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Abstract

To mitigate environmental impacts and promote sustainability in highway construction, this study investigates the
optimization of blending conditions and the performance evaluation of bio-modified asphalt binder incorporating bio-
asphalt derived from the pyrolysis of waste cooking oil (WCO) and low-density polyethylene (LDPE). A response surface
approach was employed to optimize key blending parameters—temperature, speed, and time—based on critical physical
properties of the binder. Furthermore, the optimized bio-asphalt binder was further evaluated through rheological
performance tests (multiple stress creep recovery and linear amplitude sweep) and mechanical performance tests (Marshall
stability, tensile strength ratio, resilient modulus, indirect tensile fatigue, and dynamic creep). The optimal conditions were
identified as 130°C, 1000 rpm, and 42.37 min. Statistical validation using ANOVA, residual analysis, leverage, and Cook’s
distance confirmed the model’s reliability, with prediction errors remaining below 5%. The bio-modified asphalt binder
exhibited enhanced elastic recovery and reduced non-recoverable creep compliance (Jnr), indicating superior resistance to
permanent deformation in comparison with the control asphalt binder. Additionally, the bio-modified asphalt mixture
demonstrates superior Marshall stability, resilient modulus, tensile strength ratio, retained stability, and resistance to
deformation in comparison with the control asphalt binder. These results demonstrate the potential of bio-asphalt as a
viable, eco-friendly modifier for asphalt binders in tropical climates.
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1. Introduction

Asphalt binder, which is derived from the refining of crude oil, serves as a key binding agent in the construction of
asphalt concrete for highway pavement [1]. In 2020, the global demand for asphalt binder was approximately 143 million
metric tons per year (MMTPA), with a projected annual growth rate of 3.6%. By 2025, this demand is expected to rise
to around 174 million metric tons annually. In major Asian markets, the demand in 2020 was about 39 MMTPA, with
forecasts indicating an increase at an annual growth rate of 3.0%, reaching around 45 MMTPA by 2025 [2]. China's
demand is anticipated to lead this growth, followed by India and Thailand. Despite this increasing demand,
advancements in petroleum refining technology have led to a decrease in asphalt binder production. In response to these
challenges, researchers and industry practitioners are actively exploring alternative binders to either partially or fully
replace traditional asphalt, aiming to enhance the sustainability and environmental friendliness of asphalt products [3—
5]. Bio-asphalt binders, made from biomass and biowaste materials, have gained attention due to their renewable nature,
eco-friendly properties, cost-effectiveness, and lower energy consumption compared to traditional asphalt binders [6—
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8]. Bio-asphalt (BA) is typically produced by mixing bio-oil with asphalt binder or by modifying bio-oil with additives
[9-11]. Raw bio-materials such as waste wood, maize stover, animal waste, castor oil, sunflower oil, and waste cooking
oil are used to produce bio-oils for BA binder production [12, 13]. The use of BA binders plays a crucial role in
improving pavement performance, managing waste disposal, and promoting both economic viability and environmental
sustainability [12, 14—-16].

Waste cooking oil (WCO) is the oil and fat used in cooking or frying, commonly found in restaurants and food
service industries [17, 18]. It is a mixture of vegetable oils such as sunflower, soya, palm, and rapeseed, along with free
fatty acids, monoglycerides, diglycerides, and triglycerides, which usually account for 5% to 20% of the total weight
[17, 19]. These components are produced as by-products during the frying process [20]. In 2018, the WCO sector was
valued at $6041.2 million and is expected to reach $8886.7 million by 2026, with a compound annual growth rate
(CAGR) of 5.0% from 2019 to 2026 [21]. The USA is the largest producer, generating approximately 5.5 million tons
annually, followed by China with 5 million tons, India with 3 million tons, and the European Union with 1 million tons.
The remaining countries collectively produce around 2 million tons of WCO per year [18]. In general, the elemental
composition of waste cooking oil (WCO) is comparable to that of asphalt binder, making it a viable additive for asphalt
modification [22, 23]. Numerous studies have explored the use of WCO in asphalt binders, consistently reporting that
its incorporation results in a softer binder with reduced viscosity [22, 24-27]. For instance, Portugal et al. [28]
demonstrated that adding WCO to asphalt binder increases the penetration value while lowering the softening point and
rutting factor, thereby enhancing the fatigue life of the binder. In another study, Saboo et al. [24] investigated the
combined effect of nanoclay and WCO in asphalt binders. Their findings indicated improved rutting resistance; however,
excessive nanoclay content adversely affected fatigue life. They recommended optimal dosages 0f 2.5% WCO and 4.6%
nanoclay for better performance. Furthermore, research by Ruiken et al. [29] highlighted that a combination of WCO
and crumb rubber from waste tires significantly improved rutting resistance at high temperatures and reduced cracking
susceptibility at low temperatures. Additionally, Wen et al. [3] examined the use of bio-asphalt derived from WCO in
hot mix asphalt. Their results showed a reduction in dynamic modulus, indicating a softer mix, along with decreased
resistance to both rutting and fatigue cracking. Overall, while WCO contributes to improved workability and
sustainability, its performance benefits must be carefully balanced with other modifiers to optimize the mechanical
properties of asphalt mixtures.

Plastic pollution disrupts habitats and interferes with natural processes, diminishing ecosystems’ ability to adapt
to climate change. This has direct consequences for millions of people, affecting livelihoods, food production, and
overall social well-being [30]. In 2020, global plastic production reached approximately 367 million tons, and by
2050, plastic waste is projected to exceed 12,000 million tons due to inadequate waste management practices [31].
In response to this growing concern, the incorporation of waste polyolefin plastics into asphalt binder has gained
considerable attention. Numerous studies have demonstrated that using waste plastics as asphalt modifiers
significantly enhances pavement performance. Key improvements include increased rutting resistance at elevated
temperatures, reduced sensitivity to temperature variation, and decreased moisture susceptibility, commonly known
as stripping [32-34]. For instance, Khedaywi et al. [35] evaluated the use of waste polyethylene terephthalate (PET)
as a modifier at varying concentrations of 0%, 5%, 10%, and 15% by weight of the asphalt binder. Their findings
revealed enhanced rutting resistance at high temperatures with increasing PET content; nevertheless, there was a
decline in performance at lower temperatures. This improvement is mainly due to a rise in asphaltene content and
a decline in resin content within the modified binder.

Similarly, Bensaada et al. [36] investigated the effect of recycled low-density polyethylene (LDPE) plastic waste on
asphalt binders. Their study concluded that LDPE-modified binders exhibited improved rutting resistance; a 3% LDPE
addition yielded the most optimal overall performance improvement. Further research by Ghani et al. [37] examined the
influence of plastomers at concentrations of 0%, 2%, 4%, and 6% by binder weight. Results indicated a significant
improvement in high-temperature performance, as demonstrated by a 95.27% increase in the G*/sin(8) parameter, a key
indicator of rutting resistance. Additionally, Singh & Gupta [38] assessed the impact of LDPE on hot-mix asphalt and
reported superior mechanical properties, including increased stiffness, higher indirect tensile strength, and increased
fatigue life. In another study, Abdullah et al. [39] evaluated asphalt mixtures incorporating plastic waste at 4%, 6%, 8%,
and 10% by weight. Among these, the 4% mixture demonstrated the highest Marshall stability, while the 8% mixture
exhibited the better tensile strength and creep modulus.

