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The present research examined effects of sisal-fiber length and content on
Marshall, volumetric, and moisture-susceptibility properties of Sasobit-based
WMA for a Type IIIA surface course. A total of nine fiber configurations,
encompassing three lengths and three contents, were evaluated at the design
asphalt content of the fiber-free WMA-Sasobit mixture. The configuration that
satisfied all SCRB (2003) requirements while providing the highest Marshall
stability was subjected to a separate Marshall mix design. Its properties were
subsequently related with those of conventional hot-mix asphalt (HMA) and fiber-
free WMA-Sasobit, while moisture susceptibility was evaluated according to
AASHTO T283. The screening process identified a configuration of 0.3% sisal fiber
measuring 9 mm in length as the optimal configuration, with an OAC of 4.7%. At
this design condition, the mixture achieved a Marshall stability of 17.90 kN, which
is numerically higher than those of WMA-Sasobit and HMA by 3.5% and 9.9%,
respectively. The flow and volumetric properties of the substance in question
satisfied all applicable SCRB limits. The mixture also exhibited a TSR of 84.4%,

which is approximately three percentage points greater than those of both
reference mixtures and above the specified minimum. The findings indicate that
the laboratory-scale technical feasibility of the selected sisal-fiber configuration in
Sasobit-based WMA at reduced production temperatures is demonstrated.

© 2026 MIM Research Group. All rights reserved

1. Introduction

Roads and asphalt pavements are key components of the infrastructure of any developed society
and are subjected to multiple stresses from heavy traffic use and harsh climatic conditions over
many years. Thanks to their excellent engineering properties, such as skid resistance, low noise,
and easy maintenance, asphalt mixtures account for over 90% of pavement applications in Europe
and in many countries around the world .[1-3] Nonetheless, conventional hot-mix asphalt (HMA)
is commonly produced and compacted at temperatures of approximately 150-180 °C, resulting in
substantial fuel consumption and emissions during construction[4,5]. These demands are
particularly relevant in regions such as Iraq, where asphalt pavements must also withstand high
service temperatures and heavy axle loading[6,7].

Warm-mix asphalt (WMA) offers a minor-temperature alternative by reducing mixing and
compaction temperatures, commonly by 20-40 °C, through foaming processes or chemical and
organic additives[8]. Many studies have already been recorded, which show that WMA
technologies can lead to a decrease in energy depletion and CO, emissions of up to 30%, and also
reduce harmful fumesand dust in construction sites[9]. Sasobit is one of the most striking additives
used in this context: It is a synthetic paraffin wax produced in the gas-to-liquid conversion process
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by employing Fischer-Tropsch technology. sasobit is effective in reducing the dynamic viscosity of
bitumen by about 20°C lower than the temperature used for conventional HMA, which aids in
mixing and compaction processes[4,10].

While these environmental and operational advantages exist, moisture susceptibility is still a
critical design consideration for WMA. The lower manufacturing temperatures can result in
moistureremaining in aggregate that has not been dried, and canalso cause a decrease in the short-
term oxidative aging of the binder. These effects can change the stiffness of the binder, the adhesion
of the binder to the aggregates, and thus the tensile strength after moisture conditioning [11,12],
[13]. In this context, fiber reinforcement has been investigated as a complementary strategy to
improve mixture integrity and potentially mitigate moisture-related deterioration[14,15]. If fibers
are uniformly dispersed, they can help stabilize the asphalt mastic, help to redistribute localized
stresses, and help to delay crack initiation and propagation [15-17]. However, reinforcement
efficiency depends strongly on fiber type, length, content, surface characteristics, dispersion, and
fiber-asphalt interfacial bonding, excessive fiber length or dosage may promote agglomeration or
nonuniform distribution and adversely affect the mechanical and volumetric response of the
mixture [15,17]. Fibers used in asphalt mixtures can be divided into two main groups: natural and
synthetic. Normal plant fibers have attracted growing interest from researchers in recent years due

to their renewable properties, low production costs, biodegradability, and low energy consumption
[18,19].

Sisal fibers are in a special class of natural plant fibers. They are taken from the leaves of the Agave
sisalana plant, which has a relatively low density, a chemical composition high in cellulose (47-
78%), lignin (7-11%), and hemicellulose (10-24%), and endows good tensile strength and
moderate cost[20]. On the applied level, Ramalingam et al. investigated the effect of varying fiber
lengths (5-20 mm) and proportions (0.05-0.3%) of sisal fibers on the performance of HMA mixes,
concluding that an optimal length of 15 mm at a proportion of 0.05% yields the best performance,
while increasing fiber content diminishes Marshall stability[21]. Mahmood and Ahmed [22]
evaluated coconut, corn, palm, and sisal fibers inIraqi HMA wearing-course mixtures and identified
0.2% fiber content and a length of 15 mm as the most effective overall configuration.

