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Abstract: Functional plate is one of the most typical materials used for strengthening of reinforced concrete (RC)
structures. This article focuses on using functional plates internally to improve the flexural response of RC beams.
For this purpose, experimental and numerical investigations on the flexural behavior and ductility of steel-plated RC
beams were conducted. Nine RC beams were cast and cured for 28 days. The steel plates were located at the tension
side of the RC beams to investigate their effect on the flexural performance of the tested beams. To achieve the
research objective, three configurations of the shape of steel plates were proposed, flat, curved, and rounded. The
results demonstrate that using embedded steel plates is effective and significantly enhanced the flexural performance
of concrete beams. The strengthening delayed the first cracking appearance and increasing of ultimate load up to
45% compared to the reference beam. Further, there was an improvement in ductility and stiffness behaviours by
202% and 46%, respectively, particularly for beams with constrained flat steel plates, which exhibited the highest
performance gain. The experimental and finite element (FE) results showed a good agreement in terms of cracking
behavior and with approximately 6% maximum ultimate load difference.

Keywords: Reinforced concrete beams; Flexure; Embedded steel plate; Ductility; Stiffness; Finite element;
ABAQUS

1 Introduction

Worldwide, many buildings are increasingly susceptible to damage due to earthquakes, ageing, natural disasters,
and corrosion of rebars, etc. Several strengthening techniques were used to mitigate these challenges, including
section enlargement [1, 2], externally bonded steel plating [3–5], wrapping with fiber reinforced polymer (FRP)
composites [6, 7], and employing external post-tensioning. Each strengthening technique possesses some limitations,
such as difficulty in implementation, excessive costs, reduction of headroom, aesthetic degradation, demanding
special surface preparation, increased self-weight, and potential debonding failure in some techniques [8]. Moreover,
a limited number of research studies examined the concept of steel plate reinforcement [9–12]. In such a technique,
steel plates are utilized externally as a strengthening way for the deterioration of structures after natural disasters or
extended service and other reasons. Metawei et al. [13] conducted an experimental study on the flexural performance,
ductility, and stiffness of a reinforced concrete (RC) beam containing chequer steel plates as additional reinforcement
on the tension side of the section, considering the surface roughness of the two faces of the plates. The results showed a
27% improvement in the ductility of beams incorporating rough steel plates compared with beams containing smooth
plates. This finding revealed that chequer plates represent an appropriate alternative for regular reinforcement. Sarhan
et al. [14] performed an experimental investigation on the strength and the ductility of steel-plated RC beams. They
concluded that, in comparison to the reference beam, the ductility increased by an average of three times; further,
the study indicated that connecting the plates with bolts was a more reliable method of improving the ductility than
employing angles. Ibrahim et al. [15] presented an investigation of the flexural performance of self-compacting
reinforced concrete beams (SCC) with the incorporation of internal steel plates. The research parameters included
plate thickness and spacing between plates. The results highlighted that the yielding load of beams containing
steel plates was lower than the yielding load of the reference beam by 5.21%. In contrast, the deflection increased
by 13.72% at the yield load, while the ultimate load was 6.77% lower than the reference beam. In terms of the
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ductility, there was a drop of 20.08%. They explained that this behavior might result from the redistribution of stress
that is caused by the hardening of stress, which occurs in the main reinforcement, which lowers the beam’s neutral
axis, increases the depth of the compression zone, and influences the cracked moment of inertia. Ammash [16]
conducted an experimental and theoretical study to assess the effect of substituting steel stirrups with steel plates
as shear reinforcement. The results concluded that incorporating steel plate as shear reinforcement could enhance
the shear capacity. The increase of the plates’ width and reduction of the interspacing between the plates resulted in
control on crack width and a decrease in the number of cracks, which enhances the concrete confinement. Ibrahim et
al. [17] experimentally investigated the validity of using shear steel plates for the behavior of wide RC beams. They
determined that the shear steel plates were an excellent alternative for stirrups, demonstrating agreeable outcomes
for yield and final loads. In addition, the ductility improved by 55%, whereas the strain of the interior and exterior
legs decreased by 46% and 17%, respectively. Furthermore, the weight of the wide beam reduced by 2.7%. In
contrast, increasing the spacing between the shear steel plates reduces the yield load and increases the deflection at
yield. Liu et al. [18] experimentally and theoretically explores the mechanical properties of RC beams incorporating
steel plates of various shapes. Flat and corrugated steel plates with different thickness, wave height and strength
embedded at the tension side of the beam to investigate their effect on the flexural performance of the reinforced
beam. The results indicated that the corrugated steel plate showed a significant reinforcing effect by enhancing the
bearing loads and improving the deformation’s resistance. Ding et al. [19] conducted a full-scale test on concrete
tunnel segment joint reinforced with steel corrugated plate. Their results demonstrate that the major failure was
crushing of concrete in the compression zone. Moreover, there was an increase of 73.7% and 119.3% in the moment
capacity and the ultimate load of the reinforced segment compared with the unreinforced joint, respectively. The
results reflect the significant effect of the corrugated steel plate on the flexural behavior of the tested samples due to
the higher stiffness of the plate. Yu et al. [20] conducted a bending test to investigate the load-carrying performance
of five concrete beams reinforced with flat and corrugated steel plates. The results show that the thickness of the
plate has significant effect on the flexural behavior regardless of the plate type. Moreover, beams reinforced with
corrugated steel plate exhibit better enhancement compared with the beams reinforced with flat steel plate. The study
proposed a theoretical formula to determine the moment of inertia of the combined section. Steel plates in (flat and
corrugated) shapes were used to strengthen the original building by erecting them inside the existing structure and
filling the gaps with concrete. This technique creates a cohesive bond that can be stressed together [21, 22].