The temperature, time, and speed are the primary factors that influence the interaction between the asphalt binder
and additives [40]. These factors ultimately determine the performance and compatibility of modified binders. In
addition, it is important to understand that modified asphalt binders can often experience phase separation, a
phenomenon that becomes more pronounced under certain storage conditions, such as storage time, gravitational
influence, and high temperature [40, 41]. Optimization of the blending conditions for modified binders offers high
performance, storage stability, and cost efficiency [42]. Thus, the design of an experiment (DOE) is a statistical
method that enables the control of input factors in order to assess the influence on the response variables. By
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controlling the input factors, the DOE can identify significant interactions that may be ignored if experimentation is
performed with one factor at a time. The exploration of all potential combinations can be conducted using a full
factorial approach; alternatively, only a subset of the potential combinations can be examined using a fractional
factorial approach [43, 44]. This DOE concept can be accomplished by utilizing response surface methodology
(RSM). RSM, a tool that integrates statistical and mathematical methods, is used for optimization of the response
variable as influenced by independent variables [45]. Several research investigations have been conducted using RSM
to optimize blending conditions. A study conducted by Menon et al. [41] investigated the influence of different
blending conditions and petroleum sludge contents on the asphalt binder. The analysis used data from the softening
point and penetration value to identify the optimal blending parameters. The most favorable blending parameters were
determined to be a temperature of 149 °C, a speed of 1292 rpm, and a duration of 53 min. Similarly, using RSM and
physical properties, Liu et al. [46] investigated optimal blending conditions for a binder modified with ground tire
rubber and diatomite, examining temperature (160—190 °C), mixing time (30—60 min), and blending speed (3000—
6000 rpm) as key variables. Based on the optimization, the optimal blending parameters were determined as follows:
a temperature of 183 °C, a time of 55 min, and a speed of 5300 rpm.

Although extensive research has been conducted on eco-friendly and alternative asphalt modifiers, there is currently
no documented study that investigates the use of a co-pyrolysis product derived from waste cooking oil (WCO) and
low-density polyethylene (LDPE) at 350°C as a modifier for asphalt binder. In previous work, the authors explored the
production of bio-asphalt through the pyrolysis of WCO and LDPE [47, 48]. Pyrolysis, a thermochemical process
conducted in an inert atmosphere, facilitates the thermal degradation of long-chain organic compounds and yields solid,
liquid, and gaseous products [34]. Specifically, co-pyrolysis of WCO and LDPE in a 1:1 ratio at 350°C produces bio-
asphalt (BA) and bio-oil. BA is utilized in asphalt binder enhancement, whereas the liquid bio-oil finds applications in
the energy sector, particularly as a substitute for automotive fuel. However, the literature lacks comprehensive studies
focusing on the systematic optimization of blending parameters for incorporating this co-pyrolysis-derived BA into
asphalt binder. This represents a clear research gap, particularly in terms of establishing optimal blending conditions to
maximize performance benefits. Therefore, the present study addresses this gap by employing a response surface
approach to optimize the blending conditions for bio-modified asphalt binder using BA derived from WCO and LDPE.
The optimization process is governed by physical performance indicators as response variables, whose statistical
significance is validated through analysis of variance, diagnostic plots, Cook’s distance and leverage analysis, and
variance inflation factor assessment. In addition, the study investigates the influence of blending parameters on these
response variables using three-dimensional surface and contour plots. To further validate the optimized bio-asphalt, a
comprehensive evaluation of rheological and mechanical properties is conducted through tests such as multiple stress
creep recovery, linecar amplitude sweep, Marshall stability, retained stability, tensile strength ratio, indirect tensile
fatigue test, resilient modulus, and dynamic creep.

The subsequent parts of this paper are described as follows: Section 2 presents the materials and methods adopted
for the research, including the properties of the raw materials, the preparation of bio-modified asphalt binders, the
experimental design, and the test techniques used. Section 3 presents and discusses the experimental and statistical
findings, covering the optimization of blending conditions, statistical analysis of the results, and the evaluation of the
optimized bio-asphalt in terms of its rheological and mechanical performance. Section 4 concludes the article by
summarizing the key outcomes and offering recommendations for future research directions.

2. Materials and Methods
2.1. Asphalt Binder

This study utilizes a VG 30 grade asphalt binder sourced from a single supplier to ensure the uniformity of the
original binder. The VG 30 grade asphalt binder demonstrates a penetration value of 51 dmm, a softening point of 54.5
°C, a ductility greater than 100 cm, and a viscosity of 0.6 Pa. s [47].

2.2. Bio-Asphalt

Bio-asphalt was produced from waste cooking oil and low-density polyethylene in a 1:1 ratio through pyrolysis at
350°C. The physical properties of the bio-asphalt include a penetration value of 10.30 dmm, a softening point of 62.5
°C, and a viscosity of 0.94 Pa.s [47].

2.3. Aggregates

The study utilizes crushed granite aggregates obtained from the local quarry in Vellore, India. Table 1 provides an
overview of the physical properties of aggregates.
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Table 1. Properties of aggregates

Test Test results  Specification [49]
Aggregate impact value (%) 18.67 Max 24%
Specific gravity of fine aggregate 2.73 -
Specific gravity of coarse aggregate 2.67 -
Combined flakiness and elongation test (%) 17.4 Max 30%
Water absorption value (%) 1.5 Max 2%

2.4. High-Speed Homogenizer

A high-speed homogenizer was specifically designed and developed to blend asphalt with various substitutes. It is
constructed using high-quality stainless steel, which offers excellent resistance to corrosion. The high-speed
homogenizer comprises a blending chamber equipped with a 1000-ml capacity with a heater, a temperature controller
capable of reaching a maximum temperature of 350 °C, and a spindle containing an impeller that can rotate at a maximum
speed of 2500 rpm. Figure 1 shows a photographic view of the high-speed homogenizer.

Temperature and
speed controller

Spindle with impeller

Mixing chamber with heater

Figure 1. Photographic view of high-speed homogenizer

2.5. Preparation of Bio-Modified Asphalt Binders

The bio-modified asphalt binder was produced using a high-speed homogenizer with blending parameters that fit the
RSM experimental matrix. After the production of the bio-modified asphalt binder using the RSM matrix, an analysis
of its physical properties was performed to compare it with the standard VG30 asphalt binder according to the IS 73
guidelines [50]. A schematic of the experimental process is presented in Figure 2.

2.6. Penetration Value Test

In compliance with ASTM D5 specifications, the penetration value test was conducted. The results of this test were
utilized as input parameters for RSM analysis. Furthermore, the data obtained from this experiment were utilized to
assess the thermal susceptibility of the bio-modified asphalt binders.

2.7. Softening Point Test

As per ASTM D36, the ring-and-ball method was used to determine the softening temperature of the bio-modified
asphalt binders. The results of this test were subsequently utilized as input parameters for RSM analysis.

2.8. Ductility Test

The ductility test was conducted on bio-modified asphalt binders to assess the adhesive nature and extensibility of
bio-modified asphalt binders. This test followed the guidelines outlined in ASTM D113-17.
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Figure 2. Schematic view of the experimental procedure

The penetration index was employed to assess the temperature sensitivity of the bio-modified asphalt binders. The
following Equation 1 is used to calculate the PI [51]:
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_1952-500log pen—20 SP

PI
50log pen—SP-120

M

In this context, "pen" denotes the penetration value of bio-modified asphalt binders, while "softening point" indicates
the softening point of the bio-modified asphalt binders.

