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ABSTRACT

ARTICLE INFO

Flexible pavements are considered more sustainable than concrete pavements pri-
marily due to the higher long-term maintenance and rehabilitation costs associated
with concrete pavements. Concrete pavements possess a higher modulus of elastic-
ity, which allows them to distribute vehicle loads over a larger area, thereby enhanc-
ing the strength of the pavement. However, despite this advantage, their flexural
strength is relatively low. As a result, there has been a growing focus on research to
improve the flexural strength of concrete pavements to increase their overall perfor-
mance and sustainability. This study aimed to reveal the effects of enhanced mechan-
ical properties of concrete reinforced with glass fiber on concrete pavements, specif-
ically under heavy vehicle loading as in real-world conditions. The impact of glass
fiber on the thickness of both the concrete and base layers, as well as the quality of
the base layer material and transverse joint spacing, was assessed. For this purpose,
3D finite element models were developed using ANSYS software, considering con-
crete thicknesses of 100, 150, and 200 mm, glass fiber ratios of 0%, 0.5%, and 1%,
base layer elastic moduli of 100, 200, and 300 MPa, and transverse joint spacings of
300, 450, and 600 mm. It was determined that the concrete thickness and the base
layer modulus of elasticity were the most influential factors in minimizing flexural
stress, total deformation, and equivalent total strain. The glass fiber addition had a
more notable impact on maximum principal stress, especially at the 1% ratio, but had
a minimal effect on total deformation and strain. Transverse joint spacing had the
least effect, although shorter spacings are still recommended to reduce the risk of
transverse cracking in stiffer base layers.
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1. Introduction

Flexible pavements have a lower initial cost; however,
when long-term maintenance costs are considered, they
are more expensive than concrete pavements (Nazki et
al. 2020; Araz et al. 2023). In Tiirkiye, 92% of the 2024
transportation maintenance budget is allocated primarily
for flexible pavements (KGM 2024). Therefore, expanding
the use of concrete pavement applications in both Tiirkiye
and globally is essential at the earliest opportunity. Con-
crete pavements have a higher elasticity modulus and

stiffness than flexible pavements, enabling them to
spread traffic loads over a wider area on the ground,
which enhances their strength. They function similarly to
beams resting on an elastic foundation (Agar et al. 1998).
Plain concrete, however, is a brittle material, and its flex-
ural strength decreases as its strength class increases
(Zain et al. 2002). Flexural strength measures a material's
resistance to bending stresses, indicating the stress level
at which it fails in bending (Ntimugura et al. 2020). For
concrete, flexural strength typically ranges from 10% to
20% of its compressive strength (Kosmatka et al. 2003).
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Studies aimed at enhancing flexural strength have led
to a rapid increase in the use of various additives and fi-
bers (steel, basalt, glass, polymeric, carbon) in plain con-
crete, as reflected in the literature (Celik et al. 2024). The
utilization of fibers improves the service life and me-
chanical properties of concrete (Karahan and Atis 2011;
Zhang and Li 2013; Sengel et al. 2022; Gultekin 2023;
Eryilmaz Yildirim et al. 2024). Glass fibers are the most
commonly used synthetic fibers to enhance the flexural
strength of concrete, a critical parameter for concrete
pavements under cyclic loading, owing to their availabil-
ity and ease of application (Akram et al. 2024).