Despite the progress made, the literature demonstrates that most of the existing research focuses on the flexural
behavior of concrete beams externally strengthening with steel plates. Moreover, a limited understanding of the
effect of internal steel plates on the flexural performance of the concrete beams, especially the plate configuration,
orientation and the holes in the plate. Thus, this study conducts an experimental and numerical evaluation on
the effect of using embedded functional steel plate on flexural behavior, crack pattern, mode of failure, ductility
and stiffness of concrete beams. The steel plates are used as additional tensile reinforcement. This study made
special attention to the role of the steel-concrete bond to explore the possibility of reducing the amount of primary
reinforcement by including a limited area of steel plates in the tension side of the cross-section of the beams which
has not been sufficiently addressed by previous studies.

2 Methodology
2.1 Material Properties

For a target cubic compressive strength of 25 MPa, the concrete mixture was designed with mix proportions of
1:2.22:3.23 (cement: sand: coarse aggregate) and a water-to-cement ratio of 0.37. The mix design was prepared
using coarse and fine aggregates in a saturated surface dry (SSD) condition, with specific gravities of 2.74 and 2.65,
respectively. The sieve analysis results of the aggregates are presented in Figure 1. Table 1 presents the mixed
proportions. Also, for a standard concrete, a slump test was established to verify the workability of the mixture
and to make sure it matches the specifications of ACI: 211.1-91 [23], which refers to the value of slump for beams
must range (20–100) mm. Concerning the steel reinforcement, steel reinforcement bars were provided and tested
according to ASTM A615/A615M-20 [24], see Table 2. Steel plates were locally supplied with 4mm thickness, then
tested according to ASTM A370-05 [25], see Table 3.

Table 1. Concrete mixture’s proportions

Materials Mixture Proportions
Cement (kg/m3) 325

Fine aggregate (kg/m3) 720
Coarse aggregate (kg/m3) 1050

Water (L/m3) 120
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Figure 1. Sieve analysis of the aggregates used in the current study

Table 2. Characteristics of steel reinforcement bars

Type of
Steel

Diameter
(mm)

Average
Yield
Stress

(N/mm2)

Min. Limit
of Yield
Stress

(N/mm2)

Average
Ultimate

Stress
(N/mm2)

Min. Limit
of Ultimate

Stress
(N/mm2)

Average
Elongation

(%)

Min
Limit for
Elongation

(%)
Grade 60 10 590 420 800 620 12.33 9

Table 3. Characteristics of steel plates

Thickness
(mm)

Average of Yield
Tensile Strength (MPa)

Average of Ultimate
Tensile Strength (MPa)