2.10. Storage Stability Test

As per ASTM D5892, 50 g of bio-modified asphalt binder was introduced into a 25 mm x 140 mm aluminium
cylinder and maintained vertically in an oven at 163 = 5 °C for 48 h. It was then frozen at -6.7 + 5°C. The aluminium
tube was sectioned into three segments, and the softening points of the top and bottom portions were evaluated following
ASTM D36 standard [41].

2.11. Design of Experiments Using RSM

Response Surface Methodology (RSM) is a statistical technique used to analyze problems characterized by multiple
variables that influence the response. The primary objective of conducting experiments using RSM is to optimize the
response [44].In this study, a face-centered central composite design was employed for the experimental design. The
star points in this design, designated as o =+ 1, were located at the center of each factorial space face. Furthermore, this
specific design requires three levels for each factor [44]. The Equation 2 provided is the ideal predictive model utilized
to optimize the blending conditions, as given below [44]:

Y =By + X1 BiXi + Nicy BuX? + XX B Xi X+ € 2

where Y indicates the response, X; Xj indicates independent variables, f,,8; f;;, and f;; are regression coefficients, and
¢ indicates the random error.

The study employed Design Expert software for the design of experiments. The experimental design consisted of
independent variables, including the blending temperature, speed, time, and BA content. These variables were selected
based on previous studies [9, 52—56]. Individual components were categorized into high and low levels. The blending
temperature was set within the range of 130-160°C, and the blending speed was varied between 1000 and 2500 rpm.
Similarly, the blending time was in the range of 30—-60 min, and the BA content has been chosen to be between 5% and
15%, taking into account these variables. In contrast, the response variables for the bio-modified asphalt binders are
penetration value and softening point. A total of 30 experimental runs have been produced using the face-centered central
composite design, in which the central point is repeated six times to ensure reliability, along with fit statistics. Diagnostic
plots, 3D response surface plots, leverage and Cook's distance plots, and variance inflation factors were utilized to
analyze and predict the response variables. Table 2 outlines the experimental design variables and their corresponding
coded values.

Table 2. Experimental Design Variables and Corresponding Coded Values

Design variables

Coded values

Blending temperature Blending speed Blending time Bio-asphalt content
(49) (rpm) (min) (%)
130 1000 30 5 -1
145 1750 45 10 0
160 2500 60 15 +1

2.12. Rheological Analysis

Rheological tests, including the multiple stress creep and recovery (MSCR) and linear amplitude sweep (LAS), were
performed on the control binder as well as the asphalt binder containing the optimal bio-asphalt content.
2.12.1. Multiple Stress Creep and Recovery

Following AASHTO T350 guidelines, short-term aged binder samples were subjected to the MSCR test using a DSR
(Anton Paar MCR 702 e) equipped with a 25 mm diameter spindle and a 1 mm gap. Cyclic stresses of 0.1 and 3.2 kPa
(1 s creep, 9 s recovery) were applied to evaluate the elastic response of the control and bio-modified asphalt binders.

The evaluation was done at a controlled temperature of 64 °C.

2.12.2. Linear Amplitude Sweep

To evaluate fatigue life, the LAS test was carried out on long-term aged samples in accordance with AASHTO
TP391 using a DSR (Anton Paar MCR 702e) fitted with an 8 mm diameter spindle and a 2 mm gap, testing both control
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and bio-modified asphalt binders. The following fatigue life Equation 3 is used to compute the A and B constants for
both control and bio-modified asphalt binders.

Ne=A (Ymax)B (3)

where; B = 20; Ymax = the maximum anticipated binder strain for a specific pavement structure.

At a low strain amplitude of around 0.1%, a frequency sweep test is used to first find the undamaged material
parameter a. Then, a strain sweep was conducted at a preset frequency of 10 Hz; the strain amplitude increases linearly
from 0.1% to 30% over 300 s. The binder is subjected to 100 cycles at each strain level. To calculate the value of A, this
data is fed into a viscoelastic continuum damage analysis. The experiment was performed at 25 °C.

2.13. Mechanical Properties of Control and Bio-Modified Asphalt Mixtures

Mechanical properties such as Marshall stability, resilient modulus, tensile strength ratio, indirect tensile fatigue,
resilient modulus, and dynamic creep tests were evaluated for the optimal bio-asphalt content (5.7%) determined by the
RSM optimization technique and then compared with the control asphalt mixture.

2.13.1. Optimization of Asphalt Mixtures

The Marshall stability test is carried out to ascertain the optimal asphalt binder proportion for the control asphalt
mixture as per ASTM D1559, and the mixing and compaction temperature for the control asphalt mixture and bio-
modified asphalt mixture is shown in Table 3. The optimal asphalt content is determined to be 5.5% of the total mix
weight, which is utilized in the preparation of the bio-modified asphalt mixture. The gradation curve for the BC mixture
grade -01, as per MoRTH [49], is depicted in Figure 3. Portland cement, obtained locally with a specific gravity of 3.02,
is employed as a filler material.

Table 3. Mixing and compaction temperatures for control asphalt mixture and bio-modified asphalt mixture

Type of binder Asphalt binder  Bio-modified asphalt binder
Mixing temperature (°C) 160 161
Compaction temperature (°C) 156 158
120 7
==& Minimum threshold ==€-—Maximum threshold
100 Mid range —6&— Obtained gradation |]|
80 1
o0
g
2 60 .
I3
-
X
40 1
20 -
0 r T T |
0.01 0.1 1 10 100
Sieve Size (mm)

Figure 3. Gradation curve for bituminous concrete (BC) mixture

2.13.2. Retained Stability Test

Retained stability for control asphalt mixture and bio-modified asphalt mixture is conducted as per ASTM D1075.In
this test, the marshal stability test is conducted on the compacted Marshall specimens before and after conditioning the
specimens. The conditioned specimens are kept in a water bath at 60 °C for 24 h, and the unconditioned specimens are
kept in a water bath at 60 °C for 30 min. The retained stability is assessed using Equation 4.
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Retained stability (RS) = —oconditioned 4 )

RS Unconditioned

2.13.3. Tensile Strength Ratio Test

The tensile strength ratio (TSR) test for both the control and bio-modified asphalt mixtures was performed according
to AASHTO T283 standards. TSR is defined as the ratio of the tensile strength of a moisture-conditioned specimen to
that of an unconditioned one and is determined using Equation 5 [57].

Tensile strength ratio (TSR) = _ITS Conditioned 1 %)

ITS Unconditioned
2.13.4. Resilient Modulus Test

The resilient modulus test for both the control and bio-modified asphalt mixtures was conducted in accordance with
ASTM D4123 at temperatures of 25 °C and 35 °C. The test employed a loading frequency of 1 Hz, comprising a 0.1-s
loading phase followed by a 0.9-s recovery period [58]. The applied repeated load in this test was approximately 10%
of the indirect tensile strength values of both the control and bio-modified asphalt mixtures.

2.13.5. Indirect Tensile Fatigue Test

The indirect tensile fatigue test was performed at 25 °C to evaluate the fatigue life of both control and bio-modified
asphalt mixtures, following the BS DD ABF (2003) guideline, using a load equivalent to 10% of the compacted Marshall
specimen’s indirect tensile strength.

