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Abstract: This study evaluated the influence of asphalt binder and biochar-based geopolymer
composites on the permanent deformation resistance (PDR) of asphalt concrete. The influence of
three design variations, asphalt binder, biochar, and geopolymer content, was evaluated by employing
the response surface method (RSM) based on the Box Behnken approach. The asphalt binder content
ranged between 4 and 6%, whereas the biochar and geopolymer content ranged between 0 and 4%.
The average rut depth of Bio-Geopolymer Asphalt concrete (BGAC) was employed as the response
variable. The synergetic influence of the design variable was examined using the RSM approach,
and a model was developed to determine optimum contents for improving PDR. The model has
very high R? values and adequate precision, showing that there is a significant relationship between
the experimental and predicted values. The study ANOVA revealed that the asphalt binder and a
biochar-based geopolymer composite modifier showed a significant effect in enhancing the PDR of
BGAC. Furthermore, the optimization shows that the optimal content for biochar, geopolymer, and
asphalt binder are 3.22%, 1.81%, and 5.4%, respectively. The generated model’s percentage error was
found to be 5%, showing a significant correlation between the actual and predicted data. The results
of this study show that using RSM to predict and optimize the PDR of BGAC is a very efficient and
effective technique.

Keywords: biochar; response surface method; geopolymer; permanent deformation; modelling;
optimization; asphalt concrete; composite

1. Introduction

Road infrastructure building and upkeep have always been critical for societies all
over the world. Roads are transportation lifelines, facilitating economic activity, improv-
ing connections, and contributing to general societal development [1]. Asphalt concrete,
sometimes known as asphalt pavement, is an essential component of modern transport
systems. Its widespread use could be due to its superior load-bearing capability, low cost,
and convenience of construction [2]. However, the premature deterioration of asphalt
pavements, caused primarily by variables such as traffic loading, environmental conditions,
and inferior materials, offers a substantial challenge to the long-term viability of these
critical assets [3]. Permanent deformation, also known as rutting, is a major problem
among the different distress mechanisms impacting asphalt pavements. Rutting not only
affects road safety but also raises maintenance expenses, resulting in significant economic
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constraints. Permanent deformation, also known as rutting, transpires when the asphalt
pavement develops excessive and permanent distortion because of frequent traffic loading,
eventually leading to decreased road safety, pavement failure, and increased maintenance
costs [4]. To address this issue, researchers and engineers have been investigating novel
techniques to enhance the permanent deformation resistance (PDR) of asphalt concrete.
One potential area of research is the use of composites as modifiers to enhance the asphalt
binder and concrete performance. The development and application of new asphalt binders
and geopolymer-based composites with biochar, which has the potential to improve the
performance and durability of asphalt concrete, is one promising path [5].

Asphalt binders are essential for retaining aggregate particles in asphalt concrete
and they are subjected to environmental and traffic stress, which causes premature aging.
Recently, researchers have been looking into new options, such as geopolymer composites,
which are made up of inorganic binders, and have received a lot of interest recently
because of their potential to improve the properties of asphalt concrete [4]. Geopolymers
made from alkali-activated aluminosilicates increase the mechanical characteristics and
durability of asphalt mixtures. Also, biochar, a carbon-rich byproduct of biomass pyrolysis
improves asphalt binder characteristics and rutting resistance. Biochar, a byproduct of
biomass pyrolysis, has also emerged as a viable and environmentally benign component for
geopolymer composites [6]. Geopolymer composites, when mixed with biochar, have the
potential to provide numerous benefits in terms of rutting resistance, long-term durability,
and sustainability. The researchers want to produce green and improved asphalt concrete
with a higher permanent deformation resistance by mixing biochar and geopolymer to form
a sustainable composite as a modifier. Asphalt pavement modification to improve PDR is
an important topic in asphalt concrete design and maintenance. As a result, optimizing
the materials used in the modification process, as well as building prediction models for
asphalt concrete PDR, is required. In this case, mathematical modeling, and optimization
methods such as response surface methodology (RSM) can be effective for analysis and
optimization [7,8]. The use of statistical modeling and optimization methods, such as the
response surface method, is extremely advantageous in measuring the impact of asphalt
binder and biochar geopolymer composites (BGC) on the permanent deformation resistance
of asphalt concrete [7]. Using such methodologies, researchers can acquire significant
insights into the interplay between variables [9] and, as a result, contribute to the creation
of more lasting and sustainable asphalt concrete pavement

The goal of this investigation is to evaluate the influence and interaction of the asphalt
binder and BGC when used as a sustainable modifier on asphalt concrete’s permanent
deformation resistance by employing the response surface method.

2. Materials and Methods
2.1. Asphalt Binder and Aggregate

The penetration grade 60/70 was utilized as a control binder, as well as in the prepa-
ration of the modified asphalt binder. The dense gradation method was used to obtain
excellent aggregate interlocking. The mineral aggregate used in the study is crushed stones
with a maximum standard size of 14 mm, and the gradation is shown in Table 1. This
coarse aggregate was mixed with fine aggregate to make a well-balanced mixture. The
filler material in the study was stone dust passing sieve No. 200.

