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ABSTRACT

Moisture damage is the most commonly occurring problem, causing layers of asphalt
pavements to break apart, reducing the serviceability of roads. The utilization of recycled
polymer in asphalt mixtures has become popular because it may offer environmental
benefits. The present study aims to investigate how the use of recycled polypropylene (RPP)
can reduce the moisture susceptibility of hot mix asphalt (HMA). Asphalt binders were
modified with three different concentrations of recycled polypropylene: 1%, 3%, and 5% by
weight of the bitumen. The Marshall mix design method was utilized to establish the optimal
asphalt content for the specific aggregate gradation both the control and modified mixtures
were tested for moisture damage. Tensile and compressive strength tests were conducted
to assess the moisture damage in asphalt mixtures. In the results, an optimal amount of RPP
was found in asphalt mixtures, which improved Marshall properties. The same goes for their
resistance to any moisture damage, which was also able to be considerably improved with
this addition. The maximum tensile strength ratio (TSR) was 86.45% at 3% RPP, and the
index of retained strength (IRS) of up to 81.99% by addition of 5% RPP, while the control
mixture exhibited 80.25% for TSR and 75.82% for IRS. These results have shown the
viability of applications with RPP in asphalt mixtures towards improved pavement
performance and sustainability.

Keywords: Moistures susceptibility, Recycled polypropylene, Indirect tensile strength,
Compressive strength, Asphalt mixture.

1. INTRODUCTION

Deterioration of asphalt concrete pavements is primarily due to moisture damage, which
may reduce their service life (Al-Saadi and Ismael, 2014; Wang et al., 2022; Taher and
Ismael, 2023). The gradation of aggregate and asphalt greatly affects the the moisture
susceptibility of AC and is important to avoid premature failure within one year (Ahmed et
al,, 2019; Ugla and Ismael, 2024). Water weakens the bond between asphalt cement and
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the aggregate surface, which reduces the cohesiveness of the binder and deteriorates the
asphalt pavement's longevity (Nazal and Ismael, 2019; Wisniewski et al., 2020). Different
additives, like polymers, are added to asphalt mixes to enhance their durability against
moisture-induced harm (Jaafar et al., 2022; Mahmood and Kattan, 2023; Moghimi and
Divandari, 2023). For the construction of roads, the properties of modified bitumen might
be improved by using the original polymer. However, issues with replacing recycled
polymers with raw materials and the high cost of polymers mean that only a small amount
can be used to improve road paving. Fortunately, studies have proven that recycled
polymers can improve road performance comparable to original polymers, making them a
beneficial modifier from an environmental and economic perspective (Anwar et al.,2021;
Oreto et al,, 2021). Asphalt pavement performance is enhanced by polymers that increase
the mixture's resistance to fatigue, thermal cracking and permanent deformation in cold
environments. In addition, it increases the shear modulus and reduces plastic deformation
at high temperatures (Al-Khateeb et al., 2020; Al-Shabani and Obaid, 2023). Polymer
waste can be used to enhance the characteristics of asphalt binders; hence, it will increase
the durability and performance of asphalt mixtures, thus providing an economic and
environmental benefit (Joni and AL-Rubaie, 2022; Owaid et al., 2022; Jwaida etal., 2023;
Alemu et al., 2023). Adding a polymer to the bitumen in amounts of 2-6% by weight
improves the performance of binders, creating better roads, and thus reducing the cost of
maintenance (Emmaima et al.,, 2024). , surface roughness compared to unmodified
bitumen, and they enhance both permanent deformation resistance and stress recovery.
Additionally, they increase adhesion and cohesion, resulting in a better asphalt mixture
(Torres et al., 2020; Roja et al., 2021).

The application of polymer-modified binders over asphalt in both paving and maintenance
has increased. This is a result of the improvement of engineering features composing
resistance against fatigue damage, rutting, thermal cracking, stripping, and temperature
sensitivity (Emtiaz et al.,2023). The polymer comprises 80% of waste polypropylene and
the additional materials known as bitumen modifiers like styrene and maleic anhydride
(Mazurek and Buczynski, 2022). Because it is inexpensive to produce and readily available
worldwide, polypropylene is a frequently used polymer. TSR and IRS measurements indicate
that incorporating polypropylene fibers into the asphalt mixture enhances its moisture
resistance (Mohammed and Ismael, 2021). Recycled polypropylene modified asphalt has
properties similar to thermoplastic polyester-modified asphalt, especially in terms of its
high-temperature performance (Zhou et al., 2022; Polo-Mendoza et al., 2023). However,
when waste polypropylene is added to the asphalt, it reduces its ductility and makes it less
resistant to fatigue cracking. In specific terms, adding 5% of waste PP to the asphalt reduces
its ductility by approximately 20% (Xiaoming and Eldouma, 2019). Most studies
incorporate polymer additives. The substitution level typically ranges from 1 to 8 percent of
asphalt binder by weight of bitumen (Veranko et al., 2018; Al-gurah et al., 2023). The
objective of the present study is to create an affordable and sustainable asphalt mixture that
incorporates recycled polypropylene as an asphalt cement modifier. This would help in
disposing of these wastes while also reducing the susceptibility of permanent deformation
in asphalt mixtures.

