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Abstract
Introduction: Ferrocement is a low-cost material that can be utilized as a replacement for expensive fiber-reinforced 
polymer (FRP), which is generally used for retrofitting structural and non-structural reinforced concrete members. The 
objective of this paper is to investigate the effectiveness of wire mesh in the retrofitting of flexural members such as 
reinforced concrete beams. It also investigated the flexural capacity of the beams, which are reinforced with wire mesh as 
a partial or complete replacement of regular rebar. The orientations and various forms of the wire mesh within the beam 
section are taken into consideration. The finite element method is used to model and analyze the beams. The structural 
performance of the studied beams, including the load-deflection relationship, first cracked and ultimate cracked loads, 
crack patterns, and flexural stress, were evaluated using the finite element method. The finite element model of the beam 
which is reinforced with wire mesh has been verified with experimental results. The results show that beams retrofitted 
with ferrocement or beams in which rebar is replaced by wire mesh have superior flexural performance and low crack 
depth. The beams retrofitted with wire mesh have a high ultimate load-carrying capacity and ductility. The confinement of 
three-sided wire mesh improves the flexural performance of the beam. It is observed that flexural performance remains the 
same when the length of the wire mesh exceeds half of the span length. 
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Introduction
A reinforced concrete structure often 

exhibits partial damage due to improper design, 
overloading, corrosion of the reinforcement, and 
adverse environmental conditions that reduce the 
serviceability of the structure. It is uneconomical to 
completely replace or demolish a structure that has 
impairments. Therefore, retrofitting or restrengthening 
is necessary to increase the performance at the 
serviceability levels of a partially damaged structure 
or structural components. Retrofitting using carbon 
fiber (CFRP) (Hasan et al., 2020; 2022) or glass fiber 
(GFRP) polymers (Tanaka et al., 1994), steel plate 
bonding (Zisan et al., 2011; Oehlers et at., 2000), and 
concrete jacketing (Kaish at al., 2012; 2013; 2014; 
Jamil et al., 2013) are generally used to regain the 
serviceability of deficient concrete structures. The 
fiber-reinforced polymer known as FRP is widely 
recommended due to its high strength, effectiveness, 
and durability (Pham and Al-Mahaidi, 2014; Adhikary 
and Mutsuyoshi, 2006; Obaidat et al., 2011; Kibria 
et al., 2020). In addition, the seismic protection 
efficiency of the FRP retrofitting method is superior to 
that of traditional retrofitting methods (Al Rjoub et al., 
2019; Cao and Nguyen, 2019).

However, application of FRP material in developing 
countries is rare due to the cost and paucity of FRP 
materials. On the other hand, ferrocement composites 
are low-cost and relatively light and have been used 
in repairing concrete structures (Gaidhankar et al, 
2017; Leeanansaksiri et al., 2018). Instead of steel or 

timber formwork, ferrocement formwork can be used 
as a permanent component of structural elements 
(Matalkah et al., 2017; Shaaban, 2002). It is claimed 
that ferrocement composite has high strength, 
homogeneous crack propagation and distribution, 
including a low crack depth, and high toughness, 
which makes ferrocement a superior building material 
(Fahmy et al., 2004; 2012; Husein et al., 2013; 
Shaheen and Eltehawy, 2017). The ferrocement has 
sufficient bending capacities, and its well-distributed 
cracks provide adequate warning before failure (El-
Wafa and Fukuzawa, 2008; 2010; Kadir et al. 1997; 
Al-Sulaimani et al., 1991). Therefore, ferrocement 
composite could be an important retrofitting tool for 
reinforced concrete beams.