Table 1. Aggregate gradation for asphalt concrete AC14.

Sieve Size (mm) 20 14 10 5 3.35 1.18 0.425 0.15 0.075
PWD Limit (%) 100 90-100 76-86 50-62 40-54 18-34 12-24 6-14 4-8
Study Sample (%) 100 95 81 56 47 26 18 10 6
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2.2. Bio-Geopolymer Composite

High-quality chemicals and reagents were purchased from a Malaysian chemical
laboratory, while waste materials like palm oil fuel ash and rice straw were procured from
local businesses. Following a thorough rinsing, organic material removal, and drying,
the POFA was crushed and sieved. A local vendor provided the metakaolin, which was
calcined, while the rice straw waste was cleaned, submerged, washed, dried, pulverized,
and processed to pass through a particle passing sieve of No. 200 size. These materials
were then employed in the production of geopolymer and biochar composite.

2.3. Modified Asphalt Binder Preparation

In this study, composite-modified binders were created by mixing biochar and geopoly-
mer with a 60/70 pen-grade asphalt binder. Biochar at various contents was added at a high
mixing speed of 1500 rpm to the control asphalt binder for about 60 min at 140 °C, to ensure
a homogeneous blend. Following that, various percentages of geopolymer were gradually
added and mixed for 30 min at the same mixing speed. This mixing process sought to
improve the asphalt binder, and viscoelastic properties, resulting in an improvement in the
performance of the asphalt concrete mixture.

2.4. Permanent Deformation Test

The permanent deformation test in this study was carried out using the Wessex wheel
tracker following the BS 598-110 specification [10]. The test used a standard axle with a
diameter of 200 mm and a width of 50 mm, with an applied weight of 520 N. The test was
conducted at a temperature of 55 °C, and the samples were preconditioned for 6 h at the
testing temperature. The Wessex wheel tracker recorded the average rut depth (ARD) as the
wheel went back and forth over the samples in a repeating motion, performing 42 passes
each minute. The test lasted for 45 min.

2.5. RSM Design of Experiment and Analysis

The RSM-based Box Behnken design was employed in this study to investigate the in-
fluence of three independent parameters (Biochar, geopolymer, and asphalt binder content)
on the ARD of asphalt concrete samples. For statistical analysis and experimental designs,
the Design Expert software version 13.0.0 was employed. The asphalt binder content
ranged between 4 and 6%, whereas the biochar and geopolymer content ranged between 0
and 4%, respectively. Table 2 depicts the design of the experiment, which contained 17 runs
that were carried out in a randomized order, with five replications of the center point to
correctly assess experimental errors [9]. The response variable was determined using the
polynomial function of the order two equation, as depicted in Equation (1):

Y =Bot Yy BuXnt ), Z:;Zn Brm Xn X + € 1)

The equation depicts the relationship between the expected outcome (Y), a constant
response value (By), the linear effects (8,,), the interaction effect (8,,), coded components
(X, and Xjy,), and the random error in the model (¢).

Table 2. Study design of experimental matrix.

Input Variables Response
Run No.

Biochar Geopolymer Asphalt Binder ARD (mm)

1 4 2 6 2.59

2 0 4 5 3.34

3 0 2 6 3.29

4 2 0 4 4.89

5 2 2 5 2.59

6 2 4 6 2.36
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Table 2. Cont.
Input Variables Response
Run No.

Biochar Geopolymer Asphalt Binder ARD (mm)

7 2 4 4 4.39

8 2 2 5 2.62

9 4 2 4 4.02

10 0 0 5 4.43

11 2 2 5 2.61

12 0 2 4 5.47

13 2 0 6 3.32

14 4 0 5 2.94

15 2 2 5 2.63

16 2 2 5 2.61

17 4 4 5 2.51

3. Results and Discussion
3.1. RSM Statistical Assessment

A quadratic model for predicting rutting depth was successfully created using re-
gression analysis. The addition of higher-order polynomials that demonstrated statistical
significance and were not influenced by software limitations led to the selection of a
quadratic model [9]. The derived model for ARD is represented by Equation (2). The
positive and negative signs preceding the terms represent the synergistic or antagonistic
effects of individual variables on the response variable.

ARD = 2.612 — 0.559A — 0.373B — 0.901C + 0.165AB + 0.188AC )
—0.115BC + 0.398 A% + 0.295B2 + 0.833(C2

The ANOVA summary for the ARD model is displayed in Table 3. The coefficient of
determination (R?) was utilized to assess the models’ correlation. The model has an R?
value of 0.997 and predicted R? value 0.995 with discrepancies of less than 0.2. This implies
that neither overfitting nor underfitting affects the models. The significance of the response
model and its component terms in the ARD study are determined using a 95% confidence
interval (p < 0.05). The low p-value suggests that the quadratic model and its terms are
statistically significant. In this study, the 95% confidence interval equates to a likelihood of
a p-value of less than 0.05. The outcomes indicate that there is a very low likelihood (0.01%)
that the observed F-value of 9.99 in the rutting depth model is attributable to random noise.
This reinforces the conclusion that the model and its terms are significant in understanding
variations in the permanent deformation of asphalt concrete.

