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Abstract

The patch loading resistance of slender steel plate girders is a critical factor in the design of
launched steel and composite steel–concrete bridges. Traditional design methods enhance
patch loading resistance through various stiffening techniques, with contributions typically
estimated via code expressions calibrated on experimental data that do not always reflect
the complexities of full-scale bridge applications. Finite Element (FE) modeling offers a
more realistic alternative, though its practical application is often hindered by modeling
uncertainties and nonlinearities. To bridge this gap, this paper introduces an advanced
FE modeling approach. It provides a comprehensive description of an FE model that
accurately predicts both the load–displacement behavior and the patch loading resistance.
The model is benchmarked against a broad set of experimental tests and systematically
investigates the effects of key modeling parameters and their interactions—material stress–
strain law, boundary condition representation, stiffness of the load introduction area, initial
geometric imperfections, and solving algorithms. Key findings demonstrate that a bilinear
elastoplastic material model with hardening is sufficient for estimating ultimate resistance,
and kinematic constraints can effectively replace rigid transverse stiffeners. The stiffness
of the load application zone significantly influences the response, especially in launched
bridge scenarios. Initial imperfections notably affect both stiffness and strength, with
standard fabrication tolerances offering suitable input values. The modified Riks algorithm
is recommended for its efficiency and stability in nonlinear regimens. The proposed
methodology advances the state of practice by providing a simple yet reliable FE modeling
approach for predicting patch loading resistance in real-world bridge applications, leading
to safer and more reliable structural designs.

Keywords: patch loading; ultimate strength; steel plate girder; finite element analysis;
nonlinear analysis; launched bridges

1. Introduction
1.1. Background

Patch loading behavior and resistance on steel-plated structures are of interest to
researchers, as together they represent one of the main design constraints on structures
subjected to concentrated forces, often more demanding than usual serviceability and
ultimate limit states (SLS and ULS, respectively) that the structure must meet. In the typical
case of an I-girder, this consists of the instability phenomenon that occurs on the portion of

Buildings 2025, 15, 2153 https://doi.org/10.3390/buildings15132153

https://doi.org/10.3390/buildings15132153
https://doi.org/10.3390/buildings15132153
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-4552-6714
https://doi.org/10.3390/buildings15132153
https://www.mdpi.com/article/10.3390/buildings15132153?type=check_update&version=1


Buildings 2025, 15, 2153 2 of 30

the web plus flange where the patch load is introduced. This failure is governed not only
by the plate buckling happening on the web close to the flange but also by the yielding and
possible crippling failure of the whole group. Therefore, it represents a combined type of
failure. This behavior, depending on the stiffening configuration and geometry, can also
be sudden and of high geometric nonlinearity with growing plasticity exacerbated by the
geometric nonlinear behavior [1,2].

The most conventional and validated mechanical model to simulate the patch loading
behavior is the four-hinges model proposed by Lagerqvist [3,4]. This was later modified by
different research contributions that resulted in the formula presented in the first generation
of Eurocode 3 for the design of plated structures (EN-1993-1-5:2013) [5] and the subsequent
generation (EN-1993-1-5:2024) [6]. As seen, this involved large and extensive research
efforts within the European Committee where the COMBRI project [7,8] also contributed
to obtaining normatives and guidelines with sufficiently safe designs. To illustrate this,
Figures 1 and 2 show the ratio between the predicted ultimate resistance (FRd) according to
EN-1993-1-5:2013 and EN-1993-1-5:2024 and the real ultimate resistance (Fu) in 413 tests
on unstiffened I-girders subjected to pure patch loading. In these figures, the horizontal
axis represents the ratio of the applied load length, ss, to the space between the transverse
stiffeners, a. As will be discussed in Section 1.2, these relationships represent part of
the main factors influencing the patch loading resistance. The experimental campaigns
considered are mentioned in Table 1. In both figures, each test is represented by a light gray
dot to highlight the overlap of tests between certain ranges.
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Figure 1. Predicted resistance and ultimate resistance ratio according to the first generation of
Eurocode 3 [5].
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Figure 2. Predicted resistance and ultimate resistance ratio according to the second generation of
Eurocode 3 [6].
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Table 1. Patch loading tests.

Year Author, Ref. Number of Considered Tests
[-] [-] [-]

1960 Granholm [9] 7
1977 Drdacky & Novotny [10] 16
1977 Bossert & Ostapenko [11] 10
1978 Rockey [12] 2
1979 Bergfelt [13] 136
1979 Bagchi & Rockey [14] 3
1980 Zoetemeijer [15] 11
1981 Roberts [16] 31
1981 Skolaud & Novak [17] 21
1983 Roberts & Markovic [18] 1
1983 Bamm [19] 4
1983 Bergfelt [20] 18
1987 Galea [21] 1
1987 Shimizu [22,23] 8
1988 Scheer [24] 30
1989 Oxford & Lauger [25] 5
1989 Elgaaly & Nunan [26] 4
1990 Dubas & Tschamper [27] 48
1991 Höglund [28] 2
1991 Dogaki [29] 2
1991 Elgaaly & Sakar [30] 15
1992 Markovic & Hadjin [31] 9
2003 Markovic [32] 6
2007 Gozzi [33] 3
2012 Chacon [34] 3
2018 Kovesdi [35,36] 2
2020 Rogac, Aleksic, Lucic [37] 8
2021 Kovacevic [38] 7

Typical applications where patch loading resistance is one of the main design con-
straints are launched structures (bridge construction equipment [39], launched steel or
composite concrete–steel bridges [40], and others), industrial cranes, and movable struc-
tures (roofs of stadiums, movable floors, etc.). In these examples, it is typical to use
longitudinal stiffeners close to the flange where the load is introduced combined with an
appropriate spacing between transverse stiffeners and/or diaphragms. However, certain
structures—such as bridge construction equipment, e.g., movable scaffolding systems
(MSS) [41], and launched bridges—often adopt different stiffening configurations that are
not always covered by current code provisions.

1.2. Incremental Launching Method

In the construction of steel and composite steel–concrete bridges, in search of an opti-
mized and economical way to build the deck without interfering with the obstacle that the
viaduct crosses, the Incremental Launching Method (ILM) was introduced around the end
of the nineteenth century. The first bridges built using this technique were the first Britannia
Bridge and the Scorff Bridge (also known as Pont de Lorient sur le Scorff), constructed in
the 1850s in Britannia, England, and the 1860s in Nantes, France, respectively [40]. This
method is especially suitable in the presence of tall valleys and/or large obstacles and
areas where the surroundings of the alignment do not allow the installation of scaffolding
or cranes. Furthermore, this technique is not restricted to a specific typology: it has been
implemented successfully on cable-stayed bridges, bowstring arch bridges, truss bridges,
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and typical single/multiple girder configurations such as the Millau bridge in France [42],
Arroyo de Las Piedras bridge in Spain[43], and others [39].