2. MATERIALS AND METHODS

All materials employed are sourced locally and have undergone testing to adhere to the Iraqi
Specification for Roads and Bridges (SCRB/R9, 2003) standards.
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2.1 Asphalt Cement

The asphalt cement with a grade of 40/50 was chosen for its viscosity, which is suitable for
Iraq's hot climate and is sourced from the Durrah Refinery in Baghdad. Its physical
properties comply with the specifications set by Iraq (SCRB/R9, 2003), which are provided
in Table 1.

Table 1. Asphalt cement properties

Test ASTM Value SCRB
Penetration (25° C,100 gm, 5 sec). D5-2013 47 40-50
Softening Point °C D36-2014 52 -
Ductility@ 25 °C D113-2007 135 >100
Specific gravity at 25’ C D70-2018 1.043 -
Flash Point (Cleveland open cup) °C D92-2018 248 >232
Retained Penetration of Residue, %
(25°C, 100 g, 5 sec) D5-2013 64 >55
Retained Ductility (25°C,5 cm/min),cm | D113-2007 72 >25

2.2 Aggregates

Crushed coarse and fine aggregates sourced from the Al-Nibaai quarry located north of
Baghdad were utilized. The coarse aggregates ranged in size from 1/2 inch to No.4 sieve,
while the fine aggregates ranged from No.4 sieve (4.75 mm) to No.200 sieve (0.075 mm)
Tables 2 and 3 show the physical properties of coarse and fine aggregates according to the
(SCRB/R9 2003) standard.

Table 2. Physical properties of coarse aggregate.

Test ASTM Value SCRB
Water Absorption, %. (ASTM C127,2015) 0.48 -
Bulk Specific Gravity (ASTM C127,2015) 2.54 -
Abrasion Test (Los-Angeles), % (ASTM C131,2014) 14 <30
Soundness in Magnesium Sulfate, % (ASTM (88, 2018) 1.3 <18
Degree of Crushing, %. (ASTM D5821, 2013) 94 =290

Table 3. Physical properties of fine aggregate.

Test ASTM Value SCRB
Water Absorption, %. (ASTM C128, 2015) 0.82 -
Bulk Specific Gravity (ASTM C128, 2015) 2.59
Plasticity Index. (ASTM D4318, 2017) No

Sand equivalent. (ASTM D2419, 2014) 92 =45
Clay Lumps and friable particles, %. (ASTM C142,2017) 0 <3

The experiment utilized limestone dust as filler, obtained from a lime factory in Karbala
province. It is thoroughly dried and free of lumps or fine particle aggregations. Table 4
demonstrates the physical characteristics of the filler. As per the Iraqi standard (SCRB/R9
2003), the chosen aggregate for the wearing course type I1IA has a mid-range gradation with
a maximum size of 19 mm (12.5 mm nominal size) Fig. 1 shows the Gradation Mixes
according to (SCRB/R9, 2003) limits.
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Table 4. Physical properties of mineral filler.

Test ASTM Value | SCRB
% Passing Sieve No. 200 | (ASTM D242, 2019) 96 70% min
Bulk Specific gravity (ASTM C188, 2017) 2.96 -

100

90 @ --- design value
30 —@— upper limit
< 70 —— |ower limit
%3 60
‘» 50
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S 40
30
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Sieve size, mm

Figure 1. Gradation Mixes according to SCRB/R9 limits.

2.3 Recycled Polypropylene Polymer

The recycled polypropylene polymer was sourced from construction material remains and
processed by cutting it into tiny pieces at a Bab Al-Sheikh plastic factory. These pieces were
ground at 28,000 RPM, taking 10 minutes per 100 grams. The ground polymer was sieved
using sieve No. 50, and the passing material was mixed in asphalt on a hotplate with an
electric mixer running at 3000 rpm for 20 minutes. Monitor the temperature of the asphalt
to ensure it does not exceed 165°C. Then, Since the melting point of RPP is close to the
melting point of asphalt, the homogeneity of the asphalt and RPP mixture can be observed.
Fig. 2 shows the crushed and mixed of RPP.

Figure 2. Polypropylene Polymer waste crushed and mixed particles.

