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Abstract: This paper’s objective is to provide simple design relations for the reinforced concrete
slabs by a hybrid reinforcing of uniaxial or triaxial geogrids in addition to steel rebars. We hope
this can provide guidance for further researchers to estimate the flexural bending capacity of the
concrete slabs, the necessary grade of uniaxial or triaxial geogrids, and the necessary count of
uniaxial or triaxial geogrids’ layers by conducting first-principles analytical, quantitative analyses
for a previously published concrete slabs’ experimental data of reinforced concrete slabs by hybrid
reinforcing of steel rebars and uniaxial or triaxial geogrids. Throughout this paper, simple design
relations were added to estimate the concrete slabs’ experimental moment at the post-peak load based
on the assumption that the uniaxial or triaxial geogrids’ tensile force (as concrete slab’s reinforcement)
is equal to its peak tensile strength (obtained by the experimental axial tensile test). This resulted
in a variance that frequently has a range of ±10% when compared with the actual experimental
data. For more accuracy, simple design relations were added to estimate the uniaxial or triaxial
geogrids’ characteristic tensile force at the post-peak load, which resulted in an estimated concrete
slab’s experimental moment at the post-peak load with a variance that frequently has a range of ±5%
when compared with the actual experimental data.

Keywords: simple design relations; reinforced concrete slabs; hybrid reinforcing material; uniaxial
geogrids; triaxial geogrids; steel rebar

1. Introduction

Geogrids are one of the polymer materials classified as geosynthetic materials and
are made primarily of polymer materials such as polyester, polypropylene, and polyethy-
lene [1]. They are used in special civil works and infrastructure for stabilization and rein-
forcement [2]. The use of geogrids as reinforcing material has since extended to pavement
systems, particularly for reinforcing materials for asphalt layers as stabilization material for
unbound layers [3], as an inter-layer system for the applications of pavement overlays [4],
as a reinforcing material for shrinkage in Portland cement concrete [5,6], as a concrete
pavement reinforcing material [7] and as an inter-layer system for mitigating the reflective
cracking of concrete overlays [8,9] or for mitigating the reflective cracking of the asphalt
overlays placed over jointed rigid pavements [10,11].

The geogrids use as a reinforcing material for Portland cement concrete overlays and
thin members were studied in a few pieces of research [12]. Besides, a few pieces of research
were done on the geogrids use as strengthening materials either for reinforced concrete
beams and reinforced concrete slabs [1,13], as a concrete slab-reinforcing material [14,15],
and as a concrete beam reinforcing material [16,17]. The purpose of this paper is to provide
a simple design relation to estimating the moment of resistance in the necessary grade of
uniaxial or triaxial geogrids and their count of layers for the concrete slabs reinforced by
hybrid reinforcing of steel rebars and geogrids by conducting a first-principles analytical,
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quantitative analysis for previously published experimental data of reinforced concrete
slabs by a hybrid reinforcing of steel rebars and geogrids [18]. The graphical summary of
the paper is illustrated in Figure 1.

Figure 1. Graphical summary of the paper.

2. Focused Literature Review on the Hybrid Reinforcing System of Geogrids and
Steel Rebar

Mohamed et al.’s (2020) research aimed to innovate the steel rebars and geogrids as
a hybrid reinforcing system for the concrete slabs. The experimental research program
consisted of thirteen concrete one-way slabs split into one concrete control slab and two
groups. These concrete one-way slabs were examined under a four-point loading method
until they collapsed in flexural. For a detailed investigation of steel rebars and geogrids
as a hybrid reinforcing system, strain gauges were affixed to the concrete slabs’ bottom
reinforcing of steel rebars and geogrids [18]. Alamli et al.’s (2017) research investigated the
behavior of punching shear for the reinforced concrete’s two-way slabs by the biaxial ge-
ogrids and steel rebars of different reinforcing ratios. Their experimental research program
consisted of examining fifteen concrete slabs under a central vertical static load. In order
to examine the criteria of the existence of biaxial geogrids, the compressive strength of
concrete, and the reinforcing ratio of steel rebars, these concrete slabs were split into three
groups [19]. Ali et al.’s (2018) research aimed to investigate the behavior of punching shear
for reinforced concrete two-way slabs by pieces of geogrids with different dimensions
and shapes in addition to steel rebars. Their experimental research program consisted of
examining nine concrete slabs under a central vertical static load [20]. Tharani et al.’s (2019)
research investigated the impact behavior of reinforced concrete two-way slabs by biaxial
geogrids in addition to steel rebars. Their experimental research program consisted of
examining three concrete slabs under a drop-weight impact load to examine the influence
of the count of additional biaxial geogrids’ layers. The results of these tested concrete
slabs were verified and compared to the outcomes of a finite element study by ABAQUS
software [21]. Different investigations in the literature related to the use of the geogrids as
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reinforcing materials for concrete slabs were investigated in the above literature review;
the following main conclusions were observed:

1. The use of steel rebars and geogrids as a hybrid reinforcing material for concrete
slabs provides a greater first-crack load and a greater ultimate load comparing to
the conventional reinforcing material of steel rebars or using geogrids as the main
reinforcing material. Meanwhile, it increased the deflection values.

