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Abstract The limited implementation of advanced
technologies in Peru highlights the necessity of enhancing
asphalt mixture performance, especially in response to
rising environmental demands and traffic intensity. This
study investigates enhancing hot mix asphalt (HMA) by
adding styrene-butadiene-styrene (SBS) polymers and a
chemical adhesion agent, with the goal of optimising
essential physical and mechanical properties, including
bending flexibility, fatigue resistance, and rutting
performance. The objective was to determine the optimal
SBS polymer and adhesion additive contents in a mixture
modified with PG76-10 asphalt binder, based on laboratory
testing. A deductive, applied, and quantitative
methodology was adopted, and the research design was
descriptive, correlational, and explanatory, with an
experimental, longitudinal, and prospective approach. The
optimal formulation was found to comprise 5.7 % PG76-

10 binder, 3.0 % SBS polymer, and 0.5 % adhesion additive.

This achieved a Marshall stability of 1977 kg, a permanent
deformation of 4.45 mm, and a tensile strength ratio (TSR)
of 84.9 %. In terms of elasticity, the dynamic modulus
reached 1901 MPa at 25 Hz and 54 <C, indicating high
stiffness under rapid loading, while fatigue resistance
reached 2.32 million cycles at 400 pe, supported by the

predictive model (R==0.999). The results confirm that the
modified asphalt mixture meets the fundamental technical
requirements for hot mix asphalt applications, showing
significant improvements in rutting resistance, elastic
recovery, and fatigue performance.

Keywords Modified Asphalt Mixture, SBS Polymers,
Adhesion  Additive, Physico-Mechanical Properties,
Elasticity and Fatigue Resistance Testing, Deformation,
Rutting

1. Introduction

Globally, flexible pavements are increasingly subjected
to sustained traffic growth and heavier vehicular loads [1],
as well as variations in traffic speed [2]. In addition,
climatic conditions such as solar radiation [3], wind and
rainfall [4], snow, and temperature variations significantly
influence the deterioration of asphalt mixtures [5]. These
challenges have led to the increased use of polymer
modifiers to enhance the mechanical performance,
chemical stability, and long-term durability of pavements
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[6,7]. In various countries, technological advances have
enabled the incorporation of polymers directly into the
asphalt mixing plant without the need to increase the binder
temperature [8], thereby optimising costs [9] and execution
time. However, in Peru, the process remains conventional
and requires the use of two separate plants, which increases
operational costs and extends construction timelines.

In Peru, paved roads are predominantly constructed
using conventional hot, warm, or cold asphalt mixtures,
which often fail to meet the expected performance
standards. To withstand the increasing volume of heavy
vehicle traffic in high-load areas such as the Lima region,
it is essential to modify these mixtures with synthetic
materials, particularly polymers, which enhance the
rheological and physico-mechanical properties of bitumen.
Peruvian pavements are subjected to variable climatic
conditions, a high thermal gradient, and ultraviolet
radiation, all of which accelerate premature deterioration
through fatigue, rutting, cracking, and deformation. These
failures are further exacerbated by the limited
characterisation of materials and the continued use of
traditional asphalts, as well as by static design
methodologies based on volumetric parameters [10], which
do not adequately predict pavement behaviour over its
service life.

It is imperative to adopt an optimised design approach
for polymer-modified asphalt mixtures, by dynamic
performance testing aligned with the Superpave
methodology. This approach overcomes the limitations of
traditional static design methods, such as the Marshall
method, by enhancing the selection criteria for aggregates
and bituminous binders beyond volumetric parameters.
Moreover, it incorporates rutting and fatigue controls—two
of the primary causes of pavement deterioration [11]. The
addition of polymers, rubber, and various additives has
proven beneficial in improving both the quality and
performance of asphalt mixtures [12-14]. Therefore, their
use, combined with more specific performance-based tests,
represents the current global trend and provides a practical
alternative to enhance pavement quality and prolong
service life within the Peruvian context.

Multiple studies have shown that the addition of
polymers like styrene-butadiene-styrene (SBS) to
bituminous binders significantly enhances their mechanical
performance and resistance to ageing, cyclic loading, and
moisture-related damage. These enhancements are largely
linked to the increased surface free energy of the mastic,
which strengthens the binder—aggregate adhesion and the
internal cohesion of the mixture. As a result, the likelihood
of stripping in moist conditions is notably reduced. This
evidence also supports the beneficial role of adhesion-
promoting agents in strengthening the binder-aggregate
interface [15-17]. From a broader perspective, the use of
thermoplastic polymers and maleic anhydride improves
component compatibility and enhances performance grade
(PG), elastic recovery, and interfacial adhesion,
contributing to a more resilient response under dynamic
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loading conditions [18,19].

