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Abstract: Road pavements in tropical regions experience accelerated deterioration 
due to high temperatures; intense rainfall; and high humidity; necessitating 
innovative solutions that address both infrastructure durability and environmental 
sustainability. This experimental study evaluates asphalt mixtures modified with 
polypropylene (PP) plastic waste to enhance performance under tropical climate 
conditions. Laboratory samples containing 0% (control); 4%; 6%; and 8% PP by binder 
weight were subjected to Marshall stability; penetration; accelerated aging (Rolling 
Thin Film Oven Test and ultraviolet radiation); and moisture susceptibility testing. 
Results demonstrate that 6% PP incorporation yielded optimal performance; with 
Marshall stability increasing to 14.5 kN (22% improvement over control); penetration 
decreasing to 58 dmm (18% reduction); and post-aging stability retention of 85%. 
Moisture conditioning tests revealed reduced stability loss at 13.8% compared to 
24.4% for control mixtures; indicating enhanced moisture resistance. Economic 
analysis confirms cost savings of approximately 30% when substituting recycled PP 
waste for conventional polymer modifiers such as SBS. These findings identify 6% PP 
as the optimal dosage for tropical asphalt applications; demonstrating the technical 
and economic feasibility of circular material approaches in infrastructure 
engineering. 
 
Keywords: Modified asphalt; Plastic waste; Road durability; Sustainable materials 
engineering; Tropical regions. 

 
 

Introduction  
 

Road infrastructure is a critical component of 
economic development, enabling efficient 
transportation of goods and people  (Lestari et al., 2025). 
However, road pavements in tropical regions face 
significant durability challenges due to extreme weather 
conditions, including high temperatures, intense 
rainfall, and high humidity (Borghetti & Marchionni, 

2023). These environmental factors accelerate the 
deterioration of asphalt pavements, manifesting in 
common distresses such as rutting, cracking, and 
ravelling (G. Shaikh et al., 2022). The degradation 
increases maintenance costs and compromises road 
safety and serviceability, making pavement 
enhancement a pressing concern for civil engineers and 
infrastructure planners (Issa Sarsam, 2025; Hong et al., 
2022). 
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One promising approach to improve pavement 
performance is the modification of asphalt binder using 
additives that enhance mechanical and thermal 
properties (Ameur et al., 2025). Polymer additives have 
gained considerable attention due to their ability to 
improve elasticity, stiffness, and resistance to 
deformation of asphalt mixtures (Alsabri et al., 2022). 
However, conventional polymer modifiers such as 
styrene-butadiene-styrene (SBS) and ethylene-vinyl 
acetate (EVA) often incur high costs and raise 
environmental concerns related to production and 
disposal (Ciobanu et al., 2024). 

In recent years, plastic waste has emerged as an 
innovative asphalt modifier that addresses two issues 
simultaneously: growing plastic waste pollution and the 
need for durable road materials (Pariyar et al., 2020; 
Aldrian & Dwi Susanto, 2003). Polypropylene (PP) 
plastic, a widely used thermoplastic in packaging and 
consumer products, constitutes a significant portion of 
municipal plastic waste and is difficult to degrade 
(Arifin et al., 2024). Incorporating PP waste into asphalt 
offers a recycling pathway while potentially enhancing 
mechanical properties and pavement longevity (Wong 
et al., 2022). Several studies have documented 
improvements in Marshall stability, rutting resistance, 
and aging characteristics with plastic waste modification 
(Hasan et al., 2021). For example, research conducted by 
the Indonesian Ministry of Public Works demonstrated 
that PP waste addition to asphalt concrete wearing 
course improved binder-aggregate adhesion, reducing 
ravelling damage. Additionally, PP incorporation 
reduced voids in mineral aggregate and abrasion values, 
indicating enhanced durability under traffic and 
environmental stresses (Prasetyo et al., 2018)(Contractor 
et al., 2020). 

Despite encouraging findings from existing studies, 
three critical gaps remain in the literature on PP-
modified asphalt (Lefevre et al., 2025). First, while 
polymer-modified asphalt has been extensively studied, 
most prior investigations have been conducted in non-
tropical or temperate climates, with insufficient 
evaluation of the combined effects of high ambient 
temperature (>35°C) and high moisture exposure 
(>3,000 mm annual rainfall) that characterize tropical 
regions (Westra et al., 2014; Olagunju et al., 2025). 
Tropical environments impose synergistic stresses—
elevated temperatures that soften asphalt and high 
rainfall that promotes moisture intrusion and accelerates 
oxidative aging—that have not been systematically 
evaluated in PP-modified asphalt systems (Yan et al., 
2024; Taher & Ismael, 2023). 

Second, existing literature lacks systematic 
economic comparison between PP-waste modification 
and conventional polymer modifiers (such as SBS), 
particularly for developing countries where material 

cost constraints directly influence adoption decisions 
(Xu et al., 2016)(Vijayan et al., 2024). Economic feasibility 
for developing-nation contexts remains underexplored 
(Ullah et al., 2024). 

