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A B S T R A C T   

Steel reinforced polymers (SRP) are useful in a wide range of applications, including strengthening of existing 
reinforced concrete (RC) structures, due to their numerous advantages like high strength, low maintenance, light 
weight and low cost. As such, galvanized steel mesh (GSM) has emerged as an option in the strengthening of RC 
structures. Although numerous studies were performed on GSM strengthened RC beams, the durability of such 
strengthening systems is yet to be fully understood. This paper presents an experimental and numerical study to 
investigate the strengthening effect of GSM on RC beams as well as the time-depended behavior of RC beams 
with and without strengthening. Reinforced concrete beams without strengthening were used as control beams. 
For the strengthened beams, both high cord density galvanized steel mesh (HSM) and medium cord density 
galvanized steel mesh (MSM) were used after which the beams were exposed to Qatar atmospheric environment 
for different periods of time following 28 days of water curing. Finite element analyses using ABAQUS software 
were conducted to predict the mechanical behavior of the RC beams with and without strengthening. The results 
showed an improvement ranging from 46% ~ 57% in the ultimate load of GSM strengthened beams, with a 
higher initial cracking load ranging from 3% ~ 35% when compared to the unstrengthened beams. On the other 
hand, the time-dependent effect of the concrete has limited influence on the initial cracking load of both systems 
(before and after strengthening) while the ultimate load increased gradually with time due to the strength 
development of concrete. The results obtained from this study are useful in improving the design, construction, 
and maintenance of RC beams strengthened with GSM laminates.   

1. Introduction 

Reinforced concrete (RC) structures have been widely used in the 
construction industry for their relatively low cost and high accessibility 
[1]. After operating in service for a long durations, structural assets 
made of concrete deteriorate due to overloading or natural aging under 
harsh environmental conditions. This may affect the safety and 
serviceability of these assets, potentially leading to disruption to the 
society and damage to the economy. Therefore, in order to avoid such 
scenarios, strengthening of deteriorated RC structures is required with 
time. In engineering practice, several strengthening methods are avail
able, such as strengthening with metallic plates [2], fiber reinforced 

polymer (FRP) laminates [1,3], post tensioning [4,5], concrete or steel 
jacketing [6,7] and injection of epoxy [8,9]. Among these strengthening 
methods, FRPs has been widely used due to their beneficial properties 
like corrosion resistance and environmental durability. It is widely 
acknowledged that FRPs are a good option for enhancing the load- 
bearing capacity of RC structures and knowledge about FRP mechani
cal properties has been developing in recent years. Nevertheless, its high 
cost limits the widespread of its application in engineering practice [1]. 

A more cost-effective strengthening system, using steel reinforced 
polymer (SRP) sheets, has been drawing increasing attention in recent 
years from researchers and engineers around the world. As a type of SRP, 
embedding galvanized wire steel meshes (GSM) in epoxy was firstly 
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proposed in the 1990s; in this system the steel wire mesh which has a 
very high strength is attached with epoxy to concrete surfaces, thus 
enabling a reliable composite action between the concrete and the 
strengthening material. Many studies have also been performed in 
recent years to investigate the real performance of using steel mesh in 
strengthening RC structures. Xing et al. [10] applied steel wire mesh 
(SWM) as the strengthening material and embedded the steel mesh in 
polymer mortar overlay to strengthen T-beams. Five specimens with 
one-third scale were fabricated and tested under a four-point bending 
moment. In the study, the strengthening effectiveness of the steel wire 
mesh system and the negligible effects of loading history on the ultimate 
load-bearing capacity of strengthened beams were confirmed. Napoli 
and Realfonzo [11] conducted four-point bending tests on SRP- 
strengthened slabs using different densities of steel mesh, and the 
varying parameters were the number of the layers and the density of the 
steel mesh. The results showed that delamination failure of concrete was 
found in most of the cases, except for the specimens with one layer of 
low-density steel mesh in which fracture of sheet was observed. Hawileh 
et al. [12] studied the effects of medium and high-cord density hardwire 
steel fibers in strengthening RC beams. The test results showed that the 
ultimate load-bearing capacity of RC beams has been significantly 
increased by such light sheets. On the other hand, the ductility of the 
strengthened beams decreased due to concrete cover delamination. 
Experimental tests of eighteen small-scale RC beams which were fabri
cated with self-compacting concrete and strengthened with steel wire 
mesh system, were conducted by Mohamed et al. [13], and the test re
sults confirmed the increase in the load-bearing capacity due to 
strengthening. It was also found that reinforcement ratio has a signifi
cant effect on the flexural strength. In terms of ductility behavior a 
different conclusion from Hawileh’s [12] study was obtained, which is, 
SWM strengthened beams normally achieve better performance on 
ductility compared to control beams. Abdalla et al. [14] proposed a 
strengthening system with both aluminum alloys (AA) and galvanized 
steel mesh or CFRP employed where four RC beams were cast and tested 
under four-point bending. The test results showed that the proposed 
strengthening system could improve the ultimate load-bearing capacity 
and ductility effectively. Yuan et al. [15] also proposed a new method 
for strengthening deteriorated RC beams by employing high-strength 
steel wire and high ductile engineered cementitious composites (ECC). 
A total of nine specimens were used to investigate the mechanical per
formance of this strengthening method, and the effect of the matrix type 
of the strengthened layer and reinforcement ratio in the strengthened 
layer were examined. It was found that matrix type of the strengthened 
layer does not affect the failure mode, and an obvious ductility decrease 
of strengthened beam was observed. Studies [14] and [15] show the 
flexibility of the application of SWM in the strengthening of concrete 
structures. 