Jagannadha and Ahmed (2009) revealed that incorpo-
rating just 0.03% glass fiber into plain concrete resulted
in greater flexural and compressive strengths compared
to both 0.1% glass fiber and plain concrete. Kizilkanat et
al. (2015) conducted a study using glass fiber and basalt
fiber and reported that splitting tensile strength im-
proved with increasing basalt fiber ratios; however, no
further increase was observed beyond a 0.5% glass fiber
ratio. Afroz et al. (2019) demonstrated that a 1% addi-
tion of steel fiber increased flexural and compressive
strengths by 80% and 10%, respectively. Ali and Qureshi
(2019) observed that adding 0.25% to 1.0% glass fiber
to concrete enhanced its flexural strength by 25%. Lau et
al. (2020) found that fiber addition increased fatigue cy-
cles in concrete pavements by 135%. Hussain et al.
(2020) concluded that a 1% addition of steel fiber re-
duced pavement thickness by 34%. Tungcel et al. (2020)
reported that 0.5% Kevlar fiber improved the flexural
strength of concrete pavements. Abdulridha et al. (2021)
investigated the effects of varying cement content, steel
and polypropylene fiber ratios, and silica fume ratios,
concluding that cement content had the greatest impact
on reducing shrinkage cracking. Sharbatdar and Rahmati
(2022) reported that adding 20 kg of steel fibers per m?
increased flexural and tensile strengths by 83% and
20%, respectively. Bhogone and Subramaniam (2022)
observed that hybrid use of polypropylene and steel fi-
bers reduced plastic shrinkage cracking by 90%. Mola et
al. (2024) studied Kevlar fiber’s effect on concrete pave-
ments, finding that it enhanced flexural and compressive
strengths by 15% and 5%, respectively.

In recent years, there has been a growing focus on the
numerical modeling of fiber-reinforced concrete. The fi-
nite element method offers a numerical approach for ad-
dressing issues involving complex structures, varying
loads, and diverse materials.

Kumara et al. (2003) developed a finite element
model to examine flexural stresses in ultra-thin pave-
ments, observing that Florida pavement test sections in
poor condition generated higher flexural stresses be-
neath the concrete layer. Sultana (2010) developed a fi-
nite element model using SolidWorks software to ana-
lyze the bonding conditions between whitetopping con-
crete and flexible pavements. The findings indicated that
bond conditions were the most critical factor influencing
pavement performance, with increased concrete layer
thickness resulting in reduced flexural stress beneath
the concrete layer. Celik (2014) reported that, in a finite
element model subjected to tandem axle dual tire load-
ing, flexible pavements exhibited vertical stress levels

119% higher than those in concrete pavements. Addi-
tionally, Bas et al. (2022) developed a 3D finite element
model to investigate flexural stresses in concrete pave-
ments constructed on deteriorated flexible bases, con-
cluding that concrete thickness was the most influential
parameter in controlling bending stresses under the
concrete layer.

In addition to the purchase costs of fibers used to en-
hance flexural strength, their impact on reducing work-
ability, requiring the use of plasticizers, adds significant
costs to the overall pavement design. Therefore, to make
the use of fiber in concrete pavements more feasible, it is
essential to reduce the thickness of the concrete layer, as
well as the thickness and rigidity (quality) of the base
layer. Besides, standard beam flexural strength tests of-
ten cannot be reliably used to estimate concrete pave-
ment performance (Roesler et al. 2004).

This study aimed to investigate the effects of en-
hanced mechanical properties of concrete reinforced
with glass fiber on the performance of concrete pave-
ments under heavy vehicle loading, reflecting real-world
conditions. The influence of glass fiber on the thickness
of both the concrete and base layers, as well as the qual-
ity of the base layer material, was evaluated. Nonlinear
finite element analysis was performed using ANSYS (SAS
2024) software with a cast iron material model. Finite el-
ement models were developed based on the Taguchi ex-
perimental design method, incorporating parameters
such as concrete thicknesses of 100, 150, and 200 mm,
glass fiber ratios of 0%, 0.5%, and 1%, base layer elastic
moduli of 100, 200, and 300 MPa, and transverse joint
spacings of 300, 450, and 600 mm.

2. Materials and Method

When complex problems cannot be solved directly,
the main problem can be divided into smaller and more
manageable sub-problems called finite elements. The so-
lution to the original problem can then be obtained from
the solutions to these sub-problems. In this process, a
sufficient model can be obtained using a well-defined fi-
nite number of elements (Moaveni 2011). Cheung and
Zinkiewicz (1965) were the first to apply finite element
analysis for pavement analysis.