In previous research, it has been concluded 
that ferrocement increases the shear capacity 
while limiting the crack opening (Fahmy et al., 
2014). It was reported that RC slabs and masonry 
walls retrofitted with ferrocement have superior 
performance under different loading conditions 
(Hago et al., 2005; Ashraf et al., 2012). The 
ferrocement composite has been widely used in 
column jacketing because of high confinement and 
ductile performance of the column under cyclic 
and axial loads (Kaish et al., 2012; Abdullah and 
Takiguchi, 2003). Some researchers claimed that 
ferrocement enhances the shear bond performance 
of RC beams (Li et al., 2018; 2013; El-Sayed and 
Erfan, 2018). The structural behavior of concrete 
beams fabricated with lightweight core material 
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and then furnished with various wire mesh has 
been examined by Shaaban et al. (2011; 2013). 
It is claimed that these beams are lightweight 
and cost-effective for the retrofitting of residential 
buildings. The effectiveness of ferrocement for 
retrofitting beam-column joints was studied by 
Shaaban and Seoud (2018) and Li et al. (2013). 
It indicated that ferrocement layers revealed high 
ultimate capacities, high ultimate displacements, 
and large ductility. It did not suffer heavy damage, 
as was observed for the traditionally reinforced 
concrete RC beam. Muhit et al. (2021) and Niloy 
and Islam (2017) conducted flexural tests on RC 
beams retrofitted with ferrocement and discovered 
that elastic stiffness and ultimate load carrying 
capacity increase in ferrocement beams while 
crack width decreases. The performance of a 
ferrocement beam due to the orientation of wire 
in the wire mesh and the amount of layer to be 
used, was studied by Fahmy et al. (2014), using a 
U-shaped form of the ferrocement. Shaheen and 
Eltehawy assessed the effectiveness of U-shaped 
ferrocement forms (Shaheen et al. 2017). However, 
these studies do not cover the flexural performance 
of beams with partial or complete replacement of 
shear and main reinforcements with ferrocement, 
which is considered in this study. It also studied 
the flexural performance of a reinforced concrete 
beam with a rectangular shape of ferrocement as 
well as ferrocement placed only at the bottom of 
the beam.

The use of ferrocement throughout the length of 
beams is costly. Therefore, the optimum length of 
the wire mesh is necessary to minimize the cost and 
labor. In the current study, RC beams retrofitted with 
a U-shape, closed-rectangular shape ferrocement, 
or ferrocement added at the bottom of the RC 
beam were investigated in order to identify the 
effectiveness of wire mesh in enhancing the flexural 
performance. In addition, the effectiveness of 
ferrocement in retrofitting of a beam with partial and 
complete replacement of conventional steel bars is 
being investigated. The finite element (FE) method 
is an efficient tool for analyzing nonlinear behavior 
such as stress-strain and crack patterns in beams. 
This method was used by several researchers to 
analyze the nonlinear flexural characteristics of 
RC and prestressed concrete beams (Faherty, 
1972; Anthony and Wolanski, 2004; Sowmya and 
Venkatasubramani, 2017). Tjitradi et al. (2017) 
examined the collapse mechanics and observed 
the flexural crack generation method. In this study, 
analysis of beams was carried out using the ANSYS 
program. The critical load, deflection, and stress at 
the midspan of the beam, and the crack within the 
concrete are taken as key parameters to measure the 
performance of the beam with different ferrocement 
approaches.

