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Abstract: The study of reinforced concrete (RC) hollow box-section beams reinforced with glass fiber-reinforced polymer (GFRP)
bars and stirrups under combined shear and torsional stresses is still in its early stages, with the mechanisms of torsional failure not
yet well-defined. This research examines the impact of adding external transverse strengthening to box-section beams, specifically
utilizing GFRP rope as near-surface-mounted (NSM) external stirrups to enhance their structural performance. A total of nine RC
box-section beams, each 2200 mm long, 400 mm wide, and 600 mm high, were constructed and tested under simply supported
conditions. The study evaluated three variables: GFRP bar diameter, inclination angle, and spacing. Nonlinear finite element analysis
was conducted using ANSYS to compare the behavior of these beams, internally reinforced with GFRP bars and stirrups, against
beams externally strengthened with GFRP ropes as NSM stirrups. Three-dimensional finite element models were developed,
incorporating a smeared cracking approach for the concrete and 3D elements. The analysis showed strong alignment between
numerical results and experimental data through both linear and nonlinear phases up to failure, confirming the reliability of the model
for future investigations. The findings demonstrated that integrating GFRP shear reinforcement, whether internally or externally,
increased the load-carrying capacity by up to 45% relative to the control beam, depending on the variables studied.

Keywords: retrofitting; finite element analysis (FEA); box-section; near-surface-mounted (NSM); shear and torsion; glass-fiber-

reinforced polymer (GFRP); GFRP ropes.

1. Introduction

Shear failure in concrete elements is particularly critical
due to its sudden occurrence and lack of sufficient warning,
often resulting from inadequate shear reinforcement, steel
corrosion, exposure to harsh environmental conditions,
freeze-thaw cycles, or corrosive chemicals [1]. Fiber-
reinforced concrete (FRC) has emerged as a widely used
construction material in various structural applications, such
as industrial building slabs and concrete sewer pipes, owing
to its enhanced shear resistance, including reductions in
crack formation and shear crack widths, as highlighted in
numerous studies [2-5].

Fiber-reinforced polymer (FRP), utilized in the form of
reinforcement bars or sheets for strengthening beams, is
increasingly recognized as an effective material for concrete
rehabilitation. This is attributed to its unique advantages,
including corrosion resistance, extended service life,
resistance to humidity, high tensile strength, lightweight,
durability, low maintenance requirements, ease of
application, and nonmagnetic properties [6,7]. Replacing
steel reinforcement with FRP bars, effectively addresses
durability challenges in aggressive environments, such as
roadbeds and bridge decks, where significant steel corrosion
often occurs [8].

Extensive research [9] has been conducted on the use of
various types and ratios of FRP bars in reinforced concrete

beams without web reinforcement, analyzing their effects on
shear capacity in comparison to conventionally reinforced
steel beams. In studies investigating shear capacity, the near-
surface  mounted (NSM) and externally bonded
reinforcement (EBR) techniques have been employed
without incorporating discrete glass fibers in the concrete
[10,11].

The NSM FRP method offers distinct advantages, such as
eliminating the need for surface preparation [12,13], faster
installation, protection against external factors (e.g.,
mechanical damage, vandalism, and fire), increased load-
carrying capacity of reinforced concrete (RC) elements, and
the ability to generate higher strain in FRP [14].
Additionally, it enhances confinement provided by the
surrounding concrete and epoxy, thereby reducing the risk of
debonding [15]. These attributes establish NSM as a superior
alternative to traditional methods like EBR for strengthening
RC structures.

Finite element (FE) modeling has been extensively
employed in theoretical investigations of beams using
various software tools, including ANSYS [16-21]. In this
study, ANSYS Mechanical APDL software was utilized to
develop an analytical model for simply supported GFRC
beams without stirrups, subjected to four-point bending. The
outcomes, including failure load, deflection, and load-mid-
span displacement relationships, were presented, along with
an analysis of crack propagation in the GFRC beams.
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The behavior of reinforced concrete beams strengthened
with FRP materials and other retrofitting techniques was
analyzed [22] conducted a parametric analysis using finite
element modeling with ANSYS to investigate the flexural
and torsional performance of beams retrofitted with FRP
bars. The results demonstrated significant improvements in
flexural capacity and torsional resistance, highlighting the
effectiveness of FRP for strengthening aging concrete
structures.

