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Abstract: The most susceptible area of a structural member, where the most inelastic rotation would
take place, is the plastic hinge. At this stage, flexural elements in particular achieve their maximal
bending flexibility. This study uses finite element analysis (FEA) and experimental inquiry to analyze
and test the effects of carbon fiber mesh jacketing and steel fiber reinforcement at the concrete beam’s
plastic hinge length subjected to a vertical monotonic load. The compressive strength, split tensile
strength, and flexural strength tests are used to evaluate the mechanical qualities, such as compressive
strength and tensile strength, of M25 grade concrete that is used to cast specimens. While conducting
this analysis, seven different parameters are taken into account. After the conventional concrete
beam has been cast, the steel-fiber reinforced beam is cast. Several empirical formulas drawn from
Baker, Sawyer, Corley, Mattock, Paulay, Priestley, and Park’s methods were used to calculate the
length of the beam’s plastic hinge. Finally, the steel fiber was inserted independently at 150 mm
into the concrete beam’s plastic hinge length mechanism using the techniques described by Paulay
and Priestley. The analytical and experimental results are compared. The results obtained from the
investigations by applying monotonic loads to the beam show that fibers used at specific plastic
hinge lengths show a 41 kN ultimate load with 11.63 mm displacement, which is similar to that of
conventional beam displacement, and performance. Meanwhile, the carbon fiber mesh wrapped
throughout the beam behaves better than other members, showing an ultimate load of 64 kN with a
15.95 mm deflection. The fibers provided at the plastic hinge length of the beam perform similarly to
those of a conventional beam; eventually, they become economical without sacrificing strength.

Keywords: steel fiber reinforced concrete beam; carbon fiber mesh; jacketing; monotonic loading;
plastic hinge length

1. Introduction

The strengthening and restoration of existing structures is a hot issue these days,
attracting the attention of both researchers and engineers. The possibilities presented
by new materials and technologies ideal for granting the best performance of existing
structures have given a new pulse to the research of matrix composites such as fiber-
reinforced polymers (FRP) and fiber-reinforced concrete (FRC) in this context. The most
widely used construction material in the world is concrete. It is a composite material mainly
composed of materials like cement, fine aggregate, coarse aggregate, and water. These
materials are mixed to get a fluid material that is cast into different shapes according to need.
The materials used in concrete have different physical properties. Under compression,
concrete behaves well, whereas it is weak under tension. To improve the behavior of
concrete under tension, reinforcements are provided to the concrete member. To enhance
the quality of concrete, different additives and admixtures are added to the concrete
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depending upon the need. Enhanced durability and strength of concrete can be achieved
by changing ingredients like cement and aggregate. There are different grades of concrete
depending upon the mixed proportions of the materials used and also its strength. The
concrete is prepared according to the mix designs of different grades. They are cast into
different shapes according to their needs. The concrete gets hardened after which the
concrete is allowed for the curing process for different time durations like 3 days, 1 week,
2 weeks, and 4 weeks. RCC is a type of concrete where reinforcement is provided to the
cement-aggregate matrix to increase its tensile strength and durability. Steel reinforcing
bars, otherwise called rebars, are used mostly as reinforcement in concrete to improve
its behavior in the tension zone of concrete. Different members of a structure, like slabs,
beams, columns, and foundations, are reinforced with rebar to counteract different forces
like axial, compression, shear, flexure, and torsion. Meanwhile, fiber mesh strengthening
also influences the behavior of members by influencing load and displacement. Excellent
strength and modulus along with the strength-to-weight ratio of carbon fiber mesh take
advantage of other mesh such as glass fiber mesh, basalt fiber mesh, and kevlar mesh in
strengthening characteristics.

Carbon fiber mesh is widely used in many industries because of its high strength, low
density, and thinness. It also does not increase the self-weight of reinforced components
or cross-section size. Jacketing is the technique of strengthening the reinforced cement
concrete (RCC) columns that have weakened over a period of time as a consequence
of poor maintenance or weather-related conditions. Other issues that arise during the
building phase include design flaws, poor concrete manufacturing, and sloppy execution
procedures. For this reason, the study is devoted to the definition of a “ductile” FRC
material, characterized by limited softening, or better yet, by plastic behavior by achieving
ultimate strain. The composite material is then applied as a thin layer on reinforced concrete
(RC) beams, and the strength and ductility characteristics of the structure are evaluated
with analytical and experimental models.

