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Abstract - This paper presents the numerical simulation of an experimental study aimed for proposing a novel FRP 
strengthening technique to strengthen the webs of steel plate girders against breathing fatigue reducing the critical stresses 
and consequently increasing the life expectancy of the bridge. The proposed technique is economic, easy to install and is also 
designed for increasing the ultimate capacity of the strengthened specimens by 88% while maintaining the typical ductile 
shear failure of the steel plate girders, which is something not common with other strengthening techniques.   A non-linear 
finite element model is developed and verified against the experimental data in this study. This model will be used to 
perform an extensive parametric study for the purpose of proposing a new design method for shear buckling of the new 

composite section. The model also includes a simplified approach to determine the orthotropic mechanical properties of the 
proposed FRP section which proved to be accurate when compared to the experimental results of this work. 
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I. INTRODUCTION AND BACKGRAOUND 
 

The project presented in the current paper examines 

strengthening of the webs of steel plate girders 

against shear buckling using externally bonded FRPs. 

In-plane loading of thin web plates close to the shear 

buckling load results in out-of-plane displacements, 

which in turn induces secondary bending stresses at 

the welded web plate boundaries. Under repeated 

loading the combination of membrane stresses with 

these secondary bending (or “breathing”) stresses 

may result in fatigue cracking and failure. In the 

current work, an FRP strengthening technique using 
bonded shapes is applied to reduce these out of plane 

deformations and hence the secondary bending 

stresses; see Fig. 1. This is in contrast to flexural 

strengthening, where the FRP provides additional 

direct tensile strength and stiffness. Roberts et al. [1] 

studied the rate of fatigue crack propagation and 

fatigue limit loads of slender web plates subjected to 

repeated shear loading. Their observations agreed 

with those of Yen and Mueller [2], but they also 

presented a theoretical procedure for predicting the 

residual shear strength of fatigue-cracked web panels. 
They noticed that during fatigue tests the girders 

exhibited significant plate breathing, with pronounced 

shear buckles forming and reforming along the 

tension diagonals of the web panels. In general, 

fatigue cracks formed along the toe of the weld 

between the web and boundary members, in regions 

of relatively high secondary bending stresses, as 

indicated by the out-of-plane deformations. In 

addition, Roberts et al. [3] noted that stress ranges at 

potential fatigue crack locations can be predicted 

using nonlinear finite element plate analysis or 

approximate analytical solutions.  There have been 

some studies in which the webs of steel plate girders 
have been strengthened under short term shear 

loading, with a useful summary is included in 

Karbhari [4]. One example is presented by Okeil et 

al. [5], who investigated the use of bonded GFRP 

pultruded sections for strengthening steel structures. 

In their work a GFRP section was bonded to thin-

walled steel plates so as to contribute to its out-of-

plane stiffness more than its in-plane strength, as is 

common practice in most FRP strengthening 

applications. Beam (shear) specimens were tested to 

explore the proposed out-of-plane strengthening 

technique, which succeeded in increasing the ultimate 
capacity of the strengthened specimens by 56%. The 

ductility of the strengthened specimens was, however, 

less than the unstrengthened ones.  

 

 
Al-Azzawi et al. [6] and [7] published a two part 

paper presenting their experimental work 

investigating a new proposed strengthening technique 

under static and cyclic loading, respectively. The 

results of the static tests proved the efficiency of the 
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proposed strengthening technique in increasing the 

stiffness of the steel plate section up to 3.0 times that 
of the unstrengthened one and consequently 

increasing its buckling shear stress. In addition to 

that, the proposed strengthening technique succeeded 

in preserving the ductile prototype failure associated 

with intact (unstrengthened) steel plate girders, which 

is a very important factor in safety usually ignored by 

other FRP strengthening techniques. The energy 

absorption capacities of the strengthened specimens 

have been shown to exceed that of the unstrengthened 

ones by a factor of 1.5. No bonding failure was 

detected during or after the test even when the steel 

plate was highly deformed and fully yielded. 
From the results of the cyclic tests, it can be 

concluded that the proposed strengthening technique 

survived up to 2 million cycles of loading with no 

signs of debonding regardless the fact that the applied 

cyclic loading range was 40–80% of the ultimate 

static capacity for the strengthened specimens, which 

is considered higher than the practical loading range 

which usually does not exceed 60–70% of the 

ultimate capacity. Finally, using the proposed 

strengthening technique minimizes the economic and 

temporal cost of strengthening, increases the life 
expectancy of the plate girder by up to 7.0 times that 

of the original design and increases its ultimate 

capacity by 88% whilst maintaining a ductile failure 

mode. 

