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Abstract: Rigid pavements have high compressive strength and low flexural strength due to the
brittleness of concrete. This leads to the formation of cracks easily under the applied loads of vehicles;
therefore, the design of concrete pavements usually leads to an increase in the high thicknesses.
Hybrid steel fibers are used in concrete to increase flexural strength and minimize crack formation.
Using concrete with steel fibers in pavements reduces the required concrete thickness. In recent
decades, the application of the finite element method to predict the behavior of rigid pavements
has increased. This study investigates the influence of hybrid steel fiber on the behavior of rigid
pavements; a finite element modeling approach is used to simulate the case study. Several parameters
are entered and investigated in this study, including the proportion mix of hybrid fiber concrete
(HFC), which contains 0.2% macro synthetic fibers and 0.68, 0.8, and 0.96% of steel fibers, compressive
strengths of 25, 35, and 45 MPa, slab thicknesses of 150, 200, and 250 mm, and the load of the tandem
axle at the edge of mid slab on the Winkler foundation. The ATENA software package is used to
perform a nonlinear finite element analysis. Thirty-six rigid specimen pavements with dimensions
of 3600 × 3600 mm were modeled in this investigation. The results showed that the addition ratio
(0.68 + 0.2)% of hybrid fibers is more effective in improving the load bearing capacity with a slab
thickness of 150 mm and 25 MPa compressive strength.

Keywords: rigid pavement; hybrid fiber; finite element method; nonlinear analysis; parametric analysis

1. Introduction

Rigid pavements are recommended over flexible pavements due to their superior
functionality and capacity to support heavy loads, but challenges such as cracks and
faults caused by the environment and heavily loads decrease the functionality of concrete
pavements [1–3]. Due to its tensile weakness, concrete fails under high vehicular loads,
particularly on rigid pavements; the flexural strength of a rigid pavement plays an essential
role in its ability to resist cracking under cyclic loads. Crack openings allow water ingress,
damaging the pavement base and leading to larger concrete failures. This causes rapid
pavement deterioration, higher maintenance costs, and decreased comfort and safety in
vehicular traffic [4,5]. The addition of fibers can increase the tensile strength of concrete
and eliminate the need for a large thickness of pavement [6]. Furthermore, the addition
of fibers increases the concrete’s impact, flexural, and tensile strength [7]. Many countries
worldwide use rigid pavements, both with and without a base course. The different
layers of the rigid pavement structure have different strengths and deformation properties,
making it hard to evaluate in pavement engineering [8]. Studies have shown that adding
fiber to concrete improves its toughness and crack resistance [9–13].

The use of fibers enhances concrete’s durability and mechanical properties [14–16].
The bonding process between fiber-matrix and multi-directional fiber reinforcement min-
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imizes volumetric changes, thus increasing durability. Additionally, fibers improve the
durability of concrete by avoiding or reducing the rate of concrete deterioration [17–20].
This would open the way toward the cost-effective construction of rigid pavements, which
is essential for underdeveloped nations. Therefore, adding fibers can improve the structural
performance and properties of concrete. In general, fibers are added during the mixing
process while the concrete is still new. Combining a variety of fibers may be a significant
step toward reducing cracks and improving the performance of concrete. Two or more
types of fibers can be combined to create a mixture that generates profits for each type of
fiber in the composite [21].

Synthetic fibers are used in small amounts that offer the advantage of equal distribu-
tion as well as the high corrosion resistance, delaying the formation of initial cracks and
improving concrete’s early-age properties. Synthetic fibers can enhance the load-bearing
capacity of members in the post-crack zone. Moreover, they improve fracture properties,
impact resistance, ductility, and flexural toughness. Hybrid fibers contain two or more
fibers, providing a matrix in which each type of fiber improves the specific performance
of concrete’s mechanical and physical properties. However, fibers are stiffer and stronger
than other materials, such that steel fibers improve ultimate strength in addition tp the first
crack stress and increase concrete’s ductility and toughness. The synthetic fibers with a
lower modulus of elasticity are more flexible and control the cracking, as well as enhancing
the early age properties of the matrix. It can be concluded from the literature that the
combination of two types of fibers with different lengths and diameters bridge microcracks
for the smaller fibers and the larger prevent the propagation of macro-cracks, which leads
to enhancing the toughness of concrete [22–25].

