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ABSTRACT

Steel and stainless-steel girders are widely used around the world. However, relying solely on experimental
testing of these girders is not always ideal since numerical simulations can also be utilized. Although
experimental tests provide accurate results, numerical simulations offer several potential advantages. For
example, they require fewer resources, including human, financial, and material resources. Moreover,
numerical simulations can be applied to a broader range of structural parameters and loading conditions.
Nonetheless, it is crucial to conduct a verification study before carrying out any numerical simulations to ensure
that the developed numerical model accurately captures the actual behavior of the girder. Consequently, this
research aims to verify the accuracy of finite element models of girders created in Ansys Workbench (2020
R1) by comparing them to experimental results from previously tested girders found in literature. The
verification study uses models of specimens from different sources, including specimens made of stainless-
steel, specimens with hollow tubular flanges, and stainless-steel girders with diagonal stiffeners. It is found that
the finite element model can predict the ultimate strength and elastic stiffness of the girders with an average
error of less than 3 and 0.4% respectively. Additionally, the model is able to simulate the deformed shape of
the girders at the failure stage. Overall, the study demonstrated that the finite element model is effective at
predicting the response of girders with different characteristics.
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1. Introduction

In metallic structures, longitudinal elements are needed to carry the in-plane transverse loading resulting from
the upper slab or covering system. In this regard, girders with I-shaped cross-sections, consisting of a web and
two flanges, are utilized to play this role. The reason for commonly choosing such cross-section is its
compatibility with the induced normal stress distribution caused by the acting loads. Moreover, the acting shear
forces, mainly resisted by the web, are usually lower than the axial forces induced by the bending moments
that are resisted by the flanges. This justifies the fact that the thickness of the webs is conventionally less than
that of the flanges. When rigidity of a girder is not sufficient to resist the acting loads, transverse or longitudinal
stiffeners can be equipped to the web panel. These stiffeners increase the rigidity of the web panel and divide
it into several sub-panels. This prevents the web and flanges from buckling out-of-plane, and warping,
respectively (Hasan et al., 2017). Transverse stiffeners are welded at certain equal spacings along the girder
length. The end-post is the only exception as the transverse stiffeners spacing there may be different to fabricate
different end-post configurations. Although steel is the most common metal used for the fabrication of such
girders, several researchers also have indicated that stainless-steel can be used instead due to its durability,
sustainability, and corrosion resistance. Moreover, the web of a girder is not always kept plain. In other words,
it may be provided with web openings to accommodate for services such as pipes, cables, etc. (Amrous et al.,
2023).

To increase the strength of a girder, the concrete slab can be linked to its top using shear connecters. If the
interaction between the flange and slab is sufficient, composite action is thus developed and a composite girder
is obtained. The latter is commonly characterized with better performance than individual girders. In general,
the number of shear connectors decide whether the interaction is full or partial. In addition, the interaction state
governs the strength of the composite girders (Hasan et al., 2017).

Another configuration of conventional girders is the corrugated girders. They consist of two flange plates and
a corrugated that noticeably enhance buckling resistance. The most common corrugated webs are is the
trapezoid-shaped. Compared to traditional girders with flat webs, a corrugated web girder allows for the
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adoption of thinner webs Accordingly, a higher load resistance can be attained for lower cost (EI Hadidy et al.,
2018).

Since the I-shaped cross-section is considered as an open section, I-section girders usually lack adequate lateral-
torsional buckling resistance unless properly designed with sufficient torsional stiffness. One of the methods
to overcome this is to replace flat flanges of the girder by tubular ones. This causes the cross-section to
transform from being open to closed cross-section which surely results in an increase in the torsional stiffness
and lateral-torsional buckling resistance (Tondini & Morbioli, 2015; Ali et al., 2021; Ali, 2022).

Studies on steel girders has started a long time ago. (Wilson, 1986) reported that girders with slender webs
exhibit stable deformability even after buckling propagation. Around 100 years later, several researchers
developed design theories for the prediction of the ultimate strength of the girders that have been commonly
named as the tension-field theories (Basler, 1961; Hoglund, 1973, 1997; Porter et al., 1975; Dubas et al., 1985).
Later, several studies have been directed towards the investigation of the behavior of girders under different
loading conditions. (Azizinamini et al., 2007) studied the modes of failure of hybrid girders with different web
slenderness ratios. (Vimonsatit et al., 2007) carried out tests on girders at elevated temperature. On the other
hand, (Estrada et al., 2007a, 2007b; Real et al., 2007) experimentally tested I-section stainless-steel girders
with different end-post configurations. (Chen et al., 2018) also dealt with the same point.

