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The article presents the results of a complex comparative analysis of the abrasive wear resistance of tools made of
X153CrMoV12 steel after different heat treatment variants. These investigations aimed to select the most durable material
for application in tools forming a mass band in the production of ceramic roof tiles. The tests included the determination of
resistance to abrasive wear in ball-on-disc tests, hardness measurements, and microstructure analysis, including the assessment
of changes occurring in the subsurface area, as well as impact tests (at a working temperature for the tools of 50◦C). The
comprehensive test results showed that the best effects of increasing the resistance to abrasive wear can be obtained through a
heat treatment that consists of hardening at 1020◦C and then tempering at 200◦C for about 2 hours. The next stage of research
will be to compare the results obtained with another popular material for tools for the production of roof tiles – Hardox steel,
which is characterized by high resistance to abrasive wear.
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1. Introduction
Currently, one main focus of the development

of machine construction is the optimization of
machine parts in terms of their resistance to abra-
sive wear. The phenomenon of intensive abrasive
wear is encountered in many branches of industry,
most prominently the extractive, concrete, cera-
mic, and metallurgical industries [1, 2]. Abrasion
is also a very important consideration during the
performance of machines and devices for earthw-
orks, which applied in agriculture and construction
[3, 4]. Additionally, because of progress in the
development of environmental protection, much
research is conducted with the aim of prolonging
the operation time of machines in direct contact
with the materials used in waste recycling, e.g.,
metal shredder blades, transportation containers,
and so forth. [5]. Excessive wear of machine
parts negatively affects the entire production and
technological process. An especially aggressive
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working environment is encountered in the cera-
mics industry, particularly on roof tile production
lines, where key machine elements regularly come
into direct contact with the processed material,
whose main components are clay, quartz sand, and
ground crushed brick [6]. The most intensive abra-
sion occurs in the process of band extrusion, where
the production mass is mixed, homogenized, ven-
ted, and formed [7]. This process is currently
realized in horizontal band plungers, which are
made up of a two-shaft mixer and a pug mill [8, 9].
The production mass processed by these mach-
ines is at a humidity level of 20%–25% and is
compressed in the pug mill head under 2–10 MPa
of pressure. The product at this stage of produ-
ction is an extruded band that is formed by a
set of two special tools (plates) which are expo-
sed to especially intensive abrasive wear and an
increase in working temperature [10]. This is the
effect of the direct contact of the tool with the
processed material and the high pressure exerted
during the band extrusion. The working conditi-
ons present in the band extrusion process require
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It is essential to retrofit deep beams with shear inadequacies because these beams, although they have the same shear and
flexural reinforcements as ordinary beams, are more susceptible to shear failure. Hence, it is of great significance to overcome
the shear weaknesses in deep beams. This research paper aims to experimentally examine the effectiveness of near-surface
mounted (NSM) carbon fiber reinforced polymer (CFRP) for retrofitting reinforced concrete (RC) deep beams subjected to shear
forces. The study involved three different types of specimens. The first specimen was constructed with concrete throughout its
span and included shear stirrups. The second specimen was divided into two halves, with one half lacking shear reinforcements
and the other half having them. The third specimen had steel web reinforcement in one half of the span, while the other half
was strengthened using NSM CFRP U-wrap strips and externally bonded horizontal CFRP strips. The proposed strengthening
method significantly increased the shear strength of the deep beams, surpassing that provided by steel web reinforcement
alone. Furthermore, the NSM CFRP strengthened specimen exhibited a change in failure mode from shear to flexural failure.
In comparison to the control beam without stirrups, the beams strengthened with NSM CFRP U-wrap strips demonstrated an
impressive 82% improvement in shear strength, while the beam with shear reinforcement showed a 23 % enhancement in load
capacity. The proposed strengthened scheme is capable of enhancing the structural performance and load-carrying capacity
effectively. A finite element model was generated utilizing ABAQUS software to simulate the behavior of the tested deep
beams and verified against the experimental outcomes. The numerical models successfully predicted the behavior of the RC
deep beams strengthened with NSM CFRP when compared to the experimental data.

