt mixtures of different SDA content. As per Marshall mix design, a slightly higher binder
content was required for the preparation of SDA mixes. The results reveal that the asphalt
mixtures prepared using SDA attain a tensile strength ratio (TSR) greater than the critical
threshold, i.e., 80%, indicating the feasibility of SDA against moisture-induced damage. The
highest TSR value of 87% was obtained using 45% SDA as a replacement for LD. Compared
to 0% SDA, there is a reduction of 12.08% in permanent deformation for asphalt mixtures
produced with 60% SDA. Also, as the SDA content increases, there is a slight improvement in
the resilient modulus values, with a peak improvement of 3% at 60% SDA. In addition, the

cost of producing SDA mixes was relatively lower than the control mixes, indicating the cost-
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effectiveness of using SDA. Overall, the study found that SDA is a promising material that can

improve the performance and durability of asphalt concrete at lower production costs.

Keywords: Sawdust ash, Asphalt concrete, Moisture damage, Resilient modulus, Permanent

deformation

1. Introduction

Asphalt surfacing, commonly known as asphalt concrete, has been widely adopted in road con-
struction throughout the globe. Production of asphalt concrete requires large amounts of non-
renewable materials such as aggregate and mineral filler, consuming substantial natural re-
sources. As a result, there is growing interest in developing sustainable asphalt concrete, facing
increasing natural resource shortages and environmental pollution [1]. One effort to achieve
sustainability in asphalt concrete is to use sustainable mineral fillers. Sustainable mineral fillers
are materials produced from waste streams or renewable resources, which can be alternatives
to traditional mineral fillers [2]. Some examples of sustainable mineral fillers that have been
investigated include sawdust ash, fly ash, bagasse ash, brick dust, ceramic waste, red mud, coal
mine waste, glass powder, kota-stone dust, cement concrete dust, etc [3, 4]. Mineral fillers are
fine powders less than 75 pum (No. 200) in size. They are added into asphalt concrete with a
typical content ranging from 2 to 12 percent by weight of the total mixture [5-7]. The main
purpose of mineral fillers is to fill the voids between the aggregate particles, which helps to
improve the packing density of the mixture and enhance the stability, strength, and durability
of the asphalt concrete mixtures [8]. Using sustainable mineral fillers in asphalt concrete can
potentially reduce the environmental impact of road construction while maintaining or poten-
tially enhancing the performance of asphalt pavements [9-11]. As the type and content of the
mineral filler play an important role in the performance of the asphalt concrete mixtures, ma-

terial selection becomes crucial [3].



Around the globe, sawdust ash (SDA) is one of the abundant waste materials generated during
the combustion of sawdust or other wood products, typically generated in biomass power plants
or wood-processing industries. It is a fine powder that can be collected from the exhaust gases
of wood-fired boilers or furnaces [12]. Reusing SDA helps minimize waste generation, reduce
the cost of waste management, and promote sustainable engineering practices. SDA has a high
silica and low carbon content, which makes it an effective alternative for the mineral fillers
used in asphalt concrete. A study conducted by Osuya and Mohammed [13] found that includ-
ing SDA in asphalt concrete reduced the rutting deformation of the pavement due to the in-
creased stiffness of the mixture. Another study by Karati et al. [14] on the moisture suscepti-
bility of asphalt mixtures has found that asphalt mixtures comprising SDA have less potential
for moisture damage [14]. Fayissa et al. [15] evaluated the effects of SDA on the mechanical
and rheological properties of asphalt concrete. They reported that SDA in asphalt concrete can
improve mechanical properties, including the Marshall stability, flow value, and indirect tensile
strength. Additionally, the use of SDA improves the high-temperature performance of asphalt
concrete.