Furthermore, different models to predict the shear strength of girders have been suggested in literature. (White
and Barker, 2008), based on extensive experimental testing, developed a tension field model to predict the
shear resistance of girders. Design equations for shear resistance were also proposed by (Lee et al., 2008).
(Ziemian, 2010) carried out an assessment study to check the accuracy of different available design models
against test results found in literature. (Sinur and Beg, 2013a, 2013b) investigated the shear-moment interaction
issue and compared the test results with those obtained from codes of practice methods. In another study similar
in methodology, (Zhu and Zhao, 2015) compared experimental and numerical results, in which the effect of
geometric imperfections and residual stresses were considered, with those obtained from different codes of
practice. Moreover, (Kim and Uang, 2015) experimentally tested the shear resistance of steel and steel-concrete
composite girders. Also, several well-known design models found in literature were evaluated by (Daley et al.,
2017) against the strength of 27 experimentally tested unstiffened girders. (Kwon and Ryu, 2016) studied the
effect of web slenderness, flanges stiffness, and end-post rigidity on the design strength of girders. Novel design
method was also proposed. By conducting a series of experimental tests, (Hanses, 2018) design a plastic
analytical design model for strength prediction of girders.

Recently, (Elgammal and Ali, 2022) numerically investigated dual web girders. (Shao et al., 2020; Elkawas,
2021) studied the lateral-torsional buckling of corrugated web girders. (Ali & Elgammal, 2022, 2023) suggested
to equip flat webs containing openings with additional longitudinal stiffeners to enhance resistance to cyclic
loading. (EI-Boghdadi et al., 2023) demonstrated that diagonal stiffeners can be combined with transverse one
in the same hollow flange girder to enhance its shear strength. (Pillali et al., 2023) carried out a fatigue life
assessment for a composite girder. Moreover, (Chen et al., 2023a, 2023b; Kucukler, 2023) comprehensively
tested stainless-steel girders.

Summing up, it can be deduced that steel and stainless-steel girders are commonly used and investigated
worldwide. However, experimental testing of these girders should not be adopted alone; numerical simulations
can be also used. In spite of the accuracy obtained from experimental tests, numerical simulations possess
numerous potential advantages. For instance, less human, money, and material resources are needed in
numerical simulations. Additionally, numerical simulations can be applied to a wider range of structural
parameters and loading conditions. Nevertheless, a verification study should be carried out before any
numerical simulations in order to evaluate the accuracy of the developed numerical model in capturing the
actual behavior of the girder. So, this research presents general remarks related to the process of numerically
modeling girders using the finite element software Ansys Workbench (2020 R1) (Ansys Inc., 2020).
Subsequently, a verification study is carried out to compare the numerical obtained results with experimental
results reported in literature for a series of experimental tests. The accuracy of the developed numerical models
is also evaluated.

2. General overview on the finite element modeling
2.1. Definition of finite element analysis
Finite element analysis is a numerical technique which can be adopted to investigate numerous problems in

nature (particularly engineering in the current research). In the finite element analysis, Structural Elements are
divided into smaller elements. Stiffness matrix is developed for each of those elements then the full solution of
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the whole structural element is attained by combining the individual solution of each single element, taking
into account the continuity at the edges of the element.

2.2. The finite element software Ansys Workbench (Ansys Inc., 2020)

Ansys software (Ansys Inc., 2020) is considered as an advanced software package that can be utilize to model
the interaction of several disciplines like physics, structural analysis, vibration, fluid dynamics, heat transfer
and electromagnetic for engineers. In order to undergo relatively simple experience and user friendliness, the
graphical user interface version of Ansys, called Ansys Workbench (Ansys Inc., 2020) is used. Ansys
Workbench (Ansys Inc., 2020) has various features such as:

1) Suitable for both linear and nonlinear analyses.

2) Capable to model different objects in both two and three dimensions.

3) Extensive material library containing several predefined metallic alloys.

4) A complete set of elements including wide range of beam, shell (surface) and solid elements.

5) Ability to model contact among different bodies and elements.