Keywords: deep beam, shear, strengthening, carbon fiber reinforced polymer, near surface mounted, numerical

1. Introduction
Deep beams are commonly utilized in rein-

forced concrete structures such as garages, bridges,
reservoirs, etc. Deep beams, subjected to signifi-
cant shear stresses due to their specific shape and
loading conditions, necessitate considerable atten-
tion to resolve any deficiencies in their structural
strength. The shear deficiencies in deep beams,
caused by poor reinforcement details, corrosion,
insufficient concrete strength, and variations in
loading circumstances over time, necessitate the
strengthening of these beams. To address the
reduced shear capacity caused by the lack of shear
reinforcements and other factors, different methods
are employed to strengthen the beams.

∗ E-mail: aabadel@ksu.edu.sa

Fiber-reinforced polymers (FRPs) are com-
monly employed to enhance the strength of
different structures owing to their favorable
characteristics [1–5]. The typically utilized FRPs
for strengthening purposes refer to carbon-fiber-
reinforced polymer (CFRP), glass-fiber-reinforced
polymer (GFRP), basalt-fiber-reinforced polymer
(BFRP), and composites of natural fiber-reinforced
polymer. Research studies consistently show that
the NSM technique has superior efficiency in
strengthening compared to the externally bounded
reinforcement (EBR) technique when using CFRP
sheets [6]. Beyond the utilization of FRPs as a
strengthening material, researchers may also inves-
tigate the incorporation of fibers into composites or
construction materials other than cement mortars,
including concrete, in order to tackle particular
challenges or satisfy changing industry demands
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[7, 8]. However, Multiple shear-strengthening
strategies, including FRP, and their effects on the
response of RC deep beams have been investi-
gated [9–11]. Akkaya et al. [12] examined the
shear performance of reinforced concrete deep
beams with short spans that were strengthened
using fiber-reinforced polymer (FRP) strips. The
study demonstrates that the utilization of FRP
strips enhances the shear capacity and behavior of
reinforced concrete deep beams. Islam et al. [13]
analyzed the shear behavior of RC deep beams
by using externally bonded FRP sheets, which are
commonly used for shear strengthening of inad-
equate RC beams (e.g. [14–16]). The results of
their tests showed that the various strengthening
strategies increased the failure stress of the beam
and slowed the spread of diagonal cracks. How-
ever, a particular experiment in this area demon-
strated a significant enhancement in the resis-
tance to shearing forces of rectangular deep beams
when externally bonded CFRP systems were uti-
lized. Li and Leung [16] investigated the shear
behavior of deep beams that were strengthened
using full wrapping strips of FRP across various
shear spans. The researchers concluded that the
increase in shear capacity of concrete deep beams
is significantly affected by the ratio of the shear
span to effective depth. Adhikary and Mutsuyoshi
[17] conducted an experiment in which they put
eight concrete deep beams strengthened with uni-
directional carbon FRP (CFRP) laminates to the
test. The shear strength of the vertical U-wrapped
beams was found to be nearly double that of the
unreinforced beam counterpart. Albidah et al. [18]
focused on strengthening shear-deficient RC deep
beams. Through experiments and analysis, they
found that techniques such as external steel plates,
FRP wraps, and NSM FRP effectively improved
the shear capacity of the beams, enhancing their
structural performance and load-carrying capacity.
Godat and Chaallal [19] introduced an analysis and
design approach for girders that are strengthened
in shear using CFRP, which utilizes the strut-and-
tie model. The method proposed by the authors
integrates the consideration of tensile forces in both
steel shear reinforcements and externally bonded
CFRP laminates. Tanaka [20] tested the shear