SDA content plays a key role in influencing the performance of asphalt concrete. As per Abbas
et al. [16], 60% SDA content can be used as a substitute for ordinary portland cement (OPC)
to achieve the adequate performance of asphalt mixtures. Although the mix with 60% SDA
showed a lower tensile strength ratio (TSR), indicating high moisture susceptibility, than those
prepared with OPC, the TSR value was still higher than the minimum requirement by the spec-
ification in state standard, which is 80%. On the other hand, Liew et al. [17] found that using
SDA as a mineral filler is not beneficial for producing asphalt mixtures in terms of performance
but helps with the economic and environmental burdens. Using the waste, SDA may consider-
ably reduce the costs of asphalt concrete production [18]. Dimter et al. [19] found that the use

of SDA can reduce the cost of asphalt concrete production by up to 15%. Although there are



proven benefits of using SDA in asphalt concrete, a few challenges are associated with its use.
One of the main challenges is the variability of SDA properties, which directly affects the
properties of the made asphalt mixture [3,14]. The variability includes the type of burned wood,
the combustion conditions, and the collection method of the ash.

Overall, using SDA is feasible to improve the performance of asphalt pavements while reduc-
ing the economic and environmental burdens. However, the scope of existing research is still
limited. Further research is needed to have more experimental data to confirm and fully under-
stand the potential of SDA as a sustainable mineral filler and, meanwhile, to address the asso-
ciated challenges. The novelty of this research lies in its comprehensive approach to analyzing
the varied benefits and applications of SDA as a mineral filler in asphalt mixtures. It aimed to
bridge the critical knowledge gap between waste material repurposing and infrastructural de-

velopment, highlighting a pioneering direction for sustainable road construction.

2. Objectives and Scope

The current study aims to produce a sustainable asphalt mixture using SDA to substitute lime-
stone dust (LD). An experimental investigation was conducted to evaluate asphalt mixtures
containing different percentages of SDA ranging from 0% to 60% by weight of mineral filler.
All the mixes had the optimal asphalt content, which was determined using the Marshall mix
design method. Experimental tests were performed to evaluate the influence of SDA content
on the engineering properties of asphalt concrete, which include Marshall properties, resilient
modulus, moisture susceptibility, and rutting resistance. In addition, scanning electron micros-
copy (SEM) analysis was employed to examine the crystal structure of the limestone dust,
sawdust, and SDA. The comprehensive study aims to provide an understanding of the mecha-
nism and quantitative use of SDA on the performance improvement of the wearing course and,
consequently, the sustainability of whole pavement structures. The flowchart in Figure 1 illus-

trates the methodology of the experimental work.
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Figure 1: Flowchart of Experimental Work.

3. Material Section
3.1. Asphalt Cement

A performance grade (PG), PG 64-16, asphalt binder was used to prepare the asphalt mixtures.
The physical properties of the asphalt binder were evaluated, and the results are shown in Table

1.



Table 1. Physical Properties of Asphalt Cement.

Temperature Specification Require-
Asphalt ce- Measured
Properties Measured ments, AASHTO
ment Parameters
°C M320-05
Flash Point (°C) - 298 230 °C, min
Viscosity at 135 °C (Pa.s) - 0.487 3 Pa.s, max
58 3.3412
Original DSR, G/sind at 10 rad/s (kPa)
64 2.1084 1.00 kPa, min
70 0.845
Mass Loss (%) - 0.633 1%, max
58 41774
RTFO Aged DSR, G/sind at 10 rad/s (kPa) 64 3.1381 2.2 kPa, min
70 1.9084
28 4672
DSR, G.sino at 10 rad/s (kPa) 5000 kPa, max
25 6398
PAV Aged
BBR, Creep Stiffness (MPa) -6 126.2 300 MPa, max

3.2. Aggregate

Crushed quartz aggregates with a nominal maximum size of 12.5 mm (1/2 inch) were used in
this study. Table 2 lists the physical properties of the aggregates.

The proportioning of the coarse and fine aggregates was based on the gradation requirement
for the Type I A mix, which is recommended for wearing courses by SCRB specification

[20]. The gradation curve for the aggregate is shown in Figure 2.



Table 2. Physical Properties of Aggregates.

ASTM Test Specification of
Property
Design Outcomes SCRB [20]
Coarse Aggregate
Apparent Specific Gravity 2.638 -
Bulk Specific Gravity C-127 2.631 -
Water Absorption, (%) 0.272 -
Soundness (Sodium Sulfate Solution
C-88 3.9 12 max.
Loss), %
Percent Wear (Los Angeles abrasion),
C-131 19 30 max.
(%)
Flat & Elongated (5:1), (%) D4791 5 10 max.
Fractured Pieces, (%) D5821 94 90 min.
Fine Aggregate
Apparent Specific Gravity 2.619 -
Bulk Specific Gravity C-128 2.557 -
Water Absorption, (%) 0.824 -
Clay Lump and Friable Particles, (%) C-142 0.94 3 max.
Sand Equivalent (%) D2419 56 45 min.
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Figure 2. Selected gradation with SCRB specification limit.