SBS-modified bitumen is widely used in road
construction and maintenance owing to its superior
mechanical properties and improved durability, making it a
high-performance paving material [20]. Its prolonged
service life contributes to a reduced environmental
footprint over the pavement's lifecycle, particularly by
lowering material consumption and minimising carbon
emissions linked to rehabilitation activities [21]. In parallel,

certain adhesion additives such as polyethylene
terephthalate (PET) based compounds have shown
compatibility ~ with  recycling  processes  while

simultaneously improving interfacial bonding and binder—
aggregate adhesion, without significantly compromising
the recyclability of the asphalt mixture [22]. In light of
increasingly stringent environmental regulations, the
adoption of materials that not only improve pavement
performance but also align with sustainability objectives is
becoming essential for modern infrastructure development
[23].

However, despite the performance advantages offered
by SBS-modified asphalt mixtures, there remains a limited
understanding of their long-term degradation mechanisms,
which continues to hinder the development of effective
preventive maintenance strategies by road agencies [24].
After production, polymer-modified bitumen requires strict
thermal management, as SBS may readily separate from the
base binder if not maintained at a consistent temperature.
Inadequate temperature control during storage or
application can lead to adhesion failure, polymer
degradation, and even phase separation or brittleness upon
cooling [25]. These constraints, along with the relatively
high costs associated with SBS polymers and adhesion-
promoting additives, present challenges for large-scale
implementation. Moreover, although such mixtures
demonstrate excellent laboratory performance, they may be
prone to ageing and deterioration under extended field
conditions, particularly when exposed to environmental
and traffic-induced stressors not fully replicated in
laboratory settings [26—28].

In recent years, polymeric modifiers like SBS and
polyphosphoric acid (PPA) have been increasingly adopted
alongside warm mix asphalt (WMA\) technologies, aiming
to reduce production temperatures while preserving
thermal stability and reducing environmental impact. It has
been observed that modified binders retain their thermal
integrity at temperatures exceeding 360 T and do not
exhibit significant leaching of heavy metals, thereby
complying with environmental indices such as Heavy
metal Environmental Impact index (HEI), Heavy metal
Pollution Index (HPI), and Metal Quality Index (MQI) [29].
However, the use of WMA may compromise the binder—
aggregate adhesion, which has led to the application of
synergistic combinations of WMA additives with crumb
rubber and SBS to reinforce bonding, particularly in
calcareous aggregates, even under short-term ageing
conditions [30].
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Multiscale studies suggest that moisture damage
resistance is affected by the type of antistripping agent
employed, its dosage, and the mineral composition of the
aggregates. Modifiers such as dodecylamine and nano-
magnesium  hydroxide operate through different
mechanisms, enhancing both adhesion and cohesion within
the system. Therefore, a comprehensive evaluation is
recommended when selecting additives, taking into
account the mix design and climatic conditions [31]. In fact,
road pavements are continuously subjected to mechanical
stress and moisture damage, which manifest in various
forms, including rutting, stripping, raveling, surface
fraying, freeze—thaw susceptibility, and cracking. At the
microscopic level, the root cause of such damage is
primarily the loss of adhesion [32]. In this context, various
studies have emphasised that adhesion promoters
containing silane compounds substantially strengthen the
interaction at the binder-aggregate interface, thereby
limiting moisture-induced debonding [17].

The ageing resistance of the binder has also been the
focus of numerous studies. For instance, a reduction in the
viscoelastic performance of SBS-modified bitumen has
been reported in cold and arid climates, where harsh
environmental factors accelerate fatigue and low-
temperature cracking. Nevertheless, ageing has also been
associated with enhanced resistance to plastic deformation
at elevated temperatures [33]. Meanwhile, advanced
additives such as B2Last®, based on isocyanate chemistry,
have been investigated, demonstrating improved rutting
resistance without adversely affecting low-temperature
performance [34].

High-viscosity Modified Asphalt (HVMA) resistant to
thermal ageing has been developed, exhibiting superior
properties compared to both conventional and SBS-
modified asphalts. These improved properties are largely
the result of their fine-scale morphology and internal
cohesion, which have been examined using analytical
techniques such as Surface Free Energy (SFE) and Atomic
Force Microscopy (AFM) [35]. Additionally, research
indicates that bitumen performance is strongly influenced
by how well it interacts with the chosen polymer. Key
factors such as blend morphology, storage stability,
expansion potential, and the mixing procedure significantly
influence the performance of polymer-modified binders
(PMBs). To improve compatibility, several approaches
have been proposed, including vulcanisation, the use of
antioxidants, and the incorporation of reactive polymers
[36].

