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Abstract

This study investigates the potential of hard resin derived from the Yang tree (HY), a renewable bio-based byproduct, as a
performance-enhancing additive in natural rubber-modified asphalt (NRMA). HY-modified binders (HYMA) containing
3%, 7%, and 15% HY by weight were evaluated through a multi-scale experimental program, including physical,
rheological, thermal, chemical, and mechanical tests. Standard binder characterizations (penetration, ductility, softening
point, viscosity), spectroscopic analyses (FT-IR, NMR), microstructural observations (ESEM, XRD), thermal profiling
(DSC), and performance assessments (DSR, Marshall) were conducted. The results demonstrated that HY improved binder
properties at optimal concentration by introducing additional hydrocarbon structures without chemical cross-linking.
HYMAS3 achieved the most favorable balance of stiffness, flexibility, and compaction efficiency, whereas higher HY
contents (>7%) impaired structural integrity and deformation resistance. Microstructural and thermal evidence confirmed
surface modifications and altered thermal transitions, which influenced viscoelastic response. These findings provide new
insights into bio-resin—asphalt interactions and establish the viability of HY as a sustainable alternative to synthetic polymer
modifiers. Beyond performance improvement, HY promotes circular construction by transforming agricultural byproducts
into functional pavement materials, supporting the development of climate-adaptive infrastructure.
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1. Introduction

Flexible pavement remains one of the most widely adopted forms of road infrastructure because of its cost-
effectiveness, ease of maintenance, and adaptability to varying traffic and environmental conditions [1]. The
performance of its asphalt binder is influenced by physical consistency, chemical composition, thermal and rheological
behavior, microstructural uniformity, and mechanical strength [2, 3]. The resistance of the binder to temperature
fluctuations, oxidative aging, and repeated traffic loading directly governs pavement rutting resistance, fatigue life, and
cracking susceptibility.

* Corresponding author: supati@kku.ac.th

d http://dx.doi.org/10.28991/CEJ-2025-011-11-018
© 2025 by the authors. Licensee C.E.], Tehran, Iran. This article is an open access article distributed under the terms and
EY conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

4762


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0009-0009-4178-7632
https://orcid.org/0000-0002-0651-0787
https://orcid.org/0000-0003-0853-3541
https://orcid.org/0000-0002-4509-7534
https://orcid.org/0000-0001-8696-8992
https://orcid.org/0000-0003-1062-3626
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 11, No. 11, November, 2025

To overcome the inherent limitations of conventional asphalt, a wide range of modifiers has been investigated,
including natural and synthetic polymers [4, 5], recycled rubber [6-8], and bio-based additives [9], with the dual
objective of improving performance and promoting environmental sustainability [10—12]. Among these, natural rubber
(NR) obtained from Hevea brasiliensis is widely acknowledged as a renewable, eco-friendly elastomer with outstanding
elasticity and fatigue resistance. Due to its abundance in Southeast Asia, NR is considered a cost-effective alternative to
synthetic polymers [12—14]. When blended with asphalt to form natural rubber—modified asphalt (NRMA), the flexible
polyisoprene chains of NR have been shown to improve rheological, thermal, and mechanical properties, thereby
enhancing binder stability [15]. The optimum NR content is typically reported in the range of 4—6 wt.% [14], whereas
approximately 7 wt.% has been shown to enhance high-temperature resistance in tropical regions such as Thailand [15,
16]. However, higher NR dosages are frequently associated with poor dispersion, increased processing viscosity, and
greater susceptibility to oxidative degradation.

To mitigate these drawbacks, researchers have investigated co-modifiers such as styrene—butadiene—styrene (SBS)
[17], cup lump rubber with polyphosphoric acid (PPA) [13, 18], and rejuvenating oils derived from waste or virgin
cooking and engine oils [11, 19-21]. In parallel, pyrolysis-derived binders from waste biomass (e.g., wood [22, 23])
and plastics [24, 25] have been explored as sustainable alternatives. More recently, bio-oils obtained from renewable
biomass—including forestry residues and agricultural waste—have attracted increasing attention for their ability to
improve asphalt binder performance. Vegetable oils such as waste sunflower and rapeseed oil [26], castor oil [27],
and lignocellulosic bio-oil [28] have been reported to reduce viscosity and enhance low-temperature performance,
while their aromatic-rich structures promote chemical stability. Compared with crumb rubber, which primarily
improves high-temperature rheology, bio-oils are particularly effective in enhancing low-temperature flexibility
owing to their light molecular fractions [23, 29, 30]. A comparative summary of bio-oils from different sources is
presented in Table 1.

Table 1. Summary of previous studies on the application of bio-oils as asphalt modifiers

Raw Materials Performance Highlights Conclusion Color Reference

Sunflower oil,  The binder exhibited improved resistance to  Vegetable oil softens the blend and enhances low- .
. . . Light-gold Some et al. [26]
Rapeseed oil thermal cracking. temperature properties.
Castor oil The binder demonstrated enhanced ductility and  Bio-oil _increases soﬂﬂess and improves low-temperature Dark-brown Zhang et al. [27]
improved low-temperature performance. properties without altering composition.
The material showed increased peak load, fracture Bio-oil combined with crumb rubber sienificantly impr
Castor oil displacement, fracture toughness, and fracture o-o1 co ed with cru ubber signiticantly improves  npyay hrown  Zhou et al. [31]
energy resistance to aging and low-temperature cracking.
. The binder exhibited high resistance to permanent ~ Asphalt performance decreases when bio-oil is used alone =
Castor ol deformation and thermal cracking. but improves when blended with SBS and crumb rubber. Dark-brown Donget al. [32]
. The qulﬁed asphalt demonstra?ed Iumved l_ow— PPA-modified high-content bio-asphalt exhibits superior
Castor oil and high-temperature properties with various - Dark-brown  Ju et al. [33]
X . performance at both low and high temperatures.
ratios of castor oil and PPA.
Rice straw The material s_howed h.lgh rutting, fatlgu_e, and Performance depends on pyrolysis temperature, and FTIR
N thermal cracking resistance under different . . Dark Zhou et al. [34]
bio-oil . o confirmed the process as physical fusion.
pyrolysis conditions.
Plastic The modified binder demonstrated good storage  Storage conditions influence stability and rutting/fatigue Dark Kumar &
pyrolytic oil stability and rheological performance. resistance in rubberized asphalt. Choudhary [35]
L The binder exhibited high resistance to permanent ~ Bio-binders are effective and sustainable alternatives to Ingrassia et al.
Wood bio-oil : : - . Dark
deformation and fatigue. conventional bitumen. [22]
Waste wood The binder showed improved resistance to low-  Bio-oil enhances low-temperature cracking resistance but
L. . . . . Dark Zhang et al. [23]
bio-oil temperature cracking. reduces high-temperature and aging resistance.
Lignocellulose The modified asphalt demonstrated high thermal  Bio-oil significantly reduces asphalt viscosity, complex Dark Ding ct al. [28]

stability.

modulus, and rutting index.