The mechanical behavior of concrete, such as concrete strength, split tensile strength,
and flexural strength, can be enhanced by adding different types of fibers to the concrete
mix. The tensile strength of the mix can be enhanced by the usage of fibers. It also resists
crack growth in the concrete members. The major classification of fibers is natural and
synthetic. The most effectively used synthetic fibers are steel fiber, glass fiber, polypropylene
fibers, etc. Steel fiber comes in a variety of shapes and sizes, including hooked edge, flat
edge, and hooked flat edge. Hooked edge and hooked flat edge fibers offer greater benefits
than the others. Furthermore, fibers with a high aspect ratio have a greater capability for
energy absorption. Steel fiber reinforced concrete increases the ductility and mechanical
qualities of the concrete by reducing its brittleness. The kind and volume of steel fiber used
in the concrete determine the mechanical qualities of steel fiber reinforced concrete (SFRC).
The fiber dose ranges from 0% to 2% of the total volume of concrete. After modelling, the
first phase of the experiment examined the mechanical properties of both conventional
and SFRC concrete [1,2]. The length of a plastic hinge can be calculated using a variety of
expressions. In this investigation, Priestley and Park’s expressions are employed. Instead
of employing steel fiber across the slab, the fiber can be used solely along the length of
the plastic hinge, as it offers similar resistance. It will cut down on the use of steel fiber.
Findings of the tests says, giving steel fibers along the plastic hinge length (PHL) is more
effective and cost-effective for practical application. The largest bending moment would
occur at the plastic hinge length, which is thought to be the seriously damaged section of the
RCC member and will suffer increased inelastic deflection in the member [3,4]. The length
of plastic hinges has drawn more interest from researchers in recent years. Experimental
research on plastic hinge length is used to determine how well it can bend while supporting
a load [5]. When the RCC element is loaded, it deforms in an inelastic manner, creating
zones where the bending moment is higher than in other locations. As the applied stress
grows, the zones have a propensity to rotate until the ultimate hinge is formed, which
would result in the structural component collapsing. The length of the rebar-yielding zone
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is thought to represent the upper bound of the three physical inelastic deformation zones
since it has a value that has never exceeded twice the effective depth of the cross-section in
any of the conditions evaluated in this study. The diameter of the rebar under stress has a
diminished influence on the member’s plastic hinge length and flexural capacity as a result
of its effect on bond strength. The genuine plastic hinge zone is much smaller than the
member’s yielding zone, which accounts for the majority of the plastic rotation. None of
the empirical models for forecasting plastic hinge length that are currently available have
taken into account all of the important variables that affect the result [6,7].

Numerous examinations have already been conducted on various RC member kinds
(beams, columns, and walls). Following that, member geometry and mechanical proper-
ties were used to represent the deformations of RC members at yielding or failure under
cyclic loading. In general, although with a sizable dispersion, the yield and final curva-
ture calculations based on the plane-section assumption agree well with the test results.
Additionally, it has been demonstrated that models with curved surfaces, ultimate drift,
and chord-rotation capability are accurate. The rotational capacity, the load–displacement
behavior, and the reinforcing strain and stress distributions were all taken into account in
a computer model that was developed and validated using available experimental data.
The concrete crush zone, curvature localization zone, and genuine plastic hinge length are
all studied using the calibrated FEM model (PHL). The plastic hinge length is examined
using parametric studies in relation to reinforcement, concrete mechanical characteristics,
element size, and flexural modulus. This FE model can be used to perform a simulation
analysis of the plastic hinge zone in RC members, from which plastic hinge length can be
calculated. It is concluded that the plastic hinge length should be designed properly with
reinforcement to make the structural elements more ductile.

According to this article, large bond stresses exist in zero shear zones, and overall
shear and local bond pressures are directly related. Deformed bars without hooks of the
kind and embedment utilized in this series produced bond strengths high enough to cause
bar fracture rather than bond failure in all specimens [8]. Mattock’s formulas overestimate
hinge lengths by a large amount. In many beams, Sawyer’s calculations overstate the hinge
lengths [9]. Although in some formulas, the lengths of plastic hinges are overestimated,
the forecasts are more accurate than the experimental measurements. For beams with axial
loads, Park formulas provide reasonable estimates. The hinge span of all flexural member
are underestimated by the Baker and Amerakone formulas. Several expressions have been
offered for estimating the corresponding plastic hinge lengths of flexural member and axial
member, with Corley, Mattock, Paulay, Priestley, Panagiotakos, and Fradis also proposing
some of the expressions [10]. The results of Paulay and Priestley, Panagiotakos, and Fradis
indicate a similar trend to those of Finite Element Modelling. Mattock’s expression was
created with monotonic loading in mind, whereas the others were created with cyclic
loading in mind [11].

