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Abstract 
 

Aging and deterioration of existing steel structures necessitate the development of simple and 

efficient rehabilitation techniques. The current study investigates a methodology to enhance the 

flexural capacity of steel beams by bonding Glass Fibre Reinforced Plastic (GFRP) sheets to their 

flanges. A heavy duty adhesive, tested in a previous study is used to bond the steel and the GFRP 

sheet. In addition to its ease of application, the GFRP sheet provides a protective layer that prevents 

future corrosion of the steel section. The study reports the results of bending tests conducted on a 

W-shaped steel beam before and after rehabilitation using GFRP sheets. Enhancement in the 

moment capacity of the beam due to bonding GFRP sheet is determined from the test results. A 

closed form analytical model that can predict the yield moment as well as the stresses induced in the 

adhesive and the GFRP sheets of rehabilitated steel beam is developed. A detailed finite element 

analysis for the tested specimens is also conducted in this paper. The steel web and flanges as well 

as the GFRP sheets are simulated using three-dimensional brick elements. The shear and peel 

stiffness of the adhesive are modeled as equivalent linear spring systems. The analytical and 

experimental results indicate that a significant enhancement in the ultimate capacity of the steel 

beam is achieved using the proposed technique. The finite element analysis is employed to describe 

in detail the profile of stresses and strains that develop in the rehabilitated steel beam.  
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1. Introduction 
 
The deterioration of steel structures due to corrosion and aging necessitates the development of 

simple and practical techniques to rehabilitate such structures. In the past two decades, fibre 

reinforced plastics (FRP) have been extensively used to rehabilitate concrete structures. This has 

included the strengthening of beams (Mettemeyer et al., 1999), columns (Priestly et al., 1992), shear 

walls (Lombard et al., 1999) and bridges (Roberts, 1997). A noticeable increase in strength and/or 

ductility of the concrete elements was shown in these applications. The main advantages of FRP are 

their high strength-to-weight ratio and their excellent resistance against corrosion and chemical 

attacks. New uses of FRP to upgrade the resistance of steel structures have recently been expressed 

in the civil engineering consulting community. An advantage of this specific type of composite 

construction is the ease of application using a heavy adhesive system to bond the FRP and the steel 

elements. Wang (1992) studied experimentally and analytically the use of carbon fibre reinforced 

polymer laminates (CFRP) in the repair of composite steel bridge members. The study showed that 

rehabilitating steel beams using CFRP plates was effective as it resulted in a 21.58% to 41.60% 

increase in the ultimate flexural capacity. The analytical model was based on a perfect bond 

between the steel and the CFRP plates and thus was limited to specific cases where the 

discontinuity between the steel beam and the CFRP plate introduced by the bonding agent has 

minor effects. Sen et al. (2001) and Liby (1993) extended Wang’s experimental study to include 

specimens initially loaded past their yield strength. They estimated that the increase in the flexural 

capacity ranged between 11% and 50%. Their experiments indicated that for relatively thick bonded 

laminates, failure occurred in the epoxy adhesive that was used to bond the steel and the plastic 

sections. As such, the success of this technique relies largely on the behaviour of the bonding 

adhesive. El Damatty and Abushagur (2003) have recently investigated the shear and peeling 

behaviour of Glass Fibre Reinforced plastics (GFRP) bonded to steel sections. A preliminary 

investigation was conducted to select the type of adhesive that would be suitable for such an 

application and it led to a methacrylate adhesive system commonly used in the car and bus 
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manufacturing industries. The same chemical product was also used by Chakrabati and Mosallam 

(1998) in their study that involved bonding polymer composite stiffeners to steel beams. A large 

number of shear lap tests was conducted by El Damatty and Abushagur (2003) and the failure loads, 

displacements and strains were recorded. A mathematical model in which the shear and peel 

stiffness of the adhesive were represented as two continuous linear spring systems was developed 

and the results of the tests were incorporated into this mathematical model to determine the 

constants of the spring systems. 