Similarly, studied beams retrofitted with ferrocement and
FRP materials under torsional loading through both
experimental and numerical approaches. The findings
revealed that FRP reinforcement notably enhanced torsional
strength, with the FEM results closely aligning with
experimental data, validating the accuracy of the
computational methods [23].In another study, investigated
the Near-Surface Mounted (NSM) technique for
strengthening beams measuring 150x300x2000 mm using
CFRP and GFRP bars. The strengthened beams exhibited
increased stiffness, reduced deformation, and up to 60%
improvement in flexural strength compared to control
specimens, confirming the efficacy of NSM in enhancing
structural performance [24].Collectively, these studies
demonstrate the effectiveness of FRP materials and
advanced retrofitting techniques in improving the structural
integrity, flexural strength, and torsional resistance of
reinforced concrete elements, making them reliable solutions
for extending the service life of concrete structures.

2. Experimental program

2.1 Description of tested specimens

The experimental program involved casting and testing
nine reinforced box-section beam specimens. One specimen
served as the control beam, while the remaining eight beams
were strengthened using near-surface-mounted (NSM)
techniques with closed external stirrups. The study
considered the following three primary variables:

a) GFRP bar diameter: ®8, ®10, and ®12.

b) GFRP bar inclination: 60° and 90°.

¢) GFRP bar spacing: 75 mm, 100 mm, 125 mm, and 150
mm.

Throughout the experimental investigation, the
specimens' dimensions, clear span, concrete grade, loading
locations, and longitudinal and diagonal reinforcement were
kept constant [31].

The experimental work also included control tests on
cubes and cylinders to assess parameters such as cracking
load, ultimate load, failure modes, overall behavior, and
stress-strain relationships. The beams were constructed and
tested in the concrete laboratory at the Faculty of
Engineering, American University in Cairo. To ensure
uniform testing conditions, steel loading and bearing plates
(400 x 100 x 50 mm) were placed at the loading and support
points, while stiffeners made from solid reinforced concrete
sections were used to prevent local failure at these points
(see Figure 1).

The beam specimens were designed and analyzed in
accordance with the Egyptian Code of Practice (ECP 208-
2019) [34]. Since forming GFRP bars into stirrup shapes

posed practical challenges, polypropylene elbows filled with
epoxy resin were used as stirrups and tested for their
effectiveness, as illustrated in Figure 2.

The experimental program was divided into three groups
as follows:

Group 1: This group consisted of three specimens with
varying shear spans of 600 mm, 450 mm, and 400 mm,
corresponding to shear span-to-total depth ratios (a/t) of 1.0,
0.75, and 0.67, respectively, and an eccentricity-to-specimen
width ratio (e/b") of 0.75. The control specimen, RB1, along
with RB2 and RB3, were tested and subsequently
strengthened using inclined stirrups at 45° with GFRP bar
diameters of ®8, ®10, and @12, spaced at 100 mm (refer to
Table 1).

Group 2: This group included three specimens with an
eccentricity-to-specimen width ratio (e/b") of 0.75 and a
shear span-to-total depth ratio (a/t) of 1.0. The strengthened
specimens—RB7, RB4, and RB5—were reinforced using
®10 GFRP stirrups spaced at 100 mm with inclinations of
45°,60°, and 90°, respectively, over a shear span of 600 mm.
Group 3: This group comprised four specimens RB6, RB7,
RB8, and RB9 designed with a shear span of 600 mm,
equivalent to a shear span-to-total depth ratio (a/t) of 1.0, and
an eccentricity-to-specimen half-width ratio (e/b) of 0.75.
These specimens were strengthened using 45° inclined
external stirrups, with spacing of 75 mm, 100 mm, 125 mm,
and 150 mm [28].

The results of these tests were documented, analyzed,
and compared, providing insights into the effects of the
strengthening configurations on parameters such as carrying
capacity, cracking behavior, failure modes, and ductility.
This detailed investigation offers valuable information for
designing effective shear and torsion strengthening
techniques using NSM GFRP stirrups.

2.2 Test setup, instrumentation, and test procedure

The experimental procedures were carried out in the
laboratory of the Faculty of Engineering at the American
University in Cairo. Measurements of deflection and vertical
load were obtained using external devices, including linear
variable differential transformers (LVDTs) and load cells, as
shown in Figure 1.

Deflection was recorded at the mid-span of the beams
using LVDTs with effective lengths of 50 mm and 100 mm.
A hydraulic actuator applied a symmetrical two-point
vertical load at a specified distance (a) (the shear span). Prior
to testing, the load cell and LVDTs were calibrated by
laboratory experts, ensuring accuracy. Initial values were
reset to zero using laboratory software to eliminate any
baseline discrepancies.

A data acquisition system was employed to record
measurements at each incremental load step. Crack
propagation was visually monitored during the loading
process, and all beams were inspected under displacement-
controlled testing conditions. This methodology ensured
precise and consistent data collection while allowing detailed
observation of beam behavior under load.
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Table 1: Details of the tested specimens.