2. For the hybrid reinforcing of steel rebars and geogrids, the reduction of steel rebars’
reinforcing ratio to 0.13% led to a reduction in the geogrids’ contribution and its effec-
tiveness as concrete slab-reinforcing material. Accordingly, it cannot be dependent on
geogrids as the main reinforcing material for concrete slabs.

3. The impact energy capacity and impact resistance of concrete slabs have improved by
using the hybrid reinforcing steel rebars and geogrids with a positive relation to the
count of the geogrids’ layers.

4. The hybrid reinforcing of steel rebars and uniaxial geogrids provided efficient uti-
lization and better performance, particularly for uniaxial geogrids with the grade of
120 kN/m and greater, as it provided greater benefits in terms of values, including
and not limited to capacity of loads, capacity of energy absorption, and displacement
ductility index. It also provided more effective utilization, including and not limited
to better flexural performance and greater benefits in terms of cost compared to the
case of using the conventional reinforcing of steel rebars using the hybrid reinforc-
ing of steel rebars and triaxial geogrids. However, the hybrid reinforcing of steel
rebars and triaxial geogrids provided smaller deflection values and greater values
of first-crack load values. As a recommendation, the uniaxial geogrids is should be
tension-stressed before the concrete pouring.

3. Characteristics of Used Materials

The concrete mix was prepared by using crushed limestone as coarse aggregate,
natural sand as fine aggregate, and Portland cement with a grade of 42.5. The design mix
of the used concrete is illustrated in Table 1. The maximum coarse aggregate nominal
size is restricted to 10 mm, which is less than the opening apertures of the uniaxial or
triaxial geogrids to enable the coarse aggregate to move and fill the gaps between the
ribs of the uniaxial or triaxial geogrids, to have a better bond between the uniaxial or
triaxial geogrids and concrete, and to prevent the concrete honeycombing. The concrete
admixture of a high range water-reducing agent and superplasticizer was used to improve
the concrete workability while maintaining a water-to-cement ratio of 0.5. The concrete
mixture has a 28-day cube compressive strength (Fcu) of 40 N/mm2. The reinforcing
materials used for concrete slabs in this investigation were steel rebars and uniaxial or
triaxial geogrids. It should be indicated that because the tested concrete slabs are one-way
concrete slabs, biaxial geogrids were overlooked, and the geogrid-reinforcing materials
in this investigation were uniaxial and triaxial geogrids. The experimental characteristics
of the steel rebars are illustrated in Table 2. As specified by the experimental tests and
the manufacturer, the mechanical and physical characteristics of the used uniaxial and
triaxial geogrids are illustrated in Figure 2, Table 3, and Table 4. Figure 3 illustrates the
stress–strain curve per each grade of uniaxial and triaxial geogrids.
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Table 1. The design mix of the used concrete.

Concrete–Mix, WC = 0.5, 1.5% Admixture

Cement
Grade 42.5 Sand Crushed

Limestone Water
Water Reducing and

Super-Plasticizer Concrete
Admixture

Cone Slump
Compressive
Strength after

28 days

400 kg/m3 600 kg/m3 1200 kg/m3 200 kg/m3 6 kg/m3 6.5 cm 40 N/mm2

Table 2. The characteristics of the used steel rebars as per the experimental tests.

Characteristics of the Steel Rebars

Diameter in mm (nominal) 6 Cross-Area in mm2 (nominal) 28.29
Weight in kg/m (experimental) 0.224 Cross-Area in mm2 (experimental) 28.52
Yield Load in kN (experimental) 8.4 Ultimate Load in kN (experimental) 13.51

Yield Stress in N/mm2 (experimental) 296.97 Tensile Resistance in N/mm2 (experimental) 477.51
Yield Strain in Micro-strain (experimental) 1485 Elongation After Break Down in % (experimental) 32.7

Young’s modulus in N/mm2 (experimental) 200000

Figure 2. Dimensional characteristics of the used uniaxial geogrids and triaxial geogrids.

Table 3. Characteristics of the used uniaxial geogrids by the experimental tests and the manufacturer.

