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G W N

Abstract: A good asphalt mixture is very important to maintain the triangle of sustainability. Many
accidents occur due to pavement damage such as permanent deformation caused by the external
loads induced by heavy traffic. Stone Mastic Asphalt (SMA) has a low resistance to moisture and
other performances. Many researchers have conducted on SMA using various types of fiber. However,
not much research has been done using steel fiber in the SMA mixture and has analyzed the result
obtained using a statistical approach. The objective of this research was to identify the optimum
amount of steel fiber in a modified asphalt mixture and characterize the performance of steel fiber in
the SMA mixture using the statistical approach of Response Surface Methodology (RSM) in Design
Expert Software. In this study, various steel fiber proportions of 0 percent, 0.3 percent, 0.5 percent, and
0.7 percent by the total weight of the SMA mixture were used. The Marshall stability and flow test,
dynamic creep and moisture susceptibility test, and ultimately, RSM analysis were used to evaluate
the properties and performance of the steel fiber-modified SMA, which contained 6.2 percent of PEN
60/70 asphalt binder content. The testing findings unmistakably demonstrated that the addition of
steel fiber greatly improves the SMA mixture’s resistance to moisture and permanent deformation.
An amount of 0.3 percent was found to be the most optimum steel fiber content from the optimization
by using Response Surface Methodology, thus proven with additional steel fiber in the SMA mixture
enhancing the performance of the mixture. As a result, it can be determined that the addition of
steel fiber to SMA asphalt mixtures has improved the properties and performance in the construc-
tion of asphalt pavements, and the RSM method is an efficient statistical method for producing
an appropriate empirical model for relating parameters and predicting the best performance of
an asphaltic mixture.

Keywords: steel fiber; dynamic creep; moisture susceptibility; stone mastic asphalt; response sur-
face method

1. Introduction

Approximately, 60,000 km covering each state shows that Malaysia has one of the
finest network systems, and the major types are flexible pavement and a small part of
pavement made from concrete (rigid pavement). Flexible pavement is a mixture of asphalt
binder and aggregates which are heated and mixed, and then laid and compacted above
a granular layer; meanwhile, rigid pavement is a mixture of cement concrete and is laid
over a dry lean concrete. The rigid concrete can also be compacted above the layer of
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aggregates. In the past, a thousand years ago, roads were being used in our daily lives.
Both types of pavements will not last forever, in which they must be monitored regularly.
Thus, improvising and making these roads better and safer for all users is a must to lessen
road destructions and indirectly reduce road fatalities.

Every year, governments invest a lot of money to maintain and repair road conditions,
and this indirectly affects the economy of the country. The road conditions in Malaysia,
which were constructed using the conventional method, have a short lifespan and needed
to be maintained regularly due to road defects (potholes) leading to 11.2 percent of road
accidents [1]. Furthermore, the changes in weather and temperature affect the roads; for
instance, Malaysia, with its tropical monsoon climate, makes the pavement repetitively
experience hot and wet conditions. The increasing number of road users leads to an increase
in load stress and traffic volume, thus making the road surface experience more impacted
in terms of stripping, potholes, and permanent deformation of repetition load.

Next, Stone Mastic Asphalt (SMA) is designed specifically to reduce rutting and skid
resistance, as all aggregates have a stone-to-stone contact. Stone Matrix Asphalt (SMA) is
a gap-graded bituminous mixture that has a comparatively higher proportion of coarse
aggregates and binder mastic with a bituminous binder and mineral filler. A major problem
with SMA is the drain down of mastic content at different phases of construction. This
situation occurs due to SMA'’s high coarse aggregate content, which creates gaps in the
structural matrix and causes those voids to be filled with high-viscosity bituminous mastic
with any stabilizing material, such as bitumen, crushed sand, or filler. Usually, additional
fiber additives or a stabilizing agent material are used to stabilize the mixture and prevent
binder drainage in stone mastic asphalt mixing [2,3]. Fiber reinforced bituminous mixtures
are commonly used in the industry. However, research on the attributes and performance
of stone mastic asphalt (SMA) using steel fiber is rather under published and has not yet
been conclusively shown.

Various types of additives and modifiers were used in SMA to modify asphalt pave-
ment. Ali et al. [4] used mineral fiber, cellulose fiber, and styrene-butadiene-styrene (SBS)
to modify stone matrix asphalt (SMA) mixtures, and performance tests were performed for
modified and unmodified mixtures. According to the findings, SBS was superior to fibers in
terms of improving the performance of asphalt mixtures and the service life of the pavement
system modified with mineral, cellulose, and SBS was 1.07, 1.081, and 1.243 times longer
than that of the unmodified mix, respectively. Another piece of research by Goutham
Sarang et al. [5] prepared mixtures with four different shredded waste plastics” (SWP)
content, and another mixture without any stabilizers was also prepared using polymer
modified bitumen (PMB). Tensile strength, moisture susceptibility, rutting resistance, and
fatigue behavior were determined using the obtained optimum bitumen content (OBC).
The research findings indicated that the optimum level of SWP in the SMA mixture was
selected as eight percent by the weight of bitumen. The result revealed that although a mix-
ture with PMB performed the best, SMA with eight percent of SWP produced equivalent
results. Therefore, it can be concluded that waste plastic in SMA should be used instead of
a stabilizing additive.

As the number of registered vehicles in Malaysia increases, the quality of pavement
needs to be improved as well, in order to resist the amount of stress and strain on the road.
The presence of a good modifier has proven to reduce the asphalt binder content, increase
the stability in the road mixture, and also strengthen the bond between aggregates and the
fillers [6]. For the purpose of improving the performance of road pavement, a modified
asphalt mixture is essential. Many researchers have worked with various modifiers and
additives such as polypropylene, polyethylenes, acrylonitrile butadiene styrene, styrene-
butadiene-styrene, polyvinyl chloride, and polyethylene terephthalate [7]. Recently, the
use of fibers in asphalt mixtures is one of the many alternative materials that has been
demonstrated to increase the stability and resistance against moisture damage of asphalt
mixtures in dealing with pavement distresses. Previous studies have found that using fiber
has become a significantly attractive option in road construction. In addition, many studies
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have reported that the use of fibers is beneficial for enhancing the strength of hot mix
asphalt mixtures. Fibers can be used, particularly in SMA mixtures, to prevent asphalt from
deteriorating during transportation and mixture construction [8-10]. The addition of fibers
changes the mixture’s viscoelastic properties, improves its dynamic modulus, increases its
sensitivity to humidity, offers resistance to rutting, and reduces the number of reflective
cracks in asphalt pavement [11-16]. This finding is consistent with research by previous
researchers which indicates the addition of fibers modifies the mixture’s viscoelasticity,
increases its dynamic modulus, increases sensitivity to moisture, enhances flow coherence,
and provides rutting resistance [17-22].