The experimental examination on the mechanical properties of high-strength concrete
used various combinations of steel fibers together with steel bar reinforcement. According
to our experimental examination, the kind and volume of steel fiber employed in the mix
design affects the rise in compressive strength, tensile strength, shear, flexural toughness,
and resistance [12]. The behavior of slabs in terms of flexure due to the addition of fibers
was studied. The ratio of steel fibers used in this experimental investigation is 0.5%, 1%,
and 1.5%, respectively. This project concludes that the fibers with a high aspect ratio
provide more energy absorption capacity, similar to the studies conducted by previous
researchers [13–16]. The length of the plastic hinge zone is a significant design parameter
that should be closely regulated in order to maximize the flexibility of the member and
make it capable of withstanding severe events like earthquakes.

The behavior of plastic hinges is highly complicated because of the materials’ signifi-
cant nonlinearity, contact, relative movement between the component materials, and strain
localization. As a result, the majority of researchers used experimental testing to investigate
the problem. Using experimental and computational investigations, it is determined how
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fiber clustering affects the fatigue behavior of steel-fiber-reinforced concrete (SFRC) beams
with reinforcements. In order to comprehend the underlying process better, an experi-
mental research of the fiber dispersion in the concrete cross-section was carried out. The
findings indicated that the fatigue life of the beam rose as the percentage of fiber volume
grew. The shear strength of steel fiber-reinforced concrete beams has been predicted using
a mechanics-based mathematical model that considers the effects of all shear-resisting
mechanisms (without transverse reinforcement). When the suggested model’s efficacy was
evaluated using a range of datasets, it shown strong correlations with experimental results,
with a mean, standard deviation, and coefficient of variation of 0.94, 0.22, and 22.99 percent,
respectively. It has also been postulated how each shear-resisting mechanism contributes.
The application of SFRC improves the flexural and cyclic responses of reinforced concrete
bridge deck slabs [17]. In other cases, cyclic loads were applied to a plain concrete slab, two
SFRC slabs reinforced with mill-cut steel fibres and corrugated steel fibres, respectively [18].
Concrete used in building is made with regular Portland cement (OPC). Due to its low cost
and easy availability of raw materials, it is the most widely used construction material.
OPC manufacturing, however, necessitates calcareous and argillaceous ingredients and
is energy-intensive. Calcination and the burning of fossil fuels are the primary causes of
greenhouse gas emissions during the manufacturing of OPC [19,20].

A solid 3D shell element 190 with finite strain was utilized in a finite element study
for the composite material IM7/8552 to assess the validity of the finite element method.
How pre- and post-failure material nonlinearity in composite materials functions has
been discussed. It was discovered that IM7/8552 failed as a result of the orthotropic
features of its material nonlinearity. The solution showed optimal and precise convergence,
and the finite element analysis findings were successfully confirmed [21]. Finite element
software ABAQUS 6.13 is used to run complementary FE simulations using RVE in order
to rationalize the full set of micromechanical models that were described in the previous
section. In the micromechanics-based technique for the efficient determination of the
elastic characteristics of fiber-reinforced polymer matrix composites, the outcomes of FE
simulations are compared with experimental observation [22]. The results of 15 push-off
tests provided a precise evaluation of the longitudinal splitting characteristics of a concrete
slab in a distinctive steel-concrete composite beam with headed shear stud connections [23].
Concrete’s strength is decreased when PEG-600% content rises with concentration. As
a consequence, 0.5% to 1% PEG-600 employed as an internal curing agent in concrete
increases its effectiveness [24–26].

Strain, load-deflection responses, cycles of deformation, and fracture growth was
examined. The results show that adding SFRC to deck slabs improves cyclic deformation
behavior, decreases residual strain in the slab section, and improves crack behavior by
lowering residual fracture breadth and raising cracking stiffness. The mechanical charac-
teristics of conventional and fiber-reinforced concrete, as well as the calculation of plastic
hinge length, are the only topics covered by the prior study. The utilization of steel fiber-
reinforced concrete and fiber mesh along the length of the beam’s plastic hinge has not
been studied. This work addresses this problem by applying fiber and mesh internally and
externally on the specific plastic hinge length obtained from various expressions which
improve the performance of the Beam under bending.