The ILM consists mainly of the passage of the bridge along different support conditions
until it reaches its final configuration. Normally, one part is partially built on one side of
the emplacement and is launched until there is enough space to build the next part, which
is then connected to the first. Once these two parts are joined, the whole assembly is moved
again until the construction of the next segment is possible. This process continues until
the total length of the bridge is built so that the bridge can be placed at its final location.
An example of this procedure can be seen in Figure 3. It should be noted that for composite
concrete–steel bridges, only the steel structure is usually launched. This is due to the weight
of the concrete part. Launching only the steel part considerably reduces the structural
demand compared to launching the entire structure.

1st Stage

2nd Stage

nth Stage

Direction of launching

(I) Preparation of the emplacement for the assembling of the deck.

(II) Launching of the first n segments of the deck.

Figure 3. Conventional ILM procedure for first stages of launching.

In specific stages, usually when having the maximum cantilever or unexpected im-
posed deformations due to construction imperfections, the reaction on the supports has its
maximum value. This value later becomes the patch load that represents the limiting design
state(s). To solve this problem, structural engineers not only recur to the code provisions to
estimate the patch loading resistance but also implement special stiffening techniques such
as fully or partially longitudinal and/or transversal stiffening [43,44]. In either of these
cases, it is common to find that such code provisions do not comply with the conventional
situation of bridges with ILM construction. In the most important singularities of ILM, there
is the length of the applied load, also known as ss in [5,6], the behavior of the temporary
supports, and the stiffening strategies applied on the steel structure.

The length of the applied load, ss, is determined by the bearing material between
the temporary launching devices and the bridge deck. These materials typically consist
of layered polytetrafluoroethylene (PTFE) and neoprene. This supporting material has
admissible pressure loads in both ULS and SLS such that their dimensions are proportional
to the acting load. Therefore, it results in large contact areas when it comes to high-
load bridge launches. Furthermore, the behavior of these temporary supports depends
on their type (rollers, skid-shoes, and others) and the design of their manufacturer. In



Buildings 2025, 15, 2153 5 of 30

particular, its stiffness compared to the bridge deck directly affects the distribution of the
concentration load. Finally, the stiffening techniques are usually outside the scope of code
provisions. In short, the first two directly affect not only the length of the application load
but also its distribution, while the third represents techniques that stiffen and strengthen
the resistance against concentrated loads or avoid them. An example of an out-of-scope
stiffening technique can be seen in Figure 4, where a typical deck configuration, formed by
two longitudinal I-girders joined by transverse I-girders, is presented (see in Figure 4a–c).
These longitudinal girders are stiffened in the bottom part of the web with a longitudinal
triangular-cell stiffening consisting of two plates welded on both the web panel and flanges
(see in Figure 4d).

a) b) d)

c)

Figure 4. Deck of a composite steel–concrete bridge built by ILM with longitudinal bottom triangular-
cell stiffening. (a) Left longitudinal girder. (b) Right longitudinal girder. (c) Full cross section of two
longitudinal girders joined by transverse girders. (d) Longitudinal bottom triangular-cell stiffening.

Section 1.1 mentioned the importance of the applied load length, ss, and the space
between the transverse stiffeners, a, in the patch load strength. These are usually observed
in dimensionless units by the ratio between them, ss/a. Similarly influential is the ratio of
the distance between transverse stiffeners to the height of the web panel, also called the
aspect ratio. This also defines the geometric slenderness of the plate, and it is commonly
used in typical problems of buckling for slender plates, e.g., shear buckling [5,6]. In general,
the longer the patch load, the higher the resistance [45]. Also, the aspect ratio mostly defines
the slenderness and, thus, how prone to buckling the plate is. When classifying the tests
in Figures 1 and 2 in terms of the ratios a/hw and ss/a, the following can be observed (see
gray dots in Figure 5). Should be noted that each of these light gray dots are transparent
and become more opaque when overlapping, thus highlighting the tests’ ratios between
certain ranges.

First, a large number of tests are particularly focused on small ratios of ss/a (below 0.4).
Furthermore, these tests are of large aspect ratios (up to 20), much larger than those of
bridges. To present and compare this, the graphs also include the same ratios of 15 existing
bridges built by ILM in the last 25 years in Europe and America (see red dots in Figure 5).
A closer look at the main plot (top) is given in the bottom part of Figure 5, specifically for
aspect ratios in the range between 0 and 5. The typical loaded lengths of these bridges
are between 0.25 and 0.80 times the distance between transverse stiffeners. In addition,
the bridge aspect ratios do not exceed 2.50. The minimum value of this ratio is usually
constrained by the manufacturing conditions of the steel elements, for example, enough
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space for welding operations in situ. To exemplify the actual number of tests by the ratios
of ss/a and a/hw, Figures 6 and 7 introduce the number of tests classified by these ratios.
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Figure 5. Aspect ratio to loaded length and distance between transverse stiffeners ratio for experi-
mental campaigns and bridges built by ILM.
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Figure 6. Tests classified by the ratio of load application and distance between transverse stiffeners.

Figure 6 presents on the vertical axis the number of tests and on the horizontal one the
ratio ss/a, while the red area represents the bridge proportions range previously discussed.
Evidently, few tests correctly represent the case of full-scale bridges. This also highlights
how the patch load length is an important dimension compared to the horizontal distance
between transverse stiffeners. In Figure 7, a similar plot is shown, exchanging the horizontal
axis for the value of the aspect ratio, a/hw. Here the red area also represents the case of the
bridges. Two red dashed lines are included, one of which marks the minimum value of
the aspect ratio, 0.25, an indicative lower bound in bridges. The maximum value is 4.00,
which represents the typical recommended value in steel and composite concrete–steel
bridges [46].
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Figure 7. Tests classified by the aspect ratio.

As discussed previously, patch loading resistance design values have been considered
over the years as sufficiently safe designs in European code provisions. In this context,
Eurocodes [5,6] verified the precision of their expressions with experimental campaigns
tested in the last 70 years, where they proved to be safe enough (see Figures 1 and 2).
However, in the case of launched steel bridges and composite concrete–steel bridges, the
number of tests in terms of mechanical and geometric proportions does not represent these
situations. Therefore, there is an important component that has not been supported by
an adequate number of tests. In this context, Finite Element Method (FEM) models serve
as a potential tool that can represent such situations, though their practical application is
often hindered by modeling uncertainties and nonlinearities. To bridge the gap between
research and practice, this paper investigates their applicability and accuracy in predicting
patch loading resistance and behavior. Then, it studies the influence of various modeling
strategies on the behavior and ultimate resistance of slender steel elements subjected to
patch loading. Finally, this study aims at offering a simple yet reliable benchmark FE model
leading to safer and more consistent structural designs.

1.3. Research Methodology

This study followed an experimentally validated numerical approach to investigate
the patch loading resistance of slender steel elements and their proper modeling strategies.
The main steps of the research methodology were as follows:

- Selection of relevant experimental campaigns from the literature.
- Development of a nonlinear Finite Element model capable of capturing key aspects

of the structural response, including material and geometric nonlinearity, boundary
conditions, and initial imperfections.

- Calibration and validation of the FE model against experimental results, based on
force–displacement curves and ultimate load resistance.