2.3. Steps for the finite element analysis of steel and stainless-steel beams

In order to model metallic girders in Ansys Workbench (Ansys Inc., 2020), both material and geometric
properties should be defined. To obtain accurate results, the finite element analysis should pass in two steps
since metallic beams are predicted to be suspectable to buckling. The first step is concerned with the buckling
modes of the girder through the Eigenvalue buckling analysis module. This type of analysis is considered as a
linear elastic analysis which yields any desired number of buckling modes of the beam under consideration.
However, only the first positive buckling mode is needed for the next step of the finite element analysis in
which it is imported into the perfect geometry of the girder (Hassanein & Kharoob, 2013a). Subsequently, a
nonlinear load-displacement analysis was carried out on the girders having initial geometric imperfections
imported from the previous step leading to a set of results (e.g., load-displacement response, ultimate loads,
modes of failure, etc.).

3. Finite element modeling of steel and stainless-steel beams
3.1. Geometry

For the numerical tests conducted in the current research, all of the girders were modelled in Ansys Workbench
(2020 R1) (Ansys Inc., 2020) finite element software in full-scale since the isolated web panel simulation model
does not accurately capture the response of plate girder web plates (Alinia et al., 2009).

Both of the girders and the equipped stiffeners were modelled using SHELL 181 element which is a first-order
structural shell element comprising four nodes with six degrees of freedom for each, thus it provides accepted
solution for most applications and allows for shear deformation (Lee, 2023). In its ordinary shape, the
SHELL181 element is quadrilateral but it can degrade to form a triangle, as shown in Fig. 1.

3.2. Material

The material of the girders was modeled as a von-Mises material with isotropic hardening (Hassanein &
Kharoob, 2010; Ali et al., 2021). If the material to be used has its properties and stress-strain curve well-
described in previous researches, its stress-strain curve could be modelled as a multilinear isotropic hardening
curve (Fig. 2(a)). Note that this particular scheme of curves is defined in Ansys Workbench (Ansys Inc., 2020)
as a relationship between plastic strain and true stress. On the other hand, in the case that the material stress-
strain curve was not provided in literature, the multilinear isotropic hardening material model could be
degenerated to a bilinear curve (Fig. 2(b)) composed of two segments only, as recommended by (EN 1993-1-
5, 2004).
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Fig. 2. Bilinear stress-strain curve (left) and multilinear stress-stain curve (right).

3.3. Boundary conditions

For all of the girders in the current research, the applied boundary conditions were taken following the
numerical studies conducted in (Hassanein & Kharoob, 2010; Ali et al., 2021; Ali, 2022) in which the girder
was loaded as a simply supported girder with/without end-posts. In detail, referring to Fig. 3, at each end of the
girder, the midpoint of the web was restrained from translation in y-direction (v, = 0), all web was restrained
from translation in x-direction (v, = 0), the flanges were restrained from rotation about z-axis (R, = 0), and
the central point of the bottom flange was restrained from translation in z-direction (v, = 0). Moreover, the
load was applied using a displacement control method in order to enable the capture of the strength loss phase
in the load-displacement curves.

Fig. 3. Finite element model for a typical I-section girder.

3.4. Geometric imperfections and residual stresses

For all of the girders in the current research, initial geometric imperfections were considered in the finite
element model by conducting linear Eigenvalue buckling analysis in order to obtain the first positive buckling
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mode which was then scaled to a value of L/1000 (Hassanein & Kharoob, 2010, 2013b) wherein L denotes
the span length of the girder, and then imported back into the perfect geometry of the girder in the nonlinear
analysis step (Wang et al., 2020). In the Eigenvalue buckling analysis, there is no need to turn on the large
deflection option, since this step relies on linear analysis approach. On the contrary, large deflection option
should be turned on in the following loading steps in order to accumulate for nonlinear geometry effects. In
regard to the residual stresses, they were neglected according to (Dong & Sause, 2009) for unbraced lengths
less than 20 m. This condition is true for all of the girders under consideration in this research.

4. Verification study
4.1. Methodology of the finite element model validation

For the sake of obtaining accurate results in future studies on metallic girders, it is necessary first to check the
accuracy of the current finite element model against the results of experimental tests available in literature.
Accordingly, in the following subsections, three stainless-steel I-section plate girders of (Real et al., 2007), two
hollow flange steel beams of (Tondini & Morbioli, 2015) and two diagonally stiffened stainless-steel I-section
plate girders of (Yuan et al., 2019) were selected for the undergoing verification study. The load-displacement
curves, load-carrying capacities, and modes of failure (if available) reported by the experimental tests were
compared to those obtained from the finite element simulations.