2. Plastic Hinge Length (PHL)

When the load is applied to a structural member, the member undergoes bending.
When the applied load is increased further, the structure changes from elastic behavior to
plastic behavior at a particular moment value called the plastic moment. When a plastic
moment is reached in the member, the plastic hinge produced in the structural element.
This plastic hinge allows large inelastic rotations to occur in the structure. These rotations
make the structure change into a mechanism and make it fail without any warning. The
inelastic rotation occurs at a particular length during the application of load, and it is called
the plastic hinge length. Table 1 shows that the empirical formula derived by Baker, Sawyer,
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Coreley, Mattock, Park, Pristley, Paulay, Fardis, and Panagiotakos developed expressions
that may be used to calculate the non-elastic hinge span of members.

Table 1. Empirical formula to derive PHL.

Description Empirical Formula

Baker—1956 k(z/d)1/4d
Herbert and Sawyer—1964 0.25d + 0.075z

Corley—1966 0.5d + 0.2
√

d(z/d)
Priestley and Park—1987 0.08z + 6db

Paulay and Priestley—1992 0.08z + 0.022db fy

The following notation should be taken into consideration: d = effective depth of
beam or column; db = diameter of longitudinal reinforcement; fy = yielding stress of
reinforcement; and z = distance from critical section to point of contra flexure

The Paulay and Priestley formula (0.08z + 0.022db fy) was used to calculate the plastic
hinge lengths of beams. Paulay and Priestley equations were chosen since they give peak
plastic hinge span and consider both the span and size of the reinforcement of the beam.
The plastic hinge span was determined to be 150 mm. (Paulay and Priestley) [3].

3. Materials and Specifications
3.1. General

The experimental inquiry makes use of the following materials:

i. 53 graded Ordinary Portland cement is used in this study with a specific gravity of
3.14 according to the Indian standard IS 12269 (1987) [27] for conventional concrete.

ii. According to IS 383:1970 [28], M-sand is added as the fine aggregate of zone II for
conventional concrete that passes through 4.75 mm and has a specific gravity of 2.6.

iii. Coarse aggregate, 20 mm in diameter in dry condition with a specific gravity of 2.69
was used for casting concrete.

iv. Water is a major component in concrete because it is responsible for the workability
of the concrete. Portable water meeting requirements as per IS 456-2000 [29] is used
for casting and curing.

v. A fabric-reinforced bidirectional carbon mesh is designed to be field installed with
a cementitious matrix to create an FRCM as a composite system for structural
reinforcement applications. In particular, it makes beams and columns more flexible
structurally. Epoxy (Ly556) and hardener (HY951) were employed in a ratio of 1
(hardener) to 4 to bond carbon fiber mesh to concrete (epoxy). Figure 1 depicts the
carbon fiber mesh that was utilized in this work, and Tables 2–4 provide material
parameters for concrete, carbon fiber mesh, and steel fibers that will be used in
ABAQUS [30]. Table 5 displays the mix ratio and the material proportions.

vi. In this investigation, steel fiber with hooked ends was employed. The steel fiber
with the hooked end was chosen among the many fiber kinds because, as was
already explained, it is utilized to increase strength and offer additional anchoring
in the concrete. The steel fiber utilized had a diameter of 0.50 mm and a length of
30 mm. The steel fiber utilized has a 60 aspect ratio. The steel fiber utilized in this
investigation is seen in Figure 2.
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Table 2. Concrete properties.

Properties Conventional M25 SFRC M25

Density 2.3 × 10−9 2.3 × 10−9

Youngs Modulus (MPa) 25,000 29,025
Poisson Ratio 0.2 0.2

Table 3. Carbon fiber mesh properties.

Description Properties

Density 1750 kg/m3

Young’s modulus of elasticity 230,000 Mpa
Poisson’s Ratio 0.3

Fiber weight 200 g/m2

Tensile Strength 2500 Mpa
Thickness 0.048 mm

Table 4. Steel fibers properties.

Description Properties

Density 7.85 × 10−9

Young’s modulus of elasticity 200,000 Mpa
Poisson’s Ratio 0.3

Yield Stress 450
Plastic Strain 0.3
Geomentry linear
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Table 4. Cont.

Description Properties

Length 30 mm
Diameter 0.5 mm

Length/Diameter 1/60

Table 5. Mix design.

Component Quantity (kg/m3)

Cement 338.18
Fine Aggregate 723.96

Coarse Aggregate 1141.09
Water/cement 0.55

Mix ratio 1:2.14:3.37

3.2. Mix Proportions

For the target strength M25, the mix proportions chosen for the nominal mix with
cement shown in Table 5. For each mix, 9 cubes of 150 mm are casted for the determination
of compressive strength. Similarly, 9 cylinders of dimension 150 × 300 mm are casted for
the determination of split tensile strength. Vibrators were used to mix, pour, and compress
the concrete. The specimen was then taken out of the mold after 24 h and allowed to cure
for 7, 14, and 28 days in a curing tank.