Synthetic fibers, glass fibers, natural fibers, and steel fibers are among the polymer
fibers that are frequently added to asphalt mixtures. Steel fibers are classified as metallic
fibers or mineral fibers. It is a mineral fiber that was used as a fiber-reinforced material to
enhance the tensile strength. The use of this fiber encourages the transformation of asphalt
qualities into high-performance asphalt. Currently, the use of steel fiber in cement and
concrete pavements has recently been the subject of some investigation [23-26]. The effect
of micro steel fiber percentage (0.1 percent, 0.2 percent, 0.3 percent, and 0.4 percent) by
volume of the total mix on the different grades, volumetric properties, and mechanical
properties were determined by the Marshall method at different temperatures (50, 60, 70)
°C and different compaction blows (50, 75, 125). The research findings indicated that the
stability of hot mix asphalt increased when steel fiber was added, and then decreased in
a crest-like manner. This indicates that using steel fiber as a modifier additive has improved
Marshall Stability compared to using a conventional mixture without fiber [26].

Research conducted by Serin et al. [18] specimens were produced using different fiber
rates (0 percent, 0.25 percent, 0.50 percent, 0.75 percent, 1.0 percent, 1.5 percent, 2.0 percent,
2.5 percent) and tested under the Marshall Stability Test, and the optimum bitumen content
value for the aggregates sample to be used was determined. Results showed that the
optimal value for the fiber rate that results in the best stability value was determined to be
0.75 percent. Steel fiber additions can therefore be used in the binder coarse of the flexible
pavement due to their positive stability impact. Another piece of research by Ahmed
and Mahmood [27] used different types of mineral fibers. This research examined the
potential of using different mineral fibers to withstand pressures on the pavement’s surface
layer. Steel, aluminum, copper, and tin were the four different types of mineral fibers
used in this research, along with four different fiber rates (1 percent, 1.5 percent, 2 percent,
2.5 percent) by total weight of the mixture, varying mineral fiber lengths (0.5, 1.0, 1.5, and
2.0 cm), and four different thicknesses (0.2, 0.4, 0.7, and 0.9 mm). According to the findings,
adding copper fiber with a total weight of 1.5 percent, and dimensions of 0.5 cm in length
and 0.4 mm in thickness, increased the Marshall stability by 34 percent, as compared to
a conventional mix.

The use of statistical modelling and optimization approaches is effective in handling
a variety of constraints, objectives, and articulating the interactions between dependent
variables that influence a certain response [28]. In order to meet the demand for the
optimization approach, Response Surface Methodology (RSM), a statistical technique
using Design Expert Software, was used to identify the most optimal properties from the
experimental data. RSM is the most popular design of experiment (DOE) for optimization,
which improves a system’s operational parameters and conditions [29]. Regrettably, there
are not many expert practices in this sort of procedure since the researcher must have
excellent statistical and numerical skills. RSM is increasingly being used in asphalt research
since it not only saves time and money, but also can predict if a material will persist
over time, which is beneficial economically in the long term. Regression modelling, the
central composite design (CCD) approach, and analysis of variance (ANOVA), which take
a number of various factors and responses into consideration, have all been employed. [30].
RSM techniques have been successfully used in a variety of fields, including biomass and
clay science, material and mechanical engineering, and concrete technology.
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The addition of steel fiber made in the modification of an asphalt mixture can enhance
the asphalt mixture properties and mechanical performances and reduce the distress
problems of a pavement which provides a safer road. The properties of steel fiber that are
strong can increase the properties of the road mixture which provide a positive stability
impact. Steel fiber is one of the fibers that has good properties as a modifier. Additionally,
steel fiber-modified asphalt mixtures can reduce the cracking of the pavement, and increase
its performance in the resistance to damage not only caused by concentrated loads, but also
impact loading [18,31].

Therefore, in order to test the effect of mixture properties on asphalt performance
associated with sensitivity to moisture and dynamic creep, steel fiber in various propor-
tions (0 per cent, 0.3 percent, 0.5 percent, and 0.7 percent) was studied as a modifier in
this study. The proportion of steel fiber was selected according to research conducted by
AL-Ridha et al. [26]. From Serin et al. [18] and Ahmed and Mahmood [27], the average op-
timum proportion of steel fiber that significantly improved the properties and performance
of the asphalt mixture is between 0.5 percent to 0.75 percent. RSM was used to optimize
and develop models for predicting the optimum amount of the steel fiber in a modified
asphalt mixture and characterize the performance of steel fiber in the SMA mixture. It is
thought that the addition of steel fiber to the asphalt mixture might offer excellent potential
for pavement performance. Additionally, it is supposed that the enhanced characteristics
of the asphalt pavement using steel fiber in the SMA asphalt mixture are significant. In
that case, it can increase the durability of the asphalt pavement while reducing the need
for maintenance, thereby extending the pavement service life and eventually reducing
maintenance costs in the long run.

2. Materials and Methodology

The objective of this research was to identify the optimum amount of steel fiber in
a modified asphalt mixture and characterize the performance of steel fiber in the SMA
mixture using the statistical approach of Response Surface Methodology (RSM). The hy-
pothesis of this research is: do different proportions of asphalt and modifier content affect
the performance of the modified SMA mixture? and how does the particular modelling
approach evaluate and optimize the content of steel fiber in the SMA modified asphalt
mixture to the performance of the asphalt mixture? In response to the need for the opti-
mization of the asphalt and modifier content, a statistical approach of Response Surface
Methodology (RSM) was used to find the most optimum properties from the experimental
data by using Design Expert Software. The experimental process was divided into a few
stages where each stage focused on achieving different objectives. The initial stage was
focused on determining the optimum amount of steel fiber in a modified asphalt mixture
by using Response Surface Methodology. The following step was to create models using
CCD which is based on ANOVA, and the final stage was to observe the similarity of the
output by using Response Surface Methodology with the laboratory data on mechanical
performances of different percentages of steel fiber in the modified asphalt mixture. All
tests which were conducted to achieve the objectives of the research are discussed in this
chapter. The experimental process is shown in Figure 1.

