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ARTICLE INFO ABSTRACT
Keywords: Corrugated web girders have gained popularity in both buildings and bridges due to their efficient use of ma-
Fatigue terials. Previous research work has demonstrated that stainless steel corrugated web offers a promising solution

Corrugated web girders
Effective notch stress
Fatigue detail category
Root and toe cracking

for composite road bridges. However, to utilize these girders Efficiently in bridges, it is crucial to understand
their fatigue performance. Notably, EN1993-1-9 does not include a detail category for the flange-to-web weld
detail in girders with corrugated webs made of either carbon or stainless steel. To address this gap, numerous
tests have been conducted and reported in the literature on carbon steel girders with various corrugation ge-
ometries. This paper aims at deriving detail categories for the flange-to-web weld detail in girders with corru-
gated webs. As a first step, it focuses on carbon steel, compiling, analyzing, and evaluating 86 fatigue test results
available in the literature. The results show that the corrugation angle is the most important geometric parameter
influencing the fatigue strength of the studied details. Based on this work, the following detail categories are
proposed for various corrugation angles: DC125 for angles smaller than 30°, DC112 for angles between 30° and
40°, DC100 for angles between 40° and 45°, and DC90 for angles between 45° and 60°. Furthermore, the impact
of other influencing geometrical parameters, such as bend radius and flange thickness, on fatigue strength is
explored. The risk for root cracking in the weld between the flange and corrugated web is also evaluated through
effective notch stress analysis.

category that describes the fatigue strength of such girders.

Regarding fatigue behaviour, beams with corrugated webs introduce
stress concentration points, typically found at the corners of the corru-
gations. These points exhibit specific fatigue strength properties and are
influenced by load effects that differ from those in flat web girders
[12-14]. Previous experimental tests have shown that fatigue cracking
frequently appears at the intersection of inclined and flat folds [15-19],
represented as the S-point in Fig. 1.

Numerous fatigue tests have been conducted with reference to the
weld between the flange and the web in corrugated web beams. With
respect to loading, conducted tests can be categorized as follows: beams
loaded in four-point bending, beams under three-point bending, and T-
section members loaded axially, see Fig. 3.

Ibrahim et al. [18] [20] tested six hybrid girders (flanges and stiff-
eners of high-strength low-alloy M270-96 and web of light-gauge
cold-formed steel fy = 324MPa) under four-point bending. All beams
developed cracks in the constant moment zone due to fatigue, with one
girder cracking in the middle of the inclined fold due to a weld start-stop
point, while all other beams had cracks initiated from an S-point. Sause

1. Introduction

Beams with corrugated webs have been used in buildings and
bridges, proven to be an economical solution [1-3]. The use of corru-
gated webs allows for thin web plates without additional transverse
stiffeners, which significantly reduces material and fabrication costs and
produces bridge girders with improved fatigue life [2,4]. While the use
of stainless steels in bridges has shown promising results in terms of life
cycle cost (LCC) [5-9], high initial investment costs have hindered its
widespread adoption in bridge construction [6]. Recent research in-
dicates that incorporating corrugated webs into stainless steel bridge
girders can offer a competitive design solution [10]. This approach helps
reduce the material cost gap between stainless steel and carbon steel
girders while retaining the life cycle cost benefits of stainless steel [10].
Design solutions incorporating corrugated webs decrease material
usage, maintenance, and production costs, potentially offsetting the
higher material cost of stainless steel [10,11]. However, to utilize
corrugated webs in bridge girders, it is essential to define a detail
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Nomenclature

LCC Life cycle cost.

CWT Corrugated web T-section member.
CWG Corrugated web girder.
FWT Flat web T-section member.
DC Detail category.

GMAW  Gas metal arc welding.

a Corrugation angle.

ty Web plate thickness.

hy Web plate height.

te Flange plate thickness.

by Flange plate width.

R Corrugation bend radius.
a,, Fillet weld throat thickness.
a Length of the flat fold.

as Length of the inclined fold.

a, Projected length of the flat fold along the horizontal axis.
as Corrugation depth.

N Number of cycles to failure.

S Stress range.

AGrom Nominal stress range.

