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This paper presents an experimental and numerical investigation on the structural response of stainless steel
trapezoidally corrugated web girders subjected to patch loading. Four girders were tested to failure, the length
and position of the patch load within the corrugation profile were varied to investigate its impact on the ultimate
load and failure modes. All four girders were made of lean duplex stainless steel (EN 1.4162/LDX 2101). Initial
geometric imperfections were measured using a digital image correlation system. The load-displacement re-
sponses and the failure modes were analyzed in detail. In addition, geometrically and materially nonlinear an-
alyses with imperfection included (GMNIA) were also performed. Measured initial imperfections were included
in the model. The numerical model was verified against the experimental results. Stress distribution plots were
also obtained numerically to further analyze the failure modes and the influence of the strain hardening capacity
of stainless steel. Ultimate loads obtained experimentally were also compared with predicted resistances using
theoretical models available in the literature. According to the results, neglecting the flange resistance to patch
loads according to standard EC3:1-5 leads to a significant underestimation of the capacity of stainless steel and
carbon steel corrugated web girders. However, considering the resistance from both the flange and web, the
difference between the design model and test results is limited to a safe range of 3-12 % for all four tested
girders.

1. Introduction Over the last two decades several investigations have been con-

ducted on the resistance of stainless steel plate girders with flat webs

An increasing use of stainless steel in construction has led to the
development of several research projects around the world. Particularly,
in sustainable construction stainless steel plays an important role in the
design of structural components employed in corrosive environments
decreasing maintenance costs, and in fire conditions, exhibiting
enhanced resistance to high temperatures [1-3]. At present, interna-
tional standards for the design of stainless steel members [4,5] have
been mostly developed aligned with carbon steel design provisions [6,
7]. These provisions consider an idealized elastic perfectly plastic ma-
terial behavior, which is typical for carbon steel. Stainless steel exhibits
nonlinear material strain-stress curves with significant strain hardening
that should be considered in strength calculations for economical and
efficient structural designs [8-10].

* Corresponding author.
E-mail address: cagracianog@unal.edu.co (C. Graciano).

https://doi.org/10.1016/j.engstruct.2025.120221

subjected to concentrated loads. Unosson et al. [11-13] studied both
experimentally and numerically the structural response of patch-loaded
stainless steel girders. Dos Santos et al. [14] also investigated experi-
mentally and numerically the resistance to patch loading of welded
stainless steel girders with stocky and slender flat web plates. The results
of these studies demonstrated conservatism in using the current design
models to predict the patch loading resistance of stainless steel plate
girders [4,5]. These design models were mostly developed based on
research conducted on carbon steel girders neglecting the pronounced
strain hardening exhibited by stainless steel. To overcome this situation,
Graciano et al. [15], and Dos Santos and Gardner [16] developed nu-
merical databases and proposed calibrations of the resistance model in
the European standard for the design of stainless steel members EC3:1-4
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[4]. A significant improvement in the predicted resistance was attained
in both works. Using a machine learning approach, Graciano et al. [17]
also proposed a formula for the patch loading resistance of stainless steel
plate girders. In recent years, the stability of stainless-steel frames has
also been investigated [18-21].

In comparison to flat webs, the transversal and vertical stiffnesses of
corrugated web girders are larger than those corresponding to flat webs.
For patch loaded plate girders, the folded webs enhance out-of-plane
stiffness making the web more resistant to buckling and diminishing
the need to add vertical stiffeners or to increase the web thickness,
which may lead to reduce design costs. Several studies have been con-
ducted on the structural response of carbon steel corrugated web girders
subjected to patch loading. Leiva-Aravena and Edlund [22] conducted a
set of experiments on plate girders with trapezoidal corrugated webs
subjected to patch loading varying the web thickness, loading length,
and loading position, namely, above the center of an inclined fold, the
center of a longitudinal fold or at an edge between two folds. Kahonen
[23] performed tests on corrugated web girders varying the girder ge-
ometry and proposed a formula to predict the resistance to patch
loading. Using nonlinear finite elements analysis, Luo and Edlund [24]
investigated the influence of the corrugation geometry, loading length,
and material heterogeneity between flat and edges. It was concluded
that the most influential parameters are the loading length and the
corrugation angle. Elgaaly and Seshadri [25,26] conducted both
experimental and numerical investigations on corrugated web girders
subjected to short-length patch loads representing the action between
purlins and roof girders. The failure in all tested girders was due to
vertical bending of the flange and crippling of the web under the load.

In a continuing effort to study the structural response of carbon steel
corrugated web girders, Kovesdi et al. [27] performed a numerical study
based on the experiments conducted by Elgaaly and Seshadri [25].
Based on the verified model a parametric study was performed varying
the geometric parameters. Two failure mechanisms were observed, local
buckling within the loaded fold and global buckling of the whole web. A
design proposal was developed for the local buckling mode of failure.
This design proposal is the basis to calculate the patch loading resistance
of carbon steel corrugated web girders in the European standard FprEN
1993-1-5 [6]. Kovesdi et al. [27] also presented the results of an
experimental campaign in which the loaded length and position, the
flange thickness and the girder width were varied. These results were
also applied to validate their design proposal.