4.2. Stainless-steel specimens of (Real et al., 2007) with transverse stiffeners

The current finite element model was verified herein via the simulation of stainless-steel I-section plate girders,
labelled as adlw4, ad15w4, and ad2w4, which were both experimentally and numerically tested by (Real et
al., 2007). All of the three specimens shared several properties. In detail, they all had a web height of 500 mm,
a web thickness of 4 mm, and a flange and stiffeners thickness of 20 mm. The only difference between the
three specimens was their span length and stiffener spacing. adlw4, ad15w4, and ad2w4 had span lengths of
1, 1.5, and 2 m, respectively, and stiffener spacings of 500, 750, and 1000 mm, respectively. It is worth pointing
out that the flange width and edge distance of the plate girders were not clearly mentioned in the paper;
however, they were assumed herein to be equal to 250 mm and 100 mm, respectively. The used material was
austenitic stainless-steel grade 1.4301 (AISI 304) which has a modulus of elasticity of 197240 MPa and 187340
MPa for 4 mm and 20 mm thick plates, respectively, and a Poisson’s ratio of 0.3. Since the stress-strain curves
of that stainless-steel were clearly presented by (Real et al., 2007), they were modelled herein using a
multilinear isotropic hardening model. The plate girders were modelled as being simply supported at both of
their ends. The plate girders were also loaded at their midspan with a concentrated load so that the web was
under constant shear. The load was applied at the intersection of the midspan transverse stiffeners and the upper
flange. Fig. 4 illustrates the finite element models of the three plate girders under consideration.

(a) adiw4 (b) ad15w4 (c) ad2w4
Fig. 4. Finite element models for the specimens of (Real et al., 2007).

Figs. 5 to 7 depict the resulting load and midspan vertical displacement for both of the experimental tests and
the current finite element modelling. The ratio between the finite element ultimate load and the experimental
ultimate load for specimens adlw4, ad15w4, and ad2w4 were found to be 1.03, 1.07, and 1.0, respectively.
Moreover, the ratio of the finite element elastic stiffness to the experimental elastic stiffness was 1.02, 0.97,
and 0.93 for ad1w4, ad15w4, and ad2w4, respectively. It can be detected that the finite element results followed
a trend similar to that of the experimental results but having somehow higher ultimate load. Nevertheless, that
difference was small and still within the acceptable limits.
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4.3. Steel specimens of (Tondini & Morbioli, 2015) with transverse stiffeners

(Tondini & Morbioli, 2015) analysed the strength and response of steel rectangular hollow flange beams in
order to be used in small steel frames. Two laterally restrained hollow flange beams of different geometric
characteristics with three specimens for each beam were experimentally. The yield and ultimate tensile stresses
of the used material were 274.1 and 354.4 MPa for the web, and 343.3 and 391 MPa for the flat regions of the
flanges, respectively. The enhanced yield stress value in the corner regions of the tubular flanges, resulting
from cold-forming process, was not included in the finite element analysis since its enhancement is countered
by the existence of the compressive membrane residual stresses (Schafer & Pekdz, 1998). The actual stress-
strain curve of the used material provided by (Tondini & Morbioli, 2015) was used; it was modeled as a
multilinear isotropic hardening curve as discussed earlier. The load was applied concentrically on the edges of
the double-sided mid-span stiffeners to reduce the local loading effects on the tubular flanges. Table 1 lists the
geometric characteristics of the specimens while Fig. 6 presents the finite element models for each specimen.

Table 1. Geometric characteristics of (Tondini & Morbioli, 2015) specimens (unit: mm).

. . . Web & flanges
Specimen Web height Flanges width Flanges depth thickness Span-length
T032FZI(—)|FB— 195.9 99.9 19.7 2.01 4495
TOGS%EFB' 237.1 150.1 30.2 2.93 4498

Fig. 6. Finite element models for TO3 RHFB-240 (left) and T06 RHFB-300 (right).