Based on the existing studies, it is clear that the short-term behavior 
of this kind of strengthening method was the main focus. Considering 
the typically long service life of civil engineering infrastructure, dura
bility and time-dependent behavior of RC structures are crucial con
siderations. Research on the durability or long-term behavior of the RC 
beams strengthened with steel wire mesh was rarely studied [16]. Al- 
Khafaji et al. [17] who investigated the durability performance of the 
bond surface of a steel-reinforced polymer strengthening system, sub
jected to a harsh environment, falls into this category. In addition, 
although there are a few numerical simulations that have been con
ducted to study the durability performance of the FRP-strengthened RC 
beams (for example the research conducted by Hasani et al. [18]) nu
merical studies on the durability performance of steel-reinforced poly
mer strengthened RC beams are still limited. The aim of this paper is to 
numerically investigate the short-term and long-term behavior of RC 
beams strengthened using steel mesh laminates; the numerical results 
are then compared with the experimental results [16] in which testing 
was conducted to obtain the actual durability performance of the steel 
mesh-strengthened RC beams. The finite element modelling (FEM) 

simulations were carried out in this study to characterize the flexural 
behavior of the strengthened RC beams and to investigate the influence 
of concrete aging properties and interfacial strength on the behavior of 
the strengthened beams. 

2. Experimental program 

2.1. Description of specimens and loading tests 

In order to evaluate the short-term and long-term behavior of the RC 
beams strengthened with GSM laminates, a total of 24 specimens were 
designed and manufactured for the loading tests in this study. The de
tails of the test specimens are illustrated in Table 1 and Fig. 1. Eight 
concrete beams without strengthening were used as control beams (CB). 
Different cord densities, medium cord density steel mesh (MSM, 4.72 
cord/cm) laminates and high cord density steel mesh (HSM, 7.09 cord/ 
cm) laminates were employed in 8 specimens respectively for compar
ison purposes. The loading tests were performed on two specimens of 
each category after 28 days, 6 months, 12 months, and 24 months after 
the concrete casting in order to investigate the short-term and long-term 
behavior of the specimens. 

The dimensions and design details of the beam specimens are shown 
in Fig. 1. The beams had a section of 140 mm in width and 280 mm in 
depth. For the HSM specimens, the steel mesh laminate only covered 
120 mm of the whole width of 140 mm, which is different from that in 
MSM specimens, so both groups can have an equivalent reinforcement 
ratio. The definition of the equivalent reinforcement ratio ρeq [16] is 
included here as follows: 

ρeq = ρs + nρf =
As

bd
+

Ef

Es

Af

bd  

where: 

ρs is the reinforcement ratio of main flexural steel, 
n is the ratio between elastic modulus of galvanized steel mesh sheet 
and steel reinforcement, 
As is the area of main reinforcement, 
b and d represent the beam’s width and depth, 
Af is the area of steel mesh laminates. 

The equivalent reinforcement ratio of 120 mm HSM is 0.0079, which 
is similar to the reinforcement ratio of 140 mm MSM of 0.0078. Two 
rebars with a diameter of 12 mm were placed at the beams’ tension zone 
and two rebars with a diameter of 10 mm were employed at the 
compression zone (Fig. 1). The concrete cover was 25 mm at the top side 
of the section and 30 mm at the bottom. 

The material properties used in this study are shown in Table 2. As 
for the concrete, the ordinary Portland cement CEM I R42.5, gabbro 
aggregates of 12.5 ~ 25 mm size and washed sand of 0 ~ 4.75 mm were 
utilized to cast the concrete. 

In this study, the strengthening of concrete beams was performed in 
three steps: (1) roughening of beam soffits was carried out to enhance 
the bond between the steel mesh and the concrete beam, (2) mixing the 
two parts of the epoxy resin and applying it on the roughened concrete 
surface and (3) placing the steel mesh on the epoxy layer, as shown in 
Fig. 2. 

Table 1 
List of test specimens.  

Exposure time Exposure condition 

CB MSM HSM 

28 days 2 2 2 
6 months 2 2 2 
12 months 2 2 2 
24 months 2 2 2  
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2.2. Setup and instrumentation of the loading test 

In the loading tests shown in Fig. 3, the RC beams were loaded under 
four-point bending. The tests were carried using a universal testing 
machine with a load capacity of 2000kN. The loading was applied using 
a displacement control method with a rate of 1 mm/min. Two linear 
variable differential transducers (LVDTs) were placed on both sides of 
the beam at mid-span to measure the vertical displacement of the beam 
specimens. In order to investigate the sectional strain distribution and 
strain development over time, one strain gauge was attached to the top 
surface of the concrete, two strain gauges were mounted on the surface 
of the reinforcement, and one strain gauge was attached to the 
strengthening laminate at mid-span, as shown in Fig. 3. 

3. Numerical simulation 

3.1. General 

The numerical simulation was carried out in three dimensions using 
the finite element method in the commercial software ABAQUS. Creep 
and shrinkage were considered in the analysis to take into account the 
aging effect of the concrete. However, due to the lack of an appropriate 
built-in creep model in ABAQUS, a user subroutine was developed in this 
study in Fortran77 to consider the effect of concrete creep and shrinkage 
based on the model stipulated by CEB fib [29]. Since the creep and 
shrinkage strains have similar characteristics to thermal strain, the creep 

and shrinkage strains obtained from the fib model were transferred to 
thermal strain using the subroutine EXPAN and then submitted to the 
implicit solver. 

3.2. Element types and interactions 

The finite element (FE) models developed for the test specimens are 
shown in Fig. 4. In the developed FE model, the solid element C3D8R, 
shell element S4R and truss element T3D2 were used to simulate the 
concrete beam, steel mesh laminate and reinforcing rebars, respectively. 
The C3D8R element is a frequently used linear solid element with one 
integration point and eight nodes. To account for the bond relationship 
between the concrete and steel mesh laminate, cohesive contact was 
employed to simulate the bonding behavior of the interface. 