In general, there are two types of previous studies on the effects of fiber on concrete:
mechanical and numerical modeling of fiber-reinforced concrete (FRC). For the last decade,
carbon steel fibers have been used in concrete [26]. Although not an alternative for rein-
forcement bars, steel fibers produce concrete with significantly improved plastic, shear, and
ductile properties [27]. Therefore, steel fiber reinforcement concrete (SFRC) is frequently
utilized in pavements subjected to heavy traffic loads. Apart from steel fibers, various
researchers worldwide have worked on different fiber-reinforced concretes, stating that
the mechanical characteristics of fiber-reinforced concrete are much superior to those of
ordinary concrete [28]. Raza et al. 2020 [29] investigated that the fibers enhance the binder
matrix’s ability to resist cracking under tensile and bending loads due to their extremely
high elastic modulus and tensile strength. In addition, Afroz et al. 2019 [30] found that
adding 1% volumetric steel fiber to concrete increases its compressive and flexural strength
by 10% and 80%, respectively. Lau et al. 2020 [31] demonstrated that adding steel fibers
in rigid concrete pavements improved fatigue resistance and at least a 135% increase in
fatigue cycles compared to the fatigue cycles of plain concrete.

According to Hussain et al., 2020 [32], adding 1% steel fiber to rigid pavement
decreased the design thickness from 183 to 120 mm for normal strength concrete and
155 to 105 mm for high strength concrete. Abdulridha et al. 2021 [33] identified shrinkage
cracking in the concrete pavement using different amounts of polypropylene fiber. They
employed a testing program consisting of thirty combinations to analyze four parameters,
namely cement content (300, 400, and 500) kg/m3, steel fiber (0, 0.075, and 0.15 vol.%),
polypropylene fiber (0, 0.35, and 0.7% vol.%), and (0, 5, and 10%) silica fume by cement
weight. The findings showed that the amount of cement used had a greater impact on
concrete shrinkage cracking.

On the other hand, more emphasis has been placed on the numerical modeling of FRC
in recent years. The finite-element (FE) method is a way to numerically solve problems
with complex structures, loads, and materials. The 2D finite-element modeling had a lot of
problems. Researchers couldn’t model more than two layers above the subgrade, and only
one layer on top of a Winkler could be used for temperature analysis. With the speed and
power of computers, many researchers started using 3D modeling instead of traditional
design methods. This was because 3D modeling had a lot of advantages over conventional
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design methods, such as interface algorithms and thermal modules [34]. Tabatabaie and
Barenberg (1980) created ILLI-SLAB, a more broad finite-element software still in use that
was developed at the University of Illinois in the late 1970s for the structural analysis
of jointed concrete pavements. ILLI-SLAB uses the same material as in previous models
for thick plate elements. Using a second layer of plate elements beneath the slab can
incorporate the impact of a bonded or unbonded base. Winkler’s foundation is modeled on
the subgrade. Comparing theoretical solutions for stresses and displacements was used
to verify models created with ILLI-SLAB. The findings were well compared [35]. Tayabji
et al. (1986) developed the JSLAB program to analyze pavements supported by a Winkler
foundation. The model was similar to ILLI-SLAB because it used plate elements to model
the slab and a bonded or unbonded foundation. Dowels were modeled using modified
beam components that considered the influence of shear deformations and the concrete’s
elastic support. Like ILLI-SLAB, springs were used to model aggregate interlock and
keyways [36].

Furthermore, Belletti et al., 2004 [37] provided experimental and numerical research
on the behavior of slabs resting on a grade constructed of fiber-reinforced concrete for
industrial pavements. This was accomplished in the lab by testing four FRC slabs with
fibers of different volume fractions and aspect ratios. The slabs should be put on many
steel springs to create a Winkler subgrade. The finite-element approach is used to simulate
nonlinear fracture mechanics numerically. This extension focuses on using a more realistic
rule for simulating the stiffness and strength of FRC after cracking the concrete matrix.
As a result, the model included the stiffness matrix for FRC with primary and secondary
cracks. Finally, experimental and finite element findings agreed well, providing useful
information for design considerations. Khan et al. 2018 [38] used ANSYS software to
model the concrete pavements. In FE, the concrete slab is represented by 45 solid brick
elements, while the soil is characterized by spring elements. The analysis was conducted
for a slab–soil combination and a wide range of loads. Elastic springs reflect “Winkler
type” soil. The sub-grade reaction module was used to determine the soil stiffness. The
important contribution of this research is to compare the model’s stress results utilizing the
finite-element method with the traditional approach of Westergaard’s method and Indian
Road Congress (IRC 58-200).

