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Abstract: The main aim of the study is to develop the best-suited FEM numerical 
model of beams made of thin-walled cold-rolled steel profiles retrofitted by CFRP tapes. The 
FEM model fitting has been carried out based on own laboratory tests conducted on Σ type 
beams. The CFRP tapes are bonded to the beam at compressed or tensioned flange. The most 
important part of this study is focused on the investigation of boundary conditions influence 
in FEM model developed in Abaqus program. Moreover, the numerical models are also tested 
in terms of different mesh density and type of finite elements. Numerical analyses are carried 
out using a Newton-Raphson iterative method to solve the non-linear equilibrium equation. 
In the paper, special attention is paid to the evaluation of the possibility to increase the load 
capacity by appropriate localisation of CFRP tape.
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1. Introduction 
New technological solutions require a special approach, namely before their introduction 

to common use, ant that means experimental studies should precede them. Nevertheless, due 
to the high costs of laboratory tests, they are usually carried out for a very narrow spectrum of 
cases, while broader analyses are made using the so-called numeric experiment. For this purpose, 
it is very important to carry out the verification and validation of the FEM numerical model as 
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well as possible. This problem has recently become extremely important in order to verify the 
innovative methods of retrofitting the steel thin-walled cold-rolled elements, which have been 
widely used in civil engineering not only as purlins or rails but also as main structural bearing 
elements. One can notice that due to very thin walls, these structures are characterised by 
a limited possibility of reinforcement methods because traditional ones, such as welding or 
bolted connection, are not very efficient. Therefore, it is necessary to look for a smart and 
accurate method to overcome the problem of strengthening the existing steel elements with 
very thin walls.

One of many options is the use of tapes made of carbon fibre reinforced polymers 
(CFRP); they enable fast and effective reinforcement of the structure practically without 
limiting the continuity of its operation. CFRP tapes are characterised by excellent mechanical 
properties such as over ten times higher strength in tension of the tape in fibres direction 
compared with conventional structural steel grades and high fatigue or corrosion resist-
ance. These properties depend on the type and the orientation of carbon fibres, the type of 
the epoxy resin, and its percentage share in the final material. The disadvantage of CFRP 
tapes is low strength in compression, which is approximately 10% of the tensile strength. 
Strength parameters of FRP materials used to strengthen structures are described in detail 
in [13]. However, the main advantage of CFRP tape in case of thin-walled structures is the 
possibility to applicate an adhesive bond between CFRP tape and construction, which allow 
for an easy and speedy connection without the damage of very thin steel walls. The detailed 
information on rules of adhesive bonding in steel, aluminium, and composite structures is 
presented in [9], [8].

Research papers on reinforced steel elements subjected to bending or compression 
are being presented in scientific reports more and more frequency. Research on steel 
circular hollow section (CHS) confirms that using CFRP for strengthening deficient 
columns showed the appropriate impact on rising bearing capacity and reducing stress in 
the damaged location and preventing local deformation [7]. Also, positive conclusions 
are drawn from the analysis of the steel squared hollow section (SHS) restrained with 
CFRP tapes [4]. In addition, as shown in [5], CFRP tapes allow for the reinforcement of 
corroded steel elements. It was shown that the combined flexural and bearing capacity of 
the CHS could be significantly increased by adhesively bonding CFRP. The maximum gain 
in strength was 434%, which was obtained for the most severe 80% corrosion, extended 
along the full length. In engineering practice, CFRP tapes are used to reinforce steel bridge 
girders, which is justified by Ardalani et al. in [3], or I-beams used, for example, as floor 
beams. CFRP materials can also be used to reinforce steel floor beams with holes in the 
web, as discussed in [1]. In this paper, an experimental study involving four full-scale 
beams under 6-point bending was carried out. The study was conducted to investigate 
the ability of CFRP to improve the load-bearing capacity of beams with web opening. As 
a result, up to 20% increase in the bearing capacity of the elements was achieved. CFRP 
materials also found application for reinforcement of aluminium structures. In [14], which 
is based on the example of the pre-stressed aluminium bridge, the authors showed that the 
application of the extruded CFRP tendon-anchor system provides an improvement of 25%. 
The abovementioned references indicate the wide use of modern composite materials for 
reinforcement of various types of steel structures. Still, the use of CFRP composites to 
strengthen steel structures is incomparably small, in relation to the use of these materials in 
the reinforcement of concrete or masonry structures. It should be emphasised that there are 
very few studies on strengthening thin-walled steel structures by CFRP. This fact became 
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the motivation for the authors to undertake research regarding the strengthening of sigma 
thin-walled steel elements with CFRP tapes. Authors of this paper paid particular attention 
to the evaluation of the possibility of increasing the load capacity of the thin-walled beams 
by appropriate position of CFRP tape. The work involved verification and validation of 
different FEM numerical models of thin-walled sigma profile strengthen with CFRP tapes 
using the Abaqus / CAE program and solid or finite shell elements.