3.3. Boundary and loading conditions 

In this study, the boundary conditions and loading are divided in two 
stages. The first stage is the period of concrete curing (28 days) followed 
by the preservation (6 months, 12 months, and 24 months). The second 
stage is to apply loading till beam failure. To calculate the time- 
dependent effects in concrete, in the first stage, only gravity of the 
whole specimen was activated, and the corresponding boundary was set 
as UY = 0 to simulate the ground support, as shown in Fig. 5 (a). It is 
noted that the coordinate system X, Y and Z denote the lateral, vertical 
and beam axis directions, respectively. In the next stage, as shown in 
Fig. 5 (b), the boundary condition was modified to a simply supported 
boundary. Degrees of freedom (DOFs) in UX, UY and UZ were restricted 
in one of the supported lines, while the other support was restricted only 
in UX and UY. The displacement-controlled loading method was used in 
the numerical analysis with the load applied at the beam’s top surface as 
shown in Fig. 5 (b). 

3.4. Material properties 

3.4.1. Concrete 
The concrete behavior in compression was assumed to follow the 

Fig. 1. Size dimensions of the concrete beam and steel mesh laminate.  

Table 2 
Mechanical properties of materials.  

Materials Compressive 
strength (MPa) 

Tensile 
strength 
(MPa) 

Elastic 
modulus 
(GPa) 

Yield 
strength 
(MPa) 

Concrete 42 4.03 –  – 
Steel 

rebars 
– 621 200  536.2 

GSM – 3070 190  – 
HSM – 3070 190  –  
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stress-strain curve, shown in Fig. 6, which is based on the standard 
specification for concrete structures [28] (JSCE). Based on the material 
tests, the compressive strength achieved after 28 days was 42 MPa. The 

elastic modulus of concrete was taken as 29.71 GPa, and the Poisson’s 
ratio was set as 0.17. The curve that describes the compressive behavior 
of concrete is defined by Eqs. (1)–(3), while the tensile curve is described 

Fig. 2. Strengthening process of the specimens.  

Fig. 3. Test setup.  
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by Eqs. (4) and (5). 

σc = k1fcd⋅
εc

0.002
⋅
(

2 −
εc

0.002

)
(1)  

k1 = 1 − 0.003fck⩽0.85 (2)  

εcu =
155 − fck

30000
, 0.0025⩽εcu⩽0.0035 (3) 

Fig. 4. Finite element model.  

Fig. 5. Boundary conditions of FEA model.  
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where σc, εc, fcd, fck, εcu denote compressive concrete stress, compressive 
concrete strain, design compressive strength of concrete, nominal 
compressive strength of concrete, ultimate compressive strain of con
crete, respectively. The item k1 is a reduction factor. 

ftk = 0.28⋅f 2/3
ck (4)  

σt = ftk

(
εtk

εt

)0.4

(5) 

where σt, εt, ftk, εtk denote tensile concrete stress, tensile concrete 
strain, tensile strength of the concrete, tensile concrete strain corre
sponding to the concrete tensile strength, respectively. 

To take account for the time effects (creep) of concrete, Eq. (6) [29] 
is used to predict the development of concrete strength with time. 

fck(t) = βcc(t)⋅fckwithβcc(t) = exp

{

s⋅

[

1 −

(
28
t

)0.5
]}

(6)  

where fck(t) is the nominal compressive strength at an age t, βcc(t) is a 
coefficient to describe the strength development with time, and s is a 
coefficient that depends on the strength class of the cement and its value 
is 0.2 according to the CIB [29]. 

Since specimens in this research work had different concrete ages 
and the aging effects could have an influence on the beams’ behavior, 
creep and shrinkage of concrete were considered in the analysis by using 
the model recommended by the CEB fib model [29]. For the calculation 
of creep strain, Eq. (7) is employed. 

εcc(t, t0) =
σc(t0)

Eci
φ(t, t0) (7)  

where εcc(t, t0) is the creep strain caused by a constant stress σc(t0) 
applied at time t0, Eci is the modulus of elasticity at the age of 28 days. 
The creep coefficient φ (t, t0) can be divided into two parts, including the 
basic creep coefficient φbc (t, t0) and the drying creep coefficient φdc (t, 
t0), as shown in Eq. (8), which is. 

φ(t, t0) = φbc(t, t0)+φdc(t, t0) (8)  

where the basic creep coefficient φbc (t, t0) and drying creep coefficient 
φdc (t, t0) are defined in Eqs. (9) and (10), respectively. The basic creep 

coefficient φbc (t, t0) is expressed as. 

φbc(t, t0) = βbc(fck)⋅βbc(t, t0) with

βbc(fck) =
1.8

(fck)
0.7 and βbc(t, t0) = ln

((
30
t0

+ 0.035
)2

⋅(t − t0) + 1

)

(9)  

where fck is the nominal compressive strength at the age of 28 days, t0 is 
the age of concrete at loading in days. The drying creep coefficient φdc (t, 
t0) is expressed as. 

φdc(t, t0) = βdc(fck)⋅β(RH)⋅βdc(t0)⋅βdc(t, t0) with

βdc(fck) =
412

(fck)
1.4, β(RH) =

1 −
RH
100̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.1⋅
h

100
3

√ , βdc(t0) =
1

0.1 + t0.2
0

(10)  

where RH is the relative humidity of the ambient environment in %. 
Based on measured data for the average monthly relative humidity at 
Qatar, a typical maximum value of 70% occurs in January while a 
typical minimum value of 40% occurs in June. In this study, the higher 
value of 70% was adopted in the FE analysis. The development of drying 
creep with time βdc(t, t0) is calculated using Eq. (11), which can be 
expressed as 

βdc(t, t0) =

[
(t − t0)

βh + (t − t0)

]γ(t0)

with

γ(t0) =
1

2.3 +
3.5
̅̅̅̅
t0

√

, βh = 1.5⋅h + 250⋅

̅̅̅̅̅̅̅̅̅̅̅̅(
35
fck

)√

⩽1500⋅

̅̅̅̅̅̅̅̅̅̅̅̅(
35
fck

)√ (11)  

where h = 2Ac/u is the notional size of the member in mm, Ac is the 
cross-section area and u is the perimeter of the member in contact with 
the atmosphere. 

In order to calculate the shrinkage strain, Eq. (12) is employed and 
expressed as. 

