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Abstract—The introduction of web openings decreases the 

strength and stiffness of steel beams, thus compromising 

design requirements.. This paper presents a novel method to 

maintain cross-sectional capacity and stiffness through the 

bonding of CFRP plates with different lengths and 

thicknesses. 

I. INTRODUCTION 

Following building adaptation, new openings are often 
formed in the web of existing steel floor beams to permit 
the passing of utilities within the constructional depth of the 
floor.  This may have a significant detrimental effect 
whereby the loss of section   in the vicinity of the opening 
reduces the beam strength and stiffness. Normally the 
welding of additional steel plates is adopted as a means of 
strengthening. This conventional approach induces residual 
stresses which can weaken the fatigue performance (1). 

Strengthening steel structures by using CFRP materials 
has received increasing attention lately. Deng & Lee (2) 
used different lengths and thicknesses of CFRP in 
strengthening of ten 127*76*13UKB steel beams under 
either three or four point static bending. It was concluded 
that the de-bonding mode of failure was initiated at lower 
load levels when the CFRP plate thickness increased and 
it’s length decreased. The maximum strength gain was 30%  
for the longest bonded length (500 mm) and thinnest CFRP 
plate thickness (3 mm). Colombi & Poggi (3) tested four 
steel beams under static three-point bending. The beams 
were strengthened with CFRP plate and the ends of the 
CFRP plates were wrapped with CFRP sheets which were 
extended up along the web to provide anchorage and 
prevent debonding. The results showed that the stiffness 
and strength achieved an increase of 14% and 40%, 
respectively over the un-strengthened section. 

Okeil et al.(4) used FRP composites to prevent web 
buckling in steel plate-girders by providing additional 
stiffness to the webs. Experimental and finite element (FE) 
modelling was carried out on glass fibre reinforced polymer 
(GFRP) strengthening applied to the end web panels of 
plate-girders. Test results showed that the ultimate load 
capacity of specimens with vertical and diagonally placed 
GFRP stiffeners increased by 1.40 and 1.56 times 
respectively. Failure in the GFRP-strengthened specimens 
was initiated by a breakdown of the steel-GFRP bond 
followed by immediate out-of-plane buckling of the web. 

Several studies have been conducted on the bond 
between steel and CFRP composite. The bond failure or 
delamination between steel and CFRP composite is 

considered the most common failure due to the weakness of 
the adhesive bond, with the maximum value of the adhesive 
shear stress occurring  at the edges of the FRP sheet (5)(6).  

This paper presents a new method to recover cross-
sectional capacity and stiffness after the introduction of 
web openings, through the bonding of CFRP plates. The 
potential of this technique is explored using non-linear 
finite element models in ABAQUS.  

II. FINITE ELEMENT MODEL VALIDATION 

The simply supported steel beam that was tested by 
Deng and Lee (2) has a length of 1.2 m (1.1m clear span 
between the supports) and a cross-section of type 
127x76x13UKB, the dimensions and the boundary 
conditions of the steel beam are shown in Figure1. Grade 
S275 steel was used with a tensile elastic modulus of 205 
GPa. The CFRP plates had a thickness of 3 mm, a width of 
76 mm, 500mm length and an elastic modulus in the fibre 
direction of 212 GPa. 

 

Figure 1 Details of the tested specimen of Deng and Lee (2007) 

Numerical Model: 

FE models were developed for the beams, with the 
dimensions and support conditions as given in Figure 1. 
The general purpose shell element S4R with reduced 
integration was adopted for both the steel section and the 
CFRP plate, while the adhesive layer was modelled using 
the cohesive element COHD8 provided by ABAQUS. 

Damage modelling of adhesive: 

Loss of elasticity and eventual failure of the bond 
between cohesive surfaces can be modelled with ABAQUS 
damage models. The damage model consists of two stages: 
a damage initiation and a damage evolution. The initial 
response of the cohesive surfaces is linear and after that 
once a damage criterion is met, the traction-separation 
response can be defined to a user-defined damage evolution 
law. An example of traction separation behaviour of 
cohesive surfaces available in ABAQUS is shown in 
Figure2. 
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Figure 2 Traction-separation response. 

In this study, the quadratic nominal stress criterion is 
used as the damage initiation criterion, which can be 

represented as:                                                                
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Where, tn, ts and tt: peak values of the nominal stress. 
σmax is the tensile strength of the adhesive, and τmax  is the 
shear strength of the adhesive; the symbol < >  represents 
the Macaulay bracket which is used to signify that 
compressive stresses do not initiate damage (i.e. tn  is  
negative and thus <tn>  is  equal to zero). 