3. EXPERIMENTAL WORK

Initially, the purpose of the Marshall test was to identify the ideal asphalt content for asphalt
cement. The tensile strength ratio and the retained strength coefficient were calculated
through indirect tensile and compressive strength tests to evaluate the asphalt mixture's
Susceptibility against moisture damage.
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3.1 Marshall Mix Design

This method, as per (SCRB R/9, 2003), involves determining the Optimum Asphalt Content
(OAC) within a range of (4-6) % and increments of 0.5% in asphalt cement percentage. A set
of asphalt mixture samples was prepared, and the Marshall test was conducted for each
sample. The OAC was determined by calculating the average of Stability, Density, and Air
Voids. Then add RPP in three proportions to the control mixture. The testing procedure
outlined in ASTM D6926 involved the preparation of three cylindrical specimens for the
control mix and for each percentage of the recycled polypropylene polymer-modified
mixture. Each sample had dimensions of 4 inches and 2.5 inches in diameter and height
respectively, with a weight of 1200 grams. The specimens were compacted on each face with
75 blows using a 4.535 kg free-dropped hammer. The density of each specimen was then
determined, and its ability to withstand plastic flow was evaluated using ASTM D2726 and
ASTM D6927, respectively. Fig. 3 demonstrates Marshall specimen preparation and testing.

Figure 3. Marshall specimen Preparation and testing.

3.2 Indirect Tensile Strength

The test assessed the mixture's resistance to moisture damage following ASTM D6931.
Before preparing the specimens, determine the number of blows required to achieve 7+1%
air voids According to ASTM D6931 to ensure a balance between strength and durability in
the asphalt mixture. The results are displayed in Fig. 4. Then, the samples were prepared
according to ASTM D6926 for control mixture and control mixture with RPP ratios having
measurements of 2.5 inches in height and 4 inches in circumference and tested following
ASTM D4867. The tensile strength ratio compares conditioned to unconditioned samples
and specifies that 80% is the minimal TSR value, according AASHTO M 320-2002 (Ismael
and Ahmed, 2019).
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Figure 4. Correlation between Air Voids Percent and No. of Blows.

ITs=-222 (ASTM D6931) (1)
TX tX D
ITS

TSR=—— x100 (ASTM D4867) (2)
ITSu

where:

ITS: indirect tensile strength, kPa.

P: the ultimate applied load, N.

D: the diameter of the sample, mm.

t: the thickness of the sample, mm.

ITS c: indirect tensile strength for conditioned sample, kPa.

ITS u: indirect tensile strength for unconditioned sample, kPa.

The data of these samples is analyzed to evaluate how unconditioned and conditioned mixes
affect mixture performance. Fig. 5 outlines the steps of the indirect tensile strength test.

Figure 5. The testing sequences for indirect tensile strength.

3.3 Compressive Strength Test

The Index of Retained Strength (IRS) is employed to assess how well an asphalt mixture can
resist damage from moisture. 70% is the IRS's lowest allowable value, according to (SCRB/R9,
2003). Mixtures that have a lower IRS are at a higher risk of being damaged by moisture. A
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compressive device is utilized to compact the prepared mixture. Samples with a of 4x4
inches in diameter and a height were prepared (Raof and Ismael, 2019; Mawat and
Ismael, 2020; Qian et al.,2023) Following a 24-hour cooling period, the specimens were
subjected to a compressive strength test at a loading rate of 5.08 mm/min.Then, axial force
was applied to the initial surface until failure as described in (Khaled and Ismael, 2019).
Fig. 6 presented the testing of compressive strength.

Figure 6. The compressive strength test.

4. RESULTS AND DESCUSION

After completing the experimental work, the following results were obtained and
documented.

4.1 Results of the Marshall Test

Table 5 shows the results of the Marshall test for mixtures with different percentages of
RPP, showing an increase slightly in stability as the percentage of RPP in the asphalt
mixtures increases (2.69%, 7.55%, and 3.15%). The greatest stability improvement was
observed at 3% RPP content. This increase in stability was accompanied by a decrease in
flow values (6.93%, 12.71%, and 17.34%). The bulk density of the asphalt mixtures also
decreased, while the percentage of voids in the mixtures increased slightly with higher RPP
content. The addition of recycled polypropylene polymer enhances the mechanical
performance of the asphalt mixture by improving stability, reducing deformation, and
slightly affecting density. The void in the mineral aggregate decreases by about (1.15%,
2.04%, and 2.61%), and there is a decrease in the voids filled with asphalt by (0.05%, 0.28%,
and 1.22%). This happens because adding recycled polypropylene polymer to the asphalt
mixture results in a decrease in VMA due to increased aggregate packing efficiency and a
decrease in VFA because the recycled polypropylene takes up some empty space that could
otherwise be filled with asphalt binder (Buruian et al., 2023) Also, Fig. 7 presents the test
results.
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Figure 7. Effect of Recycled Polypropylene Polymer on Marshall Properties
a) Stability, b) Flow, c) Density, d) Air voids, e) V.M.A, f) V.F.A

Table 5. Marshall test results.