Elongation at
Ultimate Stress (%)

4 260 385 24

2.2 Specimens Preparation and Strengthening Procedure

Nine RC beams with a cross sectional-area of (150 × 200) mm and a total length of (1200) mm were cast and cured
for 28 days. Figure 2. Showed the details of the reference beam. Referring to steel plates, three configurations were
utilized, flat, curved, and rounded. Based on the diameter of the rounded plate, the dimensions of all configurations
of the used plates were determined, as shown in Figure 3. In this study, the plates were located at the tension side
of the RC beams to investigate their contribution to the flexural performance of the tested beams. To achieve the
objective of this research, different configurations were proposed, as shown in Figure 4. Sample labeling was adopted
to identify the parameters where the letter refers to the plate shape. No. 4 represents plate thickness, and the second
number refers to the side plate configuration, 0 means no plate, 1 means vertical plate and 2 means inclined plate.

Figure 2. Reference beam details
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Figure 3. Steel plates’ details (dimensions in millimeters)

Figure 4. Details of specimens

2.3 Experimental Set-Up

Over the test, four-point loads configuration using a hydraulic jack with a capacity of 150 kN were conducted
to load the beams until failure. The distance between points of loading was 100 mm. The load was employed at
a constant rate of 1.2 kN/s, also measured by a load cell positioned over the spreader beam, as shown in Figure 5.
A positioned LVDT tool was used to measure the mid-span deflection, which connected to the data logger. The
specimens were simply supported, with pinned support at one end and roller support at the other, allowing free
rotation and longitudinal movement.

Figure 5. Laboratory loading setup
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3 Results and Discussion
3.1 Crack Patterns and Failure Modes

The cracks in the flexural members start at the extreme tension fiber of concrete when the tensile stresses exceed
the modulus of rupture. For the reference beam (B0), the first crack appears at load of 9 kN precisely opposite to the
applied load. Then, a few cracks occur and propagate to the upper side of the beam. After yielding steel, the concrete
at the compression zone crushed which results in a total failure of the beam. This type of failure occurred when
the beam was under reinforced and called flexural tension failure. In general, specimens reinforced with flat steel
plates were recorded the same behaviour, specifically in crack patterns. Comparatively, most cracks were classified
as flexural cracks in all specimens except beam F42, in which the cracks were distributed to the shear zone (i.e., near
supports) and recorded the highest number of cracks. Concerning specimens reinforced with curved steel plates, the
number of cracks is higher than the other two groups (i.e., specimens reinforced with flat and rounded steel plates,
respectively). This effect occurred due to the shape of functional plate; with the increase of loading, the sides of plates
pull-down and caused extra deformation in concrete and for this reason lateral functional plates added to constrain
the sides of curved steel plates in order to improve the bond effect between plates and concrete. Comparatively,
the dominant pattern of cracks in specimens reinforced with rounded steel plates was flexure and noticed that the
failure’s mode was flexure for all beams. Also, the yielding of reinforcement has been the first indication of failure
followed by a crush in the R40 specimen. Briefly, using steel plates improves the flexural performance of concrete
beams by postponing the formation of pre-cracking by a higher ratio of 155.56% compared with the reference beam.
Figure 6 shows the crack patterns of all tested samples.

Figure 6. Crack patterns of all tested specimens

3.2 Load-Deflection Behavior

Deflection corresponding to each increment of load at mid-span has been reviewed in Figure 7. As shown in the
stated figure, each curve has a comparatively same character if compared to the reference beam. All curves consist
of an initial linear elastic portion in which load and deflection were closely proportional. With the increase of load,
deflection increases at a slow rate until the propagation of the first crack, then load and deflection are no longer
proportional until curves reach the peak value at the final load. Eventually, the load capacity of the beams is reached.
All curves exhibit a ductile branch after the ultimate load is reached (i.e., the load dropped slightly until failure). For
the reference beam, the first stage in the load-deflection curve started with the beginning of loading. So, this stage
continued until the appearance of the first crack at 9kN and corresponding deflection was 0.51mm, respectively. After
these values, the deflection began to increase rapidly, and the nonlinear stage started. The peak load and its related
deflection were 61.89 kN and 10.18 mm, respectively. After the dropping of load, the test no longer continued, and
the concrete crushing under unit loads to announce the end of the test at deflection of 10.37mm. Table 4 shows
the experimental results. The above-stated figure and table concluded that the employment of functional plates can
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improve the yield load and load-carrying ability by an average increase up to 44.5% and 33%, respectively, compared
to the reference beam. Practically, the samples that strengthened with flat steel plate show higher enhancement in
the yield and peak loads by 41.91% and 34.91%, respectively, rivaling the reference beam. The reason for that was
the position of the functional plate, which is located in the maximum positive moment zone.