3.3. Mineral Filler

Mineral filler is non-plastic particles passing sieve No. 200 (0.075mm). The present study used
limestone dust (LD) as a conventional mineral filler. Table 3 shows the physical characteristics

of the limestone dust.

Table 3. Physical Properties of Mineral Filler.

Properties Results
Specific Gravity 2.73
Passing Sieve N0.200, % 97

3.4. Saw Dust Ash

Sawdust (SD) was brought from the timber sawing workshops. The collected sawdust was
burned in a wood-burning stove for approximately 2 hours at a temperature ranging from 400
°C to 450 °C; thereafter, the ash was left to cool down. The ash was then collected and sieved

using the sieve No. 200 (0.075 mm). The portion that passes the sieve was used directly as a



filler, whereas those retained on the sieve were grounded properly to a finer size using a soil
crusher machine and re-sieved. The chemical composition and physical properties of the SDA

are given in Table 4. Figure 3 shows the states of the SD and the SDA.

Table 4. Chemical composition and physical properties of SDA.

Ca0 | SiO2 | Al,O3 | MgO | Fe203 | Na;O | KO | P20s % Passing
Specific
sieve No. 200
gravity
(0.075 mm)
836 | 65.2 | 9.01 | 526 | 1.95 113 | 4.76 | 0.432 1.94 97

Figure 3. Powdered form of SD and SDA.

4. Experimental Work
4.1. Mix preparation

Initially, the aggregates were sieved by sieve sizes 19, 12.5, 9.5, 4.75, 2.36, 0.3, and 0.075 mm.
The sieved aggregates were then batched as per the design aggregate gradation shown in Figure

2. The batched aggregates and the mineral fillers were then loaded in the mixing bowl! and kept



in the oven for heating at 150°C for 6 hours. Meanwhile, asphalt binder was also heated to a
temperature ranging from 150-155°C for 2 hours. After that, the preheated asphalt binder was
added to the aggregates based on the weight calculated using the Marshall mix design method.
The mixing of aggregates and the asphalt binder was performed for two minutes. To ensure
uniform compaction temperature, the bowl with the mixed components was placed in the oven
for 10 minutes at 140°C. During this time, the 100°C preheated compaction mold is prepared.
The material was then loaded into the mold and compacted according to the requirements of

the test type.

4.2. Testing methods
4.2.1. Scanning Electron Microscope (SEM)

SEM scans the surface of the material cross-section using a focused beam of electrons to ex-
amine the material structure at the microscopic scale, which can provide direct visual infor-
mation about the surface topography, crystal structure, and material composition. In this study,
SEM was employed to examine the 3D surface topography as well as the morphology of the

crystals of limestone dust (LD), sawdust (SD), and sawdust ash (SDA).

4.2.2. Marshall Properties

The specimen for the Marshall test was made for all mixes in triplicate. Certain weights of
mixes were loaded into the cylindrical molds and compacted on both sides by 75 blows on each
side. The compaction level is equivalent to the pavement exposure to high traffic levels (>10°
ESAL). After that, the samples within the molds were left to cool overnight and then de-molded
and immersed in water for 30-45 minutes at a controlled temperature of 60°C to evaluate Mar-
shall test parameters, such as stability and flow (ASTM D6927). The Marshall stability is the
highest load the specimen can withstand before failure; the Marshall flow is the total vertical

plastic deformation of the specimen. The other measurements through the Marshall test are the
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volumetric properties, including the percentage of air voids (%AV), the void content of mineral

aggregate (%VMA), and the content of the voids filled by asphalt (%VFA).

4.2.3. Moisture Susceptibility

An indirect tensile test was carried out to assess the moisture susceptibility of the asphalt mix-
tures [21, 22]. In this test, a compressive load is applied at a rate of 50.8mm/min on the dia-
metrical direction of the cylindrical specimens until the specimens split into two halves along
the vertical diameter of the cross-section plane. The test was conducted on unconditioned and
conditioned asphalt mixtures as per ASTM D 4867.