The use of GFRP has many advantages including the following: a) much lower cost compared to 

carbon fiber composites, b) ease of handling due to its light weight, c) ease of application through 

bonding to the steel using heavy duty adhesive, and d) creation of a corrosion protective layer for 

the steel. The current study investigates experimentally and analytically the use of GFRP sheets to 

upgrade the flexural resistance of steel beams. One of the major objectives is to assess the ability of 

the adhesive to transfer the load between the steel and plastic media. GFRP sheets were bonded to 

both the upper and lower flanges of a steel beam. The same methacrylate adhesive system tested 

previously by El Damatty and Abushagur (2003) was used to bond the GFRP and the steel sections. 

The rehabilitated beam was then subjected to a two-point loading that results in a state of pure 

bending at the middle part of the beam. The increase in both the yield and the ultimate moment 

capacities of the beam due to the addition of the GFRP sheets was assessed experimentally and a 

closed form analytical model that describes the bending behaviour of the steel/GFRP section up to 

yielding was developed. The adhesive connecting the plastic and the steel components was 

simulated in this model as a linear spring system with properties based on the results of the study 

conducted by El Damatty and Abushagur (2003). The experimental results were used to validate 

this mathematical model. This model can be easily employed to estimate the yield moment and the 

corresponding stresses that develop in the steel, plastic and adhesive media. In order to understand 

the post-yield behaviour, a three-dimensional finite element model that simulates the bending test of 
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the rehabilitated beam was also developed. The failure mode of the rehabilitated beam was 

identified by comparing the finite element to the test results. 

2. Experimental Program 

The flexural performance of a W150x37 steel beam before and after strengthening by bonding 

GFRP sheets to its top and bottom flanges was investigated experimentally. One reference steel 

beam (B1) and two rehabilitated beams (B2 and B3) with exactly similar configurations were 

tested. Fig. 1, 2a and 2b show a photo of the test setup, a schematic of the test and a cross-section of 

the tested specimen, respectively. As shown in Fig. 2a, the steel beams are simply supported at their 

two edges and have a span Lb = 2800 mm. The yield stress (y) and modulus of elasticity (Es) of the 

steel beam were determined by testing two coupons; one taken from the flange and the other taken 

from the web. For both coupons, a rectangular piece of steel was flame cut from the tested beam 

and then machine cut to the dimensions shown in Fig. 2c. Both tested coupons resulted in exactly 

the same y (363 MPa) and Es (2x105 MPa). 

 

2.1. GFRP sheets 

The GFRP sheets were supplied by the manufacturer in large panels of length 2.4 m, width 1.2 m 

and thickness 19 mm. They were cut in strips 154 mm wide (to match the steel beam width) and 

2400 mm long (Lf) in the machine shop at The University of Western Ontario. The plates are 

manufactured using the pultrusion process and consist mainly of a large number uni-directional 

layers that provide strength and stiffness in the longitudinal direction. The laminate includes only 

four layers of randomly oriented mat fibers that provide strength in the transverse direction in order 

to protect the plate from shipping, cracking and linear fracturing. A polyester peel-ply layer covered 

each side of the GFRP sheets. A tensile test was conducted for one of the GFRP plates to determine 

its tensile strength and modulus. Values of 206.85 MPa for tensile strength and 17.2x103 MPa for 

modulus of elasticity resulted from this test. 
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2.2. Adhesive  

One of the main challenges in a rehabilitation technique such as this is the choice of a heavy duty 

adhesive system to bond the steel and the plastic materials. El Damatty and Abushagur (2003) 

found that the best level of bond between steel and GFRP sheets could be achieved using a 

methacrylate adhesive system (A0420) and this product was adopted for use in the current study.  

According to El Damatty and Abushagur (2003), the average values for the constants of the linear 

continuous springs simulating the shear and peel stiffness of this adhesive were equal to 21.79 

N/mm3 and 2.26 N/mm3, respectively. These values are associated with the optimum adhesive 

thickness (0.79 mm) specified by the manufacturer. This thickness was also applied in the flexural 

tests performed in the current study. The shear strength of this product is about 24 MPa, based on 

the information provided by the manufacturer. However, in some of the shear lap tests conducted by 

El Damatty and Abushagur (2003), a shear strength value of 35 MPa was reached. 