While extensive research has focused on bio-oils, natural resins have received comparatively little attention in

pavement engineering. Of particular relevance is the hard resin obtained from the Yang tree (Dipterocarpus alatus), a
species indigenous to Southeast Asia. Refining of Yang oleoresin yields two primary products as shown in Figure 1:
approximately 60—70% Gurjun oil, commonly used as a fuel or in cosmetics, and about 30% by weight of hard resin
(HY). HY is dark brown in color as presented in Figure 2 and exhibits moderate viscosity. It also contains a high
proportion of hydrocarbons, including oxygenated and carbonyl functional groups [36-38]. Such attributes indicate that
HY has the potential to enhance compatibility, stability, and cohesion in asphalt binders, similar to other distilled bio-
oils. Although HY has been investigated in biofuel production [36—41] and pharmaceutical applications [42, 43], its
potential in asphalt modification—particularly in synergy with natural rubber (NR)—remains largely unexplored. Given
its asphalt-like properties, HY represents both opportunities and challenges as a potential partial substitute for
conventional asphalt cement, thereby warranting systematic evaluation.
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Figure 1. Distillation process of Yang crude oil, producing Gurjun oil and hard resin (HY)

Asphalt Cement  Hard-Resin from Yang
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Figure 2. Asphalt cement (AC) and hard-resin from Yang (HY)

This study aims to address this gap by systematically evaluating hard resin from Yang (HY) as a bio-based co-
modifier for natural rubber—modified asphalt (NRMA). HY was incorporated at 3%, 7%, and 15% by weight, selected
based on reported optimum NR dosages [14—16] and to investigate the effects of higher loadings. A comprehensive
experimental program was conducted to examine physical properties (penetration, ductility, softening point, viscosity);
chemical composition and molecular interactions (FTIR, NMR); thermal transitions (DSC); rheological behavior
(rutting resistance); and microstructural characteristics (ESEM, XRD). Mechanical performance and deformation
resistance were further assessed using Marshall stability and flow tests to simulate field-relevant conditions.

The central hypothesis is that HY enhances stiffness, compatibility, and thermal resilience in NRMA while
preserving structural integrity and avoiding undesirable cross-linking. By incorporating HY into NRMA, this study
seeks to advance the development of high-performance, sustainable asphalt binders and valorize an underutilized local
bio-resource for sustainable pavement engineering applications.

2. Materials and Methods
2.1. Materials

The primary materials used in this study were original asphalt cement (AC), obtained from the Department of Civil
Engineering, Khon Kaen University, and hard resin from Yang (HY), derived from the Yang distillation system at the
Yang Na Integrated Learning Center, Khon Kaen University. The distillation process is illustrated in Figure 1 and has
been described in detail in a previous publication [36]. A comparison of the colors of AC and HY is presented in Figure
2, showing similarly dark to dark-brown tones. The essential properties of both materials, summarized in Table 2,
conform to the TIS 851-2018 standard [44]. Following the guidelines in DH-SP 409-2013 [45], the bio-based oil
obtained from the distillation process was blended with the original AC binder to produce natural rubber—modified
asphalt (NRMA) at three different proportions by weight—3%, 7%, and 15%—designated as HYMA3, HYMA7, and
HYMAI1S5, respectively. These proportions were selected based on previous studies on modified asphalt [14-16]. The
production process involved heating both AC and HY to 120 °C until liquefied, followed by pouring the molten mixture
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into a mold. Blending was carried out for 20 minutes at the same temperature to ensure complete homogenization. A
comparison of viscosity data, presented in Figure 3, confirms that under these conditions, the viscosity values of the

materials were comparable.

Table 2. Basic properties of AC and HY

Properties AC HY
Penetration (0.1 mm) 98 127
Ductility (cm) >100 40
Softening point (°C) 47 41
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Figure 3. Relationship between viscosity and temperature

2.2. Experimental Design

A comprehensive laboratory program was conducted to investigate the physical and chemical properties of asphalt
cement (AC), hard resin from Yang (HY), and HY-modified asphalt (HYMA), together with the mechanical
performance of asphalt concrete incorporating these binders. The overall experimental framework is illustrated in the

flowchart shown in Figure 4.

@xperimental progranD

!

] L]
Bio-based Yang hard resin Conventional asphalt cement
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AC, HY, HYMA3, HYMA?7,
HYMAI1S
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Figure 4. Research methodology process
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2.2.1. Physical Properties

This study presents a comprehensive evaluation of the fundamental physical properties of asphalt binders,
highlighting their importance throughout asphalt production, manufacturing, transportation, and pavement construction
[11, 14]. These properties are critical for grading, pumping, mixing, and for ensuring optimum asphalt performance
under service conditions. Details of each test are presented in the following subsections.

e Penetration Test: Conducted to ascertain the penetration grade and assess asphalt binder quality. This test, aligned
with ASTM D5/D5M-13 [46], examines asphalt bitumen consistency under specific loading, duration, and
temperature conditions.

e Ductility Test: According to ASTM D113-17 [47], this test explores the tensile characteristics of asphalt bitumen
by measuring the elongation of bitumen before breaking at a specific temperature.

e Softening Point Test: Conducted using a ring-and-ball apparatus following ASTM D36-06 [48], this test measures
the softening point of bitumen, providing an indication of its viscosity and transition from a solid to a more fluid
state.

e Viscosity Test: The apparent viscosity of asphalt at high temperatures is determined by using a rotational
viscometer, specifically Malvern Kinexus Ultra Plus Instruments. The torque on the measurement device geometry
is measured to determine the relative resistance to rotation, following ASTM D4402/D4402M-23 [49].

e Dynamic Shear Rheometer (DSR): A Malvern Kinexus Ultra Plus rotational rheometer was used to evaluate the
rheological behavior of asphalt binders, following ASTM D7175-23 [50]. The DSR test assesses binder
performance at specific temperatures and loading conditions by measuring the phase angle (8) and complex shear
modulus (G*), which indicate binder stiffness and resistance to deformation. Rutting resistance is determined by
analyzing G*/sin 6 values. The test was conducted at 88°C.