Six specimens (3 each for unconditioned and conditioned states) were prepared with an air void
of 7£1% determined using a commonly followed trial-and-error approach. In this approach,
trial samples were prepared with different compactive efforts, and the number of compaction
blows corresponding to 7+1% air voids was adopted to prepare actual test samples used to
evaluate moisture sensitivity. Unconditioned samples were tested under a normal temperature
of 25°C without any conditioning process, whereas the other set of specimens (conditioned
specimens) were subjected to a cycle of freeze and thaw exposed at temperature -18 + 2°C for
16 hours and immediately another 24 hours at 60 + 1°C. Following the conditioning process,
the conditioned samples were taken out and tested at the normal temperature of 25°C.

The tensile strength was calculated according to Eqg. (1) for unconditioned and conditioned
specimens. Tensile strength ratio (TSR) was evaluated to understand the behaviour of the as-
phalt mixture against moisture damage. TSR is the ratio of the indirect tensile strength of the

conditioned specimens (ITSc) and unconditioned specimens (ITSg) as given in Eq. (2)

2000+P

ITS = =2 1)
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TSR = ¢ )
ITS,

where P is the ultimate applied load (N), t is the thickness of specimen (mm), D is the diameter
of the specimen (mm), TSR is Tensile Strength Ratio (%),
ITSc is the Indirect Tensile Strength of the conditioned sample (kPa), and 1TSq is the Indirect

Tensile Strength of the unconditioned sample (kPa)

4.2.4. Uniaxial Repeated Loading Test

The uniaxial repeated loading tests were conducted using the pneumatic repeated load system
(PRLS). The cylindrical specimens of the size 101.6 mm (4 in) in diameter and 203.2 mm (8
in) in height were used for the test. These specimens were compacted through a double plunger
technique, where a hydraulic compression machine applied a load of 65,000 Ib (29,491 kg) on
both sides of the test specimen for a time period of 1 minute. Two series of tests were conducted
on these compacted test specimens. One was for the resilient modulus at a controlled tempera-
ture of 20°C (68°F), and another was for permanent deformation at 40°C (104°F). The repeti-
tive compressive load was applied using the axial stress of 0.137 MPa (20 psi) in the form of a
rectangular wave at a frequency of 1 Hz, with 0.1 seconds under loading followed by rest for
0.9 seconds. The resilient deflection was recorded at a time in the repetition range of 50~100,
which was used to calculate the resilient modulus. The axial permanent deformation was rec-
orded at a series of the number of loading repetitions. The permanent strain (gp) was calculated

using the Eq. (3):

6
£, :% 3)
Where ¢ is axial permanent strain, pq is axial permanent deformation, and h is specimen height.
The recorded permanent deformation against the number of load repetitions can be represented

using the Eqgn. (4), which was originally suggested by Monismith et al. [23] and Barksdale [24]

and implemented by Abass et al. [25] and Albayati et al. [26].
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& = aN® (4)
Where N is the number of load repetitions, a and b are two constants.

The resilient strain, &, and resilient modulus, Mr, were calculated using the Egs. (5) and (6):

rgx10°

& = ©)
M, =— (6)

Where rq is axial resilient deflection, h is specimen height, and o is axial stress.

5. Mix Design

Marshall method of mix design (ASTM D6927) was used for producing the asphalt mixtures.
Optimum asphalt content (OAC) was determined by averaging the asphalt contents correspond-
ing to the maximum stability and the maximum density. For each SDA content, five percent-
ages of asphalt cement were used starting from 4.3% by the weight of the total mix with an
increment rate of 0.3%. These are 4.3, 4.6, 4.9, 5.2, and 5.5%. The obtained OACs are presented
in Table 5. It's important to highlight that when the SDA content was limited to 15%, there was
no discernible change in the optimum asphalt content, likely due to the minimal quantity of
SDA incorporated in the asphalt mixtures. Due to the rough surface of SDA particles and the
high surface area compared to limestone dust particles, OAC increased slightly with the in-
crease in SDA content. Along with the morphology of SDA, the increase in OAC is also at-
tributed to the lower specific gravity of SDA (1.94) compared to limestone dust (2.73), leading
to an increase in the volume of filler in the mixes prepared using SDA. The volume of filler
increases with the increase in replacement percentage, thereby resulting in higher OAC for
SDA mixes. In particular, the demand for asphalt cement increased linearly with a constant
proportionality of 0.15%, with an increase in the SDA content by 30%. This implies that the
required OAC for the production of asphalt mixtures with 60% SDA is higher than control