Recent studies have extended fiber reinforcement to different WMA systems. Farkhondeh and
Arabani [19] evaluated wheat-fiber contents of 0.1%, 0.3%, and 0.5% in WMA and SMA mixtures
and found that 0.3% provided the most favorable moisture-resistance and fracture responses.
Chehata et al. investigated Alfa fibers in WMA containing construction and demolition waste and
reported improved rutting and thermal performance for a selected formulation containing 1% Alfa
fiber and 20% recycled aggregate[21]. However, the simultaneous incorporation of the two
materials prevented the isolated assessment of the fiber contribution.

In an Iraqi study, Dakhil and Al-Busaltan (2026) reported that 0.3% polypropylene fiber in Sasobit-
based WMA increased ITS by 27.6% and TSR from 80% to 85%. Although 0.4% fiber produced the
highest TSR (87%), 0.3% was selected as optimum because of its superior tensile and volumetric
performance[23]. More recently, Li et al. incorporated micronized basalt fiber powder into Sasobit-
based WMA and reported improvements in high-temperature deformation resistance, low-
temperature flexural response, and residual Marshall stability, demonstrating the importance of
fiber morphology and dispersion[24]. Collectively, these studies confirm the feasibility of fiber-
reinforced WMA but also demonstrate that the resulting response is strongly dependent on fiber
characteristics and the adopted WMA technology.

Despite growing interest in fiber-reinforced asphalt mixtures, the performance of Sasobit-modified
WMA containing different combinations of sisal-fiber length and content remains insufficiently
documented. Further research is therefore needed to clarify this interaction and establish a
systematic basis for selecting appropriate fiber parameters. The present study addresses this gap
to support the development of balanced and specification-compliant fiber-reinforced WMA
mixtures.
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2. Research Objectives

This research aims to present a thorough investigation using natural Sisal fibersas a reinforcement
material in (WMA) mixes. This overall objective is achieved by the following specific objectives:

e Evaluation of Volumetric Properties: To study the influence of the use of sisal fibers at
changed

e length (6 mm,9 mm and 12 mm) and different ratios (0.3%, 0.5% and 0.7% in total mixture
weight) on volumetric characteristics of Sasobit Modified Warm Mix Asphalt (WMA+Sisal),
which include Air Voids content (AV), VMA, and VFA.

e Mechanical Performance Assessment: To assess effect of the added fibers on Marshall
mechanical characteristics of WMA mixes, which include Marshall Stability, Flow Value, and
MQ.

e Determining the Optimum mix design includes finding the optimum fiber length and
optimum fiber proportion, and Optimum Asphalt Content (OAC) that would give optimum
volumetric and mechanical properties of surface asphalt course (Type I1IA, NMAS = 12.5
mm), according to Iraqi Standard Specifications for Roads and Bridges (SCRB 2003).

e Comparative Analysis: To carry out a systematic and comprehensive comparative analysis
on the performance efficiency of three types of mixture:

¢ As acontrol reference group, conventional HMA was used.
e WMA (no fibers).
e Warm Mix Asphalt with optimum design of sisal fiber (WMA +Sisal)

e To assess moisture susceptibility and stripping resistance of proposed Sisal fiber-reinforced
WMA mixtures systematically by means of ITS and TSR parameters.

3. Research Significance

Research Significance The relevance of this study can be summarized through following
complementary dimensions:

e Scientific and Academic Contribution: This study contributes to the pavement engineering
literature by systematically examining a hybrid mixture combining Sasobit-modified WMA
with natural sisal fibers of varying lengths and contents. It addresses the limited evidence
concerning the interaction of these components within a single asphalt-mixture system.

e Sustainability Relevance: The study combines lower-temperature asphalt production with
natural sisal-fiber reinforcement, providing a materials framework relevant to
sustainability-oriented pavement research.

e Applied and Engineering Relevance: The study provides locally relevant laboratory evidence
based on Marshall, volumetric, and moisture-susceptibility testing conducted under SCRB
(2003) and AASHTO requirements. The comparison among conventional HMA, fiber-free
WMA-Sasobit, and sisal-reinforced WMA supports the technical evaluation of these mixtures
for surface-course applications.

e Moisture-Resistance Evaluation: The study evaluates the potential of sisal-fiber
reinforcement to improve the retained tensile strength and moisture resistance of Sasobit-
modified WMA through ITS and TSR testing.

e Future Research: The findings provide a basis for further investigations addressing long-
term durability, field performance, advanced mechanical properties, life-cycle
environmental impacts, and economic feasibility.

4. Materials and Methods
4.1 Asphalt Cement

The Al-Daurah refinery's asphalt cement, with a penetration grade of 40-50, was utilized as the
base binder in this study. The physical characteristics of asphalt cement and whether they meet the
corresponding ASTM specifications are recorded in Table 1.
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Table 1. Physical features of asphalt binder and its limits

Standards Limitations as

Tests Standard Tests value per SCRB / R9, 2003
Penetration, 25°C, (0.1 mm) ASTM.D 5 48 40-50
Ductility, 25°C, 5cm./ min. ASTM.D 113 +100 >100
Softening Point. (°C) ASTM. D 36 50
Specific gravity, 25°C ASTM.D 70 1.041 -
Flashpoint, °C ASTM. D 92 324°C >232°C
. . . 340 @ 135°C
Viscosity a (centistokes) ASTM. D4402 151 @ 165°C -
Solubility in (%) CHCL3 ASTM. D2042 99.9 99

4.2 Aggregates and Mineral Filler

The use of aggregates and mineral filler. In this study, crushed aggregates extracted from Al-Nibaie
quarries were used, which are used in road construction projects in all parts of Irag. The
fundamental physical tests were conducted on both coarse and fine aggregate in agreement with
ASTM standards and physical features of both aggregates are known in Table 2.