strength of CFRP-reinforced deep beams. They
discovered that the effective bond length of the
CFRP bars affected the failure mode as well as
the bond between the CFRP bars and the con-
crete substrate. The previous study demonstrated
the significance of the shear-strengthening method.
Hanoon et al. [21] investigated RC deep beams
reinforced in shear with FRP. Externally bonded
CFRP sheets were used to reinforce the beams
under shear. The test findings were used to create
a simpler strut-and-tie model for calculating shear
strength. Abadel et al. [10, 22, 23] investigated how
carbon fiber-reinforced polymer (CFRP) improved
the shear response of ultra-high-performance fiber-
reinforced concrete (UHPFRC) deep beams. The
CFRP reinforcement improved the beams’ over-
all structural performance by increasing load-
carrying capacity, crack resistance, stiffness, and
ductility. However, many further studies [24–26]
examined the shear response of deep beams with
different configurations and materials. Jedrzejko
et al. [27] performed a detailed investigation of
strength models used for strengthening RC beams
with near-surface mounted (NSM) fiber-reinforced
polymer (FRP). Their study significantly enhances
our understanding of the performance of NSM FRP
strengthened beams. In summary, the NSM FRP
technique has benefits such as easy installation,
increased bond durability, and better protection of
FRP reinforcements by the concrete cover. This
makes it a good approach for reinforcing deep
beams and other structural elements [25]. The
approach has undergone extensive research and
implementation worldwide, demonstrating its effi-
cacy in improving the performance and longevity
of reinforced concrete structures. The aforemen-
tioned review reveals a lack of extensive research
on the behavior of reinforced concrete (RC) deep
beams retrofitted using various methods. While
there have been studies investigating the shear
response of concrete deep beams, further research
is needed regarding the strengthening of RC deep
beams using the near-surface mounted (NSM)
technique. Therefore, the purpose of this study
was to examine the efficiency of NSM retrofitting
schemes using CFRP strips in improving the shear
resistance of concrete and RC deep beams.
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2. Experimental Program
2.1. Mixture Proportions and Material
Properties

According to Table 1, beams were developed
with a targeted compressive strength of 65 Mpa.
Standard concrete cylinders, on the other hand,
averaged a compressive strength of 68.5 Mpa after
28 days. Tables 2 and 3 list the typical character-
istics of steel rebars and strengthening materials
properties such as carbon fiber-reinforced poly-
mer (CFRP) sheets, epoxy primer, and Sikadur 31
thixotropic epoxy resin mortar, respectively.

2.2. Test specimens

The experimental program described in this
paper comprised results from three RC deep beam
bending tests. The beams were supported on rigid
steel rollers of 75 mm diameter and subjected to
a static point load applied at the mid-span of the
beam. Beams were rectangular in cross-section
(100 mm width and 250 mm depth) with over-
all and effective span lengths of 1000 mm and
850 mm, respectively. All beams had a typical

Table 1. Mixture composition of concrete mixture

Material Weight (kg/m3)
Cement 650
Silica sand 528
Coarse aggregate (Nominal
size = 10 mm)

770

Crush sand 264
Water (w/c = 0.25) 162.5
Super-plasticizer(Gli-110) 3 Liters

Table 2. Mechanical characterization of steel reinforce-
ment

Mechanical
Property

Bar diameter Test Standard

10 mm 6 mm
Yield strength,
(MPa)

525 280 ASTM A370
(2017)

Ultimate
strength, (MPa)

578 380

Modulus of
elasticity, (GPa)

200 200

Table 3. Characteristics of the strengthening materials

Item Value
CFRP composite

Type of FRP Unidirectional CFRP sheet
Longitudinal elastic
modulus of the primary
fibers. (GPa)

77.3

Transverse elastic
modulus relative to the
primary fiber direction.
(MPa)

40.6

Strain at fracture along
the primary fiber
direction (%)

1.1

Maximum tensile
strength along the
primary fiber direction
(MPa)

846

Thickness of each
individual layer, t f (mm)

1.0

Epoxy
Density (kg /l) 1.16
Tensile strength of the
adhesive (MPa)

> 4.0 (7 days)

Tensile modulus of
elasticity (GPa)

3.5 (7 days)

Sikadur_31 Thixotropic epoxy_resin mortar
Tensile strength of the
adhesive (MPa)

15

Density (kg /l) 1.65
Modulus of Elasticity
(GPa)

4.3

longitudinal reinforcement placed in two layers
with 20 mm clear spacing, each comprising 2 φ 10
deformed steel bars. Horizontal web steel of 2 φ 6
was provided at the mid-height of the beam. One
layer of compression steel 2 φ 6 was also placed
mainly to hold the shear stirrups. Bottom steel was
arranged in a U-shape to avoid anchorage issues as
detailed in Figure 1. Clear concrete cover of 25 mm
was adopted for all sides of the beam cross-section.