mixes (0% SDA) by 3 kg for each ton of mix.
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Table 5. OAC for mixes with various SDA content.

SDA Content, % 0 15 30 45 60

OAC, % 4.70 4.70 4.85 4.90 5.00

Table 6 presents the detailed ingredient breakdown for the asphalt concrete mixes with differ-
ent SDA contents, considering the OAC and aggregate proportions.

Table 6. Ingredient breakdown for one metric ton (1000 kg).

SDA Content OAC Coarse Aggre- Fine Aggregate Filler (kg)
(%) (k) gate (kg) (kg) LD SDA
0 A7 390.73 495.56 66.71 0
15 47 390.73 495.56 56.70 10.01
30 48.5 390.12 494.78 46.63 19.98
45 49 390.03 494.52 36.61 29.96
60 50 389.50 494.00 26.60 39.90

6. Results and Discussion
6.1. SEM Analysis

Figure 4 displays the external morphology (texture) and crystalline structure of the LD, SD,
and SDA at a magnification level of 5 kX. Clearly, there is a difference between the morphol-
ogy of the three categories of materials. The crystalline structure of the LD is obvious with
rhombohedral or scalenohedral particle shape which belongs to the calcite crystals. Also, these
crystals tend to agglomerate in the form of polycrystalline structures. Further inspection re-
vealed the existence of crevices, ridges, and valleys on the particle surfaces, representing the
irregular nature of the crystalline structure of limestone. The SEM for the SD typically shows

a cellular structure that reflects the nature of the timber. Cells with fibers, vessels, and tracheid
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shapes were clearly identified. The rounded shape of cells is apparently due to the hygrosco-
picity of the material. After burning the SD, the SDA looks vastly different under the SEM, as
the combustion has destroyed the original cellular structures, leaving behind most mineral res-
idues. Also, more crystalline or amorphous structures with flat lamellar, irregular, and frag-
mented particles were observed. Due to the release of volatile substances during the combus-
tion process, the SEM for SDA reveals a certain level of surface porosity with a variety of

pores, voids, and cavities, which imparts a rough surface texture to SDA.
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Figure 4. SEM Images of the LD, SD, and SDA.

6.2. Marshall and Volumetric Properties

Figure 5a shows the value of Marshall stability at different SDA content. As can be seen, there

is an improvement in the stability as the SDA content increases. Compared to the control mix
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(i.e., 0% SDA), the highest improvement corresponds to the mix prepared with 60% SDA con-
tent, i.e., 10.2%. This improvement in load resistance could be attributed to the ability of the
pozzolanic material to increase the viscosity of asphalt binder, thereby increasing the binder's
stiffness and load-carrying capacity. For SDA content <30%, the stability value increases by
around 0.18 kN for each 15% increase in SDA content, whereas it shifts to approximately 0.35
kN when the SDA content increases from 30 to 60%.

The flow results (shown in Figure 5b) are in consensus with this fact: as the SDA content
increases, the flow decreases. Although the replacement of 60% of limestone filler by SDA
leads to the highest reduction in the flow value, the corresponding value of 3.04 mm is still

within the specification limit (2 to 4 mm).
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Figure 5. Effect of SDA content on Marshall properties (a) Stability and (b) Flow.

As per the plot of mixture density versus SDA content presented in Figure 6, the bulk density
shows a decreasing trend with the addition of SDA. This could be attributed to the lower density
of SDA compared to the replaced LD mineral filler. With the increase in SDA content, there is

an increase in the volume of filler in the mix, which eventually densifies the asphalt mixture.
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Figure 6. Effect of SDA content on bulk density.