 

II. EXPERIMENTAL PROGRAMME 

 

A. Details of the Experimentally Tested Specimens 

Fig. 2 show the details of the experimentally tested 

steel plate girder specimens. The specimen represents 

an end panel of a longer plate girder made from 

several panels where high shearing forces exist. 
Instead of  joining the two end panels and testing 

them as is common in testing plate girders under 

shear loading, the rule of symmetry was exploited 

and only one panel is tested [7]. The specimen was 

provided with rigid-end posts as can be seen in Fig. 2 

to make sure that the tension field is fully developed 

and that there is no significant deformation in the end 

stiffener which might compromise the test by leading 

to lower ultimate loads than the real ones. 

 

Three layers of biaxial fabric carbon fibre 2/2 twill 
12k 450g was used to make the CFRP corrugated 

section shown in Fig. 3 with a fibre volume fraction 

of 0.59, using vacuum bagging process. The section 

is later bonded to the web of the steel girder using 

epoxy. More details concerning the optimization, 

producing and bonding the FRP corrugated section 

can be found in [6] and [7]. 

 

III. NUMERICAL MODELLING 

 

Abaqus CAE was used for all numerical modelling in 

this study, which is a general purpose finite element 

analyzer that employs implicit (i.e. traditional) 

scheme. CAE refers to Complete Abaqus 
Environment. 

 
 

A. Numerical Modelling of the Composite Steel-

FRP Specimens 

The steel plate was modelled using a nine node 

reduced integration shell element S9R5, which has 

five degrees of freedom per node. S9R5 elements are 

meant for slender plates and were derived originally 

according to Kirchhoff thin plate bending theory. 
This element is not available in Abaqus standard 

CAE and can be used only through an Abaqus input 

file. A Matlab code was written to create the nodes 

and element incidences to be incorporated in Abaqus 

input files. The size of the web elements was chosen 

to be 20×20mm which satisfies the condition of 

(hw/20) based on the full convergence study 

implemented previously in this work [6]. The initial 

imperfection was found using the elastic Eigen 

buckling modes; these were initiated using the 

buckling analysis available in Abaqus CAE and then 

the experimentally measured initial imperfection 
were imposed using Abaqus script commands in the 

input file. Elastic-perfectly plastic steel constitutive 

model was adopted for the steel in this model with a 

modulus of elasticity (Es) equal to 200GPa. The 2mm 

thickness tested steel plate had yield strength (fy) of 

275MPa while the steel frame components had a 

yield strength of 355MPa. 

All other parts of the specimen (flanges and 

stiffeners) were modelled using S4R shell element 

available in standard Abaqus CAE. The flanges and 

stiffeners elements size were approximately 
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20×20mm and 10×10mm, respectively. This size of 

elements was chosen based on their corresponding 
member size and according to a convergence study 

which showed that changing these element sizes does 

not cause any significant change in the numerical 

outcomes. The Numerical model for the 

unstrengthened control specimen was previously 

presented and verified in [7].  

 

Fig. 4 shows the numerical finite element model for 

the strengthened specimens where the same control 

numerical model is used apart from adding the 

composite FRP bonded corrugated section to the steel 

web. The contour lines show the web out-of-plane 
displacement field.  

 

The FRP panel was modelled using the orthotropic 

engineering constants constitutive model available in 

Abaqus CAE. The method for calculating these nine 

engineering constants is rather long and will be 

described in the next section separately. Four node 

reduced integration shell element (S4R) was used to 

model the FRP corrugated panel. The size of the 

element was chosen to be less than 5×5mm to provide 

several elements in each strip of the FRP panel 
(especially the bonded strips because this will affect 

the surface based cohesive behaviour adopted in this 

model); however, the actual size and shape of the 

element depends on the location of the element with 

respect to the FRP panel. 

  

The bond was modelled using surface-based cohesive 

behaviour. The cohesive interaction properties require 

the definition of three traction separation parameters, 

namely, knn, ktt, and kss. A lower bound method was 

used to determine the traction separation parameters 

required to simulate the same bonding behaviour 
observed in the experiments. The adopted criterion 

was to make sure that the finite element model does 

not show any debonding except at the ultimate 

loading stage. This means that the correct traction 

separation parameters are used, a higher value could 

lead to stiffer behaviour, while a lower value will lead 

to a premature debonding which can be detected 

visually in the model when the traction separation 

stresses exceed the allowable ones. Therefore, the 

value of 1500 N/mm3 was chosen on trial and error 

basis. This value succeeded in reflecting the 
experimental bond behaviour where no debonding 

was detected and helped in accelerating the 

convergence of the numerical model in comparison to 

the stiffer tie constraints which showed slow 

convergence and resulted in relatively higher 

estimations of the ultimate loads in comparison to the 

adopted cohesive interaction. 