2.13.6. Dynamic Creep Test

The dynamic creep test was conducted on both the control and bio-modified asphalt mixtures to assess permanent
deformation at 60°C in accordance with EN 12697-25:2005. The samples underwent a seating pressure of 100 kPa, and
tests were stopped after 3600 cycles.

3. Results and Discussion
3.1. Statistical Evaluation of Penetration Value and Softening Point Using ANOVA

Table 4 presents the experimental design matrix for the bio-modified asphalt binder. Among the trials, the maximum
and minimum penetration values were recorded as 65 and 47 dmm, corresponding to run numbers 19 and 9, respectively.
For the softening point, the highest value observed was 79.4°C in run number 20, while the lowest was 56.2°C in run
number 11. Based on statistical analysis, the software identified a quadratic model as the best fit for both penetration
and softening point values, confirmed by p-values below 0.05, indicating statistical significance. The findings from the
analysis of variance (ANOVA) for penetration and softening point values, after the removal of insignificant terms, are
presented in Tables 5 and 6. The model F-values for penetration and softening point were found to be 48.67 and 246.95,
respectively. These high F-values suggest that the models are highly significant, with only a 0.01% probability that these
results could be due to random variation. Furthermore, all p-values for the regression models are below 0.05, affirming
the substantial influence of blending factors, such as temperature, speed, time, and BA content, on the response variables.
Additionally, the lack-of-fit tests for both models were found to be statistically insignificant, confirming the reliability
of the fitted models.

The coefficients of determination (R?) for penetration and softening point were 0.9393 and 0.9847, respectively, both
exceeding the threshold of 0.7, which indicates a significant relationship exists between the predicted and actual values.
The adjusted R? and predicted R? values for both models differ by less than 0.2, suggesting close agreement and further
supporting model robustness. Moreover, the adequate precision values, 31.2533 for penetration and 42.9585 for
softening point, greatly exceed the recommended minimum value of 4, indicating that the models provide an adequate
signal and are suitable for navigating the design space effectively [41]. As a result, the developed regression models can
effectively forecast the response variables. The corresponding mathematical equations relating penetration and softening
point to the independent variables are provided in Equations 6 and 7.

Y; = 5583 —1.06*A —1.28*B—1.06 «C—4.06 *D + 1.75* A% C+ 1.50 x C* D — 2.22 = D? 6)

Y, = 65.65 + 0.9611 * A + 0.6444 * B + 0.0833 x C + 9.96 * D — 0.6000 * B * D + 2.96 x D? @)
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Table 4. Experimental design matrix for bio-modified asphalt binders

Independent variables Responses
RNI:,n A: Blending B: Blending C: Blending D: Bio-asphalt Penetration value Softening point
temperature (°C) speed (rpm) time (min) content (%) (dmm) C)
1 160 1000 30 5 58 59.1
2 145 1750 60 10 54 68.2
3 145 1750 45 10 56 65.1
4 145 1750 45 10 56 64.2
5 160 2500 30 5 55 59.4
6 145 1750 45 10 55 64.5
7 130 2500 60 15 48 71.5
8 130 1000 30 15 53 76.9
9 160 1000 30 15 47 79.2
10 130 1000 60 15 52 78.4
11 130 1000 60 5 56 56.2
12 130 2500 30 15 49 71.5
13 145 1750 45 5 56 58.3
14 130 2500 60 5 53 57.5
15 160 1000 60 5 57 57.1
16 160 1750 45 10 55 67.4
17 145 1750 45 10 57 66.2
18 160 1000 60 15 53 79.1
19 130 1000 30 5 65 56.7
20 160 2500 30 15 47 79.4
21 145 1750 45 10 55 63.9
22 160 2500 60 15 48 78.5
23 130 2500 30 5 63 58.6
24 145 1750 45 15 49 78.2
25 145 1750 30 10 59 66.7
26 160 2500 60 5 56 62.5
27 145 1000 45 10 56 64.1
28 130 1750 45 10 56 65.1
29 145 2500 45 10 55 67.5
30 145 1750 45 10 56 64.9
Table 5. Statistical overview of softening point
Fit summary for penetration value
Source Sequential p-value  Lack of Fit p-value Adjusted R? Predicted R?
Quadratic 0.0038 0.0814 0.9114 0.7134 Suggested
ANOVA model for penetration value
Source Sum of Squares df Mean Square F-value p-value
Model 486.11 7 69.44 48.67 <0.0001 significant
A-Blending Temperature 20.06 1 20.06 14.06 0.0011
B-Blending Speed 29.39 1 29.39 20.60 0.0002
C-Blending time 20.06 1 20.06 14.06 0.0011
D-Bio-asphalt content 296.06 1 296.06 207.50 <0.0001
AC 49.00 1 49.00 34.34 <0.0001
CD 36.00 1 36.00 25.23 <0.0001
D? 35.56 1 35.56 24.92 <0.0001
Lack of Fit 28.56 17 1.68 2.96 0.1168 not significant
Fit statistics for penetration value
Std. Dev. 1.19 R? 0.9393
Mean 54.50 Adjusted R? 0.9200
CV. % 2.19 Predicted R? 0.8686

Adeq Precision 31.2533
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Fit summary for softening point

Source Sequential p-value Lack of Fit p-value  Adjusted R* Predicted R*
Quadratic 0.0006 0.1205 0.9765 0.9381 Suggested
ANOVA model for softening point
Source Sum of Squares df Mean Square F-value p-value
Model 1868.07 6 311.35 246.95 <0.0001 significant
A-Blending Temperature 16.63 1 16.63 13.19 0.0014
B-Blending Speed 7.48 1 7.48 5.93 0.0231
C-Blending time 0.1250 1 0.1250 0.0991 0.7557
D-Bio-asphalt content 1786.03 1 1786.03 1416.61 <0.0001
BD 5.76 1 5.76 4.57 0.0434
D? 52.06 1 52.06 41.29 <0.0001
Lack of Fit 25.68 18 1.43 2.15 0.2031 not significant
Fit statistics for softening point
Std. Dev. 1.12 R? 0.9847
Mean 67.26 Adjusted R* 0.9807
CV.% 1.67 Predicted R? 0.9746
Adeq Precision 42.9585

3.2. Diagnostic Visualization of Penetration Value and Softening Point

Diagnostic plots serve as effective visual tools to assess the validity of the statistical model, the accuracy of the

dataset, and the normality of the residual distribution. Figures 4-a and 5-a display the normal probability plots of
residuals for penetration value and softening point, respectively. In both cases, the residual points lie closely along a
straight line, indicating that the residuals are normally distributed. Figures 4-b and 5-b illustrate the plots of residuals
versus predicted values for the two responses. The random and scattered distribution of residuals along the zero-
reference line suggests the absence of systematic error, confirming that the model provides a good fit for the data.
Additionally, the histogram plots shown in Figures 4-c and 5-c further support the normality of residuals. The
symmetrical shape and lack of extreme values in these plots indicate the absence of outliers for both penetration value
and softening point. Figures 4-d and 5-d present the residuals versus run order plots. The residuals appear sinusoidally
scattered above and below the central line, suggesting no apparent pattern and affirming the model's predictive reliability
and consistency throughout the experimental sequence. Moreover, Figures 4-¢ and 5-¢ depict the predicted versus actual
values for both response variables. The residuals points lie close to the 45-degree line, demonstrating a close alignment
between the predicted and actual values and thus confirming the model's predictive accuracy. Eventually, Figures 4-f
and 5-f illustrate the perturbation plots for penetration value and softening point. The sloping and curvilinear trends
observed in these plots reflect the sensitivity of the responses to changes in the input variables, thereby emphasizing the
significant influence of process conditions on the performance outcomes.
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Figure 5. Diagnostic plots for softening point