Based on the tests results presented by Kovesdi et al. [27], Kovesdi
and Dunai [28] conducted an extensive parametric study to analyze the
failure modes, patch loading resistance, and the influence of initial
geometric imperfections (shape and size). Ljungstrom and Karlberg [29]
also conducted an experimental campaign to investigate the effect of the
loading location on the patch load capacity of trapezoidal corrugated
web girders. Al-Emrani et al. [30] conducted a numerical study through
nonlinear finite element analysis, and the numerical model was vali-
dated using the results obtained in [29]. A parametric study was per-
formed varying the flange and web thicknesses, size of the initial
geometric imperfections, and the loading position. Inaam and Upadhyay
[31] conducted a numerical study on corrugated web girders under
patch loading considering other static forms such as simply supported
girders with overhang, continuous girders and cantilever girders. A
design model was proposed for the cantilever configuration. Maiorana
et al. [32] investigated numerically the effects of patch loading and load
eccentricities on flat and corrugated web girders. Both linear and
nonlinear analyses were performed to evaluate the variations in slen-
derness, aspect ratio, loading length, loading width, and size of the
corrugation. Kumar et al. [33] performed nonlinear finite element
analysis and proposed an artificial neural networks (ANN)-based
formulation to predict the patch loading resistance of corrugated web
girders having equal or unequal corrugation folds for simply supported
and cantilever forms. It was found that the ANN-based formulations
achieved more accurate estimations of patch loads compared to other
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existing models available in the literature. Kumar et al. [34] conducted
an extensive literature review on the behavior of corrugated web girders
under various loading conditions. Recently, combining the geometric
and material assets of corrugated webs and stainless steel respectively,
Seemundsson and Ing6lfsdéttir [35] performed a numerical study on the
nonlinear structural response of stainless steel corrugated web girders
subjected to patch loading. Instead of using trapezoidal profiles, Pas-
ternak and Branka [36] and Nikoomanesh et al. [37] investigated the
patch loading capacity of sinusoidal corrugated webs.

As seen in the literature review, the structural response of stainless
steel corrugated web girders subjected to patch loading has only been
studied numerically [35], and a methodology for the prediction of the
resistance to patch loading for these girders is not currently available in
the field. Therefore, this paper presents an experimental investigation of
the structural response of stainless steel corrugated web girders sub-
jected to patch loading. Four corrugated web girders made of lean
duplex stainless steel (EN 1.4162/LDX 2101) are tested to failure. The
effects on the response of the loading length and position, and the
consideration of unequal fold lengths were investigated. Initial shape
imperfections were measured using a digital image correlation (DIC)
system. Load-displacement responses and the failure modes were
analyzed in detail. In addition, geometrically and materially nonlinear
analyses with imperfection included (GMNIA) were also performed. A
numerical model was elaborated through nonlinear finite element
analysis. Measured initial imperfections were included in the model. A
verification of the computational model was performed using the
experimental results. Stress distribution plots were also obtained
numerically to further analyze the failure modes, and to analyze the
influence of the strain hardening capacity of stainless steel. The ultimate
loads obtained experimentally were also compared with predicted re-
sistances using theoretical models available in the literature.

2. Experimental setup
2.1. Specimen geometry

Fig. 1 illustrates a schematic view of a simply supported plate girder
with corrugated web subject to patch loading. In Fig. 1, the corre-
sponding notation is also presented: F is the applied load, a is the girder
length, s is the patch load length, hy is the web depth, ¢, is the web
thickness, b¢ and t; are the flange width and thickness, respectively.

Fig. 2 shows the geometric parameters used to describe the corru-
gated web panels, in which a; and a, are the length of the flat and in-
clined folds of the corrugation, « is the corrugation angle.

Table 1 shows the nominal dimensions of the tested girders. Four
loading cases were analyzed namely: edge (E), parallel (whole - W),
parallel fold (P), and inclined fold (I). Fig. 3 depicts the four locations
used to apply the load across the entire width of the upper flange. Two
patch loading lengths were employed in the study: s;= 100 mm and
ss= 300 mm. The girders were labelled as follows: SSCWE100 corre-
sponds to a stainless-steel corrugated web (SSCW) with the load applied
at the edge (E) between a parallel (P) and an inclined fold (I), and a
patch load length s;= 100 mm.

The nominal depth and thickness of the corrugated webs are
hy= 1400 mm and t,,= 6 mm, respectively (h,/t,=233), except for the
web plate of SSCWP100, which is cut 100 mm shorter, resulting in a
depth of 1300 mm (hy,/ty=217). The nominal dimensions of the flanges
for all tested girders are: width bg= 250 mm and thickness ;= 25 mm. In
addition to the patch loading length s, the projected lengths over the
edges of the trapezoidal corrugated web defined as effective loading
lengths s, ¢, are also presented for all four loading cases in Table 1
(Fig. 3).

Additionally in Table 1, the length of one-half wave w(= a; + as),
and the unfolded length of one half-wave s(= a; +az) for each girder are
reported (Fig. 2). The ratio s/w represents the length of the plate used to
produce the corrugated web per unit length along the girder. Hence,
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Fig. 1. Corrugated web girder subjected to patch loading (Notation).
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Fig. 2. Geometric parameters of a corrugated web.
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higher values of s/w indicate more material consumption in the girder’s

web for a given web thickness and depth.