2.1. Finite element modeling

Ali et al. (2020) conducted an in-depth study on the
effects of adding glass fiber to pavement concrete, exam-
ining its mechanical properties at fiber ratios of 0%,
0.5%, and 1%. They evaluated compressive strength and
elastic modulus in accordance with ASTM-C39 (2015).
Additionally, flexural strength was assessed using a four-
pointloading test on 100 x 100 x 350 mm specimens, fol-
lowing ASTM-C78 (2018). In this study, the findings of
Ali et al. (2020) were applied to evaluate the effects of
glass fiber on concrete pavement via finite element mod-
eling. The load-deflection curve from the bending test is
shown in Fig. 1, and Table 1 summarizes the mechanical
properties of both plain and glass fiber reinforced con-
crete.
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Fig. 1. Load deflection data of plain concrete and glass fiber reinforced concretes.

Table 1. Mechanical properties of plain and glass fiber reinforced concretes.

Elastic modulus (MPa) Flexural strength (MPa)

Type Compressive strength (MPa)
Plain concrete 34.66
Glass fiber % 0.5 36.87
Glass fiber % 1.0 35.57

23472 3.79
24583 4.75
23842 4.68

The Cast Iron plasticity model was utilized to capture
the non-linear behavior of glass fiber-reinforced con-
crete, incorporating compressive and tensile stress-
strain test data (Nguyen Dinh 2016; Jawdhari and Fam
2020; Noorvand et al. 2022). As the load-deflection data
for compression tests were not provided in the study and
only compression yield strengths were available, load-
deflection curves were generated based on these yield

strengths. This model presumes identical elastic behav-
ior in both tension and compression; therefore, the divi-
sion of stress by strain in the initial rows of compression
and flexural tests was idealized to be the same, ensuring
consistent results. Table 2 summarizes the stress-strain
input values for the flexural response used in the Cast
Iron plasticity model for both plain and glass fiber-rein-
forced concretes, based on experimental data.

Table 2. Flexural response input parameters for finite element analysis.

Plain concrete

Glass fiber % 0.5

Glass fiber % 1.0

Strain (mm/mm) Stress (MPa) Strain (mm/mm) Stress (MPa) Strain (mm/mm) Stress (MPa)
0.00010 2.35 0.00010 2.46 0.00005 1.19
0.00024 3.03 0.00024 3.64 0.00021 2.48
0.00043 3.79 0.00034 4.09 0.00029 3.08

0.00039 4.29 0.00036 3.49
0.00055 4.60 0.00046 4.04
0.00085 4.75 0.00072 4.53
0.00078 4.60
0.00094 4.68

Axle weight studies conducted on 14,488 vehicles
across 79 locations in Tiirkiye show that the most com-
mon truck type, representing 32% of the sample, has a
1.22 axle configuration (KGM 2023). For finite element
analysis, heavy vehicles with this axle type were selected
to reflect real-world loading conditions accurately. The
wheelbases for 1.22-axle trucks range from 3.33 m to

6.69 m, depending on the vehicle brand in Tiirkiye; the
shortest wheelbase, 3.3 m, was chosen to simulate a crit-
ical loading scenario.

Tire pressure for heavy vehicles generally varies from
500 to 1000 kPa worldwide, with 700 to 800 kPa recom-
mended for pavement design (Moffatt 2017). Korkiala-
Tanttu (2009) conducted extensive laboratory and ac-
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celerated road tests, finding that the tire contact areas
measured 250 mm by 225 mm for single tires and 225
mm by 200 mm for dual tires. In this study, a tire pres-
sure of 700 kPa was applied, with contact areas of 250

mm by 225 mm for the front wheels and 225 mm by 200
mm for the rear wheels. A sample loading model for a
pavement section with a 4.5-meter transverse joint spac-
ing is illustrated in Fig. 2.

Fig. 2. Loading model of the pavement section with a 4.5-meter transverse joint spacing.