3.3. Effects of Blending Conditions on Penetration Value and Softening Point: 3D Response Surface and Contour Plots

The penetration value of the asphalt binder is significantly influenced by blending temperature, blending time,
blending speed, and BA content, as confirmed by statistical analysis with p-values less than 0.005. Among these factors,
BA content exerts the most pronounced effect, as indicated by a highly significant p-value below 0.0001, as presented
in Table 5. The influence of these variables is further illustrated in the 3D response surface and contour plots presented
in Figures 6-a to 6-f, which depict the interactive effects between penetration value and each of the blending parameters,
including BA content, temperature, speed, and time. As observed from the plots, the penetration value consistently
decreases with increasing BA content, blending temperature, blending speed, and blending time. This decreasing trend
is primarily attributed to the modifications in the physiochemical properties of the asphalt binder resulting from its
interaction with BA. Bio-asphalt contains several aliphatic, non-polar compounds such as pentadecane, heptadecene,
and dodecane [47] that contribute to these changes. The observed reduction in penetration value is beneficial, as it
indicates enhanced resistance to rutting of the modified binder, enhancing its performance under high-temperature
conditions [30].
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Figure 6. 3D response surface and contour plots for penetration value

Figure 7 presents the 3D graphical response surfaces and contour plots representing the variation in softening point

with respect to BA content, blending temperature, blending speed, and blending time. Specifically, Figures 7-a to 7-f
depict how the softening point responds to changes in each of these parameters. The plots clearly demonstrate that the
softening point increases progressively with increasing BA content, blending temperature, blending speed, and blending
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time. The statistical analysis of variance confirms that these effects are significant, with p-values less than 0.05,
emphasizing the importance of optimizing blending conditions. Notably, among all the variables, BA content has the
most substantial influence on the softening point, as evidenced by a highly significant P-value < 0.0001 (Table 6),
surpassing the influence of temperature, speed, and time. This pronounced effect is primarily ascribed to the improved
interaction between the BA and the asphalt binder, which promotes an increase in the asphaltene-to-maltene ratio. Such
a shift in the binder's microstructure contributes to improved stiffness and a higher softening point, thereby enhancing
the binder’s resistance to deformation under elevated temperature [59].
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Figure 7. 3D response surface and contour plots for softening point

3.4. Leverage and Cook’s Distance Value for Penetration Value and Softening Point

Table 7 presents the leverage and Cook’s distance values associated with the penetration value and softening point,
while Figure 8 provides a corresponding graphical representation of these diagnostic metrics. Leverage serves as an
important statistical diagnostic tool that quantifies the influence of individual data points on the model's overall fit [45].
The average leverage for both penetration value and softening point is calculated based on the ratio of the number of
model parameters to the total number of experimental runs. Accordingly, twice the average leverage is determined to be
0.6 for the penetration value and 0.5 for the softening point. In statistical modeling, data points with leverage values
exceeding twice the average leverage are typically considered to exert an unusually high influence on the regression
outcome. However, in this study, all experimental runs exhibit leverage values below these thresholds, less than 0.6 for
penetration and less than 0.5 for the softening point, as detailed in Table 7. Furthermore, Figures 8-a and 8-c visually
confirm that the leverage values for penetration and softening point, recorded at 0.53 and 0.46, respectively, lie well
within the red reference boundary, indicating no excessive influence by any single data point.

Table 7. Leverage and cook’s distance value for penetration value and softening point

Run Order Leverage Cook’s distance Leverage Cook’s distance
(penetration value) (penetration value) (softening point) (softening point)
1 0.403 0.048 0.34 0.105
2 0.139 0.01 0.139 0.129
3 0.083 0 0.083 0.003
4 0.083 0 0.083 0.024
5 0.403 0.128 0.34 0.107
6 0.083 0.006 0.083 0.015
7 0.403 0 0.34 0
8 0.403 0.004 0.34 0.009
9 0.403 0.034 0.34 0
10 0.403 0.199 0.34 0.093
11 0.403 0.009 0.34 0
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12 0.403 0.266 0.34 0.004
13 0.111 0.034 0.111 0
14 0.403 0.002 0.34 0.137
15 0.403 0.001 0.34 0.103
16 0.139 0.001 0.139 0.013
17 0.083 0.012 0.083 0.003
18 0.403 0.105 0.34 0.004
19 0.403 0.048 0.34 0.033
20 0.403 0.385 0.34 0.003
21 0.083 0.006 0.083 0.034
22 0.403 0.199 0.34 0.07
23 0.403 0.155 0.34 0
24 0.111 0.004 0.111 0
25 0.139 0.073 0.139 0.027
26 0.403 0.214 0.34 0.298
27 0.139 0.02 0.139 0.017
28 0.139 0.013 0.139 0.004
29 0.139 0.003 0.139 0.031
30 0.083 0 0.083 0.006
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Figure 8. Leverage and cook’s distance plots for penetration value and softening point

In addition to leverage, Cook’s distance is employed as another diagnostic metric to assess the overall impact of each
observation on the fitted regression model [45]. As shown in Table 7, the Cook’s distance values for all experimental
runs, both for penetration and softening point, remain below the critical threshold of 1. Specifically, Figures 8-b and 8-
d reveal that the maximum Cook’s distance values for penetration and softening point are 0.95 and 0.93, respectively,
further confirming that none of the data points significantly distort the model. These diagnostic outcomes indicate that
the developed predictive model is statistically sound, robust, and reliable.
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3.5. Variance Inflation Factor for Penetration Value and Softening Point

The variance inflation factor (VIF) values for the penetration and softening point models are presented in Table 8.
The variance inflation factor (VIF) evaluates the increase in the variance across the coefficient of estimate due to non-
orthogonality in the design [60]. Specifically, it assesses the extent to which the non-orthogonality of the experimental
design contributes to the instability or redundancy in the estimated coefficients. In general, a VIF value of 1 indicates
perfect orthogonality, meaning there is no correlation among the predictor variables. Conversely, a value of VIF greater
than 10 often denotes significant multicollinearity, which can hinder the effectiveness and interpretability of the
regression model. In this study, the VIF values for all predictor variables, including blending temperature, blending
speed, blending time, BA content, interaction terms, and polynomial terms, are equal to 1 for both the penetration and
softening point models, as indicated in Table 8. This uniformity in VIF values clearly demonstrates the absence of
multicollinearity among the model inputs. As a result, the design can be classified as orthogonal, signifying that the
predictors are statistically independent of one another. This independence enhances the robustness and precision of the
regression estimates, thereby contributing to the overall reliability and predictive strength of the developed models.