Fig. 4 shows a plan view of the upper flanges indicating the location
of the patch loads for each tested girder. In addition, the dimensions and

configuration of the vertical stiffeners are also reported.

2.2. Boundary conditions and loading protocol

The tests were conducted in a universal testing machine (UTM) with
a maximum capacity of 2000 kN, and employing a displacement control
routine, the load was applied quasi-statically with a 1.2 mm/min rate.
The girders were tested by applying the load at midspan, and the ends

Table 1

Geometry of the corrugation for the tested girders.
Specimen a (mm) a; (mm) az (mm) a (©) a; (mm) s (mm) w  (mm) ss  (mm) Sseff (mm) FEXP (kN)
SSCWE100 1538 170 60 35 104.61 274.6 255.7 100 111 1264.0
SSCWW300 1614 170 60 45 84.85 254.8 230.0 300 354 1962.1
SSCWP100 1568 170 100 35 174.34 344.3 312.8 100 100 1206.9
SSCWI100 1624 170 100 45 141.42 311.4 270.0 100 141 1355.7

SSCWE100 SSCWW300

X

Ss eff = Ss/2+ ss/(2cosa)

SSCWP100

-

Ss eff = Ss

Ss_eff = ay+(ss—a,)/ cosa

SSCWI100

Ss eff = Ss/cosa

Fig. 3. Loading cases and effective loading lengths s ¢ for girders the tested girders.
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Fig. 4. Plan view of the loaded flanges - Dimensions in mm.
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Fig. 5. Setup of LVDTs.
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were simply supported. As shown in Fig. 5a, the load is applied through
a spherical bearing that is placed on top of a steel plate to distribute the
load to the upper flange. The vertical displacements of the girder at the
loading point were measured using three linear variable displacement
transducers (LVDTs), one measuring the vertical displacement and two
measuring possible inclination of the loading plate (Fig. 5b). Load and
displacement values were acquired employing a measuring system
belonging to the UTM with a frequency of 10 Hz.

Fig. 6a shows the experimental setup for stainless-steel plate girders
with corrugated webs subjected to patch loading. Lateral displacements
(out-of-plane) at both supports were restricted using fork supports
avoiding lateral-torsional buckling (Fig. 6b). Moreover, to avoid the risk
of local failure under concentrated forces in the supports, vertical stiff-
eners were welded at each end. All girders were supported on two rollers
placed at each end of the span. The vertical stiffeners at both supports
are reinforced with a steel plate (250 x 250 x 20 mm), placed between
the roller and the bottom flange (Fig. 4). One of the supports can tilt to
compensate for possible small non-straightness of the bottom flange.
The supports are also provided with end stops to prevent the girder from
rolling off the support at failure. The longitudinal movement is allowed
using Teflon sheets between the flange and the fork support.

2.3. Material properties

All four girders were made of lean duplex stainless steel EN 1.4162/
LDX 2101. According to the EN ISO 6892-1 Standard [38], a tensile test
was conducted on a coupon taken from a parallel fold of the corrugated
web plate. From the material curve plotted in Fig. 7, the following
material properties were obtained: elastic Young’s modulus
E= 200 GPa, yield stress is fy=550 MPa, and ultimate stress is
fu= 769 MPa. These corrugated web panels came from the same batch
employed by Amani et al. [39].

2.4. Initial geometric imperfections and full-field displacement
measurements

Initial geometric imperfections and the full-field displacement dis-
tribution of the trapezoidal corrugated girder webs were measured using
a Digital Image Correlation (DIC) technique. As shown in Fig. 8, the 3D-
DIC system was used to measure the out-of-plane displacements of a
portion of the web, of approximately 500 x 600 mm, beneath the
loading area using the optical system ARAMIS 12M [40]. Two
high-resolution cameras were employed to monitor the displacements in
the delimited region of the web during the tests. A random speckle
pattern was also delimited in this area employing white retro-reflective

(a) Front view
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Fig. 7. Engineering stress-strain curve for EN 1.4162/LDX 2101 lean duplex
stainless steel.

paint as a background on the web panel, then applying black stains using
a rough plastic brush. The ARAMIS system [40] enables real-time
tracking and visualization of the displacement values on the delimited
surface of the specimens. It creates a series of spatial data points, which
are mapped to create the displacement field. Before loading the girders,
the DIC system was used to scan the spatial data points making it
possible to build the initial geometry of the web panel in the area
indicated in Fig. 8. The load and displacement from the testing machine
were simultaneously recorded in the DIC system.

The full-field displacement measurements of the initial geometric
imperfections of the tested girders web were obtained after digital
processing and interpolation of the data. These initial geometric im-
perfections are displayed in Fig. 9. Table 2 presents the maximum and
minimum imperfection amplitudes measured for each tested girder web.
In the literature, the magnitude of the initial geometric imperfections w,
for plate girders is limited to w, < h,,/200 [6], and for corrugated web
girders limited to w, < a;/200 [27], where a; = max (a;,az). For girders
SSCWE100, SSCWW300, and SSCWI100 the initial geometric imper-
fections are within the range w, < mm (w, < hy/200). This value is
slightly exceeded for girder SSCWP100 (w, < hy/196). In all cases, the
magnitude of the imperfections is larger than the recommended values
for corrugated web girders w, < a;/33.