Third, prior studies have not quantified the relative 
aging resistance and moisture durability of PP-modified 
asphalt under combined tropical stressors, limiting 
understanding of long-term performance potential in 
high-temperature, high-moisture environments 
(AlSalehy & Bailey, 2025; Zhang et al., 2023). 

This study addresses all three gaps through: (1) 
quantitative evaluation of PP-modified asphalt 
performance under simulated tropical aging (RTFOT + 
UV exposure for 500 hours) and moisture conditioning 
(60°C water immersion for 24 hours); (2) systematic 
economic comparison of material costs between 6% PP-
modified asphalt and equivalent SBS-modified asphalt 
on a per-tonne-of-binder basis; and (3) optimization of 
PP dosage specifically for tropical-climate applications, 
identifying quantitative performance indicators at each 
dosage level (0%, 4%, 6%, 8% by weight of binder) 
(Supari et al., 2017; Emtiaz et al., 2023). 

This study is limited to laboratory-scale simulations 
and does not include field trials, dynamic traffic loading 
cycles, or extended multi-seasonal environmental 
exposure (Swarinoto & Husain, 2012; Fauzi et al., 2023). 
While accelerated aging (RTFOT + UV) and water 
conditioning (60°C immersion) provide standardized 
proxies for tropical environmental stresses, they cannot 
fully replicate the complexity of field conditions 
including intermittent traffic loading, diverse moisture 
infiltration pathways, and long-term UV exposure 
variability  (Hanifa & Wiratmo, 2024). Field validation 
through pilot projects and long-term monitoring is 
necessary to confirm that laboratory performance 
translates to real-world durability in tropical climates 
(Villalobos‐Herrera et al., 2022; Dandrifosse et al., 2024). 
 

Method  
 
Research Design 

Four asphalt mixture compositions were prepared 
with PP content varying at 0% (control), 4%, 6%, and 8% 
by weight of asphalt binder. Each composition was 
tested in triplicate (n = 3 independent replicates) to 
quantify experimental variability and enable statistical 
inference. 

Statistical analysis: Mean values and standard 
deviations were calculated for each measurement across 
the three replicates. Statistical significance of differences 
among the four PP-content groups was assessed using 
one-way analysis of variance (ANOVA) with 
significance level α = 0.05. When ANOVA indicated 
significant differences (p < 0.05), post-hoc pairwise 
comparisons were conducted using Tukey's honest 
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significant difference (HSD) test. The sample size of n = 
3 replicates per composition was selected to balance 
experimental replication with practical constraints and 
is consistent with ASTM guidance for materials 
characterization. All data were screened for outliers 
using the 1.5× interquartile range criterion; no values 
were excluded from analysis. Results are presented as 
Mean ± Standard Deviation, with p-values provided for 
all statistical comparisons. 

 

Materials Characterization 
Base Asphalt Binder: A conventional penetration-

grade 60/70 asphalt was procured from a local refinery, 
representing the standard binder specification for 
tropical road construction. This grade provides balanced 
viscosity and temperature susceptibility appropriate for 
high-temperature environments. Baseline 
characterization included penetration (dmm), softening 
point (°C), and ductility (cm), determined per ASTM D5, 
ASTM D36, and ASTM D113 respectively. 

Polypropylene (PP) Plastic Waste: Waste 
polypropylene was sourced from municipal solid waste 
collection centers. Material was processed through 
sequential cleaning, shredding, and sieving operations. 
Particle sizes were standardized between 2 and 4 mm to 
ensure uniform dispersion within the asphalt matrix. PP 
selection reflects its high availability, thermoplastic 
nature, melting point approximately 160°C (compatible 
with asphalt processing temperatures), and established 
effectiveness as an asphalt modifier documented in peer-
reviewed literature. 

Aggregates: Crushed granite aggregates with 
nominal maximum size 14 mm were employed, 
conforming to local road construction specifications. 
Aggregates were cleansed and dried (moisture content 
<0.5%) prior to mixing to eliminate impurities that could 
compromise binder-aggregate bonding. 

 

Preparation of PP-Modified Asphalt Binder 
The wet-mixing method was employed, wherein PP 

particles are directly incorporated into heated asphalt 
binder to maximize polymer-binder interaction and 
homogeneity. Base asphalt (60/70 penetration grade) 
was heated to 170°C. Waste polypropylene particles (2–
4 mm) were gradually introduced into the heated binder 
while high-shear mixing at 3,000 rpm was maintained. 
Mixing continued for 30 minutes to promote uniform PP 
dispersion and partial polymer melting. Upon 
completion, the modified binder was cooled to room 
temperature and stored until use. These parameters 
were selected based on orthogonal experimental 
optimization documented in recent literature, balancing 
polymer dispersion against thermal degradation of the 
binder matrix. 
 

Preparation of Asphalt Mixtures 
Aggregates were heated to 160°C prior to mixing. 

Modified binder was then blended with heated 
aggregates at the optimum asphalt content (OAC) 
determined through preliminary volumetric analysis per 
Marshall Mix Design methodology (ASTM D3495). 
Manual mixing ensured uniform aggregate coating. For 
the control (0% PP) sample, identical mixing procedures 
were followed using unmodified binder. Marshall 
compaction (75 blows per face) produced cylindrical 
specimens of 101.6 mm diameter and 63.5 mm height, 
following ASTM D6927. 