Figure 7. All load–displacement curves: (a) Load–displacement curves for samples reinforced with flat steel
plates; (b) Load–displacement curves for samples reinforced with curved steel plates; (c) Load–displacement

curves for samples reinforced with rounded steel plates

Table 4. All experimental results

Beams
Cracking State Yielding State Ultimate State Pu

Increase
(%)

∆max

(mm)

Ductility
Index
(%)

Ductility
Index

Increase (%)

Stiffness
(kN/mm)

Stiffness
Increase

(%)
Pcr

(kN)
∆cr

(mm)
Py

(kN)
∆y

(mm)
Pu

(kN)
∆u

(mm)
B0 9 0.51 51.54 3 61.89 10.18 0 10.37 3.46 0 17.08 0
F40 13 0.49 73.14 3.75 83.5 8.48 34.91 38 10.13 193.1 18.43 7.94
F41 13 0.47 81.11 3.85 85.17 8.12 37.61 39.8 10.34 199 20.12 17.85
F42 19 1.15 84.02 3.75 89.84 10 45.15 39.2 10.45 202.4 25 46.42
C40 12 0.8 72.2 4.1 82.72 14 33.65 35 8.54 146.9 18.24 6.81
C41 14 0.41 79.45 3.6 84.85 9.1 37.1 36.4 10.11 192.3 20.52 20.17
C42 19 0.24 80.63 3.4 88.76 10.4 43.41 33 9.71 180.8 19.49 14.11
R40 10 0.52 60.5 3.24 66.64 10.17 7.67 33 10.19 194.6 18.57 8.71
R41 23 1.16 64.9 3.4 77.11 10.51 24.59 35 10.29 197.8 18.71 9.52

Moreover, the constraining of steel plates has improved the yield and peak load, so constraining the flat plate with
two inclined steel plates by 45◦ on both sides has enhanced the yield and peak load by 14.9% and 7.6%, respectively,
as compared with no constraining specimen which results from the increase of bond strength between the plate and
concrete. Otherwise, the use of curved steel plate has improved the yield and ultimate capacity with ratios lower
than those ratios in case of using flat steel plate by differing of 1.82% and 1.26%, respectively, due to approaching
the peak of the curve to the neutral axis. Finally, the effect of the rounded steel plate was lower than the two above
configurations since the amount of steel plate in the tension zone of RC was lower than other configurations. Also,
the constraining of the curved and rounded steel plates enhanced the yield and ultimate loads by 11.68%, 7.3%,
7.27% and 15.71%, respectively, compared to no constrained steel plates due to the same reasons stated earlier.

3.3 Ductility Index

It is credible to define ductility as the capability of member/material to afford deformations beyond the limit of
elastic whereas affording sensible load-carrying capacity pending total failure [26]. For RC beams, ductility can
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be determined depending on the amount of tension and compression reinforcement, ductility and strength of the
materials [27–29].

Eq. (1) can be used to calculate ductility.

Ductility index =
δmax

δy
(1)

where, δmax and δy were the maximum and yield deflection, respectively.
According to Foster and Attard [30], the yielded deflection can be determined from the load–deflection curve in

three steps, as illustrated in Figure 8.