(b) Fork support

Fig. 6. Experimental setup (Girder SSCWW300).
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(a) undeformed (b) deformed

Fig. 8. DIC system setup for specimen SSCWI100.

[mm] [mm] [mm] [mm]
515 328 241 510
3.91 202 128 361
283 091 0.29 232
175 019 - 070 1.02
067 130 169 028
041 241 268 457
149 351 367 287
257 462 466 447
365 573 565 546
473 683 o 664 676

(a) SSCWE100 (b) SSCWW300 (c) SSCWP100 (d) SSCWI100

Fig. 9. Measured initial geometric imperfections for the tested girders.

Table 2 2100
Maximum and minimum measured web imperfection amplitudes. SSCWW300
Girder wo (mm) Ratio 1800
Max. Min. 1500 F SSCWI100
SSCWE100 +5.15 —4.73 hw /272 (ai/33) 1200 F "
SSCWW300 +3.28 ~6.83 hy /205 (a;/25) 2 b
SSCWP100 +2.41 —6.64 hw /196 (a;/26) = 000 |
SSCWI100 +5.10 -6.76 hw /207 (ai/21) - SSCWE100
<
S 600 SSCWP100
3. Test results and discussion 300 F
3.1. Load-displacement responses 0 s s s
0 5 10 15 20
Fig. 10 shows the load-displacement responses recorded for the Displacement (mm)

tested girders. The experimentally measured ultimate loads F*X® for each
Fig. 10. Load-displacement responses for the tested girders.
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girder are also reported in Table 1. As shown in Fig. 4, the load was
applied at four different locations. At first glance, it seems that the effect
of the location within the corrugation profile is minimal, but on closer
scrutiny, it affects the effective loading length s, .. Moreover, it is
observed that the ultimate load of the girders increases with the loading
length s; (Fig. 10). For girders SSCWE100, SSCWP100, and SSCWI100
with short loading length s;= 100 mm and different loading locations,
the magnitudes of the ultimate loads were similar, for girder SSCWE100
with the load applied over an edge the ultimate load was FEXP= 1264.0
kN, for girder SSCWP100 with the load applied within a parallel fold the
ultimate load was FEXP= 1206.9 kN, and for girder SSCWI100 with the
load applied over an inclined fold the ultimate load is slightly higher
FEXP— 1355.7 kN. Girder SSCWW300 with a longer loading length
(s=300 mm in Table 1) achieved the highest ultimate load
FEXP— 1962.1 kN.

As shown in Fig. 3, the effective loaded length s ¢ in corrugated web
panels is larger than the loading length s; measured parallel to the
loaded flange. For girder SSCWE100 s .= 111 mm, for SSCWW300
Sseff= 354 mm, for SSCWP100 s .= 100 mm, and for SSCWI100
Sseff= 141 mm. Fig. 11 shows that there is a linear relationship between
the ultimate loads and the effective loaded lengths for stainless steel
corrugated web panels. The effective loading length considers both the
fold dimensions and the corrugation angle.

3.2. Failure modes

Fig. 12 shows the failure modes of the tested girders. In all cases, the
girders failed due to local web buckling within the folds located beneath
the loading plate. For girders SSCWE100 (Fig. 12a), SSCWP100
(Fig. 12¢), and SSCWI100 (Fig. 12d), the failure is very localized in the
fold beneath the loading area. In these three cases the buckle is limited
by the fold lines. For girder SSCWW300 (Fig. 12b), the directly loaded
folds buckle simultaneously, and then it spreads over the two adjacent
folds after the fold lines fail. Similar results were reported by Kovesdi
et al. [27] for carbon steel corrugated web girders with equal fold
lengths (a; = ay).

Kumar et al. [33] demonstrated that for corrugated web girders the
fold length ratio az/a; affect the patch loading resistance, reaching a
maximum value when the ratio was within the range
0.50 < ay/a; < 0.75, irrespective of the variation of the geometric pa-
rameters or type of static form (simply supported or cantilever). For
lower ratios ay/a; the unsupported flange outstands increase, and for
higher ratios the span of the local flange beam, defined as the cantilever
from vertical web plane and a beam longitudinally supported between
inclined folds) increase.

For girders SSCWE100, SSCWP100, and SSCWI100 with the same
loading length s;= 100 mm the fold length ratios az/a; were 0.62
(FEXP=1264.0 kN), 1.03 (FEX*=1206.9 kN), and 0.83 (FE*P=1355.7 kN)
respectively. The lowest ultimate load was achieved for girder
SSCWP100 with a fold length ratio az/a; > 1, and the highest was

2100

SSCWI100

SSCWEI00

1800 |
1500 |
1200 |
900 | wovm

FEXP (kN)

600 F
300

0

0 50 100 150 200 250 300 350 400
ss_el‘l(mm)

Fig. 11. Experimental ultimate loads F*XP

in the web panel.

versus effective loading length s, o

Engineering Structures 334 (2025) 120221

achieved for girder SSCWI100 with a fold length ratio a;/a; = 0.83. The
fold length ratio for girder SSCWI100 lies outside the optimum range
defined in [33], but the load was applied over an inclined fold with
equal flange outstands. It gives a clear indication that there is a rela-
tionship between the location of load, the flange outstand, and the ul-
timate load Further studies are necessary to establish this relationship.