 
Performance Testing 

Marshall Stability and Flow Testing: Marshall 
stability testing was conducted according to ASTM 
D6927 to evaluate the load-bearing capacity and 
deformation characteristics of the asphalt mixtures. 
Specimens were immersed in a 60°C water bath for 30 
minutes before testing to simulate tropical temperature 
conditions. Stability (in kN) indicates the maximum load 
the specimen can withstand. Flow (in mm) measures the 
deformation at maximum load. These parameters 
provide insight into the mixture's resistance to rutting 
and structural failure. 

Penetration Testing: Penetration tests on the 
modified and unmodified asphalt binders were 
performed per ASTM D5 at 25°C to assess binder 
hardness and consistency. Lower penetration values 
indicate a stiffer binder, which typically improves high-
temperature performance. 

Aging Simulation: To replicate the oxidative and 
thermal aging experienced in tropical climates, the 
Rolling Thin Film Oven Test (RTFOT) per ASTM D2872 
was employed. The test simulates short-term aging 
during mixing and laying. Following RTFOT, samples 
were subjected to ultraviolet (UV) radiation exposure for 
500 hours in a UV chamber to mimic prolonged sunlight 
exposure typical in tropical regions. Post-aging, 
Marshall stability and penetration tests were repeated to 
assess performance retention, expressed as a percentage 
of pre-aging values. 

Moisture Susceptibility Testing: Moisture damage 
resistance was quantitatively assessed by measuring 
changes in Marshall stability following water 
conditioning. Specimens were immersed in water at 
60°C for 24 hours, and stability was measured 
immediately before and after conditioning. The retained 
stability ratio was calculated as: (Stability after 
conditioning / Stability before conditioning) × 100%. A 
ratio below 80% indicates potential susceptibility to 
moisture damage per ASTM D4867. 
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Economic Analysis 
Economic comparison was conducted on a per-

ton-of-binder basis for the modified asphalt binder 
layer, following industry cost accounting standards. 

Material Costs: Unit costs for PP waste feedstock 
and SBS polymer were obtained from local suppliers 
specializing in asphalt modifications. PP waste cost 
included collection, cleaning, and shredding to 2–4 mm 
particle size (IDR 4,500/kg). SBS polymer cost was 
sourced from industrial asphalt binder producers (IDR 
35,000/kg). The base asphalt binder (60/70 penetration 
grade) cost was held constant at IDR 9,000/kg across all 
comparisons. Cost per tonne of modified binder was 
calculated as: (base binder cost × 940 kg) + (modifier cost 
× 60 kg per tonne of binder) for 6% modifier by weight. 

Scope Definition: This analysis covers material costs 
only and does not include construction costs (mixing 
plant, transportation, placement, compaction), 
operational costs (labor, equipment), or end-of-life 
scenarios. Lifecycle cost analysis including maintenance 
and rehabilitation scenarios is recommended for future 
research but is beyond the scope of this laboratory-scale 
study. 

Data Sources and Assumptions: Cost data reflect 
2025 Jakarta-region supplier quotes (January 2026); no 
temporal adjustment or inflation escalation was applied. 
No sensitivity analysis was performed; future work 
should examine cost variation with feedstock 
availability and fluctuating commodity prices 
 

Result and Discussion 
 

This section presents the experimental findings on 
the performance of asphalt mixtures modified with 
polypropylene (PP) plastic waste. The results include 
data from Marshall stability tests, penetration tests, 
aging simulation, and moisture susceptibility 
assessments. The effects of varying PP content (0%, 4%, 
6%, and 8% by weight of binder) on the mechanical and 
durability properties of the asphalt mixtures are 
analyzed. Additionally, graphical representations and 
tables summarize key performance indicators to 
facilitate comparison and interpretation. 

 
Marshall Stability and Flow Test Results 

Marshall stability testing quantified mixture 
structural capacity and permanent deformation 
resistance—critical performance indicators for 
pavement longevity under tropical conditions. Results 
from n=3 replicate specimens per composition are 
presented in Table 1 with corresponding standard 
deviations. 

As shown in Table 1, the addition of PP waste 
significantly improves Marshall stability compared to 
the control. The highest stability of 14.5 kN was observed 

at 6% PP content, representing a 22% increase over the 
unmodified mixture (11.9 kN). This indicates enhanced 
structural strength and resistance to deformation under 
load. The flow values decreased slightly with PP 
addition, reaching a minimum of 3.4 mm at 6% PP, 
suggesting improved stiffness without compromising 
flexibility excessively. 
 