Finite Element Modelling
Table 1 defines and describes the various types of 

beams that are modeled and examined in this study. 
A standard reinforced concrete beam, which is called 
an experimental beam, is abbreviated as CB. The 
length of the CB is 1000 mm, and the cross section 
is 225 × 150 mm. The effective span is assumed 
to be 900 mm. There are two 12 mm bars at the 
bottom and two 10 mm bars at the top of the beam. 
The clear cover for the main steel is assumed to be 
25 mm. The diameter of the web reinforcement is 8 
mm and it is placed at a rate of 8 mm center-to-center 
distance. A detailed description of the geometric 
properties, vertical load, and boundary conditions 
of the experimental beam is given in (Fig. 1) (Niloy 
and Islam, 2017; Chanda et al., 2022). The original 
bar in the experimental beam is substituted by an 
equal amount of wire mesh by mass in the type I 
beams (CB-1 and CB-2). In CB-1, only the web 
reinforcement is replaced, whereas in CB-2, both 
the web and the main reinforcement are replaced by 
wire mesh. The wire diameter and the size of the 
wire mesh opening are given in Table 1. In beam 
type II, the experimental beam is reinforced with 
wire mesh, as shown in (Fig. 2), which includes the 
possible arrangement of wire mesh from a practical 
point of view. The opening size of the wire mesh is 
25 mm, which is used for retrofitting beams in Group 
II. In group II, the wire mesh is first glued around 
the periphery of the beam and then tightened using 
the royal plus and screw (Niloy and Islam, 2017). 
Then a 25 mm fresh cement mortar cover was used 
above the wire mesh. Table 2 shows the material. 
An isotropic and bilinear stress-strain model is 
assumed for the wire mesh and rebar. To determine 
the compressive strength of concrete, cylindrical 
specimens were prepared while experimental 
control beams were cast. The compressive strength 
of concrete, 22 MPa, is determined by a laboratory 
test (Niloy and Islam, 2017). A multilinear isotropic 
material model specified by Eqns. (1) and (2) as 
shown in (Fig. 3), is assumed for concrete materials.
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Here, ƒ is the concrete stress (MPa) at strain ε, 
ε0 is the strain at crushing strength, f′c. The rupture 
modulus of concrete is measured by Eq. (3).

f fr c� �0 7.                            (3)
The shear transfer coefficient determines the 

amount of shear transfer through a crack, and it 
ranges from 0 to 1.0, with 0 representing no shear 
transfer and 1.0 representing full shear transfer. 
In this study, the coefficient of open shear transfer 
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Table 1. Definition of various types of beams

Beam type Model Definition of the beam
I CB Experimental beam 

CB-1 The web reinforcement of CB is replaced by wire mesh (3.5 mm wire has 25 mm mesh opening)
CB-2 Both web and main bars of CB are replaced by wire mesh (4.7 mm wire has 25 mm mesh opening)

II FRB-1 Ferrocement retrofitted beam with square wire mesh along three sides
FRB-2 Ferrocement retrofitted beam with only bottom side square wire mesh
FRB-3 Ferrocement retrofitted beam with diagonal wire mesh along three sides
FRB-4 Ferrocement retrofitted beam with only bottom side diagonal wire mesh
FRB-5 Ferrocement retrofitted beam with all side square wire mesh

Fig. 1. Geometry and boundary conditions of experimental beam (CB)

Fig. 2. Cross-section of different retrofitted 
beams with wire mesh

Table 2. Material parameters

Material E
[GPa] ν fc'

[MPa]
σy

[MPa]
Et

[MPa]
Open Shear Transfer 

Coefficient
Close Shear 

Transfer Coefficient
Concrete 20 0.2 22.0 — — 0.3 1.0

Support and loading plates 200 0.3 — — — — —
Reinforcement and wire mesh 200 0.3 — 414 20 — —
E: Elastic modulus, ν: Poisson’s ratio, fc': Concrete strength, σy: Yield strength, and Et: Tangent modulus

Fig. 3. Multilinear stress-strain curve of concrete

 

 

 

 

 

 

is assumed to be 0.30. It is assumed to be larger 
than 0.20 to avoid the difficulties related to the 
convergence of solutions. The close shear transfer 
coefficient is assumed to be 1.0 (Tjitradi et al., 2017; 
Si et al., 2008). In the finite element analysis, it is 
assumed that concrete and steel are isotropic. There 
is adequate bond strength at the interface of these 
two materials.