Table 2. The physical features of aggregates and mineral filler

Material Test in the laboratory ASTM standard Findings Specification
Bulk Specific Gravity ASTM 127 256 e
C Absorption ASTM C127 0.89%  ------
a (:‘a:ersaete Soundness by Sodium Sulfate % ASTM C88 4.21% Max. 12%
ggres Los Angeles abrasion, % C131 23.5 Max. 30 %
Clay lumps, % ASTM C142-10 0.37% 3%
Bulk Specific Gravity €128 261 e
Fine Soundness by Sodium Sulfate % C88 6.97% Max. 15%
aggregate Clay lumps, % ASTM C142 0.26% 3%
Sand equivalent, % D2419 85% Min.45%
Mineral o .
filler Specific Gravity ASTM D854-23 287 e
Hydrate Specific gravity ASTM C110 245 e
lime
120
100
o 80
&
@ 60
&
40
—&— upper limit
20 lower limit
mid point
0
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Fig. 1. Gradation for the selected aggregate
The mix was prepared for the wearing course, according to the Iraqi SCRB specification, which

specifies the NMAS of 12.5 mm. Therecommended gradation for Type I[IIA wearing course is shown
in Figure 1. The stone dust from the aggregate crushing was used as the mineral filler. A partial
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replacement of mineral filler was made with hydrated lime at a rate of 1.5% of the total weight of
dry aggregate[25]. This dosage was chosen based on the Iraqi specifications (SCRB/R9) and the
recommendations of previous studies and international organizations, such as the National Lime
Association (NLA) and the European Lime Association (EuLA), which all agree that optimum
quantity of hydrated lime in the asphalt mixture is 1.0-1.5% to advance durability of pavementand
the resistance to moisture damage in asphalt mix without causing it to become brittle[26], [27].

4.3 Warm Mix Asphalt Additive

The modified asphalt binder was prepared by the addition sasobit at 2% of total amount of asphalt
binder (40-50). This ratio has been set in accordance with the guidelines of the industry and
accepted scientific advice. A typical addition rate is 0.8 to 3% to get the desired performance as
recommended by the manufacturer (Sasol Wax). This range has been verified and used in other
worldwide benchmarking studies, such as the report from National Center for Asphalt
Technology[28].

To ensure that right sasobit content was used in the local asphalt binder, a preliminary trial in the
laboratory was carried out by addition sasobit in 3% by weight of asphalt binder. The findings
showed considerable degradation of physical and rheological characteristics of the modified
binder, such as excessive stiffening, marked decrease in ductility, and unacceptable brittleness.
These properties made the mixture potentially unsuitable for use in the field under the current
climatic conditions. The observations are in agreement with those stated in literature, that will
show that contents of sasobit near or above the recommended concentration will adversely affect
the binder performance, especially at low and intermediate temperatures [28]. Furthermore, the
2% dosage was well supported by a local Iraqi study (Joni & Alkhafaji, 2021) that used the same
type of 40-50 penetration grade binder produced by Iraqi refineries. They found that a 2% addition
is the optimal content needed to get an optimum performance balance. Consequently, based on the
outcomes of this preliminary assessment and the recommendations of Joni & Alkhafaji (2021), a
sasobit content of 2% by weight of binder was adopted for all subsequent mixture preparations in
this research[29]. The physical and rheological characteristics of sasobit used are summarized in
Table 3.

Table 3. The physical and rheological characteristics of sasobit [10].

Characteristics Test technique Units Specification Typical values
Congealing point ASTM D 938 °C 100 - 110 101
Penetration at 25°C ASTM D 1321 0.1 mm 0-2 <1
Penetration at 65°C ASTM D 1321 0.1 mm 0-13 11
Brookfield viscosity at 135°C Sasol 1010 cP 10-15 12

4.4 Sisal Fibers

The fiber geometry and content of fiber in WMA-sasobit mix were systematically investigated in
this study by using sisal fibers of three fiber lengths (6, 9, and 12 mm) and three dose levels (0.3%,
0.5%, and 0.7% by total weight of the mix). The fibers were dried to remove the moisture content
that can affect the fiber-binder adhesion before use. The physical characteristics of fibers of Sisal
are presented in Table 4. The sisal fiber utilized is shown in Figure 2.

e —— —

.-
L EE (Y p

Fig. 2. Natural sisal fibers prepared for use in (WMA-sasobit) mixtures
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Table 4. Sisal fiber properties

Material Property Result
Tensile strength (Mpa) 385 to 728
Elongation of break (%) 2.75
Diameter (um) 5um
Density (g/cm3) 1.58
Young modulus (Gpa) 9.22
6.55
Moisture 67-72% Cellulose
Chemical composition 12-14% Hemicellulose
8-11% Lignin
2% Wax and fats

4.5 Mix Design and Specimen Preparation

In this research, the Marshall mix design technique was used as per the specifications of the Iraqi
SCRB 2003 for surface course TypeIll A(NMAS = 12.5 mm). The experimental program was carried
out in three sequential stages as described below. Calculation of OAC for HMA and WMA-Sasobit.