2.1. Materials and Sample Preparation

This research was carried out by using local materials that are available in Malaysia.
Considering that Kajang Rocks Quarry consistently produces aggregates of high quality
and meets the specifications, both coarse and fine aggregates from this quarry were chosen.
The selection of a 60/70 penetration grade binder was chosen in consideration of Malaysia’s
current usage. Steel fiber is added to the SMA mixture to stop the binder drain down from
worsening, which enhances the volumetric and mechanical qualities as well as the impact
of resistance. The steel fiber, as shown in Figure 2, that was used in this research was
sourced by Gardner Global. It is imported from China. The properties of the steel fibers
were straight, with dimensions of 0.52 mm in diameter and a length of 35 mm, 7800 kg/m3
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in density, 2600 MPa in tensile strength, and a 65 Aspect Ratio. In this research, the SMA
Marshall mix design method has been used in accordance with the JKR/SPJ/54 [32] to
determine the percentage of the optimum asphalt binder. Table 1 shows the aggregate
grading used to fabricate asphalt mixture samples.

Steel fiber Aggregate Binder

PROPERTIES AND PROCEDURES

Stone Mastic Procedures based on American Society Deszign Expert
Asphalt (SMA) for Testing and Material (ASTM) Software

MECHANICAL PERFORMANCES

Moisture Susceptibility

STEEL FIBER CONTENT

0% — 0.7%

DESIGN EXPERT SOFTWARE (RESPONSE SURFACE METHODOLOGY)

Optimization of addition of steel fiber on the mechanical properties based on the
raw data from laboratory test.

DATA ANALYSIS AND CONCLUSION

Figure 1. The Flow of Research Process.
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Figure 2. Steel fiber.
Table 1. SMA Aggregate Gradation.
Sieve Gradation Percentage  Percentage Mass Mass
Size Lower Upper Passing Retained Passing Retained
19.0 100 100 100 0.0 1200.0 0
12.5 85 95 90 10.0 1080.0 120
9.5 65 75 70 20.0 840.0 360
4.75 20 28 24 46.0 288.0 912
2.36 16 24 20 4.0 240.0 960
0.60 12 16 14 6.0 168.0 1032
0.30 12 15 13.5 0.5 162.0 1038
0.075 8 10 9 45 108.0 1092
Pan 9.0 108

2.2. Marshall Stability & Flow

Marshall samples were prepared in accordance with ASTM D1559. A total of
twelve (12) Marshall samples were created by mixing the SMA graded aggregate with
60/70 penetration grade bitumen with the mineral fiber to a desired temperature. As part
of the dry blending method procedure, steel fiber was added directly to the mixture at 0,
0.3, 0.5, and 0.7 percent by weight of the mixture before the asphalt binder. All test samples
were given 50 blows per face using a standard Marshall compactor. Marshall Stability and
flow is essentially a test of a bituminous mixture’s resistance to deformation, to preserve it
from exposure to the continuous and heavy traffic load. The result of Marshall stability is
highly correlated to the tensile strength of the asphalt mixture, whereas Marshall flow is
related to the rutting resistance of asphalt mixture, which evaluates the permanent strain
that occurs in a Marshall test upon failure. Figure 3 shows the Marshall stability equipment
used in this study which evaluates the maximum load resistance that can be applied during
the test procedure at 60 °C and a loading rate of 50.8 mm/minute before the compacted
samples fail.

2.3. Dynamic Creep Test

The stiffness properties of the mixtures were evaluated using a dynamic creep test.
The Universal Testing Machine (UTM 5) (Figure 4) was used to perform the dynamic creep
test according to the EN12697-25 standard [33] method which is commonly used to measure
the permanent deformation of asphalt mixtures. For two hours, samples were conditioned
by being placed in a temperature-controlled cabinet to guarantee that the temperature was
attained consistently. The sample was then placed between the platens. The loading axis of
the testing apparatus was concentrically lined up with the assembled platens and sample.
The displacement measuring device is then attached to the platens, and the linear variable
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differential transducers (LVDTs) are used to measure the vertical deformation. As indicated
in Table 2, the load and other factors in this study were applied in accordance with the test
parameter. The accumulated strains were recorded at each load cycle and were terminated
after they reached the cycle termination. The accumulated strain was calculated by using
Equation (1):

_h
~ Ho
where ¢ is the accumulated strain, / is the axial deformation (mm), and Hj is the initial
sample height (mm). Reporting dynamic creep modulus and slope at a steady state, the
latter shall be the log strain divided by log load cycles between 2000 and 3600 loads.

)

€

Safety H&

[RSALLSTABIITY. ]

Figure 4. Universal Testing Machine (UTM).
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Table 2. Dynamic creep test parameters.

Parameters Values
Test temperature 40°C

Applies axial stress 150 kPa

. I Loading frequency 0.5Hz
Pre-conditioning Loading time 02s
Rest period 1.8s

No. of cycles 30

Test temperature 40°C

Applies axial stress 300 kPa

. Loading frequency 0.5Hz
Testing Loading time 02s
Rest period 1.8s
No. of cycles 3600

2.4. Moisture Susceptibility Test

The Modified Lottman Test was used to conduct the moisture susceptibility test
(AASHTO T283). The moisture susceptibility potential of the asphalt mixture was deter-
mined using the Tensile Strength Ratio (TSR), which is the ratio of the average tensile
strength of conditioned samples to the average unconditioned tensile strength. The tensile
strength ratio (TSR) was used with 80 percent as the boundary between mixtures resistant
and sensitive to moisture [34]. Six (6) compacted samples were prepared for each asphalt
mixture. Three samples were produced in dry conditions, while three others were produced
in wet conditions. The loss of indirect tensile strength (ITS) is used to assess the stripping
resistance of asphalt mixtures. An ITS test was performed by compressive loading on
the cylindrical samples at a constant rate (50 mm/minute vertical deformation at 25 °C)
and measuring the force required (maximum compressive loading) to break the sample.
Using Equation (2), the tensile strength of the samples was determined, while Equation (3)
was used to determine moisture susceptibility for the asphalt mixture samples. The TSR
value reveals the mixture’s resistance to moisture susceptibility. The distinction between
mixtures resistant and susceptible to moisture damage was made using the maintained
tensile strength ratio (TSR) of 80% [34].