εcs(t, ts) = εcbs(t)+ εcds(t, ts) (12)  

where the basic shrinkage coefficient εcbs(t) and drying shrinkage coef
ficient εcds(t, ts) were defined in Eqs. (13) and (14), respectively. The 

c

c

cu

k fcd

ftk

Fig. 6. Material properties of concrete utilized in FEA.  
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basic shrinkage coefficient εcbs(t) is estimated as. 

εcbs(t) = εcbs0(fck)⋅βbs(t) (13)  

where εcbs0(fck) is the basic notional shrinkage coefficient, βbs(t) is the 
time function. The drying shrinkage coefficient εcds(t, ts) is estimated as. 

εcds(t, ts) = εcds0(fck)⋅βRH(RH)⋅βds(t − ts) (14)  

where εcds0(fck) the is notional drying shrinkage coefficient, βRH(RH) is 
the coefficient considering the effect of the ambient relative humidity, 
βds(t-ts) is a function describing the time development. The expressions 
and estimation methods of all these parameters can be found in CEB 
[29]. 

3.4.2. Steel reinforcement 
In all of the tested specimens, two 12 mm diameter rebars were used 

as the main flexural reinforcement and two 10 mm diameter rebars were 
employed at the compression zone. Stirrups with diameter of 8 mm were 
placed at 120 mm intervals in the shear span as shown in Fig. 1. A 
trilinear simplified constitutive material model was used for the stress- 
strain curve of reinforcing rebars and stirrups as shown in Fig. 7. 

3.4.3. Steel mesh laminate system 
The elastic modulus of steel mesh laminate (steel mesh immersed 

with epoxy) was taken as 190 GPa, and the ultimate tensile strength was 
set to 3070 MPa. The Poisson’s ratio was taken as 0.3. The thickness of 
HSM laminate is 0.381 mm and 0.254 mm for MSM laminate. As there 
was no sign that the steel mesh laminate yielded or failed due to tension 
in the laboratory tests, the steel mesh laminate was considered as elas
tomer in this numerical analysis according to the experimental 
observations. 

3.5. Bonding behavior of GSM-concrete interface 

In the numerical simulation, the interface between steel mesh 
laminate and concrete was modelled with surface-based cohesive 
connection, which simplifies the complicated debonding mechanisms 
with a macroscopic constitutive law. In this analysis, the bilinear model 
shown in Fig. 8 was employed to simulate the bonding and debonding 
behavior on the GSM-concrete interface [19–23]. 

Few experimental data and models are available to simulate the 
bonding behavior of the interface between concrete and steel mesh 
laminate. Based on the tests of Ascione et al. [24,25], shear strength and 
stiffness were determined. According to Bencardino and Condello [27], 
it is acceptable that both opening and sliding fracture modes share the 
same bonding parameters, including initial stiffness, normal or bond 
strength and fracture energy. In this study, therefore, the normal 
bonding behavior refers to the parameters obtained by Bencardino and 
Condello [27] based on the bond-slip model proposed by Lu et. al [26]. 
The normal bonding strength of the interface is set as the tensile strength 
of the concrete [21] which is 3.03 MPa, and the corresponding normal 
deformation is 0.05 mm according to Lu et. al [26], with an initial 
normal stiffness of 60.6 MPa/mm. The parameters used in FEA are listed 

Fig. 7. Material property of steel utilized in FEA.  

k

ssd

Gf

Fig. 8. Bilinear model of constitutive law of laminate-concrete interface.  

Table 3 
Parameters of interface.  

Parameters HSM MSM 

Maximum normal traction component (σmax, MPa)  3.03  3.03 
Corresponding separation (sd, mm)  0.05  0.05 
Maximum shear traction component (τmax, MPa)  3.14  3.11 
Corresponding separation (sd, mm)  1.55  1.88 
Normal stiffness component (k0, MPa/mm)  60.60  60.60 
Shear stiffness component (k0, MPa/mm)  2.03  1.65 
Maximum separation (su, mm)  1.94  2.74  
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in Table 3. 
The adopted damage initiation criterion was defined by Eq. (15). 

{
〈σn〉

σmax

}2

+

{
τs

τmax

}2

+

{
τt

τmax

}2

= 1 (15)  

where σn, τs and τt denote the normal stress component and two shear 
stress components, respectively. The Macaulay bracket indicates that 
the compressive normal stress at the interface does not contribute to the 
inhiation of debonding. When the Eq. (15) is satisfied, debonding is 
initiated. The damage evolution was controlled by the fracture energy Gf 
or the maximum slip displacement. 

4. Test and numerical results 

In order to assess the effects of the strengthening methods and 
investigate the time-depended behavior of the tested RC beams before 
and after strengthening, the loading test results including the applied 
load versus displacement relationships, applied load versus strain curves 
on both concrete and steel mesh laminate are reported and discussed. 

4.1. Load and deflection responses 

The load versus displacement curves of the two control beams (CB-1 
and CB-2) are shown in Fig. 9, in which the “Load” is the sum of vertical 

loads applied on the two loading points, and the displacement is 
measured from bottom surface of the concrete beam under the loaded 
section. Taking CB-180 days in Fig. 9 (b) as an example, in the initial 
loading stage, the applied load increased linearly with the increase of 
the vertical displacement. A sudden decrease of the beam rigidity was 
confirmed at CB-2 due to the cracking of the concrete when the applied 
load was 32.83 kN. Thereafter, the applied load increased gradually as 
the vertical displacement increased in both CB-1 and CB-2. When the 
load was around 95 kN, another sudden decrease of the beam rigidity 
was confirmed, due to the yielding of the reinforcement. After the yield 
of the main reinforcement, the applied load increased slightly with the 
vertical displacement, and the loading tests were terminated when the 
applied load was 113.22 kN in CB-1 and 101.46 kN in CB-2. The pre
dicted numerical results are also provided in Fig. 9. A similar behavior of 
two typical sudden declines of the rigidity were also confirmed in the 
numerical analysis at the initial cracking load of 32.02 kN and yield load 
of 113.38 kN, respectively. For the control beams at an age of 28 days, 
12 months and 24 months, obvious difference was observed for the beam 
rigidity in the initial loading between the test results and numerical 
results, which could presumably be related to the insufficient preloading 
prior to testing and possible settlement at the supports. After the initial 
cracking load, however, relatively good agreement was confirmed for 
the beam rigidity between the numerical and test results. 