2. Laboratory tests
The scope and course of laboratory tests, as well as the obtained test results, were 

discussed in detail in [11] and [12]. Laboratory tests were carried out on sigma thin-walled, 
cold-rolled beams. The dimensions of the cross-section of the sigma profile was ∑140x70x2.5. 
All tested beams were simply supported elements with the span of 2.20 m and loaded by 
uniformly distributed load using laboratory stand prepared in accordance with the patent 
[10]. The uniformly distributed load was applied to the sample using steel cables in seven 
points along the span of the beam. The displacement of each beam was measured using the 
four displacement gauges – three in the horizontal direction and one in the vertical direc-
tion, placed in the middle of the span. In the case of five beams, a measurement of strain 
was made using six strain electrofusion gauges TENMEX TFs-10, the resistance of 120 Ω 
± 0.2%. Experimental studies were carried out in the Laboratory of Civil Engineering, in 
Lublin University of Technology, in the test machine Zwick & Roel controlling the growth 
of the load specified by the extending press piston with a speed of 1 mm/min, recording the 
force at 0.01 s. The scheme of the laboratory stand, the geometry of the cross-section of the 
tested beams and are shown in Fig. 1. 

Fig. 1. Scheme of the laboratory stand and the geometry of the tested beams. Source: own study

On the basis of the σ-ε relationship obtained in laboratory coupon test, the bilinear elas-
tic-plastic material model with strain hardening with Young’s modulus (201.8 GPa), Poisson’s 
ratio (0.282), and yield strength (418.5 MPa) was adopted in FEM numerical model (Fig. 2). 
Lower value of Young’s modulus than for the S350 GD steel grade, results from the fact that 
the samples are made of galvanised steel.
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Fig. 2. Material characteristics of steel: laboratory coupon test; numerical model. Source: own study

The CFRP tapes, with a thickness of 1.2 mm and width of 50 mm, were described as 
orthotropic material with typical composite materials characteristic such as Young’s modulus 
(165 GPa) and Poisson’s ratio (0.308).

3. Numerical model
Various numerical models in FEM program ABAQUS®1 were developed. In order 

to select the most suitable one, they were subjected to calibration based on own laboratory 
test results [11]. Numerical analyses were performed for beams identical to those tested 
in the laboratory. Namely, for simply supported, subjected to uniformly distributed load 
elements with the span of 2.20 m and made of Σ140x2.5 cross-section. In the numerical 
model, the load was defined in the same way as in the experiment, taking into account that 
the load is transmitted by means of seven steel cables along the length of the beam. Numerical 
models corresponding to beams tested in the laboratory were considered. Beam “B3” was 
not reinforced (bare beam). Beam “B4” was reinforced by CFRP tape bonded to the external 
surface of the tensioned flange, while beam “B1” to the internal surface of the compressed 
flange. The layout of CFRP tapes in the examined beams adopted in laboratory tests and  
a numerical model is shown in Fig. 3.

Fig. 3. Layout of CFRP tapes on the examined thin-walled beams a) bare beams, b) CFRP tape bonded to 
the tensioned flange, c) CFRP tape bonded to the compressed flange. Source: own study

1 Abaqus 2019, Dassault Systemes Simulia Corporation, Velizy Villacoublay, France, academic licence 
for Lublin University of Technology.   
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Connection between the CFRP tapes and the corresponding plane (the lower and upper 
flange) of the beam was modelled using a numerical TIE-type connection. Another method 
of modelling adhesive connection can be found in [6]. The developed numerical models were 
different in terms of boundary conditions, the type of finite element (FE) and mesh size. The 
summary of the analysed numerical models is presented in Tab. 1.

Table 1. Summary of the analysed numerical models. Source: own study

No. Acronym  
of num. model Type of boundary conditions Type of FE Number of FE/ nodes

1. Abaqus solid B3p Non-deform. shell el. R3D4 SOLID C3D8R 45000/61404
2. Abaqus solid B3k Displacement constraints SOLID C3D8R 45000/61404
3. Abaqus shell B3l.p Non-deform. shell el. R3D4 SHELL S4R 46200/46878
4. Abaqus shell B3l.k Displacement constraints SHELL S4R 46200/46878
5. Abaqus shell B3k.p Non-deform. shell el. R3D4 SHELL S8R 46200/139955
6.  Abaqus shell 3k.k  Displacement constraints SHELL S8R 46200/139955

Each of the MES models has been prepared, taking into account the contact properties 
in the tangent and normal direction, between the beam and supports.