Characteristics
Uniaxial Geogrids (UG) Grades

UG45 UG90 UG120 UG160
RL in mm (physical) 220 220 220 220
Rs in mm (physical) 18 15 15 13
Bw in mm (physical) 12.5 15 16.8 19.5
Rw in mm (physical) 2.7 3.3 4 6.1
Bt in mm (physical) 3.6 5.5 7 7.5
Rt in mm (physical) 1.3 1.7 2.4 2.3

Mass per Unit Area in g/m2 300 600 800 1000
Tensile Strength at 2% Strain in kN/m (theoretical) 11 26 36 45
Tensile Strength at 5% Strain in kN/m (theoretical) 25 50 72 90

Tensile design Strength in kN/m (theoretical) 21.2 42.4 56.5 75.4
Yield Point Elongation in % (theoretical) 11.5 13 13 13

Peak Tensile Strength in kN/m (theoretical) 45 90 120 160
Peak Tensile Strength in kN/m (experimental) 45.56 79.36 103.91 143.46

Peak Strain in % (Experimental) 30 30 30 30
Young’s modulus in N/mm2 (experimental) 1500 1550 1200 1100

Material High-Density Polyethylene (HDPE)
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Table 4. Characteristics of the used triaxial geogrids by the experimental tests, the manufacturer, and the numerical analysis.

Characteristics

Triaxial Geogrids (TG) Grades

TG150 TG160

Transverse (1) Diagonal (2) Transverse (1) Diagonal (2)

Mid-rib depth D in mm (physical) 1.1 1.4 1.5 1.8
Mid-rib width W in mm (physical) 1.2 1 1.3 1.1

Rib pitch P in mm (physical) 40 40
Rib shape Rectangular Rectangular

Aperture shape Triangular Triangular
Radial Secant Stiffness at 0.5% Strain in kN/m (theoretical) 360 (–75) 390 (−75)
Radial Secant Stiffness at 2% Strain in kN/m (theoretical) 250 (−65) 290 (−65)

Hexagon Pitch in mm (theoretical) 80 (±4) 80 (±4)
Radial Secant Stiffness Ratio (theoretical) 0.8 0.8

Peak Tensile Strength in kN/m (experimental) 17.21 19.45
Radial Secant Stiffness at 2% strain in kN/m (Experimental),

according to BS EN 1SO 10319:1996 195 245

Peak Strain in % (experimental) 14.5 14.5
Yield Strain in % (numerical) [22] 6.4 6.4

Young’s modulus in N/mm2 (experimental) 2800 2350

Material Polypropylene with a Minimum of 2% Finely Divided Carbon
Black Content

Figure 3. Stress–strain curve per each grade of uniaxial geogrids and triaxial geogrids.

4. Summary of the Experimental Program and Results

The experimental program of this investigation included one control slab and two
groups of 13 concrete slabs with the following dimensions: length 120 cm, width 50 cm,
and depth 10 cm. The reinforcing details of each group’s concrete slabs are illustrated in
detail in Figure 4. Group one contained 8 concrete slabs, which were hybrid reinforced by
different grades and a number of layers of uniaxial geogrids as additional reinforcing to
the steel rebars. Group two contained 4 concrete slabs, which were hybrid reinforced by
different grades and a number of layers of triaxial geogrids as additional reinforcing to the
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steel rebars. The rest of the concrete slab was reinforced only by the steel rebars in order to
be considered as concrete control-slab.

All of the concrete slabs were loaded and tested by a gradually increased four-point
loading method with a 500-kN-capacity Shimadzu machine until they collapsed in flexure
(the protocol of loading is 2 mm for each minute of deformation control). Each load was
positioned at one-third of the slab span in order to provide zero shear force and maximum
bending moment throughout the concrete slabs’ middle third. Two roller supports were
used, and both were positioned at a distance of 7.5 cm from the slab end. To record the
deflections values at the positions where the concentrated loads were positioned and to
the mid-span, three LVDTs (vertical linear variable differential transducers) were fixed
to each concrete slab. A computerized data logger was used to monitor and record the
measurement data of the machine load, the strain gauges, and the three LVDTs. The
experimental test setup details are summarized in Figure 5. The experimental results are
summarized in Table 5.

Figure 4. General arrangement and reinforcing material details per each group of the experimental program.

Figure 5. The test setup details.
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Table 5. The summary of the experimental results.

Group
No.

Concrete Slab
Number

Loading Period Critical Points
Experimental

Moment at the
Post-Peak Load

(kN·m)

First-Crack Load
Associated with

Initial-Peak Load
(kN)

Load Drop
(kN)

Steel-Yield
Load (kN)

Post-Peak
Load (kN)

Failure
Load (kN)

Control
Slab S1-ST-CONT 22.16 17.9 18.37 21.18 21.15 3.71

Group
One

S2-ST+1UG45 24.35 19.5 20.59 25.69 25.46 4.49
S3-ST+1UG90 24.18 21.4 21.39 26.59 26.59 4.65
S4-ST+2UG45 25.92 18.1 21.84 27.68 27.39 4.84

S5-ST+1UG120 25.22 21.4 22.14 29.2 29.12 5.11
S6-ST+1UG160 27.17 20.3 22.92 33.82 33.74 5.91
S7-ST+2UG90 25.33 23.4 22.88 32.75 32.64 5.73