 

2.3. Rehabilitating the steel beams 

Two steel beams (B2 and B3) were rehabilitated using GFRP to assess the variability in the 

suggested method of rehabilitation. The rehabilitation process of the steel beams can be divided into 

three main steps: 

 1. Preparation of the W150x37 steel beams: 

a. The beams were sandblasted in order to remove any rust or grease. 

b. The surface was cleaned using alcohol methanol acid in order to remove any 

  dirt. 

c. A primer was applied to the surface as recommended by the manufacturer. 

 

 2. Preparation of the GFRP sheets: 

a. The two non-structural layers of polyester non-woven fabric (peel-ply layers)  

  that encase the GFRP for manufacturing purposes were removed. 
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b. The adherence face of the GFRP sheets was cleaned using alcohol methanol 

  acid to avoid any contamination. 

3. Bonding the GFRP sheets to the steel beams (The GFRP sheets covered almost the 

entire span of the rehabilitated beams with the exception of 20 mm near the two 

supports): 

a. The adhesive was applied to the GFRP sheets to a thickness of 0.79 mm as 

 recommended by the manufacturer. The thickness of the adhesive was 

 controlled using two longitudinal wires of 0.79 mm placed at interface 

 between the steel flanges and GFRP sheets. 

b. The GFRP sheets were attached to the steel beams and then clamped using a 

 C-clamp that was adjusted to obtain the proper adhesive thickness. 

c. The top level of the GFRP sheets was leveled to allow uniform distribution 

  of the applied load. 

d. A hardening period of 15 days prior the testing was allowed in order that the 

  adhesive reaches its maximum strength.  

 2.4. Test procedure and instrumentation 

As shown in Fig. 2a, the load was transferred to the test specimens through a rigid load distributor 

in the form of two concentrated forces. The load was applied using a MTS hydraulic machine in a 

load-controlled manner for the elastic range at a rate of 2.0 kN/minute and a displacement-

controlled manner for the plastic range at a rate of 0.5 mm/minute. 

A LVDT was attached to the steel beam at its mid-span in order to measure the vertical 

displacement. In addition, the flexural strains occurring at various stages of loading were measured 

at mid-span of the beam. At this location, eight strain gauges were attached to the outer faces of the 

GFRP sheet and the inner faces of the steel section flanges. The locations of these strain gauges are 

shown in Fig. 2b. 
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3. Analytical Model 

The purpose of this section is to develop a closed form analytical model that can predict the yield 

moment capacity of the rehabilitated steel beam. The model will also provide estimates of the 

stresses induced in the adhesive, the steel and the GFRP sections within the range of elastic 

behaviour. The stresses acting on an infinitesimal element (dx) of the GFRP plate are shown in Fig. 

3a.  and u2 are the axial stresses and the axial displacements at a general point of the GFRP plate. 

These two quantities are assumed here to be constant within the thickness of the GFRP sheet. The 

shear stress  that develops in the adhesive can be expressed by the following equation: 

            

     

where u1 is the axial displacement at the extreme fibres of the steel section and ks is the spring 

constant that simulates the shear stiffness of the adhesive that was evaluated experimentally by El 

Damatty and Abushagur (2003). 

The differential equation that results from the equilibrium of forces of this infinitesimal element is 

shown below: 

 

 

A typical distribution of axial stress along the depth of the steel/ GFRP section is provided in Fig. 

3b.  

The following relation is obtained by equating the external moment (M) to the internal moment that 

resulted from this stress distribution: 

 

 

 

In the above equation b is the width of both the GFRP sheet and the steel flanges, Es, Is and h are 

the modulus of elasticity, the moment of inertia and the depth of the steel section, Ef and tf are the 
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(4) 

(5) 

(6) 

modulus of elasticity and the thickness of the GFRP sheet and h1 is the distance between the centers 

of the top and bottom of the GFRP sheets. 

By substituting Eq. (2) into Eq. (3) and replacing
dx 

du
v 2 , the following differential equation is 

obtained: 

 

 

where       

 

 

 

 

 

The particular solution of the above differential equation depends on the shape of the external 

moment (M). Therefore, two different regions are considered in the solution; region A between the 

two point loads where the moment (M) is constant and equal to M0, and region B bounded by the 

loads and the ends of the GFRP section where the moment (M) varies linearly and can be written as: 
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(7) 

(8) 

(9) 

(10) 

(11) 

 

 

The constants A, B, C and D can be evaluated by applying the following four boundary conditions:  

 

1.  