4.5.1 Stage 1: Determination of OAC for HMA and WMA

For both conventional HMA (control mix) and the WMA-Sasobit mix (without fibers), the OAC was
calculated independently followingthe same process. Five asphalt contentlevels were investigated
for each mix, with three cylindrical Marshall samples set at every level, yielding 15 specimens per
mix. The OAC was then identified based on the average of the four Marshall criteria in accordance
with SCRB 2003 requirements. An additional 3 specimens were prepared at the OAC for each mix
to confirm compliance with the specification limits. Accordingly, a total of 18 samples were carried
out for every of the two mixes (HMA and WMA-sasobit), giving a combined total of 36 specimens
for Stage 1. Figure 3 presents the prepared samples of HMA and WMA.

4.5.2 Stage 2: Determination of Optimum Sisal Fiber Length and Content

Sisal fibers were incorporated into the WMA-Sasobit mix at the previously determined OAC of the
WMA-Sasobit mixture. Three fiber lengths (6, 9, and 12 mm) and three dose levels (0.3%, 0.5%,
and 0.7% by total weight of the mix) were investigated, with 3 specimens prepared for each
combination. This yielded a total of 27 specimens (3 lengths x 3 dosages x 3 specimens) for this
stage. The optimum fiber length and content were selected based on the best volumetric and
mechanical Marshall performance.

4.5.3 Stage 3: Determination of OAC for WMA+Sisal at Optimum Fiber Parameters

Following identification of optimum fiber length and content, OAC for the WMA-Sasobit+Sisal
mixture was determined using five asphalt content levels with 3 specimens at each level, yielding
15 specimens. An additional 3 specimens were then prepared at the final OAC to verify compliance
with SCRB 2003 specification limits, bringing the total for this stage to 18 specimens. Figure 4
shows the final cast products of WMA-sasobit with sisal. The overall experimental program
comprised a grand total of 81 Marshall specimens, distributed as follows: 18 specimens for HMA,
18 specimens for WMA-Sasobit, and 45 specimens for WMA+Sisal (27 specimens for fiber
optimization + 15 specimens for OAC determination + 3 specimens for OAC verification). Figure 4
shows the final cast products of WMA-sasobit with sisal.

All specimens were prepared with a mass of 1200 g and compacted utilizing a Marshall hammer
applying 75 blows per face to simulate heavy traffic loading situations. The sisal fibers were
introduced using dry technique, whereby fibers were mixed with aggregates prior to the adding of
asphalt binder, ensuring uniform fiber distribution throughout the mixture The mixing
temperatures adopted were 165°C for HMA and 145°C for WMA-sasobit mixes, while compaction
was performed at 155°C and 130°C for HMA and WMA-sasobit mixtures, respectively. Before
Marshall stability and flow testing, all samples were absorbed in a water bath at 60°C for 30-40
minutes in accordance with ASTM D6927.
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It is interesting to note that there are no specific requirements in the Iraqi SCRB 2003 for Warm
Mix Asphalt (WMA-sasobit) in terms of volume or mechanical properties. The WMA-sasobit and
WMA-SASOBIT +Sisal mixes studied in this research were therefore compared to the same
specification limits used for conventional HMA and a conventional HMA mix was utilized as the
main reference benchmark for comparison. This method is similar to the one utilized in the
previous studies carried out in the region and Iraq on WMA-sasobit.

4.6 Moisture Susceptibility Testing (ITS and TSR)

The moisture susceptibility for the three mixture types investigated was determined by the ITS test
and the TSR per AASHTO T283. Six cylindrical Marshall samples were made for every mixture type
using the optimum asphalt content to attain an air void content of 7.0 + 0.5%, with 3 specimens
being unconditioned and 3 specimens being conditioned. The conditioned material was then
located in a vacuum saturation to 55% - 80% saturation, exposed to one freeze-thaw cycle, and
submerged in a water bath for 24 hours before testing.

Fig. 3. Laboratory-prepared marshall specimens: (a) Conventional HMA, (b) Warm mix asphalt
(WMA-sasobit )

L

Fig. 4. Laboratory-prepared marshall specimens for warm mix asphalt (wma-sasobit) with sisal
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The tests were carried out at 25°C and with a deformation ratio of 50 mm/minin a diametral
loading configuration. The TSR was computed by the following procedure:

ITS = 2P /nDt (1)
TSR = ITScon / ITSuncon (2)

Where; ITS: indirect tensile strength ,P: applied load, t: thickness of samples, D: diameter of sample,
TSR: tensile strength ratio, ITScon: indirect tensile strength for conditioned (kPa), ITSuncon:
indirect tensile strength for unconditioned (kPa). The minimum TSR value was selected as 80%
based on AASHTO M 323 requirements. Figure 5 demonstrates a typical assembly and specimen
alignment in the laboratory mechanical testing machine