Figure 8. Calculation of ductility

Table 4 and Figure 9 present the ductility index at failure load compared with the reference beam. The ductility
improved with the use of steel plates because of the flexure failure mode (i.e., the crush of concrete happens gradually
before the rebar yield). Further, the average increase in ductility as compared with the reference beam was 188.4%.
Regarding specimens reinforced with flat steel plate, it is noticed that the ductility was increased up to 193.1%
compared to the reference beam. With the constraining of steel plates, the ductility was increased when constraining
the flat steel plate with two inclined steel plates by 45◦ on both sides up to 3.16% compared to no constrained steel
plates, the reason behind that is the improvement of interface bonding between the plate and the concrete. For the
same reasons discussed in section 3.2, reinforcing with curved and rounded steel plates enhanced the ductility with
lower ratios than the flat one, with differences of 28.9% and 48.2%, respectively. A noticeable enhancement of the
ductility by 18.43% was achieved when curved steel plates constrained from both sides by vertical steel plates which
results from the bond development between steel plates and concrete, further the increase in deflection prior the
peak load. Finally, the constraining of rounded steel plate enhances the ductility index by 0.98% compared to no
constrained one.

Figure 9. Ductility index for all specimens

3.4 Stiffness

The stiffness is defined as the capability of the member to prevent deflection or to bend under loading. Stiffness
depends on the properties and geometry of materials and is considered one of the most significant characteristics of
the RC members under serviceability behaviour. There are many parameters affected by Stiffness, such as deflection,
ductility, and crack patterns. Stiffness can be calculated as a gradient of the load-displacement curve at the service
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load state. From Figure 10 and Table 4, a noticeable increase in stiffness was perceived by using steel plates by an
average of 16.44% as compared with the reference beam. On average, the use of a flat steel plate improved stiffness
by an average increase of 11.9% compared to the reference beam, and it was higher than the specimens that were
reinforced with a curved and rounded steel plates by an average difference 1.97% and 3.72%, respectively. The
constraining of flat steel plates with two inclined steel plates has improved the stiffness by 35.65% compared with no
constrained steel-plated specimen and due to more bond between steel plate and concrete resulting from constraining
effect and delay of pre cracking appearance. Furthermore, the constraining effect on the curved and rounded plates
were inferior to the flat one; stiffness in the specimen that reinforced with constrained curved steel plate showed
an increase in stiffness by 12.5% than the no corresponding constrains one due to the same reasons stated above.
Constraining the rounded steel plate from the center enhances stiffness by 0.73% compared to no constraint rounded
steel-plated beam.

Figure 10. Stiffness values for all specimens

4 Numerical Study
4.1 Finite Element (FE) Models (Material Properties)
4.1.1 Steel bars

There are two stages: elastic and plastic to describe the qualities of steel material as in concrete.
Table 5 shows the Modulus of elasticity and Poisson’s ratio of concrete for elastic behavior. Typically, Figure 11

shows an engineering stress-strain curve, which used to demonstrate the tension test of steel [31].

Table 5. Characteristics of concrete at elastic stage

Modulus of Elasticity (MPa) Poisson’s Ratio
15900 0.18 (assumed)

Figure 11. Stress-strain curve of steel bars

4.1.2 Concrete
Although it is well known that concrete exhibits brittle behavior, stress reflection may cause tensile cracks to

close and for fractured pieces to converge. Therefore, damage models are the most effective technique to explain
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how concrete behaves. There is a complexity of the behavior of the RC structures that is challenging to explain
which results from the fact that concrete and steel behave differently. Because of all the aforementioned factors, the
Concrete Damage Plasticity Model (CDP) was used to define the concrete [10, 11]. Most of the time, this model is
excellent for presenting failure modes that depend on compression crushing and tensile cracking [32, 33]. The CDP
model was conducted by Lubliner et al. [34] and developed by Lee and Fenves [35]. Consequently, represents the
most often used model to simulate concrete in the ABAQUS software. Applications where materials were subjected
to dynamic, monotonic, or cyclic loads are catered for by CDP models. Consequently, it enables recovery of stiffness
during load reflections [36]. The concrete specimen’s unloaded response is attenuated in Figure 12, because of
the materials’ degrading or being damaged by their elastic stiffness. Figure 11 damage variables, dt and dc, show
how much strength has been lost or damaged. These variables have values ranging from 0 to 1, where 0 represents
unharmed material and 1 represents complete loss of strength [36].

Figure 12. Uniaxial loading responses of concrete to: (a) Tension; (b) Compression [36]

Stress and inelastic strain measurements, along with the equations used in the definition of concrete from
literature [14], were necessary to describe the compressive behavior. The inelastic, or crushing, strain was calculated
based on Eq. (2).