The finite element model consisted of a glass fiber-re-
inforced concrete pavement layer and a base layer ar-
ranged from top to bottom. The contact surface between
the concrete pavement and the base layer was modeled
as bonded. The base layer bottom was constrained in all
directions, and the subgrade was excluded to improve
the displacement analysis. Symmetry conditions were
applied to the left side of the model, and the end faces
along the y-axis were constrained in the x-axis to model
the transverse joints. The right side of the model was not
subjected to any constraints.

The element type SOLID185 was chosen for the base
layer to represent the granular material. The modulus of
elasticity was set at 100 MPa, 200 MPa, and 300 MPa,
based on the AASHTO recommended range of 103 to 310
MPa. Poisson’s ratio was set to 0.3. The base layer thick-
ness was taken as 150 mm, the minimum thickness rec-
ommended by AASHTO.

ACPA (1992) and ACI 302.1R-11 (2011) recommend
that joint spacing should be between 24 and 30 times
the pavement thickness. Accordingly, the spacings for
pavement thicknesses of 100 mm, 150 mm, and 200 mm
were adjusted to 300 cm, 450 cm, and 600 cm, respec-
tively, with the recommended upper limit. KGM (2016)
recommends a joint width of 4.8 mm * 1.5 mm and a
minimum joint depth of one-fourth the concrete thick-

ness. In this study, the joint width was considered to be
6 mm, and the depth was taken as one-fourth of the slab
thickness.

2.2. Taguchi method

Finite element analyses were carried out using the
Taguchi Method, which employs orthogonal arrays to
minimize the number of experiments needed while
maintaining the reliable confidence intervals
(Mohammed and Najim 2020). In this approach, the S/N
(Signal-to-Noise) ratio serves as a performance metric,
where the signal represents the desired effect, and the
noise reflects factors that adversely affect. Taguchi
method addresses complex optimization problems
through three solution targets: maximizing, minimizing,
and achieving nominal values (Siinbil and Tortum
2024). Overall, this optimization process offers an effec-
tive and systematic approach, ensuring the production of
high-performance, quality-enhanced products (Colak et
al. 2023).

The four parameters and their three levels, used for
finite element analyses and optimization, are presented
in Table 3. An L9 orthogonal array was selected for the
experimental plan, with a 95% confidence interval ap-
plied; the details are provided in Table 4.

Table 3. Parameters and levels used in finite element analyses.

Levels
Parameters
1 2 3
Thickness (mm) 100 150 200

Glass fiber (%)

0.00 0.50 1.00

Modulus of elasticity of base layer (MPa) 100 200 300

Transverse joint space (mm)

300 450 600
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Table 4. Experimental plan for finite element analysis.

Modulus of elasticity of base layer (MPa)

Joint space (mm)

Experiment No. Thickness (mm) Glass fiber (%)
1 100 0.00
2 100 0.50
3 100 1.00
4 150 0.00
5 150 0.50
6 150 1.00
7 200 0.00
8 200 0.50
9 200 1.00

100.00 300
200.00 450
300.00 600
200.00 600
300.00 300
100.00 450
300.00 450
100.00 600
200.00 300

3. Results and Discussion
3.1. Validation of the established FEM models

To validate the established models using compression
and flexural test data on a concrete slab, Experiment 5
was selected. The model analysis results of the compres-
sion test for equivalent stress and equivalent total strain

are shown in Fig. 3, with maximum equivalent stress and
maximum equivalent total strain values of 36.87 MPa
and 0.0022703 mm/mm, respectively.

The model analysis results of the flexural test for max-
imum principal stress and equivalent total strain are
shown in Fig. 4, with maximum principal stress and max-
imum equivalent total strain values of 4.6791 MPa and
0.001834 mm/mm, respectively.

36.87

36.701
36.531
36.362
36.192
36.023
35.854
35.684
35515
35.346

0.0022703
0.0022277
0.0021851
0.0021425
0.0021

0.0020574
0.0020148
0.0019722

0.0019297
0.0018871

AVEET

Fig. 3. Validation of compression test on a concrete slab for Experiment 5: Equivalent stress and equivalent total strain.