The flexural loading performance of all test specimens can be 

Pu

Pcr Pcr

Pu

Pcr

Pu Pu

Pcr

Fig. 9. Load-deflection responses of control beams.  
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roughly divided in three stages, similar to conventional RC beams [10]. 
As shown in Fig. 10, when the loads approach the initial cracking 
moment Mcr, the first stage of loading process is completed. Then with 
the increase of loading, the flexural reinforcement yields corresponding 
to the yielding moment My. Finally, the load reaches the beam’s ultimate 
moment Mu and then the beam fails. 

To validate the developed FE model, the effective flexural stiffness 
EIe obtained from experiment, theoretical model and numerical simu
lation, are compared. In the theoretical model, Eq. (16) was used to 
calculate the effective moment of inertia Ie. 

Ie =

(
Mcr

M

)3

Ig +

[

1 −

(
Mcr

M

)3
]

Icr⩽Ig for M⩾Mcr (16)  

where Ig and Icr denote gross moment of inertia of uncracked section and 
transformed moment of inertia of cracked reinforced concrete section, 
respectively. The deflection at mid-span under four-point-bending can 
be expressed by Eq. (17). 

δ =
Pa

24EIe

(
3l2 − 4a2) (17)  

where P is the applied load per loading point, l is the span length (1690 
mm) and a is the distance of the loading points from the supports (561.5 
mm). 

For convenience of comparison, slopes of the load-deflection curves 
in stage II, i.e., P/δ in Eq. (17), are compared and listed in Table 4. It is 
clear that the effective flexural stiffness obtained from the numerical 
simulation agree better with the experimental results than that of 

theoretical model. The errors between simulation and experiment re
sults are mostly below 1%, except for specimens with age of 28 days 
(20.4%). 

The theoretical initial cracking moment Mcr and ultimate moment Mu 
of the control beams were calculated based on Eqs. (18) and (19), 
respectively, and the corresponding applied load Pcr and Pu are also 
illustrated in Fig. 9. 

Mcr = ftkWg (18)  

Mu = Asfy

(

d −
β1c
2

)

(19)  

where ftk is the tensile strength of the concrete, Wg is the flexural 
modulus of an uncracked section, As is the total area of the reinforce
ment, fy is the yield strength of the reinforcement, d is the effective 
height of the section, c is the height from the extreme compressive fiber 
of the concrete to the neutral axis, and β1 is the ratio of the height of the 
equivalent rectangular stress block to the height of the neutral axis. 

Based on the experimental results, the initial cracking loads were 
around 28.06 kN for CB-28 days, 32.88 kN for CB-180 days, 26.86 kN for 
CB-360 days and 31.01 kN for CB-730 days, respectively, while the 
numerical results showed the average initial cracking load is 29.57 kN 
which is quite close to the experimental value. With the concrete age 
increasing, the compressive strength and elastic modulus also increase 
accordingly, though the enhancing effect is not significant. In addition, 
the time-dependent effect barely affects the tensile strength of concrete. 
As shown in Eq. (18), the initial cracking load is influenced by the tensile 
strength of concrete and flexural modulus of uncracked section. There
fore, on the basis of the aforementioned discussion and experimental 
results, the time-dependent effects of the concrete have limited influence 
on the initial cracking loads. 

The ultimate loads obtained from experiments were 101.66 kN for 
CB-28 days, 109.24 kN for CB-180 days, 106.96 kN for CB-360 days and 
118.78 kN for CB-730 days, respectively. Basically, the ultimate load 
gradually increased as the concrete age increases, and this might be 
mainly due to the development of the compressive strength of concrete 
with time. 

The load versus displacement curves of two HSM strengthened 
beams (HSM-1 and HSM-2) and two MSM strengthened beams (MSM-1 

u

Mu

My

ycr

Mcr

Fig. 10. Typical load-deflection curve of RC beams.  

Table 4 
Comparison of effective flexural stiffness (kN⋅mm− 1).  

Concrete 
age 

Experiment Theoretical 
model 
(error) 

Simulation 
(error) 

CB- 
1 

CB- 
2 

Average 

28 days  5.65  5.55  5.60 7.42 (33%) 6.74 (20.4%) 
180 days  6.53  6.06  6.30 7.88 (25%) 6.33 (0.5%) 
360 days  6.12  6.28  6.20 7.97 (29%) 6.23 (0.5%) 
730 days  7.23  6.29  6.76 8.04 (19%) 6.16 (0.89%)  
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and MSM-2) are shown in Fig. 11, and these curves are trilinear as well. 
In contrast to the unstrengthened beams, after steel yielding, the applied 
load increased significantly with the vertical displacement. This is owing 
to the strengthening effect of the steel mesh laminate. When the main 
reinforcement yields, the concrete in compression zone could still 

provide compressive force to resist the external bending moment, as the 
strain of the extreme compressive fiber of the concrete was around 1000 
μ (as shown in Fig. 14) when reinforcement yielded, much smaller than 
the crushing strain of 3500 μ. Therefore, the application of steel mesh 
laminate enabled higher utilization rate of the concrete, subsequently 

Pu Pu

Pu Pu

Pu
Pu

Pu

Pu

Fig. 11. Load-deflection responses of GSM strengthened beams.  
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enhancing the load-bearing capacity of the RC beam specimens. 
It is found that for GSM strengthened beams at the age of 28 and 180 

days, the FE results of the load-displacement curves are in good agree
ment with the test results. For the GSM strengthened beams with the age 
of 12 months and 24 months, obvious differences were observed for the 
beam rigidity in the initial loading between the test results and nu
merical results, which could presumably be due to the inaccurate mea
surement of the vertical displacement in the initial loading stage due to 
insufficient preloading, similar to those as previously discussed in con
trol beams. 