S8-ST+2UG120 26.33 22.6 24.22 36.7 34.59 6.42
S9-ST+2UG160 28.16 24.1 25.17 39.67 39.61 6.94

Group
Two

S10-ST+1TG150 25.59 17.9 19.24 22.96 19.49 4.02
S11-ST+1TG160 27.84 18.9 20.12 26.15 21.66 4.57
S12-ST+2TG150 26.59 19.7 19.91 25.78 18.05 4.51
S13-ST+2TG160 28.94 20 21.39 27.27 22.12 4.77

The Load-Deflection
Behaviour and the

Load-Loading Period
Critical Points

5. Geogrids Tensile Force at the Post-Peak Load

The tensile force of the geogrids at the post-peak load for each concrete slab was esti-
mated depending on the Limit States Design Method of concrete structures, as declared in
the Egyptian Code for Design and Construction of Concrete Structures (ECP:203-2018) [23],
and based on the characteristic state of the concrete slabs’ materials. Thus, the materials’
strength reduction factors of concrete and steel rebars were not considered.

Accordingly, the compressive strain of the top concrete slab is equal to 0.3%, and
the tensile force of the bottom steel rebars is equal to its yield force. The design and
the idealized characteristic stress–strain curves for the concrete material and steel rebars
material as declared in ECP:203-2018 are illustrated in Figure 6. The design stain diagrams
and the design stress diagrams per each case of using the hybrid reinforcing of steel rebars
and uniaxial geogrids as a concrete slab-reinforcing material (the concrete slabs of group
one) or using the hybrid reinforcing of steel rebars and triaxial geogrids as a concrete
slab-reinforcing material (the concrete slabs of group two) are illustrated in Figure 7.
Accordingly, the tensile force of each concrete slab’s geogrids was estimated in accordance
with the Limit States Design Method of concrete structures, as declared in ECP:203-2018
and summarized throughout Table 6.

The peak tensile strength of the geogrids is estimated from Equation-(1) (Note: as per
the hybrid reinforcing configuration of the concrete slabs for group one and group two, the
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strip width of the geogrids is equal to 45 cm). For the case of using the hybrid reinforcing
of steel rebars and uniaxial geogrids (group one under this study), the ratio of uniaxial
geogrids’ tensile force to its peak tensile strength had a percentage value ranging from
60.10% to 129.37%, as illustrated in Table 6; it should be indicated that no rib-cuttings had
occurred for group one and the uniaxial geogrids reached its specified yield strain by its
manufacturer at a load value ranging from 90% (cases of one flexural cracks occurred) to
100% (cases of two flexural cracks occurred) of the post-peak load [18].

For the case of using the hybrid reinforcing of steel rebars and triaxial geogrids (group
two under this study), the ratio of triaxial geogrids’ tensile force to its peak tensile strength
had a percentage value ranging from 178.13% to 321.72%, as illustrated in Table 6. It should
be indicated that numerous rib-cuttings occurred for group two and the triaxial geogrids
reached its numerical yield strain approximately at the post-peak load for the case of using
one layer, while the triaxial geogrids reached its numerical yield strain after the post-peak
load for the case of using two layers [18]. After reviewing the presented data in Table 6, the
decision was to estimate the characteristic resistance moment and the design resistance
moment per each concrete slab in order to conclude a simple design relation between them,
the experimental moment at the post-peak load, the grade of the geogrids (geogrids’ peak
tensile strength), the strip width of the geogrids, and the count of the geogrid layers.

TG = T W N (1)

where TG is the tensile strength of the geogrids (kN), T is the peak tensile strength of
the geogrids (kN/m), W is the strip width of the geogrids (m), and N is the count of the
geogrids’ layers.

Figure 6. The design and the idealized characteristic stress–strain curves for the concrete and steel rebars material.
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Figure 7. The design stain diagrams and the design stress diagrams per each case of using the hybrid reinforcing of steel
rebars and uniaxial geogrids as a concrete slab-reinforcing material (the concrete slabs of group one) or using the hybrid
reinforcing of steel rebars and triaxial geogrids as a concrete slab-reinforcing material (the concrete slabs of group two).

Table 6. The tensile force of the geogrids per each concrete slab and its ratio to geogrids’ peak tensile strength.

Group
Number Concrete Slab No.