Nowadays, strict quality control in the manufacturing process of
steel components, accompanied by accurate measuring systems for
strains and displacements allow researchers to conduct experimental
tests with a reduced number of samples. Despite that only four tests were
conducted herein, the results presented in this section show consistency
with results previously reported in the literature for corrugated web
girders subjected to patch loading.

4. Numerical modelling
4.1. GMNIA

In this section, a geometrically and materially nonlinear analysis
with imperfections included (GMNIA) is performed. A numerical model
was elaborated through nonlinear finite element analysis using the
software ANSYS [41]. Shell181 elements were employed to model the
flanges, vertical stiffeners, and the trapezoidal corrugated webs. The
load was applied through a thick plate over a loading length s;. The plate
thickness is 3 times the flange thickness (i.e. 75 mm) and was modeled
with Solid185 3D elements. The contact between the plate and the top
flange was modeled with Target170 and Contact174 elements using the
Augmented Lagrangian algorithm with a friction factor of 0.3. The
arc-length method was used to trace the nonlinear path in the response.
The boundary conditions were similar to those employed in the exper-
iments, i.e. simply supported conditions and lateral supports at the ends.
As shown in Fig. 13, two boundary conditions were applied to the
model, first, for the support ends, simple support conditions are defined,
i.e. displacements in X, Y and Z directions were restricted in the nodes
along support A (Ux = Uy = Uz = 0), and the nodes on support B were
free to move longitudinally (Uy = Uz = 0).

The measured initial shape imperfections attained with the DIC
system were also included in the computational model. The DIC
measured real geometry portion of the webs plate were exported in STL
format files. From these data, the z-coordinate for each node in this
portion of the mesh was interpolated creating a surface. This surface
overlapped with the perfect geometry of the corrugated web plate.

The engineering stress-strain curve plotted in Fig. 7 is converted into
true stress-strain values as defined in prEN 1993-1-14 [42] and intro-
duced to the numerical model. Moreover, the elastic Young’s modulus
and Poisson’s ratio are assumed to be 200 GPa and 0.3, respectively. A
multilinear isotropic hardening material model with a von Mises yield
criterion was employed. Residual stresses due to cold forming opera-
tions during the manufacturing process of corrugated plates may affect
the material properties. Nevertheless, previous works on carbon steel
[24,27-30] and stainless steel [39] corrugated plate girder webs have
demonstrated that strain hardening effects in the edges (bent area) have
a negligible effect on ultimate strength.

The numerical model was verified using the results obtained in the
experimental campaign. A mesh sensitivity analysis was performed, and
shell elements of 10 mm size (h,,/140 — hy,/130) were chosen in the
final meshes (Fig. 13). This element size is smaller than those used in
most of the previous works modelling corrugated girders, as reported by
Kumar et al. [34]. A final mesh with 57069, 59265, 58170, and 60901
elements was chosen for girders SSCWE100, SSCWW300, SSCWP100
and SSCWI100, respectively.

4.2. Comparison of load-displacement responses and resistances

Fig. 14 shows a comparison between the load-displacement re-
sponses obtained experimentally and numerically for the tested girders.
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(c) Girder SSCWP100

Fig. 12. Failure modes of the tested girders.

In Fig. 14a, the numerical response of girder SSCWE100 follows the test
load-displacement curve, and both experimental and computed ultimate
loads are comparable. The ultimate loads are 1264.0 kN and 1318.4 kN
for the test and the numerical model, respectively, with a difference of
4.3 %. The postbuckling response obtained numerically is different than
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{ N
I
\ !E" wlin
B,

ik 4 w

(d) Girder SSCWI100

the test results. Fig. 14b presents the load-displacement curve for girder
SSCWW300, which shows an enhanced ultimate load compared to
SSCWE100 due to an increased loading length. The initial slopes of the
load-displacement curves from the test and the model are very close,
after certain load the slope of the numerical curve is slightly steeper, and
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Fig. 13. Numerical model-final mesh (Girder SSCWW300).
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Fig. 14. Comparison between experimental and numerical load-displacement responses.

its deflection is smaller compared to the test data. However, as the load
increases the slope of the experimental curve gradually decreases in
comparison to the numerical response, achieving the ultimate load at
1962.1 kN for the test and 2013.6 kN for the model, that represents a

difference of 2.6 %.

Fig. 14c compares the test and numerical load-displacement curves
for girder SSCWP100, both curves exhibit identical initial stiffnesses,
and the ultimate loads are quite close, 1206.9 kN in the test and
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1253.3 kN in the simulation, representing a difference of 3.8 %. Finally,
Fig. 14d shows the test and numerical responses for girder SSCWI100.
For this case, the initial slopes are identical, then the numerical model
predicts a lower ultimate load of 1243.1 kN in comparison of 1355.7 kN
obtained in the experiments.

Table 3 summarizes the patch loading resistances computed
numerically and the test results. Ultimate loads predicted using FEM
closely match the experimental results, confirming the model accuracy.