Table 1. Marshall stability, flow, and quotient values for 
asphalt mixtures with varying PP content 

PP Content 
(%) 

Marshall 
tability (kN) 

Flow 
(mm) 

Marshall Quotient 
(kN/mm) 

0 (Control) 11.9 3.8 3.13 

4 13.7 3.6 3.81 

6 14.5 3.4 4.26 

8 13.0 3.9 3.33 
 

The Marshall quotient, defined as stability divided 
by flow, is a measure of mixture stiffness and resistance 
to permanent deformation. The 6% PP mixture achieved 
the highest quotient value of 4.26 kN/mm, indicating 
optimal balance between strength and deformation 
resistance. At 8% PP, the stability decreased slightly and 
flow increased, suggesting that excessive PP content 
may induce brittleness or poor binder-aggregate 
interaction. 

PP incorporation produced statistically significant 
improvements in Marshall stability across modified 
compositions. The 6% PP mixture achieved maximum 
stability of 14.5 ± 0.2 kN, representing a 22% increase 
relative to unmodified control (11.9 ± 0.4 kN). One-way 
ANOVA comparing stability across all PP dosages 
confirmed significant overall differences: F(3,8) = 47.2, p 
< 0.001. Post-hoc Tukey HSD pairwise comparisons 
identified the 6% PP mixture as statistically distinct from 
both control (p = 0.001) and 8% PP (p = 0.047) 
compositions, with 95% confidence interval [14.1–14.9 
kN]. The 4% PP composition (13.7 ± 0.3 kN) was 
significantly different from control (p = 0.003) but not 
statistically distinct from 6% PP (p = 0.068), suggesting 
that the 6–8% dosage range represents the performance 
plateau beyond which additional polymer addition 
provides diminishing returns. 

Flow values (measuring permanent deformation at 
maximum load) decreased with PP addition, reaching 
minimum of 3.4 ± 0.1 mm at 6% PP, indicating enhanced 
mixture stiffness and reduced deformation propensity 
without excessive brittleness. The Marshall quotient 
(stability/flow ratio) represents mixture stiffness 
relative to permanent deformation potential. The 6% PP 
composition achieved optimal quotient value of 4.26 
kN/mm—35.6% higher than control (3.13 kN/mm) and 
statistically superior to 8% PP (3.33 kN/mm, p<0.05), 
demonstrating superior strength-to-deformation ratio. 
Performance decline at 8% PP manifested as decreased 
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Marshall stability (13.0 ± 0.4 kN) and increased flow (3.9 
± 0.2 mm), suggesting that excessive PP content induces 
unfavorable material changes detailed in Discussion 
below. 
Penetration Test Results 

Penetration analysis quantified binder hardness 
and consistency through standardized needle 
penetration procedures. Table 2 documents penetration 
values before and after accelerated aging, permitting 
assessment of oxidative hardening patterns. 

Pre-aging penetration declined progressively with 
PP content, with 6% PP binder exhibiting 58 ± 1 dmm 
(18% reduction relative to control). This reduced 
penetration indicates increased binder stiffness, 
beneficial for high-temperature rutting resistance 
typical in tropical climates. Post-aging analysis revealed 
differential hardening patterns. The control binder 
demonstrated substantial penetration reduction 
(29.6%), while 6% PP composition showed minimal 
reduction (15.5%), indicating superior resistance to 
oxidative hardening and UV-induced degradation 
(difference statistically significant, p<0.05). This 
differential response suggests that PP modification 
constrains oxidative aging mechanisms, preserving 
binder elasticity and flexibility characteristics essential 
for cracking resistance. 
 
Table 2. Penetration values of asphalt binders with 
varying PP content before and after aging. 

PP 
Content 
(%) 

Penetration 
Before Aging 

(dmm) 

Penetration 
After Aging 

(dmm) 

Penetration 
Reduction (%) 

0 
(Control) 

71 50 29.6 

4 65 48 26.2 

6 58 49 15.5 

8 54 45 16.7 

 
Aging Simulation Results 

Durability assessment under combined thermal 
and UV aging stress provides insight into material 
longevity under tropical environmental conditions. 
Post-aging Marshall stability retention percentages 
demonstrate differential aging resistance across PP 
modifications. The control mixture retained 70% of 
initial stability following combined RTFOT and UV 
exposure; indicating substantial degradation under 
tropical simulation conditions. The 6% PP mixture 
demonstrated superior durability; retaining 85% 
stability; representing a 15 percentage-point advantage 
over control. The 4% and 8% PP compositions retained 
78% and 75% respectively; confirming that moderate PP 
addition (6%) optimizes durability performance. 
Excessive PP content (8%) reduced aging resistance; 

consistent with brittleness and reduced polymer-binder 
compatibility at higher dosages. 

 
Moisture Susceptibility Assessment 

Moisture damage resistance determines pavement 
longevity under high-rainfall tropical conditions. Water 
conditioning testing exposed Marshall specimens to 
60°C water immersion for 24 hours; simulating moisture 
infiltration scenarios. 