Under approximate edge wheel load stresses, Westergaard’s equation is validated
compared to those obtained using ANSYS. Zimmer et al. 2015 [39] used the software
program ‘ABAQUS’ to simulate the bending laboratory test of steel fiber-reinforced concrete
specimens. The testing machine was used to run a three-dimensional numerical model
of a three-point bending test under static loads up to its maximum value. The loading
frequencies were (0.5 and 1) kN/sec. Steel fibers comprise (0.0, 0.4, and 0.8%) of the (SFRC)
flexural members or beam specimens. Stress, strain, and deformation were recorded,
and the test was simulated using “ABAQUS.” The experimental results and analytical
approaches show that deflection, stress, and strain magnitudes are directly proportional to
the increase in steel fiber.

In some countries, reinforcing mesh is used in the reinforcement of pavement. There
are no specific parameters or specifications for determining the optimum quantity value
per cubic meter. However, replacing the steel reinforcement with steel fibers or a mixture
between them is proposed. Concrete pavements of different shapes and sizes can be
analyzed under simple and multiple loading conditions using the finite element method
(FEM) [40].

This research aims to examine the behavior of hybrid fibers in rigid concrete pavement
by exposing the ideal mix ratio of hybrid fibers as well as the adequate thickness and
compressive strength of concrete that gives effective performance carrying loads of vehicles.
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2. Materials and Methods
2.1. Case Study Characterization

The case study was simulated using a finite element modeling method. Several
parameters were entered and analyzed, including the proportion mix of hybrid fiber
concrete (HFC), which contains 0.2% macro synthetic fibers and 0.68%, 0.8%, and 0.96%
steel fibers, compressive strengths of 25, 35, and 45 MPa, slab thicknesses of 150, 200, and
250 mm, and the load of the tandem axle at the edge of mid slab on the Winkler foundation.

The rigid concrete pavement was tested by using nonlinear finite element analysis.
Thirty-six hybrid fiber rigid pavement samples were created and designed to fail in load-
carrying capacity. All rigid pavements had the same dimension in length and width,
3600 mm and 3600 mm, respectively, while the thickness was the variable. Figure 1 shows
the specification and dimensions of all samples used in this study.

The edge of the mid slab is one of the most critical vehicle loading positions, as
revealed by past research [41,42]. The load was supposed to be static, which is a common
method to represent pavement loads. It was calculated using the equivalent contact area
in the load configuration [43,44]. The distance between the front and rear tandem axles is
large, and the critical pavement responses from a single tandem axle will not be affected
by the other axle. Therefore, for the analysis in this study, a single tandem axle (a set of
two axles) at the edge of the mid slab was selected. A square footprint was adopted, which
resulted in greater agreement with finite element meshing [45], such as in Figure 1. If the
vertical movement was unrestricted, the joint functioned as a free edge with a load-bearing
capacity that was less than 50% of the internal regions [46,47]. The dimension of the contact
area between the wheel and the slab was 23 mm × 23 mm, the distance between two axles
was 1370 mm, and the distance between the center of a dualtyre was 1815 mm [41,44].
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Figure 1. (a) Dual tyre tandem axle (b) critical load axle location [41,48].

Concrete pavements are commonly proposed as beams or plates resting on an elastic
foundation. The elastic foundation for such models is represented by several hypothetical
springs positioned at the bottom of the beam/plate. This study analyzes a pavement
supported by a Winkler spring foundation [49–52]. According to the Winkler foundation
model, the foundation is represented as a bed of linear springs that are uniformly spaced
apart and independent. The model assumes that no load is transmitted to the nearby
springs and that each spring deforms in response to the vertical tension applied directly to
the spring. Westergaard (1926) used these pavement support systems in his study [53]. The
modulus of the subgrade reaction is calculated in the field using data obtained from a plate-
loading test. The modulus of the subgrade reaction of the supporting layer is theoretically
equal to the spring constant utilized in the current formulation such as Figure 2. In this
study, the modulus of the subgrade was 54,000 kN/m2/m for good soil to obtain the failure
in the rigid slab models.
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Figure 2. The schematization of a concrete slab on Winkler spring foundation [49].

The designation of rigid hybrid fiber concrete (RHFC) contains three terms. The
first term represents the sample number (R No.), the second term represents the type of
pavement: pavement control (P) or hybrid fiber (H) with a slab thickness of (150, 200, and
250), the third term represents the steel fiber ratio which is used in the mix of the sample.
Table 1 shows the framework of this study with all specimens properties of FE analysis.