2.2.2. Chemical Properties

The chemical interactions between asphalt cement (AC) and hard resin from Yang (HY) were examined through a
range of microstructural and chemical characterization techniques, as follows:

e Environment Scanning Electron Microscopy (ESEM): ESEM was used to analyze the surface characteristics of
asphalt samples under controlled environmental conditions. This technique enables high-resolution imaging,
providing insights into microstructural features and material interactions.

e Fourier Transform Infrared Spectroscopy (FT-IR): A Bruker Model TENSOR27 spectrometer was used for FT-IR
analysis, an analytical technique employed to identify and differentiate organic, polymeric, and select inorganic
compounds based on their infrared absorption spectra.

e X-Ray Diffraction (XRD): A PANalytical X’Pert PRO diffractometer was used for XRD analysis, a non-
destructive technique that provides detailed insights into precursor molecules, physical properties, and
crystallographic structure of the material.

¢ Differential Scanning Calorimetry (DSC): A METTLER TOLEDO DSC 3 Plus was used for DSC analysis, a
thermoanalytical technique that measures the heat flow difference between a sample and a reference as a function
of temperature.

e Nuclear Magnetic Resonance (NMR): A Bruker Model Ascend-400 spectrometer was used for NMR analysis, a
powerful technique for determining the structural and chemical properties of molecules. Specifically, '"H NMR
spectroscopy analyzes hydrogen nuclei (protons) in a molecule, using chloroform (CDCl;) as a solvent, where
hydrogen (H) is replaced by deuterium (D).

2.2.3. Mechanical Properties

The Marshall method was employed to evaluate the mechanical properties of asphalt concrete in accordance with
ASTM D6927-22 [51]. This procedure was used to determine the optimum binder content (OBC), focusing on
volumetric properties such as density, air voids, voids filled with bitumen (VFB), and voids in mineral aggregate (VMA).
In line with the Thai standard, the OBC was determined within a range of 3% to 7% [52]. Preparation of the asphalt
mixtures involved the selection of specific aggregate types and asphalt concrete wearing courses to assess mixture
performance. The wearing course, which forms the uppermost pavement layer, is designed to resist traffic loads, limit
water infiltration, and improve skid resistance. It typically consists of asphalt concrete with controlled aggregate
gradation and binder content to ensure durability, stability, and long-term performance. Sieve analysis was conducted
to determine aggregate gradation, as particle size distribution critically influences the strength and density of pavement
structures. In this study, the selected gradation satisfied the upper and lower specification limits, confirming its
suitability for the mix design, as shown in Figure 5.
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Figure 5. Gradation of aggregate in asphalt concrete mixture

3. Results and Discussion

This section examines the effects of hard resin from Yang (HY) on the physical, rheological, thermal, chemical, and
mechanical properties of natural rubber—modified asphalt (NRMA). The objective is to identify an optimal HY dosage
that enhances binder performance without compromising structural integrity or workability. Results are interpreted with
respect to engineering significance, molecular behavior, and practical implications for pavement applications. Particular
emphasis is placed on the interaction between HY and the asphalt matrix, as well as on the influence of varying HY
contents (3%, 7%, and 15% by weight) on key performance indicators such as stiffness, flexibility, and deformation
resistance. Each subsection presents specific test outcomes and compares them with previous studies, thereby
underscoring the novelty and relevance of HY as a sustainable bio-based asphalt modifier.

3.1. Penetration Test

The penetration test serves as a fundamental indicator of asphalt binder consistency, reflecting stiffness and
susceptibility to deformation under load. Lower penetration values correspond to harder, rut-resistant binders,
whereas higher values indicate softer and more flexible materials [46]. As shown in Figure 6, the original asphalt
cement (AC) exhibited a penetration of 98 dmm (0.1 mm = 1 dmm), while the hard resin from Yang (HY) showed a
substantially higher value of 127 dmm, indicative of lower stiffness and a thermoplastic nature. Under TIS 851-2018
and ASTM D5-13 standards [44, 46], asphalt cements are classified by penetration grade, with AC80-100
representing values between 80 and 100 dmm at 25 °C. This grade is widely applied in moderate to warm climates
as it balances stiffness and flexibility. It is softer and more workable than AC60-70, yet provides greater rutting
resistance than AC100-120.
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Figure 6. Penetration test results
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Incorporation of HY at 3%, 7%, and 15% by weight (HYMA3, HYMA7, and HYMA15) yielded penetration values
of 93, 108, and 156 dmm, respectively. HYMA7 and HYMA15 followed the expected plasticizing trend, whereas
HYMAS3 exhibited a slightly lower value than AC. This deviation may be attributed to experimental variability or
complex molecular interactions at low concentrations, warranting further investigation. The progressive increase
observed in HYMA7 and HYMA15 confirms the direct relationship between HY dosage and binder softening, consistent
with rheological and chemical evidence.

The softening effect at higher HY levels aligns with Jitsangiam et al. [15], who reported that natural rubber—modified
asphalt softens at elevated modifier contents due to disruption of matrix integrity. Similar results by Tuntiworawit et al.
[53] and Al-Mansob et al. [54] emphasize the importance of dosage optimization when employing bio-based modifiers
to balance performance gains against softening effects. Integrating NR with bio-oils from waste resources further
mitigates individual limitations while supporting recycling and sustainability.