The shift towards sustainable solutions has driven
research into alternative materials such as lignin, a
renewable by-product capable of partially replacing
bituminous binder. However, the influence of lignin on
rheological and bonding behaviour varies considerably
according to its source and composition, thus requiring
thorough characterisation to ensure performance levels
equivalent to those of conventional polymer-based

modifiers [37]. Similarly, recent research has demonstrated
that certain adhesion additives limit moisture penetration
and improve the load-bearing capacity of asphalt mixtures
when tested at 20 <C and 50 <C, thereby validating their use
through statistical modelling and experimental design
frameworks [38].

Recent developments have explored hybrid formulations
such as bitumen modified with polyurethane/epoxy resin
(PEA), which forms Interpenetrating Polymer Networks
(IPNs) during curing. These networks endow the binder
with high thermal stability and cracking resistance,
outperforming even SBS-modified bitumen in applications
such as bonding layers in steel- Ultra-High Performance
Concrete (UHPC) bridge decks [39]. Similarly, the
combination of Styrene-Butadiene Rubber (SBR) and PPA,
particularly at proportions of 1.5 % SBR and 2 % PPA, has
demonstrated efficiency in reinforcing adhesion at different
structural levels while also increasing resistance to
moisture-induced deterioration and freeze—thaw effects
[40].

This research aims to develop and evaluate bituminous
mixtures enhanced through the incorporation of innovative
additives, such as carbon black, secondary materials
(reclaimed asphalt pavement and steelmaking slags), and
rejuvenating agents encapsulated within porous aggregates,
with the goal of increasing pavement durability and
reducing environmental impact. The study is structured
into three phases: selection and characterisation of
materials, laboratory design and analysis of mixtures, and
technological validation through the construction and
monitoring of a trial section under real conditions. This
approach seeks to demonstrate that these technologies offer
competitive advantages over conventional mixtures,
promoting a new generation of more sustainable and
resilient bituminous materials.

2. Materials and Methods

2.1. Aggregates

Aggregates employed in this research were obtained
from the Fern&dez Quarry in Peru. They were carefully
classified into different size fractions through a sieving
process to achieve a gradation curve aligned with the upper
and lower specification limits established by the 2013
Technical Specifications (EG 2013) of the Peruvian
Ministry of Transport and Communications. The gradation
curve was adjusted based on the aggregate blend, focusing
on the parameters for MAC-2 (12.5 mm). Furthermore, it
meets the technical requirements theoretically established
by ASTM D3515. Figure 1 presents the implemented
gradation curve, and the physical properties of the coarse
and fine aggregates are summarised in Tables 1 and 2.
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Figure 1. Theoretical Gradation Curve for MAC-2 Aggregate Blend
Table 1. Coarse Aggregate Physical Properties
Properties Specification Limits Results
Durability (Magnesium Sulphate) MTC E209 18% max. 6.60%
Los Angeles Abrasion MTC E207 40% max. 17%
Durability Index MTC E214 35% min. 84%
Flat and Elongated Particles ASTM 4791 10% max. 3.10%
Fractured Faces MTC E210 85/50 100/98.4
Soluble Salts MTC E219 0.50% max. 0.09%
Adhesion MTC E517 95% 95%
Specific Gravity (g/cm3 ASTM C —128 - 2.59
Table 2. Fine Aggregate Physical Properties
Properties Specification Limits Results
Sand Equivalent (%) ASTM D —2419 60 min 60
Durability Index MTC-E-214 35 min 66
Soluble Salts MTC E-219 0.5 % max 0.0912
Specific Gravity (g/cm¥ ASTM C-128 - 2.616

2.2. Bituminous Binder

In this research, a polymer-modified bituminous binder
of type PG76-10 was used, supplied by the company
BITUPER, located in Lima, Peru. This binder, modified
with SBS polymers, complies with the requirements set
forth by ASTM standards and the Peruvian technical
regulations. Table 3 presents the physico-chemical
characteristics of the binder based on Performance Grade
(PG) specifications.

2.3. Additive

This amine-based liquid additive is designed to improve
the bond between the binder and aggregates by reducing
moisture interference. The additive enhances the structural
integrity of the pavement by fostering durable cohesion
throughout the bituminous mix. Table 4 outlines the key
physical and chemical properties of Quimibond 3000,
while Figure 2 illustrates the preparation and
characterisation process of the SBS-modified bitumen
incorporating this adhesion-promoting additive.
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Table 3. Properties of PG76E-10 Polymer-Modified Bituminous Binder