 

 

2.  

 

3.  

 

4.  

 

Eq. (8) reflects the symmetry of the problem about the centerline of the assembly. Eq. (9) and (10) 

simulate the continuity of strains and curvature between regions A and B. Eq. (11) describes the 

state of free stress at the free edges of the GFRP sheets. By applying the above boundary 

conditions, the four constants A, B, C and D can be evaluated for a certain value of applied moment 

M0. These constants are back substituted into Eq. (6) and (7) to obtain the distribution of the GFRP 

strains 
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substituting
dx  

dv

 x d

ud
2
2

2

 . Multiplying the relative displacement by ks leads to an evaluation of 

the distribution of sheer stresses that develops in the adhesive. The location and magnitude of the 

maximum values for the axial stresses in both the steel and the GFRP sections as well as the 

maximum shear stresses in the adhesive can be then obtained. The yield moment My of the 

rehabilitated sections is governed by one of the following criteria: 

a) the maximum stress in the steel section reaches y;   

b) the maximum stress in the GFRP reaches the ultimate capacity of the composite material; 

and 

c) the maximum shear stress in the adhesive exceeds its shear strength. 

Disadvantages of this analytical approach include its limitation to the prediction of the linear 

behaviour of the composite beam up to the yield moment and its inability to capture the peeling 

behaviour of the adhesive. However, it provides a quick estimate of the yield moment capacity of 

the rehabilitated section and can be used to conduct a parametric study to investigate the effect of 

various parameters. 

4. Finite Element Modeling 
 
Detailed three-dimensional finite element modeling was conducted for the specimens tested here. 

The model was developed using the commercial finite element program ANSYS (revision 5.3). In 

order to capture the local effects, the flanges and the web of the steel beam as well as the GFRP 

sheets were simulated using three-dimensional brick elements; namely the eight nodes solid 

element. The following features were included in the finite element model:  

1. The double node concept was applied at the interface between the steel and the GFRP faces. 

For each nodal point of the steel flanges located at the interface, a corresponding node exists 

at the GFRP part having exactly similar coordinates. No compatibility in displacements is 

applied between these two conjugate nodes. 
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2.  The adhesive was simulated using a three-dimensional continuous spring system located at 

the interface between the steel and the GFRP parts that connect the conjugate nodes. The 

spring constant in the plane of the flange (ks) simulates the shear stiffness of the adhesive 

while the spring constant in the direction normal to flanges kp represents the peel stiffness 

of the adhesive. Values of these spring constants were assumed to be equal to the average 

values obtained from the shear lap tests conducted by El Damatty and Abushagur (2003). 

Therefore, ks = 21.79 N/mm3 and kp = 2.26 N/mm3. 

3. The analysis included the geometric and material non-linear effects. As such, the model can 

predict the delay in flange local buckling due to the addition of GFRP plates. A bilinear 

isotropic hardening model was used for the steel part. Based on the results of the coupon 

tests, the tangent modulus was assumed to be equal to 3% of the elastic modulus. Due to its 

brittle behaviour, only a linear elastic model was assumed for the GFRP followed by a 

sudden failure when the ultimate stresses were reached. The non-linear analysis was 

conducted incrementally in a load-control manner. A typical finite element mesh for the 

beam assembly is shown in Fig. 4. 

5.  Experimental Results  
 
The experimental results showed a near perfect match in the performance of specimens B2 and B3. 

The differences in loads and displacements between the two specimens did not exceed one percent. 

This indicates that the proposed rehabilitation technique is reliable. Only specimen B2 will be 

addressed in the following discussion. 

The load-deflection curves that resulted from the bending tests of specimens B1 (without GFRP) 

and B2 (with GFRP) can be found in Fig. 5. In these curves, the vertical axis represents the total 

load applied by the MTS machine, while the x-axis represents the corresponding deflection 

measured at the mid-point of the beam. At any load state, the constant moment acting at the middle 

region of the beam is given as:  

M = P * (Lb -  Lp)/4        (12) 
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The following observations can be drawn by comparing the load-deflection curves resulting from 

the two bending tests: 

1) For specimen B1, yielding of the extreme fibres of the steel section started at a load of 

208.97 kN. The corresponding yield moment My, based on Eq. (12) is equal to 97.52 kN.m. 