Table 8. Variance inflation factor for penetration value and softening point

Variance inflation factor for penetration value

Factor Coefficient Estimate Df  Standard Error 95% CILow  95% CI High VIF
Intercept 55.83 1 0.3448 55.12 56.55
A-Blending Temperature -1.06 1 0.2815 -1.64 -0.4717 1.0000
B-Blending Speed -1.28 1 0.2815 -1.86 -0.6939 1.0000
C-Blending time -1.06 1 0.2815 -1.64 -0.4717 1.0000
D-Bio-asphalt content -4.06 1 0.2815 -4.64 -3.47 1.0000
AC 1.75 1 0.2986 1.13 2.37 1.0000
CD 1.50 1 0.2986 0.8807 2.12 1.0000
D? -2.22 1 0.4452 -3.15 -1.30 1.0000
Variance inflation factor for softening point
Factor Coefficient Estimate Df Standard Error 95% CILow  95% CI High VIF
Intercept 65.65 1 0.3241 64.98 66.32
A-Blending Temperature 0.9611 1 0.2647 0.4136 1.51 1.0000
B-Blending Speed 0.6444 1 0.2647 0.0970 1.19 1.0000
C-Blending time 0.0833 1 0.2647 -0.4641 0.6308 1.0000
D-Bio-asphalt content 9.96 1 0.2647 9.41 10.51 1.0000
BD -0.6000 1 0.2807 -1.18 -0.0193 1.0000
D? 2.69 1 0.4185 1.82 3.55 1.0000

3.6. Storage Stability of Bio-Modified Asphalt Binders

Figure 9 shows the storage stability values of the bio-modified asphalt binders. The modified binders were subjected
to thermal and freezing conditions in an aluminium tube, after which the softening point of the modified binders was
determined. If the differences between the softening point value of the upper and lower portions are below 2.2 °C, it
suggests that the binder with varying amounts of BA is evenly mixed [41]. Hence, the bio-modified asphalt binders
exhibited no phase separation under different blending conditions.
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Figure 9. Strorage stability of bio-modifed asphalt binders
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3.7. Ductility Value of Bio-Modified Asphalt Binders

The ductility values of the bio-modified asphalt binders are presented in Figure 10, providing a clear indication of
how the incorporation of BA influences the binder’s flexibility and performance at low temperatures. As illustrated in
Figure 10, a noticeable decrease in ductility is observed across varying BA proportions and blending conditions. This
decline becomes particularly significant when BA is incorporated at 15% by weight of the asphalt binder. At this
concentration, the modified binder exhibits reduced ability to form a continuous, ductile film around aggregate particles,
which is essential for maintaining flexibility and crack resistance under low-temperature conditions. As a result, the
ductility values in several experimental runs fall below the minimum acceptable threshold of 40 cm, as stipulated in the
1S73:2013 [50]. Specifically, this inadequacy is observed in run numbers 7, 8, 9, 10, 18, 20, 22, and 24, where the high
BA content and certain blending conditions contribute to excessive binder stiffness. These findings highlight the
importance of optimizing BA content and blending parameters to ensure that the modified binder retains adequate
ductility and remains compliant with performance standards for cold climate applications.
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Figure 10. Ductility value of bio-modifed asphalt binders
3.8. Penetration Index of Bio-Modified Asphalt Binders

Figure 11 illustrates the Penetration Index (PI) values of the bio-modified asphalt binders under various blending
conditions. As depicted in Figure 10, all PI values fall within the standard acceptable range of -3 to +7, which is
commonly used to assess the thermal susceptibility of asphalt binders [61]. Typically, PI values near -3 indicate that the
binder is highly susceptible to deformation at elevated temperatures, while values approaching +7 reflect increased
stiffness and improved resistance to deformation at lower temperatures. These values serve as indicators of the binder's
temperature sensitivity, which is critical for determining its suitability across different climatic conditions. Importantly,
for regions with warm or hot climates, PI values greater than +4 are generally preferred, as they indicate enhanced
resistance to rutting and better performance under high-temperature exposure. In contrast, PI values below +4 are more
appropriate for moderate climates. Based on the data presented in Figure 11, it is evident that incorporating 15% BA by
weight into the asphalt binder significantly influences the performance of modified binders, producing PI values
exceeding +4 in run numbers 7, 8, 9, 10, 18, 20, 22, and 24. This trend highlights the potential of higher BA content to
enhance the binder's high-temperature performance, particularly in warm climate conditions.
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Figure 11. Penetration index of bio-modifed asphalt binders
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3.9. Multi-Objective Optimization

In the present study, a multi-objective optimization technique was utilized, employing RSM to analyze the variables
and determine the optimal solution [44]. The criteria that must be examined to optimize the blending conditions are
critical factors that influence the efficiency of the blending process in the construction of flexible pavements [62]. To
achieve optimization, the blending temperature, blending speed, and blending time were selected as their minimum
values, whereas the BA content was selected as its maximum value. The specified upper and lower limits for the blending
parameters were as follows: blending temperature ranged from 130 to 160 °C, blending speed was set between 1000 and
2500 rpm, and blending time was set at 30 to 60 min. The BA content was set between 5 and 15%. Furthermore, the
penetration value was chosen in the range of 45 to 60 dmm, whereas the softening point was chosen in the range of 47
to 56 °C as per the IS 73 specification [47, 50]. The objective of optimization is to minimize the values of blending
variables, such as temperature, speed, and time, to decrease greenhouse gas emissions and energy usage during the
blending process in the asphalt industry [54]. Furthermore, the BA content was optimized to maximize its utilization of
BA content in the asphalt binder, thereby promoting the development of a more sustainable asphalt binder. A graphical
ramp view of the optimized blending conditions is shown in Figure 12. The responses and independent variables for the
optimized value are represented by a blue and red pointer, respectively, as shown in Figure 12. The combined desirability
value for the independent variable and response variable is found to be 0.678 (Figure 12), which is in the range of 0.6
to 0.8, and hence it is desirable. Furthermore, the experimental validation of the optimized value was performed three
times, and the mean value was used to calculate the percentage of error (P.E). The percentage error can be calculated
using Equation 8:

|Experimental value —Predicted value|
Percentage Error (%) = —2 , %X 100 ®)
|Experimental value|
130 160 1000 2500
A:Blending Temperature = 130.004 B:Blending Speed = 1000
30 60 5 15
C:Blending time = 42 4154 D:Bio-asphalt content = 5.69562
9 | ]k
1
47 65 56.2 794
Penetration = 60 Softening pont = 55.9999

Desirability = 0.678
Solution 1 out of 66

Figure 12. Graphical ramp views for optimized blending conditions

Validation of the optimized blending conditions is presented in Table 9. It has been found that the percentage error
of each response was below 5%. Therefore, a strong correlation exists between the experimental and predicted outcomes
when the blending conditions are optimal. Based on the optimization technique, the values for the temperature, speed,
and time were determined to be 130 °C, 1000 rpm, and 42.37 min, respectively. Furthermore, the BA content is
determined to be 5.7%. The aforementioned blending variables are appropriate for the preparation of a bio-modified
asphalt binder.