The Tensile Force of Geogrids
(FG) at the Experimental

Post-Peak Load (kN)

The Peak Tensile Strength of
Geogrids (TG), Estimated by

Equation-(1)
(kN)

FG/TG
(%)

Group one

S2-ST+1UG45 26.52 20.51 129.37%
S3-ST+1UG90 29.34 35.712 82.15%
S4-ST+2UG45 32.77 41.004 79.91%
S5-ST+1UG120 36.93 46.759.5 78.98%
S6-ST+1UG160 50.52 64.557 78.25%
S7-ST+2UG90 49.08 71.424 68.70%
S8-ST+2UG120 63.97 93.519 68.40%
S9-ST+2UG160 77.61 129.114 60.10%

Group two

S10-ST+1TG150 19.37 7.75 250.12%
S11-ST+1TG160 28.15 8.76 321.72%
S12-ST+2TG150 27.59 15.49 178.13%
S13-ST+2TG160 32.14 17.51 183.65%

First note: The tensile force of the geogrids was estimated based on: • Considering the characteristic state of the concrete slabs’
material (the strength reduction factors of the concrete slabs’ materials are not considered), the top concrete’s compressive strain is
equal to 0.3%, and the bottom steel rebars tensile force equal to its yield force. • The bending moment of the concrete slabs is equal
to its experimental moment at the post-peak load.
Second note: The geogrids’ rib-cuttings occurred only for group two’s concrete slabs, as numerous rib-cuttings of triaxial
geogrids occurred.
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It should be indicated that as concluded from the geogrids’ experimental stress–strain
curves (as illustrated in Figure 3), the specified yield strain by its manufacturer of uniaxial
geogrids is corresponding to a tensile strength value approximately equal to 75% of its
peak tensile strength, while the specified yield strain by the numerical analysis of triaxial
geogrids corresponds to a tensile strength value approximately equal to 60% of its peak
tensile strength. As shown in Figure 3 and Table 6, the uniaxial geogrids as concrete slab-
reinforcing material carried an approximate equal or greater tensile force (which estimated
by the first principal equations) in comparison to its experimental tensile strength at the
same strain (which obtained from the axial tensile test), while the triaxial geogrids as
concrete slab-reinforcing material always carried greater tensile force (which was estimated
by the first principal equations) in comparison to its experimental tensile strength at the
same strain, which was obtained from the axial tensile test. The reason for that is the
transverse bars or integral nodes of the uniaxial or triaxial geogrids as concrete-reinforcing
material are confined entirely in the concrete, keeping its location and providing prevention
of the transmitting of tensile force to the next uniaxial geogrids’ rib portions or triaxial
geogrids’ hexagon pitches leading to dividing the total tensile force (concrete slab’s total
internal tensile force carried by geogrids) into the contributing uniaxial geogrids’ ribs
portions or triaxial geogrids’ hexagon pitches to carrying it. This is so the carried tensile for
each geogrids’ rib portions or hexagonal pitches is a part of the total concrete slab’s internal
tensile force carried by geogrids [18]. At the same time, during the experimental axial
tensile test, the transverse bars or the integral nodes have free movement, so the carried
tensile strength for each geogrids’ rib portions or hexagonal pitches is equal to the total
tensile strength. Figures 8 and 9 clarify this issue in more detail.

Accordingly, geogrids are expected to have a better performance if it is hybrid with
a moderate (not the minimum) steel rebar ratio, as this condition is expected to increase,
spread, and distribute the flexural cracks throughout the concrete slab’s tension zone
length [18].

Figure 8. The internal forces in the uniaxial geogrids, the steel rebars, and the concrete.
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Figure 9. The internal forces in the triaxial geogrids, the steel rebars, and the concrete.

6. Experimental Moment, Characteristics Resistance Moment, and Design
Resistance Moment

For each concrete slab, the characteristic resistance moment and the design resistance
moment were estimated in accordance with the Limit States Design Method of Concrete
Structures, as declared in the Egyptian Code of Concrete Structures Design and Construc-
tion (ECP:203-2018) [23]. Accordingly, the compressive strain of the top concrete slab
is equal to 0.3%; the tensile force of the bottom steel rebars is equal to its yield force.
The strength reduction factor of the materials is equal to 1.15 or 1.5, respectively, for esti-
mating the design force in steel rebars or concrete, and the strength reduction factor of the
materials is equal to 1 for estimating the characteristic force in steel rebars or concrete.

It should be indicated that as the strength reduction factor of the geogrids is not
declared by any design codes of the concrete structures, the strength reduction factor of
the geogrids is assumed to be equal to 1 for both cases of estimating the characteristic or
design tensile force of the geogrids as concrete slab-reinforcing material. Also, the decision
was made to take the tensile force of the geogrids to be equal to its peak tensile strength,
which was estimated from Equation (1) for both cases of estimating the concrete slabs’
characteristic or design resistance moment. Figure 10 shows the estimation basics of both
cases of estimating the concrete slabs’ characteristics and design resistance moment. Table 7
shows the estimated values of the characteristic resistance moment, the design resistance
moment, and their ratios to the experimental moment at the post-peak load.
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Figure 10. The estimations basics.

Table 7. The estimated values of the characteristic resistance moment (MCR), the design resistance moment (MDR), and their
ratios to the experimental moment at the post-peak load (MEP).