Complementary ESEM and FTIR analyses supported the penetration test results, as illustrated in Figures 7 and 8,
respectively. ESEM images showed improved surface uniformity in HYMA3 and HYMA?7, whereas HYMA15
exhibited clustering and reduced homogeneity. The absence of new chemical bonds or cross-linking in FTIR spectra
confirmed that the changes were physical rather than chemical [18], reinforcing the plasticizing mechanism of HY .
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Figure 7. Surface morphology
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Figure 8. Fourier transform infrared spectroscopy (FT-IR) results: (a) Comparison of bands between AC and HY, (b)
Comparative analysis of AC and modified asphalt binder with varying HY contents

In summary, penetration results demonstrate that HY contents >7% progressively soften the binder, with optimum
performance likely achieved at lower concentrations where the balance between workability and structural integrity is

preserved. These findings highlight the promise of HY as a sustainable asphalt additive, provided that dosage is carefully
optimized for warm-climate flexible pavement applications.

3.2. Ductility Test

The ductility test evaluates the ability of asphalt binders to elongate before rupture, thereby reflecting their flexibility
and resistance to thermal cracking. As shown in Figure 9, the original asphalt cement (AC) exhibited a ductility value
of 100 cm, indicating high flexibility suitable for hot-climate pavements such as those in Thailand, while also satisfying
the minimum requirement of the TIS 851-2018 standard [44]. In contrast, the pure HY binder displayed a markedly
lower ductility of 40 cm, reflecting reduced cohesive strength and limited elongation capacity.

Incorporation of HY into NRMA resulted in a progressive decline in ductility with increasing HY content. HYMA3
retained a ductility of 100 cm—equivalent to AC and compliant with TIS 851-2018 [44]—whereas HYMA7 and
HYMAT1S5 exhibited reduced values. This trend is consistent with the findings of Tuntiworawit et al. [53] and Jitsangiam
et al. [15], who reported similar decreases in elongation with higher modifier dosages. These studies emphasize that
while small amounts of additive can preserve flexibility, excessive contents disrupt matrix continuity and reduce
extensibility. The diminished elongation capacity of HY is attributed to its weaker intermolecular cohesion compared
with the continuous hydrocarbon network of AC.

4769



Civil Engineering Journal Vol. 11, No. 11, November, 2025

120

_ . TIS Criteria
100 4 -~ TR

80

60

Ductility (cm)

40 4

204

AC HY HYMA3 HYMA7 HYMAI1S

Figure 9. Ductility test results

The observed reduction in ductility with higher HY contents confirms a disruption of molecular cohesion within the
asphalt matrix, indicating that HY acts primarily as a softening modifier. Although it decreases stiffness, it
simultaneously reduces extensibility—a behavior consistent with the increased penetration values and reduced complex
modulus obtained from rheological testing.

Overall, HYMA3 achieved the most favorable balance between flexibility and cohesion, demonstrating its suitability
for tropical pavements that require resistance to both cracking and deformation, while maintaining compliance with the
TIS 851-2018 [44] standard.

3.3. Softening Point Test

The softening point test reflects the temperature sensitivity of asphalt binders and their transition from a semi-solid
to a viscous state. In tropical climates, such as Thailand, where pavement surface temperatures typically range from 45
°C to 60 °C during peak hours, maintaining a high softening point is crucial to minimize permanent deformation under
thermal loading and to enhance long-term rutting resistance.

As shown in Figure 10, the original asphalt cement (AC) exhibited a softening point of 47 °C, which falls within the
TIS 851-2018 [44] standard range of 42 to 52 °C for AC80-100. In contrast, HY displayed a significantly lower value
of 41 °C, indicating inferior thermal resistance compared with AC. Incorporation of HY into asphalt binders produced
dosage-dependent responses. HYMAS3 exhibited a softening point of 46.7 °C, which is closely comparable to AC and
fully compliant with TIS 851-2018 [44], making it the most thermally stable among the modified binders. The negligible
reduction at 3% HY suggests that the AC matrix still dominates the thermal behavior, while the influence of HY,
characterized by carbonyl functional groups (C=0O) and shorter hydrocarbon chains with lower thermal stability,
becomes more pronounced at higher concentrations.
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Figure 10. Softening point results
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Increasing HY contents in HYMA7 and HYMA1S5 progressively reduced the softening points to 44.3 °C and 41.8
°C, respectively, reflecting the growing influence of HY on the thermal response. Although both values remain within
TIS 851-2018 [44] limits, HYMAT15 approaches the lower threshold. These findings are consistent with Zahoor et al.
[19], who reported that higher proportions of soft, low-molecular-weight bio-oils reduce the softening point of asphalt
blends depending on mixture composition. In this study, the reduction corresponds to the transition from AC-dominated
to HY-dominated thermal behavior, as further supported by FTIR results indicating physical blending without chemical
modification.

In summary, HYMA3 emerged as the most suitable formulation for warm-climate applications, combining thermal
stability comparable to AC with enhanced workability from HY incorporation while maintaining compliance with TIS
851-2018 [44]. In contrast, HYMA7 at 44.3 °C and HYMA1S5 at 41.8 °C, though still within standard limits, approach
critical thresholds for tropical service conditions and may therefore be better suited for moderate traffic pavements,
secondary layers, or regions with less severe thermal exposure where improved workability outweighs reduced thermal
stability.

3.4. Viscosity Test

The viscosity test evaluated the resistance of asphalt binders to flow at elevated temperatures and provided critical
insight into their suitability for mixing, pumping, and compaction, following ASTM D4402/D4402M-23 [49]. As shown
in Figure 3, viscosity was measured over the temperature range of 45 °C to 120 °C, where 45 °C represented the lower
bound above the softening points of both materials, and 120 °C reflected the typical mixing temperature in asphalt
production.

At lower temperatures between 45°C and 55°C, HY exhibited higher viscosity than AC, which appeared inconsistent
with its lower softening point and higher penetration values. This apparent inconsistency arose from different molecular
mechanisms governing viscosity compared with those governing penetration or softening point. The elevated viscosity
of HY at low temperatures likely resulted from its resinous molecular structure containing aromatic compounds and
polar groups, which generated stronger intermolecular interactions and increased resistance to flow despite the softer
consistency indicated by other tests. At approximately 60 °C, the viscosity of AC surpassed that of HY and the HY -
modified binders, indicating a viscosity crossover that reflected differences in thermal sensitivity. This crossover
occurred because the resinous components of HY were more thermally sensitive, and their intermolecular interactions
degraded more rapidly with temperature than the saturated hydrocarbon structures in AC. Similar temperature-dependent
responses were reported in previous studies on bio-modified asphalts, where different test methods highlighted distinct
aspects of binder behavior [27, 30].