Test Description Unit Standard Specification Result
Original Binder Tests
Flash Point T ASTM D92 >230 284
Brookfield Viscosity @ 135<C Pa s ASTM D4402 <3 1.832
Dynamic Shear Rheometer Temp. @ G*/sind = 1.00 kPa << ASTM D7175 >76 82.7
DSR @ 70°C (G*/sind) kPa ASTM D7175 >1 2.02
After RTFOT (ASTM D2872)
Mass Loss % ASTM D2872 <1.00 0.233
DSR Temp. @ G*/sind = 2.20 kPa < ASTM D7175 >76 89.3
DSR @ 76°C (G*/sind) kPa ASTM D7175 >2.20 6.77
MSCR - Non-recoverable creep compliance (Jnr 3.2 kPa) kPa™! ASTM D8239 Report 0.454
MSCR - Elastic Recovery @ 3.2 MPa % ASTM D8239 >30 41.11
After PAV (Pressure Ageing Vessel)
DSR @ 37°C (G*/sind) kPa ASTM D7175 <5000 811
Creep Stiffness @ 0<C (60 s) MPa ASTM D6648 <300 21.15
m-value @ 0T (60 s) - ASTM D6648 >0.30 0.317
Direct Tension Strain @ 0<C, 1 mm/min % ASTM D6723 >1.0 N.A.

‘| Universidad Nacional

1| Federico Villarreal

Figure 2. Bending Beam Rheometer (BBR) used for testing SBS-
modified bitumen with adhesion additive

The selected SBS polymer dosage was based on prior
research indicating that concentrations between 3 % and
4 % significantly enhance the structural and functional
properties of asphalt mixtures, particularly in terms of
binder elasticity, resistance to rutting, and fatigue life [41].
Prior research has also employed similar proportions, such
as 2.5 % SBS by bhinder weight, based on technical
guidelines from Korean experts and the investigative
team's previous experience, to optimise mixture
performance under various loading conditions [42]. In this
context, the adopted dosage of 3 % SBS enabled the
achievement of the PG 76-10 performance grade, ensuring
improved behaviour under demanding thermal and traffic

loading environments [43].

Table 4. Properties of Quimibond 3000

Property Value / Description
Colour Light to dark amber
Amine content 563

Physical state at 25 C Liquid

Viscosity at 25 T 2 000 — 6 500 cSt

Specific gravity (average) 0.96
Solubility in petrol Insoluble
Solubility in water Soluble

Solubility in isopropyl alcohol Soluble
Flash point in bitumen cement > 165 T

2.4. Volumetric Properties and Marshall Stability

Aggregates and bitumen were preheated for around two
hours at 165 =5 <C to achieve the required mixing
temperature. The filler was previously added to the
aggregates to ensure uniform distribution and was
maintained at 190 <C for four hours. The bitumen,
previously modified with Quimibond 3000 and
incorporated while hot, was then blended with the dry
components for five minutes. The resulting mixture was
subjected to a curing phase lasting two hours before being
compacted with 75 blows using a Marshall hammer at
160 <C, following two hours of thermal conditioning. The
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compacted specimens, produced to identify the optimal
binder content, are shown in Figure 3. After gradual
cooling, the samples were evaluated for key volumetric
parameters, including air voids (AV), voids filled with
bitumen (VFA), voids in mineral aggregate (VMA),
stability, and flow.

Figure 3. Marshall-compacted briquettes

2.5. Indirect Tensile Strength Test

The ITS test following AASHTO T283 was used to
evaluate the mechanical behaviour of bituminous mixtures
modified with polymer and adhesion additive [44]. This
evaluation involved testing specimens under dry conditions
as well as after moisture conditioning, in order to analyse
the potential for moisture-related deterioration.

In accordance with standard guidelines, all mixtures
were developed to achieve an air void content within the
range of 6 % to 8 %. The samples were categorised into two
sets, each containing four specimens per mixture type. One
set underwent the conditioning protocol specified in
AASHTO T283, which involves exposure to freeze cycles
at -18 <C followed by thawing at 60 <C. Another batch was
conditioned at 25 <C for two hours under controlled
ambient conditions.

All specimens were tested at a constant deformation rate
of 50 mm/min along the diametral axis, with the maximum
load at failure used to calculate ITS (Equation 1):

2000P,,
7Dt

ITS = (@)
where ITS is given in megapascals (MPa), P represents the
maximum load applied (N), t indicates the specimen’s
thickness (mm), and D denotes its diameter (mm).

Finally, Equation (2) was employed to determine the
tensile strength ratio (TSR).
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2.6. Hamburg Wheel Tracking (HWT) Test

Following AASHTO T 324 [45], the HWT test was
conducted to evaluate the deformation resistance of asphalt
mixtures subjected to repeated loading. Cylindrical
samples (150 mm diameter x 62 mm height) were
compacted with a Superpave Gyratory Compactor (SGC)
to reach a target air void content of 7 0.5 % (Figure 4).
The testing was carried out at 50 <C, a temperature that
reflects common environmental conditions in Peru.
Throughout the test, a sustained load of 705 £4.5 N was
applied, and failure was defined as a rut depth reaching
12.5 mm.