Table 1. Properties of finite element of rigid hybrid fiber concrete RHFC.

fc’ (MPa) Thickness Hybrid Fibers (Steel Fiber + Macro-Synthetic Fiber) %
t (mm) 0 (0.68 + 0.2)% (0.8 + 0.2)% (0.96 + 0.2)%

25
150 R1-P150-0-25 R4-H150-0.68-25 R7-H150-0.8-25 R10-H150-0.96-25
200 R2-P200-0-25 R5-H200-0.68-25 R8-H200-0.8-25 R11-H200-0.96-25
250 R3-P250-0-25 R6-H250-0.68-25 R9-H250-0.8-25 R12-H250-0.96-25

35
150 R13-P150-0-35 R16-H150-0.68-35 R19-H150-0.8-35 R22-H150-0.96-35
200 R14-P200-0-35 R17-H200-0.68-35 R20-H200-0.8-35 R23-H200-0.96-35
250 R15-P250-0-35 R18-H250-0.68-35 R21-H250-0.8-35 R24-H250-0.96-35

45
150 R25-P150-0-45 R28-H150-0.68-45 R31-H150-0.8-45 R34-H150-0.96-45
200 R26-P200-0-45 R29-H200-0.68-45 R32-H200-0.8-45 R35-H200-0.96-45
250 R27-P250-0-45 R30-H250-0.68-45 R33-H250-0.8-45 R36-H250-0.96-45

2.2. Validation Materials

The specimens were made with hooked-type steel fibers, and the synthetic fibers used
in this study had a 90-aspect ratio. The manufacturer’s specifications for the fibers used are
presented in Table 2.

Table 2. Properties of fibers as supplied by the manufacturer [22].

Steel fibers

Fiber type - Hooked
Fiber length L f (mm) 50

Fiber diameter D f (mm) 1.1
Ultimate tensile

strength MPa 1100

Macro synthetic fibers
Fiber length L f (mm) 40

Fiber diameter D f (mm) 0.45
Ultimate tensile

strength MPa 620

2.3. Constitutive Models for Nonlinear Finite Element Analysis

The fracture-plastic model was used in this study to combine constitutive models
for tensile (fracturing) and compressive (plastic) behavior. The fracture model depends
on the crack band model and the orthotropic smeared-crack formulation. It uses the
Rankine failure criterion and exponential softening, which may be rotated or fixed. The
hardening/softening plasticity model is based on the Menétrey-Willam failure surface.
The model uses the return mapping algorithm to integrate constitutive equations. The
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development of an algorithm for combining the two models receives special attention.
The combined algorithm is based on recursive substitution and allows the development
and formulation of the two models separately. Concrete cracking, crushing under high
confinement, and fracture closure lead to crushing in other material directions, which may
be simulated using this mode [54].

The concrete was modeled using 3D solid hexahedron (brick) components with eight
nodes (CCIsoBrick<xxxxxxxx>) (code name of the brick elements in ATENA software) with
(CC3DNonLinCementitious2) material that is suitable for rock or concrete-like materials.
The loading plate using tandem axles dual tires at the edge of the mid slab was modeled
using 3D solid hexahedron components with eight nodes (CCIsoBrick<xxxxxxxx>) (code
name of the brick elements in ATENA software) with CC3DElastIsotropic material, which
is a linear elastic isotropic material for 3D. Spring support is a particular layer of surface
elements at the boundary of the analyzed structure. Finally, contact between two surfaces
was modeled using pentahedron interface components with 12 nodes. Detailed information
related to the elements mentioned above can be found in the Atena manuals [54,55].

By piecewise linear relationships presented in Figure 3, the crack-normal stress com-
ponents are connected to cracking strains corresponding to multiple and localized cracks
opening. Multiple cracks are considered to close only when exposed to crack-normal
compression (plasticity-like unloading). In contrast, a localized crack is supposed to close
when normal stress reduces linearly to zero at zero [54].
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Figure 3. Stress vs. cracking strain relations in crack-normal direction [54].

To simulate the impact of steel fibers on the mechanical characteristics of concrete,
a material model named “Cementitious2 User (FRC)” incorporated in Atena-GiD was
employed. Cementitious2 User (FRC) is a useful material model for strain-hardening ce-
mentitious composites coupled with randomly oriented fibers made from diverse materials
(steel, polymers, etc.) and applied in various fractions. This model employs specialized
numerical models to account for FRC-specific characteristics, such as the geometry of a
tensile softening branch, high toughness, and ductility. Consequently, the effect of steel
fibers can be incorporated into the constitutive model of steel fiber reinforced concrete. See
the ATENA Manuals for information on defining the user material response functions.