Shear reinforcement of the beams was consid-
ered the main variable of the test program. The first
beam (DB-S-F) incorporated two-legged f6 mm
plain steel shear stirrups distributed equally along
the full span of the beam with center to center spac-
ing of 100 mm. The second beam (DB-NS) is the
same as SF0-F, but stirrups were distributed only in
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Table 4. Overview of test samples

Specimen Left half span Right half span
Shear

stirrups
Shear

strengthening
Shear

stirrups
Shear strengthening

DB-S-F 2L-f6@100 None 2L-f6@100 None
DB-NS0 2L-f6@100 None None None
DB-FRP 2L-f6@100 Yes None The specimen has two layers of U-wraps of FRP

(25 mm wide) spaced at 100 mm intervals, along
with a single layer of horizontally bonded FRP
strips (50 mm wide) placed at the mid-depth on
each face.

(a)

(b)

(c)

Fig. 1. Test specimens: (a) DB-S-F; (b) DB-NS0; and (c) DB- FRP. (All dimensions are in mm)
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one half of the span, while the other half had no stir-
rups. It should be noted that beam SF0 was tested
as a control as a part of a previous experimental
program as detailed in Albidah et al. [18] and will
be reported throughout this paper for the purpose
of comparison with the other two specimens.

The third beam (DB-FRP) was the same as DB-
NS but with FRP strengthening. For the half span
of the beam with no shear reinforcements, near
surface-mounted U-wraps of unidirectional CFRP
strips. Two layers of the strips were provided in
25 mm wide grooves with a depth of 25 mm at a
spacing of 100 mm. Following the epoxy setting of
the CFRP U-wraps with the concrete, thixotropic
epoxy resin mortar was used to fill and level the
grooves. The centerline of the CFRP U-wraps fits
the position of the missing shear reinforcements
from the half span of the beam. A horizontal CFRP
strip of 50 mm width was externally bonded at mid-
height of the beam. The horizontal strip extended
from the beam end to the mid-span at both faces.
In order to properly quantify the shear resistance of
the repaired section of the beam, it was necessary to
upgrade both the shear capacity of the other half of
the span (which is half steel stirrups) and the beam
flexural capacity. Therefore, the half span of the
beam having shear reinforcements was retrofitted
using one layer of externally bonded full U-wrap.
Also, two layers of CFRP strips were externally
bonded to the soffit of the beam along the whole
span length of the beam. Details of the beams are
presented in Figure 1.

2.3. Instrumentations and test procedure

The beams underwent testing using a three-
point bending setup. A concentrated load was
applied at the center of the beam, and this load
was gradually increased until the beam failed. The
loading process was controlled by displacements
and maintained a rate of 0.5 mm/min. To measure
the displacement of the beam, a linear variable
displacement transformer (LVDT) was installed
beneath the midpoint of the beam. Strain gauges
were placed on steel stirrups, two layers of bottom
steel, and CFRP (carbon fiber reinforced polymer)
sheet and strips, as shown in Figure 2. All beams

Fig. 2. Strain gauge locations

had strain gauges (SG-1, SG-2, SG-3, SG 4, SG-
5, and SG-6) attached to common locations on the
steel rebars, as depicted in Figure 2. However, in
the case of the BD-FRP specimen, additional strain
gauges were attached to the CFRP flexural sheet
(SG-7) and the horizontal and vertical strips (SG-8
and SG-9).

3. Test results and findings

3.1. Failure modes of deep beams

3.1.1. DB-S-F specimen
This specimen of deep beam (DB-S-F) is typ-

ically designed to be sufficient with shear and
flexural reinforcement. These deep beams demon-
strate a predominance of shear behavior, indicating
that shear forces have a more significant influence
on their structural response compared to flexural
forces than what was observed in these reference
specimens. However, at approximately the mid-
point between the support and loading point, two
inclined cracks were initiated on both sides of the
beam when the load reached around 65 kN. With
further load increment, the right-hand side (RHS)
crack propagated upward. As the load continued
to increase, new shear cracks formed and spread.
Notably, a prominent shear crack emerged along
the left-hand side strut, extending from the loading
point to the support, when the load reached approx-
imately 116 kN. This crack played a dominant role
in determining the behavior and failure mode of
the beam, although minor shear and flexural cracks
appeared as the load approached its peak. There-
fore, the failure mode of this beam can be described
as a mixed shear mode of failure, distinguished



Shear strengthening of deficient RC deep beams using NSM FRP system 145

Fig. 3. Failure pattern of specimen DB-S-F

Fig. 4. Failure pattern of specimen DB-NS0

by diagonal splitting and shear compression, as
depicted in Figure 3.