In the numerical models, the supports were modelled in two ways, each of which 
described so-called fork support. In the first method, the supports were modelled by using 
displacement constraints imposed at the points No. 1-5 located on the contour in the plane 
created by the partition of the element. At points No. 1, 2, 3, and 4 transfers displacements Ux 
were constrained and at point No. 5 – longitudinal displacement Uy was constrained. At all 
this points rotation was free (Fig. 4a). In the second model, the supports were modelled using 
non-deformable shell elements of the R3D4 type (Fig. 4b).

Thin-walled sigma beams ware modelled using three different types of finite element, 
namely, a solid element with a linear shape function of the C3D8R type with 3 translational 
degrees of freedom in each of the 8 nodes per one finite element. Next, the shell element of 
S4R type with a linear shape function (four-node type with reduced integration), and finally, 
a shell element of S8R type with a square shape function was used. 

The analysis of the influence of mesh size was made only for the numerical model No. 4 
(Abaqus shell B3l.k) changing the size of the finite element from 5 mm to 7.5 mm. The model 
with a finite element size of 7.5 mm had 24 400 elements and 24862 nodes and was marked 
with the acronym Abaqus shell B3l.k.g. The next stage of the analysis consisted of remov-
ing the mesh density on the rounded corners of the profile, which resulted in the creation of 
a cross-section with sharp edges. This model had 21 200 elements and 21 665 nodes and was 
marked with the acronyms Abaqus shell B3l.k.k. 

In order to reflect laboratory tests of beams B1 and B4, numerical models No. 1 and 
No. 4, were extended by the numerical modelling of CFRP tapes. In all numerical models, 
CFRP tapes were modelled as shell finite elements of the S8R type, which contains 6 degrees 
of freedom, in each of the 8 nodes per finite element. The number of finite elements was 
1 040 and the number of computational nodes was 1 254. Connection between the CFRP tape 
and the corresponding beam surface was modelled using a “TIE” type numerical connector 
which preserves the constant distance between points lying on two adjacent surfaces and 
constraint rotations between these points.
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a) b)

Fig. 4. Numerical models of the support a) displacement constraints: Uy, Ux. b) non-deformable shell elements 
R3D4 and displacement constraints: Uy, Ux. Source: own study

Another parameter that has a decisive influence on numerical results is the size of the 
mesh in the numerical model. In order to investigate this effect, the mesh size analysis was 
performed for a numerical model with S4R shell finite elements, linear shape function and 
supports modelled as displacement constraints. As it was mentioned above, the size of the 
mesh was changed from 5 mm (Abaqus shell B3l.k) to 7.5 mm (Abaqus shell B3l.k.g). The 
next modification was to remove the increase mesh density on the rounded surfaces of the 
element. Thus, a simplified model was created with a finite element size of 7.5 mm and constant 
mesh density (Abaqus shell B3l.k.k). Various mesh configuration in numerical models are 
presented in Fig. 5.

a) b)  c)

Fig. 5. Various mesh configuration in numerical models: a) Abaqus shell B3l.k, b) Abaqus shell B3l.k.g, 
c) Abaqus shell B3l.k.k. Source: own study

The non-linear studies are carried out by solving the equilibrium equation. The 
Newton-Raphson iterative method is used for both stable and unstable post-buckling responses.

4. Results of numerical analysis versus laboratory test
As mentioned before, in order to find the best representation of the real structural behav-

iour, numerical models differing in terms of modelling boundary conditions, mesh density and 
finite element types have been developed. FEM model quality assessment was conducted by 



FEM model versus laboratory test of thin-walled steel beams strengthened by CFRP tapes 79

comparison of strain measured during laboratory tests by electrofusion strain gauge SEG 1, 
SEG 2, placed in the middle of the beam span, in the centre of the tensile or compressed flange 
respectively, with results obtained from the FEM analysis. Unfortunately, due to the significant 
rotation of the beam, the displacement measurement was not reliable, because the induction 
gauges did not remain in constant contact with one measuring point (Fig. 6). 

Fig. 6. Displacement measurements details. Source: own study

Therefore, this parameter was not taking into account during the evaluation of the 
numerical model.