- Systematic parametric studies using the validated FE model to assess the influence of
modeling choices on predicted behavior.

Details of the nonlinear FE model and validation process are provided in Section 2.

2. Nonlinear Finite Element Model
2.1. Reference Case Studies

In order to represent the behavior and failure of a plate girder subjected to patch
loading, the FEM was used. The type of analysis was Geometrical and Material Nonlin-
ear with Initial Imperfections Analysis (GMNIA). Specifically, three specimens from the
literature were selected. These are the P200 and P700 tests from Gozzi (manufactured
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by Dillinger Hütte in Germany) [33] and the A3 girder from Kovacevic and Markovic
(manufactured by Mostogradnja in Belgrade) [38]. These tests were selected because of
the detailed information available in the corresponding experiment reports included in
the authors’ Ph.D. theses. A brief test summary is included in Appendix B. The modeling
strategies in use, which are thoroughly reviewed and criticized in Section 3, provided the
most realistic simulation of the tests’ behavior. This is in close connection with current
academic FE modeling techniques.

In order to graphically represent each aspect of the FE model, in each of the subsections,
what was performed for the A3 girder is introduced. The same procedure applies to the
other experiments. The results and the actual test behavior are compared and discussed
later. The main dimension variables of importance in the next sections are shown in Figure 8,
and the values are presented in Table 2. As seen, these dimension variables were previously
mentioned in the first section.

bf

b 1

hst

t f
t st

t f

a

ss

tw

h w

P

Figure 8. Main dimensions on tests of I-girders subjected to patch loading.

Table 2. Values of dimension on the tests of I-girders subjected to patch loading.

Ref. Test tw hw fyw tf bf fyf a ss b1 hst tst Fu
[-] [-] [mm] [mm] [MPa] [mm] [mm] [MPa] [mm] [mm] [mm] [mm] [mm] [kN]

[33] P200 6 1200 371 20 450 354 2440 200 - - - 544
P700 6 1200 371 20 450 354 2440 700 - - - 660

[38] A3 4 500 324 8 120 325 500 50 100 30 8 183

2.2. Description
2.2.1. Geometry, Material Properties, and Meshing

Each specimen was modeled to represent the most accurate condition under which
they were tested. For this purpose, the software ANSYS® Mechanical APDL version 2023
R2 [47] was used. The manufacturer is ANSYS Inc. (Canonsburg, PA, USA).

In terms of geometry, each plate is modeled with four-node quadrilateral shell elements
with six degrees of freedom (DOF) per node, specifically the SHELL181 from the element
library of the program. This element is suitable for analysis with large strains and nonlinear
applications. The material was introduced with real stress–strain curves that represent
the real plasticity of the tested specimens. This was possible because of the availability of
coupon tests on the steel specimens. A mesh sensitivity analysis was used, in which the
selected size was close to the thickness of the web panel of each test. This corresponds to
common practice in this type of analysis for slender plated steel members [38,45,48–51].
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2.2.2. Boundary Conditions, Load Application, and Analysis

For the boundary conditions, there are three main aspects to be considered. For the
following descriptions, U represents the DOF of displacements, and R represents the DOF
of rotations. First, as all the tests presented are simply supported, the extremes have
restricted the movements in the vertical and transversal directions, UZ and UY, respectively.
Second, in the master (loading) node, the rotations in the three axes are restricted: RX, RY,
and RZ. Finally, in order to avoid a mechanism in the analysis, the middle bottom point
in the web is restricted in the longitudinal direction, UX. These boundary conditions are
graphically shown in Figure 9.

On central node:
 UX=0

TARGE170 (master node) and 
CONTA174 (slave nodes) elements

On master node:
 RX=RY=RZ=0

On left and right side: 
 UY=UZ=0

X

Y

Z

Figure 9. Boundary conditions on A3 girder.

The load is applied in a node using multi-point constraints (MPCs), where this node
controls the behavior of a group of nodes, assuming a rigid contact. This was simulated
in this way given that the tests were conducted with a much stiffer element where the
load is applied. To assign the MPCs, the elements TARGE170 and CONTA174 were used
to simulate the behavior of the master and slave nodes, respectively. The master node is
assigned to the central node of the loaded area where the patch load is introduced, and the
slave nodes correspond to the rest of the nodes of the same surface.

In order to obtain the plastic behavior after the highest load that can be resisted, given
that it is simulated as a load-controlled test, the modified Riks method was used [52].
This was successfully implemented in ANSYS and proved to work well on buckling
problems. Here, a maximum displacement is specified on the master node where the
analysis must terminate.



Buildings 2025, 15, 2153 10 of 30

2.2.3. Applied Imperfections

In order to represent the real out-of-plane initial deformation of the web, the contour
plots of the initial deformations [38] measured in the web before the test were used. These
were introduced in the 3D computer graphics and computer-aided design Rhinoceros [53]
to then import the surfaces into ANSYS. The process consisted of first extracting the
contours, then generating a grid of points of 10 mm by 10 mm (see Figure 10), and finally
creating a surface by quadratic interpolation functions between the points in the two main
directions of the plate. This surface was meticulously revised to ensure that the maximum
and minimum out-of-plane values remained the same as the initial contour plot. These
surfaces were exported as ACIS SAT files and then imported into ANSYS.

Figure 10. Points extracted in Rhinoceros [53].

For tests where the initial out-of-plane deformation of the web is entirely unknown
but the maximum out-of-plane initial imperfection in the mid-span section is known, the
shape of the first eigenvalue is used. Once this shape is obtained from a linear buckling
analysis (LBA), its maximum value sets the scale value of the whole form. This is the case
for P200 and P700 girders [33]. This procedure is explained in more detail in Section 3.

2.3. Validation

To obtain the validation of the FEM model as described above, the results are con-
trasted in terms of the ultimate resistance and stiffness. Comparing the maximum resistance
according to the FEM, there is a maximum error of 5 percent. The exact values per test
are shown in Table 3. The stiffness was well captured in most cases. In the case of the
P200 girder, there was a good fit in both the initial stiffness before the ultimate load and
after this value. For the P700 girder, there was a shift that potentially meant a movement
of the sensor from its original position. If the curve coming from the FE model were to
be similarly shifted, the curves would be identical. Finally, for the A3 girder, the model
showed stiffer behavior, but the ultimate resistance was well captured. In all three cases,
the region after surpassing the ultimate resistance was captured accurately. These results
can be seen in Figures 11–13.

To profoundly validate this methodology, the results of other FE models in terms
of ultimate resistance simulated by the authors are shown. In these models, the same
modeling strategies presented were used, and they obtained similar results. This includes
some of the tests presented in [12,27,33,35,38]. The results can be seen in a normalized
value in Table 3, and the results of the previous tests are bolded (girders A3, P200, and
P700). Complete information on these tests can be found in Table A2.
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Figure 11. Load–displacement curve of test P200 [33].
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Figure 12. Load–displacement curve of test P700 [33].
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Figure 13. Load–displacement curve of test A3 [38].
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Table 3. Comparison between ultimate load (Fu,test) and FEM simulation (Fu,FEM).