46791

-1.357
-2.1116

0.001834
0.0016302

7.0388e-10

3.9246
3.1701
2.4156
1.661
0.90651
0.15198
-0.60254
0.0014264
0.0012227
0.0010189
0.0008151
0.00061133
0.00040755
0.00020378

Fig. 4. Validation of flexural test on a concrete slab for Experiment 5: Maximum principal stress and equivalent total strain.
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Fig. 5 presents the comparison between finite ele-
ment analysis results and test data for compression and
flexural tests. A reasonable agreement was observed,

confirming the suitability of the selected constitutive
iron cast model for simulating the real behavior of glass
fiber-reinforced concrete.
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Fig. 5. Comparison of finite element results with compression and flexural tests.

3.2. Maximum principal stress analysis results

Maximum principal stress results used to evaluate the
flexural stress arising at the bottom of the glass fiber-re-
inforced concrete layer are presented in Fig. 6.

As shown in Table 5, an ANOVA (Analysis of Variance)
test was conducted to determine whether the S/N values
of finite element results are statistically significant and
to enable estimations with a 95% confidence interval.
This study's error degree of freedom is zero, as all four
parameters have three levels. To increase the error de-
gree of freedom and enable estimations at a %95 confi-
dence level, the transverse joint spacing parameter, with
the smallest contribution at 0.28%, was pooled. The
model demonstrated a high level of accuracy, with an R2
of 0.9972 and a predicted RZ of 0.9434, both in close

agreement with the adjusted R? of 0.9888 (difference <
0.2). Additionally, the adequate precision, an indicator of
signal-to-noise ratio, was 30.97, well above the thresh-
old of 4, confirming the model's suitability for navigating
the design space.

At a 95% confidence level, the F-values for the re-
maining parameters (concrete thickness, glass fiber ra-
tio, and modulus of elasticity of the base layer) were
higher than the F-table value of 19 for (2;2). Additionally,
the model is statistically significant, as all unpooled pa-
rameters have p-values below 0.05.

The S/N contributions of all parameters are given in
Table 6. The optimum levels were identified as A3, B3,
C3, and D3. As shown in the experiment plan in Table 4,
no experiment includes the optimum levels.

3.00

2.50

2.00

1.50

1.00

0.50

Maximum principal stress (MPa)

0.00

1 2 3 4

Experiment No.

5 6 7 8 9

Fig. 6. Maximum principal stress results according to the experimental plan.
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Table 5. Taguchi ANOVA table for maximum principal stress results.

Parameters df Sums of squares Variance F-value Contribution (%) p-value
Thickness (mm) 2 52.41 26.20 287.65 80.43 0.003
Glass fiber (%) 2 4.11 2.05 22.55 6.31 0.042
Modulus of elasticity of base layer (MPa) 2 8.46 4.23 46.45 12.99 0.021
Joint space (mm) Pooled
Error 2 0.18 0.09 0.28
Total 8 65.16 100

Table 6. S/N contributions of all parameters.

Parameters

Optimum levels

S/N contribution

Thickness (mm)
Glass fiber (%)
Modulus of elasticity of base layer (MPa)
Joint space (mm)

The sum of contributions (S/N)
Average performance statistics (S/N)
Optimum predicted result (S/N) / (MPa)
Validation result (S/N) / (MPa)
Confidence interval (a=95%) (S/N)

3.052
0.949
1.284

w W w w

0.000
5.285
-3.716

1569 /

0141 /

0.835
0.98393

-0.162 - 3.301

A validation finite element model was created using
the optimum levels: 200 mm concrete thickness, 1%
glass fiber ratio, 300 MPa modulus of elasticity of the
base layer, and 600 mm joint spacing. The maximum
principal stress in the validation finite element model

was observed to be 0.98393 MPa, located at the bottom
of the concrete layer at the transverse joint, as shown in
Fig. 7. This value falls within the range of 0.684 to 1.018
MPa, indicating that the result is accurate within a 95%
confidence interval.