Group No. Concrete Slabs MEP (kN·m) MCR (kN·m) MDR (kN·m) MCR/MEP (%) MDR/MEP (%)

Group one

S2-ST+1UG45 4.50 4.09 3.70 90.97% 82.30%
S3-ST+1UG90 4.65 5.06 4.65 108.74% 99.93%
S4-ST+2UG45 4.84 5.36 4.94 110.65% 101.98%

S5-ST+1UG120 5.11 5.73 5.29 112.13% 103.52%
S6-ST+1UG160 5.92 6.77 6.28 114.39% 106.11%
S7-ST+2UG90 5.73 7.05 6.53 123.01% 113.94%

S8-ST+2UG120 6.42 8.03 7.43 125.03% 115.69%
S9-ST+2UG160 6.94 9.50 8.73 136.84% 125.75%

Group two

S10-ST+1TG150 4.02 3.23 2.86 80.39% 71.18%
S11-ST+1TG160 4.58 3.29 2.92 71.89% 63.81%
S12-ST+2TG150 4.51 3.72 3.34 82.46% 74.03%
S13-ST+2TG160 4.77 3.84 3.45 80.47% 72.29%

7. Simple Design Relation to Estimate the Desired Grade of Geogrids and Its Count
of Layers

After reviewing the presented data throughout Table 7, it was clear that the ratios
of the characteristic resistance moment or the design resistance moment to the experi-
mental moment at the post-peak load had unequal values; accordingly, an analysis of the
probability distribution should be done in order to provide a more constant value of them.

For group one (the case of using the hybrid reinforcing of steel rebars and uniaxial
geogrids), the ratio of the characteristic resistance moment to the experimental moment had
a percent value that ranges from 90.97% to 136.84%, and the ratio of the design resistance
moment to the experimental moment at the post-peak load had a percent value ranges
from 82.30% to 125.75%. As such, an analysis of the probability distribution was done in
order to provide a more constant value to them, as illustrated in Figure 11. The results of
the probability distribution analysis for the percentage ratio of the characteristic resistance
moment to the experimental moment at the post-peak load indicted that the median value
is equal to 112.98%, the mean value is equal to 113.09%, and the mode value is equal to
112.64%; accordingly, the experimental moment at the post-peak load is equal to 0.88 times
the characteristic resistance moment, as illustrated in Equation (2). The results of the
probability distribution analysis for the percentage ratio of the design resistance moment
to the experimental moment at the post-peak load indicated that the median value is
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equal to 103.52%, the mean is equal to 103.57%, and the mode is equal to 103.34%. Thus,
the experimental moment at the post-peak load is equal to 0.97 times the design resistance
moment, as illustrated in Equation (2).

MEP = 0.88 MCR = 0.97 MDR, (Where FG = TG = T W N and the case of using the hybrid reinforcing of
steel rebars and uniaxial geogrids)

(2)

where MEP is the experimental moment at the post-peak load; MCR is the characteristic
resistance moment; MDR is the design resistance moment; FG is the tensile force of the
uniaxial geogrids (kN); TG is the tensile strength of the geogrids (kN). T is the peak tensile
strength of the uniaxial geogrids (kN/m); W is the strip width of the uniaxial geogrids (m),
and N is the count of the uniaxial geogrids’ layers.

Figure 11. Probability distribution analysis for the ratios of the characteristic resistance moment or design resistance
moment to the experimental moment at the post-peak load (case of using the hybrid reinforcing of steel rebars and uniaxial
geogrids).

For group two (the case of using the hybrid reinforcing of steel rebars and triaxial
geogrids), the ratio of the characteristic resistance moment to the experimental moment had
a percent value that ranges from 71.89% to 82.46%, and the ratio of the design resistance
moment to the experimental moment at the post-peak load had percentage value ranges
from 63.81% to 74.03%. Therefore, an analysis of the probability distribution was done in
order to provide a more constant value of them, as illustrated in Figure 12. The results of
the probability distribution analysis for the percentage ratio of the characteristic resistance
moment to the experimental moment at the post-peak load indicted that the median value
is equal to 78.79%, the mean value is equal to 78.62%, and the mode value is equal to
79.34%; accordingly, the experimental moment at the post-peak load is equal to 1.26 times
the characteristic resistance moment, as illustrated in Equation (3). The results of the
probability distribution analysis for the percentage ratio of the design resistance moment
to the experimental moment at the post-peak load indicted that the median value is equal
to 70.32%, the mean is equal to 70.37%, and the mode is equal to 70.8%; accordingly,
the experimental moment at the post-peak load is equal to 1.41 times the design resistance
moment, as illustrated in Equation (3).