Fig. 5. Experimental setup of the ITS test on a fiber-reinforced WMA specimen

5. Results and Discussion

5.1 Marshall and Volumetric Characteristics of Conventional HMA at Optimum
Asphalt Content

The Marshall mix design was carried out for the conventional HMA control mixture in accordance
with the requirements of the Iraqi SCRB 2003 for surface course TypeIlIA (NMAS = 12.5 mm). The
OAC was found to be 4.7%, where all Marshall and volumetric criteria were met, as shown in Table
(5). Marshall Stability was 16.28 kN (Min. 8 kN), Flow 3.49 mm (2-4 mm), and MQ 4.66 kN/mm.
Volumetric properties were: AV 4.68% (3-5%), VMA 17.26% (Min. 14%), VFA 72.88% (65-85%),
and Gmb 2.279 g/cm?. Theresults show that the HMA mixture metall the SCRB 2003 requirements,
making it a reliable reference for future comparisons.

5.2 Marshall and Volumetric Properties of WMA-Sasobit at Optimum Asphalt
Content

The WMA-Sasobit mixture was produced at reduced mixingand compaction temperatures of 145°C
and 130°C, respectively, representing a 20°C reduction compared to HMA. The OAC was 4.6%,
marginally lower than HMA (4.7%). This small difference may be associated with the viscosity-
reducing effect of Sasobit, which facilitates mixture workability and compaction at a slightly lower
binder content.[30], [31] Marshall Stability was 17.3 kN, representing a 6.3% increase over HMA
(16.28 kN), attributable to the crystalline network formed by Sasobit within binder at service
temperatures. Flow was 3.4 mm, MQ 5.08 kN/mm, AV 4.5%, VMA 18.0%, VFA 75.0%, and Gmb
2.251 g/cm?, all within SCRB 2003 limits. These results demonstrate that WMA-Sasobit achieves
performance comparable to or exceeding HMA while enabling meaningful temperature reductions,
consistent with Jamshidi et al. [4]and Joni and Alkhafaji[29]. The results obtained at OAC are
summarized in Table (5)
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Table 5. Summary of Marshall and volumetric characteristics for HMA and WMA mixes at their
respective (OAC) compared to SCRB specification limits

Conventional HMA  Modified WMA SCRB Specification

Property (Unit)

(OAC = 4.7%) (OAC=4.6%) Limits (Wearing course)
Marshall Stability [kN] 16.28 17.3 Min. 8
Flow [mm)] 3.49 3.4 4-2
Marshall Quotient [kN/mm] 4.66 5.08 -
Bulk Spec1f1c3GraV1ty 2279 2251 i
[g/cm”]
Air Voids AV (%) 4.68 4.5 5-3
VMA(%) 17.26 18.0 Min. 14
VFA(%) 72.88 75.0 85-65

5.3 Effects of Sisal Fiber Length and Content on Marshall and Volumetric
Characteristics of WMA-Sasobit+Sisal Mixtures

Sisal fibers were incorporated into WMA-Sasobit at OAC = 4.6%, across three lengths (6,9, 12 mm)
and three dosage levels (0.3%, 0.5%, 0.7% by total mixture weight), yielding nine combinations
whose results are presented in Table (6).

Table 6. Marshall and volumetric characteristics of WMA-sasobit mixes with varying sisal fiber
parameters

0.3% 0.3% 03%(12 0.5% 0.5% 0.5% 0.7% 0.7% 0.7%
(6 mm) (9 mm) mm) (6mm) (9mm) (12mm) (6 mm) (9 mm) (12 mm)

Stability (kN) > 8 11.6 18.30 12.00 9.92 20.20 10.06 8.90 10.90 10.56

Property

Flow(mm) 385 380 391 400 533 512 450 520 526
Gmb 2224 2288 2240 2187 2158 2139 2163 2101 2110
Gmm 2335 2397 2349 2346 2307 2201 2341 2201 2160
‘g;/; 4.75 45 460 670 640 281  7.60 454 23

VMA%>14 1915 171 187 2066 2066 224 215 237 2346

VFA % (65-85) 75.19 73.6 75.40  67.50 69.02 87.40 64.50 80.84 90.10

5.3.1 Effect on Marshall Stability

Marshall stability values were 11.60, 18.30 and 12.00 kN at fiber lengths of 6, 9 and 12 mm,
respectively, at 0.3% fiber content. At a fiber content of 0.5%, the corresponding values were 9.92,
20.20, and 10.06 kN, whereas values of 8.90, 10.90, and 10.56 kN were obtained at 0.7%. All the
mixtures evaluated were found to have a Marshall stability value higher than the minimum value
of 8 kN recommended by the Society of Construction Allies (SCRB) in 2003. The 9-mm fibers
showed the highest numerical stability at each fiber content, but this effect was less pronounced at
0.7%, where the difference between the 9- and 12-mm fibers was only 0.34 kN. The 0.5%-9 mm
configuration was determined to be the most stable configuration with 20.20 kN. This configuration
was, however, found to be sub-optimal because it could not satisfy the required flow and air-void
requirements. The decrease in stability at fiber lengths greater than 9 mm and the degradation at
high fiber levels could be related to fiber agglomeration, nonuniform dispersion, and loss of
aggregate-to-aggregate contact