The initial cracking loads obtained from experimental and numerical 
simulation have been summarized in Table 5. It can be observed that the 
initial cracking load of the RC beam after strengthening increased about 
3% to 35% compared to that of before strengthening, which confirm the 
strengthening effect of the steel mesh laminate on postponing the 
occurrence of concrete cracking. Similar to the control beams, the time- 
dependent effect of the concrete barely affects the initial cracking loads 
of the GSM strengthened RC beams. 

To calculate the ultimate load capacity of the GSM strengthened 
beam, the ACI 440. 2R-17 [30] was used. The predicted bending 
moment capacity can be expressed as Eq. (20). 

Mu = Asfy

(

d −
β1c
2

)

+ψAgsmfgsm,e

(

h −
β1c
2

)

(20)  

where ψ is the strength reduction factor of 0.85, Agsm is the sectional area 
of the galvanized steel mesh laminate, fgsm,e is the effective stress in steel 
mesh laminate and h is the height of the section. The calculation of fgsm,e 
is illustrated in Section 4.3. The predicted ultimate loads and experi
mental results are listed in Table 6. It is obvious that the predicted ul
timate loads are in good agreement with the experimental results. The 
errors between the predicted and experimental values vary from 1% to 
9%. Therefore, it is accurate enough to use the prediction model of ACI 
440. 2R-17 to calculate the ultimate load-carrying capacity of the GSM 
strengthened RC beam. By comparing the ultimate loads of GSM 
strengthened and unstrengthened beams, it can be found that the ulti
mate loads were around 46% ~ 57% larger after strengthening, which 
significantly confirm the strengthening effect of steel mesh laminate on 
enhancing the load-bearing capacity of RC beams. Moreover, it can be 
observed that the ultimate load of the GSM strengthened beams grad
ually increased with the concrete age as well, similar to that of the 
control beams. 

4.2. Concrete strain development 

Fig. 12 shows the results of concrete strain development of CB 

Table 5 
Comparison of initial cracking loads (kN).  

Concrete 
age 

CB 
(EXP) 

HSM 
(EXP) 

HSM/ 
CB 

HSM 
(FEM) 

MSM 
(EXP) 

MSM/ 
CB 

MSM 
(FEM) 

28 days  27.44  33.83  1.23  32.15  34.11  1.24  30.57 
180 days  29.33  33.84  1.15  28.36  33.61  1.15  28.28 
360 days  25.56  36.67  1.43  26.50  32.02  1.25  27.15 
730 days  30.27  31.13  1.03  25.31  38.02  1.26  26.28  

Table 6 
Comparison of predicted ultimate loads and experimental results (kN).  

Concrete age HSM (EXP) HSM (PRED) Error MSM (EXP) MSM (PRED) Error CB (EXP) 

28 days  165.09  152.32  − 7.7%  154.49  152.41  − 1.3%  101.66 
180 days  166.98  164.36  − 1.6%  162.60  155.89  − 4.1%  109.24 
360 days  170.45  173.62  1.8%  159.00  156.48  − 1.6%  106.96 
730 days  172.95  157.37  − 9.0%  174.29  159.38  − 8.6%  118.78  

Fig. 12. Load-concrete strain responses of unstrengthened specimens.  
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specimens at different loading. The measured section was located at the 
beam’s mid-span and the compressive strain of the concrete at the 
beam’s top surface is the main focus in this section. Comparing the 
concrete strain development before cracking and taking the applied load 
of 20 kN as an example, it can be found that compressive strain of 
concrete reduced from 108.9 μ in CB-28 days to 57.27 μ in CB-180 days, 
then reduced to 26.29 μ in CB-360 days. The ultimate compressive 
strains of concrete were below 2000 μ, and this indicates the failure of 
the unstrengthened beams was due to the crushing of concrete near the 
loading position, which can be confirmed from the failure mode (Section 
4.4). 

Comparing the concrete strain development between the GSM 
strengthened and unstrengthened beams, it could be observed that at the 
same loading level, the strain of the extreme compressive fiber of con
crete in the GSM strengthened beams was slightly lower than of the 
strengthened beam. Assuming the same external bending moment was 
applied on a GSM strengthened beam and an unstrengthened beam 
respectively, the strain distributions of these two cases are shown in 
Fig. 13. In order to obtain the same resultant bending moment, εc,CB 
should be lower than that of εc,GSM. 

Comparing the concrete strain development between HSM 
strengthened and MSM strengthened beams, there is no obvious differ
ence that could be observed. This is presumably because of the similar 
equivalent reinforcement ratio (0.0079 for HSM laminates and 0.0078 
for MSM laminates). The maximum compressive strain of concrete at 
failure in all specimens was lower than 2500 μ, which indicates the 
concrete crushing at the compression zone was not the leading factor 
that controls the failure of the strengthened beam. 

Fig. 14 shows the experimental and predicted FE results of the con
crete strain development of the GSM strengthened specimens at different 
concrete ages. In general, the simulation results agreed well with the 
experiment results, though the rigidities of the numerical models were 
slightly higher than the measured results in specimens with the age of 6 
months and 12 months. 

4.3. Steel mesh laminate strain development 

The comparison of numerical and experimental results of the load 
versus steel mesh laminate strain curves for the GSM strengthened 
beams are shown in Fig. 15. In the initial loading stage, the strain of steel 
mesh laminate increased linearly with the increase of the applied load. 
The increasing of the strain was accelerated after the occurrence of 
concrete cracking and the decrease of the beam’s rigidity. When the 
applied load reached the yielding load which was around 130 kN for 
both HSM and MSM specimens, the increasing rate of the strain in the 
steel mesh laminate increased further. Thereafter, the strain of steel 
mesh laminate increased gradually as the applied load increases in all 
GSM strengthened beams until the ultimate load was reached. Most of 
the comparisons showed good agreement between the simulation and 
experimental results, which provides good confidence in the accuracy of 
the simulation results of the steel mesh laminate’s strain development. 