Before Strengthening After strengthening
Diameter
Intemal  Intemal of Stirrup Stirmup
(a't) [C ] A extemal
Group  Specimen a . e . HH e Ay V1. Web  Hz Web extemal mclination spacing on .
ratio ratio Ne. @ Effect ) stirmups’
No. No. (mm) (mm) (=) (mm®) . RFT GFEP extemally the outside
(-) (=) Dia) . effects
(mim) (mim) stirmips (degree) ()
()
RE1 600 1 10
Shear-span to .
1 REZ 430 073 130 073 04 00512 408 8 g 2 435 100 Diameter
total depth
RE3 400 067 12
RE4 100 03 60
2 600 1 04 Q0512 4@8 g g Eccentricity 10 100 Inclination
RE3 170 085 a0
RE6& 10 2 Vertical web 150
RET7 12 8 reinforcement 100
3 RES 600 1 150 Q.75 04 90512 4@ g 10 Horizontal 10 43 73 Spacing
web
RE? 8 12 . 125
remmforcement
Where:
b’ 200 mm is half of the beam web width. Ay the primary tension FRP bar area.
Vlis the vertical web-reinforcement. Ay The secondary compression FRP bar area.
Hz. is the horizontal web-reinforcement. Y the major reinforcement ratio of FRP bars is denoted by (As/b*d).
RFT is the reinforcement. UL msx 18 the maximum reinforcement ratio according to ECP 208—2019[31].
P/2 P/2 | P2 P2
]
4
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- e ! ‘TI"’ (b) RFT Details
2000 T i
—=h
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Reaction

(a) Elevation

Figure 1 Typical specimen concrete dimension and reinforcement details

(a) Test setup

Concrete
Base

(b) Stirrup elbow corner test

Figure 2: Test setup and instrumentations.

(c) Stirrup corner connection (elbow)
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2.3 Analysis of the Experimental Results

This study presents all the experimental results shown in
table 2, such as (1) crack load P; (2) failure load Ps; (3) the

midpoint deflection at first crack and failure load A and Ag
respectively; (4) crack patterns; and (5) failure modes.
Tables. 2 show the experimental results for all the tested
specimens after strengthen and tested.

Table 2: Experimental results for all the tested specimens after strengthening and testing.

Specimen Peri P; A i S.S D.D T Failure
No. (kN) (kN) (mm) (mm) (kN/mm) (-) (kN.mm) mode
RB.1 568.1 7314 11.53 16.64 54.60 213 3155.41
RB.2 554.9 658.9 10.05 1221 29.02 1.65 503136
RB.3 4905 764.8 9.96 18.00 119.90 1.14 3846.74 _
RB.4 543.8 655.2 12.60 16.55 19.71 171 545665 | Dlagonal
RB.5 4925 531.9 9.64 11.61 64.67 1.14 3818.48 fjﬁjar;
RB.6 591.2 649.9 12.53 15.80 51.17 1.62 4225.15 e
RB.7 612.3 786.5 15.79 217 32.23 1.58 2731.72
RB.8 631.2 8224 13.88 23.83 36.39 1.15 2359.86
RB.9 653.7 758.4 16.13 20.93 61.89 1.22 2130.18

3. Spatial and Constitutive Models for Finite
Element Analysis

3.1 Modeling of Concrete Material

Guided by the ANSYS R15.0 software manual [33], the
concrete elements were modeled using the three-dimensional
isoparametric element known as SOLID65. This element is
capable of simulating both tension and compression
cracking, as well as crushing behaviors in concrete. It is
defined by eight nodes, each having three translational
degrees of freedom along the X, y, and z axes, without any
rotational degrees of freedom. A 2x2x2 Gaussian integration
scheme was employed to determine the element stiffness
matrix accurately.

The SOLID65 element can represent a single solid
material—such as concrete—and accommodate up to three
embedded reinforcing materials with different properties.
Figure 2 illustrates the geometrical characteristics of the
SOLID65 element. The analysis accounted for both linear
and nonlinear behaviors of concrete. In the linear phase,
concrete was assumed to behave isotropically until cracking
occurred. For the nonlinear phase, a plasticity model was
considered appropriate to represent the concrete's behavior.

Each integration point within the element can experience
up to three orthogonal cracks. The ANSYS 15 software
allows for the definition of steel reinforcement using the
smeared reinforcement approach, where the reinforcement is
specified by a volumetric ratio and the orientation angles of
the rebars. For this purpose, the reinforcing bars were
modeled using the LINK180 element.

The concrete model is specifically designed to predict the
failure of brittle materials, encompassing both cracking and
crushing modes. Figure 3,4 displays a three-dimensional
failure surface within the principal stress space, illustrating
the criteria for material failure used in the analysis.