5.3.2 Effect on Flow Value

For 0.3% fiber content, the flow values were very similar, ranging from 3.80 to 3.91 mm, and all
fiber lengths were within the SCRB (2003) specification of 2-4 mm. At 0.5%, only the 6-mm fiber
length was within the specification, with a flow of 4.00 mm at the upper limit, while the 9- and 12-
mm fiber lengths were 5.33 and 5.12 mm, respectively. All configurations had values above the
upper limit, ranging from 4.50 to 5.26 mm, and overall, the higher the fiber content, the higher the
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deformation at peak load, which may be due to a lack of homogeneity of the mixture at high fiber
content. Thus, although the most stable configuration was obtained, the 0.5% - 9 mm configuration
was not suitable as the flow was too high, which meant that the Marshall load - deformation
response was not balanced.

5.3.3 Effect on Air Voids (AV%)

All mixtures containing 0.3% fiber satisfied the specified AV range of 3-5%. At 0.5%, the 6- and 9-
mm mixtures exceeded the upper limit, whereas the 12-mm mixture fell below the lower limit. At
0.7%, only the 9-mm mixture complied. This non-monotonic response suggests that AV was
influenced by fiber length, content, and distribution. Although Sasobit can enhance mixture
densification and workability, fiber addition may either reduce AV through void filling or increase
it through binder absorption, while unsuitable fiber dimensions or distribution may promote
clumping and nonhomogeneous mixing[32], [33]

5.3.4 Effect on Voids in Mineral Aggregate (VMA%)

All nine combinations satisfied the minimum VMA of 14%, with values ranging from 17.1% to
23.7%. VMA increased generally with fiber content and length, attributable to physical
displacement of aggregates by fibers creating additional inter-particle voids.[22], [32].

5.3.5 Effect on Voids Filled with Asphalt (VFA%)

The VFA values of all mixtures were within the required range of 65-85% at 0.3% fiber content.
The 6 and 9mm mixtures were both within the established limits at 0.5%, while the 12 mm mixture
was found to beabove the maximum limitat87.40% VFA. The 6 mm mixture exhibited a percentage
of 64.50%, which was marginally below the minimum threshold, while the 12 mm mixture
registered a percentage of 90.10%, thus exceeding the upper limit. These trends exhibited a high
degree of similarity to the AV values, as VFA is directly related to the AV/VMA ratio. The mixture of
0.3%-9 mm yielded a VFA of 73.60%, which falls within the acceptable range.

5.3.6 Visual Observation of Fiber Agglomeration

Localized fiber agglomeration was visually observed during the preparation of mixtures containing
0.5% and 0.7% sisal fiber.

(@) (b)
Fig. 6. Visual comparison of sisal-fiber agglomeration at: (a) 0.5% fiber content and (b) 0.7% fiber
content, showing more pronounced fiber balling at the higher content

As shown in Figure (6), the agglomeration became more pronounced at 0.7%, indicating increasing
difficulty in achieving uniform fiber dispersion as the fiber content increased. This visual
observation was consistent with the excessive flow values and irregular volumetric characteristics
recorded for several mixtures at these fiber contents.

5.3.7 Identification of Optimum Fiber Parameters

Of the mixtures tested, only those containing 0.3% fiber satisfied all SCRB (2003) requirements
(Table 7). The 0.3%-9 mm mixture was selected from these because it achieved the highest
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compliant Marshall stability, at 18.30 kN. This washigher than the <12.00 kN achieved by the other
two mixtures. The 0.5%-9 mm mixture produced a higher stability of 20.20 kN; however, it was
excluded because its flow and AV values exceeded the specified limits. The reported 18.30 kN
represents preliminary screening at a fixed asphalt content of 4.6%. The properties at the

subsequently determined optimal asphalt content (OAC) are presented in Section 5.4.

Table 7. Compliance of the optimum WMA-Sasobit+Sisal mixture parameters with SCRB 2003
specifications

Property Value SCRB 2003 Limit
Marshall Stability (kN) 18.30 Min. 8
Flow (mm) 3.80 2-4
Gmb 2.288
AV% 4.50 3-5
VMA% 171 Min. 14
VFA% 73.6 65-85

5.4 Marshall and Volumetric Properties of WMA-Sasobit +Sisal at Optimum
Asphalt Content

In accordance with the selection of 0.3% sisal fiber and a 9 mm fiber length in Section 5.3.6, a
discrete Marshall mix design was executed for the WMA-Sasobit-sisal mixture. The resulting OAC
was 4.7%, equivalent to that of HMA and 0.1 percentage point higher than that of fiber-free WMA-
Sasobit (see Table 8). At OAC, the mixture achieved a Marshall stability of 17.90 kN, compared with
18.30 kN during preliminary screening at a fixed asphalt content of 4.6%. The OAC-based stability
demonstrated in this study exceeded those of WMA-Sasobit (17.30 kN) and HMA (16.28 kN) and
remained well above the SCRB (2003) minimum of 8 kN. The flow value of 3.70 mm satisfied
specified range of 2-4 mm, while corresponding MQ of 4.84 kN/mm provided a comparative
stability-to-flow index rather than a direct measure of rutting resistance.