0.98393 Max
0.80922
0.63452
0.45982
0.28512
0.11041
-0.064289
-0.23899
-0.41369
-0.5884 Min

-]

Fig. 7. Maximum principal stress at the bottom of the concrete slab for validation model.

Performance statistics for minimizing maximum prin-
cipal stress values are shown in Fig. 8. The signal-to-
noise (S/N) contribution of the concrete slab thickness
was found to be the most effective parameter in minimiz-
ing flexural stress at the bottom of the concrete layer,
with a value of 3.052. This was followed by the modulus
of elasticity of the base layer, glass fiber ratio, and joint
spacing, with respective values of 1.284, 0.949, and
0.194.

As the concrete thickness increased, the maximum
principal stress at the bottom of the slab decreased sig-
nificantly, consistent with previous studies (Sultana

2010; Bas et al. 2022). This is attributed to the higher
load transfer efficiency of the thicker plates, particularly
at the joints (Sii 2015). The 0.5% glass fiber ratio had a
similar effect on maximum principal stress as plain con-
crete (showing no significant impact), while the 1.0%
glass fiber ratio reduced the maximum principal stress.
The theoretical critical fiber volume, the amount of fiber
needed to significantly impact the concrete's strength, is
between 1% and 3% (Bentur and Mindess 2006). Since
the 0.5% fiber ratio was below this threshold, it had a
similar effect to the plain concrete. The 1.0% ratio's ef-
fectiveness is attributed to the strong bond between the
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fibers and the concrete matrix, causing the fibers to frac-
ture before debonding (Roesler et al. 2019). The maxi-
mum principal stress decreased as the modulus of elas-
ticity of the base layer increased, aligning with previous
studies conducted on concrete slabs (Wu et al. 1993; Kim
2017). The transverse joint spacing had the least effect
on maximum principal stress; however, it is important to
note that increasing the transverse joint spacing may

lead to more cracking in the concrete slab (Shoukry et al.
2007; Roesler et al. 2019).

3.3. Total deformation analysis results
Total deformation results obtained from the finite el-

ement models on the glass fiber-reinforced concrete
layer are presented in Fig. 9.
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Fig. 8. Performance statistics minimizing maximum principal stress for all levels.
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Fig. 9. Total deformation results according to the experimental plan.

As shown in Table 7, the Taguchi ANOVA table for to-
tal deformation results demonstrates a perfect model fit.
With an R? of 0.9998, the model achieves error-free pre-
diction accuracy by accounting for all variability in the

total deformation results. Furthermore, the predicted R2
0f 0.9996 and adjusted R? of 0.9997 highlight the model's
robustness and reliability, confirming its predictive
power without the risk of overfitting.

Table 7. Taguchi ANOVA table for total deformation results.

Parameters df

Sums of squares Variance F-value Contribution (%) p-value
Thickness (mm) 2 48.468 24.234 20,812 44.16 0.00005
Glass fiber (%) 2 0.056 0.028 24.096 0.05 0.03985
Modulus of elasticity of base layer (MPa) 2 61.242 30.621 26,297 55.79 0.00004
Joint space (mm) Pooled
Error 2 0.002 0.001
Total 8 109.768 100
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The performance statistics for the total deformation
results are shown in Fig. 10. The optimal levels for mini-
mizing total deformation in the concrete layer were iden-
tified as A3, B2, C3, and D1. The base layer modulus of
elasticity made the highest contribution to reducing total
deformation, with a value of 55.79, followed by the con-
crete layer thickness at 44.16. Glass fiber had a minor
contribution of 0.05, and transverse joint spacing, con-
tributing only 0.002, was therefore pooled. As both the
base layer modulus of elasticity and concrete thickness
increased, total deformation decreased. The concrete
layer became stiffer with the increased thickness, and
this situation led to less deformation under the vehicle
loads since it distributed the vehicle load more effectively
through the pavement. The increase in the elasticity mod-