Table 9. Validation of optimized blending conditions

Responses Predicted value Experimental value Remarks
Penetration value (dmm) 60 58 P.E (%) =3.45
Softening point (°C) 56 54 P.E (%)=3.7

3346



Civil Engineering Journal Vol. 11, No. 08, August, 2025

3.10. Rheological Analysis for Control Asphalt Binder and Bio-Modified Asphalt Binder
3.10.1. Multiple Stress Creep and Recovery

The MSCR test evaluates the elastic response characteristics of both control and bio-modified asphalt binders by
measuring their behavior during the creep and recovery phases. This assessment is conducted at two specified stress
levels, 0.1 kPa and 3.2 kPa, under a testing temperature of 64°C. In Figure 13-a, the percentage recovery for the control
binder is relatively low, showing 0.93% at 0.1 kPa and decreasing to 0% at 3.2 kPa. In contrast, the bio-modified binder
shows significantly higher recovery values of 2.75% at 0.1 kPa and 0.48% at 3.2 kPa, indicating enhanced elastic
response under stress. Figure 13-b further supports this observation, presenting non-recoverable creep compliance (Jur)
values of 5.26 and 5.83 (1/kPa) for the control binder at 0.1 and 3.2 kPa, respectively, while the bio-modified binder
exhibits lower values of 2.70 and 3.53 (1/kPa) at the same stress levels. These results highlight the improved elasticity
and reduced permanent deformation of the bio-modified asphalt binder, especially under elevated temperatures, thereby
demonstrating better performance against rutting than the control asphalt binder.
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Figure 13. MSCR evaluation (a) percentage recovery and (b) Jur (1/kPa) for control and bio-modified asphalt binders

3.10.2. Linear Amplitude Sweep

The LAS test was performed at 25°C to evaluate the fatigue performance of both the control asphalt binder and the
bio-modified asphalt binder. As illustrated in Figure 14, the effective stress initially rises with increasing effective strain,
reaches a peak at 8% strain, and subsequently declines gradually until it approaches zero. The bio-modified asphalt
binder exhibits higher maximum shear stress at lower shear strain levels relative to the control asphalt binder. This
behavior indicates increased stiffness relative to the control asphalt binder [63].
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Figure 14. Stress-strain curve for control and bio-modified asphalt binders

The integrity parameter's correlation with damage intensity provides insight into the viscoelastic continuum damage
mechanisms in asphalt binder [63]. Figure 15 clearly indicates that the damage intensity of the bio-modified asphalt
binder is lower compared to the control binder. The stiffness induced by bio-asphalt mostly diminishes the ability to
withstand fatigue performance.
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Figure 15. Viscoelastic continuum damage curve for control and bio-modified asphalt binders

Figure 16 illustrates the fatigue life (Nf) of different types of asphalt binders under two strain levels, i.e., 2.5% and
5 %. At an applied strain of 2.5%, the fatigue life of the bio-modified asphalt binder is reduced to 35.13% with respect
to the control asphalt binder, and at a 5% strain level, the fatigue life drops to 18.32% in relation to the control asphalt
binder. These findings indicate a reduction in the fatigue life of a bio-modified asphalt binder, signifying inferior
performance compared to a control asphalt binder. This diminished performance is likely due to the increased stiffness
imparted by the bio-asphalt, which reduces the binder’s ability to resist fatigue cracking.
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Figure 16. Fatigue life of the control and bio-modified asphalt binder

3.11. Mechanical Properties for Control Asphalt Mixture and Bio-Modified Asphalt Mixture

Three sets of control and bio-modified asphalt mixture samples were tested to evaluate various performance
characteristics, including Marshall stability, retained stability, tensile strength ratio, resilient modulus, indirect
tensile fatigue, and resistance to permanent deformation. The statistical parameters—mean, standard deviation, and
coefficient of variation—for these tests are summarized in Table 10, while Table 11 outlines the Marshall properties
of both types of mixtures. As illustrated in Figure 17, the Marshall stability of the bio-modified asphalt mixture
exhibits a significant improvement, reaching 15.8 kN compared to 12.95kN for the control mixture. This
enhancement is primarily attributed to the inclusion of BA, which incorporates WCO and LDPE. LDPE, classified
as a plastomer, contributes to the initial stiffness and strength of the binder, thereby increasing the mixture’s ability
to withstand applied load and making it more resistant to deformation under traffic loads [61]. In contrast, Figure
18 illustrates a decrease in the flow value from 3.2 mm (control asphalt mixture) to 2.9 mm (bio-modified asphalt
mixture), representing a 9.38% reduction. Despite this decline, both values fall within the acceptable range of 2—4
mm, indicating that neither mixture exhibits excessive plastic deformation. The Marshall quotient, shown in Figure
19, is higher for the bio-modified mixture at 5.5, compared to 4.04 for the control mixture. This increase suggests
improved resistance to rutting in the bio-modified mixture. Additionally, the retained stability rose from 86.62%
(control asphalt mixture) to 94.19% (bio-modified asphalt mixture), as illustrated in Figure 20, further confirming
improved moisture resistance.

Moreover, the TSR of the bio-modified asphalt mixture is 96.23%, higher than the control’s 93.88%, as shown
in Figure 21. The increase in TSR is due to the reinforcing effect of LDPE, which enhances the tensile properties
of the binder, contributing to greater durability under moisture-induced stress. Resilient modulus testing at 25°C
and 35°C shows that the bio-modified asphalt mixture outperforms the control asphalt mixture. At 25°C, the resilient
modulus for the control asphalt mixture is 4683 MPa, compared to 4998 MPa for the bio-modified asphalt mixture.
At 35°C, the values are 1678 MPa and 1850 MPa, respectively (Figure 22). These results indicate that the bio-
modified asphalt mixture has superior resistance to deformation. However, reduction in fatigue performance is
observed. As presented in Table 10, the control asphalt mixture achieves 8252 loading cycles to failure at a tensile
strain of 26.5 pe, while the bio-modified asphalt mixture fails at 2592 cycles under a slightly higher strain of 28.5
pe. This reduced fatigue life is attributed to the use of LDPE, which, while enhancing stiffness, possesses limited
strain tolerance, a common characteristic of plastomeric polymers [30]. Eventually, dynamic creep testing (Figure
23) reveals that the permanent deformation for the control asphalt mixture is 0.77 mm, whereas the bio-modified
asphalt mixture records a lower value of 0.65 mm. The decreased rut depth in the bio-modified asphalt mixture
sample is indicative of an enhanced ability to resist rutting. This improvement is linked to the elastic nature of the
BA, particularly the presence of LDPE, which increases binder stiffness and contributes to better performance under
sustained loading.
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Table 10. Statistical summary of mechanical properties for control asphalt mixture and bio-modified asphalt mixture

Marshall stability (kN)
Mix Type Control asphalt mixture Bio-modified asphalt mixture
Mean 12.95 15.8
Standard deviation 0.97 0.53
Coefficient of Variation (%) 0.0749 0.033

Marshall Flow (mm)

Mix Type Control asphalt mixture Bio-modified asphalt mixture
Mean 3.20 2.9
Standard deviation 0.10 0.40
Coefficient of Variation (%) 0.0313 0.1379
Marshall Quotient
Mix Type Control asphalt mixture Bio-modified asphalt mixture
Mean 4.04 5.50
Standard deviation 0.18 0.79
Coefficient of Variation (%) 0.0445 0.1434

Retained stability

Mix Type Control asphalt mixture Bio-modified asphalt mixture
Mean 86.62 94.19
Standard deviation 0.11 0.76
Coefficient of Variation (%) 0.0012 0.0080

Tensile strength ratio (%)

Mix Type Control asphalt mixture Bio-modified asphalt mixture
Mean 93.23 96.88
Standard deviation 0.24 0.67
Coefficient of Variation (%) 0.0026 0.0069

Resilient Modulus (MPa) at 25 °C

Mix Type Control asphalt mixture Control asphalt mixture
Mean 4683 4998
Standard deviation 11 7
Coefficient of Variation (%) 0.0023 0.0014