3.1.2. DB-NS specimen
The initial flexural crack was identified in

the unreinforced shear section when the load
reached 48 kN. Subsequently, another flexural
crack appeared on the opposite side of the beam
as the load increased to 57 kN. Upon reaching 80
kN, a diagonal shear crack started in the section of
the beam that lacked sufficient shear strength, grad-
ually widening until the beam ultimately failed.
Figure 4 illustrates that the predominant failure
mode of the beam is noted as a diagonal shear
failure.

3.1.3. DB-FRP specimen

The flexural cracks were initially observed at
a load level of 105 kN in the middle of the beam
span. At a load of 167 kN, minor cracks start
appearing in the NSM strengthened portion. Due to
the coverage of CFRP sheets and strips on a signifi-
cant portion of half of the beam, it was not possible
to monitor the crack development. During failure,
only a few minor shear cracks were observed in
the NSM-U-wrap strips section of the deep beam
(Fig. 5). There was no debonding observed in the
vertical section covered by the full-wrap CFRP
sheet. Overall, the beam primarily failed in flexure-
shear mode. However, at the ultimate load, a major
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Fig. 5. Failure pattern of specimen DB-FRP
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Fig. 6. Load displacement of specimen DB-S-F

flexural failure crack appeared in the middle of the
beam span.

3.2. Load-displacement response and
strains

Figures 7–9 display load-displacement relation-
ship for various kinds of test specimens. Strains
in longitudinal rebars, FRP strips, and/or shear
stirrups are also shown in these diagrams to help
interpret the observed behavior change. The shear

stirrups and FRP strips referred to here have the
same numbers displayed in Figure 2.

3.2.1. DB-S-F specimen

The load steadily grew as the beam’s mid-span
deflection continued, as seen in Figure 6, until it
reached around 151 kN. Both the top and bottom
longitudinal rebars were yielding at this stage, and
the shear stirrups yielded 0.71 times the ultimate
load (Pu), as illustrated in Figure 8. After this step,
the beam continued to acquire strength, albeit with
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lower stiffness, until it achieved the peak load of
164.2 kN. The strain in the main longitudinal rebar
was approximately 1.1% at this point. Following
that, the beam exhibited protracted inelastic behav-
ior with a stable strength reduction. While the peak
reaction was primarily impacted by a substantial
shear crack, the post-peak curve shows indications
of significant flexural contribution.

3.2.2. DB-NS0 specimen

The load exhibits an almost linear increase as
the mid-span deflection increases until a sharp
decrease in load occurs at around 85.6 kN. This
drop is attributed to the formation of a significant
shear crack on the unreinforced side of the beam, as
shown in Figure 7. Subsequently, the load contin-
ues to rise until it reaches a maximum load of 134.2
kN. The increase in load is associated with the
widening of the shear crack, followed by another
drop in load, leading to the failure of the beam
due to further crack widening and separation of the
shear crack faces.

The maximum strain experienced by longitu-
dinal rebars of the bottom layer is 2440 m/mm,
which is well below the yield threshold. However,
the maximum strain in longitudinal rebars of the
top rebars is only 595 m/mm, which is a significant
reduction from the overall strain. The other half
of the span’s shear stirrups also show minimal
strain. Since the shear cracks are confined to the
unreinforced section of the beam, this result is to
be anticipated.

3.2.3. DB-FRP specimen

There are two distinct regions in the deep
beam’s load versus displacement fluctuation from
the base to the peak: elastic up to 48 kN and non-
linear up to the maximum load of 224 kN. As can
be seen in Figure 8, the load increased smoothly
with the beam’s mid-span deflection up to a value
of roughly 224 kN. Figure 8 shows that the yield
strain has been exceeded in both the bottom layer
of flexural reinforcement and shear stirrups 3 and
4. After this point, the beam’s strength increased
but its stiffness decreased, and this trend per-
sisted until the peak load of 224 kN was reached.