In conjunction with the above, as demonstrated in Figure 7, the trend observed for the effect of
SDA content on the air voids values (AV%) is opposite to that observed with density. The
higher the SDA content, the higher the AV% due to the roughness of SDA particles, which
restricts the sliding of aggregate particles among each other. Nevertheless, using SDA with any
content investigated in this research resulted in mixtures that meet the air voids requirement
between 3 and 5 percent. This finding aligns with those obtained by Osuya and Mohammed
[13] and Karati et al. [14].

The voids in mineral aggregate (VMA\) are essential volumetric properties that demonstrate the
volume of the intergranular void space between the aggregate particles and provide a measure
of compaction efficiency. As depicted in Figure 8, with the increase in SDA content, the VMA
increases. The primary reason is that SDA particles are often smaller and less dense than LD,
creating more void spaces in the aggregate skeleton and manifesting the need for further com-
paction. Additionally, the absorption of asphalt binder due to the pronounced porosity of SDA
may also contribute to higher VMA values. Compared to 0% SDA, the VMA of a mix with

60% SDA increased by 6.5%.

17



6.0 3
5.5 3
5.0 3 =]
A | B
L 40 1 2 ’’ ]
s 35 ] % 2
3 o3 2 e 2
30 3 I
S E o ’’ ]
> 55 e e 99
d 3 o e gy
Z 2.0 3 44 A %
< 3 e e ]
1.5 3 e fﬁ 5’
3 & e
0.0 1 ; = :
0 15 45 60
SDA Content, %
Figure 7. Effect of SDA content on air voids.
18 ;
16 1
14 =) = | [ %
: iy e o 2
1231 [ o 7 7
s 0l 1 N
< 103 [ o e ]
; iy e o 2
> 87 iy e o 2
> o N
691 [ e e, 7
; S e 2
1[5 G I
24 | = 3
0 i 15 : e . o
0 15 30 45 60
SDA Content, %

Figure 8. Effect of SDA content on voids in mineral aggregate.

6.3. Effect of SDA on Moisture Susceptibility:

The splitting tensile strength of the conditioned and unconditioned specimens is presented in
Figure 9a. One of the most notable findings was that all SDA mixes led to higher ITS in dry
conditions. When compared to the control mix, the ITSq value of the mixes modified with 15%,
30%, 45%, and 60% SDA was increased by 1.5%, 2.4%, 3.8%, and 4.3%, respectively. This
improvement in tensile strength is mostly due to the rough surface of SDA particles, which

creates an effective bond with asphalt binder. On the other hand, the use of SDA up to 45%
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resulted in a remarkable rise in ITSc, but a further increase in SDA content showed a low ITSc
value.

Based on the TSR results exhibited in Figure 9b, it can be observed that the mixes modified
with SDA have a slightly higher TSR value than the control mix, reflecting higher resistance
to moisture susceptibility. The trend of TSR stays constant for the SDA contents of 15 and
30%. Interestingly, with an extra 15 percent (i.e., 45% SDA content), the TSR reaches the peak
value of 87 %. Further increase in SDA content resulted in a decrease in TSR value. This may
be attributed to the high air voids at higher SDA content in the mix. These voids might retain
moisture during the conditioning of the specimen. Due to the freezing of moisture in these air
pockets coupled with the size expansion for the ice lenses followed by thawing under a tem-
perature of 60°C, some weak points developed in the aggregate skeleton, which caused a re-
duction in tensile strength. Nevertheless, the TSR values for all the asphalt mixtures prepared
using SDA were above the minimum threshold (TSR > 80%) recommended for a moisture-

resistant asphalt mixture.
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Figure 9. Effect of SDA content on Moisture Susceptibility (a) ITS and (b) TSR.

6.4. Effect of SDA on Resilient Modulus

Figure 10 depicts the elastic property of the mixes as defined by the resilient modulus (Mr). It
can be seen that there is a slight improvement in Mr value with the application of SDA. When
the SDA content increases, the Mr also increases. The highest improvement was achieved with
the use of 60% SDA. The corresponding improvement rate was 3% compared to the control
mix. The improvement in Mr values could be attributed to the improved cohesion properties of

asphalt binders, which is due to the stiffening effect of SDA.
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Figure 10. Effect of SDA content on Mr.