The Solid65 and Link180 elements that are used 
to discretize the reinforced concrete beam are shown 
in (Fig. 4) (ANSYS, 2013). Solid65 has eight nodes. 
It is used to model concrete parts, beam support 
plates, and loading plates. Link8 has two nodes 
that are used to model rebar and wire mesh. Each 
element has three translation degrees of freedom 
at each node. The FE models of different types of 
beams are shown in (Fig. 5). The support reactions 
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and imposed vertical load at the 1/3rd point of the 
beam are shown in (Fig. 5d). The beam ends are 
modelled as simple support conditions. Steel and 
concrete share a common node, and it is assumed 
that the strain in concrete is equal to the strain in 
steel. The whole vertical load is divided into two parts 
and placed at the 1/3rd point location of the beam, 
as shown in (Fig. 5d). The finite element model 

Fig. 5. FE models of beam

Fig. 6. Convergence test of the FE model

a) Main and web reinforcements 
in the experimental beam (CB) b) Main reinforcement and wire mesh in CB-1

c) Main and web reinforcements in CB-2 d) Support and imposed vertical load

has about 3000 elements, around 4000 nodes, 
and 10,000 degrees of freedom. A convergence 
analysis is performed to check the competency of 
the finite element model. It is found that the beam 
deflection at the midspan is almost the same when 
the number exceeds 2500 as shown in (Fig. 6). The 
solution for the analyzed beam is obtained through 
an incremental nonlinear static analysis.

 
 

�
 

Fig. 4. Element used to discretize reinforced concrete beam

a) 3-D Solid65 b) Link180

Model Verification
The loading test that was conducted using the 

UTM in the structural engineering laboratory at 
Chittagong University of Engineering & Technology 
is shown in (Fig. 7a). The contour for the deformed 
shape of the experimental beams found from 
the finite element analysis is shown in (Fig. 7b). 
A comparison of the displacement at different levels 
of the load between results of the finite element 
analysis and that from the loading test is shown 
in (Fig. 8). A detailed explanation of the model 
verification can be found in Chanda et al. (2022). 
From a comparison, it is assumed that the finite 
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element model is quite accurate and can be used to 
predict the flexural behavior under vertical load.

Performance of the Beams
The load versus vertical displacement for the 

retrofitted beams and that for the experimental 
beams until the ultimate cracking point is shown in 
(Fig. 9a). The deflection is measured at the midspan 
of the beams. The deflection of beams shows a 
proportional relationship with the applied load. All 
beams remain elastic up to a displacement of 1.0 mm, 
and the elastic capacity lies in the range of 50~70 kN. 
The capacity of the retrofitted beams is higher than 
that of the experimental beam (CB), which is more 
pronounced in the large loading range. The flexural 
capacities of the FRB-1, FRB-3, and FRB-5 are about 
32%~40% greater than those of the CB. Similarly, the 
capacity of FRB-2 and FRB-4 is about 15% higher 
than that of the CB. The superior capacity of FRB-1, 
FRB-3, and FRB-5 beams is expected due to the 
confinement effect of the U-shaped or rectangular-
shaped arrangement of wire mesh. Besides, the 
flexural capacity of retrofitted beams made with 
square and diagonal openings of wire mesh does not 
differ significantly. The figures show that, beyond the 
displacement of 2.5 mm, the retrofitted beams exhibit 
large vertical displacement without increasing failure 
loads where cracks are observed before the failure. 
It is ensured that ferrocement enhances the ductility 
of beams, which is necessary for balance control 
design. It is found that only the replacement of shear 

reinforcement by wire mesh has no significance 
as shown (Fig. 9b). However, when both main and 
shear reinforcements are replaced by wire mesh, 
the capacity remains below CB. On the other hand, 
it increases the ultimate load capacity by 12% and 
the vertical displacement at the midspan by 25% at 
ultimate load. Therefore, wire mesh enhances the 
ductility and flexural capacity of a reinforced concrete 
beam.