The calculated value for the yield moment based on the relation My = S * Y almost matches 

the above value (99.46 kN.m.).  At a load value of 243.43 kN (moment = 113.60 kN.m), full 

yielding of the steel section occurred. At this point, the section reached its plastic moment 

capacity and no increase in the moment was observed beyond this value. The corresponding 

plastic moment Mp of the section, calculated from section capacity, (Z* Y), is equal to 

112.53 kN.m. Since no increase in load carrying capacity was observed beyond the plastic 

moment, the ultimate moment capacity of the section Mu was considered to be equal to its 

plastic capacity Mp. 

2) The load-deflection curve that resulted from testing specimen B2 showed linear behaviour 

up to a load of 257.61 kN (Moment = 120.22 kN.m). As expected, a slightly higher value for 

the elastic stiffness was exhibited by the strengthened section. A transitional region 

characterized by a variation in the load-deflection slope and consequently the stiffness was 

shown in a load range that varied between 257.61 kN and 302.80 kN. It is anticipated that 

yielding at the extreme fibres of the steel section started at 257.61 kN and that the steel 

section fully yielded at 302.80 kN. Since GFRP materials experience a brittle type of failure, 

it is expected that up to the total failure of the specimen, the stresses in the GFRP plate were 

less than its ultimate strength. Beyond 302.80 kN, Fig. 5 indicates that the section has a 

positive stiffness (about 15% of the pre-steel yielding stiffness) and has the ability to carry 

extra loads. In this region, the stiffness of the section results only from the contribution of 

the GFRP plates. Specimen B2 failed at a load equal to 432.80 kN (moment = 201.97 

kN.m). Delamination between the layers of the bottom GFRP sheet was observed during the 

failure. A photo showing the initiation of failure is illustrated in Fig. 6. It was not clear if the 
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failure was initiated due to delamination or due to excessive tensile stresses of the composite 

material. The failure mode was assessed in view of the finite element results that are 

presented later. No sign of failure at the interface between the GFRP and the steel materials 

was observed up to this load confirming the excellent bond provided by the adhesive. The 

yield moment capacity My of the rehabilitated beam was defined as the value at which yield 

initiates in the steel section, while its ultimate capacity Mu was defined as the value at which 

the specimen fails.  Based on the experimental results, specimen B2 achieved values for 

yield moment and ultimate moment capacities equal to 120.22 kN.m. and 201.97 kN.m., 

respectively. 

3) The experimental results indicated that the addition of the 19 mm GFRP plates led to an 

increase of the load value at which the steel section started to yield (and consequently My) 

by approximately 23%. Based on an assumption of full compatibility at the interface 

between the GFRP and the steel parts, the GFRP plates can be substituted with steel plates 

with thickness equivalent = t f/n, where n is the ratio between the steel and the GFRP modulus 

of Elasticity, i.e. n =Es/Ef. Based on this assumption, the increase in the yield moment 

capacity of the steel section should be about 21%. This value is very close to the 

experimental findings. This indicates that the presence of an elastic medium in the form of 

adhesive did not significantly alter the behaviour of the section.  

4) The addition of the GFRP plates has increased the ultimate capacity of the beam by about 

 78%.  The observed increase in both the post yield strength and stiffness is expected to 

 result in higher post yield energy dissipation. 

The load-strain curves recorded during testing of specimen B2 by strain gauges S6 (recording the 

GFRP strains) and S4 (recording the steel strains) are shown in Fig. 7a and 7b, respectively. The 

GFRP load-strain curve (S6) is linear up to a load of 257.61 kN. At this point, the extreme fibres of 

the steel section yielded and the GFRP started to have an increasing share in resisting load. The 

GFRP share reached 100% at a load of 302.80 kN which defines the full yielding of the steel 
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section. The steel load-strain curve (S4) is linear up to a load of 282.22 kN which defines the point 

of full yielding of the steel beam flanges. The accuracy of these strain measurements was verified 

by the almost equal measurements for the two strain gauges attached at the same vertical level. 