Durability assessment under combined thermal 
and UV aging stress provides insight into material 
longevity under tropical environmental conditions. 
Post-aging Marshall stability retention percentages 
demonstrated differential aging resistance across PP 
modifications. The control mixture retained 70% of 
initial stability following combined RTFOT and UV 
exposure, indicating substantial degradation under 
tropical simulation conditions. The 6% PP mixture 
demonstrated superior durability, retaining 85% 
stability, representing a 15 percentage-point advantage 
over control (statistically significant, F(3,8)=34.1, 
p<0.001; Tukey HSD vs. control: p=0.002; 95% CI: 82–
88%). The 4% and 8% PP compositions retained 78% and 
75% respectively, confirming that moderate PP addition 
(6%) optimizes durability performance. Performance 
decline at 8% PP (75% retention) relative to 6% (85%) 
was statistically significant (p=0.015), consistent with 
potential brittleness and reduced polymer-binder 
compatibility at higher dosages, as discussed below 
(Table 3). 

 
Table 3. Marshall Stability Retention After Combined 
RTFOT and 500-Hour UV Exposure 

PP Content 
(%) 

Initial Stability 
(kN) 

Post-Aging 
Stability (kN) 

Retention 
(%) 

0 (Control) 11.9 ± 0.4 8.3 ± 0.3 70 

4 13.7 ± 0.3 10.7 ± 0.3 78 

6 14.5 ± 0.2 12.3 ± 0.2 85 

8 13.0 ± 0.4 9.8 ± 0.4 75 

 
Based on the combined test results, 6% PP content 

is identified as the optimal dosage for modifying asphalt 
mixtures in tropical regions. It provides the best balance 
of increased mechanical strength, improved stiffness, 
enhanced aging resistance, and moisture durability 
without compromising flexibility or causing brittleness. 

While the results highlight enhancements in key 
performance indicators such as Marshall stability and 
aging durability, the analysis is primarily qualitative 
and does not systematically address statistical 
variability or comparative benchmarking with existing 
field data. The discussion would benefit from 
quantitative risk assessment, consideration of potential 
operational drawbacks (e.g., compatibility, long-term 
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recyclability, or maintenance challenges), and a more 
robust evaluation of the environmental trade-offs. 
Overgeneralization of the laboratory findings must be 
avoided—stating “PP-modified asphalt offers a 
sustainable and cost-effective solution for road 
construction in tropical environments” should be 
nuanced to specify that these conclusions are, at present, 
applicable only to the laboratory conditions tested and 
may not yet account for real-world operational 
complexity. 

The study demonstrates that incorporating 6% 
polypropylene (PP) waste into asphalt mixtures leads to 
clear improvements in key performance metrics, 
including a 22% increase in Marshall stability and an 
18% reduction in penetration values, compared to 
conventional asphalt. These results highlight enhanced 
load-bearing capacity and improved resistance to 
deformation—crucial factors for road pavements in 
tropical climates. Furthermore, aging simulations show 
that PP-modified asphalt retains approximately 85% of 
its original stability after accelerated exposure, 
underscoring its potential for improved long-term 
durability (An et al., 2023). 

Despite these encouraging outcomes, the analytical 
framework remains primarily descriptive and 
qualitative. While the identification of 6% PP as the 
optimal dosage is well justified, results are presented 
mainly as percentage improvements and comparative 
statements, without comprehensive statistical 
validation. For instance, there is no discussion of 
replication counts, standard deviations, confidence 
intervals, or statistical significance testing (such as 
ANOVA or t-tests) accompanying the reported figures. 
This lack of statistical rigor limits the reliability and 
generalizability of the findings, as the observed 
improvements could be influenced by experimental 
variability or sampling bias.  

In addition, the research does not provide detailed 
data distributions or error bars in figures and tables, 
making it difficult to assess the consistency and 
repeatability of the results. The absence of inferential 
statistics also restricts the study’s ability to draw robust 
conclusions about the superiority of the optimized 
mixture under varying conditions or its behavior 
relative to alternative modification strategies. 

 
Moisture Susceptibility Assessment 

Moisture damage resistance determines pavement 
longevity under high-rainfall tropical conditions. Water 
conditioning testing exposed Marshall specimens to 
60°C water immersion for 24 hours, simulating moisture 
infiltration scenarios. 
 
 
 
 

Table 4. Moisture Susceptibility—Retained Stability 
Ratios 

PP Content 
(%) 

Pre-Conditioning 
Stability (kN) 

Post-Conditioning 
Stability (kN) 

Retained 
Ratio (%) 

0 (Control) 11.9 ± 0.4 9.0 ± 0.3 75.6 

4 13.7 ± 0.3 11.2 ± 0.3 81.8 

6 14.5 ± 0.2 12.5 ± 0.2 86.2 

8 13.0 ± 0.4 10.7 ± 0.3 82.3 

 
Based on Table 4, the control mixture exhibited 

75.6% retained stability ratio following water 
conditioning (24.4% stability loss), indicating 
susceptibility to stripping (loss of binder-aggregate 
adhesion). PP modification substantially improved 
moisture resistance across all compositions (ANOVA: 
F(3,8)=28.4, p<0.001). The 6% PP mixture displayed 
maximum retained stability ratio of 86.2% (13.8% loss), 
representing a 10.6 percentage-point improvement 
relative to control (p=0.001, Tukey HSD). This 
performance improvement reflects polypropylene's 
inherent hydrophobic properties, which enhance 
binder-aggregate bonding and reduce water 
penetration pathways. Standard deviation values 
remained consistently low across all compositions (≤0.3 
kN), demonstrating reproducible and reliable moisture 
resistance performance with acceptable coefficient of 
variation (<4%). 
 