2000 x P
ITS = =D @)

where, ITS is the indirect tensile strength (kPa); P is the maximum load (N); / is the sample
thickness (mm); and D is the sample diameter (mm).

ITS cond
TSR (percent) = TTS Uncond 3)
where, ITS cond is the average ITS of the conditioned samples and ITS Uncond is the average

ITS of the dry samples.

2.5. Design of Experiment

Statistical analysis software of Response Surface Methodology (RSM) was used as the
main method of the research. From RSM, the problems can be studied in a wider range
and multiple numbers of variables. Moreover, it is one of the most used experimental
designs for optimization. A Central Composite Design (CCD) was adopted in this research.
The design models in central composite design are linear, quadratic, or in higher order.
Linear is the lowest order, quadratic is the second order, and meanwhile, higher order is the
third order. For this experiment, all three model orders were used as it is suggested by the
software for the secondary data obtained. Four types of statistical experiments (one factor,
targeted one factor, two factors, and targeted two factors) were done with two methods of
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analysis: namely, one factor and two factors. The One-factor-at-a-time (OFAT) analysis or
linear analysis is used to check how each factor affects the responses. In this OFAT analysis,
the interaction only occurs between one selected factor with the response. Next, the two
factor analysis is the interaction between various factors with the response. This method is
also called quadratic and cubic analysis. From both methods, the optimization was done,
and the predicted best value of steel fiber was obtained as well as the value of the responses.
Meanwhile, the targeted steel fiber value was done to compare the value of responses in
the laboratory experiment and the statistical experiment. All the analyses were carried out
using Design Expert Software Version 12. Figure 5 shows the overall flowchart of the data
analysis processes in software.

—_—————

¢ The responses 1|
Determine the screening research ¢ The factors—1 and 2 I
|

factors

¢ Level of factorial

f
|
|
: ¢ The interaction
\

i'r ¢ Central Composite Design |

|

l Proper design (CCD) I

| * Input parameters range |

N T _—__—__—_—— ’: _______________________ -

If P e — 7

|

l Run experiment + Experimental layout :
|

\ |

- -
_——————- - —_—_——————————————————— — — -

i" ¢ Linear, quadratic and cubic |
l Design modes (Targeted and non- I
| t ted
e t__________f‘"_ge_e_)_ ________ /
A E—— 7
: ¢ Factorial |
i |
: Design models « Polynomial i
N\ 7T Y ————— /l
e P :
i'r ¢ Analysis of Variance 1|
: Optimization (ANOVA) I
| s Lack of fit test I
\ ~

Figure 5. The Overall Flowchart of Data Analysis Processes in Software.

3. Results and Discussion
3.1. Marshall Stability and Flow

Table 3 and Figure 6 illustrate the results of the Marshall stability and flow test of SMA
control mixtures and SMA mixtures with various proportions of steel fiber of 0.3 percent,
0.5 percent, and 0.7 percent. Marshall stability values represented in Table 3 specify the
maximum load that the mixture samples can sustain before reaching the failure point,
whereas flow values indicate the deformation at the maximum load. Both values were
obtained directly from experimental work using the Marshall Testing Machine. By referring
to Table 4, it indicates that the average Marshall stability of the SMA samples with the
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incorporation of 0 percent, 0.3 percent, 0.5 percent, and 0.7 percent of steel fiber are 8.7 kN,
10.7 kN, 10.6 kN, and 9.8 kN, respectively. The results present that the stability of SMA
mixtures containing steel fiber increases at first, reaches a maximum value, and then begins
to decline as the content of steel fiber increases. The inclusion of 0.3 percent of steel fiber in
SMA yielded the maximum stability of 10.7 kN. This is due to the small quantity of steel
fiber in the mixture, which owing to the contact points between the aggregates, thus leads
to a high level of stability.

Table 3. Marshall Stability and Flow result with different percentage of steel fiber.

Steel Fiber (Percent) Stability (kN) Flow (mm)
0 8.7 6.25
0.3 10.7 4.87
0.5 10.6 4.70
0.7 9.8 442

M Stability = Flow
12.00

10.00

8.00

6.00

Stability (kN)

4.00

2.00

0.00
0 0.3 0.5 0.7

Steel fiber (%)

Figure 6. The Stability and Flow values with different steel fiber content.

Table 4. Creep Strain Slope (CSS) (percent).

. Creep Strain Slope Average Creep Strain
Steel Fiber Content (Percent) (CSS) (Percent) Slope (CSS) (Percent)
0.092
0 0.082 0.09
0.048
0.3 0.096 0.07
0.068
0-5 0.163 0.12
0.161
0.7 0.142 0.15

The inclusion of 0.5 and 0.7 percent of steel fiber results in a varied pattern for stabil-
ity. The stability of the mixture started to decrease with the addition of 0.5 percent and
0.7 percent of steel fiber. A similar finding to previous research presents that the stability
increases with 0.2 percent of steel fiber and decreases when fiber content is increased by
up to 0.6 percent. This issue occurred because of an excessive amount of steel fiber in the
mixture that did not distribute uniformly within the mixture [35]. Comparing the stability
value to the control SMA, which had the lowest maximum load, the stability value still
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increased with the addition of 0.5 and 0.7 percent. Stability improvement can be related to
increasing adhesion between the aggregate and asphalt binder. This shows that adding steel
fiber to an asphalt mixture, specifically SMA, improves rutting resistance and performance
compared to a conventional mixture. This finding is in line with the findings of other prior
investigations, which proved that using steel fiber in asphalt mixtures improves stability
performance when compared to the conventional mixture [18,22]. In correlation to these
obtained results, it is clear that the stability characteristics of the SMA mixes are signifi-
cantly improved by the addition of steel fiber, which is directly related to an improvement
in mixture toughness.