Among the modified formulations, HYMA15 exhibited the lowest viscosity across all test temperatures, consistent
with its high penetration value and reduced softening point. This indicated enhanced flow characteristics that facilitated
mixing and laying but might compromise performance under high-temperature service conditions. In contrast, HYMA3
displayed viscosity behavior closely aligned with AC while offering slightly improved flowability, suggesting a
favorable balance between thermal workability and structural integrity.

The overall reduction in viscosity with increasing temperature reflects the viscoelastic nature of asphalt binders.
Of the tested formulations, HYMAZ3 exhibited the most favorable balance between workability and performance,
underscoring its suitability for hot-mix asphalt applications that require both ease of processing and long-term
durability.

3.5. Dynamic Shear Rheometer (DSR) Test

The Dynamic Shear Rheometer (DSR) test, conducted in accordance with ASTM D7175-23 [50], is widely used to
evaluate the viscoelastic properties of asphalt binders by measuring the complex shear modulus (G*) and phase angle
(3). Figure 11 presents the rutting resistance factor (G*/sin §), a key indicator of high-temperature performance [27].
Among the tested materials, asphalt cement (AC) consistently exhibited the highest G*/sin § values, reflecting superior
resistance to permanent deformation. HYMA3 and HYMA7 produced values close to AC, indicating that low
concentrations of HY can retain satisfactory rheological properties while improving workability. In contrast, HY and
HYMAI15 displayed markedly lower values, consistent with their higher penetration and lower viscosity observed in
Figures 6 and 3, respectively. This reduction highlights the strong plasticizing effect of HY at higher concentrations,
which enhances flexibility but reduces rutting resistance.
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Figure 11. Rutting resistance results

Although HYMA3 and HYMA7 maintained stiffness levels comparable to AC, the performance of HYMAT1S5
decreased sharply, suggesting a critical content range of 7-15% HY beyond which additional modifier impairs high-
temperature performance. The rheological behavior of HYMA3 and HYMA?7 closely followed that of AC across most
frequencies, whereas HY exhibited lower values at both low and high frequencies, converging with AC only at
intermediate frequencies. This frequency-dependent response has practical implications for field applications because it
corresponds to specific traffic loading and temperature conditions.

To support these rheological findings, microstructural evidence was further examined using ESEM analysis. As
illustrated in Figure 7, HYMA3 and HYMA?7 retained surface morphologies comparable to AC, characterized by
irregular patterns that may have contributed to their preserved rheological performance. This microstructural similarity
corroborates the rheological results, suggesting that optimal HY concentrations do not significantly disrupt the asphalt
matrix. Collectively, these findings indicate that HYMA3 achieves the most desirable compromise between workability
and high-temperature resistance among the tested formulations.

Both AC and HYMA binders exhibited viscoelastic responses, with controlled HY modification (HYMA3, HYMA7)
maintaining performance comparable to AC while preserving the viscoelastic balance required for high-temperature
conditions. The modification-induced rheological changes align with established principles of bio-modifier—asphalt
interactions. These outcomes further support and are consistent with previous findings by Zhang et al. [27] and Ingrassia
et al. [22], confirming that controlled bio-modifier incorporation can sustain high-temperature and frequency
performance when used at optimal concentrations. Consequently, the bio-binders developed in this study are expected
to achieve durability and long-term performance comparable to conventional bitumen, reinforcing their potential as
sustainable alternatives to traditional binders.

FTIR spectra revealed no evidence of new functional groups or chemical cross-linking in HYMA formulations,
indicating that HY interacts physically rather than chemically with the asphalt matrix, as presented in Figure 8. This
confirms that the modification effect is primarily governed by dispersion and phase compatibility rather than molecular
bonding. To support the overall conclusion, these spectroscopic results further demonstrate that HY functions as a
physical modifier, consistent with the rheological and microstructural findings.

In summary, the DSR results show that HYMA3 provides the most favorable compromise between workability and
high-temperature resistance. However, further investigation is required to evaluate long-term durability, aging
resistance, and performance under real-world traffic and environmental conditions.

3.6. Environment Scanning Electron Microscopy (ESEM)

Environmental Scanning Electron Microscopy (ESEM) was employed to investigate the microstructural features of
HY-modified asphalt binders (HYMA). This high-resolution technique provides valuable insight into surface
morphology and supports the interpretation of the physical interactions between bitumen and modifying agents [18].

As shown in Figure 7, the surface of the asphalt cement (AC) binder exhibited irregular textures resembling sketch
marks, which is consistent with observations reported by Ansari et al. [18]. In contrast, HYMA3 and HYMA7 displayed
smoother, layered surface morphologies with preferential orientation, indicating improved dispersion of HY and
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enhanced microstructural uniformity. These organized layered patterns further support the rheological observations by
suggesting better compatibility between HY and the asphalt matrix at lower concentrations.

At higher concentrations, HYMA1S5 exhibited a denser and more irregular surface with evident HY clustering,
indicative of localized accumulation caused by phase separation. This reduced surface uniformity corresponds to lower
stiffness and higher penetration values, thereby supporting the increased penetration and reduced rutting resistance
factors observed in the physical and rheological tests. The distinct interfaces observed in HYMA3 and HYMA7 indicate
partial miscibility, where physical blending predominates over chemical bonding.

Although ESEM provides useful visual confirmation of modifier dispersion at the surface level, it does not offer
conclusive evidence of chemical composition or long-term stability within the bulk material. Therefore, the
interpretation of microstructural images should be complemented by chemical and mechanical analyses to support the
identification of the most effective HY content and ensure the long-term performance of asphalt binders.

3.7. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) was employed to characterize the chemical bonds and functional
groups of asphalt cement (AC), hard resin from Yang (HY), and their blends. The spectra are presented in Figure 8 as
percent transmittance versus wavenumber (cm™).