The similarity angle n offers insights into the magnitudes
of the principal stresses. Figure 5 presents the failure surface
in the principal stress space, specifically for biaxial or nearly
biaxial stress conditions. When the most significant non-zero

principal stresses align with oy, and oy, the represented
surfaces correspond to o5, values slightly above zero, oy
equaling zero, and o, slightly below zero. These three
surfaces, when viewed as projections on the oy, - 6y, plane,
indicate a continuous three-dimensional failure surface. The
material's failure mode is influenced by the sign of o,,. For
example, if both oy, and oy, are negative and o, is slightly
positive, the prediction leans toward cracking perpendicular
to 6,5. On the other hand, if o, is zero or slightly negative,
the material's anticipated behavior is crushing.

@

é—_.:_{)—‘;{ 8]

[rebar)
+

Figure 3 Geometry of 3-D Solid-65 element (concrete element).
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Figure 4 Three-dimensional failure surface of concrete material and its
profile
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Figure 5 Concrete failure surface in principal stress space with biaxial stress

In establishing the failure surface and characterizing the
tri-axial stress state, essential input strength parameters such
as f,, f., fo, f1, and f, must be specified. The ultimate uniaxial
compressive strength, fc, was derived from the experimental
outcomes of cubic concrete samples associated with each
beam specimen. Additionally, f; was determined in
accordance with ACI standards, specifically set at 0.1 times
f.. The remaining parameters were assigned default values as
recommended.

fo=12f, f1=145f,, and f,= 1.725f, 1)

Additional concrete material information is required,
including idealized stress-strain relationship (Figure 5)
according to ECP-203-2019 [35], elastic modulus (E.) which
was defined by Martinez S. et al. (1984) [32] in Eq. 2, shear
transfer coefficient for closed and open cracks, tensile stress,
and compressive stress.

E. = 3320,/f + 6900 (MPa) )

The shear transfer coefficient is a critical parameter in
modeling cracked concrete behavior, typically ranging from
0.0 to 1.0. A coefficient of 0.0 represents a completely
smooth crack with no shear transfer, whereas a value of 1.0
signifies a highly rough crack capable of full shear transfer.
This coefficient is applied to both open and closed cracks to
define their respective shear transfer capacities.

In this study, the shear transfer coefficient for open
cracks was set at 0.2, reflecting minimal shear transfer. For
closed cracks, the coefficient was assigned a value of 0.8,
indicating a relatively higher shear transfer capacity.

Additionally, a value of 0.6 was adopted to account for
stress  relaxation after  cracking, following the
recommendations outlined in the software package's
technical guidelines. This approach ensured a realistic
representation of the post-cracking behavior in the finite
element analysis.

The selected coefficients, derived from a correlative
study, were found to contribute to improved behavior in the
tested beams, as evidenced by the analysis results. This
demonstrates the importance of accurately defining shear

transfer properties to simulate the structural performance of
reinforced concrete elements effectively.
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Figure 6 Idealized stress-strain curve for concrete in compression

Figure 6 depicts the simplified stress-strain relationship
for concrete under compression and tension. The modulus of
elasticity Ec, determined following the equation proposed by
Martinez et al. [32].
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Figure 7 Idealized stress-strain curve for concrete in compression and
tension

3.2 Material Modeling of GFRP Reinforcement

Figure 7 |Illustrates a bilinear stress-strain curve
representing the idealized behavior of GFRP reinforcement
obtained experimentally using ASTM D7205[36] and
ASTM D790-02[37].

3.3 Analytical procedure

Nonlinear analysis was taken into account by using an
incremental load process in the numerical solution scheme.
Combining the economical nature of the modified Newton-
Raphson approach, where the stiffness is reformulated at
each load step, with the high convergence rate of the

187



Engineering Research Journal (ERJ)

Moaz Abdel Nasser Mansour et al

Vol.54, Nol January 2025, pp: 183-196

standard Newton-Raphson method, vyielded an iterative
solution that was done for each load increment. The
convergence criterion utilized iterative nodal displacement,
with only transitional degrees of freedom evaluated. The
criterion is:

AD/D<)\ 3)

Where (4 D) is the iterative displacement norm and (D)
is the total displacement norm. The acceptable range for the
convergence tolerance (1) was identified to be between 0.02
and 0.05, yielding reliable outcomes. If the convergence
criteria were not met and numerical instability was exhibited,
the load level was deemed the analytical ultimate load for
the specimen.

Nonlinear analysis was conducted using an incremental
load process within the numerical solution scheme. This
approach combined the economic efficiency of the modified
Newton-Raphson method, which updates the stiffness matrix
at each load step, with the high convergence rate of the
standard Newton-Raphson method. This hybrid method
provided an efficient iterative solution for each load
increment, ensuring stability and accuracy.