Ref. Year Test ss ss/a Fu,test Fu,FEM Difference
[-] [-] [-] [mm] [-] [kN] [kN] [%]

[12] 1978 R1 40 0.05 60 63 +5
R3 40 0.05 38 41 +9

[27] 1990 VT07 40 0.02 167 165 −1
VT08 240 0.14 232 255 +10
VT09 40 0.02 182 186 +2
VT10 240 0.14 281 303 +8

[33] 2007 P200 200 0.20 544 556 +2
P700 700 0.70 660 690 +5

[35] 2018 #1 200 0.29 206 215 +4
[38] 2021 A4 25 0.05 180 162 −10

A3 50 0.10 183 176 −4
A17 75 0.15 194 202 +4
A5 100 0.20 225 230 +2
A6 125 0.25 259 254 −2
A7 150 0.30 255 292 +14
B3 50 0.05 165 169 +3
B5 100 0.10 200 209 +4
B7 150 0.15 240 251 +4

B17 150 0.15 234 235 +0
B4 200 0.20 275 287 +4
B6 250 0.25 290 314 +8

3. Modeling Strategies and Discussion
3.1. Introduction

Section 2 was aimed at collecting tests performed by different authors to validate the
use of FE models in estimating the behavior and resistance of steel plate girders subjected to
concentrated loads. As seen above, the procedure followed is complex and time-consuming,
making it difficult to perform in the early stages of the design. Moreover, when designing,
there are a considerable number of uncertainties that need to be taken into account when
estimating the ultimate resistance. Therefore, in order to simplify all the modeling aspects
used before, different approaches that can be applied were selected.

In the following subsections, the influence on the simplification of different aspects of
FE modeling is discussed. These are material stress–strain laws, boundary conditions on the
panel subjected to the concentrated load, the flexibility on the introduction of the patch load,
the magnitude of the initial imperfection, the available solving algorithms, and an example
of the combinations of all influencing parameters together. Other influencing parameters
such as the application of structural imperfections, i.e., initial residual stresses, are not
considered, as other authors proved the negligible influence of these factors on the patch
loading resistance [54]. In short, this is explained by the capacity of stress redistribution
of the steel. Nonetheless, in the presence of a large magnitude of initial stresses, possibly
due to new technologies for steel manufacturing or to specific cross sections with a large
amount of welding, special attention and further research must be taken into account [55].

For the following studied cases where individual aspects are analyzed, in order to
simplify each case, the P200 girder from Gozzi is used [33]. Additionally, the addressed
collapse load is defined as the last load the structure can withstand before failure, corre-
sponding to the last recorded load in the descending branch of the force–displacement
curve. Also, the ultimate load refers to the maximum load the girder can sustain, that is,
the last recorded load before the descending branch of the force–displacement curve.

3.2. Material Stress–Strain Law

In the stress–strain law of the material, there can be different configurations. For
instance, in Section 2, coupon tests were used. This was only possible due to the availability
of this information. Nonetheless, this is not precisely known in early-stage projects and
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represents the most of what can be known of the material when simulating it. Therefore,
other simplifications must be made when designing. It is common practice to use perfect
elastoplastic bilinear stress–strain laws for alloy materials such as steel. It must be pointed
out that in order to be consistent with the initial validated model, only the material stress–
strain law is changed. Therefore, for this case, the following is considered:

- ML-1: Perfect elastoplastic stress–strain law (Tangent Elastic Moduli, Et = 0) with the
same fy for all plates.

- ML-2: Perfect elastoplastic stress–strain law (Tangent Elastic Moduli, Et = E/1000)
with the same fy for all plates.

- ML-3: Perfect elastoplastic stress–strain law (Tangent Elastic Moduli, Et = E/1000)
with differing fy for each plate (flanges and web panel).

- ML-4: Coupon tests.

These can be considered as different levels of complexity, starting from the most
simplistic assumption of the behavior of the material to its real situation. From this, the
following can be drawn. These points can be seen graphically in Figures 14 and 15. In the
first figure, all the force–displacement curves are drawn, while in the second one, the area
represents the filled area between all these options:

- The use of different stress–strain laws of the material when parting from a completely
idealized model, when no further information of the material is given (ML-1), has a
sufficient approximation to the ultimate resistance of the girder with a maximum error
of +3%.

- Regarding the initial behavior of the plate in terms of stiffness, the difference between
each model is not noticeable until 50% of the ultimate resistance. At this level, the
nonlinear behavior governed by the initial stage of the buckling on the web plate
behaves differently. For models ML-1 and ML-2, the girder behaves considerably
stiffer than the other models. Therefore, the ultimate resistance is higher.

- The effect of considering a hardening with a slope equivalent to the value of the
Elastic Moduli divided by 1000 is only reflected in the post-ultimate load behavior.
Moreover, this difference only makes this slope more positive but not in a considerable
magnitude (see ML-1 and ML-2 in Figure 14).

- In order to obtain a behavior closer to the validated model, the yield resistance should
be known. This is mainly due to the influence of the yield strength between the flanges
and the web on the patch loading resistance [56]. In this case, the force–displacement
curve is close to the real behavior until the ultimate resistance. Even at this level, the
descending branch cannot be obtained properly.

- As can be concluded from the previous points, the behavior after passing the ultimate
resistance cannot be obtained accurately enough unless the stress–strain law of the
steel used is known.

Given that the use of the material model ML-2 gives a closer response in terms of
behavior before the ultimate resistance and a close enough approximation of the descending
branch after the ultimate load, the next modeling strategies consider this stress–strain law
material to obtain an approximation closer to what happens in reality.
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Figure 14. Load–displacement curves of different material stress–strain laws.
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Figure 15. Variation on the load–displacement curve for different material stress–strain laws.

3.3. Boundary Conditions on the Extreme Side of Panels

Regarding the boundary conditions, these refer to the extreme sides of the web panel
subjected to the concentrated load. In practical terms, this corresponds to the location
of transverse stiffeners. While transverse stiffeners can be explicitly modeled, previous
studies [57,58] demonstrated that their effect can be effectively replicated using kinematic
constraints (KCs). This approach is particularly advantageous, as transverse stiffeners are
usually designed after the web has been dimensioned. The kinematic constraints work
only when the transverse stiffeners are very stiff elements. In terms of DOF, this means
restraining all the nodes where the transverse stiffener would be positioned, specifically
in the vertical direction (direction of the patch load), the out-of-plane direction, and the
rotation in the out-of-plane axis. In this subsection, these two strategies of modeling are
assessed as follows:

- BC-1: Using the transverse stiffeners;
- BC-2: Using kinematic constraints.

As stated above, in this paper it is assumed that transverse stiffeners are designed
as rigid transverse stiffeners according to [5,6], not as flexible ones. The behavior of the
latter is outside the scope of this paper. Nonetheless, if present, they must be modeled to
assess the patch loading behavior or omitted, which would lead to a conservative estimate
by underestimating their contribution. From the designated models, the following can
be drawn:
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- In terms of stiffness, both models reproduce the same behavior. Therefore, the use
of kinematic constraints is accurate enough to successfully replace the transverse
stiffeners.