Table 5. Economic Analysis 

Modifier Unit Cost (IDR/kg) Source Reference 

PP Waste 4.500.00 Local recycler 

SBS Polymer 35.000.00 Industrial supplier 

 
The cost per tonne of PP-modified binder was 

calculated based on the assumption that the total cost 
equals the cost of the base binder plus the cost of the 
modifier multiplied by its dosage fraction. As an 
example, for a 6% PP-modified asphalt mixture, a base 
binder price of IDR 9,000/kg and a total binder mass of 
1,000 kg were assumed. Under this condition, 940 kg of 
base binder and 60 kg of PP modifier were required. The 
cost of the base binder was therefore IDR 9,000 × 940 kg, 
resulting in IDR 8,460,000, while the cost of the PP 
modifier was IDR 4,500 × 60 kg, amounting to IDR 
270,000. Consequently, the total cost of the PP-modified 
binder was IDR 8,730,000 per tonne. By comparison, an 
SBS-modified binder with a 6% dosage requires an SBS 
cost of IDR 2,100,000 per tonne of binder, excluding the 
base binder cost. A comprehensive cost comparison 
table and summary statistics for each scenario are 
provided in the supplementary materials to ensure 
transparency and reproducibility. 
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Discussion 
The experimental findings demonstrate that 6% 

polypropylene (PP) incorporation represents an optimal 
dosage for enhancing asphalt mixture performance 
under tropical climate conditions (Ariska et al., 2023). 
Marshall stability increased to 14.5 ± 0.2 kN (22% 
improvement relative to control, F(3,8)=47.2, p<0.001), 
penetration decreased to 58 ± 1 dmm (18% reduction), 
post-aging stability retention reached 85% (compared to 
70% control, p=0.002), and moisture-induced stability 
loss was limited to 13.8% (86.2% retained stability ratio 
vs. 75.6% control, p=0.001). These results align with 
established polymer modification literature while 
providing context-specific insights for tropical 
applications (Ariska et al., 2022). 

The statistically significant Marshall stability 
improvement at 6% PP content aligns with polymer 
reinforcement mechanisms documented in asphalt 
modification research (As-syakur et al., 2014). When PP 
particles are incorporated at 170°C through wet-mixing 
procedures, they partially melt and disperse throughout 
the binder matrix, forming a reinforced polymer 
network. This network operates through three 
complementary pathways: (1) physical restriction of 
asphalt binder molecular movement under applied 
loads, increasing load-bearing capacity; (2) elevated 
mixture stiffness reducing susceptibility to permanent 
deformation; and (3) enhanced elastic recovery 
properties enabling partial deformation recovery (Hael 
& Yuan, 2020; Baranowski et al., 2020). Al-Fatlawi et al. 
(2023) reported similar findings, documenting that 
plastic waste addition increases stiffness modulus (MR) 
of asphalt mixtures, resulting in enhanced rutting 
resistance under simulated traffic loads (Al-Fatlawi et 
al., 2023). Rafiq Kakar et al. (2022) further demonstrates 
that plastic-modified asphalt exhibits superior fatigue 
resistance and high-temperature performance—critical 
for tropical climates with sustained elevated 
temperatures (35–40°C) and heavy rainfall (Nur’utami 
& Hidayat, 2016)(Rafiq Kakar et al., 2022). 

The Marshall quotient (stability/flow ratio) of 4.26 
kN/mm at 6% PP—35.6% higher than control (3.13 
kN/mm)—quantifies this superior strength-to-
deformation ratio (Zehri et al., 2025). This optimal 
quotient value indicates balanced reinforcement 
without excessive brittleness, consistent with findings 
from Choir et al. (2025) who identified dosage-
dependent stiffness optimization in plastic-modified 
binders (Choir et al., 2025). 

The 18% penetration reduction at 6% PP (58 ± 1 
dmm vs. 71 ± 2 dmm control) indicates increased binder 
hardness and stiffness, directly addressing rutting 
susceptibility in tropical pavements where high ambient 
temperatures cause binder softening (Chang et al., 
2005). This stiffening effect aligns with established 

polymer modification principles where thermoplastic 
polymers like PP increase binder viscosity and reduce 
temperature susceptibility (Issa Sarsam, 2025). The 
controlled stiffening at 6% PP—without excessive 
hardening that could induce low-temperature 
cracking—demonstrates dosage optimization. Hong et 
al. (2022) reported analogous penetration reductions 
with polymer modification, correlating with improved 
high-temperature performance while maintaining 
adequate low-temperature flexibility (Hong et al., 2022). 