4.3. Displacement and stress distribution plots

Fig. 15 shows the maximum displacements at ultimate load level for
the girders considering the experimentally measured initial geometric
imperfections. The deformed patterns are similar to those depicted in
Fig. 12. Fig. 16 shows the von Mises stress distribution plots at the ul-
timate load level for the girders considering the experimentally
measured initial shape imperfections. In all cases the maximum stresses
are achieved in the zone beneath the loading area. The level of these
stresses over large areas beneath the load are between the yield strength
(fy=550 MPa) and the ultimate strength (f,=779 MPa) for EN 1.4162/
LDX 2101 lean duplex stainless steel. It is a clear indication that stainless
steel corrugated web girders make use of the enhanced strain hardening
capacity of the material.

4.4. Out-of-plane deformation pattern

Regarding the use of experimental instrumentation, it is advanta-
geous to use a DIC system to measure the deformations and displace-
ments on the loaded area as reported in Section 2.4. Fig. 17 shows a
comparison between the deformation patterns, and out-of-plane dis-
placements at the end of the loading, measured with the DIC system and
those obtained numerically. In all cases, a good correlation for the
buckling shapes can be observed between both results.

Fig. 18 presents diagrams for the applied load in terms of the
maximum out-of-plane displacement for all the tested girders. These
displacements obtained with the DIC system are compared with similar
plots obtained numerically. In Fig. 18a, the numerical response for
girder SSCWE100 exhibits a stiffer response than in the experimental
curve. As seen in Table 2 this girder has the lowest initial geometric
imperfection (wy = hy/272), the numerical model seems to be unable to
reproduce the out-of-plane response of the web. For girder SSCWW300,
the numerical model can follow the experimental response sufficiently.
As seen in Fig. 18c, the best agreement between experimental and nu-
merical results is attained for girder SSCWP100 when load was applied
in a parallel fold. For girder SSCWI100 in Fig. 18d, the numerical model
follows the experimental curve at the beginning but predicts a lower
resistance.

5. Evaluation of available resistance models
5.1. Patch loading resistance of carbon steel trapezoidal corrugated webs
In the studies conducted by Kovesdi et al. [27] and Kovesdi and

Dunai [28], two failure modes were identified depending on geometric
parameters. For small local fold ratios (a;/ty) and high global web ratios

Table 3
Comparison between patch loading resistances computed numerically FNUM
with the test results FFXP,

Girder FXP (kN) FNUM - (kN) A
[%]
SSCWE100 1264.0 1318.4 —4.3
SSCWW300 1962.1 2013.6 —-2.6
SSCWP100 1206.9 1253.3 —-3.8
SSCWI100 1355.7 1243.1 8.3
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(a) Girder SSCWE100

218

(b) Girder SSCWW300

327 437 546 655 764 873 9.98

3.06

(c) Girder SSCWP100

459 6.12 765 9.18 10.71 1224 13.99

351

(d) Girder SSCWI100

526 702 877 1052 12.28 14.03 16.04

Fig. 15. Displacements plots in (mm) for the girders at ultimate load level
considering the measured initial geometric imperfections.
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Fig. 16. Equivalent von Mises stress distribution plots in (MPa) for the girders
at ultimate load level considering the measured initial geometric imperfections.
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(hw/ty=100-200) the failure mode was characterized by global buck-
ling of the whole web under the patch load, and for high local fold ratios
the failure mode was characterized by local buckling within the fold.
Results from the numerical investigation also showed that the failure
mode in the parameter range of bridges is mainly local buckling. Then a
theoretical model for local buckling (web crippling) was proposed. This
model, based on a four-plastic hinge failure mechanism originally pro-
posed by Rockey and Roberts [43], divides the patch loading resistance
F, into two parts, as follows

F, = 2\/ 4MplftWXfYW +/thfywsska (@)

The first term in Eq. (1) represents the flange contribution, and the
second term is the web contribution. In Eq. (1), My¢(= fyebet? /4) is the
plastic moment of the flange, y is a reduction factor due to local buck-
ling, f,w and fy are the yields stresses of flange and web, respectively,
and k, is the modification factor due to the corrugation angle

a + a

ky =
* a; + a4

(2)

In the newest draft of the European standard for the design of steel
structures prEC3:1-5 [6], the calculation model to determine the design
resistance Fy of trapezoidally corrugated webs to local buckling under
transverse force (patch loading) is based on Eq. (1). This resistance
model neglects the contribution of the flange. Accordingly, the patch
loading resistance Fy is expressed as

:X tw fyw Ss ka

F,
: 120

3

where y); is the partial safety factor, and y is a reduction factor due to
local buckling given by

1.0if7, < 1.27
2=119 08 197 “)
b2

P P

The slenderness 1, parameter is
PR i ®)

and the critical stress o, is expressed as

ks n? ty \?
=i (%) ©

where the buckling coefficient is k,= 1.1, and @; is the loaded fold
length. If more folds are loaded, the maximum fold length (a; or az)
should be taken. To ensure local buckling (i.e. prevent global buckling
failure), the loaded fold length a; is limited to

B tu
> (2 v
a > (tw +260) E @

Eq. (7) is valid for corrugation angles a> 15°.