MEP = 1.26 MCR = 1.41 MDR, (Where FG = TG = T W N and the case of using the hybrid reinforcing of
steel rebars and triaxial geogrids)

(3)
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where MEP is the experimental moment at the post-peak load, MCR is the characteristic
resistance moment, MDR is the design resistance moment, FG is the tensile force of the
triaxial geogrids (kN), TG is the tensile strength of the geogrids (kN), T is the peak tensile
strength of the triaxial geogrids (kN/m), W is the strip width of the triaxial geogrids (m),
and N is the count of the triaxial geogrids’ layers.

The estimated values of the experimental moment at the post-peak load (MEP) from
Equation (2) or Equation (3) and their ratios to the experimental ones are illustrated in
Table 8, which resulted in a variance that frequently has a range of ± 10% when compared
with the actual experimental data.

Figure 12. Probability distribution analysis for the ratios of the characteristic resistance moment or design resistance
moment to the experimental moment at the post-peak load (case of using the hybrid reinforcing of steel rebars and triaxial
geogrids).

Table 8. The estimated values of the experimental moment at the post-peak load (MEP) from Equation (2) or Equation (3)
and their ratios to the experimental ones.

Group
No. Concrete Slabs MEP

(kN·m)

MEP = 0.88 MCR
(where FG = TG)

(kN·m)

MEP = 0.97 MDR
(where FG = TG)

(kN·m)

0.88 MCR/MEP
(%)

0.97 MDR/MEP
(%)

Group
one

S2-ST+1UG45 4.5 3.5992 3.589 79.98% 79.76%
S3-ST+1UG90 4.65 4.4528 4.5105 95.76% 97.00%
S4-ST+2UG45 4.84 4.7168 4.7918 97.45% 99.00%
S5-ST+1UG120 5.11 5.0424 5.1313 98.68% 100.42%
S6-ST+1UG160 5.92 5.9576 6.0916 100.64% 102.90%
S7-ST+2UG90 5.73 6.204 6.3341 108.27% 110.54%
S8-ST+2UG120 6.42 7.0664 7.2071 110.07% 112.26%
S9-ST+2UG160 6.94 8.36 8.4681 120.46% 122.02%

Group
No. Concrete Slabs MEP

(kN·m)

MEP = 1.26 MCR
(where FG = TG)

(kN·m)

MEP = 1.41 MDR
(where FG = TG)

(kN·m)

1.26 MCR/MEP
(%)

1.41 MDR/MEP
(%)

Group
two

S10-ST+1TG150 4.02 4.0698 4.0326 101.24% 100.31%
S11-ST+1TG160 4.58 4.1454 4.1172 90.51% 89.90%
S12-ST+2TG150 4.51 4.6872 4.7094 103.93% 104.42%
S13-ST+2TG160 4.77 4.8384 4.8645 101.43% 101.98%
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It should be indicated that both equation-(2) and equation-(3) objective to estimate the
experimental moment at the post-peak load in terms of characteristic resistance moment or
design resistance moment and based on the assumption of the geogrids’ tensile force at
the post-peak load is equal to their peak tensile strength which estimated from Equation
(1). However, the geogrids’ experimental tensile force at the post-peak load is not equal
to their tensile strength; accordingly, an analysis of the probability distribution was done
for the mentioned ratios of the geogrids’ experimental tensile force at the post-peak load
(which estimated by the first principal equations) to their peak tensile strength in Table 6
in order to provide a more constant value of them, as illustrated in Figure 13. For group
one, the results of the probability distribution analysis for the mentioned ratios of uniaxial
geogrids’ experimental tensile force at the post-peak load to their peak tensile strength
in Table 6 indicated that the median value is equal to 80.51%, the mean value is equal to
82.01%, and the mode value is equal to 75.59%. Therefore, the uniaxial geogrids’ charac-
teristic tensile force at the post-peak load is equal to 0.76 times their peak tensile strength,
as illustrated in Equation (4).

For group two, the results of the probability distribution analysis for the mentioned
ratios of triaxial geogrids’ characteristic tensile force at the post-peak load to their peak
tensile strength in Table 6 indicated that the median value is equal to 217.05%, the mean
value is equal to 220.42%, and the mode value is equal to 206.04%. Therefore, the uniaxial
geogrids’ experimental tensile force at the post-peak load is equal to 2.06 times their peak
tensile strength, as illustrated in Equation (5). The characteristic resistance moment is re-
estimated based on the estimated geogrids’ characteristic tensile force from Equation (4) and
Equation (5) and compared to the experimental moment at the post-peak load, as illustrated
in Table 9, which resulted in a variance that frequently had a range of ± 5% when compared
with the actual experimental data.

FCG = 0.76 T W N (case of using the hybrid reinforcing of steel rebars and uniaxial geogrids) (4)

FCG = 2.06 T W N (case of using the hybrid reinforcing of steel rebars and triaxial geogrids) (5)

where FCG is the characteristic tensile force of the geogrids (kN), T is the peak tensile
strength of the geogrids (kN/m), W is the strip width of the geogrids (m), and N is the
count of the geogrids’ layers.