The first and ultimate cracking loads among the 
retrofitted and experimental beams are shown in 
(Fig. 10). Imposed loads on the beams at the first 
and ultimate cracks in the CB and FRB-1, which 
are found from the experiment, are comparable 
with the FE computation. The maximum deviation 
of the FE computation is 12.5% and 7.6% for the 
first and ultimate cracking loads, respectively. The 
distribution of flexural cracks under the first and 
ultimate cracking loads is shown in (Fig. 11). The 
crack pattern in the beam found in the experiment 
and that from the finite element analysis are also 
comparable, which indicates the efficiency of the 
FE computation. According to (Fig. 10a), the first 
cracking load found from the loading test is about 
80 kN for CB and 90 kN for FRB-1. The ultimate load 
capacity for the same beams is 120 kN and 160 kN, 
respectively. It indicates that capacity is increased 
by 13% and 33% at the first and ultimate cracking 
stages, respectively, due to the implementation 
of wire mesh along three sides of the beam. It is 

Fig. 7. Deflection of the beam (a) Experiment (b) Finite element analysis

Fig. 8. Comparison of vertical displacement between experimental 
and finite element analysis at different levels of load

�
 

�
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also seen that the first cracking load increases by 
42.85%, 28.57%, 28.57%, 14.28%, and 42.85% 
in the case of FRB-1, FRB-2, FRB-3, FRB-4, and 
FRB-5, respectively, compared to the numerical 
result of the CB. The ultimate load capacity of CB 
and FRB-1 is 130 kN and 165 kN, respectively, and 
the ultimate capacity increases when wire mesh is 
placed along three sides (FRB-1, FRB-3, and FRB-5) 
of the beam. The ultimate capacity of FRB-1, 
FRB-2, FRB-3, FRB-4, and FRB-5 is 26.93%, 19.23%, 
30.76%, 19.23%, and 34.61%, respectively, higher 
than that of the CB. In general, it can be concluded 
that wire mesh increases the flexural capacity of 
a beam by 15%~43% at the first crack condition and 

Fig. 9. Load-deflection of the analyzed beams

Fig. 10. First and ultimate crack loads in different retrofitted beams

Fig. 11. First and ultimate crack distribution: Experiment beam CB: (a, b) and FE analysis (c, d)

�
 

a) Ferrocement retrofitted beams b) Beams with partial and complete replacement of rebar

 
 

20%~35% at the ultimate load condition, and these 
capacities increase significantly when wire mesh is 
used along three sides of the beam.

The first and ultimate flexural crack and its 
propagation and distribution in different retrofitted 
beams are shown in (Fig. 12). In comparison with 
(Fig. 11), the flexural crack is more uniform and 
well distributed in the beam retrofitted with wire 
mesh. A similar crack pattern in the CB-1 and CB-2 
in comparison with the crack pattern in the CB is 
observed in (Fig. 13). It indicates that when the main 
reinforcement is replaced by wire mesh, the length 
of the crack part of the concrete beam is enlarged. 
When both shear and flexural reinforcements are 

�
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Fig. 12. Flexural crack distribution in different retrofitted beams at first crack and ultimate loads crack

Fig. 13. Flexural crack distribution in different beams

Fig. 14. crack depth in different retrofitted beams

�

�
 

�
 

replaced by wire mesh, the crack depth is reduced 
due to the confinement effect. The crack depth in 
different beams is shown in (Fig. 14). Under a fixed 
value of the imposed load, the flexural crack depth 
is the lowest in the FRB-1, FRB-3, and FRB-5 in 

comparison to the CB, FRB-2, and FRB-4. It implies 
that the flexural tension crack is improved when wire 
mesh is employed in the reinforced concrete beam.

Flexural Stress in Concrete
The flexural stress at the top and bottom surfaces 

is shown in (Fig. 15a). These stresses are estimated 
at the middle of the span of the beams. These 
stresses are proportional to the vertical displacement 
of the beam. It shows that the top fiber stress 
(compression) in the CB is comparable with that 
of the CB-1. The maximum value of compression 
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Fig. 15. Flexural stress in different experimental beams

Fig. 16. Flexural stress at different retrofitted beams

 
 

a) Concrete stress (compression) b) Concrete stress (tension)