1200
1100
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700
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400
300
200
100
0

Stress (MPa)

0 0.0005 0.001
Strain (mm/mm)

Figure 8 Idealized stress-strain curve for GFRP bars

0.0015 0.002

3.4 Solution techniques

In this investigation, the shear transfer coefficient for
open cracks (f;) was set to 0.2, while for closed cracks (By),
the value was within the generally accepted range of 0.8 to
0.9. This selection was informed by established guidelines
and practical considerations for modeling cracked concrete
behavior.

The numerical solution method employed an incremental
load approach for the nonlinear analysis. Each load
increment was processed iteratively, leveraging a hybrid
approach that combined the computational efficiency of the
modified Newton-Raphson method with the high
convergence rate of the standard Newton-Raphson method,
as outlined by Mahmoud [30].

Convergence was assessed using iterative nodal
displacement, focusing exclusively on translational degrees
of freedom. The convergence criterion was expressed as:

y/R < ¢ where: (y): Iterative displacement norm, (R):
Total displacement norm .and (¢): Convergence tolerance.

The tolerance (¢) was maintained within the range of
0.02 to 0.05, ensuring reliable and accurate numerical

outcomes. The numerical ultimate load was identified as the
point of numerical instability, signifying the failure of the
convergence condition and indicating the structural failure of
the modeled specimen. This methodology ensured a robust
and effective analysis of the nonlinear response of the tested
beams.

4. Validation Studies

4.1 Studied model analysis

A comprehensive parametric investigation was conducted
using the versatile computer software ANSYS V.15 [33].
The parameters under scrutiny encompassed various aspects,
including concrete compressive strength f., GFRP
reinforcement ultimate strength f,, and the primary GFRP
reinforcement ratio p, which was chosen for the parametric
study, ensuring practical dimensions and properties, as
depicted in Figures 9 and 10. The results were compared to
the model in the experiment.

A comparative examination is conducted to validate the
numerical model against experimental results, focusing on
the load-deflection response, crack patterns, and failure
modes. The experimental and numerical results are
juxtaposed and compared, as depicted in Figures 8,9. Table 3
provides a comparison between the failure loads and
deflections at the failure load of the tested beams between
measured and predicted load-deflection curves. Further
supporting the capability of the nonlinear finite element
method using "ANSYS V.15 [33]" to accurately signify the
behavior of these beams.

4.2 Geometry, modeling, loads, and boundary
conditions

For the numerical modeling, the SOLID65 element was
employed to model the concrete. This eight-node solid
element includes three translational degrees of freedom (X),
(YY), and (2) directions) and additional rotational degrees of
freedom at each node. The unique features of SOLID65,
such as plasticity, cracking, creep, large strain, large
deflection, and plastic deformation capability, were utilized
to accurately simulate the behavior of concrete. The mesh
size adopted for beam modeling was (50 x 50 x 50 mm),
ensuring a balance between computational efficiency and
result accuracy.

LINK180 elements were used to model the FRP bars and
FRP stirrups. These elements are two-node elements with
three translational degrees of freedom at each node (X), (),
and (Z). A perfect bond was assumed between the FRP bars
and the concrete, simplifying the interaction modeling and
ensuring compatibility of displacements.

For the steel loading and bearing plates, SOLID185
elements were employed. These elements are suitable for
modeling 3D solid structures and were used to simulate the
behavior of the loading and support plates effectively. The
arrangement and interactions of these elements are depicted
in Figure 10, providing a comprehensive view of the
modeling framework.
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Figure 10 Parametric study for specimen RB6 after strengthen, experimental and numerical crack pattern.

Table 3: Comparison between experimental and numerical results for specimens RB5 and RB6 after strengthen.

Failure load P Deflection at failure load A
Group (kN) (mm)
no Beam no. Experimental
) Numerical P, Experimental P¢ P./Ps Numerical A, A A/ As
f
2 RB.5 525.23 531.87 0.99 11.15 11.61 0.96
3 RB.6 635.28 649.94 0.97 13.96 15.80 0.88
vounas ANSYS runs ANSYS
Tvee won Concrete volume R15.0 Tree v R15.0

22:4¢:33

13:4€:50

Solid 185 element

Solid 185 element

(@ Ansys modeling of the tested specimen (b) Concrete, Loading And Bearing Plate Idealizations (3-D).
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Figure 11 Idealization of the tested beams by ANSYS [30].