Table 3. ANOVA and fit statistics for the study’s ARD model.

Variable SS DF MS F-Value p-Value Observation
Type of model Quadratic
Model 14.71 9 1.63 2309.20 <0.0001 Significant
A-Biochar 2.50 1 2.50 3528.41 <0.0001
B-Geopolymer 1.11 1 1.11 1568.18 <0.0001
C-Asphalt 6.50 1 6.50 9179.84
. . . . <0.0001
binder
AB 0.1089 1 0.1089 153.84 <0.0001
AC 0.1406 1 0.1406 198.66 <0.0001
BC 0.0529 1 0.0529 74.73 <0.0001
A? 0.6661 1 0.6661 941.05 <0.0001
B2 0.3670 1 0.3670 518.53 <0.0001
C2 2.92 1 2.92 4124.96 <0.0001
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Table 3. Cont.

Variable

SS

DF MS F-Value p-Value Observation

Residual
Lack of Fit
Pure Error

Cor Total

0.0050

0.0041

0.0009
14.72

N

0.0007
0.0014 6.17 0.0555 Not significant
4 0.0002

w

Fit Statistics

R2
Adjusted R?
Predicted R2

0.997 Standard deviation 0.0266
0.992 Mean 3.33
0.995 Adequate precision 153.8

Predicted

SS: sum of square, DF: degree of freedom, MS: mean square F-value: Fisher’s test value, p: probability value.

R?Adjusted R?Predicted R%Figure 1 depicts a plot of predicted vs. actual values and
a normal plot of residuals to evaluate the suitability of the model. Figure 1a shows that
all the data are tightly distributed around the line of equality. This shows a good level of
agreement between the model’s predicted findings and the actual observed findings, and
Figure 1b shows the normal plot of residuals for the data set, indicating that the model has
a sufficient degree of fitting precision and is also significant. The proximity of the points
to the line of parity shows that the models have a good level of fitting precision [11]. The
colors in Figure 1a,b correspond to different levels of interaction, with blue indicating a low
interaction region, green representing a medium interaction region, and red indicating an
optimised interaction between the input variables. The red circle represents the study data’s
central point. The 3D response surface plots the rutting depth model at various asphalt
binder contents. Figure 2a—c depicts the 3D surface plot. The 3D contour lines have elliptical
shapes, indicating a strong interaction between the input variables.This implies that all
the variables have a considerable impact on the model’s response [12]. The increased PDR
in the asphalt concrete can be attributed to the asphalt binder’s improved viscoelasticity
and stiffness due to the incorporation of the composite binder. These contribute to a more
efficient aggregate covering and promote a well-connected aggregate binder structure,
which improves asphalt concrete permanent deformation resistance.

Predicted vs. Actual Normal Plot of Residuals

B
Normal % Probability

Externally Studentized Residuals
Actual

(a) (b)

Figure 1. Degree of agreement between predicted and experimental results. (a) predicted vs. actual
values; (b) normal plot of residuals.
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Average rut depth (mm)

(a) 4% asphalt binder (b) 5% asphalt binder (c) 6% asphalt binder

(]

Average rut depth (mm)

8 Geopolymer (%

B: Geopolymer (% 8: Geopolymer (%)

Figure 2. 3D synergetic influence of biochar and geopolymer on permanent deformation at different
asphalt binder contents.

3.2. Design Parameters” Optimisation

In this study, a numerical optimization method was used to optimize the design
variables and assess the accuracy of the developed model. Specific goals were set for
material minimization, with ranges defined for biochar, geopolymer (0—4%), and asphalt
binder (4-6%). From the design expert software, the optimum mix of design solutions with
the highest desirability score of 1.0 was selected. An extra experiment was conducted based
on the optimized model to validate its performance, and the percentage error (%) between
the experimental and predicted findings was calculated, as shown in Table 4. The data
show that the percentage error discrepancies are all lower than 5%. This indicates that the
RSM-predicted values produced from the generated models are in great agreement with
the experimental data, indicating that the predictions are accurate [12].

Table 4. Verification of optimized findings.

. ARD Values (mm)
Input Variable % Content % Error
RSM Predicted Experimental

Biochar 322
Geopolymer 1.81 227 2.36 3.96
Asphalt content 54

4. Conclusions

The following conclusions can be drawn from the study’s findings.

The incorporation of biochar-based geopolymer composite as a modifier significantly
impacts the rut depth resistance of asphalt concrete. Also, the RSM models used in this
study demonstrated a high degree of correlation, predictability, and level of agreement
between predicted and experimental outcomes, as proven by the high R2 values and appro-
priate accuracy (>4.0), indicating their reliability and efficacy in exploring the model space.
Furthermore, RSM optimization identified the optimum content of biochar, geopolymer,
and asphalt binder (at 3.22%, 1.81%, and 5.4%, respectively), with a percentage error of
<5% between the RSM and experimental data.

Future studies should evaluate BGAC'’s long-term performance, environmental impact,
and techno-economic viability. More field experiments including different mechanical
performances are also encouraged. Furthermore, standardization, advanced modeling, and
case studies are crucial for developing sustainable road construction practices.
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