2.4. Rigid Hybrid Fiber Concrete RHFC Finite Element Model

The nonlinear finite element models consist of 36 rigid pavement models with three
groups in the same shape and dimension. Analysis of them was carried out via ATENA-
GiD software. The GiD program was utilized for organizing data entrance of dimensions,
materials, and all relevant generations, such as a meshing of models and then sending
to ATENA program for the analysis. ATENA is specialized software for nonlinear finite
element analysis of all types of structures created by Cervenka et al. (2017) [55]. All
boundary conditions surrounding the test were assumed to simulate the reality of the test,
as shown in Figure 4.
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3. Results Characterization and Discussion
3.1. Verification Results of Materials with the Finite Element Models

The most important crucial point is the validation of materials, which gives accuracy
to the research study. The validation behavior of hybrid fiber with previous experimental
results is the most fundamental part of FE modeling analysis. In this section, eight test
specimens were selected from the literature to validate the behavior of hybrid fibers [22].
Four specimens of 200 mm thickness and four specimens of 250 mm thickness contained
varied ratios of hybrid fiber, which contains 0.2% macro synthetic fibers and 0.68, 0.8, and
0.96% steel fibers; experimental findings were compared with data models of FE analysis.
For both thicknesses, two specimens were used as a reference slab.

Table 3 displays the ultimate load capacities of experimental and FE modeling HFC
slabs for 200 mm and 250 mm thickness. The correlation coefficients, standard deviation,
and coefficient of variation of load capacities obtained from Figure 5 of experimental results
versus the FE analysis of load for slab models were 0.957, 205.89, and 17.71, respectively;
these results indicate good compatibility between the FE modeling analysis and test spec-
imens; moreover, for further case studies, the FE modelling analysis can be predicted
precisely with acceptable error.

Table 3. Displays the specimen results of ultimate load for experimental and FE models for HFC
slabs 200 mm and 250 mm [22].

No. Specimens Name Experimental Finite Element
Pexp. (kN) PATENA (kN)

1 Reference 200 847.9 863.15
2 HFR200-0.68/0.2 978.1 1008.69
3 HFR200-0.80/0.2 1029.9 1014.63
4 HFR200-0.96/0.2 1117.6 1100.32
5 Reference 250 1147.6 1143.01
6 HFR250-0.68/0.2 1375.5 1336.8
7 HFR250-0.80/0.2 1300.2 1350.38
8 HFR250-0.96/0.2 1386.5 1486.68

3.2. FE Modeling Results

The maximum load capacities under the wheel axle at the edge of the mid slab with
and without hybrid fiber resulting from the finite element analyses are given in Table 4.
According to Table 4, it can be concluded that there was good improvement in all parameters
concerning the load capacity and mode of failure for all samples.

To interpret the effective role of each parameter thickness of the rigid slab, compressive
strength (fc’), and hybrid fiber ratio (Vf%) on the mechanical behavior of rigid concrete
pavement, the parametric study was carried out to verify the generalization of the proposed
models and to study the influence of each parameter on the predicted value of load capacity.

The main effect plots extracted as a result of the parametric study are shown in Figure 6.
These plots give further insight to researchers regarding the effect of considered parameters
on the ultimate load capacity of rigid concrete pavement. The parametric analysis examines
each value of t, fc’, and Vf%. The minimum and maximum values of each parameter
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are utilized as identified by the FE database. It can be determined from Figure 6 that
all considered parameters significantly influence the load capacity of the rigid pavement.
However, the impact of hybrid fiber ratio on the load capacity is the highest among all
considered, especially at (0.68 + 0.02)% of hybrid fiber content, and this impact decreases
gradually as the hybrid fiber content increases.

Table 4. Ultimate axle load capacity at the edge of mid slab Pu (kN) and improvement rate.

fc’ (MPa) Thickness t
(mm)

Hybrid Fibers (Steel Fiber + Macro-Synthetic Fiber) %

0% (0.68 + 0.2)% Improvement
Rate % (0.8 + 0.2)% Improvement

Rate % (0.96 + 0.2)% Improvement
Rate %

25
150 140.17 241.79 72.50% 233.12 66.3% 221.04 57.7%
200 228.28 356.01 55.90% 300.91 31.8% 296.76 30.0%
250 282.73 437.6 54.80% 425.71 50.6% 418.53 48.0%

35
150 178.38 284.35 59.40% 273.1 53.1% 271.19 52.0%
200 278.41 416.08 49.40% 378.12 35.8% 366.22 31.5%
250 365.26 543.56 48.80% 514.45 40.8% 500.84 37.1%

45
150 235.06 337.74 43.70% 330.3 28.6% 300.98 30.0%
200 330.61 457.43 38.40% 437.6 32.4% 434.38 31.4%
250 433.51 618.73 42.70% 590.67 36.2% 578.19 33.4%
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Moreover, a remarkable effect is observed on the load capacity when compressive
strength values are between (25 MPa to 35 MPa). However, less influence is observed when
the range of fc’ is between (35 MPa to 45 MPa).