ENS Effective notch stress.

Ohs Hot spot stress.

MPC Multi-point constraint.

ENSt,.  Effective notch stress at weld toe.

ENSroo: Effective notch stress at weld root.

SCFr,e  Stress concentration factor in the weld toe.
r Effective notch radius.

Miax Maximum transverse bending moment.

\% Shear force.

nmw International Institute of Welding.

Crack path
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Fig. 1. Typical location of fatigue crack in corrugated web girders.

et al. [21] tested eight large-scale girders with trapezoidal corrugated
webs made of HPS 485 W. Six of the girders were welded using semi-
automatic gas metal arc welding (GMAW), and two were re-welded
using robotic GMAW. The girders that exhibited fatigue failure devel-
oped cracks at the S-point in the pure bending area. Kotaki et al. [22]
conducted tests on two different corrugated web specimens, each
simulating a real bridge with two I-girders. The top flanges were made of
SM490YB, while the webs were made of SM400 and the bottom flanges
of SM570. Fatigue failure occurred in the constant moment zone. The
initial cracks were detected at the S-point or the corresponding point on
the other side of the web.

Kovesdi & L. Dunai [15] tested six steel (S355) beams under static
and cyclic loading. Two of the beams were tested under 4-point bending
and four under 3-point bending. Three girders reached 4 million cycles
without fatigue cracks and were considered runouts, while the other
three failed under three-point bending with cracks initiating at the
S-point in the tension flange. Xu et al. [23] studied a prefabricated
specimen with oblique flanges (19.3°) to investigate fatigue perfor-
mance in box girders with a steel quality of 355GNH for the web and
Q345d for the other parts. The girder failed outside the constant moment
zone, with cracks initiating at the S-point. However, the first observed
cracks were in the constant moment region.

Wang et al. [24] tested four girders made of steel Q345 to analyse the
influences of corrugation angle, scallop, and lap joint details. The girder
with web having a corrugation angle of 30.6° without scallop failed from
a notch in the flange plate edge, while the 45° angle girder developed a
fatigue crack at the S-point. Wang et al. [16] also tested 41
corrugated-web T-section members (CWT) with varying corrugation
angles (30°, 45°, and 60°). Most specimens failed at S-point, except one
that cracked from a notch in the plate edge. Tong et al. [17] investigated
fatigue behaviour using trapezoidal corrugated web T-section members

(CWTs) of steel quality Q355. Most fatigue failures occurred at the
S-point, though two CWT specimens reached "run-out" after 3 million
cycles without crack initiation. In addition to the 18 CWT specimens,
one girder tested under four-point bending developed a crack in the pure
bending area at the S-point.

Currently, EN1993-1-9 does not provide a detail category for fatigue
design of web-to-flange welded connection in beams with corrugated
webs. This paper aims at addressing this gap by deriving a detail cate-
gory for this specific weld detail. Fig. 2 provides an overview of the
methodology used, which encompasses the analysis of existing fatigue
test results and complementary numerical simulations. Data from pre-
vious studies have been gathered, focusing exclusively on fatigue tests
for corrugated beams made of carbon steel. Currently, no test data are
available for stainless steel. Therefore, as an initial step, this paper aims
to establish a detail category specifically for carbon steel corrugated web
beams. This data includes different geometrical parameters like corru-
gation angle, bend radius, and flange thickness. This comprehensive
dataset allows for a thorough statistical analysis to establish a detail
category and thereafter categorize it based on the corrugation angle. In
the numerical study, effective notch stress analysis is then conducted on
tests with different angles to verify the applicability of the DC225 pro-
posed by the IIW recommendations [25]. Additionally, the thickness
effect is examined using the effective notch stress method to ensure the
proposed detail categories are applicable for bridge applications where
thicker plates are typically encountered in bridge girders. The risk of
root cracking in the studied details is also discussed, and a minimum
ratio between weld throat thickness and web plate thickness is suggested
to mitigate this risk.