As for the flow values, 6.25 mm, 4.87 mm, 4.70 mm, and 4.42 mm were obtained for
steel fiber proportions of 0 percent, 0.3 percent, 0.5 percent, and 0.7 percent, respectively.
The flow value indicates the flexibility of the asphalt mixtures. The performance of the
modified asphalt mixture shows an inconsistent flow value with the inclusion of steel fiber.
Mixtures with 0 percent, 0.3 percent, 0.5 percent, and 0.7 percent of steel fiber obtained
flow values of 6.25 mm, 4.87 mm, 4.47 mm, and 4.42 mm, respectively. By analyzing each
flow value obtained, it is evident that the flow value of the asphalt mixture tends to reduce
slightly with the increasing content of steel fiber. This occurred as a result of the stiffness of
the steel fiber in the asphalt mixture, which made the mixture less flexible. In conclusion,
it can be indicated that the incorporation of 0.3 percent, 0.5 percent, and 0.7 percent of
steel fiber in the asphalt mixture increases the stability up to 23 percent, 21 percent, and
12 percent, respectively, compared to the conventional mixture. In the meantime, the flow
values go through a reduction of about 22 percent, 25 percent, and 29 percent with a steel
fiber content of 0.3 percent, 0.5 percent, and 0.7 percent, respectively. In relation to these
indications, it can be said that the optimum percentage of steel fiber to be utilized in the
SMA mixture in terms of stability is 0.3 percent.

3.2. Dynamic Creep

Figure 7 shows the findings of the dynamic creep curve on the SMA mixture with
varying steel fiber content. Mixtures with higher cumulative axial strain values have
a reduced potential for rutting resistance. This Figure shows that when the load cycle rises,
the cumulative permanent strain increases. This implies that these curves significantly
diverge from one another. The permanent deformation of the asphalt mixture was clearly
affected by steel fiber. It is backed by the outcome, which demonstrated that the mixture’s
permanent strain increases with increasing steel fiber content. This shows that the resistance
to permanent deformation is decreased when steel fiber is included in the SMA mixture.

Comparing the results with conventional as well as other steel fiber proportions,
SMA with 0.3 percent of steel fiber demonstrated the greatest improvement in terms of
permanent deformation, demonstrating that the addition of steel fiber significantly reduces
the strain value when compared to the control mixture. In other words, the SMA mixture
containing 0.3 percent of steel fiber is resistant to permanent deformation. The control
sample, 0.5 percent of steel fiber combinations, and 0.7 percent of the steel fiber mixture,
on the other hand, have a significant value of strain in comparison to the 0.3 percent of
steel fiber content. This shows that the control SMA mixture is not resistant to permanent
deformation. The result is consistent with research by Jasni et al. [35], where the trend
results show the specimens with fiber contents had a decreased strain value. The mixture
with 0.5 percent of fiber content exhibited a higher permanent strain value compared
to other mixes at 25 °C, while it was 0.4 percent for 40 °C. The asphalt mixture is less
prone to permanent deformation if the value for permanent strain from the test is lower.
Moghaddam et al. [36] examined the permanent deformation of control and PET-modified
asphalt mixtures using a dynamic creep test. The findings concluded that PET significantly
enhanced the asphalt mixtures’ permanent deformation properties. They also discovered
that the mixture with more PET added had improved resistance to permanent deformation.
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Figure 7. Dynamic Creep Curve of SMA mixture.

A logarithmic strain versus load cycle plot with two linear fits to the dynamic creep
curve is used to calculate the Creep Strain Slope (CSS), which is the slope of the secondary
stage. During this stage, the creep strain rate is virtually constant under constant stress
loading circumstances [37]. As a result, CSS is a term used to characterize the features of
permanent deformation that are affected by load cycling. The CSS value was calculated
using Equation (4).

CSS =logezg00 — loget200/10g3600 — 1og2000 4)

Table 4 and Figure 8 illustrate the CSS for SMA mixtures with and without steel fiber.
Mixtures with 0.3 percent of steel fiber exhibited a significant CSS value, 0.07 percent, which
indicated the most resistance to permanent deformation, while mixtures with 0 percent,
0.5 percent, and 0.7 percent of steel fiber obtained CSS values of 0.09 percent, 0.12 percent,
and 0.15 percent, respectively. Comparing these findings with a 0.3 percent steel fiber
mixture, the obtained CSS values for 0 percent, 0.5 percent, and 0.7 percent of steel fiber are
less resistant than the SMA mixture to permanent deformation. The dynamic creep curve
revealed a similar result, showing that increasing the value of steel fiber content increases
the CSS value for the SMA mixture. The SMA mixture is less resistant to permanent
deformation as the CSS value increases [37]. Therefore, it can be concluded that the
addition of 0.3 percent of steel fiber is the optimum value for the SMA mixture due to its
capability to achieve maximum resistance to permanent deformation.
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Figure 8. Creep Strain Slope (CSS) of SMA mixture.
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3.3. Moisture Susceptibility

Table 5 and Figure 9 demonstrate the unconditioned and moisture conditioned ITS
values for Stone Mastic Asphalt (SMA) samples. The ITS values of the conditioned mixes
were found to be lower than those of the unconditioned mixtures. This was expected
because the decrease in ITS may be attributed to the mixture’s loss of adhesion and the
asphalt binder’s lack of cohesion. This illustrates that the presence of water weakens the
mix’s structural bonding, decreasing SMA's tensile strength and increasing the chances of
the mixture cracking [21,36,38]. The result is consistent with research by Raza et al. [39],
where the ITS values of dry samples are higher than conditioned samples. It was expected
because water weakens the bonding between the aggregate and binder under loading. The
addition of 0.3 percent of steel fiber to a dry condition SMA sample yielded the highest ITS
value, followed by 0.5 percent and 0.7 percent, and the control mixture (0 percent) yielded
the lowest ITS value. However, the ITS values of the wet condition mixtures followed
a different pattern, with the maximum ITS value achieved with 0.3 percent of steel fiber,
followed by 0.7 percent, 0.5 percent, and 0 percent. This finding indicates that by adding
steel fiber as an additive in SMA, the bond between the aggregate and binder has been
improved, thus resulting in greater stiffness. However, the exceeding of steel fiber in the
mixtures can increase the viscosity of the asphalt binder, thus limiting the asphalt binder’s
ability to coat the aggregate sufficiently, thereby causing a very slight possibility of bond
failure between the steel fiber, asphalt binder, and aggregates.