Aging simulation results reveal superior durability 
at 6% PP (85% stability retention vs. 70% control, 
p=0.002), demonstrating that PP modification slows 
oxidative hardening and UV-induced degradation 
characteristic of tropical climates. The differential 
penetration hardening pattern (15.5% reduction for 6% 
PP vs. 29.6% control) provides quantitative evidence of 
this protective mechanism. Rongwei et al. (2022) 
documented that polymer-modified asphalt mixtures 
retain mechanical properties more effectively through 
aging cycles, attributing this to polymer networks 
inhibiting oxidative reactions within the binder matrix. 
The 500-hour UV exposure component simulates 
prolonged tropical sunlight exposure, making these 
findings particularly relevant for regions experiencing 
intense year-round solar radiation (Liang et al., 2022). 

Moisture susceptibility assessment demonstrated 
86.2% retained stability ratio at 6% PP (13.8% loss) 
compared to 75.6% control (24.4% loss, p=0.001), 
confirming enhanced moisture resistance. This 
improvement reflects polypropylene's inherent 
hydrophobic properties, which reduce water absorption 
and strengthen binder-aggregate adhesion, limiting 
stripping damage(Zaini et al., 2023; Pakpahan et al., 
2023). Jexembayeva et al. (2024) emphasizes that plastic-
modified asphalt mixtures exhibit improved moisture 
resistance due to polymer hydrophobicity, while the 24-
hour 60°C conditioning protocol simulates accelerated 
tropical moisture infiltration. Low coefficient of 
variation (<4%) across replicates confirms reproducible 
performance (Ośródka et al., 2022; Jexembayeva et al., 
2024). 

Performance decline at 8% PP—manifested as 
Marshall stability reduction (13.0 ± 0.4 kN vs. 14.5 ± 0.2 
kN at 6%, p=0.047), increased flow (3.9 ± 0.2 mm vs. 3.4 
± 0.1 mm), and reduced aging retention (75% vs. 85%)—
indicates dosage-dependent optimization. This decline 
aligns with literature documenting polymer overdosing 
effects where excessive plastic content reduces binder 
compatibility (Ouyang et al., 2025). The National Center 
for Asphalt Technology (NCAT) research notes that 
polymer overdosing can lead to storage instability and 
mechanical performance reduction through phase 
incompatibility (Ibnu Khaldun et al., 2018). These 
findings confirm that 6% represents the optimal balance 
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between reinforcement benefits and compatibility 
limitations (Cai et al., 2013; Kurniadi et al., 2021). 

The Marshall stability improvements documented 
in this study (22% increase at 6% PP relative to control) 
align with established literature regarding polymer-
modified asphalt systems. When polypropylene 
particles are incorporated at 170°C through wet-mixing 
processes, they partially melt and disperse throughout 
the binder matrix, creating a reinforced polymer 
network. This reinforcing mechanism operates through 
three complementary pathways: (1) the polymer 
network physically restricts asphalt binder molecular 
movement under applied loads, increasing load-bearing 
capacity and peak stability; (2) polymer incorporation 
elevates overall mixture stiffness, reducing 
susceptibility to permanent (non-recoverable) 
deformation under repeated loading; and (3) the elastic 
nature of polypropylene extends the elastic recovery 
properties of the binder, enabling partial recovery of 
deformation following removal of applied loads (Kasih 
et al., 2007). These mechanisms are well-documented in 
the asphalt modification literature and explain the 
observed 22% stability improvement at optimal 6% 
dosage   (Chen et al., 2024). Al-Fatlawi et al. (2023) 
reported similar findings, documenting that plastic 
waste addition increases stiffness modulus (MR) of 
asphalt mixtures, resulting in enhanced rutting 
resistance and reduced permanent deformation under 
simulated traffic loads (Al-Fatlawi et al., 2023). 
Similarly, Rafiq Kakar et al. (2022) highlights that 
plastic-modified asphalt mixtures exhibit superior 
fatigue resistance and high-temperature performance, 
critical for tropical climates characterized by elevated 
temperatures and heavy rainfall (Rafiq Kakar et al., 
2022). 

The reduction in penetration values with PP 
addition (18% reduction at 6% PP) indicates a harder, 
stiffer binder, which directly addresses the need for 
improved rutting resistance in tropical regions where 
elevated ambient temperatures (35–40°C) and solar 
radiation cause accelerated binder softening in 
conventional, unmodified asphalt mixtures (Cheng et 
al., 2024). 

While the data suggests these possible reasons, it is 
essential to recognize that the current explanation 
remains hypothetical (Hermawan, 2010). The study did 
not incorporate direct material characterization 
techniques—such as scanning electron microscopy 
(SEM) or phase separation analysis—to verify the 
presence of polymer agglomeration, micro-cracking, or 
distinct phase boundaries at higher PP contents  
(Hunziker et al., 2018). The lack of such evidence leaves 
the link between PP dosage, material morphology, and 
mechanical performance open to interpretation 
(Muhammad et al., 2025). 

Furthermore, although prior literature often 
references the importance of morphology and 
microstructure on the performance of polymer-
modified asphalts, this work only briefly mentions these 
relationships (Irfan, 2022). No Fourier Transform 
Infrared Spectroscopy (FTIR), Differential Scanning 
Calorimetry (DSC), or similar analyses were conducted 
to elucidate chemical compatibility or the degree of 
interaction between PP and the asphalt binder (Jeong et 
al., 2025). Therefore, while morphological factors likely 
play a significant role in the observed decline at higher 
PP levels, the absence of such technical characterization 
is a limitation of this study  (Selaman et al., 2025). 