3.3. Specimen Details

A cube specimen of proportion 150 mm was made for conventional concrete and
SFRC with a 1.5% dosage of the weight of concrete. The sample of the cube specimen
cast is represented in Figure 3a. A cylinder specimen of diameter 150 × 300 mm was cast
for conventional concrete and SFRC with a 1.5% fiber dosage of the weight of concrete.
The sample of the cylinder specimen cast is represented in Figure 3b. A flexure beam
specimen of size 500 × 100 × 100 mm was cast for both conventional and SFRC with a 1.5%
fiber dosage weight of concrete. The sample the of beam specimen cast is represented in
Figure 3c.
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3.4. Beam Specimens

A reinforced concrete beam of size 1500 × 150 x× 150 mm was cast according to IS
code (IS 456:2000) with reinforcements. Seven different beams are cast with varying param-
eters like plastic hinge length and carbon fiber mesh jacketing. Based on the mechanical
properties of the conventional concrete and SFRC, a differentiation study was made. The
steel fiber reinforced concrete with a fiber dosage of 1.5% of the total weight of the concrete
shows increased mechanical properties than other fiber percentages. Hence, beams are cast
with a 1.5% fiber dosage to the total weight of concrete. Researchers such as Baker, Sawyer,
Corley, Mattock, Park, Pristley, Paulay, fradis, and panagiotakos expressions developed by
them are used to calculate the lengths of plastic hinges on beams. Seven different beams
are cast by varying their parameters as shown in Figure 4a conventional beam, Figure 4b
carbon fiber mesh at the plastic hinge length of a conventional beam, Figure 4c carbon
fiber mesh jacketing for the total length of a control beam, Figure 4d steel fiber reinforced
concrete SFRC beam, Figure 4e SFRC only at the plastic hinge length (PHL) of a beam,
Figure 4f SFRC and carbon fiber mesh jacketing at the plastic hinge length of a beam, and
Figure 4g carbon fiber mesh (CFM) jacketing for total length with SFRC at the plastic hinge
length of a beam, respectively.
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4. Analytical Investigation

Figure 5 depicts the design of a 1500 mm span, 150 mm wide, and 150 mm deep beam
using the standard finite element (FE) software ABAQUS, version 2020 [30]. The material
properties of M25 for concrete and Fe415 for steel were applied. A carbon fiber jacketing
technique was applied for the total length of a beam. The carbon fiber mesh model was
created as a shell type. For the longitudinal reinforcement, 12 mm in diameter and stirrups
of 8 mm in diameter were used. The reinforcement was placed with a cover provided with
25 mm on each side of a beam as shown in Figure 5. The concrete, reinforcement, and
stirrups are given constraints of the embedded region for interaction with each other. The
point load of 30 kN concentrated force and the boundary condition with both ends fixed
are applied.
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Figure 5. Details of the finite element model for RC beams. (a) Conventional beam. (b) Reinforcement
details. (c) Beam with carbon fiber mesh jacketing for the total length. (d) Beam with carbon fiber
mesh at plastic hinge length.

Convergence Study

The convergence study was analyzed by applying different mesh sizes with the same
load. The mesh sizes of 200 mm, 150 mm, 100 mm, 75 mm, 50 mm, 40 mm, 30 mm, 20 mm,
and 10 mm were applied and analyzed for convergence. By taking the results of load and
displacement for each size, the convergence graph is drawn as shown in Figure 6. In the
graph, when the linear pattern of the line moves, the value is noted. The linear pattern
of line forms from 75 mm to 20 mm mesh size and the convergence value of 75 mm are
chosen for the study.
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5. Experimental Investigation
5.1. General

Concrete has the ability to bear compressive forces on its own. In this research work,
cube specimens of 150 mm are cast to test crushing strength. The casting was performed
for all of the combinations with varying steel fiber dosages. The cubes are cured for the
period of seven, fourteen, and twenty-eight days, respectively. The cubes were examined in
compression testing equipment after curing (CTM), as shown in Figure 7a. The split tensile
strength of ordinary concrete was measured using cylinders measuring 150 × 300 mm.
The cylinder was cured for 7, 14, and 28 days. The cylinders are examined in compression
testing equipment after curing (CTM) as shown in Figure 7b. For determining the flexural
strength of conventional concrete and SFRC, beams of size 500 × 100 × 100 mm were cast.
The testing of the beam is done in the compression testing machine (CTM) after the curing
period, as shown in Figure 7c.
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5.2. Modulus of Elasticity

The modulus of elasticity was calculated by applying uniaxial compression to the
cylinder specimen and measuring the deformations with a dial gauge positioned between
the 200 mm gauge length, as illustrated in Figure 8. The test was carried out using a
compressometer in line with IS 516-1959 [31]. The cylinder specimens were installed on
a compression testing equipment, and a consistent load was applied until the cylinder
collapsed. The target load and deflection are taken into consideration.
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Figure 8. Compressometer test for lateral strain and linear strain measurements.