Interaction diagrams extracted as a result of the parametric study shown in Figure 7
compare the proportional effect of each parameter on the load capacity of RHFC pavement
comprehensively. According to Figure 7, it can be concluded that the interaction graphs
are compatible with the outcomes of the main effect plots. As shown in Figure 7, all
combinations of the parameters (Vf, fc’, and t) are sketched in two-dimensional spaces
concerning the essential parameter of ultimate load capacity (Pu). It is easy to see the
roles of each parameter on the main parameter (Pu) with a significant increase in the value
of (Pu) when the other values of parameters increased in all cases of the 2D parametric
analysis. When all the graphs are analyzed, it can be seen that there are no extraordinary
values that disarrange the trend of changes between parameters. This condition also proves
the reliability and accuracy of the parametric analysis.
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3.3. Parametric Study on the RHFC Pavement

The effective role of the hybrid fiber ratio on the load-deflection relationship of all pro-
posed hybrid fiber rigid pavement groups can be observed in Table A1 in the Appendix A,
comparing the curves concerning the hybrid fiber ratios when keeping other parameters
constant. It can be concluded from the curves that the effective ratio of hybrid fiber is
0.2% macro synthetic fibers and 0.68% steel fibers, which increases the load capacity and
ductility more than other ratios. It can also be concluded that the existence of hybrid fiber
increases the ductility of a rigid pavement. Moreover, an increase in the hybrid fiber ratio
decreases the deformation capability. This result can be attributed to the bridging effect
of hybrid fiber, which tries to prevent crack propagation. As expected, as the hybrid fiber
ratio increases, the load capacities of all rigid slabs increase. However, it can be noted that
hybrid fiber positively affects the load capacity.

As mentioned above, adding (0.68 + 0.2)% of the hybrid steel fiber ratio is more
effective in improving load-bearing capacity with a slab thickness of 150 mm at 25 MPa
compressive strength, which is about 72.5 from Table 4.

According to Sorelli et al. [56], the low content of steel fibers effectively increases
the load-carrying capacity of slabs on the ground. It makes the structural response more
ductile; therefore, a volume fraction of steel fibers greater than 0.68% slightly increases the
ultimate load but significantly increases the slab ductility. Using more than 0.68% regularly
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is not economical, and the decrease in load bearing capacity is that the fibers spreading,
with a high fiber percentage in the concrete, are very difficult and thus contribute to a
reduction in workability and incomplete consolidation, according to Shakir et al. [57].

As well as Table 4, Figures 6 and 7 show the ultimate interaction and main effect plot
for the ultimate load-deflection relationship exhibiting the effective role of compressive
strength at the load capacity when it increases from 25, 35, and 45 MPa, as well as keeping
other parameters constant. The main effect for ultimate load capacity shows that the load
capacity increases about 22% when the compressive strength increases from 25 to 35 MPa
and increases approximately 15.72% when the compressive strength increases from 35 to
45 MPa with less slight effect.

The load-carrying capacity of RHFC slabs was also increased by increasing the thick-
ness of the slab. The influence of hybrid steel fiber content is based not only on hybrid fiber
content and compressive strength but also on the thickness of the slab. The main effect for
ultimate load capacity shows that the load capacity increases about 44% when the thickness
of the slab increases from 150 mm to 200 mm and increases approximately 31.5% when the
thickness of the slab increases from 200 mm to 250 mm.

The cracks pattern can also be observed from graphs showing a good fit in FE analysis
results regarding load-deflection relationships, as shown in Table A2 in Appendix A.
However, some differences may exist between these curves. This variation may be due to
the hypothesis of FE modeling, which is a perfect connection between hybrid fiber and
concrete while in reality, slipping may occur between them. Moreover, it can be seen from
the figures of these samples that a huge debonding crack has appeared under the wheel
axle of the model.