Table 5. Moisture Susceptibility.

Indirect Indirect
Steel Fiber Content Samole No Tensile Strength Dry  Tensile Strength Wet
(Percent) P ) (ITSdry) (ITSwet)
(kPa) (kPa)
1 308 214
0 2 289 236
3 298 215
1 358 303
0.3 2 377 399
3 432 356
1 335 272
0.5 2 429 315
3 320 256
1 369 306
0.7 2 347 296
3 340 316

Figure 9 shows the TSR values of the asphalt mixtures obtained for the SMA samples.
It shows that the TSR values of the modified asphalt mixtures have improved. The perfor-
mance of moisture susceptibility was improved by up to 22% with 0.3 percent of steel fiber
in SMA compared to conventional SMA and other steel fiber proportions. Both mixtures
with 0.3 percent and 0.7 percent of steel fiber fulfil the minimum requirement TSR value
of 80 percent based on AASHTO T283. The result revealed that the addition of steel fiber
reduces the moisture damage of the SMA mix. This finding is similar to the study by Serin
S et al. [18], which observed that steel fiber enhances the interconnecting bonds between
the asphalt binder, increasing SMA cohesion and adhesion properties. On the other hand,
the addition of 0.5 percent of steel fiber and the conventional mixture could not achieve the
minimum TSR value, implying that they are more susceptible to moisture damage.
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Figure 9. Indirect Tensile Strength (ITS) and Tensile Strength Ratio (TSR).

3.4. Experimental Design Layout

Tables 6 and 7 show the design experiment and responses from the response surface
by using software with eight runs for dynamic creep and 12 runs for moisture susceptibility.
The alpha used was face-centered with the value of 1 for both experiments and center
points of 0 for dynamic creep, meanwhile with 4 for moisture susceptibility.

Table 6. Experimental Design Layout and Result of the Responses for Dynamic Creep.

Factor 1 Factor 2 Response 1
Std Run A: Binder Content B: Steel Fiber R1: Creep Strain Slope (CSS)
1 1 5 0 0.082
8 2 6 0.7 0.161
5 3 5 0.5 0.068
2 4 7 0.3 0.06
7 5 6 0 0.092
3 6 5 0.7 0.142
4 7 7 0.5 0.163
6 8 7 0.3 0.096

Table 7. Experimental Design Layout and Result of the Responses for Moisture Susceptibility.

Factor 1 Factor 2 Response 1 Response 2
Std Run A: ITSdry B: ITSwet R1: Steel A: ITSdry
kPa kPa Percent Percent
6 1 308 214 0 69.481
10 2 289 236 0 81.661
12 3 298 215 0 72.148
4 4 358 303 0.3 84.637
8 5 377 399 0.3 105.836
7 6 432 356 0.3 82.407
2 7 335 272 0.5 81.194
9 8 429 315 0.5 73.427
11 9 320 256 0.5 80
3 10 369 306 0.7 82.927
1 11 347 296 0.7 85.303
5 12 340 316 0.7 92.941
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3.5. Effects of One Factor on the Responses

Only one factor is changeable; meanwhile, the rest are kept constant in the one-factor-
at-a-time (OFAT) approach. Even though OFAT is not as appropriate as the multiple
factors to generate the experiment output because of the interaction only for one factor;
but, it can be one of the ways to prove and check the similarity of the data obtained from
multiple factors.

3.5.1. Dynamic Creep

The one factor analysis of steel fiber percentage on Creep Strain Slope (CSS) with
95 percent of the confidence interval was set to maximize steel fiber and minimize CSS for
optimization. With these criteria of optimization, the software produced the best amount of
steel fiber with the highest resistance toward permanent deformation. This was proven by
previous research by Jasni et al. [35]; the lower the CSS value, the better the performance of
the Stone Mastic Asphalt with additional steel fiber. Therefore, the result produced from
the software is 0.25 percent = 0.3 percent for steel fiber with the CSS value of 0.077 percent
(Table 8).

Table 8. Optimization for One Factor Analysis on 0.3 percent of Steel Fiber.

Parameter Steel Fiber Creep Strain Slope Tensile Strength Ratio
(Percent) (CSS) (Percent) (TSR) (Percent)
Experiment 0.3 0.070 90.58
One Factor 0.3 0.077 89.93
Targeted One Factor 0.3 0.080 90.96

3.5.2. Moisture Susceptibility

The one-factor analysis of steel fiber percentage on Tensile Strength Ratio (TSR) with
a 95 percent of confidence interval was set. The temperature and steel binder content
was kept constant at 25 °C and six percent. TSR represents the fraction of tensile strength
remaining after moisture conditioning and is used to evaluate the moisture susceptibility
of asphalt mixtures. The criteria of factor and response are set to maximize for both to
ensure that the factor and the response gives the highest performance of the modified
asphalt mixture. As required by AASHTO T283, the degree of saturation of SMA samples
must be in the range of 70 percent to 80 percent to achieve the saturation value, and it was
reported by Shaffie et al. [40] that all sample values must be in the range of 70 percent
to 80 percent. Next, as stated in a journal by Khodaii et al. [41], the higher the value of
TSR, the better the performance of the modified asphalt. To sum up the output from the
one-factor analysis of steel fiber, it was found that the most optimum value of steel fiber
is 0.32 percent at 89.93 percent of the tensile strength ratio. Based on AASHTO T283, the
value of TSR obtained meets the minimum requirement of 80 percent (Table 8).

3.5.3. Targeted Percentage of Steel Fiber

Based on findings by Shaffie et al. [42], it was found that 0.3 percent is the optimum
steel fiber content; therefore, an optimization was done by targeting 0.3 percent of steel
fiber and the CSS value was set at a minimum to check the difference in the output from
laboratory and statistical experiments. Table 8 shows the CSS value of 0.8 percent when
the steel fiber targeted 0.3 percent. Meanwhile, the maximize TSR value was found to be
90.96 percent, also when the steel fiber targeted 0.3 percent.