Universidad Nacional -
Federico Villarreal

2it7/03/2025 14:31
1818293631 8674229
Altitud:409.2meter

ayo RUEda de Hamburgo

Figure 4. Compaction of specimen using an SGC

2.7. Resilient Modulus Test

The resilient modulus (Mr) is a key property of hot mix
asphalt (HMA), essential in mechanistic—empirical
pavement design for estimating service life and
determining structural layer thickness [46]. In this research,
Mr was determined through the indirect tensile method as
specified by AASHTO TP31, employing a UTM-14 testing
machine.
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Prior to measurement, the specimens were subjected to
100 preconditioning cycles. The Mr was calculated as the
mean response from five loading repetitions applied along
two perpendicular directions. A quasi-sinusoidal waveform
was employed, featuring a 100 ms load application
followed by a 900 ms recovery period, equivalent to a
frequency of 1 Hz. A Poisson’s ratio of 0.35 was used for
the analysis. Tests were conducted at two temperatures:
20 T and 40 <T.

The Mr was obtained by recording the horizontal
deformation at the peak of the dynamic load, following the
established testing procedure. Upon applying the
maximum load (P), the Mr was computed using Equation
(3).

_ P(u+0.27)

s,

In this formula, P denotes the peak dynamic load in
newtons, | represents Poisson’s ratio (taken as 0.35), t
corresponds to the specimen height in millimetres, and f, is
the recoverable lateral deformation, also expressed in
millimetres.

My ®)

2.8. Dynamic Modulus Test

The dynamic modulus test (Figure 5) was conducted in
accordance with AASHTO T342 to evaluate the
mechanical behaviour of the bituminous mixtures across
various temperatures and loading frequencies [47].
Dynamic modulus tests were conducted using a 30 kN
DTS-30 system on specimens compacted with a SGC and
trimmed to 100 mm > 150 mm. The mixtures were
evaluated at five temperatures (—10 to 54 <C) and six
loading frequencies to analyse their viscoelastic behaviour.
To analyse these results, a logistic sigmoidal model was
applied to generate the dynamic modulus master curve, as
outlined in Equations (4) and (5).

(24
IOg|E*|:5+W (@)
In this context, |E|* denotes the dynamic modulus
expressed in megapascals (MPa), & represents its minimum
value, while B and y are the model’s regression coefficients.
The term f, refers to the reduced loading frequency,
measured in hertz (Hz).

Cl (T — Td )
CZ + (T _Tref )

In this equation, Ci and C: are regression parameters, T
represents the test temperature, Ty denotes the selected

temperature for adjustment, and T refers to the reference
temperature, set at 21.1 <C.

log|a;|=6+ ®)

Figure 5. Dynamic Modulus test

2.9. Fatigue Resistance Test

Fatigue behaviour of HMA was assessed using the four-
point bending beam method (Figure 6a), following the
procedures outlined in AASHTO T321-07 [48]. Fatigue
cracking is a prevalent mode of distress in asphalt
pavements, characterised by the initiation and propagation
of cracks caused by repetitive traffic loads that are below
the material’s maximum strength capacity [49]. In this
approach, specimens are exposed to repeated flexural
loading cycles until they reach failure, which is identified
when the initial stiffness declines by 50 %. The tests
followed a strain-controlled method at 10 Hz and 20 <C,
with specimens conditioned for four hours before loading
(Figure 6b). Three microstrain levels were employed: 400,
450, and 500 pe, in order to examine the fatigue response
under varying loading conditions. When subjected to
strain-controlled conditions, the fatigue response of the
asphalt mixture is described by the following equation
(Equation 6):

e=AxN, " (6)

Figure 6. a) Asphalt specimens trimmed into prismatic beams, b) Four-
Point Bending Fatigue Test Configuration
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3. Results and Discussion

3.1. Design of Asphalt Mixture and Its Volumetric
Characteristics

The asphalt mixture design in this study followed the
guidelines specified in section MTC E504. This
methodology enables the characterisation of Marshall
parameters, which play a crucial role in identifying the
ideal binder content for asphalt mixtures. A PG 76-10
polymer-modified bitumen was used, incorporating 3 % of
styrene—butadiene—styrene (SBS) polymer and 0.5 % of
QUIMIBOND 300 adhesion promoter by weight of the
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binder.

Five different levels of modified binder (4.5 %, 5.0 %,
5.5 %, 6.0 %, and 6.5 %) were incorporated into the asphalt
mixture design to determine the most suitable binder
content. For each percentage, three specimens were
prepared, and their results averaged, provided no
significant variation was observed, thereby ensuring data
consistency. The mixtures were prepared at a controlled
temperature of 150 <C, and compaction was carried out at
145 <C using 75 blows on each face. The corresponding
Marshall parameter results for each binder content are
shown in Table 5 and Figure 7.