ulus of the base layer led to lower deformation, as it
measures the layer's rigidity. The effect of the glass fiber
ratio on deformation was minor compared to the thick-
ness and the base layer's modulus of elasticity. Although
the increase in elasticity modulus and flexural strength
slightly improved the concrete material's stiffness, the
impact was limited because the vehicle loading with a
1.22 axle type did not generate stresses at the edge and
transverse joint high enough to exceed the tensile yield
strength, keeping the material within the elastic region
and preventing it from entering the plastic region. Trans-
verse joint spacing had a minimal effect on deformation;
however, it is important to note that shorter transverse
joint spacings are necessary for stiffer base layers to re-
duce the risk of transverse cracking (Huang 2004).

= 22
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Base Layer (Mpa)

Fig. 10. Performance statistics minimizing total deformation for all levels.

The maximum total deformation observed in the fi-
nite element model for validating maximum principal
stress optimization at levels A3, B3, C3, and D3 was
0.072384 mm, located at the transverse joint, as shown
in Fig. 11. This value falls within the range of 0.0709894
to 0.0742625, confirming model accuracy within a 95%
confidence interval.

3.4. Equivalent total strain analysis results

Equivalent total strain results obtained from the finite
element models on the glass fiber-reinforced concrete
layer and corresponding S/N values are presented in Ta-
ble 8.

0.072384 Max
0.064341
0.056298
0.048256
0.040213
0.032171
0.024128
0.016085
0.0080426

0 Min

Fig. 11. Total deformation result at levels A3, B3, C3, and D3.

The ANOVA table for minimizing the maximum equiv-
alent total strain results is given in Table 9. The close
alignment between R2 (0.9997), adjusted R? (0.9996) and
predicted R2 (0.9993) confirms that the model is well-fit-

ted and robust without overfitting and bias. The high pre-
dicted R? value, close to 1.00, validates the model's esti-
mation capability. Optimum levels that minimize the
equivalent total strains were found as A3, B2, C3, and D3.
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Table 8. Equivalent total strain results and corresponding S/N values.

Experiment No. Equivalent total strain (mm/mm) S/N
1 0.00188930 54.47
2 0.00112380 58.99
3 0.00086532 61.26
4 0.00081253 61.80
5 0.00060235 64.40
6 0.00131750 57.60
7 0.00046139 66.72
8 0.00096555 60.30
9 0.00060722 64.33

Table 9. Taguchi ANOVA table for equivalent total strain results.

Parameters df Sums of squares Variance F-value Contribution (%) p-value
Thickness (mm) 2 46.279 23.140 11,364 40.36% 0.00009
Glass fiber (%) 2 0.086 0.043 21.166 0.08% 0.04511
Modulus of elasticity of base layer (MPa) 2 68.301 34.151 16,771 59.56% 0.00006
Joint space (mm) Pooled
Error 2 0.004 0.002
Total 8 114.671 100

The modulus of elasticity of the base layer and con-
crete thickness had the greatest impact in minimizing
the equivalent total strain, with values of 59.56 and
40.36, respectively. In contrast, the glass fiber ratio and
joint spacing parameters had minimal effects, with val-
ues of 0.075 and 0.004. The equivalent total strain de-
creased as both the modulus of elasticity of the base
layer and the thickness of the concrete layer increased.

The finite element model for validating maximum

principal stress optimization at levels A3, B3, C3, and D3
showed a maximum equivalent total strain of
0.00045942 mm at the transverse joint, as illustrated in
Fig. 12. This value lies within the range of 0.000444698
to 0.000472011, verifying model accuracy within a 95%
confidence interval.

0.00045942
0.00040199
0.00034456
0.00028714
0.00022971
0.00017228
0.00011486
5.743e-5
3.5258e-9

Fig. 12. Equivalent total strain result at levels A3, B3, C3, and D3 (0.5x Auto scaled).