After the maximum stress was reached, the mate-
rial remained in a plastic state with a gradually
decreasing strength. The post-peak curve shows
that flexural cracks predominated in the reaction
after the peak. Compared to the horizontal FRP
strip provided at mid-depth, the strain in vertical
NSM CFRP U-wrap was lower. The flexural FRP
strip had a strain that was significantly higher than
the fracture strain. The adopted NSM FRP strips
scheme provides considerable enhancement, and
it was more effective in increasing deep beam
shear resistance and ensuring larger deformation
capacity. The results are consistent with previous
studies [23, 27].

4. Performance of strengthening
scheme

Table 5 provides a summary of the ultimate
loads obtained from the tested deep beams. For
specimens with stirrups, the steel web reinforce-
ment alone contributes to 23% of the shear resis-
tance compared to deep beams without stirrups.
The implementation of the NSM strengthening
strategy in the DB-FRP specimen successfully pre-
vented shear failure in the section without stirrups,
thereby shifting the failure mode to flexural fail-
ure. The inclusion of the NSM scheme in DB-
FRP had significant peak shear strength and slight
improvement in the displacement capacity of the
deep beam. In comparison to the reference speci-
mens, the NSM strengthening system exhibited a

Table 5. Test results of all tested specimens

Beam description
of half span part

Shear
strength (kN)

Note

Beam part with no
stirrups

67.1
(DB-NS0)

–

Beam part having
stirrups in all span

82.5 (DB-S-F) 23%
improvement
as compared
to DB-NS0

RC beam part with
no stirrups but
strengthened using
NSM U-wrap CFRP
strips

112 (DB-FRP) 82%
improvement
as compared
to DB-NS0
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Table 6. Constitutive material models parameters of concrete, Sikadur resin, and CFRP

Material Parameters Values Denotation
Concrete Dilation angle (ψ) 32◦ Calibrated value

Eccentricity (ε) 0.1 ABAQUS (default value)
Stress ratio (σb0/σc0) 1.16 ABAQUS (default value)

Shape factor (Kc) 0.667 ABAQUS (default value)
Sikadur mortar Dilation angle (ψ) 40◦ Calibrated value

Eccentricity (ε) 0.1 ABAQUS (default value)
Stress ratio (σb0/σc0) 1.16 ABAQUS (default value)

Shape factor (Kc) 0.667 ABAQUS (default value)
CFRP sheet Poisson’s ratio (υ) 0.3 Widely used in FE modeling

Modulus of Elasticity (E) 230000 MPa Given by the manufacturer
Tensile strength (longitudinal: σt1) 1122 MPa Experimental Value

Compressive strength (longitudinal: σc1) 10 MPa Al-Mekhlafi, et al. [11]
Shear strength (longitudinal: τ f 1) 10 MPa
Transversal tensile strength (σt2) 10 MPa

Compressive strength (transversal: σc2) 10 MPa
Shear strength (transversal: τ f 2) 10 MPa

Fig. 9. The idealized stress-strain curve for steel rein-
forcement

notable enhancement in the ultimate capacity, with
a gain percentage ranging from 82%, as indicated
in Table 5. This illustrates the effectiveness of the
NSM application in enhancing the shear strength of
RC deep beams.

5. Finite element modeling
RC deep beams have been modeled using

the nonlinear 3D finite element software
ABAQUS [30]. The FE model’s accuracy was
verified by comparing them with the experimental
test findings of this study.

5.1. Constitutive material models

The concrete damaged plasticity (CDP) model,
widely employed in FE investigations (e.g., [31–
33]), was utilized to predict the behavior of con-
crete and Sikadur resin mortar materials. The CDP
model includes isotropic damaged elasticity and
compressive and tensile plasticity to effectively
represent the plastic responses [1]. Hognestad [34]
developed a compressive concrete model for non-
linear FE investigations. Moreover, Stoner [35]
modified the curve to account for the influence
of concrete confinement by introducing stirrups
and the ultimate concrete strain. This study used
this model to represent the stress-strain behavior
of concrete under compression. When modeling
tension behavior in concrete, it is noted that before
reaching fracture stress, the behavior is linear and
elastic, showing a steady stress increase. Following
this, a gradual decrease in the stress-strain curve is
noted, representing a decrease in concrete strength.
The current study employed the model developed
by Wang and Hsu [36] for modeling the stress-
strain curve of concrete under tension. The failures
in tension and compression were represented using
the DAMAGET and DAMAGEC options, which
were specified during the modeling phase [30].
Table 6 presents the material parameters employed
in the concrete and Sikadur mortar materials within
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Concrete Beam and Steel Rigid