As shown in Figure 8-a, both AC and HY exhibit major absorption peaks associated with C—H alkane stretching at
2920.10 and 2850.99 cm™ (AC), and 2932.11 and 2865.69 cm™ (HY). Methyl C—H stretching is observed at 1457.25
and 1374.95 cm™ (AC), and 1452.95 and 1376.85 cm™ (HY). HY demonstrates additional peaks absent in AC, including
N-H stretching at 3456.86 cm™, C-O stretching signals of aromatic esters in the 1280—1310 cm™ range, aliphatic ethers
at 1110.06 cm™, and primary alcohols at 1080.37 cm™. A carbonyl (C=0) stretching band at 1703.92 cm™ indicates
oxidative degradation products typically found in oxidized natural rubber latex [43]. The AC spectrum contains typical
hydrocarbon-related bands, such as aromatic C=C stretching near 1598.69 cm™ and sulfoxide at 1029.23 cm™. These
results align with earlier studies [15, 18, 19], which emphasized the diagnostic value of C—H and C=O signals in
evaluating binder modification. Similarly, Zargar et al. [20] identified comparable peaks in rejuvenated asphalt with
waste oils, thus confirming the hydrocarbon-dominated nature of bituminous binders.

Figure 8-b shows that the spectra of HY-modified binders gradually resemble that of pure HY with increasing HY
content. However, in the fingerprint region (1300-500 cm™), AC-related bands remain prominent, indicating asphalt as
the dominant phase within the blends. Importantly, no new absorption bands or chemical shifts were detected,
confirming the absence of chemical reactions or cross-linking between HY and AC. This outcome is consistent with the
findings of Hazoor Ansari et al. [18], who reported that blending in such systems is primarily governed by physical
interactions rather than chemical modification. The overall blend properties therefore arise from a balance between the
plasticizing effect of HY and the structural integrity provided by AC. At low HY contents (e.g., HYMA3 and HYMA7),
this balance results in effective dispersion, improved workability, and preserved mechanical stiffness. At higher
concentrations (e.g., HYMAL1S5), phase separation and localized clustering become more evident, leading to reduced
uniformity and inconsistent performance.

In summary, FT-IR analysis confirms that HY incorporation does not induce chemical transformation within the
asphalt matrix. Instead, property variations observed in mechanical and rheological tests are attributed to physical
interactions. This interpretation is reinforced by ESEM results, which revealed uniform morphologies at low HY levels
and clustering at high contents, as well as by DSR testing, which demonstrated that HYMA3 and HYMA7 maintained
high-temperature stiffness comparable to AC, whereas HYMA15 exhibited a marked decline. Collectively, these
findings highlight that optimal HY incorporation relies on achieving uniform physical interaction, with low dosages
providing the most effective balance between enhanced workability and sustained high-temperature resistance.

3.8. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was performed to investigate the crystalline and amorphous phases of asphalt
cement (AC), hard resin from Yang (HY), and HY-modified asphalt binders (HYMA). This technique provides insight
into structural ordering by examining diffraction peak positions and intensities, thereby allowing the evaluation of
molecular arrangement and the degree of ordering [55].

As illustrated in Figure 12, both AC and HYMA3 exhibited two main peaks at approximately 14° and 16.8°,
representing the coexistence of ordered and disordered molecular domains commonly associated with semicrystalline
polymer systems. These diffraction patterns are consistent with earlier findings reported for asphalt cement by Siddiqui
et al. [55] and for natural rubber latex (NRL)-modified asphalt by Jitsangiam et al. [15]. A minor peak observed near
20° further suggests localized molecular ordering within these samples.
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Figure 12. XRD analysis result

In contrast, HY displayed its most pronounced peak at 14°, corresponding to the position observed in AC but with
considerably lower intensity, reflecting a predominantly amorphous structure characteristic of irregular molecular
arrangements in natural polymer extracts. As the HY content increased in HYMA7 and HYMAIS5, the diffraction peaks
became progressively weaker and less distinct, indicating reduced molecular ordering and the growing dominance of

amorphous domains.

The diminished sharpness and intensity of peaks in HYMA7 and HYMA15 confirm their predominantly amorphous
character, which corresponds with the higher penetration values and reduced stiffness observed in mechanical testing.
This structural modification can be attributed to the disruption of regular molecular packing by HY molecules, which
interferes with ordered domains and weakens intermolecular correlations.
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In summary, XRD results demonstrate that increasing HY concentration in asphalt binders promotes a transition
toward amorphous morphology. This structural shift directly affects molecular organization and correlates with reduced
stiffness and mechanical performance, reinforcing the interpretation that HY interacts physically with AC rather than
chemically. These findings complement the FT-IR results, which showed no chemical bonding, and the ESEM
observations, which revealed phase separation at high HY levels.

3.9. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was employed to investigate thermal transitions and phase behavior in
asphalt cement (AC), hard resin from Yang (HY), and HY-modified blends. This technique provides essential
information—including the glass transition temperature (Tg), crystallization behavior, and other thermal events—that
influence asphalt performance over a wide range of service temperatures. The Tg is particularly significant, as it
represents the transition of a material from a rigid, glassy state to a flexible, viscoelastic condition [31].

As summarized in Table 3 and shown in Figure 13, neat AC exhibited a Tg 0f 4.35 °C and a crystallization peak at
35.43 °C during heating. During cooling, AC crystallized at 52.27 °C, whereas no distinct Tg was detected, likely due
to overlapping transitions within its complex molecular structure. By contrast, HY showed markedly lower Tg values
of 0.80 °C (heating) and —1.59 °C (cooling), with no distinct crystallization peaks, indicating a predominantly
amorphous morphology and confirming its intrinsic plasticizing effect.