Also, the strains measured at the compression flange were almost equal and opposite in sign to the 

corresponding ones measured at the tension flange. An attempt was made to measure the strains at 

the interface between the GFRP and the steel sections, but failed and therefore measurements were 

not included. 

 

6. Comparison Between Analytical, Numerical and Experimental Results 

The developed analytical model can describe the behaviour of the composite beam within the elastic 

limit of the steel section. Meanwhile, the non-linear three-dimensional finite element model can 

predict this behaviour within as well as beyond the elastic limit. The values of My for specimen B1 

and B2 predicted experimentally, as well as analytically and numerically are provided in Table 1. 

The values predicted by these three different procedures almost match. This provides a validation 

for the analytical model as well as confidence in the accuracy of the finite element model. The 

maximum stresses that developed in the GFRP plates at yielding were evaluated using both the 

analytical and the finite element models as well as experimentally and are provided in Table 2. 

These values indicate that when the extreme fibres of the steel section yielded, the stresses in the 

GFRP section were well below (about one fifth) their ultimate values. The corresponding values for 

adhesive shear stresses are provided in the same table indicating that these are less than the shear 

strength of the adhesive. Again, the agreement between the models and the experimental results is 

excellent.  

The ultimate capacities of specimen B1 (Mu = Mp) based on both the finite element and the 

experimental results are given in Table 1. The difference between the results predicted using the 

two approaches is almost negligible. The comparison between the numerical and experimental 

predictions for ultimate moment capacities will be discussed together with the failure mode later on 
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in this study. In order to compare to the experimental results, the load deflection curves predicted by 

the finite element analysis for beams B1 and B2 are plotted in Fig. 5 with the corresponding curves 

obtained experimentally. The two curves show almost a perfect match.  

 

7. Distribution of Stresses Based on the Finite Element Results 

The validated finite element model was used to predict some parameters that were difficult to 

evaluate experimentally for the rehabilitated beam. These included the distribution of flexural 

strains and stresses along a cross-section of the beam with the discontinuity expected to occur at the 

interface between the steel and the GFRP sheets, the distribution of sheer and peel stresses in the 

adhesive, and the distribution of axial stresses in the GFRP plates.  

Fig. 8 provides the distribution of flexural stresses at the mid-span of the beam in both the elastic 

(P=150 kN) and the inelastic (P=350 kN) ranges. The corresponding distribution of flexural strains 

is given in Fig. 9. 

The figure show a linear distribution of flexural strains in both the elastic and the inelastic ranges 

with a small jump of strain values at the interface between the steel and the GFRP sheet. The 

modulus of the steel part exceeds the modulus of the GFRP element during the elastic range and 

therefore a reduction in the GFRP strains was observed at the interface. During the inelastic range, 

the modulus of the GFRP exceeds the effective modulus of steel and as a result this effect was 

reversed. 

A linear stress distribution is shown in both the steel and the GFRP sections within the elastic 

range. Due to the large difference in the elastic modulus, the GFRP stresses were much smaller than 

the steel ones. In the inelastic range, the steel section has almost fully yielded while the stresses in 

the GFRP part have significantly increased as it carries the extra loads once the steel yields. 

The distribution of axial displacement (u1) at the extreme fibres of the steel section as well as the 

distribution of axial displacement (u2) at the inner surface of the GFRP sheets was predicted at 

various loading stages by the finite element analysis. Eq. (1) was applied to obtain the distribution 
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of shear stresses that develop in the adhesive. This distribution is provided in Fig. 10 for the 

adhesive connecting the bottom flange and the GFRP sheet for both the elastic and the inelastic 

ranges of behaviour. A comparison between the two plots shown in the figure indicated that the 

maximum shear value varied non-linearly with the applied load. An increase in the load by a ratio 

of 2.3 led to an increase in the maximum shear stress by approximately a ratio of 3.6. The 

distribution of shear stresses is anti-symmetric during the two loading stages. The change in sign of 

the distribution during the elastic and the inelastic ranges reflects a change in the sign of the relative 

displacements at the interface of the steel and the composite sections. This is due to the variation of 

relative stiffness between the two materials before and after the yielding of the steel part. In the 

elastic range, the maximum shear stresses occur at the end of the GFRP sheet. In the inelastic range, 

the stress profile is close to the distribution of shear forces acting on the beam with a zero value 

between the loads and a constant value elsewhere.  