4.3 Ultimate Load Capacity Results

The ultimate capacity of the strengthened specimens was
evaluated in figure 11, and the numerical results closely
matched the experimental findings, reinforcing the reliability
of the model in predicting failure load and deflection
behavior. The coefficients of variation (C.0.V.) and mean
ratios of numerical to experimental values indicate a high
degree of accuracy across the parameters measured.

4.3.1 Detailed Specimen Analysis

= Specimen RB5 (Group 2): For RB5, the numerical
ultimate load (P,) was 525.23 kN compared to the
experimental failure load (Py) of 531.87 kN, yielding a
ratio (P, / Ps) of 0.99. This ratio demonstrates excellent

alignment between the two, with a negligible variation.
Similarly, the deflection at failure load was 11.15 mm
(numerical) versus 11.61 mm (experimental), resulting
in a deflection ratio (Ay/Ag) of 0.96. This minimal
discrepancy in deflection measurements underscores
the model's precision in capturing deflection responses
under load.

Specimen RB6 (Group 3): For RB6, the numerical
failure load was 635.28 kN compared to an
experimental value of 649.94 kN, producing a (P, / Ps)
ratio of 0.97, which is within an acceptable margin.
The deflection ratio (A/Ay) of 0.88, based on 13.96
mm (numerical) and 15.80 mm (experimental), shows
a slightly larger variation but remains within a
consistent range, indicating a slight underestimation of
deflection by the numerical model.

800 SR
700 95 5 2
) —
600 o@
Z 500
= 400
]
S 300
200
100
0
RB3S RB.6
Speimen number
B Numerical Pu @ Experimental Pf
Figure 12 Experimental failure loads and numerical ultimate loads for two
specimens
432  Load-deflection behavior

As shown in Figures 12 and 13, the nonlinear finite
element analysis (NLFEA) effectively estimated the central
deflection during the loading phases for most test specimens.
However, the study encountered limitations in predicting the
post-peak behavior for certain beams, particularly those that
experienced sudden shear failure.

For the majority of cases, the NLFEA produced steeper
load-deflection slopes compared to experimental results,
indicating an overestimation of stiffness. This discrepancy is
primarily attributed to the idealizations inherent in the finite
element modeling, and to a lesser extent, potential
overestimation of the concrete modulus of elasticity (E,)
used in the analysis.

Despite these limitations, the NLFEA closely replicated
the observed experimental trends for ultimate load and peak
central deflection. The use of ANSYS 15 [31] software
demonstrated reliable performance in predicting load-
bearing capacities, cracking behavior, and overall load-
deflection responses across the investigated test parameters.
This highlights the utility of NLFEA as an effective tool for
analyzing the structural performance of reinforced concrete
beams under varying conditions.
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Figure 13 Load-deflection curve for the experimental and numerical results
for specimen RB.5
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4.4 The range of the studied parameters

For the parametric study, the concrete cylindrical
compressive strength f.° was explored across values of 20,
22.5, 25, 30, 35, and 40 MPa, while the area of GFRP (A
crre Main) varied at 8010, 8012, 8016, 8020, 8®22, and
8®25. Also, the eccentricity of the load was studied using
150, 170, and 200 mm. External GFRP stirrups have
diameters ®8, ®10, ®12, and ®16. Internal VI. web RFT

@8, ®10, and ®12. All specimens were subjected to a static
vertical displacement applied at the center of the beam’s
bottom. The variables studied in the parametric
investigation are detailed in Table 4.
Table 4 summarizes the results of the numerical
parametric study conducted in this research. The ultimate
loads and central deflections at ultimate load for various
specimens were compared with those of the control
specimen. The key findings are as follows:
= Effect of Concrete Compressive Strength (fi): The
compressive  strength  of concrete  significantly
influences the shear strength capacity of beams
reinforced with GFRP. Compared to the control model
(f = 25, MPa), the failure load increased by: 13% for f.
= 30 MPa, 23% for f, = 35, MPa, and 30% for f, = 40
MPa.

= Effect of GFRP Reinforcement Area (Ay): Increasing the
area of GFRP reinforcement (A;) resulted in a
proportional rise in the ultimate load. Compared to the
control model with (As = 8F12), the ultimate load
increased by:1% for (As = 16 mm), 10% for (A = 20,
mm),12% for (As = 22, mm), and 18% for (A = 25,
mm).

= Effect of Load Position (e): The influence of load
position was evaluated using specimens RB.5 and
**RB.6, which were tested with load positions at the
top. Compared to the control specimen, the ultimate
load exhibited a negligible reduction of: 6.2% for RB.5,
and 3.8% for RB.6.

These findings emphasize the significant role of concrete
compressive strength and GFRP reinforcement area in
enhancing the load-carrying capacity, while changes in load
position have minimal impact on ultimate load capacity.