 
 

a) Concrete stress (compression) b) Concrete stress (tension)

stress in CB-1 is 5.9 MPa at a failure load of 125 kN. 
The compression stress in the CB-2 at the same 
level of vertical load is about two times that of the 
CB or CB-1. The flexural stress (tension) at the 
mid-span location is shown in (Fig. 11b). It shows 
that a beam reinforced with wire mesh is capable 
of sustaining a high bending force. The first crack 
within the beams is observed at 60 kN, until which 
the stress within the beam is proportional to the 
strain. Concrete stress (tension) drops significantly 
and moves to zero due to an increase in vertical load 
after the first crack appears. The concrete stress 
remains close to zero because the tension force is 
carried by the reinforcement. The flexural stress in 
retrofitted beams with different layouts of wire mesh 
in comparison with the stress in the experimental 
beam is given in (Fig. 16). The peak ultimate 
compressive and tensile stresses in the retrofitted 
beams are comparable to those of the CB and lie 
between 5.0~6.0 MPa and 2.0 MPa, respectively. 
It means that the stress in the retrofitted beams is 
not significantly changed when reinforced with wire 
mesh. After the first flexural crack, the tensile stress 
in the bottom concrete becomes unpredictable.

Optimum Length of Wiremesh
The use of wire mesh along the entire length 

of a partially damaged beam is uneconomical. 
Therefore, the optimum length of the wire mesh for 
satisfactory flexural performance is of concern. In the 

current study, the wire mesh length is defined as a 
percentage of the span of the beam. The optimum 
length is the length of the wire mesh beyond which 
the stress and deflection remain unchanged under a 
fixed flexural load. The optimum length is determined 
using the incremental load procedure. The maximum 
load is assumed to be 140 kN. The stress is measured 
at the tip of the major crack, while the deflection 
is at the middle of the span length. The midspan 
deflection in the retrofitted beams with different 
lengths of the wire mesh is shown in (Fig. 17a). The 
rate of displacement decreases when the length of 
the wire mesh is increased. For a length exceeding 
50%, the displacement is almost the same. Similarly, 
flexural stress, as shown in (Fig. 17b) remains the 
same when length exceeds 40%. In general, the 
influence of wire mesh length is negligible when the 
length of wire mesh exceeds 50%. Therefore, 50% 
of the span length of a beam may be considered the 
optimum length of wire mesh.

Conclusion
The FE approach is used to evaluate the bending 

behavior of reinforced concrete beams strengthened 
with wire mesh. The possibility of a concrete beam 
that has been partially or completely reinforced with 
steel wire is also being studied. The finite element 
model of the experimental beam is tested against the 
loading test results. The bending load performance 
of the beams is assessed in terms of load carrying 
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(a) Deflection vs length (%) of the wire mesh 

 
(b) Stress vs length (%) of the wire mesh 

 

 
(a) Deflection vs length (%) of the wire mesh 

 
(b) Stress vs length (%) of the wire mesh 

 Fig. 17. Deflection and flexural stress 
for different lengths of the weir mesh

b) Stress vs length (%) of the wire mesh

a) Deflection vs length (%) of the wire mesh

capacity, beam deflection, working stress, crack and 
crack depths, and wire mesh optimal length. The 
main findings of this research are briefly summarized 
below:

–– A beam in which rebars are partially or 
completely replaced by steel wire or a steel-reinforced 
concrete beam strengthened with wire mesh has 
greater bending capacity than a conventional steel-
reinforced concrete beam. The wire mesh increases 
the flexural capacity by 15%~43% at the first 
crack and 20%~35% at the ultimate load, which is 
significant when wire mesh is used along three sides 
of a beam.

–– The deflection and concrete stress at the failure 
load level are large when regular reinforcement is 
replaced with an equal quantity of wire mesh by 
mass. The beam retrofitted with wire mesh has 
higher ductility and lower flexural stress.

–– Wire mesh improves the flexural crack 
distribution and reduces the depth of flexural cracks.

The length of wire mesh equal to 50% of the span 
length is sufficient to reinforce a partially damaged 
beam, beyond which the concrete stress and beam 
deflection remain unaffected.
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