Thus, the significance of this research is that it fills a gap in
EN1993-1-9 by proposing a fatigue design category for web-to-flange
welded detail in corrugated web beams, specifically based on the
corrugation angle. It also discusses the applicability of this category for
bridge design, where thicker plates are typical. Moreover, it discusses
the risk of root cracking in the studied welded detail, recommending a
minimum weld throat-to-web plate thickness ratio to mitigate this risk,
offering practical design and fabrication guidelines. These insights
contribute significantly to the field.

2. Fatigue assessment methods based on SN curves

Based on SN curves, three fatigue assessment methods can be iden-
tified: the effective notch stress approach, the nominal stress approach,
and the structural hot spot stress approach.

Nominal stress is the stress level calculated based on the sectional
area under consideration. It accounts for stress-raising effects due to the
component’s macro-geometric shape near the joint but excludes the
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Fig. 2. An overview of the methodology used in this study.

local stress concentration effects from the welded connection [25]. In
simple components, nominal stress can be determined using basic
structural mechanics theories assuming linear-elastic behaviour. It rep-
resents the average stress in the weld throat or plate at the weld toe, as
specified in structural detail tables. In more complex cases, Finite
Element Method (FEM) modelling may be used [25].

The structural or geometric stress ops at the hot spot includes all
stress raising effects of a structural detail excluding that due to the local
weld profile itself. The non-linear peak stress o, caused by the local
notch, i.e. the weld toe, is excluded from the structural stress [25]. The
non-linear peak stress is instead avoided by linearizing the stress
through the plate thickness or by extrapolating the stress at the surface
to the weld toe. This approach is confined to assessing the weld toe as a

location for crack propagation [25].

Effective notch stress is the stress observed at the root of a notch,
based on the assumption of linear-elastic material behavior. To accom-
modate the variations in weld shape and the non-linear behavior of
materials at the notch root, the real weld contour is substituted with an
effective one. Studies have shown that for structural steels and
aluminum alloys, an effective notch root radius of r =1 mm yields
consistent results. In fatigue assessment, the effective notch stress is
evaluated against a single fatigue resistance curve, but it is important to
verify that this curve does not surpass the fatigue resistance of the parent
metal [25]. This method can be used for the assessment of welded joints
with respect to potential fatigue failures from the weld toe or weld root
[25]. The method is limited to thicknesses t > = 5 mm, since the method

(a) 4-point bending

(b) 3-point bending

ITPYTLY!

N

AAAANA

(c) Corrugated web tension members

Fig. 3. Overview of the types of test specimens used to evaluate the fatigue performance of the welded connection between flange and corrugated web.
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has not yet been verified for smaller wall thicknesses [25]. More details
about this method can be found in IIW [25].

3. Overview of previous investigations

3.1. Previous experimental research on the fatigue strength of corrugated
web girders

Reported fatigue tests which aim at studying the fatigue performance
of the web-to-flange weld in girders with corrugated web can be ar-
ranged in three different categories. Beam tests include welded beams
tested under 4- and 3-point bending (Figs. 3a and 2b), and test speci-
mens made of T-section members built up of a flange plate and a welded
corrugated web and loaded in tension (Fig. 3c). In total, 86 tests were
collected, comprising 25 beams and 61 tension members. Of the tension
members, 41 were conducted by Wang et al. [16], and 20 by Tong et al.
[17]. Among the 25 beam tests, 20 were subjected to four-point bending
(6 by Ibrahim et al. [20], 8 by Sauce et al. [21], 2 by Kovesdi and Dunai
[15], 1 by Xu et al. [23], 2 by Kotaki et al. [22], and 1 by Tong et al.
[171), while 5 were tested under three-point bending (1 by Wang et al.
[24] and 4 by Kovesdi and Dunai [15]). Regarding welding method,
most of the reported tests were conducted using semiautomatic gas
metal weld welding technique. An overview of the geometrical param-
eters’ ranges in the collected test specimens are summarized in Table 1.
The nominal stress with the corresponding number of cycles to failure
and crack location from these experimental studies are summarized in
Table 6 in Annex A.