ε∼in
c = εc − εel0c (2)

where,

εel0c = σc/E0 (3)

ε∼in
c : Inelastic strain;

εc: Total strain;
εec0c: Plastic strain;
σc: Concrete’s stress;
E0: Elastic modulus of undamaged concrete;
dc: The compression damage’s parameter, calculated according to Eq. (4).

dc = 1− σc
σc max

(4)

For σc ≥ σc
max, dc = 0 for σc < σc

max.
Similarly, the damage parameter for tension behavior dt can be calculated as in Eqs. (5)–(7).

ε∼ck
t = εt − εel0t (5)

εel0t = σt/E0 (6)

dt = 1− σt
σtmax

(7)
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where, ε∼ck
t : Cracking strain.

Figure 13 demonstrates the compression and tension damage behavior parameters of concrete that were used in the
CDP model. Overall, the adopted CDP parameters have been shown to provide reliable predictions of load–deflection
behavior and crack development in concrete beams and were therefore deemed suitable for the present study.

Figure 13. Characteristics of concrete in CDP model: (a) Compression behavior; (b) Compression damage; (c)
Tension behavior; (d) Tension damage

Table 6 provides plastic parameters of concrete. Dilation angle, ψ is measured at high level and confining
pressure in the p-q plane. The value is based on earlier research [37]. Eccentricity ε represents the small positive
number that expresses the rate at which the asymptote of hyperbolic voltage approaches. Stress ratio, fb0/fc0 is the
proportion of the basic uniaxial and equi-biaxial compressive yield stresses. Ratio of the second stress invariant, K
is the ratio of the second stress invariants on the meridian of tension to the second stress invariants on the meridian
of compression at initial yield of any value of the pressure invariants. Viscosity parameter, µ is a component of CDP
material behavior; in Abaqus/Standard, the default value is zero, although this is incorrect for nonlinear analysis.
Consequently, it depends on the value from earlier studies [38].

Table 6. Parameters of concrete in plastic stage

Dilatation Angle (Degree) Eccentricity fb0/fc0 K Viscosity Parameter
37 0.1 1.16 0.667 0.0005

4.2 Mesh Discretization and Boundary Conditions

In FE analysis, there are often two categories of elements employed in simulating the components of specimens:
The C3D8R element, a linear brick element of an 8-node with reduced combination and hourglass control, is used
for solid parts such as beams, bearings, and steel plates. Meanwhile the T3D2 element, a 2-node linear 3-D truss,
is used for all types of reinforcement. After defining all necessary material characteristics in the models, the parts
were assembled to create an entire model. Each model comprises of a single assembly. The size of the chosen mesh
significantly impacts the accuracy of the results in FE analysis. According to Finite Element Method (FEM) theory,
simulated models with small mesh sizes yield more accurate results but need longer computation times; in contrast,
when the size is bigger [39]. A convergence analysis was carried out to determine the optimal mesh size. It was
observed that reducing the mesh size to 15 mm showed a tolerance of 2% in the predicted ultimate load. Therefore,
a mesh size of 15 mm was selected as an optimal size for each region of the model (see Figure 14).

The original boundary conditions were indicated along the width of the steel support, particularly on the partition
line, as indicated in Figure 15. The beams are simply supported, so two steel plates were modeled in the part module
and the properties of steel were provided accordingly.
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Figure 14. Mesh size convergence study

Figure 15. Boundary condition

Figure 16. Load–displacement curves for all tested beams: (a) Load–displacement curves for B0 beam; (b)
Load–displacement curves for F40 beam; (c) Load–displacement curves for F41 beam; (d) Load–displacement

curves for F42 beam; (e) Load–displacement curves for C40 beam; (f) Load–displacement curves for C41 beam;
(g) Load–displacement curves for C42 beam; (h) Load–displacement curves for R40 beam; (i) Load–displacement

curves for R41 beam

4.3 FE Modelling (Results and Discussion)
4.3.1 Model verification

Figure 16 displays a comparison between experimental and FE load-displacement curves for all specimens. This
illustration demonstrates that most FE curves show higher stiffness after initial cracking compared to their equivalent
experimental curves. To distribute an infinitely free structure to one with limited freedom. The FE curves growth
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with higher slope than the experimental curves because of this fact, which causes an increase in load and a decrease
in deflection. This is attributed to idealized material assumptions, perfect bond conditions, and the absence of
micro-cracking and construction imperfections in the numerical model, which are inherently present in experimental
specimens.