- In terms of computing time, a considerable amount of time is saved when solving
the problem with kinematics constraints instead of the stiffeners. Accordingly, when
having more complex structures, this becomes advantageous.

The results can be observed in Figures 16 and 17. In the first figure, all the force–
displacement curves are presented, while in the second one, the area represents all these
options. As mentioned above, the results are so close to each other that the filled area
between both force–displacement curves becomes the same line.
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Figure 16. Load–displacement curves of different boundary conditions.
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Figure 17. Variation on the load–displacement curve for different boundary conditions.

3.4. Introduction of the Concentrated Load

The choice of modeling strategy for the introduction of the concentrated load is an
important factor when assessing the patch loading resistance. In real applications, for
example, launched bridges (see Section 1.2), the device where the concentrated load acts
can be stiffer or more flexible than the cross section of the steel or composite concrete–steel
member. This can critically change the ultimate resistance. It does not only affect the load
distribution over the web, which can potentially be of a lower length, reducing the ultimate
resistance, but it can also be more concentrated on the extremes of the loading device. In
these cases, the following occurs:

- The normal tension on the edges of the load application is considerably higher.
- The normal tension on the central part of the application load is drastically reduced.
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- In a stiff introduction of the load, one could interpret this as the case of patch loading
happening separately on the two edges on a reduced length.

This behavior is graphically represented in Figure 18, comparing load introductions
with a stiff and flexible element. In this specific case, a stiff patch loading introduction
can increase the normal stress values at the edges of the loaded area by up to twice those
observed in a flexible patch loading introduction. Additionally, as expected, the normal
stress at the center of the load application remains close to zero for the rigid application
element. Therefore, the cases analyzed in this subsection are as follows:

- LI-1: Flexible introduction of the concentrated load.
- LI-2: Stiff introduction of the concentrated load.

The load–displacement curves are presented in Figures 19 and 20.
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Figure 18. Influence on a flexible and rigid introduction load path.

0.0 0.75 2.25 3.75 5.25
Displacement, U [mm]

0

150

300

450

600

F
or

ce
, F

 [k
N

]

Test
Case LI-1
Case LI-2

Figure 19. Load–displacement curves of different patch load type introduction.
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Figure 20. Variation on the load–displacement curve for different patch load type introductions.
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From these plots, the following can be pointed out:

- As expected, due to the behavior change when the concentrated load is introduced
flexibly, the ultimate resistance is lower. Moreover, its stiffness against the patch load
decreases both before and after the ultimate resistance.

- The introduction of the load with a stiff element can potentially bear a higher load
mostly due to the acuteness of the concentrated load on two edges. If F is the patch
load applied, F/2 works in a smaller loaded area on each of the edges. Here, three
main facts coincide: first, a lower load acting on each of the borders of the loaded
area; second, a combination of both loaded areas in further zones of the web; and
third, a considerably smaller length of applied patch load. In this case, this results in a
higher resistance. Nevertheless, the specific case of each girder must be assessed and
analyzed to then be able to understand the results of such higher or lower resistance
to patch loading.

- In this case, the introduction of the load with a flexible element yields a lower resistance
due to the reduced application length, ss, where the total load acts with a parabolic
distribution.

- Consequently, the area between the two force–displacement graphs is larger and
considerable. In all cases, it is clear that the influence of the support device stiffness
must be assessed with special care.

3.5. Influence of the Initial Imperfection

Another relevant parameter is the influence of the initial imperfection. For this case,
the shape of the first buckling eigenvalue was used. Herein, it is necessary to solve a Linear
Analysis (LA) to be used for the Linear Buckling Analysis (LBA), and thereby obtain the
shape. Subsequently, its maximum value is expanded to the value of the selected initial
imperfection, w0. This value is the one that defines the beginning of the geometric nonlinear
behavior on the web. An absence of this initial imperfection converts the problem of GM-
NIA into one of Material Nonlinear Analysis (MNA), as the geometric nonlinear behavior
cannot occur. In this case, the load is always centered with the barycenter of the web
plate. In reality, this does not occur, even with the most advanced techniques. The plates
are not perfect, and they usually include imperfections that occur during manufacturing,
transportation, and human error, among others.

In the design of steel structures in Europe, it is common to find this value defined
as hw/200. This value comes from UNE-EN-1090-2 [59], where tolerances for steel plate
fabrication and execution are restricted to hw/100. In the case of other design regulations,
e.g., the AISC 360-22 [60], this value is specified as hw/100. Therefore, the following cases
are selected for this study:

- w0 = zero.
- w0 = L/750, L/500, L/200, L/100, L/50, and L/750, L being the web height of the girder.

From the influence of this value, the following can be said (see Figure 21):

- In terms of analysis, the case of w0 equal to zero demonstrated what is mentioned at
the beginning of this subsection. The problem becomes one of MNA in the absence of
an initial imperfection.

- In terms of the behavior of the girder, since the magnitude of w0 controls the geo-
metric nonlinear behavior, the bigger the imperfection, the lower ultimate resistance
it reaches.

- In terms of stiffness, the stiffness logically decreases with the maximum load it can
bear. Moreover, the ultimate resistance is lower because of the loss of the girder’s
stiffness, mainly influenced by the buckling of the plate. The bigger this imperfection
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is, the faster the buckling of the web increases, provoking the quicker initiation of the
plasticity of the web plate.

- As stated in the previous points, the choice of the proper initial imperfection, despite
the fact that it could be defined in different normatives with different values, directly
affects the stiffness and resistance.

- In experimental campaigns, given the small prototypes that are usually used in lab-
oratories, the values of these imperfections are non-controlled, usually exceeding
the values in [59]. This can be seen in an important number of tests similar to those
presented in Table 1.
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Figure 21. Load–displacement curves of different magnitudes on the initial imperfection.

3.6. Solving Algorithms

The use of the proper solver algorithms in the analysis of the GMNIA is up to the user.
In these cases, the typical algorithms in nonlinear analysis are tested:

- SO-1: Modified Riks method [52,61].
- SO-2: Newton–Raphson procedure [61,62] with displacement-controlled analysis.
- SO-3: Newton–Raphson procedure [61,62] with force-controlled analysis.

In all of these models, the results are obtained as shown in Figure 22. However, some
points to be considered are presented:

- When using Newton–Raphson with a load-driven analysis (SO-3), it is only possible
to obtain the ultimate load depending on the refinement of time steps. Therefore,
the final result depends on how small the step is, which, depending on the type of
structure, can wind up in a considerably long analysis.

- When Newton–Raphson is used with a load-driven analysis (SO-3), it is only possible
to obtain the force–displacement curve up to the ultimate load. It is not possible to
obtain the rest of the curve until the failure of the element (see red dot in Figure 22).

- When Newton–Raphson is used with a displacement-driven analysis (SO-2), the curve
is similar to the one obtained through the modified Riks method. Nevertheless, the
refinement of the time steps in the analysis must also be considered in order to obtain
the ultimate load accurately. Also, it is possible that nonconvergence of the problem
takes place.