It can be observed that the maximum strains of steel mesh laminate 
in all the specimens do not exceed 10,000 μ, around 36% less than its 
ultimate tensile strain of 13,950 μ. Therefore, it is appropriate and ac
curate enough to treat the steel mesh laminate as elastomer in the FE 
analysis. The average ultimate tensile strain of the steel mesh laminate 
was 8326 μ for HSM-28 days, 8904 μ for HSM-180 days, 5971 μ for HSM- 
360 days, 9484 μ for HSM-730 days, 6464 μ for MSM-28 days, 8023 μ for 
MSM-180 days, 9232 μ for MSM-360 days and 7116 μ for MSM-730 
days. Therefore, the effective stress fgsm,e in the steel mesh laminate is the 
ultimate strain times the elastic modulus of steel mesh laminate (190 
GP), resulting in an average effective stress of 1464.6 MPa for the HSM 
strengthened beams and 1552.5 MPa for the MSM strengthened beams 
respectively. The value of effective stress in the steel mesh laminate can 
be used to compute and evaluate the attained ultimate load of the GSM 
strengthened beam specimens. 

4.4. Failure modes 

In this experimental program, all specimens failed in flexure, but two 
different failure modes were observed between specimens before 

h d

h d

c,CB

s,CB

c,GSM

s,GSM
sm,GSM

Fc,CB

Fs,CB

Fc,GSM

Fs,GSM + Fsm,GSM

c

c

MCB

MGSM

MGSM = MCB

c < c

Fig. 13. Section analysis before and after strengthening.  
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(control beams) and after strengthening. The control beams were typi
cally failed with yielding of main reinforcement followed by concrete 
crushing in compression, while the strengthened beams were mainly 
failed by concrete delamination (concrete cover separation) that mostly 
occurred near the steel mesh laminate-concrete interface. The test 
specimens CB-28 days and CB-180 days after the loading test are shown 

in Fig. 16. 
Fig. 17 (a) and (b) shows the failure modes of the HSM strengthened 

specimens. For the specimen with a concrete age of 28 days and 180 
days, it failed due to the delamination of concrete cover at the end of the 
steel mesh laminate, rather than excessive slip between HSM laminate 
and concrete interface, which proves the high bond performance of this 

Fig. 14. Load-concrete strain responses of GSM strengthened beams.  
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strengthening method. After being strengthened, cracks near the support 
were mainly caused by the huge shear force along the interface between 
the concrete and steel mesh laminate, as can be seen from Fig. 17 (a) and 
(b). Fig. 17 (c) also shows that the damage initiation does not occur until 
the beam failure (damage index CSQUADSCRT was lower than 1 over 
the interface). Regarding the crack pattern Fig. 17 (d) gives the distri
bution of principal strain of the concrete under different applied loading 

stages. As commonly known, concrete cracks initiate due to excessive 
maximum principal strain and propagates along the direction of the 
minimum principal strain. So, the distribution of principal strain is used 
instead to illustrate the crack pattern. The cracks can be classified into 
two categories: bending cracks and shearing cracks. In the pure bending 
zone, the direction of maximum principal strain is parallel to the beam 
axis, so the bending cracks propagate along the vertical direction 

Fig. 15. Load-steel mesh laminate strain responses of GSM strengthened beams.  
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Fig. 16. Failure mode of control beams.  

Fig. 17. Failure mode of HSM strengthened beams.  
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(perpendicular to the beam axis). In the shear span, combined action of 
shear force and bending moment was applied, and the direction of 
maximum principal strain is inclined, resulting in shearing cracks 
propagating, approximately, towards the loading points. 

Fig. 18 shows the MSM strengthened specimens after failure. For 
MSM-180 days, it can be observed that the concrete near the edge of the 
steel mesh laminate delaminated due to excessive stress concentrations. 

In contrast with the MSM-180 days, extensive bonding failure of steel 
mesh laminate occurred in MSM-28 days, which was rarely observed in 
other GSM strengthened RC beams. As shown in Fig. 15 (b), when the 
applied load was 132.14 kN, the tensile strain of steel mesh laminate 
suddenly dropped from 8112 μ to 7271 μ, indicating the occurrence of 
bonding failure. Then, the strain gradually increased again with the 
increase in applied loading. When the applied load reached 139.89 kN, 

Fig. 17. (continued). 

Fig. 18. Failure mode of MSM strengthened beams.  
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the strain of steel mesh laminate decreased again from 8346 μ to 7808 μ, 
which shows the progressive bonding failure of the steel mesh laminate. 
This is presumably the reason why the ultimate load of MSM-28 days 
was just 5% lower than that of MSM-180. 

5. Parametric study 

In this section, effects of interfacial bond strength, dimensions of the 
steel mesh laminate, concrete creep and shrinkage are discussed. In 
subsections 5.1 and 5.2, the MSM-strengthened beam was set as the base 
model, using the interfacial parameters presented in Table 3. 

5.1. Effect of the interfacial bond strength 

For GSM strengthening method, load transmission from the concrete 
to the steel mesh laminate is the fundamental aspect in ensuring the 
strengthening effect. However, the effect of the bond strength on the 
strengthening performance is still unclear and needed more 

investigation. In order to figure out the effect of bond strength, a 
sensitivity analysis was conducted where typical interfacial bond 
strength values of 0.5 MPa, 1.0 MPa, 1.5 MPa, 2.0 MPa, 2.5 MPa were 
assumed on the steel mesh laminate-concrete interface. 

The simulation results are shown in Fig. 19. It can be observed that, 
interfacial bond strength had little effect on the rigidity of the beam; this 
was presumably because the strength contribution of the steel mesh 
laminate is not significant compared to the uncracked beam section as 
the whole concrete section remains effective before concrete cracking. 
With the decrease of interfacial bond strength, the yield load and the 
corresponding deflection decreased gradually. This was the result of the 
weakened composite action between the concrete and the strengthening 
material (given the shear capacity of the interface has been decreased). 
At an interfacial bond strength decreased to 0.5 MPa, the deflection of 
MSM strengthened beam at yield was approximately equal to that of the 
unstrengthened beam, although the yield load was still around 10% 
larger than that of unstrengthened beam. 