Table 8. Summary of Marshall and volumetric properties of WMA-sasobit with sisal mixture at
OAC compared to SCRB 2003 limits

Property WMA-sasobit +Sisal (0OAC =4.7%) SCRB 2003 Limit

Marshall Stability (kN) 17.9 Min. 8
Flow (mm) 3.70 2-4
Marshall Quotient (kN/mm) 4.84 —
Gmb (g/cm?) 2.298 —
AV% 4,08 3-5

VMA% 16.7 Min. 14

VFA% 75.56 65-85

Pba% 0.738

The mixture had a Gmb of 2.298 and an AV content of 4.08%, which is within the specified range.
The mixture's VMA of 16.70% exceeded the minimum requirement of 14%, although it was lower
than those of the reference mixtures. Meanwhile, its VFA of 75.56% satisfied the specified range of
65-85%. Accordingly, the selected mixture satisfied the applicable SCRB (2003) Marshall and
volumetric requirements for Type IIIA surface-course mixtures and was retained for subsequent
performance evaluation.

5.5 Indirect Tensile Strength (ITS) and Tensile Strength Ratio (TSR)

The unconditioned ITS values followed the order WMA-Sasobit-sisal (1338.2 kPa) > WMA-Sasobit
(1120 kPa) > HMA (990 kPa), corresponding to increases of 19.5% relative to WMA-Sasobit and
35.2% relative to HMA after sisal-fiber incorporation. The same ranking was maintained after
moisture conditioning, with conditioned ITS values of 1129.1, 910, and 810 kPa, respectively. The
higher ITS of WMA-Sasobit may be associated with the temperature-dependent rheological
stiffening produced by the crystalline network of Sasobit-modified binders[34]. The additional
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strength and moisture resistance of the sisal-reinforced mixture are consistent with previous
studies reporting improved TSR and higher unconditioned and conditioned ITS after sisal-fiber
incorporation[35], [36]. Fiber-binder interfacial adhesion may also facilitate stress transfer and
inhibit crack propagation within the mixture [24], although these mechanisms were not directly
examined in the present study[37].

The TSR values were 81.8%, 81.3%, and 84.4% for HMA, WMA-Sasobit, and WMA-Sasobit-sisal,
respectively, and all exceeded the adopted minimum criterion of 80%. HMA and WMA-Sasobit
exhibited comparable strength retention, differing by only 0.5 percentage point. The fiber-
reinforced mix demonstrated maximum TSR and lowest moisture-induced strength loss of 15.6%,
in comparison to 18.2% for HMA and 18.8% for WMA-Sasobit. In accordance with the provisions
stipulated within the parameters of AASHTO T283, outcomes of this research propose that
incorporation of sisal fibers has probable to enhance retention of tensile strength following the
process of moisture conditioning. The results of this study are summarized in Table 9.

Table 9. Offerings the ITS and TSR outcomes for the three investigated mixture types, evaluated in
accordance with AASHTO T283

Mixture ITS unconditioned  ITS conditioned TSR Min.
(kPa) (kPa) requirement
HMA 990 810 81.8% >80%
WMA- sasobit 1120 910 81.3% >80%
WMA-sasobit +SISAL 1338.2 1129.1 84.4% >80%

5.6 Comparative Analysis of HMA, WMA-Sasobit, and WMA+Sisal Mixtures

The Marshall and volumetric characteristics of three mixtures at their optimum asphalt content
(OAC) are summarized in Table 10 and related to limits set by SCRB R/9 (2003). The mixing and
compaction temperatures were lowered by 20°C and 25°C, respectively, when replacing
conventional HMA with Sasobit-modified WMA-sasobit. These lower temperatures were sustained
after the addition of the sisal fibers, and Marshall stability was enhanced compared to conventional
HMA and fiber-free WMA-Sasobit. All three mixtures met all the SCRB (2003) criteria for stability,
flow, air voids, VMA, VFA, and retained tensile strength.

90
80
70
60
50
40
30
20

10. I
0 [ | [ ] — [ |

Marshall Flow (mm) Marshall Gmb (g/cm?) AV% VMA% VFA%
Stability (kN) Quotient
(kN/mm)

B HMA WMA WMA+sisal

Fig. 7. Comparison of marshall mix design properties for HMA, WMA, and WMA+Sisal fiber
mixes

The order of Marshall stability was the same (Figure. 7), with the fiber-reinforced WMA having the
highest value, followed by the fiber-free WMA-Sasobit, and then the conventional HMA. All
mixtures were within specification for flow. The fiber-reinforced mixture had the densest
structure, the lowestair-void content, the highest bulk specific gravity,and a VMA greater than the
minimum specified. Most importantly, it had the highest retained tensile strength ratio (84.4%)
(Figure. 8) with the largest margin above the moisture-damage threshold of 80%. The results as a
whole show that the use of sisal fiber in Sasobit-modified WMA -sasobit can compensate for the
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moisture susceptibility that is usually experienced when the production temperature is lowered.
The resulting mixture is as strong and durable as and durable as conventional HMA.