Figure 13. Probability distribution analysis for the ratios of uniaxial or triaxial geogrids’ experimental tensile force at the
post-peak load to their tensile strength.
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Table 9. The estimated values of the characteristic resistance moment (MCR) considering Equation (4)
for group one and Equation (5) for group two and their ratios to the experimental moment at the
post-peak load (MEP).

Group number Concrete Slabs MEP (kN·m) MCR (kN·m) MCR/MEP (%)

Group
one

S2-ST+1UG45 4.50 3.77 83.86%
S3-ST+1UG90 4.65 4.51 96.92%
S4-ST+2UG45 4.84 4.74 97.85%

S5-ST+1UG120 5.11 5.02 98.24%
S6-ST+1UG160 5.92 5.83 98.50%
S7-ST+2UG90 5.73 6.04 105.39%

S8-ST+2UG120 6.42 6.81 106.03%
S9-ST+2UG160 6.94 7.98 114.95%

Group
two

S10-ST+1TG150 4.02 3.79 94.33%
S11-ST+1TG160 4.58 3.91 85.44%
S12-ST+2TG150 4.51 4.78 105.95%
S13-ST+2TG160 4.77 5.01 104.98%

8. Conclusions and Recommendations

Uniaxial geogrids as concrete slab-reinforcing material carried an approximately equal
or greater tensile force (which was estimated by first principal equations) in comparison
to its experimental tensile strength corresponding to the same strain, which was obtained
from the axial tensile test. The triaxial geogrids, as concrete slab-reinforcing material,
always carried greater tensile force (which was estimated by first principal equations) in
comparison to its experimental tensile strength corresponding to the same strain, which
was obtained from the axial tensile test. The reason for that is the transverse bars or integral
nodes are confined entirely by the concrete in uniaxial or triaxial geogrids, as concrete-
reinforcing material, keeping its location and providing prevention of the transmitting of
tensile force to the next uniaxial geogrids’ rib portions or triaxial geogrids’ hexagon pitches.
This leads to the dividing of the total tensile force (concrete slab’s total internal tensile
force carried by geogrids) being carried by the contributing uniaxial geogrids’ rib portions
or triaxial geogrids’ hexagon pitches. This is so the carried tensile for each geogrids’ rib
portions or hexagonal pitches is a part of the total concrete slab’s internal tensile force,
which is carried by the geogrids. Meanwhile, during the experimental axial tensile test,
the geogrids’ transverse bars or the integral nodes have free movement. Thus, the carried
tensile strength for each geogrids’ rib portions or hexagonal pitches is equal to the total
tensile strength.

For the design relations of the reinforced concrete slabs by the hybrid reinforcing of
steel rebars and uniaxial geogrids, the concrete slabs’ experimental moment at the post-
peak load could be estimated by the equation of “MEP = 0.88 MCR = 0.97 MDR, (based
on the assumption of FG = TG = T W N)”, and for more accuracy, the uniaxial geogrids’
characteristic tensile force could be estimated by the equation of “FCG = 0.76 T W N”. For the
design relations of the reinforced concrete slabs by the hybrid reinforcing of steel rebars
and triaxial geogrids, the concrete slabs’ experimental moment at the post-peak load could
be estimated by the equation of “MEP = 1.26 MCR = 1.41 MDR, (based on the assumption of
FG = TG = T W N)”, and for more accuracy, the triaxial geogrids’ characteristic tensile force
could be estimated by the equation of “FCG = 2.06 T W N”. Where MEP is the experimental
moment at the post-peak load, MCR is the characteristic resistance moment, MDR is the
design resistance moment, FG is the tensile force of the geogrids (kN), TG is the tensile
strength of the geogrids (kN), T is the peak tensile strength of the geogrids (kN/m), W is
the strip width of the geogrids (m), N is the count of the geogrids’ layers, and FCG is the
characteristic tensile force of the geogrids (kN).

It should be noted that, based on the implemented configuration of the hybrid re-
inforcing method in this study, the steel rebars had a minimum reinforcing ratio for all
concrete slabs, while the geogrids had different types, tensile strengths, and layer numbers.
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As concluded from the experimental study, geogrids are expected to have better perfor-
mance if they are a hybrid with a moderate (not the minimum) reinforcing ratio of the
steel rebars. Accordingly, the above-mentioned equations’ constants could be affected by
increasing the reinforcing ratio of the steel rebars.

9. Future Studies

We hope to engage in further study of the effect of increasing the reinforcing ratio of the
steel rebars on the above-mentioned equations’ constants. In addition, we hope to study the
effectiveness of pretensioning the uniaxial geogrids before the concrete pouring to provide
uniaxial geogrid prestressed concrete slabs or beams, as this principle expects to improve
mechanical properties, minimize plastic deformation, and increase the cost-benefit ratio.
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