- When using the modified Riks method (SO-1), despite it being a force–driven analysis,
it is possible to obtain the whole force–displacement curve. This happens because the
refinement is not controlled only by the force; the analysis also depends on a rule of
displacement.

- Regarding computational time, the total solution time for the GMNIA problem in
models SO-1, SO-2, and SO-3 is 601, 584, and 603 s, respectively. Among these, models
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SO-1 and SO-2 exhibit the lowest computational cost, with only a marginal difference
between SO-1 and SO-3. However, it is important to emphasize that when using
load-driven analysis with the Newton–Raphson method (SO-3), the solution process
terminates prematurely as higher load levels cannot be reached, resulting in errors
in the solution. Consequently, if the magnitude of the results is entirely unknown,
solving the problem would require multiple iterations, each with progressively smaller
time steps. In a practical application, this would necessitate at least two iterations of
the same problem, effectively doubling the computational cost.

- In general, when aiming for sufficient accuracy in the force–displacement curve, the
modified Riks method provides reliable results with reduced computational time.
Moreover, this approach is particularly advantageous in buckling problems, where
the web may be susceptible to snap-through behavior, as it helps maintain numerical
stability [52].
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Figure 22. Load–displacement curves of different solving algorithms.

3.7. Combination of Influencing Parameters: From Complex to Simple Models

In the previous subsections, different modeling techniques were analyzed where only
one aspect of the FE model was changed to specifically observe the influence of each
variable. However, the following subsection examines how different combinations of
those techniques can work to estimate the ultimate resistance. In order to perform this
appropriately, eleven girders tested by Kovacevic and Markovic [1,38] were chosen due
to the information of the steel used and the initial imperfection contour on the web for
different tests. From all the tests, a group of single-stiffened girders with an aspect ratio
equal to 1 were selected, then another group with an aspect ratio equal to 2. In all these
tests, what varies is the length of the applied load. Another important aspect of these tests
is that a considerable number of them have a maximum initial imperfection over hw/200.

In all the modeled cases, the introduction of the load is applied with a stiff element, as
that is how the girders were tested. In terms of the rest of the aspects discussed above, five
scenarios are defined, where the strain–stress law material, the boundary conditions on
extremes, and how the initial imperfections are introduced change. These are described in
Table 4.

The objective of this section is to present and compare complex modeling techniques,
such as the CB-5 model, which combines the most refined techniques, with models such as
CB-1 or CB-2, which have very limited information and represent the simplest approach to
the structure.
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Table 4. Combination of modeling techniques.

Model Aspect CB-1 CB-2 CB-3 CB-4 CB-5

Initial imperfection, w 0 (max. value) a,b hw/200 a hw/200 a Real shape c Real shape c

Strain-stress law material ML-2 ML-2 ML-2 ML-2 ML-4
Boundary condition at

extremes BC-2 BC-2 BC-1 BC-1 BC-1

a The shape of the initial imperfection is the first eigenvalue for patch loading coming from an LBA on which its
maximum out-of-plane value is amplified up to the specified value in this table. b The maximum value coming
from the LBA analysis is amplified to the maximum value measured on the web before the start of the test, i.e.,
initial scanned geometric imperfections (see Table A2). c It corresponds to the shape measured before the test
following a procedure like that described in Section 2.2. Here the initial imperfections follows the contour plots.

The results of these scenarios are presented in Table 5 for girders with an aspect ratio
equal to 1, i.e., the distance between transverse stiffeners is equal to the height of the
web. They are also illustrated in Figure 23, showing the difference in terms of percentage,
since,x given the difference in terms of force in kilonewtons, the difference is not noticeable.
Moreover, to better observe the variation between the models, a pivot chart is shown in
Figure 24. Here, the extreme values of each pivot represent the maximum and minimum
percentage differences of the ultimate resistance for a given patch load length. In addition,
a cross is illustrated that indicates the average of the values found in models CB-1 to CB-5.
Finally, a reference line set to zero is defined (the real value of the tests).

Table 5. Results for girders with an aspect ratio of 1.

Test ss ss/a Fu,test Fu,CB-1 Diff. Fu,CB-2 Diff. Fu,CB-3 Diff. Fu,CB-4 Diff. Fu,CB-5 Diff.
[-] [mm] [-] [kN] [kN] [%] [kN] [%] [kN] [%] [kN] [%] [kN] [%]

A4 25 0.05 180 153 −15 154 −15 154 −15 152 −16 162 −10
A3 50 0.10 183 166 −9 167 −9 167 −9 170 −7 176 −4

A17 75 0.15 194 190 −2 192 −1 192 −1 199 +3 202 +4
A5 100 0.20 225 209 −7 213 −5 212 −6 229 +2 230 +2
A6 125 0.25 259 237 −8 243 −6 242 −7 254 −2 254 −2
A7 150 0.30 255 256 0 262 +3 262 +3 291 +14 292 +14

From these results, the following can be observed:

- In general, as expected, the results show no large variation. In percentage, they range
in value from -16% to +14% of the test value.

- The worst predictions are encountered in models CB-1 and CB-2, and the best values
are found in the most complex model, CB-5. Generally, the most complex model is the
one that best approximates the real experimental value but also presents the largest
values. The minimum values are found in CB-1. This model, when compared to CB-2,
shows lower values due to the magnitude of the initial imperfection which is higher
than hw/200 (see Section 3.5).

- The difference between models CB-2 and CB-3 is minor. This effect is also found in
Section 3.3 when using kinematic constraints or modeling the transverse stiffeners.

- When using real initial imperfections on the web, at low values of ss, the effect of the
real shape compared to the one of the first eigenvalue is negligible, while at higher
values it shows a more pronounced effect. In any of the cases, the last one logically
approximates the real behavior of the test.

- The effect of using the real stress–strain law material is that the results are closer to the
real value of the ultimate resistance.

- As seen in Figure 24, the average of the values is below the real test resistance, except
for the value of the longest patch load. Furthermore, the distance between the lowest
and maximum values is similar for most of the tests.
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- For simple models, such as CB-1 or CB-2, it is possible to obtain a good approximation
of the ultimate resistance. One of these cases represents the initial model that can
be used as a first approximation (CB-2, also following the FEM guidelines according
to [5,6]), while the other (CB-1) represents one in which the designer chooses to adopt
a conservative assumption by considering a higher value of the initial imperfection.

- The implementation of complex models such as CB-5 can give a closer approximation
to what happens in reality and see other results, such as the force–displacement curve,
and strains, among others. Nonetheless, much of this information is not always known
in the first stage of design.
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Figure 23. Normalized ultimate resistance on different approaches of analysis for an aspect ratio of 1.
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Figure 24. Variation of normalized ultimate resistance on different approaches of analysis for an
aspect ratio of 1.