4. Conclusions

The current study explores the behavior of RHFC pavement with different ratios of
hybrid fiber contents of steel and macro-synthetic fiber. These variations in hybrid fiber
content are taken as a scale to measure their appropriate hybrid fiber ratio in concrete to
decrease the cracking rate in rigid pavements. The work focuses on examining the effects of
hybrid steel fiber volume fraction on the behavior of rigid pavements, in addition to other
variables, which are the thickness of the rigid pavement and the compressive strength of
concrete. The nonlinear finite element models were employed to perform this study. The
programs of this study consisted of 36 models of (3600 × 3600) mm rigid concrete pavement,
these models used three main variables of hybrid steel fiber (Vf) (0.2 of macro synthetic
fibers plus (0.68, 0.8, and 0.96)% of steel fiber), as well as three values of compressive
strength (fc’) (25, 30, 35) MPa, as well as three values of thicknesses (150, 200, 250) mm. The
results of the analysis were pointed out as follows:

1. Experiments have demonstrated that hybrid fiber reinforcement greatly enhances the
strength and flexibility of pavements by minimizing cracking phenomena caused by
loads or shrinkage effects.

2. A relatively low amount of hybrid steel fibers efficiently improves the load-carrying
capacity of pavements on the ground and makes the structural behavior more ductile;
volume ratios of hybrid fibers greater than (0.68 + 0.2) percent hardly improve the
ultimate load but significantly improve the pavement ductility.

3. The finite element method applied in this study perfectly describes the behavior of
RHFC pavement with soil under static loading.

4. The load-deflection curves of RHFC pavements containing (0.8 + 0.2)% and (0.96 + 0.2)%
hybrid (steel + macro-synthetic) fiber demonstrates a slight difference in behavior.
This might be retained to increase the air voids and air content of the trapped air,
resulting in a loss in compressive strength.

5. The load-deflection curves of hybrid fiber-reinforced concrete pavements, which
contained (0.68 and 0.2)% of hybrid (steel + macro-synthetic) fibers demonstrate a high
difference in behavior, which has a significant impact on improving the characteristics
of concrete.
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6. The most important outcome of this study is to find the ideal volumetric percentage
of hybrid steel fibers with effective compressive strength and thickness values, which
give a significant performance of rigid pavement, as well as the critical information
that can use in the design of rigid pavement.
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Appendix A

Table A1. Displays the load-deflection curves of rigid pavement specimens.

No. Specimens Name Load-Deflection Curves

1

R1-P150-0-25
R4-H150-0.68-25
R7-H150-0.8-25
R10-H150-0.96-25
fc: 25 MPa
t: 150 mm
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Table A1. Cont.

No. Specimens Name Load-Deflection Curves

3

R3-P250-0-25
R6-H250-0.68-25
R9-H250-0.8-25
R12-H250-0.96-25
fc: 25 MPa
t: 250 mm
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Table A1. Cont.

No. Specimens Name Load-Deflection Curves

7

R25-P150-0-45
R28-H150-0.68-45
R31-H150-0.8-45
R34-H150-0.96-45
fc: 45 MPa
t: 150 mm
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R34-H150-0.96-45 

𝑓𝑐: 45 MPa 
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8

R26-P200-0-45
R29-H200-0.68-45
R32-H200-0.8-45
R35-H200-0.96-45
fc: 45 MPa
t: 200 mm
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9
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No. Specimens Name Finite Element Cracks Pattern
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R2-P200-0-25
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t: 250 mm 

  

𝑉𝑓: 0% 

4 

R4-H150-0.68-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

5 

R5-H200-0.68-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2%  

6 

R6-H250-0.68-25  

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

7 

R7-H150-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

8 

R8-H200-0.8-25 

𝑓𝑐: 25 MPa 

t: 200 mm 
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Table A2. Cont.

No. Specimens Name Finite Element Cracks Pattern

7

R7-H150-0.8-25
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t: 250 mm 

  

𝑉𝑓: 0% 

4 

R4-H150-0.68-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 
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R5-H200-0.68-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 
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𝑓𝑐: 25 MPa 
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𝑉𝑓: 0.68 + 0.2% 

7 

R7-H150-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

8 

R8-H200-0.8-25 

𝑓𝑐: 25 MPa 

t: 200 mm 

Coatings 2022, 12, 1478 15 of 22 
 

 

t: 250 mm 

  

𝑉𝑓: 0% 

4 

R4-H150-0.68-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

5 

R5-H200-0.68-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2%  

6 

R6-H250-0.68-25  

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

7 

R7-H150-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

8 

R8-H200-0.8-25 

𝑓𝑐: 25 MPa 

t: 200 mm 

fc: 25 MPa
t: 150 mm
Vf : 0.8 + 0.2%

8

R8-H200-0.8-25
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𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 
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14 R14-P200-0-35 

fc: 25 MPa
t: 200 mm
Vf : 0.8 + 0.2%

9

R9-H250-0.8-25
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14 R14-P200-0-35 