5.2. Comparison between test results and theoretical predictions

At present, theoretical models for the patch loading resistance of
stainless steel corrugated web girders are unavailable in literature. The
theoretical models described in the Section 5.1 were developed
considering an idealized elastic perfectly plastic material behavior,
which is typical for carbon steel. Moreover, prediction models defined
by Egs. (1) and (3) are restricted by geometric limits as indicated in Eq.
(7). Despite these limitations, this section analyzes the suitability of
these models for stainless steel corrugated web girders. Theoretical
predictions were calculated using a nominal yield stress value of
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Fig. 17. Comparison between experimental (DIC) and numerical (FEM) out-of-plane displacements (U,) in the area below the patch load at the end of loading.
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Fig. 18. Comparison between experimental and numerical out-of-plane displacement (absolute values U,) for the major local buckle in the area below the patch load.

fy= 460 MPa for EN 1.4162/LDX 2101 lean duplex stainless steel.

According to Eq. (7) and using the dimensions of the tested girders
reported in Table 1, to ensure local buckling, the fold lengths for girders
SSCWE100, SSCWW300 and SSCWI100 are limited toa; > 257.4 mm,
and for girder SSCWP100 is limited to @; > 248.7 mm. As seen in
Table 1, the corresponding fold lengths used herein are smaller than
these limit values, however the failure mode of all girders was local
buckling as shown in Section 3.2. Table 4 presents a comparison be-
tween experimental ultimate loads and predicted patch loading re-
sistances calculated using Eqs. (1) and (3). As mentioned above, Eq. (1)
considers the contribution of flange and web. Table 4 also reports the
individual contribution of the flange (Fg) calculated using the first part
of Eq. (1). Predicted resistances using Eq. (1) are close to the experi-
mental ultimate loads, for girder SSCWP100 the difference between
these loads is only 3 %, and for girder SSCWI100 the difference is 12 %.
In the experiments the size of the flanges was constant, therefore its
contribution to the resistance is basically the same for all tested girders.
Despite Eq. (1) being developed for carbon steel corrugated web girders
and the noncompliance of Eq. (7), the predictions for stainless steel
corrugated web girders are very satisfactory.

To quantify the contributions of the webs to the patch loading
resistance, the predictions obtained with Eq. (3) considering y\; = 1 are
reported in Table 4. The corresponding resistances predicted using Eq.

(3) are approximately 2.2-4.5 times lower than the test loads, demon-
strating conservatism when the contribution of the flanges is neglected
in the failure mechanism solution proposed in Eq. (1).

5.3. Comparison with carbon steel girders

In this section, the experimental results for stainless steel (SS)
corrugated web girders are compared to those obtained for carbon steel
(CS) corrugated web girders. Table 5 summarizes the geometry, material
properties, loading conditions, and ultimate loads for the girders tested
by Leiva-Aravena and Edlund [22], Elgaaly and Seshadri [26], Kovesdi
et al. [27] and Ljungstrom and Karlberg [29]. In each set of experiments
the size of the corrugation was kept constant throughout the tests,
Table 6 shows the dimensions of the corrugated profiles.

Fig. 19 presents the experimental ultimate loads FE*? for carbon steel
(CS) and stainless steel (SS) corrugated web girders in terms of various
geometric parameters. In Fig. 19a, it is clearly observed that the ultimate
loads increase with the loading length s, for carbon and stainless steel
girders. As stated by Kovesdi et al. [27], the increase is due to the
activation of larger portions of the web in the case of long loading
lengths. In Fig. 19b, it seems that the global web ratio (hy/ty) has no
influence within the range evaluated in the experiments. Nevertheless,
in Table 5, a closer look at the results reported by Aravena and Edlund

Table 4

Comparison between the test results and predicted patch loading resistances.
Girder oe (MPa) T x kq Fi) - (kN) Fi (kN) RO FP - (kN)
SSCWE100 249.9 1.35 0.96 1.07 1161.8 875.5 286.3 1264.0
SSCWW300 249.9 1.35 0.96 1.11 1761.6 875.5 886.1 1962.1
SSCWP100 2499 1.35 0.96 1.10 1169.0 875.5 293.5 1206.9
SSCWI100 361.17 1.13 1.00 1.15 1209.1 890.8 318.3 1355.7
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Table 5
Summary of dimensions, material properties, loading conditions and ultimate loads for corrugated carbon steel (CS) web girders.
Ref. Spec. a (mm) hy (mm) ty (mm) bf (mm) tr (mm) fyw  (MPa) fye  (MPa) ss  (mm) Loaded fold FEXP (KN)
[22] 1 1000 1000 2.5 250 10 335 476 5 Paralell 149
2 1000 1000 2.5 250 10 335 476 5 Inclined 170
3 1000 1500 2.5 250 10 317 476 5 Paralell 152
4 1000 1500 2.5 250 10 317 476 50 Paralell 168
5 1000 2000 2 250 12 280 476 5 Edge 107
6 1000 2000 2 250 12 280 476 50 Inclined 124
[26] 1 750 376 2 120 10 379 389 146 Paralell 131
2 750 376 2 120 10 379 389 0 Paralell 82
3 750 376 2 120 10 379 389 104 Inclined 102
4 750 376 2 120 10 379 389 0 Inclined 96
5 750 376 2 120 10 379 389 0 Edge 73
[27] 1 1500 500 6 225 20 373 379 90 Inclined 754.2
2 1500 500 6 225 20 373 379 200 Inclined 956.5
3 1875 500 6 225 20 373 379 90 Paralell 764.8
4 1875 500 6 225 20 373 379 200 Paralell 949.0
5 1875 500 6 225 30 373 379 200 Paralell 1192.0
6 1140 500 6 225 30 373 379 200 Inclined 1119.3
7 1500 500 6 225 20 373 379 200 Paralell 1077.7
8 1500 500 6 225 20 373 379 300 Inclined 1263.9
9 1875 500 6 225 20 373 379 300 Paralell 1281.0
10 1500 500 6 225 20 373 379 90 Edge 772.4
[29] Al 3000 578 3 160 12 375 406 50 Inclined 219
A2 3000 578 3 160 12 375 406 50 Edge 217
A3 3000 578 3 160 12 375 406 50 Paralell 181
Bl 3000 578 3 160 12 375 406 50 Paralell 188
B2 3000 578 3 160 12 375 406 50 Edge 213
B3 3000 578 3 160 12 375 406 50 Inclined 218
overestimation of the patch loading resistance of both corrugated CS and
Table 6 SS web girders.
Dimensions of the corrugated profiles for carbon steel girders.
Ref. a; (mm) a; (mm) az (mm) a (©) s (mm) w  (mm) 6. Conclusions
[22] 140 70.7 50 45 210.7 190
[26] 130 150 101 40 280 115 In this paper, an experimental investigation on the structural
(271 210 212 145 39 422 375 response of stainless steel trapezoidal corrugated web girders subjected
[29] 140 70.7 50 45 210.7 190