Table 3. DSC analysis result

Temp. zone -80 °C to 100 °C 100 °C to -80 °C

Type Tg (°C) Tg(°C) Crystallization (°C) Crystallization (°C) Tg (°C)

AC 4.35 - 3543 5227 -
HY 0.80 - - - -1.59
HYMA3 -28.90 3.96 35.75 5227 -25.11
HYMA7 -28.87 1.20 35.57 51.61 -
HYMAIS -33.98 2.61 35.58 51.10 -
6 Tmw
Intregral 523 mJ
normalize 0.50 J/g
Onset  5735°C
ar Peak 5227°C
—X._
) Crystatlization
0+ Glass Transition
Onset 241°C
Midpoint 1SO 435 °C
-2 -— Crystallization
. o %
7 —
g
4
Intregral  17.51 mJ
normalize 1.91 Jig
Omset  23.94°C
p Peak 3543°C °C
-6
B0 60 .40 20 0 20 40 60 80O 100 85 65 45 2§ 5 .15 35 .55 .75
(a) AC
6 ' mw
'
4l _ Glass Transition
- Onset -2.03°C
Midpoint 1SO -1.59 *C
Il’
01
Glass Transition
Onset 771°C
Midpoint 150 0.80 “C
. X
I:
4
“C
T
80 60 -40 0 o0 0 40 60 80 100 90 0 0 30 10 -0 -3 0 0

4775



. 11, No. 11, November, 2025

Civil Engineering Journal Vol
8 Tmw ) )
HYMAS |
Crystadlization
4 - N Glase Transition
e Ousel -2L60°C
Midpoine [30) 25117
Intrcgral - 5.23ml g
a1l normalize 0.50 e

i

Gluss Transilion
Onsel 4081 *C
Midpamt 150 -28.00 °CC

Onsel 5 C
Peak 3 :

Cilazs Transition
Omset 2,60 °C
Midpuint 180 396 °C

Cremailizmion

L

Intregral 18,38 ml

normalice |

Uhnsel 2
p Peak 3 0
-50 60 -4 20 0 20 40 60 30 Lod &3 [:3] 45 23 3 -5 s -3 73
(c) HYMA3
6 mW
HYMAT
Crystallization
4 - X
Inregral 6,62 mJ
nonmalize 0.60 Vg
5 Onset 56.86°C
2 Peak 51.61°C
0
Glass Transition
Onset “42.15°C Glass Transition
2 Midpoint 1SO 2887 *C Onset 345°C
Midpoint 10 1.20°C
X . Intregral 1585 mJ
T, x  Cnsiallization normalize 1.71 J/g
4 2 x Omsel  24.15°C
I, Peak  35.57°C
c
6 1 -
B0 60 40 <200 0 20 40 60 8O 100 85 65 45 25 BRI L . ]
o mW
1 HYMALS
Crystallization
4l _X
Intregral 542 mJ
normalize 0.51 Jig
) Onset  5541°C
- Peak 51.10°C
o Glass Transition
Onset -48.60 °C
Midpoint IS0 -33.98 °C
Gilass Transition
2 Onset 450 °C
x Midpoint 1S0 2,61 °C
T ¥ Crystallization
8 ~—X
44 7 —
E Inregral  16.41 mJ
normalize 1.56 Jig
Onset C
6 Peak 35.58°C c
S0 60 40 200 0 20 40 60 80 100 85 65 45 25§ 15 5 55 75
(&) HYMA15
Figure 13. DSC results

HY-modified asphalt binders (HYMA) exhibited two distinct Tg values during heating, along with the higher
Tg associated with the asphalt phase. The presence of multiple glass transitions indicates that the blends form a
heterogeneous, multiphase system, which likely results from partial miscibility or phase separation between HY
and asphalt components. The crystallization temperatures of all HYMA blends remained close to those of neat AC
(=35 °C during heating and =51 °C during cooling), confirming that crystalline behavior is still governed by the

asphalt matrix.

The reduction in Tg across HYMA blends—particularly in HYMA15—demonstrates enhanced low-temperature
flexibility, which is advantageous for mitigating thermal cracking in cold climates. Among the blends, HYMA3 achieved
the most favorable balance, improving low-temperature ductility while maintaining structural integrity, consistent with
previous reports on optimal modifier dosages [31]. Importantly, all observed transitions occurred within the operational
temperature range of flexible pavements, supporting the suitability of HY-modified binders under diverse climatic

conditions.
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Overall, DSC analysis confirms that the incorporation of HY introduces additional thermal transition phases while
preserving the key crystallization characteristics of asphalt. This modification enhances low-temperature performance
without compromising thermal stability, reinforcing the potential of HY-based NRMA as a sustainable and climate-
resilient binder for pavement applications. Moreover, the multiphase behavior identified in DSC is consistent with the
diminished ordering observed in XRD analysis and the physical interactions indicated by FT-IR spectra, collectively
supporting the interpretation that HY disrupts molecular packing within the asphalt matrix and promotes amorphous
morphology.

3.10. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy was employed to investigate the molecular structures and
hydrogen environments of asphalt cement (AC), hard resin from Yang (HY), and HY -modified asphalt (HYMA)
blends. Deuterated chloroform (CDCIls) served as the solvent for '"H NMR analysis [56]. The spectra in Figure 14
illustrates chemical shift distributions that reflect distinct hydrogen arrangements and possible molecular
interactions.
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(e) HYMAL15

Figure 14. "H NMR spectra results

Figure 14-a presents the AC spectrum, which displays characteristic signals for aromatic protons (Ar—H, 6.5-8.0
ppm), allylic protons (R—-C=C—CHs, 1.6-2.2 ppm), and alkyl chain protons (-CHs, 0.7-1.3 ppm), confirming the
aromatic-rich hydrocarbon framework of AC. In contrast, Figure 14-b shows that HY contains additional signals absent
in AC, including peaks corresponding to methyl ketones (R—CO—CHjs, 2.0-2.4 ppm), alcohols and ethers (2.5-5.0 ppm),
and aldehydes (9.0-10.0 ppm). These oxygenated functionalities are consistent with the diterpene alcohol structure of
dipterocarpol, the major component of HY, as illustrated in Figure 15-a, and corroborate FTIR evidence of O-H and
C=0 groups, highlighting oxidation-related chemistry.

The spectra of HYMA3, HYMA7, and HYMA15, illustrated in Figures 14-c to 14-e, reveal a progressive reduction
in aromatic intensity and an increase in aliphatic, aldehyde, and other oxygenated signals with rising HY content. Peaks
observed at 5.1-5.4 ppm correspond to alkene (C=C) protons, while signals in the 0.8—1.5 ppm region represent general
alkyl (R—CH3) hydrogens common to both AC and HY. These spectral variations suggest molecular-level interactions
and physical blending between HY and the asphalt matrix, and they align with the concentration-dependent performance
trends observed in mechanical testing.