3.6. Effects of Two Factors on the Responses

The response surfaces were generated based on the experimental design layout. The
3D surface plot is very important to show the interaction between various variables plotted
on the x-axis and y-axis.
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3.6.1. Dynamic Creep

From the quadratic 3D surface plot with a constant temperature of 25 °C, the CSS
value becomes lower as it is approaching 0.3 percent of steel fiber and increases in value
again as the number of steel fibers increase. From the 3D plot, it can also be seen that
when the factors increase, the CSS value increases (red area). Next, the green area from
Figure 10 indicates the area of optimum value of CSS, steel fiber, and binder content. Even
so, from Table 9 of optimization for the two factor analysis on 0.3 percent of Steel Fiber, the
result of the optimization value of 0.3 percent of steel fiber is a CSS value of 0.075 percent
when the binder content is at six percent (optimum binder content from previous research).
The criteria of optimization was set to be maximized for steel fiber, minimized for CSS,
and targeted for the steel binder, due to the CSS value being less prone to deformation
if the value is lower but at the same time, having the best proportion of steel fiber for
a better performance of the modified asphalt mixture. Also, the desirability of the ramp of
optimization lies almost at 1 with the value of 0.843, which proves that the value of response
was given near to the ideal value even though the value was from blue to turquoise.

Creep Strain Slope (CS5) (%)

04

03

02

B: Steel Fiber (%)

Creep Strain Slope (CSS) (%)

3
B: Steel Fiber (%) <0 - A: Binder Content (%)
A: Binder Content (%)

Figure 10. Surface and Contour Plot for Dynamic Creep.

Table 9. Optimization for Two Factor Analysis on 0.3 percent of Steel Fiber.

Binder Content . Creep Strain Slope Tensile Strength Ratio
Parameter (Percent) Steel Fiber (Percent) (CSS) (Percent) (TSR) (Percent)
Experiment 6 0.3 0.070 90.58
Two Factor 6 0.3 0.075 91.51
Targeted Two- Factor 6 03 0.075 91.32

3.6.2. Moisture Susceptibility

The optimum area is situated at two side areas and the trends show it increasing and
becoming critical when one of the factors is at a high value and one is at a lower value
(Figure 11). This shows that the additional steel fiber gives an impact on the performance of
the modified asphalt mixture. The steel fiber cannot be too big in proportions and cannot be
too small (refer to the green area). Meanwhile, by referring to the contour plot (Figure 12),
it can be interpreted that the indirect tensile strength dry gives a strong effect on the value
of TSR; thus, the presence of water can reduce the strength and performance of a mixture.
When one factor is high in value, the other factor is at the lowest value to reach the critical
value (red area) of TSR. Next, the higher the TSR value, the better the performance of the
asphalt mixture when there is additional steel fiber; thus, the criteria of optimization in
Table 9 were set as maximizing for both steel fiber and TSR. The software gives a value of
0.3 percent of steel fiber and 91.51 of TSR as the optimum value if the value is lower but at
the same time, has the best percentage of steel fiber.
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Figure 12. Surface and Contour Plot for Response 2 (TSR).
3.6.3. Targeted Percentage of Steel Fiber
Table 9 depicts the CSS value of 0.075 percent when the steel fiber was targeted at
0.3 percent. Meanwhile, the optimal TSR value was discovered to be 91.32. The opti-
mization was performed by targeting optimum steel fiber content to see if there was any
difference in the output.
3.7. Model Fitting
Listed in Table 10 below are the equations used in the software to generate the models.
The final equation is in terms of coded factors because the diagnostic and analysis evaluated
the factor of ‘coded’ instead of actual coding. The A, B, and C values represent the factor
stated in the ANOVA analysis table.
Table 10. ANOVA for Quadratic Model of Dynamic Creep.
Description Equation
Dynamic Creep 0.0789 — 0.0403A + 0.0339B — 0.0059AB — 0.0172A2 — 0.0515B?
Moisture Susceptibility (Steel Fiber) 0.6145 — 0.0036A + 0.0263B — 0.4050AB — 0.0710A% — 0.2323B2

85.02 — 16.87A + 25.66B — 5.20AB + 3.39A2 + 0.0932B2 +

Moisture Susceptibility (TSR) 0.5379A2B + 0.6946AB2 — 0.5691A% — 0.2076B3
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The model is all significant, which is a good indicator that the model can fit well in the
experimental design (Table 11). For dynamic creep, the F-value of 3.34 implies that there
is only a 4.8 percent chance that an F-value this large can occur due to noise; meanwhile,
moisture susceptibility (steel fiber) only a 3.13 percent chance can occur due to noise with
an F-value of 5.43. Thus, the F-value of moisture susceptibility (TSR) is only a 0.01 percent
chance to occur due to noise. Next, the p-values of dynamic creep, moisture content (steel
fiber), and moisture content (TSR) are less than 0.05. p < 0.05 indicates that the model is
significant and adequate.

Table 11. ANOVA for Quadratic Model.

Source Sum of Squares df Mean Square F-Value p-Value

Dynamic Creep

Model 0.0110 5 0.0022 3.34 0.048 significant
A-Binder 0.0030 1 0.0030 7.68 0.1093
Content

B-Steel Fiber 0.0023 1 0.0023 5.95 0.1349
AB 0.0000 1 0.0000 0.0918 0.7905
A2 0.0004 1 0.0004 1.06 0.4122
B? 0.0036 1 0.0036 9.33 0.0926
Residual 0.0008 2 0.0004
Cor Total 0.0118 7
Moisture Susceptibility (Steel Fiber)

Model 0.6572 5 0.1314 5.43 0.0313 significant
A-ITSdry 9.487 x 107° 1 9.487 x 107° 0.0004 0.9849
B-ITSwet 0.0005 1 0.0005 0.0223 0.8861

AB 0.0109 1 0.0109 0.4510 0.5268
A2 0.0013 1 0.0013 0.0520 0.8272
B? 0.0162 1 0.0162 0.6693 0.4446
Residual 0.1453 6 0.0242
Cor Total 0.8025 11
Moisture Susceptibility (TSR)
Model 1033.51 9 114.83 1.480 x 108 <0.0001 significant
A-ITSdry 1 431 5.549 x 10° <0.0001
B-ITSwet 3.50 1 3.50 4514 x 10° <0.0001
AB 0.0286 1 0.0286 36,841.10 <0.0001
A2 0.0336 1 0.0336 43,312.45 <0.0001
B? 0.0002 1 0.0002 217.96 0.0046
A2B 0.0000 1 0.0000 29.35 0.0324
AB? 0.0000 1 0.0000 36.00 0.0267
A3 0.0003 1 0.0003 408.39 0.0024
B3 0.0000 1 0.0000 29.32 0.0325