[22] show a reduction in the ultimate loads when the global web ratio
increases.

Fig. 19c shows that all the tested girders reported in Table 6 have a
similar ratio s/w. It is observed that SS corrugated webs achieved higher
ultimate loads for a given value of the ratio s/w compared to CC
corrugated webs. As mentioned in Section 2.1, the ratio s/w represents
the length of the plate used to produce the corrugated web per unit
length along the girder. The influence of the local fold ratio (a;/t) is
illustrated in Fig. 19d, in general, girders with higher local fold ratios
have lower ultimate loads. According to Kovesdi et al. [27], for
a;j/ty= 50 the failures mechanism of carbon steel webs was character-
ized by global web buckling. For the SS girders the corresponding ratios
were a;/t,= 28.3 for girders SSCWE100, SSCWW300 and SSCWI100,
and a;/ty,= 29.1 for girder SSCWP100. Despite this, the failure modes
exhibit local web buckling for these girders as seen in Fig. 12. Summing
up, for all cases reported in Table 5, the performance of the SS corru-
gated web girders is better than for CS girders.

Finally, Figs. 20 and 21 show a comparison between the experi-
mental ultimate loads and the predicted resistances obtained consid-
ering the contribution of web and flanges —Eq. (1)-, and considering
only the contribution of the web —Eq. (3)-. This comparison is performed
using the ratio between the fold length a; and its limiting value ac-
cording to Eq. (7). As indicated in Eq. (7), the fold length a; should fulfill
Eq. (7) in order to use Egs. (1) and (2). It is worth noticing in Fig. 20 that
Eq. (1) may lead to an overestimation of the patch loading resistance of
CS corrugated web girders, but for SS corrugated girders a very good
agreement is achieved between predicted resistances and their corre-
sponding experimental values. In contrast, Fig. 21 shows that Eq. (3),
neglecting the contribution of the flanges, leads to a significant
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to patch loading was conducted. The influence of the loading length,
load position, and local fold ratio on the ultimate load behavior was
investigated. In all cases analyzed, the girders failed due to local web
buckling in the folds beneath the load. For a given length, a complex
interaction between the load location in the folds (edge, parallel, and
inclined), the flange outstands and the ultimate load was observed,
further studies are required to establish this relationship. It was found
that the ultimate loads increased almost linearly with the effective
loading length.

A numerical model was developed using the finite element method
through GMNIA. The model was validated using the load-displacement
responses and failure modes obtained experimentally. Moreover, the
out-of-plane displacements obtained using a DIC system were compared
with numerical results, and a good agreement was attained. In some
cases, the numerical results exhibited a stiffer response than the exper-
imental ones. Stress distributions plots indicated that over large areas of
the corrugated webs the stresses reached values that ranged between the
measured yield stress and the ultimate stress of the material. It provides
a clear idea of the utilization of the strain hardening capacity of stainless
steel.

A comparison between ultimate loads obtained experimentally and
predicted resistances using methodologies available in the literature for
carbon steel corrugated web girders (ignoring the strain hardening ca-
pacity of stainless steel) showed a good correlation when the contribu-
tions of the flange and web were considered. When the contribution of
the flange was neglected, the predicted resistances significantly under-
estimated the test values. A comparison between experimental ultimate
loads for stainless steel and carbon steel corrugated webs subjected to
patch load showed that the former outperform the latter within the
geometric ranges analyzed herein. Despite the good correlation between
test loads and predicted resistance, further analyses are required to
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Fig. 20. Comparison between experimental ultimate loads and predicted
values using Eq. (1) for corrugated CS and SS web girders.

propose a methodology to obtain the patch loading resistance of stain-
less steel corrugated web girders considering the strain-hardening
characteristics of the material.

In future research, an extensive parametric study is required to
extend the range of the geometric parameters evaluated herein. It is
necessary to investigate the effects of the flange size, patch loading
length, local fold ratios, size of the corrugation profile, and various
material plasticity model on the structural response of stainless steel
corrugated web girders subject to patch loading.
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