Table 5. Volumetric properties for optimum binder selection

Bulk Density Maximum Theoretical -
(o) 0, 0, (o)
Asphalt Content (%0) (glem?) Specific Gravity (glcm?) AV (%) | VMA (%) | VFA (%) | Stability (Kg) | Flow (mm)
45 2.25 2.446 8.1 17.3 53.3 1778.0 7.3
5.0 2.28 2.426 6.1 16.7 63.5 1862.0 8.7
55 2.30 2.408 4.4 16.3 72.8 1953.0 11.0
6.0 231 2.390 3.2 16.3 80.1 2018.0 12.7
6.5 2.33 2.370 1.6 16.1 89.9 1997.0 14.7
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Figure 7. Volumetric properties versus different binder contents
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The optimal binder dosage for the polymer-modified hot
mix asphalt was selected considering an air void content of
4.1 %, which complies with the acceptable limits
established in the prevailing technical standards. Based on
this criterion, an optimum asphalt content of 5.7 % was
identified and validated through the production of three
additional specimens. The results confirmed that all
Marshall parameters met the requirements of the MTC E
504 standard, thereby demonstrating the technical
suitability of the proposed design. The corresponding
values for this optimum dosage are presented in Table 6.

Table 6. Volumetric properties of the final mix design

Property Unit Design Value | Requirement
Compaction 75 blows
Asphalt Content (%) 5.7
Bulk Density (g/cm®) 2.298
AV (%) 41 3-5%
VMA (%) 16.6 Min. 14
VFA (%) 75.3
Stability kg 1935 Min. 832
Flow mm 9.33 8-14
Filler-to-Binder Effective Ratio 0.78 0.6-1.3

3.2. Hamburg Wheel Tracking Test

The HWT test is widely used to assess the deformation
resistance of asphalt mixtures under cyclic loading and

moisture exposure [50]. In this investigation, the HWT was
performed at 50 <C, where the mixture exhibited a rut depth
of 4.45 mm after 20 000 wheel passes (Figure 8). This
outcome demonstrates the mixture’s strong resistance to
deformation and moisture-induced damage, typically
observed during the transition from the creep phase to the
stripping phase [51]. Notably, the incorporation of the
selected additives did not negatively influence the
mixture’s moisture resistance.

3.3. Indirect Tensile Strength Test

The Tensile Strength Ratio (TSR) test was used to assess
moisture sensitivity in a PG 76-10 binder mixture modified
with SBS and an adhesion additive. The results are
presented in Table 7. Under dry conditions, the mixture
achieved an average indirect tensile strength (ITS) of 9.8
kg/cm=2 whereas under wet conditions, the value was
reduced to 8.45 kg/cm=The calculated TSR was 86.2 %.
According to the criteria set out in AASHTO T 283, this
value surpasses the 80 % minimum requirement, indicating
satisfactory moisture resistance [44]. The ITS reduction in
conditioned specimens may result from moisture-induced
loss of cohesion. However, the slight difference between
dry and wet conditions indicates that the modifier improved
moisture resistance [52]. This pattern is consistent with
earlier studies reporting significant improvements in
mechanical performance, including increased strength,
enhanced rutting resistance, and reduced susceptibility to
moisture in SBS-modified mixtures [53,54].
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Figure 8. Rut formation observed in the Hamburg Wheel Tracking Test

Table 7. ITS and TSR Results
. Average 1T Sary Average ITSwet o -
Asphalt Mixture 1TSary (kglcm3F (kglem3 ITSwer (kglcm3F (kglem3 TSR (%) Requirement
. - 9.57 8.34
PG76-10 binder modified
with SBS polymer and 8.57 9.8 9.66 8.45 86.2 >80
adhesion additive
8.44 10.16
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3.4. Resilient Modulus Test

Asphalt mixtures with a high resilient modulus typically
show increased resistance to permanent deformation. Table
8 compiles the outcomes of resilient modulus testing
conducted at 20 <C and 40 <C on mixtures formulated with
PG 76-10 binder enhanced by SBS polymer and an
adhesion agent. The data reveal a 77.9 % reduction in the
resilient modulus, a 68.2 % decrease in loading force, and
a 43.6 % increase in deformation as the temperature rises.
This trend aligns with the typical viscoelastic behaviour of
bituminous materials, whose stiffness diminishes under
elevated temperatures and prolonged loading [55].
Additionally, the interaction between the modified binder
and additives can significantly influence the composite’s
properties, making it more susceptible to thermal
degradation [56].

The highest increase in resilient modulus and its rate of
change was observed at 20 <C, suggesting that the mixture
achieves its peak stiffness under elastic deformation
conditions. As stated in the AASHTO 1993 Guide, an
elevated resilient modulus contributes to optimising the
structural design of pavements, enabling thinner sections
without compromising performance. Although this
guideline has since been updated, it remains a useful
reference for the mechanical analysis of asphalt mixtures
[57].
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3.5. Dynamic Modulus Test

Two cylindrical samples were analysed to determine the
dynamic modulus and phase angle of SBS- and adhesion-
modified mixtures under different temperature and
frequency conditions. As shown in Figure 9, the dynamic
modulus increased steadily with higher frequencies and
decreased progressively as the temperature rose. This
pattern reflects the viscoelastic nature of asphalt mixtures,
displaying more elastic behaviour at lower temperatures
and increasingly viscous responses as temperature rises.