Coatings 2022, 12, 1478 16 of 22 
 

 

𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

fc: 25 MPa
t: 250 mm
Vf : 0.8 + 0.2%

10

R10-H150-0.96-25

Coatings 2022, 12, 1478 16 of 22 
 

 

𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

Coatings 2022, 12, 1478 16 of 22 
 

 

𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

fc: 25 MPa
t: 150 mm
Vf : 0.96 + 0.2%

11

R11-H200-0.96-25

Coatings 2022, 12, 1478 16 of 22 
 

 

𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

Coatings 2022, 12, 1478 16 of 22 
 

 

𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

fc: 25 MPa
t: 200 mm
Vf : 0. 96 + 0.2%
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Table A2. Cont.

No. Specimens Name Finite Element Cracks Pattern

12

R12-H250-0.96-25
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𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 
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𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 
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R10-H150-0.96-25 
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12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

fc: 25 MPa
t: 250 mm
Vf : 0.96 + 0.2%

13

R13-P150-0-35
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𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

11 

R11-H200-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 200 mm 

𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 
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𝑉𝑓: 0.8 + 0.2% 

  

9 

R9-H250-0.8-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

10 

R10-H150-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 
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𝑉𝑓: 0. 96 + 0.2% 

12 

R12-H250-0.96-25 

  

𝑓𝑐: 25 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

13 

R13-P150-0-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0% 

14 R14-P200-0-35 

fc: 35 MPa
t: 150 mm
Vf : 0%

14

R14-P200-0-35
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

17 

R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 
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R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 
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𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

fc: 35 MPa
t: 200 mm
Vf : 0%

15

R15-P250-0-35
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 
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R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 
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𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 35 MPa 
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19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

fc : 35 MPa
t: 250 mm
Vf : 0%

16

R16-H150-0.68-35
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 

  

𝑓𝑐: 35 MPa 
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𝑉𝑓: 0.68 + 0.2% 

17 

R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 
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𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

fc : 35 MPa
t: 150 mm
Vf : 0.68 + 0.2%
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Table A2. Cont.

No. Specimens Name Finite Element Cracks Pattern

17

R17-H200-0.68-35
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

17 

R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 
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19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

fc : 35 MPa
t: 200 mm
Vf : 0.68 + 0.2%

18

R18-H250-0.68-35
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

17 

R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 
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R15-P250-0-35 
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𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

fc : 35 MPa
t: 250 mm
Vf : 0.68 + 0.2%

19

R19-H150-0.8-35
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

17 

R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 35 MPa 

  

t: 200 mm 

𝑉𝑓: 0% 

15 

R15-P250-0-35 

      

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0% 

16 

R16-H150-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.68 + 0.2% 

17 

R17-H200-0.68-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.68 + 0.2% 

18 

R18-H250-0.68-35 

 

 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.68 + 0.2% 

19 

R19-H150-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.8 + 0.2% 

fc : 35 MPa
t: 150 mm
Vf : 0.8 + 0.2%

20

R20-H200-0.8-35
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20 

R20-H200-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.8 + 0.2% 

21 

R21-H250-0.8-35 

 
 

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.8 + 0.2% 

22 

R22-H150-0.96-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 

23 

R23-H200-0.96-35 

  

𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.96 + 0.2% 

24 

R24-H250-0.96-35 

  

𝑓𝑐: 35 MPa 

t: 250 mm 

𝑉𝑓: 0.96 + 0.2% 

25 

R25-P150-0-45 

  

𝑓𝑐: 45 MPa 

t: 150 mm 

𝑉𝑓: 0% 
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𝑉𝑓: 0.96 + 0.2% 

25 

R25-P150-0-45 

  

𝑓𝑐: 45 MPa 

t: 150 mm 

𝑉𝑓: 0% 

fc : 35 MPa
t: 200 mm
Vf : 0.8 + 0.2%

21

R21-H250-0.8-35
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20 
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𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.8 + 0.2% 
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22 

R22-H150-0.96-35 

  

𝑓𝑐: 35 MPa 

t: 150 mm 

𝑉𝑓: 0.96 + 0.2% 
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R25-P150-0-45 

  

𝑓𝑐: 45 MPa 

t: 150 mm 

𝑉𝑓: 0% 
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fc : 35 MPa
t: 250 mm
Vf : 0.8 + 0.2%
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No. Specimens Name Finite Element Cracks Pattern
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𝑓𝑐: 35 MPa 

t: 200 mm 

𝑉𝑓: 0.8 + 0.2% 
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𝑓𝑐: 45 MPa 
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𝑉𝑓: 0% 
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