The deflection values were determined as the strain value based on the length change.
The strain is calculated by dividing the applied load by the cylinder’s cross-sectional area,
and the stress is calculated by multiplying the dial gauge readings by the gauge length.
The deformation of various loads was measured in order to compute the Young’s modulus
of concrete for both the conventional and SFRC specimens. The findings are graphically
displayed versus the tension. The computed modulus of elasticity for conventional con-
crete with SFRC is 25.47 N/mm2 and 29.025 N/mm2, as indicated in Table 6. Analytical
modelling inputs are based on the outcomes of the test.
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Table 6. Modulus of elasticity of specimens.

S.No Specimen Modulus of Elasticity (MPa)

1 Conventional Plain Cement Concrete 25.47
2 Steel—Fiber Reinforced concrete 29.03

5.3. Monotonic Loading on Beams

The 200 kN load cell is fastened to the self-straining testing frame by a hydraulic jack,
and the beam is hinged on both sides. As seen in Figure 9, the repeated loading is delivered
at the middle of the beam’s top. To measure the deflection of the slab under loading until
the final failure cracks occur, a mechanical dial gauge is mounted below the loading region
of the beam.
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6. Result and Discussion
6.1. Stress and Deflection

The point load of a 30 kN concentrated force and with simply supported boundary
conditions were applied. The mesh size of 75 mm was considered in the convergence study.
A peak load of 40 kN with a deflection of 12 mm in the loading direction was achieved.
From the analysis, the stress diagram is derived as mentioned in Figure 10. The maximum
stress concentration is visible near the support and loading areas.
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Carbon fiber mesh jacketing for the total length of the beam achieved a peak load of 
90 kN with a deflection of 18 mm. Meanwhile, a peak load of 65 kN with a deflection of 
18 mm was attained by the beam strengthened with carbon fiber mesh at the plastic hinge 
span location alone. Where the stress distribution evenly takes place throughout the span 
of the beam, jacketing is done throughout the span. However, the stress concentration is 
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The load was applied as displacement rotation and the boundary condition with sim-
ple support was applied. The mesh size of 30 mm was considered in the convergence 
study. From the analysis, the load-deflection graph is derived as shown in Figure 11. 

Figure 10. Stress Pattern- (a) Conventional Beam, (b) SFRC beam, (c) SFRC only at plastic hinge
length of a beam, (d) Carbon fiber mesh jacketing at Plastic hinge length of a conventional beam,
(e) SFRC and Carbon fiber mesh jacketing only at a plastic hinge length of a beam, (f) Carbon fiber
mesh jacketing for a total length of a conventional beam, (g) Carbon fiber mesh jacketing for total
length with SFRC at plastic hinge length.

Carbon fiber mesh jacketing for the total length of the beam achieved a peak load of
90 kN with a deflection of 18 mm. Meanwhile, a peak load of 65 kN with a deflection of
18 mm was attained by the beam strengthened with carbon fiber mesh at the plastic hinge
span location alone. Where the stress distribution evenly takes place throughout the span
of the beam, jacketing is done throughout the span. However, the stress concentration is
converging towards the mid-span.

The load was applied as displacement rotation and the boundary condition with
simple support was applied. The mesh size of 30 mm was considered in the convergence
study. From the analysis, the load-deflection graph is derived as shown in Figure 11.
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The maximum load of 57 kN with a deflection of 18 mm was achieved for a beam
reinforced with steel fiber throughout the span. Steel fiber reinforcement at the plastic hinge
length of the beam achieved the maximum load of 45 kN with a deflection of 18 mm. At the
same time, another set of beams are cast with SFRC and CFM together at the plastic hinge
length of the beam, which shows the maximum load of 60 kN, and the last beam jacketed
throughout the span with SFRC at the plastic hinge length achieved 92 kN. Hence, the beam
jacketed throughout the span with carbon fiber mesh withstand the ultimate load of 64 kN
due to the overall combined performance in reducing bending. Conventional RCC Beam
shows 50 kN ultimate load and 45 kN load achieved by SFRC at plastic hinge length. Steel
fiber at plastic hinge length with overall wrapping of carbon fiber mesh reached 11.58 mm
the least deflection due to resistance to deflection which shows drastic change in stiffness.
Conventional beam shows the maximum deflection if 17.8 mm due to the ultimate.
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6.2. Experimental Results

The compression strengths of conventional concrete and SFRC for 7, 14, and 28 days
are shown in Table 7. Where steel fiber reinforced concrete on 28 of days curing shows the
maximum compressive strength of 31.2 N/mm2.