Cylinders (C3D8R)

Steel Reinforcement (T3D2) Sikadur Epoxy Resin Mortar (C3D8R)

CFRP (S4R)crete Beam and Steel Rigid

CyC linders (C3D8R)

Vertical displacement

Uy = maximum experimental displacement

Fixed support

Ux=Uy=Uz=URx=URy=URz=0

Steel Rigid Cylinders (Loading)

Steel Rigid Cylinder (Support)

RC Deep Beam

Fixed support

Ux=Uy=Uz=URx=URy=URz=0

Steel Rigid Cylinder (Support)

Fig. 10. FE model set-up: (a) Finite elements types; (b) Loading and boundary conditions; (c) Meshing size.

the context of the CDP. Titoum et al. [37] devel-
oped idealized stress-strain curves to model the
behavior of steel reinforcement in the FE investi-
gations, shown in Figure 9. The FRP material (i.e.,

CFRP) was modeled as having linear behavior,
as demonstrated in other research [38, 39]. The
composite laminate mode was utilized to simu-
late the CFRP sheets available in the ABAQUS
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Table 7. Mesh convergence analysis results

Mesh types Beam
elements size

Experimental flexural
strength (kN)

FE flexural
strength (kN)

Experimental/FE

Type 1 25 165 185 89.2%
Type 2 15 178 92.7%
Type 3 7 172 95.6%

Table 8. Comparison of experimental and FE results

Specimen
ID

Exp. flexural
strength (kN)

FE flexural
strength (kN)

Error %

DB-S-F 165 172 4.07%
DB-NS0 134 137 2.19%
DB- FRP 212 218 2.75%

software [30]. Table 5 presents the FRP material
parameters employed in the FE investigation.

5.2. FE model set-up

Figure 10(a) depicts the utilization of the eight-
node element (C3D8R) to simulate the concrete
and Sikadur mortar components. The longitudinal
reinforcing bars and stirrups were depicted using
a two-node and linear truss element, denoted as
T3D2, as illustrated in Figure 10(a). The simulation
of CFRP sheets was conducted with a shell element
known as S4R, which is a three-dimensional struc-
ture consisting of four nodes. The modeling of the
supports was conducted by applying a boundary
condition at the reference points (RP) that attach
to the lower supporting cylinders, as depicted in
Figure 10(b). Displacement control was employed
to gradually apply the load, utilizing the two RPs
assigned to the top cylinder, as depicted in Fig-
ure 10(b). The perfect bond and interface element
approaches were employed by the researchers to
simulate the interfaces of the NSM [12–17]. The
experimental testing did not reveal significant sep-
aration or debonding at the interfaces between the
concrete, Sikadur mortar, and NSM components.
Hence, the assumption of a successful bond was
made in the FE modeling [40–44]. According to
the findings of Banjara and Ramanjaneyulu [45],
it was demonstrated that the utilization of the
perfect bond yielded more accurate FE outcomes

in comparison to the interface element, as evi-
denced by the experimental result comparison. In
this study, the embedded function was employed
to simulate the interactions between the concrete
and steel reinforcement, as well as between the
Sikadur mortar and CFRP components. The strong
bond between epoxy and concrete is a consequence
of the adhesive qualities of epoxy. The failure of
either the concrete elements or the epoxy directly
influences the total failure of the system. The
mesh convergence analysis was carried out on the
DB-S-F specimen using three different meshing
types. The geometry, element types, and material
properties remain consistent across the modeling
process of the three meshing types. The results of
the three meshing types are illustrated in Table 7. A
comparison of the three meshing types was made
to choose the appropriate mesh size. In comparison
to the experimental findings, the use of mesh type
3 produced higher convergence and more accurate
outcomes, as shown in Table 7. The use of a
finer mesh than mesh type 3 necessitated increased
allocation of resources and computer running times
without achieving any convergence improvement.
Finally, a mesh size of 7 mm was chosen due to
its ability to produce satisfactory outcomes when
compared to the experimental data, as depicted in
Figure 10(c).