6.5. Effect of SDA on Permanent Deformation

Figure 11 shows the results of the permanent deformation test in terms of permanent strain and
the number of load applications (N) for different SDA contents. Log scales are employed to
display the relationship in the form of a straight line, on which the SDA effect can be charac-
terized in terms of the intercept (a) and slope (b). The intercept represents the permanent strain
at N = 1, and the slope represents the accumulation rate of permanent strain through N load
applications. Together, these two coefficients can describe the ability of asphalt concrete spec-
imens to withstand permanent deformation. The lower the two values, the higher the rutting
resistance of the mix. As shown in Figure 11, it was very hard to differentiate the asphalt mix-
tures through the graphical presentation, which caused the effect of SDA to be invalidated.
Therefore, it was decided to examine the data in terms of the permanent deformation coeffi-
cients as well as the permanent strain at the 1000th load repetition. This combines the effects
of intercept as well as slope. The intercept data presented in Table 6 showed that SDA content
negatively affects the rutting resistance. This behavior could be attributed to the high air voids
in the asphalt mixtures prepared with the use of SDA. Therefore, these mixes are more prone
to further densification, leading to higher permanent microstrain at the first load repetition dur-
ing the test.

In contrast to intercept results, the slope results indicate that SDA addition, in general, improves
the rutting resistance of asphalt concrete. In comparison to the control mix, the use of 60%
SDA resulted in lowering the slope value by 16.9 percent. To ascertain the role of SDA content
on the permanent deformation of asphalt concrete, in view of the contradictory results of inter-
cept and slope, the permanent strain endured at 10,000 load repetitions was noted (as shown in
the last column of Table 7). The value of microstrain at 10,000 load repetitions implied that the

use of SDA improves the rutting resistance. In comparison with the control mixes of 0% SDA

21



content, the value of permanent microstrain was found to be lower for the mixes of 15%, 30%,
45%, and 60% SDA content by a percentage of 1.23, 2.25, 8.70, and 12.08, respectively, The
above results indicate the positive role of the SDA in producing a high stiffness asphalt concrete
with better stone-stone contact which consequently reduces the possibility of the high-temper-

ature rutting.
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Figure 11. Effect of SDA content on the relation of permanent deformation vs. load repeti-

tion.

Table 7. Effect of SDA content on the permanent deformation parameters.

40°C
SDA content, %
a b (ep) at N = 10,000
0 290 0.378 9370
15 318 0.366 9254
30 345 0.356 9158
45 370 0.341 8554
60 380 0.334 8237

7. Cost Analysis
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Table 8 provides the reference price for the materials used in this study. The total cost per cubic
meter for each mix, based on these referred price, and the corresponding percentage decrease

in cost compared to the control mix (0% SDA) are shown in Figure 12.

Table 8. Reference prices for mix constituents.

Material Cost*
Coarse aggregate 11$/Ton
Fine aggregate 8.16%/ Ton
Mineral filler 60%$/ Ton
Asphalt cement 270%/ Ton
SDA 30%/ Ton

* The cost of materials is sourced from the Ministry of Industry and Minerals in Iraq.

The cost analysis shows that the cost of producing asphalt mixtures was reduced by incorpo-
rating SDA. The cost reduction aligns with the increase in SDA content, though the rate of
decrease varies. For example, the cost for mixes with 15% SDA content shows a modest de-

crease of 1.56%, while mixes with 60% SDA content exhibit a more substantial decrease of

3.78%.
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Figure 12. Cost per cubic meter and percentage decrease in cost.

To evaluate the economic efficiency and determine the optimal SDA content that maximizes
performance at minimal cost, this study utilizes a "Gain™ index. This index is a comparative
ratio that assesses the rate of change in key properties of the modified mixtures compared to
the control mix (CM) against the rate of change in mixture cost. Specifically, the numerator
represents the property value for a given mix divided by the value for the control mix, and the
denominator represents the cost for the given mix divided by the cost of the control mix. A
higher gain index value indicates better performance at a lower cost. Figure 13 presents the
gain values for various mechanical properties of asphalt mixes modified with different dosages
of SDA. The mechanical properties considered include Stability, TSR, Mr, and ep (permanent
deformation). The gain values provide a comprehensive assessment of each mix's effectiveness.
The gain values were analyzed across all mechanical properties to identify the optimal SDA
dosage. The total gain values obtained were 4.10, 4.15, 4.35, and 4.44 for mixes with 15%,
30%, 45%, and 60% SDA, respectively. The mix with 60% SDA demonstrated the highest gain
sum, indicating it is the optimal choice for enhancing asphalt mixture performance while main-
taining economic efficiency.