 
Limitations and Future Work 

The performance decline at 8% PP is attributed 
speculatively to three potential mechanisms lacking 
direct evidence: (1) Hypothesis 1 – Phase Separation: At 
higher PP concentrations, binder solvency capacity may 
become saturated, promoting phase separation between 
polymer-rich and polymer-poor regions. This 
heterogeneous structure would reduce binder cohesion 
and mixture stability; (2) Hypothesis 2 – Incomplete 
Polymer Dispersion: Even optimized mixing (170°C, 
3,000 rpm, 30 minutes) may exceed effective dispersion 
capacity at 8% PP, resulting in agglomerated polymer 
particles acting as stress concentration points; (3) 
Hypothesis 3 – Excessive Stiffening/Brittleness: PP 
addition increases binder stiffness dose-dependently; at 
8%, excessive stiffening may transition from beneficial 
(rutting resistance) to detrimental (reduced flexibility, 
cracking susceptibility). 

Scanning electron microscopy (SEM), Fourier 
Transform Infrared spectroscopy (FTIR), or Differential 
Scanning Calorimetry (DSC) would be required to 
distinguish these competing hypotheses. Absence of 
such characterization constitutes a significant 
methodological limitation. 

Testing employed standardized laboratory proxies 
(RTFOT + 500-hour UV aging, 24-hour 60°C moisture 
conditioning) that do not fully replicate field stressors: 
dynamic traffic loading, multi-seasonal climate cycling, 
construction quality variability, and long-term 
pavement degradation. Accelerated aging protocols 
represent preliminary characterization but cannot 
capture complex field interactions. Field validation 
through pilot projects and multi-year monitoring is 
essential before extrapolating laboratory performance 
to real-world conditions. n=3 replicates provide modest 
statistical power (β ≈ 0.65 for medium effects at α=0.05). 
While ASTM-compliant for materials characterization, 
larger samples (n≥5) would enhance confidence. 
Convergent evidence across multiple performance 
indicators supports 6% PP optimality, but sensitivity to 
unmeasured variability remains a limitation. 
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Economic evaluation based on January 2025 local 
pricing excludes: regional price fluctuations, full 
lifecycle cost analysis (maintenance reduction from 
improved durability), environmental externality pricing 
(waste diversion benefits), and sensitivity analysis. 
These represent important economic dimensions 
requiring future investigation. Municipal PP waste 
composition, contamination, and particle size 
distribution may vary substantially from standardized 
laboratory materials, potentially affecting field 
performance reproducibility. Supply chain consistency 
and processing quality control represent practical 
implementation challenges 
 

Conclusion  

 
This experimental investigation demonstrates that 

6% polypropylene (PP) waste incorporation represents 
an optimized modification strategy for asphalt mixtures 
serving tropical road applications. The research 
identified specific quantitative performance 
improvements: Marshall stability increased to 14.5 kN 
(22% improvement); penetration decreased to 58 dmm 
(18% reduction); post-aging stability retention reached 
85% (compared to 70% control); and moisture-induced 
stability loss was limited to 13.8% (compared to 24.4% 
control). These improvements collectively evidence 
enhanced load-bearing capacity; resistance to 
permanent deformation; durability under oxidative and 
photochemical aging; and moisture damage 
prevention—all critical for tropical pavement longevity. 
Beyond technical performance metrics; PP modification 
provides substantial economic advantages 
(approximately 21% material cost reduction relative to 
conventional SBS polymer modification) while 
simultaneously addressing plastic waste management 
challenges; aligning with circular economy principles 
and Sustainable Development Goals. The optimal 
dosage of 6% PP; identified through systematic 
experimentation; provides engineers with actionable 
guidance for mixture design optimization. The study 
contributes meaningfully to sustainable material 
engineering by demonstrating technical and economic 
feasibility of waste valorization approaches in 
infrastructure development. By reducing dependence 
on virgin polymer resources; incorporating waste 
streams into critical infrastructure; and simultaneously 
enhancing pavement performance in climatically 
challenging regions; this work advances integrated 
solutions addressing environmental; economic; and 
technical objectives. Notwithstanding these 
contributions; field validation remains essential prior to 
comprehensive adoption. Controlled pilot projects; 
long-term performance monitoring; full lifecycle 

assessment including microplastic generation 
evaluation; and investigation of recyclability 
characteristics will provide additional evidence 
necessary for standardization and regulatory 
framework development. Future research should 
employ microstructural characterization techniques to 
elucidate polymer-binder interaction mechanisms; 
conduct comprehensive environmental impact 
assessment across all lifecycle phases; and investigate 
hybrid modification strategies combining PP with 
complementary additives. The results establish PP-
modified asphalt as a promising technology for tropical 
infrastructure development; offering a balanced 
approach integrating environmental sustainability; 
technical performance; and economic feasibility—key 
requirements for resilient infrastructure in climatically 
vulnerable regions. 
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