Comparison of the P-ε relationship for different numerical models (see Tab. 1) and 
laboratory test (plot B3) for the bare beam (without reinforcement) shows Fig. 7.
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The analysis of the obtained results shows that the highest compliance with the results of 
laboratory tests was obtained for two numerical models. Namely, for the numerical modelled 
using solid FE with a linear shape function (Abaqus solid B3k) and for a numerical model 
with shell FE and linear shape function (Abaqus shell B3l.k). In these two models, supports 
were modelled by using displacement constraints. One can notice that the numerical model 
(Abaqus solid B3k) shows compatibility over the whole equilibrium path while the numer-
ical model (Abaqus solid B3k) loses its convergence at a higher load level. Noteworthy is 
also the numerical model (Abaqus solid B3p) with solid FE and the supports in the form of 
non-deformable shell elements R3D4. This model is characterised by very good convergence 
for the maximum load value. However, the worst compatibility is observed in the case of 
a beam modelled by shell-type FE with a square shape function and supports in the form of 
non-deformable shell elements R3D4 (Abaqus shell B3k.p).

Based on the above observations, three models were selected for further analysis 
(Abaqus solid B3k, Abaqus solid B3p and Abaqus shell B3l.k). Thus, in the case of beams 
strengthened with CFRP tape, the validation and verification were limited only to three 
numerical models. In Fig. 5 the relationship P-ε (load – strain) for the beam strengthened 
with CFRP tapes based on SEG 1 laboratory readout and results obtained for selected 
numerical models is presented. 

In Fig. 8a the plot B4 refers to the beam strengthened with CFRP tapes bonded to the 
tensioned flange tested in the laboratory and the other plots illustrate the response of the 
beam strengthened in the same way for three representative numerical models (Abaqus solid 
B4k, Abaqus solid B4p, Abaqus shell B4l.k). Fig. 8b presents the strain values read from 
SEG 1 for beams strengthened with CFRP tape at compressed flange (B1) and analogous 
numerical model (Abaqus solid B1k, Abaqus solid B1p, Abaqus shell B1l.k).

One can notice that in case of the beams strengthened with CFRP tapes at the tensioned 
or compressed flange the highest compliance with the results of laboratory tests occurs for 
numerical models with shell or solid FE and displacement constraints (Abaqus shell B1l.k, 
Abaqus solid B1k, Abaqus shell B4l.k and Abaqus solid B4k). This conclusion coincides with 
the observations made for unreinforced beams. Surprisingly, the most complex numerical 
model (Abaqus solid B1p and Abaqus solid B4p) in the initial phase of the work of the beam 
provides results that deviate from the laboratory tests.
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Fig. 9. The force - strain relation obtained from the numerical model and SEG 1 readout for the bare 
beams for different mesh size. Source: own study. 

 
Fig. 10. The force - strain relation obtained from the numerical model and SEG 1 readout for the beams 
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at the tensioned flange for different mesh size in the numerical model and SEG 2 readout in 
laboratory tests is presented in Fig. 12 and 13.
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5. Concluding remarks
The research presented in the paper is of a pilot nature and is part of a more extensive 

program. The primary purpose of the work was to check the efficiency of strengthening sigma 
beams using CRP tape in the context of laboratory and numerical tests. The primary conclusion 
of the presented article highlights the difficulties associated with the analysis of the field of 
displacement and deformation of beams subjected to significant rotation.

The original purpose of the laboratory tests was to analyse beams that undergo 
significant rotation. Unfortunately, the used laboratory stand made it impossible and elim-
inate the possibility to carry out the experiment until the damage. Therefore, in order to 
track the behaviour of the beam reinforced with CFRP tapes over the entire load range. 
A numerical model was created to reproduce the laboratory conditions as accurately as possible 
by introducing the appropriate contact and non-linear analysis.

Conducted analyses allowed to conclude that the results most similar to laboratory tests 
were obtained for the model with supports modelled in a simplified way by using displace-
ment constraints. Numerical model with supports modelled as non-deformable shell elements 
produced significant discrepancies, which is surprising, because it faithfully reflects the real 
laboratory  conditions. Based on the obtained results, it can be stated that laboratory tests most 
accurately describe the numerical model (Abaqus shell B3l.k.k, Abaqus shell B4l.k.k, Abaqus 
shell B1l.k.k). This was unexpected because it is the least detailed numerical model. It should 
be noted that the above results of numerical research concerned beams without geometrical 
imperfections, which in the real thin-walled section can significantly affect the results.

In terms of the discrete models used, the C3D8R model was based on correlations of 
the results obtained with experimental studies (the use of the C3D20R mesh) in this case gave 
less convergent results, although it is this mesh that usually allows to obtain better qualitative 
and quantitative results. In the case of C3D8R mesh, 3 elements were applied to the thickness 
of the structure, allowing to create a neutral layer. Probably, it would have been better to use 
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the C3D20R mesh; however, less convergence of results was obtained for such test model 
than the C3D8R finally used with 3 elements on the thickness of the structure. Thus, it was 
found that in the case of static analysis, the least appropriate is the shell model with a square 
shape function. 
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