The maximum |[E| was obtained at —10 <C with a
frequency of 25 Hz, whereas the minimum occurred at
54 <C and 0.1 Hz. Additionally, the data show that at low
frequencies (below 1 Hz), the difference in dynamic
modulus between mixtures is minimal. However, in the
range between 1 and 10 Hz, the differences become more
evident, indicating that the dynamic modulus becomes
more responsive to frequency variations at elevated
temperatures.

This behaviour may be associated with the development
of permanent deformations, such as rutting, particularly in
road sections with steep slopes, intersections and bus stops,
where vehicles operate at low speeds, brake frequently and
maintain extended tyre contact with the pavement surface
[58]. It is important to note that a frequency of 10 Hz is
approximately equivalent to vehicle travel at 100 km/h [59].

Table 8. Resilient modulus test results (elastic response)

. Resilient Modulus . Total Recoverable
Asphalt Mixture Temperature (<C) Test (MPa) Maximum Load (N) Deformation (mm)
Average 6713 4994 .4 7.34
20 Std. Dev. 31.6 5.61 0.04
PG76-10 binder
modified with SBS C.V. (%) 0.47 011 054
polymer and adhesion Average 1485 1586.2 10.54
additive
40 Std. Dev. 19 10.23 0.07
C.V. (%) 1.28 0.64 0.66
20000
17500
g 15000
2 12500 m-10°C
=
210000 m44°C
= 21.1°C
8 7500
g 378 °C
g 5000 54°C
A
2500
0
0.1 Hz 0.5Hz 1 Hz 5SHz 10 Hz
Frequency

Figure 9. Dynamic modulus versus reduced frequency
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The dynamic modulus test also facilitated the
development of the master curve shown in Figure 10,
illustrating how the application of shift factors extended the
experimental analysis range and improved the prediction
accuracy of the dynamic modulus trend under a broader set
of conditions. The curves were produced by applying a
sigmoidal model to the experimental data, using Arrhenius-
based thermal shift factors, as specified in AASHTO TP 62.

The sigmoidal model coefficients a, B, y and 6 were
estimated for each mixture (Table 9), yielding R=values
greater than 0.98, indicating strong model reliability and
accurate data representation [60,61]. A reference
temperature of 21 <C was selected to apply thermal shift
factors (ar) and align the isochronal curves into a single
master curve for each mixture. Outliers were identified and
excluded using graphical analysis tools [62].

To enhance interpretation, the frequency range of the
master curve was segmented into three arbitrary regions. In
the low-frequency zone (1 x 10®to 1 x 102 Hz), a steep
slope was observed, indicating a high sensitivity of the
dynamic modulus E* to frequency variations under slow-
loading or high-temperature conditions. In the intermediate
range (1 x 1072to 1 x 10% Hz), the slope gradually decreased,
reflecting a transition towards increased material stiffness.
Finally, in the high-frequency region (above 1 =< 103Hz),
the slope tended to stabilise, indicating a reduced
sensitivity of the dynamic modulus, a behaviour associated
with low temperatures or rapid loading, where the material
exhibits a predominantly elastic response [63].

Numerous studies have demonstrated that incorporating
higher-grade modified binders (PG76-22) instead of

enhancements in the structural behaviour of asphalt
mixtures, particularly in terms of dynamic modulus (E),
which is strongly associated with the binder’s complex
modulus [64]. In polymer-modified binders (PMBs), the
complex modulus tends to be lower than that of unmodified
bitumen  under  high-frequency  (low-temperature)
conditions, and higher under low-frequency (high-
temperature) conditions. This behaviour is due to the
polymer enhancing flexibility at lower temperatures and
creating a structural network that improves elasticity at
elevated temperatures [65].

3.6. Fatigue Resistance Test

Table 10 presents the outcomes of the four-point bending
fatigue test conducted on the asphalt mixtures. A clear
increase in fatigue life was observed as the applied
microstrain decreased, reflecting the expected response of
viscoelastic materials subjected to repeated loading.
Specifically, the mixture subjected to 400 pe reached 2.32
million cycles before failure, whereas the one exposed to
500 pe failed after fewer than 242245 cycles. This
demonstrates a substantial improvement in fatigue
resistance under lower strain levels.