Table 4 : Parametric study program: data and results

Studied parameters
Studied variables Numerical ultimate load P,
Model number ) Ultimate load. P Comments
Value Variable o P./P, control (-)
(kN)
20 453.85 0.86
22.5 469.25 0.89
25 R 525.23 1.00 Control
RB.5 30 e’ (MPa) 592.80 1.13
35 647.39 1.23
40 633.893 1.30
20 545.37 0.86
22.5 565.81 0.89
25 . 635.28 1.00 Control
RB.6 30 fe (MP) 683.43 1.08
35 720.46 1.13
40 835.51 1.31
8D10 508.53 0.97
8D12 525.23 1.00 Control
816 531.53 1.01
RB.5 3D20 Ar(-) 581.43 1.10
8D22 591.29 1.12
8d25 621.59 1.18
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3D10 569.94 0.89

3012 635.28 1.00 Control
3D16 667.04 1.05
RB.6 8020 Ar©) 770.33 1.21
322 777.39 1.22
325 848.98 1.33
100 850.44 1.62

RB.5 150 e (mm.) 525.23 1.00 Control
200 505.23 0.96
100 913.18 1.44

RB.6 150 e (mm.) 635.28 1.00 Control
200 619.31 0.97

44.1  Effect of compressive strength on the shear
strength of GFRC beams

In this study, six different concrete compressive strengths
were considered: 20, 22.5, 25, 30, 35, and 40 MPa. The
effect of compressive strength on the load-carrying capacity
and shear strength of GFRC beams was analyzed using
ANSYS 15.0 software [33]. The results revealed a clear
trend: as the grade of concrete strength increased, the
predicted shear strength and load-carrying capacity of the
beams also improved.

The load-deflection curves at the mid-span for box-
section beams reinforced with longitudinal GFRP bars are
presented in Figures 14 and 17, corresponding to the six
compressive strengths. The results indicate that increasing
the concrete strength enhanced the ultimate shear strength,
load-carrying capacity, and ductility of the beams, as
evidenced by Figures 15, 16, and the crack patterns
illustrated in Figure 18 for specimen RB5.

Observations on Beam Behavior

All beam models exhibited two distinct phases of
behavior:

Phase 1: Linear Elastic Behavior, in this phase, tensile
stresses remained within the concrete's tensile strength limit.
The beams showed linearly elastic behavior, characterized
by high stiffness and low deflection.

Phase 2: Post-Cracking Behavior, this phase occurred
when tensile stresses exceeded the tensile strength of the
concrete, resulting in crack formation and a subsequent
reduction in stiffness. The decrease in stiffness marked the
transition from elastic to nonlinear behavior.

Increasing the concrete’s compressive strength from 20
MPa to 40 MPa significantly enhanced the ability of the
beams to withstand cracking loads and improved their
overall performance. This improvement in shear strength and
ductility highlights the role of higher concrete compressive
strength in enhancing the structural integrity of GFRC
beams.

HE
e
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These findings reinforce the importance of optimizing
concrete compressive strength for achieving superior
performance in reinforced concrete beams subjected to shear

forces.
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Figure 15 Numerical load—deflection curves for the effect of concrete
compressive strength using specimen RB.5
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Figure 18 Numerical load—deflection curves for the effect of concrete
compressive strength using specimen RB.6
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Figure 19 Numerical secant stiffness for the effect of concrete compressive
strength using specimen RB.6 compared to the reference specimen.

442  Effect of strengthening reinforcement ratio
(variation in the value of the bar diameter)

In this parametric study, three different diameters of
shear-strengthening bent-up bars (8 mm, 10 mm, and 12
mm) were evaluated for their effect on the shear strength and
load-carrying capacity of beams RB5 and RB6 using
ANSYS software. The analysis demonstrated that increasing
the diameter of the bent-up bars enhances the shear strength
and stiffness of GFRC beams, with a corresponding increase
in mid-span deflection at failure due to improved ductility.

The results, as shown in Figures 19 and 22, reveal an
approximately linear increase in ultimate shear capacity and
load-deflection response with increasing bar diameters.
Additionally, Figures 20, 21, 23, and 25 highlight the
influence of varying GFRP reinforcement ratios, achieved
through changes in bar diameter, on the shear strength of the
beams.

Key Observations:

= Beam RB5: Increasing the GFRP reinforcement
diameter to 16 mm, 20 mm, 22 mm, and 25 mm**
resulted in increases in ultimate shear strength by 1%,
10%, 12%, and 18%, respectively, compared to the
baseline beam reinforced with 12 mm GFRP bars.