In engineering practice, the interface bond between the 

Fig. 19. Load-deflection responses of MSM strengthened beam with different bond strengths.  

Fig. 20. Illustration of locations of debonded area.  
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strengthening material and the concrete beam will not be perfect (as 
assumed above) - localized regions with little or no bonding could occur 
during the strengthening process of the beam. In order to investigate this 
effect, debonded strips (50 mm in the longitudinal direction running 
across the width of the beam) were set at different locations (0.1 l, 0.2 l, 
0.3 l, 0.4 l, 0.5 l) as shown in Fig. 20 with a separate FE simulation run 
for each of the locations shown. The reason why set 50 mm as the length 
of debonded strips in the longitudinal directions was that, the gabbro 
aggregates of the concrete in this test was maximum 25 mm and to 
amplify the effect of localized debond, twice the maximum dimension of 
gabbro aggregates was used. 

The simulation results are shown in Fig. 21. It can be observed that 
the location of the local artificial debonded strips had little effect on the 
load bearing capacity of the GSM strengthened beam. Since the debond 
areas were relatively small, the interfacial stresses in the bonded regions 
would not increase significantly enough, following stress redistribution, 
to trigger further debonding; hence, the influence is limited. 

5.2. Effect of dimensions of steel mesh laminate 

When using the strengthening material in practice, the detailed di
mensions of the steel mesh laminate may vary within a given range. The 

effect of the dimensions of the steel mesh laminate on the performance 
of a strengthened beam is worth further investigation. In this study, 
different width and length of the steel mesh laminates were set in the 
numerical simulation to evaluate the dimension effect of the strength
ening material. 

First, different widths of steel mesh laminates bs (70 mm, 84 mm, 98 
mm, 112 mm and 126 mm) were investigated and the simulation results 
are presented in Fig. 22 (a). The comparisons show that decreasing the 
width of the steel mesh laminate reduced the yield and ultimate loads of 
the beam. Varying the width of the steel mesh laminate from 0.5b to 1b 
decreases the yield and ultimate loads by 5.5% and 13.1%, respectively. 

In addition, different lengths of steel mesh laminates Ls (840 mm, 
1008 mm, 1176 mm, 1344 mm and 1512 mm) were investigated and the 
results are presented in Fig. 22 (b). It can be observed that when the 
length reached around 1352 mm (0.8l), any further increase did not 
have a significant effect. This might be due to different ‘effective areas’ 
in the shear spans. In four-point loading there is a pure bending zone, in 
which the relative slip between concrete and steel mesh laminate is very 
small, resulting in a low level of interfacial stress. However, the slip 
increases when approaching the support. Therefore, the area, referred to 
as the ‘effective area’, outside the pure bending zone, mainly contributes 
to the capacity of the composite section. For specimens with smaller Ls, 

Fig. 21. Load-deflection responses of MSM strengthened beam with different artificial debond locations.  

bs
Ls

Fig. 22. Load-deflection responses of strengthened beam with different steel mesh laminate dimensions.  
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the effective area would be reduced accordingly and hence affecting 
reducing the bearing capacity of the beam. 

5.3. Effect of concrete creep and shrinkage 

Concrete creep could cause significant problems for structural ele
ments subjected to durable loads. However, in this study, the effect of 
concrete creep and shrinkage only dominated during the period the 
specimens were preserved in the laboratory before testing. Thus, the 
mechanical response of a simply supported strengthened beam, sub
jected to self-weight only, was investigated. 

Fig. 23 compares the mid-span deflection of an unstrengthened beam 
with two GSM strengthened beams at loading durations of 28, 360, 730, 
1825 and 3650 days. After 5 years of the action of the gravity, the mid- 
span deflection of MSM strengthened beam remained at a stable level, 
which was around 1.93 times of the initial deflection (1.6 times for 
control beam and 1.98 times for HSM strengthened beam). In addition, it 
can be observed that the GSM strengthened beam deflected more than 
the control beam, which indicates that the strengthening material could 
not prevent the development of deflection caused by concrete creep and 
shrinkage. 

6. Conclusions 

An experimental and numerical study on the durability performance 
of reinforced concrete (RC) beams strengthened by galvanized steel 
mesh (GSM) epoxy systems was presented in this paper. In addition, 
three-dimensional finite analysis model was developed to simulate the 
mechanical response of the tested specimens. Based on the results from 
this study, the following conclusions are made:  

(1) The experimental results showed an improvement ranging from 
46% ~ 57% in the ultimate attained load of GSM strengthened 
beams, with an initial cracking load 33% ~ 35% higher in com
parison to the unstrengthened control beam specimens.  

(2) The failure mode changed from the typical bending failure 
(control beam) to the delamination of concrete cover at the ends 
of the GSM laminate (GSM strengthened beam).  

(3) While time-dependent effect of the concrete has limited influence 
on the initial cracking load of RC beams before and after 
strengthening, the ultimate load increased gradually with loading 
time due to concrete strength development with time. Based on 
the parametric study of FE simulations considering concrete 
creep and shrinkage, the deflections of both control and GSM 

strengthened beams remained stable after 5 years, and the pres
ence of GSM strengthening materials did not prevent the devel
opment of deflection caused by concrete creep and shrinkage.  

(4) Excluding any pre-loading effects, both load-deflection responses 
and strain development predicted by the finite element models 
showed good agreement with the experimental results, proving 
the reliability of the proposed model.  

(5) Conducting a parametric study with the numerical simulations, 
the effects of interfacial bond strength, local debonding and the 
dimensions of steel mesh laminate were investigated. The results 
showed that the yield load and corresponding deflection 
decreased gradually with the decrease of interfacial bond 
strength. The location of local debonding barely had an effect on 
the load bearing capacity of the GSM strengthened beam. The 
dimensions of the GSM showed that decreasing the width of the 
GSM laminate reduced the yield and ultimate loads of the beam. 
In addition, it was observed that there was an increase in beam 
capacity with increasing the length of GSM laminate until it 
reached 80% of its length. 
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