The most significant element in this experimental design is the spread of hairline fractures in the concrete. Since
hairline cracks are not accounted for in FE models, the handling of specimens may produce additional hairline
fractures, that reduce the stiffness of experimental beams. However, the general trend of the load-displacement of
experimental and FE curves demonstrates a good agreement. Despite counting all of Bäker’s suggestions [40], a
margin of discrepancy between the experimental and FE results remains, with the ultimate load difference varying up
to 6.13%. As indicated in Table 7, the load ratios between experimental and FE ultimate loads ranged between 0.94
and 0.99%, and the deflection ratios between experimental and FE ultimate loads ranged between 0.69 and 2.38%.

Table 7. Experimental and FEM results comparison

Beam Pu Exp. (kN) Pu FE (kN) Pu Exp./FE δu Exp. (mm) δu FE (mm) δu Exp./FE
B0 61.89 62.54 0.99 10.18 4.27 2.38
F40 83.5 86.3 0.97 8.45 12.21 0.69
F41 85.17 89.56 0.95 8.12 9.11 0.89
F42 89.84 94.44 0.95 10 10.57 0.94
C40 82.72 84.09 0.98 14 13.82 1.01
C41 84.85 90.39 0.94 9.1 8.12 1.12
C42 88.76 91.99 0.96 10.4 13.9 0.75
R40 66.64 69.51 0.96 10.17 11 0.92
R41 77.11 80.67 0.96 10.51 7.31 1.44

4.3.2 Crack propagation and failure mechanisms
This section examines the crack growth to verify the model’s accuracy against the outcomes of the experimental

work. The formation of cracks might be accurately predicted using the ABAQUS algorithm. The tension mid-span
zone was where the cracks first developed, which is consistent with the numerical findings. For most experimental
and FE specimens, Figure 17, Figure 18, Figure 19, and Figure 20 depict the crack patterns caused by flexural and
compression damage. Under flexural mode, every beam broke. Additionally, the severe tension fiber of the beams
in the areas subjected to the greatest bending moment is where the tensile damage first manifested itself. The term
“compression damage” refers to the crush that develops prior to reinforcement yielding and foretells beam failure.

Figure 17. Crack patterns for experimental and FE B0 beam
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Figure 18. Crack patterns for experimental and FE F41 beam

Figure 19. Crack patterns for experimental and FE C40 beam

Figure 20. Crack patterns for experimental and FE R40 beam

5 Conclusions

The experimental investigation assessed the ductility and flexural behavior of steel-plate-RC beams. The results
from experimental data and the numerical analysis can be summarized follow:

• Flexural reinforcing of concrete beams by using steel plates was effective and significantly enhanced the
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flexural performance due to delaying the first cracking appearance and increasing the ultimate load up to 45.15% in
comparison with the reference beam.

• An improvement up to 35% of the ultimate load was observed for beams with flat steel plates compared with
the reference beam.

• Adding two inclined steel plates by 45◦ on both sides to the flat steel plates improved their yield and ultimate
load by 21.1% and 10%, respectively.

• The load-deflection curve characteristics were enhanced, and the beams behaved more flexure post-peak load
until failure.

• Specimens containing steel plates display more ductile behavior than the reference beam, specifically beam
F42 which showed 202.4% increase of the ductility as compared with the reference beam. Also, the constraint of the
steel plates can improve the ductility behavior by an increase up to 3.16% compared to no constraining specimen.

• The stiffness can be enhanced by employing steel plates with an increase of 46.42% compared to the reference
beam. The stiffness was further increased when constraining flat, curved, and rounded steel plates up to 35.65%,
12.5%, and 0.73%, respectively, compared to their corresponding no constraining specimens.

• There was good agreement in the results between experimental and FE works, with 6.13% as the highest
difference in ultimate load. However, the elastic behavior of the modeled beams was stiffer compared with their
experimental counterparts.
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