 
 

B.  Determining the FRP Orthotropic Engineering 

Constants 
For the sake of simplicity from a design prospective, 

it was decided to model the FRP as a homogenous 

orthotropic material in the finite element model. In 

Abaqus, this could be performed using the 

engineering constants constitutive model which 

requires the definition of nine material constants. 

These constants define the modulii of elasticity, the 

shear modulus, and Poisson’s ratios in the three 

global Cartesian planes as will be seen in the 

following paragraphs. 

Another complication arises when modelling FRP 
laminates. In this case, we are dealing with different 

materials (fibres and polymers) with different 

mechanical properties. The available material 

properties are usually in the local coordinate system 

depending mostly on the orientation of the fibre in the 

matrix. This means that even if we are using the rule 

of mixture to find the material properties for each 

lamina, we still need a method to stack them together 

in one global compliance matrix to inversely 

calculate the required engineering constants. The 

global coordinate system mentioned in this section is 
meant to be for the FRP panel only and it is taken 

along the axis of corrugation. 

 

The constitutive material properties with respect to 

the fibre orientations for each lamina can be found as 

follows: 

 

 
 

 

 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-9, Sep.-2019, http://iraj.in 

A Non-Linear Composite Finite Element Model for a New FRP Strengthening Technique against Shear Buckling of Steel Plate Girders 

 

60 

 
 

However, the above material properties are not 

enough to determine the compliance matrix for an 

orthotropic material. Therefore, the following 

reasonable approximations are assumed with respect 
to the two other orthogonal local planes:  

 
 

Now, knowing the stacking sequence which is [0/90° 

0/90° 0/90°] for the CFRP in our case, the local 

compliance matrix [S'] for each lamina can be 

calculated as follows: 

 
 

 

However, in order to transfer the compliance matrix 
from the local coordinates to the global ones, the 

transformation matrix [T] for each lamina is needed. 

The original 3-dimensional transformation matrix can 

be written                    as follows [8]: 

Where l, m, and n are the direction cosines for the 

angle of rotation with respect to x, y, and z, 

respectively. 

In forming flat laminates, fibre-reinforced laminae 

are stacked with their x1x2-planes parallel but each 
having its own fibre direction. If the z-coordinate of 

the problem is taken along the laminate thickness, the 

x3-coordinate of each lamina will always coincide 

with the z-coordinate of the problem. In such cases, 

Eq. (4) can be Easily computed using the coordinate 
system shown in Fig. 5. The coordinate of Point P in 

the prime coordinate system can be found from its 

coordinates in the unprimed system where: 

 
The previous equation transforms vectors from global 
to local coordinates where primed coordinates denote 

the material coordinates and unprimed denote the 

global coordinates. The inverse transformation simply 

uses the transpose matrix 
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Finally, since the global compliance matrix represents 

the orthogonal material properties in the global 
direction, meaning 

 

                                                                                   
  

A Matlab code was written to perform the above 

calculations. Table 1 shows the engineering constants 

calculated for the CFRP using the abovementioned 

method with the aid of the written Matlab code. 

It is interesting to note that the moduli of elasticity 

calculated in Table 1 is quite close to those measured 

experimentally for the 3-layered CFRP. The 

calculated modulus of elasticity for the CFRP is 
47959MPa in comparison to the experimentally 

measured one of 48120MPa [6]. This is a good proof 

that the proposed calculation method for the 

engineering constants is valid and it will be further 

verified by using them in the composite finite element 

model. 

 

 
TABLE 1: CFRP MATERIAL ENGINEERING CONSTANTS 

 

C. Validation of the Composite FRP-Steel 

Numerical Model 
Fig. 6 shows the verification curves for the CFRP-45° 

strengthened specimen. Fig. 6-a compares the web 

experimental central out-of-plane displacement to the 

finite element one while Fig. 6-b compares the in-

plane deflection. The figure shows that the numerical 

model is capable of predicting both the strength and 

buckling behaviour accurately. The numerical 

deflection curve showed a good correlation with the 

experimental one as well; however, with insignificant 

higher stiffness. The model showed generally a good 

correlation with test results especially for the first 80-

90% of the ultimate capacity of the specimens.  
Looking at Fig. 6 again increases our confidence and 

strengthens the reliability of the composite numerical 

model to simulate the proposed strengthening 

technique in the current study and consequently we 

can conclude that the proposed material constitutive 

model succeeded in calculating the nine engineering 

constants needed to model the orthogonal FRP 

material. 

 
 

IV. CONCLUSIONS 

 

A composite nonlinear CFRP-steel finite element 
model was proposed including a method to calculate 

the nine engineering constants needed for the 

orthogonal constitutive material model for the FRP 
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composite. This composite model was validated 

against the data available from the experimental part 
of this study and showed very good agreement. This 

model will be used to perform an extensive 

parametric study in order to propose a thorough 

design method for the proposed strengthening 

technique. 
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