 After damage initiation, a scalar damage variable D is 

introduced as the overall damage in the material. The 

range of D is from 0 to 1, with 0 representing the 

undamaged case and 1, the total separation. Subsequently, 

the corresponding stress components are then degraded as 

follows: 
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Where, ,  and   are the stress components predicted 
by multiplying the initial stiffness and the current relative 
displacements. 

For the linear softening law, the damage index D can be 
expressed as:  
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Where  is the maximum effective relative 
displacement attained during the loading history,   and 

 are the effective relative displacement at the initiation 
and end of failure, respectively. The effective relative 

displacement   can be written as 
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 Results and Discussion:  

The predictions are compared with the experimental 
load-displacement curve of the control beam (un-
strengthened beam) in Figure 3. The FE result is seen to 
agree well with the test result and is able to capture all the 
key aspects of the behaviour.  

 

Figure 3 load displacement curve of control steel beam 

The strengthened experimental beam failed by the plate 
end debonding of the CFRP plate at 149kN. The same 
failure mode was also predicted by FE model which failed 
at 138kN. The load-deflection curves obtained from these 
FE models are compared with the experimental curve in 
Figure 4. 

   

Figure 4 load displacement curve of strengthened steel beam. 

 

III. CASE STUDY 

 Model Description: 

A simply supported 457*152.4*13 UKB with 3m clear 
span was used with rectangular a web opening in the high 
shear zone to investigate the most effective strengthening 
length and thickness. The beam section size was chosen as 
being typical of floor beam sections used in practice for 
multi-storey frame buildings. The beam is prevented from 
lateral translation in the z-direction and is uniformly loaded 
as shown in Figure 5.  

 

Figure 5 Model description and boundary condition. 

Material properties:  

Grade S275 steel was used, which a nominal yield 
strength of 275MPa and an elastic modulus of 200GPa. The 

10



CFRP plates were 50mm wide; initially 3mm thick, with 
the elastic modulus in the fibre direction was 212GPa. The 
adhesive tensile strength, elastic modulus and shear 
modulus 29.7MPa, 8GPa and 2.6GPa respectively. The 
results of different strengthening configurations are 
compared with the same beam without a web opening, 
denoted as “solid” in following sections. 

Effect of strengthening length: 

The expected failure mode of the opening in the high shear 
region is Vierendeel failure as shown in Figure 6.  Transfer 
of the shear force across the opening causes secondary 
moments in the tee beam above the opening. Therefore the 
suggested strengthening system should be applied at the top 
and bottom of the opening in both the web and flange. 
Different lengths of CFRP are examined to find the most 
efficient configuration. Table I shows the different lengths 
of CFRP plate which have been used for strengthening with 
the same thickness (3mm). It can be noticed from Figure 7 
that the strengthening with both specimens 3OL and 4OL 
provide a good level of strength recovery while the 
specimen 2OL performs relatively poorly. 

 

Figure 6 Failure mode of beam without strengthening and stress 

distribution in N/mm2. 

TABLE I   CFRP CONFIGURATION FOR BEAM WITH SHEAR OPENING. 

Name 2OL 3OL 4OL 

CFRP 

Length 

2×opening 

length 

3×opening 

length 

4×opening 

length 

Section 

   

 

Figure 7 Effect of CFRP length  

Effect of CFRP Thickness 

 Five grades of CFRP thickness have been used with 
specimen 4OL aforementioned to observe   which results in 
optimum stiffness and strength recovery with an efficient 
utilisation ratio (CFRP stress/CFRP ultimate strength) as 
shown in the Figure 8 and Table II. It can be seen clearly 
that the stiffness and strength increase with CFRP 
thickness. Full recovery of strength and stiffness from the 
unaltered beam was achieved by the 6mm CFRP thickness, 
with a CFRP utilisation of 38%. However, a thickness of 

more than 6mm does not give a significant strength 
increase.  

 

Figure 8 Effect of CFRP thickness  

TABLE II  CFRP UTILISATION PERCENTAGE AND BEAM FAILURE MODES 

FOR DIFFERENT CFRP THICKNESSES 

Thickness Utilisation% Failure mode 

0.5 100 CFRP rupture 

1 100 CFRP rupture 

1.2 100 CFRP rupture 

3 62 CFRP debonding 

6 38 top flange yielding 

9 27 top flange yielding 

 

IV. CONCLUSION 

From the results of this study it can be concluded that the 
retro-fitting of CFRP plates bonded to the web and flanges 
can fully recover the strength of steel beams following 
introduction of web penetrations. This strength recovery 
increases with CFRP length and thickness. For the case 
study described, the most efficient configuration consisted 
of 6mm CFRP plate with bonded length equal to three 
times the opening length.  
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