Residual 1.552 x 10~° 2 7.759 x 1077

Cor Total 1033.51 11

As for fit statistics, a value of R?> more than 0.8 shows that the value is acceptable.
Table 12 shows the value exceeds 0.8 and can be considered close to 1.0, which indicates
that the model is significant and adequate. For negative adjusted R?, it indicates that the
overall mean can be a better predictor of the response than the current model but in some
cases, a higher order can also predict better. In different cases of moisture susceptibility
(TSR), 0.9999 is in reasonable agreement with the adjusted R?. Lastly, for the measurement
of the signal-of-noise ratio, it is indicated by the Adeq Precision to navigate the design
space [31]. Adeq Precision > 4 is another indicator to show that the model is adequate.
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Table 12. Fit Statistic for Quadratic Model.

Parameter Dynamic Creep Moisture Susceptibility Moisture Susceptibility

(Steel Fiber) (TSR)

Std. Dev. 0.0197 0.1556 0.0009

Mean 0.1083 0.3750 82.66

C.V. percent 18.21 41.50 0.0011

R? 0.9340 0.8189 1.0000

Adjusted R? 0.7691 0.6679 1.0000

Predicted R? —0.3247 —1.1317 0.9999
Adeq Precision 5.2253 6.0149 45,212.9481

3.8. Comparison between Laboratory and Statistical Experiment

Table 13 shows the difference and similarity of the value obtained from laboratory ex-
periments and statistical experiments by using the response surface of one and two factors
of analysis. The method of experiment has a significant effect on the value reported for
experimental design. A 0.3 percent targeted steel fiber value was chosen to observe the
similarity in the value of the responses with the software output as 0.3 percent being the
optimum steel fiber content obtained in the laboratory experiment. Based on the criteria
and statistical experiment by Response Surface Methodology (RSM), the optimal condition
was obtained. According to this table, the difference between the laboratory experiment
and four statistical experiments is too small for the responses and the steel fiber value is
the same without using the targeted value. Therefore, it shows that the optimum steel
fiber content obtained from laboratory experiments and statistical experiments has a good
precision in both individual and interaction factors of analysis. Thus, a 0.3 percent addition
of steel fiber in asphalt mixture can be accepted.

Table 13. Optimum Statistical and Laboratory Experiment Value.

Description Steel Fiber Creep Strain Slope Tensile Strength
% (CSS)% Ratio (TSR)O/O
Laboratory Experiment 0.3 0.07 90.58
L 0.25~ 0.3 0.077 -
Statistical (One factor) 032 ~03 . 89.93
Difference 0 0.007 0.65
Percentage Difference (percent) 0 9 0.07
- 0.3 0.08 -
Statistical (Targeted one factor) 03 - 90.96
Difference N/A 0.01 0.38
Percentage Difference (percent) N/A 125 0.42
Statistical (Two factor) 0.3 0.075 -
Residual 0.31~0.3 - 91.505
Difference 0 0.005 0.925
Percentage Difference (percent) 0 7.14 1.01
Statistical (Targeted Two factor) 0.3 0.075 )
0.3 - 91.32
Difference N/A 0.005 0.74
Percentage Difference (percent) N/A 7.14 0.08

4. Conclusions

The use of steel fiber in asphalt pavements has recently been the subject of some
investigation. This research aimed to determine the optimum amount of steel fiber in
a modified asphalt mixture and characterize the performance of steel fiber in the SMA
mixture. A statistical analysis of Response Surface Methodology (RSM) was used in this
investigation to find the interaction between selected variables. A few conclusions and
recommendations can be drawn based on the results obtained from the optimization of the
content of steel fiber in a modified asphalt mixture of SMA:

e It can be indicated that the incorporation of steel fiber in the asphalt mixture increases
the stability compared to the conventional mixture. In the meantime, the flow values
go through reduction. In relation to these indications, it can be said that the optimum
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percentage of steel fiber to be utilized in the SMA mixture in terms of stability is
0.3 percent.

e  Experimental results from the dynamic creep and moisture susceptibility have shown
that the addition of steel fiber into the asphalt mixture improves the SMA mixture
performance. Comparing the result with conventional and different proportions of
steel fiber, 0.3 percent of steel fiber in SMA showed the greatest improvement in
terms of permanent deformation. The addition of 0.3 percent of steel fiber to the mix
decreases the strain value considerably as compared to the control mix. This means that
the SMA mixture with 0.3 percent of steel fiber is resistant to permanent deformation.
In addition, steel fiber in SMA strengthened the bonding between the aggregate and
binder, resulting in increased stiffness. It was also revealed that the indirect tensile
strength, and also TSR ratio, peaked at 0.3 percent of steel fiber content. It is proved that
the presence of steel fiber reduces moisture-induced damage or stripping potential of
SMA compared to the conventional mixture. This indicates that steel fiber strengthens
the interconnecting bonds between the bitumen molecules, enhancing the cohesion
and adhesion properties of SMA when being exposed to moisture.

e  The research revealed that the Response Surface Methodology (RSM) is an effective
statistical method for providing an appropriate empirical model for relating parame-
ters and predicting the optimum performance of asphaltic mixture to reduce flexible
pavement failure. RSM is proven to be one of the efficient ways of an experiment; not
only does it save cost and time but it can also give similar results to the laboratory
result. From one-factor and two-factor analysis, it was found in one and multiple inter-
actions that the value of relative error is still small, and the percentage difference is less
than 15 percent from laboratory results which indicates that the model is fitted with
the experiment. An amount of 0.3 percent was found to be the most optimum steel
fiber content from the optimization by using Response Surface Methodology, which
thus proves that additional steel fiber in the SMA mixture enhanced the performance
of the mixture.

e  Future research on the dynamic creep performance with three different temperatures
should be conducted to check the suitability of the steel fiber-modified SMA mixture
due to the various weather conditions, and should conduct a laboratory experiment
along with the statistical experiment in research based on the value from software.
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