0AC RPP Stability | Flow | Density AV V.M.A V.F.A
- (%) (kN) | (mm) | (g/cm®) | (%) (%) (%)
0 11.12 3.46 2.338 4.00 15.72 74.13
4.9 1 11.42 3.22 2.336 4.01 15.54 74.09
3 11.96 3.02 2.329 4.03 15.40 73.92
5 11.47 2.86 2.320 4.08 15.31 73.22

4.2 Results of the Tensile Strength Ratio

Adding recycled polypropylene polymer to the asphalt mixtures improved both values of
tensile strength in dry and wet conditions. As a result, the TSR values increased, with the
greatest increase occurring when using 3% RPP. The TSR value increased by 7.73%
compared to the control mix. The increase in tensile strength may be credited to the
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=

improved adhesion between the binder and aggregate particles. Increasing the molecular
weight of the RPP can improve ITS, enhance mixture properties, and make it more resistant
to deterioration caused by water (Stanic et al., 2021). Table 6 and Fig. 8 present the test
results.

Table 6. The indirect tensile strength ratio results.

RPP (%) Dry ITS (kPa) | Wet ITS (kPa) | TSR (%)
0 1468.23 1178.31 80.25

1 1522.31 1274.64 83.73
3 1552.68 1342.33 86.45
5 1598.73 1374.28 85.96

87
86
85
84
83
82
81
80
79
78
77

TSR, %

0% 1% 3% 5%
Recycled Polypropylene Polymer,%

Figure 8. Effect of Recycled Polypropylene Polymer on TSR.
4.3 Results of the Index of Retained Strength

The dry and wet compressive strength values increased with an increasing percentage of
RPP in the asphalt mixture, resulting an increase in IRS of 3.22%, 5.72%, and 8.14% for
recycled polypropylene polymer content of 1%, 3%, and 5%, respectively. The reason for
this better behavior is the same as the addition of RPP, which also improved the compressive
strength of the mixture under wet conditions, as indicated by the TSR test. As a result, the
increase in IRS leads to improved moisture resistance. Table 7 and Fig. 9 display the test
results.

Table 7. Compressive strength test results.

RPP (%) Dry Compressive Wet Compressive | LR.S (%)
Strength (kPa) Strength (kPa)

0 4989.97 3783.39 75.82

1 5441.12 4358.22 78.26

3 5699.65 4568.84 80.16

5 6095.21 4997.46 81.99
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Figure 9. Effect of Recycled Polypropylene Polymer on IRS.

5. CONCLUSIONS

This study utilized the Marshall mix design and conducted moisture damage resistance tests
to assess by means of indirect tensile strength and compressive strength hot mix asphalt.
Based on the experimental findings, the following conclusions were drawn:

The incorporation of recycled polypropylene polymer at ratios of 1%, 3%, and 5% by
weight of bitumen determined that the optimal content is 3%. This percentage enhanced
Marshall's stability by 7.55%.

Recycled polypropylene polymer reduces Marshall flow by up to 17.34% at 5% RPP,
leading to improved cohesion in the asphalt mixture.

The addition of recycled polypropylene polymer slightly raises the air voids in asphalt
mixtures, with the air voids increasing to 4.08% for 5% RPP, resulting in a decrease in
density to 2.320 g/cm>.

Recycled Polypropylene Polymer significantly increased the values of the ratio of tensile
strength The best results were achieved with a 3% RPP content, leading to TSR values
7.73% higher than the control mixtures.

By adding recycled polypropylene polymer to the asphalt mixtures, the index of retained
strength value increased. With a 5% RPP percentage, the rise in IRS value over the
control mix was 8.14%.

NOMENCLATURE
Symbol | Description Symbol | Description
AC Asphalt concrete P Ultimate load failure
ASTM Amerlf: an Society for testing and RCA Recycled concrete aggregate
material
AV Air voids, % RPP Recycled Polypropylene Polymer
d Particle diameter SCRB Stz;}te Corporation for Roads and
Bridges
D Diameter of specimen, mm t Thickness of specimen
HMA Hot mix asphalt TSR Tensile strength ratio
IRS Index of retained strength VFA Voids filled with asphalt
ITS Indirect tensile strength VMA Voids in mineral aggregate
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