Resilient Modulus (MPa) at 35 °C

Mix Type Bio-modified asphalt mixture Bio-modified asphalt mixture
Mean 1678 1850
Standard deviation 9.5 5
Coefficient of Variation (%) 0.0057 0.0027

Number cycles to failure (Ny)

Tensile strain (pe)

. Control asphalt Bio-modified asphalt Control asphalt Bio-modified asphalt
Mix Type . . . .
mixture mixture mixture mixture
Mean 8252 2592 28.30 26.87
Standard deviation 100 94 1.015 0.351
Coefficient of Variation (%) 0.012 0.036 0.036 0.013

Permanent deformation @ 3600 cycles, mm

Mix Type Control asphalt mixture Bio-modified asphalt mixture
Mean 0.77 0.65
Standard deviation 0.03 0.02
Coefficient of Variation (%) 0.039 0.031

Table 11. Marshall properties for control asphalt mixture and bio-modified asphalt mixture

Marshall properties Control asphalt mixture  Bio-modified asphalt mixture Specification [49]
Bulk density (g/cc) 2.35 2.32 -
Theoretical specific gravity (g/cc) 2.45 2.42 -
Vv (%) 44 4.2 3-5
VMA (%) 17.20 16.88 13 min
VFA (%) 74.42 74.82 65-75
Stability value (kN) 1295 1580 9
Flow value (mm) 32 2.9 2-4
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Figure 17. Marshall stability test results

3

2.5 1

1.5 A

Marshall Flow (mm)
[\

0.5 1
0 A
Control asphalt mixture Bio-modified asphalt mixture
Mix Types
Figure 18. Marshall flow test results
7.00 1

Marshall Quotient

Control asphalt mixture Bio-modified asphalt mixture
Mix Types

Figure 19. Marshall quotient test results

3351



Civil Engineering Journal Vol. 11, No. 08, August, 2025

100 1

Retained Stability (%)

Control asphalt mixture Bio-modified asphalt mixture

Mix Types

Figure 20. Retained stability test results

100 -

96 1
94 1
92 1

90 -

Tensile Strength Ratio (%)

Control asphalt mixture Bio-modified asphalt mixture

Mix Types

Figure 21. Tensile strength ratio test results

7000

6000

5000

4000

3000

Resilient Modulus (MPa)

2000

1000
0
Control asphalt Control asphalt Bio-modified asphalt Bio-modified asphalt
mixture @ 25 °C mixture @ 35 °C mixture @ 25 °C mixture @ 35 °C
Mix Types

Figure 22. Resilient modulus test results

3352



Civil Engineering Journal Vol. 11, No. 08, August, 2025

0.9 1
0.8 1
vl ..

0.6 1

0.5 -

Rut depth (mm)

0.3 4

0.1 1

Control asphalt mixture Bio-modified asphalt mixture
Mix types
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3.12. Cost Comparison of Control and Bio-Modified Asphalt Mixtures

The cost analysis involves calculating the capital expenditure required to construct a 1 km stretch of road using both
conventional asphalt and bio-modified asphalt layers. Specifically, the analysis compares the total cost of laying 1 km
of road with a traditional hot mix asphalt mixture against the cost of laying the same length using a bio-modified asphalt
mixture. The current market price for conventional asphalt binder is approximately $533.20 per ton, whereas the cost
for bio-asphalt is significantly lower, at around $118 per ton. Table 12 presents a detailed breakdown of the cost
comparison between the two mixtures. The total cost for laying a 1 km stretch using bio-modified asphalt is estimated
at $21,355.58, while the same road segment constructed with conventional asphalt amounts to approximately
$22,100.95. This results in a cost savings of around $745.37 when opting for the bio-modified asphalt mixture. The
findings clearly indicate that the use of bio-modified asphalt not only reduces construction costs but also offers a distinct
economic advantage over conventional asphalt binder. This reduction in capital expenditure highlights the greater
economic feasibility of bio-modified asphalt mixtures and offers a more appealing and cost-effective solution for road
construction, enhancing sustainability.

Table 12. Cost Analysis for Control Asphalt Mixture and Bio-Modified Asphalt Mixture

Optimum binder Quantity of Quantity of Total cost of asphalt Total cost of Labor and Total cost for 1km
content in the mixture binder (ton) aggregates (ton) binder @ 533.20 $§  aggregates @ 8.29 $ transportation cost (§)  road stretch ($)

Control Asphalt

. 5.5% 2423 263.15 12919.44 2181.51 7000 22100.95
Mixture

Optimum binder Quantity of Quantity of Total cost of bio- Total cost of Labor and Total cost for 1km

content in the mixture binder (ton) aggregates (ton) l:?:g;?e@g sa(;g 2;‘; aggregates @ 8.29 § transportation cost (§)  road stretch (§)

Bio-Modified

0,
Asphalt Mixture 5.5% 23.93 260.57 12195.45 2160.13 7000 2135558

4. Conclusions

This research focused on optimizing the blending conditions for bio-modified asphalt binders through RSM. The
optimal BA content derived from RSM was then used to assess the rheological and mechanical performance of the
modified binder and bio-modified asphalt mixture. The findings highlight the potential to reduce dependence on
petroleum-based asphalt binders by incorporating BA.

e The developed prediction models demonstrates reliability and adequateness, as confirmed through ANOVA
analysis, diagnostic plots, along with leverage and Cook’s distance plots.

e The 3D and contour plots indicate that blending parameters significantly affect both penetration and softening
point value, with a lower penetration value and a higher softening point leading to better performance under
elevated temperature.

e The storage stability of all bio-modified asphalt binders demonstrated no phase separation, indicating the
desirable compatibility of the modified binders. Additionally, a decrease in ductility values was observed with
increasing BA content, suggesting a potential effect on the binder's low-temperature performance due to increased
stiffness.
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e By employing multi-objective optimization, the optimal values for the blending temperature, speed, and time for
the bio-modified asphalt binder were determined to be 130 °C, 1000 rpm, and 42.37 min, respectively. The
percentage error for each response was below 5% based on the experimental validation of the optimized blending
conditions; thus, these conditions are deemed appropriate for the production of bio-modified asphalt binder.

e The rheological analysis revealed that the bio-modified asphalt binder demonstrated a higher percentage of
recovery (%) and a lower non-recoverable compliance (J,) value compared to the control binder at 64°C,
indicating enhanced elastic response and rutting resistance. However, at 25°C, the fatigue life (Ny) of the bio-
modified binder was found to be lower than that of the control binder, which is attributed to the increased stiffness
introduced by the bio-asphalt.

e The mechanical performance assessment revealed that the bio-modified asphalt mixture demonstrated enhanced
Marshall stability, tensile strength ratio, resilient modulus, and resistance to permanent deformation.
Nevertheless, its fatigue life was reduced as a result of the stiffening effect introduced by the bio-asphalt. The
study identified an optimal dosage of bio-asphalt as an effective modifier for asphalt binders, particularly suitable
for tropical climate conditions.

e From an economic standpoint, bio-modified asphalt layers offer enhanced economic feasibility, making them a
more cost-effective alternative to conventional asphalt layers.

4.1. Recommendations

This investigation focuses on optimizing blending conditions for bio-modified asphalt binder and evaluating
rheological and mechanical performance for optimal bio-asphalt content. However, further research is needed to explore
the low-temperature performance of bio-modified asphalt binder.
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