Furthermore, compared to the control mix (0% SDA), the mix with 60% SDA shows notable
improvements in key properties: Stability improved by 10.23%, TSR by 1.2%, Mr by 2.9%,
and permanent deformation resistance by 12.09%. Based on the results, 60% SDA is recom-
mended as the optimal dosage, offering significant improvements in pavement performance

and providing an efficient and economical solution for the production of the asphalt mixture.
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However, further research and efforts for practical application are essential to realize the po-

tential of SDA to promote sustainable practices in the pavement engineering industry.

0%

60% 15%

Stability TSR Mr ep

Figure 13. Gain values for different asphalt mixtures.
8. Conclusions

While numerous waste materials pose environmental challenges, they can be effectively repur-
posed in asphalt concrete to enhance the material properties and the sustainability of the indus-
try. The key objective of the present study is to investigate the potential of sawdust ash (SDA)
as an alternative to traditional limestone dust, which is used as a mineral filler in asphalt con-
crete. Limestone dust was replaced with SDA at different proportions (0%, 15%, 30%, 45%,
and 60% by weight of mineral filler). Marshall method was adopted for mix design, and the
performance of asphalt mixtures, including moisture susceptibility, resilient modulus, and per-
manent deformation, was evaluated. The following conclusions can be drawn based on the

study:
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. SEM images showed LD has a rhombohedral or scalenohedral structure, while SDA dis-
plays a combination of crystalline and amorphous structures, with flat and broken particles
featuring a rough surface texture.

. A positive correlation exists between the Marshall stability and the SDA content. The sta-
bility improves more significantly when SDA content increases from 30% to 60% than
from 0% to 30%.

. The bulk density of mixes shows a decreasing trend with the increase in SDA content. The
trend was the opposite for volumetric properties (AV and VMA). Compared to 0% SDA,
the VMA of mixes with 60% SDA was higher by 6.5 percent.

. All the asphalt mixtures examined in this study had TSR values greater than 80%, suggest-
ing the efficiency of SDA against moisture susceptibility. The peak value of TSR, i.e., 87%,
was observed using 45% SDA.

. The Mr value improved slightly as the SDA content increased. The highest improvement
was observed with the use of 60% SDA. In comparison with the control mix, the corre-
sponding improvement rate was found to be 3 percent.

By the slope of the linear relationship between the permanent strain and the number of
cycles (when used in log scale), the mixes with 60% SDA exhibited improved rutting re-
sistance. However, by the intercept value, the control mix (with 0% SDA) exhibits the low-
est initial permanent strain. Overall, when both parameters were considered together, the

mix of 60% SDA shows the best on rutting resistance.

Incorporating 60% SDA resulted in the highest gain value, representing an optimal solu-
tion for producing a cost-effective and sustainable asphalt pavement. Beyond 60% SDA,
there may be a likelihood of moisture-induced damage in the asphalt pavement, as evident

from the TSR value, which is highest for 45% SDA mixes.
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In summary, this study concludes that substituting 60% of traditional mineral filler (limestone
dust) with the SDA has improved performance for the modified asphalt concrete regarding
rutting resistance, moisture susceptibility, resilient modulus, and stability. As can be observed
from the results of the present study, the variation in the performance of 45% SDA mixes and
60% SDA mixes was quite minimal. Thus, the scope of the present study was limited to 60%
SDA replacement. However, the results may alter when different aggregates and asphalt binder
sources are used. Hence, it is suggested to incorporate other sources of mix components for
validating the trend of the results obtained in the current study and thereby comment on the
effectiveness of SDA with a wider research scope. While this study primarily focuses on per-
formance characteristics and cost analysis, there is also a need for a comprehensive assessment

that includes environmental impacts and life cycle costs.
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