= Beam RB6: The same reinforcement diameters (16
mm, 20 mm, 22 mm, and 25 mm) increased the
ultimate shear strength by 5%, 21%, 22%, and 11%,
respectively, compared to the beam with 12 mm GFRP
bars.

Finally, the study confirms that increasing the diameter
of GFRP shear-strengthening bent-up bars significantly
enhances the structural performance of GFRC beams. This
improvement is reflected in higher shear capacity, increased
stiffness, and improved ductility, highlighting the
effectiveness of optimizing GFRP reinforcement ratios in
reinforced concrete design.
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Figure 20 Numerical load-deflection curve for the effect of GFRP area for
specimen RB5 (variation in the value of the bar diameter)
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Figure 21 Numerical ultimate loads for the effect of GFRP area for
specimen RB5 compared to the reference specimen (variation in the value of
the bar diameter)
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Figure 23 Numerical load-deflection curve for the effect of GFRP area for
specimen RB6 compared to the reference specimen (variation in the value of
the bar diameter)
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Figure 24 Numerical ultimate loads for the effect of GFRP area for
specimen RB6 compared to the reference specimen (variation in the value of
the bar diameter)
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Figure 25 Numerical secant stiffness for the effect of external GFRP bars
area for specimen RB5 compared to the reference specimen (variation in the
value of the bar diameter)

4.4.3  The effect of the eccentricity of the loads
(variation in the load eccentricity)

The effect of load eccentricity on a box-section
reinforced concrete beam is a critical consideration in
structural engineering, as it influences stress distribution,
deflection, and overall structural behavior. Here’s a detailed

look at how load eccentricity affects such beams:

a. Stress distribution,

b. Axial load with eccentricity: when a load is applied
eccentrically, it introduces direct compressive or tensile
stress and bending stress due to the moment generated
by the eccentricity,

¢. Combined stress: The stress at any section of the beam
will be the combination of axial stress (direct stress) and
bending stress. This combined stress can be higher than
the stress produced by a centrally applied load. figures
25 to 28 show the effect of the load eccentricity on the
load-deflection curves, and the ultimate shear strength
of the studied beams.
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Figure 26 Load-deflection curves for the effect of eccentricity for specimen
RB.5 (variation in the load eccentricity)
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Figure 27 The effect of eccentricity on the numerical deflection at the

ultimate load for specimen RB.5 compared to the reference specimen
(variation in the load eccentricity)
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5. Conclusions

Nonlinear

finite element analysis (NLFEA) was

performed using ANSYS V15 [31] to simulate the behavior
of simply supported reinforced concrete (RC) beams
reinforced with glass fiber-reinforced polymer (GFRP) bars.
The analysis focused on failure load, crack patterns, and
load-deflection behavior. The findings provide valuable
insights into the behavior of GFRP-reinforced RC simply

suported beams,

elucidating the impact of various

parameters on their shear strength and overall performance.
The following conclusions are drawn from the study:

1.

The load-deflection curves and crack patterns predicted
by the ANSYS program show good agreement with the
experimental results, validating the reliability of the
NLFEA model.

The ultimate load capacity predicted by ANSYS was
slightly unconservative compared to experimental
results, with an average ratio of (P,/""*"%/ PP = 1.03).
This deviation is attributed to the assumption of a
perfect bond between concrete and GFRP bars in the
numerical model.

The secant stiffness of the beams is highly sensitive to
the diameter of the external GFRP stirrups, with
improvements ranging from 36.10% to 219.6% within
the studied parameters.

Optimized distribution of GFRP external stirrups
significantly enhances beam ductility, increasing
displacement ductility by 53.38% to 80.28%, while also
raising the initial crack load.

Utilizing external GFRP stirrups significantly improves
the toughness of the reinforced concrete specimens. The
toughness enhancement for externally strengthened
specimens ranges from 74.70% to 172.93%,
underscoring the efficacy of this strategy.

The orientation of the NSM GFRP external stirrups
greatly impacts the ultimate load capacity. Inclined
stirrups (45°) outperform vertical stirrups, with a 27%
improvement in load-carrying capacity. The use of
inclined stirrups transforms the failure mode from brittle
shear to ductile failure, demonstrating their superiority.
The shear strength of the beams is strongly affected by
changes in the GFRP bar diameter, Increasing the bar
diameter from 10 mm to 12 mm enhances the load-
carrying capacity by 5%. Reducing the bar diameter
from 10 mm to 8 mm results in a 10% decrease in load-
carrying capacity.

This study demonstrates the effectiveness of external
GFRP reinforcement, particularly through optimized
stirrup orientation and diameter, in enhancing the
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structural performance of RC beams. The findings
highlight the potential of GFRP as a reliable material for
shear strengthening, improving ductility, stiffness,
toughness, and load-carrying capacity.
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