The high predicted R? value for all three models vali-
dates the robustness of the model's predictive ability.
The transverse joint spacing parameter was pooled for
all three models, and predictions were made without this
parameter, considering all remaining factors across all
levels at a 95% confidence level, as summarized in Table
10.

4. Conclusions

This study evaluated the addition of glass fibers at
0%, 0.5%, and 1% to enhance the flexural strength of
concrete pavements, examining the effects on maxi-
mum principal stress, total deformation, and equiva-
lent total strain. The concrete pavements had thick-
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nesses of 100, 150, and 200 mm, with base layer elastic
moduli of 100, 200, and 300 MPa, and transverse joint

spacings of 300, 450, and 600 mm. The findings are
summarized below:

Table 10. Taguchi predictions for all parameters except transverse joint spacing.

Maximum principal Total deformation Equivalent total strain

el stress (MPa) (mm) (mm/mm)
A1-B1-C1 2.513 0.288 0.00188318
A1-B1-C2 2.283 0.181 0.00115498
A1-B1-C3 1.919 0.139 0.00087427
A1-B2-C1 2.568 0.283 0.00183341
A1-B2-C2 2.333 0.178 0.00112445
A1-B2-C3 1.961 0.137 0.00085117
A1-B3-C1 2.156 0.289 0.00186887
A1-B3-C2 1.959 0.181 0.00114620
A1-B3-C3 1.646 0.140 0.00086763
A2-B1-C1 1.853 0.202 0.00132836
A2-B1-C2 1.683 0.127 0.00081470
A2-B1-C3 1.415 0.098 0.00061670
A2-B2-C1 1.894 0.198 0.00129325
A2-B2-C2 1.720 0.125 0.00079317
A2-B2-C3 1.446 0.096 0.00060040
A2-B3-C1 1.590 0.202 0.00131827
A2-B3-C2 1.444 0.127 0.00080851
A2-B3-C3 1.214 0.098 0.00061201
A3-B1-C1 1.274 0.150 0.00099441
A3-B1-C2 1.157 0.094 0.00060988
A3-B1-C3 0.973 0.073 0.00046166
A3-B2-C1 1.302 0.147 0.00096813
A3-B2-C2 1.183 0.092 0.00059377
A3-B2-C3 0.994 0.071 0.00044946
A3-B3-C1 1.093 0.150 0.00098685
A3-B3-C2 0.993 0.094 0.00060525
A3-B3-C3 0.835 0.073 0.00045815

The concrete thickness and the base layer modulus of
elasticity were the most influential factors in minimiz-
ing stress, deformation, and strain, with greater thick-
ness and stiffness resulting in improved pavement
performance. The glass fiber addition had a more no-
table impact on maximum principal stress, especially
at the 1% ratio, but had a minimal effect on total de-
formation and strain. Transverse joint spacing had
the least effect, although shorter spacings are still rec-
ommended to reduce the risk of transverse cracking
in stiffer base layers.

Across all levels of glass fiber ratio and base layer
elasticity modulus, concrete thicknesses of 100 mm
and 150 mm produced maximum principal stresses
approximately 1.97 and 1.45 times higher, respec-
tively, than the thickness of 200 mm. These thick-

nesses also led to deformations and strains approxi-
mately 1.91 and 1.35 times higher, respectively, com-
pared to the 200 mm thickness.

Similarly, across all levels of glass fiber ratio and con-
crete thickness, base layer elasticity moduli of 100
MPa and 200 MPa generated maximum principal
stresses about 1.31 and 1.19 times higher, respec-
tively, than a modulus of 300 MPa. These moduli also
resulted in deformations and strains approximately
2.11 and 1.31 times greater than those observed with
a modulus of 300 MPa.

Lastly, across all levels of concrete thickness and base
layer elasticity modulus, glass fiber ratios of 0% and 0.5%
produced maximum principal stresses approximately
1.18 times higher than a ratio of 1%. No effect of glass
fiber ratio on deformation and strain was observed.
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