The ultimate moment and the midspan vertical displacement at the step of the maximum load-carrying capacity
were attained from the finite element simulations then compared with the corresponding experimental test
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results. It is found that the finite element model yielded accurate results as the ratio of the finite element ultimate
moment to the experimental ultimate moment was 1.04 and 1.05, respectively, for RHFB-240 and RHFB-300.
On the other hand, finite element elastic stiffness to the experimental elastic stiffness was 1.07 and 1 for the
same specimens, respectively. Fig. 7 displays a comparison of the finite element and experimental moment-
midspan vertical displacement curves for the beams. Both numerical and experimental curves appeared to look
alike with minor deviations especially for RHFB-240. That deviation in the stiffness between the numerical
and experimental curves is caused by the existence of geometric imperfections which were not measured by
(Tondini & Morbioli, 2015) while, at the same time, the used maximum imperfection suggested by (Hassanein
& Kharoob, 2010) was relatively smaller than the actual one. It is thus evident that the finite element model
accurately predicted the ultimate moment, elastic stiffness, and the general shape of the moment-midspan
vertical displacement curves.
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Fig. 7. Moment-midspan vertical displacement curves for T0O3 RHFB-240 (top) and T06 RHFB-300
(bottom).

4.4. Stainless-steel specimens of (Yuan et al., 2019) with diagonal stiffeners

The experimental program of (Yuan et al., 2019s) included four I-section stainless-steel plate girders; only two
of them were installed with diagonal stiffeners. Accordingly, these two were the only specimens of concern
since transversely stiffened girders and beams were sufficiently validated throughout the current section.
General Characteristics of the two specimens are listed in Table 2. One of the specimens (V-304-DF) was made
of stainless-steel grade EN 1.4301, while the another one was made of the grade EN 1.4462. Overall, (Yuan et
al., 2019) provided the stress-strain curve, for both grades, obtained from experimental coupon testing. So,
these curves were used to model the material using the multilinear isotropic hardening curve, as discussed
earlier.

Table 2. Geometric characteristics of (Yuan et al., 2019) specimens (unit: mm).
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Specimen Material L a e hyy by tyw tr tg tas bgs
V-304-DS 1.4301 1696.6 | 748.3 | 100.1 | 4984 150 382 | 1185 | 7.85 3.82 29.7
V-2205-DS | 1.4462 | 1697.8 | 749.1 | 99.8 | 498.2 | 150.2 3.9 1259 | 7.72 | 390 | 29.9

e is the end-post edge distance, t; is the transverse stiffener thickness, t, is the diagonal stiffener thickness, and b,
is the diagonal stiffener width.

In Fig. 8, the relationship between shear resistance and midspan vertical displacement obtained from the finite
element analyses is plotted, for both specimens, along with those of the experimental tests. Obviously, great
agreement exists between the finite element and experimental shear response. Furthermore, the ratio of the
ultimate shear resistance obtained from the current finite element model to that of the experimental test was
1.02 and 1.01 for VV-304-DS and V-2205-DS, respectively. With regard to the elastic stiffness, its numerically-
obtained value to the experimentally-obtained one was 1.03 and 1.01 for the same two specimens, respectively.
In the same vein, the deformed shape of the specimens at failure was identical for both the finite element
analysis and the experimental test, as shown in Fig. 9. That way, the accuracy of the developed finite element
model in capturing the response of diagonally stiffened girders was also verified.
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Fig. 8. Shear response of VV-304-DS (top) and V-2204-DS (bottom)
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Fig. 9. Comparison between test and finite element deformed shapes of VV-304-DS (top) and V-2204-DS
(bottom) at the step of failure.

5. Summary

In this research, a verification study was conducted to check the accuracy of the finite element models of
girders, built in Ansys Workbench (2020 R1) (Ansys Inc., 2020), in capturing the response of early
experimentally tested girders found in literature. The verification study mainly depended on building models
for certain specimens of (Real et al., 2007; Tondini & Morbioli, 2015; Yuan et al., 2019) and then validated
them against the experimental results provided by them. The verification study included a wide variety of
beams and girders with different properties. For instance, (Real et al., 2007) specimens were made of stainless-
steel, (Tondini & Morbioli, 2015) specimens were provided with hollow tubular flanges, and (Yuan et al.,
2019) stainless-steel girders were equipped with diagonal stiffeners.

It was found that the developed finite element model can predict the ultimate strength and elastic stiffness of
girders with an average error not exceeding 3 and 0.4%, respectively. Furthermore, the finite element model
was also capable of simulating the deformed shape of the girders at the step of failure. To sum up, it is seen
that the current finite element model can noticeably predict the response of girders with different characteristics.
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