Similarly, the finite element analysis provided an evaluation for the distribution of the vertical 

deflections w1 and w2 at the extreme steel fibres and the inner faces of the GFRP sheets. The 

difference between these two deflection curves (w) represents the relative vertical deflection at the 

interface that results from the out-of-plane deformation of the adhesive. By multiplying w by the 

spring constant Kp, that simulates the peel stiffness of the adhesive and has a value of 2.26 N/mm3 

(El Damatty and Abushagur, 2003), the distribution of peel stresses along the length of the GFRP 

sheet can be evaluated. This distribution is provided in Fig. 11 for the adhesive connecting the 

bottom flange and the GFRP sheet both the elastic and inelastic ranges of behaviour. The 

distribution shows a symmetric behaviour about the center of the beam. In this figure, a negative 

value indicates stresses causing expansion of the adhesive and consequently a tendency of 

separation between the steel and the plastic sections. It is clear from the plots that critical locations 

for peel failure are towards the edges of the GFRP sheet.  

The distributions of axial stresses at the extreme fibres of the GFRP sheets for both the elastic and 

the inelastic ranges are provided in Fig. 12 for the bottom GFRP sheet. In the inelastic range, when 
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the load is carried mainly by the GFRP sheets, the distribution matches in shape the bending 

moment diagram.  

8. Prediction of Failure Mode Based On Test’s Observation and Finite Element Results 

As shown in Fig. 6, the failure was initiated at the bottom GFRP sheet in the middle region of the 

beam between the points of application of the loads. No failure was observed in the adhesive. The 

failure of the GFRP sheet could occur as the result of one of two reasons: 

a) The axial stresses reach the maximum tensile strength of the composite material. 

b) Delamination between the GFRP layers due to either shear or peel failure occurs 

between the layers. 

At any point inside the GFRP sheet, the inter-laminar shear and peel stresses are expected to vary 

linearly within the thickness of the sheet with maximum values at the interface with the steel section 

and zero values at the outer face of the sheet. The longitudinal distribution of these stresses is 

expected to follow the patterns given in Fig. 10 and 11. Fig. 10 indicates that the maximum value of 

shear stresses is not located between the point loads. Also, as mentioned earlier, Fig. 11 indicates 

that the edge of the GFRP sheet represents the critical location for inter-laminar peel failure. 

Therefore, one would rule out the possibility that delamination failure was initiated at the location 

of maximum moment between the two points load. On the other hand, Fig. 12 indicates that the 

maximum tensile stresses in the GFRP sheet occur between the two loads. As such, it can be 

concluded that tensile failure of the GFRP bottom sheet initiated the collapse of specimen B2. 

 

9. Conclusions 

An experimental-analytical investigation was conducted to develop an understanding of the 

behaviour of steel beams rehabilitated using GFRP. In the experimental study, a methacrylate 

adhesive system was used to bond 19 mm GFRP sheets to the top and bottom flanges of a W157x17 

steel beam. The assembly was tested under a state of pure bending. The results were compared to a 

similar test of an un-rehabilitated steel beam. A closed form analytical solution for the flexural 
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behaviour of the rehabilitated beams within the elastic range was derived. A three-dimensional 

nonlinear finite element model of the steel/GFRP assembly was also developed to simulate the 

behaviour in both the pre- and post-yielding stages.  

In general, the comparison between the experimental, analytical and finite element results showed 

excellent agreement that validated the developed tools. In view of these results, the following 

conclusions could be drawn: 

1. The addition of the GFRP sheets provided an increase of about 15%, 23% and 78% in the 

 initial stiffness, yield moment and ultimate moment of the steel beam, respectively. The 

 significant increase in the moment capacity, especially the ultimate one, made this technique 

 promising for various applications. 