Table 7. Compressive strength.

Concrete Type 7 Days
(MPa)

14 Days
(MPa)

28 Days
(MPa)

Conventional 16.3 20.5 26.59
SFRC 1.5% 21.58 25.86 31.2

The split tensile strength of conventional concrete and SFRC for 7, 14, and 28 days
is shown in Table 8. The tensile strength of concrete improved by 4.76 N/mm2 after 1.5%
weight of steel fibers was added to the conventional concrete. Meanwhile, the flexural
strength of concrete also improved to 5.1 N/mm2 on 28 days curing as mentioned in Table 9.

Table 8. Split tensile strength.

Concrete Type 7 Days
(MPa)

14 Days
(MPa)

28 Days
(MPa)

Conventional 2.54 3.61 3.9
SFRC 1.5% 3.02 4.45 4.76
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The Flexural strength of conventional concrete and SFRC for 7, 14, 28 days are shown
in Table 9.

Table 9. Flexure strength.

Concrete Type 7 Days
(MPa)

14 Days
(MPa)

28 Days
(MPa)

Conventional 2.1 3.2 4.12
SFRC 1.5% 2.92 3.9 5.1

6.3. Ultimate Load and Deflection of Beams

The ultimate load and defection of the beam are determined by testing the beam with
one-point loading as shown in Figure 12, and the ultimate load and deflection of the RCC
beam are shown in Table 10. The ultimate load of 64 kN was attained by a beam where
carbon fiber mesh jacketing was done for the full length. In the same way, the SFRC only at
plastic hinge length and carbon fiber mesh jacketing for the total length of beam reached
60 kN. Conventional RCC beam and SFRC and carbon fiber mesh jacketing only in the
zone of plastic hinge of a beam are in the same range as 38 kN. The deflection of the beam
seems to be similar for SFRC only at plastic hinge length and SFRC and carbon fiber mesh
jacketing only at plastic hinge length. Beams where carbon fiber mesh jacketing is used for
strengthening show almost 15 mm of deflection. The comparison of all the above load and
deflection data is mentioned in Figure 13 and Table 10.
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Figure 12. Experimental setup (a) Conventional Beam, (b) SFRC beam, (c) SFRC only at plastic hinge
length of a beam, (d) Carbon fiber mesh jacketing at plastic hinge length of a conventional beam,
(e) SFRC and carbon fiber mesh jacketing only at a plastic hinge length of a beam, (f) Carbon fiber
mesh jacketing for a total length of a conventional beam, (g) Carbon fiber mesh jacketing for total
length with SFRC at plastic hinge length of a beam.

Table 10. Ultimate load and defection of beams.

Beam Description Ultimate Load (KN) Deflection
(mm)

Conventional beam 38 8.21
Carbon fiber mesh jacketing at

plastic hinge length of
conventional beam

48 15.43

Carbon fiber mesh jacketing for
the full length of

conventional beam
64 15.95

SFRC 43 13.78
SFRC only at the plastic hinge

length of a beam 41 11.9

SFRC and carbon fiber mesh
jacketing only at the plastic hinge

length of a beam
38 11.63

SFRC only at plastic hinge length
and carbon fiber mesh jacketing

for a total length of a beam
60 15.67
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6.4. Comparative Study on Analytical and Experimental Investigation

In this work, the displacement of the conventional beam, carbon fiber mesh jacketing
for a full length, and carbon fiber mesh jacketing on the plastic hinge length of a beam for
conventional, SFRC, and SFRC only at PHL are compared as shown in Table 11.

Table 11. Comparative study of displacements predicted from the experiments against analyti-
cal predictions.

Model Experimental Displacement Analytical Displacement

Conventional Beam 5.8 8.6
Carbon fiber mesh jacketing

for full length 5.4 5.46

Carbon fiber mesh jacketing
on plastic Hinge Length 6.85 7.04

SFRC 6.86 7.7
SFRC only at plastic

hinge length 7.2 8.32

SFRC and Carbon fiber mesh
only at plastic hinge length 6.54 6.39

SFRC only at plastic hinge
length and carbon fiber mesh

jacketing for full length
5.31 5.5

The experimental and analytical results were compared, which shows the deviation in
results is nominal and in most cases, it’s almost similar.