Comparative analysis with FTIR further confirms that alcohol, ether, and carbonyl groups originate from HY
incorporation rather than AC. The complementary evidence from both techniques demonstrates that HY—asphalt
interactions are primarily physical, as no new chemical environments or significant chemical shift changes were detected
that would indicate covalent bonding or cross-linking. This interpretation is consistent with the literature, which
highlights the contrast between the hydrocarbon framework of asphalt and the oxygenated terpenoid structure
characteristic of Yang resin [15, 43].

Figure 15 illustrates the representative chemical structures of HY and asphalt cement. The structural differences
between dipterocarpol, as illustrated in Figure 15-a, and asphaltene, as depicted in Figure 15-b, explain the observed
interaction mechanisms in HY-modified binders. The presence of polar functional groups in dipterocarpol enables non-
covalent interactions with asphalt components, producing the plasticizing effects observed in rheological testing,
including lower softening point, increased penetration, and enhanced flexibility. These structural characteristics strongly
support the physical blending mechanism identified across multiple analytical techniques, rather than chemical cross-
linking.

(2) (b)

Figure 15. Chemical structures of (a) Dipterocarpol (adapted from Puthongking et al. [43]) and (b) Asphaltene (adapted
from Jitsangiam et al. [15])
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In summary, NMR spectroscopy provides strong evidence that HY incorporation modifies asphalt through physical
blending rather than chemical transformation, with spectral changes reflecting compositional variation rather than new
chemical environments. Combined with FTIR results, these findings conclusively demonstrate that HY functions as a
physical modifier through intermolecular interactions rather than covalent bonding. This mechanistic understanding
contributes to performance optimization in asphalt formulations and supports the development of more flexible and
workable binders for pavement applications.

3.11. Mechanical Properties of Asphalt Concrete

The mechanical performance of asphalt concrete was evaluated using Marshall stability and flow tests, as illustrated
in Figure 16 [48]. Figure 16-a shows that stability values followed a bell-shaped trend, with the peak corresponding to
the optimum binder content (OBC). Conventional asphalt cement (AC) achieved the highest stability of 26.94 kN at an
OBC of approximately 5%. In comparison, the stability values for HY, HYMA3, HYMA7, and HYMA15 were 19.65
kN, 23.01 kN, 20.51 kN, and 16.05 kN, respectively. All mixtures exceeded the minimum requirement of 8 kN specified
in the Thai standards [52]. Among the HY-modified binders, HYMA3 attained the highest stability, reflecting an optimal
balance between matrix cohesion and modifier interaction. Conversely, HYMA15 exhibited the lowest stability due to
excessive HY content, which disrupted intermolecular packing and weakened load transfer within the aggregate—binder
system. This decline in performance is consistent with viscosity and rutting resistance trends, as shown in Figures 3 and
11, confirming that over-modification reduces structural integrity and compromises long-term durability under traffic
loading.
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Figure 16. Mechanical properties of asphalt concrete: (a) Stability versus bitumen content and (b) Flow versus bitumen content

Figure 16-b presents the Marshall flow results. AC, HY, and HYMA3 exhibited comparable flow
characteristics, whereas HYMA7 and HYMAIS displayed significantly higher flow values, indicating increased
binder plasticity. Flow generally increased with binder content, reaching a maximum at approximately 7%, beyond
which excess binder reduced aggregate interlock and load-bearing capacity. Nevertheless, all flow values remained
within the specification range of 8—16 units (0.25 mm), confirming their suitability for flexible pavement
applications [52].

The volumetric properties are summarized in Figure 17. Air voids decreased with increasing binder content,
indicating improved binder distribution and compaction. AC mixtures achieved the highest density, while HYMA blends
showed greater variability, likely due to differences in HY viscosity and molecular structure. Voids in mineral aggregate
(VMA) were relatively stable in AC and HY mixtures but followed a reversed bell-shaped curve in HYMA blends,
which is characteristic of modified systems [51]. Voids filled with bitumen (VFB) increased with binder content,
reflecting enhanced aggregate coating and reduced total voids.

Overall, HYMA-modified mixtures demonstrated satisfactory mechanical and volumetric performance for pavement
applications. However, higher HY dosages impaired compaction efficiency and stability, resulting in less effective air
void control. Among the tested blends, HYMA3 offered the most favorable compromise between strength, flexibility,
and workability. These results provide quantitative guidelines for the incorporation of HY in asphalt mixtures, ensuring
structural reliability while supporting sustainable pavement design.
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Figure 17. Volumetric properties of asphalt concrete: (a) Air voids versus bitumen content, (b) Density versus bitumen
content, (c) VMA versus bitumen content, and (d) VFB versus bitumen content

4. Conclusion

This study investigated the influence of hard resin derived from Yang (HY), a renewable bio-based byproduct, on
the performance of natural rubber-modified asphalt (NRMA). The findings revealed that HY substantially alters binder
viscoelasticity by affecting penetration, viscosity, and rutting resistance. Among the tested formulations, HYMA3 (3%
HY) provided the most favorable balance between stiffness and flexibility, identifying it as the optimal dosage for
flexible pavement applications. In contrast, higher HY dosages (=7%) resulted in excessive softening and diminished
cohesion, thereby compromising performance.

Chemical analyses (FT-IR and NMR) confirmed the presence of oxygenated functional groups in HY but showed
no evidence of chemical cross-linking, indicating that modification primarily occurs through physical blending.
Complementary structural and thermal evaluations using XRD, ESEM, and DSC demonstrated reduced crystallinity,
morphological reorganization, and enhanced low-temperature flexibility. Mechanical and volumetric assessments
further validated that HYMA3 exhibited superior compaction and stable air-void distribution, reinforcing its practical
applicability.

Overall, the incorporation of HY enhances binder performance while simultaneously promoting sustainability by
transforming an underutilized natural byproduct into a functional construction additive. This research provides the first
comprehensive characterization of Yang resin as an asphalt modifier, establishing mechanistic insights and performance
benchmarks for bio-based pavement materials. Future studies should investigate long-term durability, oxidative aging,
and field-scale validation across diverse climatic and traffic conditions to support broader implementation.
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