2. At the interface between the GFRP and the steel surfaces, a discontinuity in strains was 

 observed as a result of the flexibility of the adhesive media. Within the elastic range, the 

 strains in the steel flange were slightly higher than those in the GFRP sheet. This behaviour 

 was reversed when the steel yielded and its modulus became much lower than the GFRP 

 modulus. 

3. The longitudinal distribution of the adhesive shear stresses was anti-symmetric, having a 

 linear variation prior to steel yielding and a variation matching the shear force diagram after 

 steel yielding. 

4. The longitudinal distribution of the adhesive peel stresses was symmetric with maximum 

 values occurring at the edges of the GFRP sheets. 

5. The longitudinal distribution of axial stresses developing in the GFRP sheets was 

 symmetric. The distribution followed the bending moment diagram when the steel section 

 reached the fully yielded stage. 

6. No failure was observed at the interface between the GFRP and the steel face indicating 

 excellent performance of the adhesive. 
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7. It is anticipated that the failure was triggered by the GFRP sheet reaching its maximum 

 tensile strength capacity. 

A more detailed numerical modeling is needed in order to be able to predict inter-laminar stresses 

within the GFRP plates. Also thermal analysis is suggested in order to investigate the effect of 

mismatch in the thermo-elastic properties between the steel and the GFRP at the interface.  

 

Nomenclature 

b Width of both the GFRP sheet and the steel flanges 

Ef Modulus of elasticity of the GFRP sheet 

equivalent  GFRP sheet equivalent steel plate 

Es Steel modulus of elasticity  

H Depth of the steel beam  

h1 Distance between the centers of the top and bottom of the GFRP sheets 

Is Moment of inertia of the steel beam 

kp Spring constant that simulates the peel stiffness of the adhesive  

ks Spring constant that simulates the shear stiffness of the adhesive  

Lb Span of the steel beam 

Lf GFRP sheet length 

M External moment  

Mp Plastic moment  

Mu  Ultimate moment capacity of the section  

My Yield moment 

n Ratio between the steel and the GFRP modulus of Elasticity  

tf Thickness of the GFRP sheet 

u1 Axial displacement at the extreme fibres of the steel section  

u1 Axial displacement at the extreme fibres of the steel section 
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u2 Axial displacement at the inner surface of the GFRP sheets 

u2 GFRP sheet axial displacements 

w1  Vertical deflection of the extreme steel fibres 

w2  Vertical deflection of the inner faces of the GFRP sheet 

x Distance from beam mid-span to the point of consideration. 

w Relative vertical deflection at the interface 

 GFRP sheet axial stresses 

y Steel yield stress 

 Adhesive shear stress 
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Table 1: Experimental, Analytical and Finite Element Results 

Method 

B1 B2 

My (kN.m.) Mu (kN.m.) My (kN.m.) Mu (kN.m.) 

Experimental 97.52 113.60 120.22 201.97 

Analytical 99.46 112.53 119.97 --- 

Finite Element 99.80 112.85 118.00 198.54 

 

 

 

 

Table 2: Maximum GFRP and Adhesive Stresses at Steel Yielding 

Method GFRP Stress at Yielding (MPa) Adhesive Stress at Yielding (MPa) 

Experimental 40.21 ----- 

Analytical 41.30 13.18 

Finite Element 43.64 12.17 
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Figure 1 Photo of Test Setup 
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Figure 4 Typical Finite Element Mesh for the Rehabilitated Beam 
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Figure 6 Failure of Rehabilitated Steel Beam                . 
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Figure 7b Rehabilitated Beam (B2): Load-Strain Relationship Recorded by Strain gauge S8 
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Figure 8 Flexural Stresses at Mid-Span Section of Rehabilitated Beam 

Figure 9 Flexural Stains at Mid-Span of Rehabilitated Beam 
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Figure 10 Longitudinal Shear-Stress Distribution for the Adhesive Connecting the 
Bottom Flange and the GFRP Sheet 
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Figure 11 Longitudinal Peel-Stress Distribution for the Adhesive 
Connecting the Bottom Flange and the GFRP Sheet 
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Figure 12 Bottom GFRP Sheet Longitudinal Axial Stress Distribution  
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