6.5. Stiffness

The theoretical calculation of stiffness calculated by using l/250 of the beam as per
IS 456:2000 is 6 mm. Figure 14 shows the difference in stiffness of different types of beam
specimens under ultimate loading conditions, which helps to understand the role of the
carbon fiber mesh and SFRC in providing strength to the beams from the experimen-
tal investigation.
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Figure 14. Stiffness of different RC beams.

The stiffness is calculated by the force-displacement relation and the stiffness is shown
in Table 12. From the above results, SFRC only at PHL is stiffer when compared to conven-
tional and SFRC. From the graph, it is obvious that among all the evaluated specimens, the
steel fiber reinforcement at the plastic hinge length and the carbon fiber mesh jacketing
along the complete span acquired the maximum stiffness.

Table 12. Stiffness of different RC beams.

Model Stiffness
(N/m)

Conventional beam 2.30 × 106

Carbon fiber mesh jacketing for full length 4.01 × 106

Carbon fiber mesh jacketing on PHL 3.24 × 106

SFRC 3.27 × 106

SFRC only at plastic hinge length 3.36 × 106

SFRC and carbon fiber mesh only at plastic hinge length 3.44 × 106

SFRC only at plastic hinge length and carbon fiber mesh jacketing for full length 3.83 × 106

7. Conclusions

The performance of a beam with steel fiber reinforcement along the length of the
plastic hinge is presented in this analytical and experimental examination. After being cast
and loaded monotonously, seven different beams’ mechanical characteristics are examined.
These are the findings that were drawn from them.

1. Among different plastic hinge length expressions from Baker, Sawyer, Coreley, Mat-
tock, Park, Pristley, Paulay, Fardis, and Panagiotakos, the Paulay and Pristley ex-
pressions have been considered for plastic hinge length calculations in experimen-
tal investigation.

2. Steel fiber reinforced concrete with a 1.5% content performs better in terms of com-
pressive strength and split tensile strength when compared to regular concrete.

3. The split tensile strength of steel fiber-reinforced concrete seems to be 1.5 times larger
than that of regular concrete due to the dispersion of steel fiber in the concrete, which
influences the bonding and promotes tensile strength. The cylinder specimen was
compressed using uniaxial compression in order to calculate the modulus of elasticity,
and the results showed that the SFRC specimen with 1.5% steel fiber outperformed
the conventional concrete specimen by a factor of 1.14. The same was thus used to
casting beam specimens. The behavior under bending is clearly shown by the flexural



J. Compos. Sci. 2022, 6, 374 19 of 20

strength test, which shows that the flexible beam with steel fiber exhibits a 1.39 times
larger performance gain than that of a normal beam.

4. The results of conventional concrete, CFM jacketed on total length, CFM jacketed on
PHL, SFRC, and SFRC at PHL, SFRC & CF at PHL, and SFRC at PHL & CFM jacketed
on the total length of a beam were compared.

5. Steel fiber reinforcement in concrete has superior tensile strength and can withstand
more severe loads than regular concrete when exposed to monotonic stress. Similar
types of fracture patterns may be seen in steel fiber reinforced concrete with a 150 mm
plastic hinge length and steel fiber dosed over the beam span. The failure happened
simultaneously because of the material’s higher ductility. Cracks are appearing far
from the zone of greatest deflection because of the steel fiber at the hinge length.

6. When compared to the RCC beam, the SFRC beam exhibits comparatively less deflec-
tion. The inclusion of SFRC at simply the length of the plastic hinge of a beam led to a
similar discovery since steel fiber boosts the beam’s strength. Steel fiber reinforcement
offers the same ductility and resilience to the load as SFRC and SFRC solely at PHL
at a 150 mm plastic hinge length. When the traditional beam is reinforced across its
span and steel fibres are used at the length of the plastic hinge, the total stiffness of the
beam is fairly high. The ultimate load-bearing capacity and deflection due to delay in
failure are both increased by carbon fiber mesh jacketing for the complete span with
steel fiber dosage at the plastic hinge length.

7. Hence, from the above discussion two things are very clear, one is instead of providing
steel fiber throughout the span of the beam, provide it at plastic hinge length alone
as both of them provide the same performance under monotonic loading. This will
reduce the number of fibers used for construction and which will be economical as
well. Meanwhile, the next one is carbon fiber jacketing done for the whole beam span
with fiber placed at plastic hinge length shows the best performance when compared
to that of other techniques.

8. Scope for Future Work

Experiments with various types of fibers and with different percentages can be carried
out to extend this work.
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