The fatigue model shown in Figure 11 characterises the
relationship between strain levels and the corresponding
fatigue life, expressed as the number of cycles to failure.
The obtained parameters, A = 1479.2 and B = 0.082, along
with a correlation coefficient of R=2= 0.999, indicate a
highly reliable model fit. In this context, parameter A
represents the fatigue resistance level, whereas B indicates

conventional ones (PG64-22) leads to notable the material’s sensitivity to changes in strain [66].
50,000
5,000
=
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& = -==--Master curve
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Figure 10. Master curve of dynamic modulus versus reduced frequency
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Table 9. Parameters of the Master Curve for SMA (Tref = 21.1 °C)
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Parameters Value
) -0.51
o 4.75
p -1.24
Y -0.21
R2 0.9955

Table 10. Four-point bending fatigue performance at different microstrain levels

Beam Width | Height | Length | Initial Modulus Failure Failure Strain (ue) Accumulated Dissipated
(mm) (mm) (mm) (MPa) Modulus (MPa) Cycles 2 Energy (J/m¥
1 64.1 51.6 380 1293.3 639.1 242245 500 16486.6
2 63.9 50.6 380 1688 835.4 701087 450 38706.9
3 65.9 50.6 380 1301.1 648.5 2320000 400 128648.6
600
y = 1479.2x°0082
R2=10.999
500 ©.500
R
S | e
= 2y flSO
g ........
@a | e 400
400 "9
300
100,000 1,000,000 10,000,000

Cycles to failure

Figure 11. Fatigue model parameters € = A-N¢® and & value for the evaluated mixture

According to the fitted equation, the value of €6, which
corresponds to the strain at one million cycles, was 434 pe.
This supports the mixture’s capacity to preserve its
structural integrity under moderate cyclic loading. In
general, a fatigue model with a lower slope is considered
more favourable, as it indicates reduced susceptibility to
progressive damage accumulation due to deformation [67].
In this regard, the regression line fitted for the evaluated
mixture exhibits a relatively low slope, suggesting good
fatigue performance under repeated loading conditions.

4. Conclusions

This study focused on the development and mechanical
characterisation of asphalt mixtures modified with SBS
polymer and an adhesion-enhancing additive, with the
objective of improving their performance against
permanent deformation, fatigue, and thermal stress.

Various properties were assessed through Marshall tests,

resilient modulus, dynamic modulus, HWT, and four-point

fatigue tests. The main outcomes of the investigation are
summarised as follows:

*  The modified binder met the PG 76-10 specification
and complied with the MTC E 504 standard,
achieving an optimal content of 5.7 %. Marshall test
results showed a progressive increase in stability and
flow with higher binder contents, validating the
proposed design for paving applications.

¢ The HWT test results demonstrated enhanced rutting
resistance, with a recorded deformation depth of 4.45
mm after 20 000 wheel passes.

e The TSR test showed that the mixture modified with
PG76-10, SBS polymer and adhesion additive
exhibited good moisture resistance, achieving a value
of 86.2 %, which exceeds the 80 % minimum required
by AASHTO T 283. These findings validate the
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efficiency of the modifier system in enhancing
durability under moisture exposure.

The incorporation of SBS polymer and adhesion
additive led to a notable increase in the mixture’s
resilient modulus, reaching mean values of 6713 MPa
at 20 °C and 1485 MPa at 40 °C. These results reveal
a 77.9 % reduction in modulus with increasing
temperature, demonstrating the material’s thermal
sensitivity, yet also its capacity to maintain adequate
performance in moderate climates.

The dynamic modulus |[E*| analysis showed a clear
viscoelastic response dependent on frequency and
temperature. At 54 °C and 1 Hz, the modulus was 451
MPa, increasing to 1901 MPa at 25 Hz, highlighting
the mixture’s enhanced stiffness under rapid loading
conditions. The master curve constructed at 21.1 °C
reflects good structural performance, suitable for cold
climates or high-traffic areas.

The incorporation of SBS and adhesion additive
substantially improved fatigue life under controlled
strain. At 400 pe, the mixture reached 2.32 million
cycles before failure. The fitted model (R? = 0.999),
with parameters A = 1479.2 and B = 0.082, indicates
high fatigue resistance and low sensitivity to damage.
The &6 value of 434 pe reinforces the effectiveness of
the modifier system under repeated loading.

From this research, it may be concluded that the use
of 3 % SBS polymer combined with 0.5 % adhesion
agent markedly improves the structural performance
and functional characteristics of bituminous mixtures.
This formulation achieved the PG 76-10 classification
and exhibited enhanced elasticity, rutting resistance,
moisture tolerance, and fatigue life under cyclic
loading. The mixture also complied with Peruvian
technical specifications, validating its suitability for
road applications.

it is recommended to implement this

modified asphalt mixture in Peruvian road construction
projects aimed at extending pavement life and reducing

long-

term maintenance costs. Future research could focus

on field validation across different Peruvian regions to
assess long-term performance and environmental benefits
under real service conditions.
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