5.3. Numerical results and verifications

In this section, a numerical validation of the
experimental findings is presented. Table 7 pro-
vides a summary of the obtained results, whereas
Figure 11 illustrates the failure modes, and Fig-
ure 12 presents the load-deflection curves. The FE
models have exhibited the capacity to predict with
accuracy the failure patterns observed in experi-
mental tests of RC deep beams exposed to flexural
loads using different strengthening techniques. A
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(a)

(b)

Fig. 11. Continued
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(c)

Fig. 11. Failure modes for FE and experimental deep beams: (a) DB-S-F; (b) DB-NS0; (c) DB-FRP

comparison between the failure modes of exper-
imental and FE outcomes for all specimens is
illustrated in Figure 11. The observed deforma-
tion patterns and stress graphs in the FE models
exhibit similarities to the experimental findings.
Figure 12 illustrates a comparison of the load-
deflection curves obtained from the FE models
and the experimental findings. The agreement level
between the experimental and FE outcomes is
considered acceptable. The FE model accurately
represents the maximum loads recorded by the
experimental specimens, as shown in Table 8.
The variation seen between the FE models and
experimental results is within a satisfactory range.
According to the results shown in Table 6, it is
evident that the highest deviation between the FE
and experimental outcomes reached approximately
6%. The simulated FE models exhibited varia-
tions from the experimental specimens in certain
instances. The observed variances in the FE curves

and failure mechanisms can be attributed to the
flawless performance exhibited by the FE speci-
mens throughout the modeling procedures. The FE
simulation utilized in this investigation was unable
to totally adequately account for the initial concrete
weaknesses, such as nonuniformity, deterioration,
and early cracking. In summary, the simulation
outcomes have presented substantial confirmation
for the dependability of the FE models, thereby
demonstrating their appropriateness for producing
further predictions.

The integration of experimental tests and Finite
Element modeling (FEM) yields a thorough com-
prehension of the load-displacement characteris-
tics of deep beams. The FE model of the DB-
S-F specimen showed very satisfactory results
compared to the results of the experimental test,
where both curves were almost the same up to
the highest resistance, then the FE curve showed
values slightly higher than the experimental curve.
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The same trend was noticed in the FE model of
the DB-NS specimen. For the FE model of the
DB-FRP specimen, the FE curve showed values
lower than the experimental curve. It is worth
mentioning that the FE modeling curves did not
illustrate any small breaks that were observed in
the experimental curves. The observed variances
in the FE curves can be attributed to the flawless
performance (such as nonuniformity, deterioration,
and early cracking) exhibited by the FE specimens
throughout the modeling procedures.

6. Conclusions
The study yields the following significant find-

ings:

• Unlike the brittle diagonal shear failure
observed in the unstrengthen beam, the
inclusion of NSM FRP sheets filled with
epoxy resin promoted a ductile flexural-
shear failure mode.

• Beams that were reinforced in shear using
NSM U-wrap CFRP sheets exhibited an
82% enhancement in shear capacity com-
pared to the control beam.

• Observations indicated that the addition of
web reinforcement led to a shear strength
improvement ranging around 23% when
compared to beams without shear stirrups.

• While the typical failure mode for NSM
FRP strengthened RC normal beams
involves the interface between the NSM
FRP reinforcement and adhesive layer, no
instances of damage failure were observed
in the NSM strengthening technique for
deep beams.

• The utilization of the NSM technology using
CFRP laminates has demonstrated its suc-
cess in enhancing the shear resistance and
deformation capacity of RC deep beams.

• The 3D FEM developed in this work showed
reasonable agreement with experimental
results, accurately simulating the load-
displacement behavior and failure modes of

the unstrengthened and strengthened deep
beams with the NSM FRP scheme.

• Additional research is required to examine
the extended-term effectiveness and dura-
bility of RC deep beams reinforced using
NSM CFRP laminates, specifically when
subjected to continuous loads and environ-
mental conditions.
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