In order to fully appreciate what is drawn above, the girders with an aspect ratio of
2 of the specimens from the same author [38] are also modeled. However, in these cases,
it is only modeled according to the strategies CB-1 to CB-3 in Table 4. The goal in these
models is to see if for another aspect ratio, even when varying the patch load length, it is
possible to obtain similar results as the ones obtained previously. These results are found
in the same style for the case of an aspect ratio of 1 in Table 6 and Figures 25 and 26.

Table 6. Results for girders with an aspect ratio of 2.

Test ss ss/a Fu,test Fu,CB-1 Diff. Fu,CB-2 Diff. Fu,CB-3 Diff.
[-] [mm] [-] [kN] [kN] [%] [kN] [%] [kN] [%]

B3 50 0.05 165 161 −2 168 +2 169 +3
B5 100 0.10 200 200 0 207 +4 209 +4
B7 150 0.15 240 239 −1 247 +3 251 +4
B4 200 0.20 275 271 −1 279 +1 287 +4
B6 250 0.25 290 295 +1 302 +4 314 +8
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From these results, the following can be observed:

- In general, as expected, the results show no large variation and are of a smaller
dispersion than the ones with an aspect ratio of 1. In percentage, they range in value
from −2% to +8% of the test value.

- Similar results to the ones of an aspect ratio of 1 are obtained with regard to the initial
imperfection and the modeling of transversal stiffeners. That is, the higher the value of
w0, the lower the resistance and the more negligible the effect on the use of kinematics
constraints or modeling the transverse stiffeners. In the latter case, not modeling the
stiffeners yields conservative results by underestimating their contribution, offering a
safety margin.

- The results between the three types of models show the same hierarchy as the ones
with an aspect ratio of 1.

- Using simple models such as CB-1 to CB-3 can give a sufficient approximation with a
small scatter of the ultimate resistance to patch loading.
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Figure 25. Variation of normalized ultimate resistance on different approaches of analysis for an
aspect ratio of 2.
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Figure 26. Normalized ultimate resistance on different approaches of analysis for an aspect ratio of 2.

4. Conclusions
This paper presented and discussed FE modeling strategies for estimating the patch

loading resistance of slender steel elements. The following conclusions are addressed:

- FE modeling is capable of reproducing the force–displacement curve and ultimate
resistance of experimentally tested specimens.

- Simplifications in the material stress–strain law resulted in minimal variation. There-
fore, adopting an idealized perfect elastoplastic bilinear model with a hardening
branch is sufficient to estimate the ultimate load resistance.

- The use of kinematic constraints as an alternative to transverse stiffeners, when the lat-
ter function as rigid boundary conditions, yields comparable behavior. The difference
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between these approaches is negligible, which enables the use of simplified boundary
conditions in FE models.

- The stiffness of the element where the concentrated load is applied significantly
influences the structural response to patch loading. Thus, a detailed revision is
necessary when dealing with flexible or stiff loading elements. In the context of
launched bridges, this factor becomes particularly relevant. For cases where the load
is applied through a rigid element which represents a large number of tests found in
the literature, numerical models effectively replicate the observed behavior.

- Initial imperfections have a considerable impact on stiffness and strength under patch
loading conditions. Specifically, as the initial imperfection, w0, increases, both stiffness
and strength decrease. In this regard, guidelines for defining initial imperfections,
aligned with standard tolerances in steel structures, provide appropriate values that
can be reliably used in numerical modeling.

- In terms of solving algorithms, the modified Riks algorithm proves advantageous, not
only by achieving sufficiently accurate results with reduced computational effort but also
by effectively handling instability problems where snap-through behavior may occur.

- An FE model incorporating all the proposed simplified modeling techniques has
demonstrated sufficient accuracy and precision in predicting patch loading resistance,
shedding light on the fact that it is possible to obtain accurate enough results with a
simple modeling approach.

- This study demonstrates that a simplified yet accurate FE model can reliably predict
patch loading behavior across a broad range of conditions. Its validated performance
enables the extension to cases beyond existing tests, particularly those underrepre-
sented in current standards, supporting both design and further research.

- To extend the applicability of the benchmark proposal, a validation process similar to
that presented in Section 2.3 should be conducted using high-strength steels to verify
that it remains effective and accurate for these material types.

- Future research should investigate the interaction between specific subsets of the
modeling techniques explored in this study. Although individual effects and the full
combination were evaluated, intermediate combinations could offer deeper insight
into the modeling behavior and enhance the robustness of the validation process.
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Appendix A. Step-by-Step FE Workflow
In the flow chart in Figure A1, a general FE modeling and analysis of a steel girder

subjected to patch loading is described step-by-step. The following must be pointed out
when using it:

- In the first row, with respect to the boundary conditions, when flexible transverse stiff-
eners are present, they must be modeled. The use of kinematic constraints is only valid
when using rigid transverse stiffeners. Flexible transverse stiffeners remain outside
the scope of this paper, and to provide a lower bound estimation, it is recommended
to omit their modeling.

- In the same row, with respect to the material, if different types of steel are used for
different elements, then each type of steel for each plate must also be defined.

- The flow chart can be used in any FEA program as long as the program has proven
to work efficiently for GMNIA problems. In this case, ANSYS Mechanical was em-
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ployed [47]. It is advisable to compare with one of the tests presented in Table 1, or
others found in the literature, to validate the use of the software when its application
to this type of analysis is not known.

- The initial out-of-plane imperfection is in agreement with the European
normative [5,6] but must be updated with the recommended values by the specific nor-
mative context. For example, in the United States, this value is defined as hw/100 [60].
It is worth noting that this value must be in agreement with the fabrication and execu-
tion tolerances of each specific country normative. In cases where the latter has higher
values of initial imperfection, the last one must be used in the analysis.

In addition, Table A1 summarizes the main modeling aspects of the benchmark proposal.

Solve materially and geometrically nonlinear
analysis with initial imperfection (GMNIA) problem.

Has the problem converge?
Is the solution accurate and reliable enough?

Plot force and vertical displacement curve.

Obtain 1st eigen-
mode for patch loading.

Geometry
(hw, tw, bf, tf, a, etc.)

Boundary conditions
(flexible/rigid stiffeners)

Material
(fy, E, and Et)

Unitary load
(ss and stiffness load application)

Build ANSYS Mechanical FE model 1

Solve linear elastic
analysis (LA) problem.

Solve linear buckling
analysis (LBA) problem.

Plates: SHELL181 (or equivalent)
Load: TARGE/CONTA (or equivalent MPC)

Build ANSYS Mechanical FE model 2
Update geometry of Model 1 with 1st eigenmode 
shape with a maximum out-of-plane amplitude
of w0 = hw/200.

Pre-processing
Model 1

Pre-processing
Model 2

Post-processing
Model 2

Solve
Model 1

Solve
Model 2

Establish solution parameters
- Activate material and geometrical nonlinearities.
- Activate modified Riks method solver with proper 
  convergency and solver parameters.
- Apply a higher load than expected value.
- Set maximum displacement in a node to stop the
  solution, often in the middle zone of the applied 
  load.

Was the descending branch after maximum load
obtained?

YES

NO Revise convergency
and solver parameters, 
e.g., arc-length radius.