Table 10. Shows a detailed comparison of the Marshall properties of the three types of mixtures
investigated at their optimum asphalt content and the corresponding limits specified in SCRB
2003
HMA WMA-Sasobit WMA-+Sisal o
Property (0AC=4.7%)  (OAC=4.6%)  (OAC=4.705)  SCRB 2003 Limit
Mixing T(%r(l:l)perature 165 145 145 .
Compaction
Temperature (°C) 155 130 130 o
Marshall Stability .
(kN) 16.28 17.3 17.9 Min. 8
Flow (mm) 3.49 34 3.70 2-4
Marshall Quotient
(kN/mm) 4.66 5.09 4.84 —
Gmb 2.279 2.251 2.298 —
AV% 4.68 4.50 4.08 3-5
VMA% 17.261 18.0 16.7 Min. 14
VFA% 72.8 75.0 75.56 65-85
TSR % 81.8 81.3 84.4 > 80%
85,00
84,50
84,00
83,50
83,00
o 82,50
= 82,00
81,50
81,00
80,50
80,00
79,50
HMA WMA WMA+SISAL
Fig. 8. Comparison of TSR for HMA, WMA-Sasobit, and WMA-Sasobit-Sisal
6. Conclusions
Based on laboratory assessment of volumetric, Marshall, and moisture-susceptibility features of
conventional HMA, WMA-Sasobit, and WMA-Sasobit-Sisal mixes, the following conclusions were
drawn:

Effect of Sasobit: The WMA-Sasobit mixture achieved an OAC of 4.6%, compared with 4.7%
for conventional HMA. Incorporating Sasobit decreased mixing and compaction
temperatures by 20 and 25°C, respectively, while increasing Marshall stability from 16.28 to
17.3 kN. This demonstrates that the production-temperature reductions were achieved
without compromising Marshall performance.

Optimum Fiber Configuration: During the preliminary fiber-screening stage ata fixed asphalt
content of 4.6%, the mixtures containing 0.3% sisal fiber at lengths of 6, 9, and 12 mm
satisfied all the evaluated SCRB (2003) requirements. Among these compliant mixtures, the
combination comprising 0.3% fiber with a length of 9 mm was selected because it achieved
the highest compliant Marshall stability of 18.3 kN.
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o Effect of Higher Fiber Contents: Visual inspection during mixture preparation revealed
localized fiber agglomeration at contents of 0.5% and 0.7%, with more pronounced fiber
balling at 0.7%. This behavior coincided with excessive flow values and irregular volumetric
characteristics in several mixtures at these contents, indicating that excessive fiber
incorporation reduced fiber dispersibility, mixture homogeneity, and workability.

e Performance at the Re-optimized OAC: Following the re-optimization of the selected fiber
configuration, the WMA-Sasobit-Sisal mixture achieved an OAC of 4.7% and a Marshall
stability of 17.9 kN. This stability was approximately 3.5% greater than that of WMA-Sasobit
and 10.0% greater than that of HMA. Its flow and volumetric characteristics also satisfied the
SCRB (2003) requirements.

e Volumetric Characteristics: The WMA-Sasobit-Sisal mixture exhibited the highest bulk
specific gravity (Gmb = 2.298), the lowest air-void content (4.08%), and the lowest VMA
(16.7%) among the three mixtures, while maintaining all volumetric properties within the
specified limits. These results indicate a denser compacted mixture structure. Nevertheless,
the volumetric results alone are insufficient to establish improvements in long-term
durability.

e Moisture Resistance: All three mixture types satisfied the adopted minimum moisture-
resistance requirement of TSR 2 80%. The WMA-Sasobit-Sisal mixture achieved the highest
TSR of 84.4%, compared with 81.8% for HMA and 81.3% for WMA-Sasobit. [tsunconditioned
and conditioned ITS values were also 35.2% and 39.4% higher, respectively, than those of
HMA. These results indicate better tensile-strength retention after moisture conditioning
under the laboratory conditions adopted in this study.

e Technical and Environmental Implications: At the laboratory scale, incorporating 0.3% sisal
fiber at a length of 9 mm into WMA-Sasobit produced a mixture that satisfied the evaluated
SCRB (2003) requirements and the adopted TSR criterion, while reducing mixing and
compactiontemperatures by 20°C and 25°C, respectively, relative to HMA. This reduction in
thermal demand, when combined with bio-based sisal reinforcement, provides a clear
rationale for sustainability, as it has potential to decrease fuel consumptionand production-
related emissions[9]. Nonetheless, the net environmental and economic benefits must be
substantiated through plant- and field-scale measurements, cost analysis, and life-cycle
assessment.

e Recommendations for Future Research: Further studies should evaluate the rutting
resistance, fatigue performance, long-term aging behavior, repeated moisture conditioning,
and field performance of the selected WMA-Sasobit-Sisal mixture. Statistical analysis with
adequate replicate specimens should also be conducted to calculate whether observed
variances among the mixtures are statistically important.
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