NO

Adjust load and/or 
maximum displacement.

Maximum force from the curve represents
the patch loading resistance.

FINISH

YES

Figure A1. Step-by-step FE modeling and analysis workflow to obtain patch loading resistance.
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Table A1. Proposed model characteristics.

Aspect to Model Proposal

Material Bilinear stress–strain law with a Tangent Elastic Moduli, Et, of E/1000 after
yielding.

Longitudinal elements Four-node quadrilateral shell elements with 6-DOF well-suited for large strain
and large-rotation nonlinear applications.

Transverse elements (stiffeners) Flexible: Four-node quadrilateral shell elements with 6-DOF well-suited for large
strain and large-rotation nonlinear applications. Rigid: kinematic constraints.

Mesh A mesh sensitivity analysis must be carried out. The mesh size typically ranges
around the web panel thickness value.

Applied force CONTA and TARGE elements or MPC elements. The stiffness of the loading
device must be studied and calibrated accordingly. A flexible load application
introduces a safety margin, which is advisable in preliminary assessments.

Imperfection magnitude European normative [5,6]: hw/200.

Solving algorithm Modified Riks method.

Appendix B. Test Summary of Reference Case Studies
Appendix B.1. Girders P200 and P700

The experimental campaign was conducted as part of Jonas Gozzi’s Ph.D. thesis [33].
The two girders, whose dimensions are defined in Table 2 and Figure 8, are identical except
for the applied load length, ss. All tests employed S355 steel [5]. The fillet welds connecting
the web panel to the flanges had a throat thickness of 5 mm. Each I-girder was simply
supported on the transverse stiffeners, with one of the supports incorporating a Teflon
plate to allow longitudinal displacements. To accurately reproduce the applied load length,
different load configurations were adopted; see Figure A2. These sets of tables were used
because it was challenging to find loading plates that were sufficiently stiff with those
dimensions.

Gray bars locked in the longitudinal direction.

P200 P700

Figure A2. Test setups of P200 and P700 girders. Adapted from [33].

The tests were performed using a hydraulic actuator with a capacity of 1000 kN
controlled by a control unit. A constant vertical displacement rate of 0.005 mm/s was
applied up to the ultimate load, after which the rate was increased to 0.025 mm/s. Thus,
the tests were displacement-controlled. Additionally, displacement transducers and strain
gauges were used to monitor various aspects of the test behavior (see Figure A3).



Buildings 2025, 15, 2153 26 of 30

LVDT for vertical displacement

Triaxial rosette strain gauges

Uniaxial strain gauges

Figure A3. From left to right: picture of the girder with the used sensors and general sensor
arrangement on the girder. Adapted from [33].

Appendix B.2. Girder A3

This test was carried out as part of the experimental campaign in research studies
by Kovacevic and Markovic [2,32,38]. The girder dimensions are defined in Table 2 and
Figure 8. For all girders in the experimental work, tensile coupon tests were performed
on the plates to obtain specific material characteristics. Figures A6 and A7 represent the
stress–strain plots of these tensile tests carried out on the web panel and the rest of the
plates. These coupons were cut from undeformed areas of the plates and tested at a constant
low-stress rate of 10 MPa. The girder was simply supported on transverse stiffeners. The
general setup and schematic configuration are shown in Figure A4. As seen in the figure,
very stiff plates were used to reproduce the applied load length. The test was conducted
using a hydraulic pump and a press with a capacity of 800 kN, while the applied force
was monitored via a 1000 kN load cell with an accuracy of 0.3 kN per step. The load
was applied incrementally, starting with 5 kN steps and reducing the increment size as
the ultimate load was approached. At each load step, all input system parameters were
recorded using a data logger. The force was increased until the web portion near the
loaded flange buckled without a load increase, indicating that the ultimate load had been
reached. At that point, the girder was unloaded. Thus, the tests were force-controlled. The
workspace and monitoring scheme can be seen in Figure A5.

Figure A4. Test setup: loading plates (left) and schematic test configuration (right). Adapted
from [2,38].
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1 Test girder.

2 Closed frame.

3 Frame-slider for guiding transducer for the 
web deformation.

4 Frame-slider for holding transducer for flange
deformation.

5 Press.

6 Load cell.

7 Rigid steel block.

8 Transducers.

9 Pipes for the hydraulic pump’s oil supply.

10 Electrical cables for connection with measuring
devices.

Figure A5. Schematic view of equipment used. Adapted from [2,38].

Figure A6. Stress–strain curves obtained by tensile tests on plates with 4 mm thickness (web).
Adapted from [2,38].

Figure A7. Stress–strain curves obtained by tensile tests on plates with 8 mm thickness (rest). Adapted
from [2,38].
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Appendix C. Validation Tests
In Table A2, the rest of the dimensions and mechanical properties of the tests used in

Section 2.3 are specified.

Table A2. Data of rest of tests used in Section 2.3.

Ref. Year Test a hw tw bf tf b1 ss hst tst w0 fyw fyf Fu,test Fu,FEM Diff.
[-] [-] [-] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [MPa] [MPa] [kN] [kN] [%]

[38] 2021 A4 500 500 4 120 8 100 25 30 8 4 321 315 180 162 −10
A3 500 500 4 120 8 100 50 30 8 3 324 325 183 176 −4
A17 500 500 4 120 8 100 75 30 8 5.1 318 317 194 202 +4
A5 500 500 4 120 8 100 100 30 8 5.2 328 321 225 230 +2
A6 500 500 4 120 8 100 125 30 8 5.6 332 320 259 254 −2
A7 500 500 4 120 8 100 150 30 8 4 318 317 255 292 +14
B3 1000 500 4 120 8 100 50 30 8 11.5 315 313 165 169 +3
B5 1000 500 4 120 8 100 100 30 8 7.14 318 312 200 209 +4
B7 1000 500 4 120 8 100 150 30 8 19.2 327 339 240 251 +4

B17 1000 500 4 120 8 100 150 30 8 11 327 339 234 235 +0
B4 1000 500 4 120 8 100 200 30 8 25 318 323 275 287 +4
B6 1000 500 4 120 8 100 250 30 8 15.4 262 314 290 314 +8

[35] 2018 #1 1000 500 4 150 10 - 200 - - - 286 385 206 215 +4
[33] 2007 P200 2400 1200 6 450 20 - 200 - - 1.6 371 354 544 556 +2

P700 2400 1200 6 450 20 - 700 - - 6.4 371 354 660 690 +5
[27] 1990 VT07 1760 1000 3.8 150 8.35 200 40 90 2 5 375 281 167 165 −1

VT08 1760 1000 3.8 150 8.3 200 240 90 2 5 358 328 232 255 +10
VT09 1760 1000 3.8 150 12 150 40 90 2 5 371 283 182 186 +2
VT10 1760 1000 3.8 150 12 150 240 90 2 5 380 275 281 303 +8

[12] 1978 R1 800 800 2 300 15 - 40 - - - 266 295 60 63 +5
R3 799 800 2 120 5.07 - 40 - - 5 266 285 38 41 +9
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