3.2. Parameters influencing the fatigue strength of corrugated web girders

In addition to flange thickness, web thickness, and weld throat
thickness, which are present in flat web girders, the corrugated web
introduces additional parameters that might influence the stress con-
centration in the flange-to-web connection in beams with corrugated
webs, and thus their fatigue strength. These parameters include the
corrugation angle (o), the bend radius (R), the corrugation depth (a3),
and the lengths of the flat (al) and inclined folds (a2), see Fig. 4.

The effect of several influential geometrical parameters on stress
concentration at the fatigue critical point, such as the corrugation angle
and the bend radius has been investigated in previous studies. Xu et al.
[23] conducted an effective notch stress analysis on girders with webs
having different corrugation angles. Their findings indicated that
increasing the angle from 30° to 60° results in approximately a 30 %
increase in the stress concentration at fatigue critical point. Wang et al.
[16] conducted an experimental program on corrugated web T-section
members (CWT), demonstrating that an increase in corrugation angle
from 30° to 45° and 60° resulted in a noticeable reduction in fatigue
strength.

Anami et al. [26] conducted a parametric finite element method
(FEM) analysis, revealing that the corrugation angle and the bend radius
at the fold lines of the corrugations significantly influence the stress at
the web-flange weld toe. Specifically, increasing the corrugation angle
from 25° to 36.7° raised the stress concentration at the S-point from 1.4
to 1.85 (32 %). Altering the radius from 120 mm to 60 mm (halving the
radius) increased the stress concentration factor from 1.8 to 1.95 (8 %).
The effects of flange thickness and flange width were found to be less

Table 1

Geometrical parameters included in the test database.
Parameter Symbol Range
Corrugation angle a 30 —60 degrees
Web plate thickness ty 3 to 6.4 mm
Flange plate thickness ty 6 to 25 mm
Corrugation bend radius R 27 to 120 mm
Weld throat thickness ay 3to 8 mm

Engineering Structures 324 (2025) 119342
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Fig. 4. Geometrical parameter of girders with corrugated webs.

significant than the angle and bend radius effect.

Wang et al. [16] conducted a parametric finite element analysis to
examine the impact of geometrical parameters on the stress concentra-
tion at the fatigue critical point. The results indicated that the ratio of
bend radius to corrugation depth has a more significant effect when the
corrugation angle is larger. They also concluded that fatigue strength is
more sensitive to the corrugation angle and the ratio of bend radius to
corrugation depth than to the length of the longitudinal fold and the
width or thickness of the flange.

Regarding weld size, Xu et al. [23] using effective notch stress
analysis, showed that the SCF is — in principle - insensitive to weld size.
When the latter was changed from 6 to 10 mm the stress concentration
increased by only 2.1 % at the failure location.

Sauce et al. [21] conducted an experimental study examining the
impact of welding techniques on the fatigue strength of corrugated web
girders. Their findings revealed that Robotic Gas Metal Arc Welding
(GMAW) improved fatigue life by 42 % compared to semiautomatic
GMAW. This enhancement is attributed to the consistent welding toe
geometry achieved with the robotic process.

4. Statistical analysis of previous fatigue tests

The nominal stress, number of cycles to failure, and crack location
from previous experimental studies are summarized in Annex A. Values
were extracted from tables in respective papers, except for Wang et al.
[16], where values were obtained from Fig. 8 in [16]. For the girder tests
like the ones reported by Ibrahim et al. [20] and Sauce et al. [21],
nominal stress was calculated by the authors using simple beam theory
(6 = M/W), providing an average stress in the flange and ignoring the
web contribution to the section modulus. Kovesdi and Dunai [15]
considered a portion of the web in calculating the beam section modulus
(3/20 of the web depth). This consideration was based on stress
measurements.

For Tong et al.’s CWT experiment, the authors reported that the
nominal stress was obtained from FE analysis where a flat web tension
member (FWT) with the same dimensions as the corrugated member
was modelled, and nominal stress was read at the top surface of the
flange [17]. This stress closely matched the average stress measured at
the top surface of the flange, taken from a section in the middle of the
flat fold during the experiment (Fig. 12 and 14 in [17]).

4.1. Evaluation of previous experiments with nominal stress method

Out of the 86 test specimens that are collected and stipulated in
Annex A, 7 tests were excluded due to failure reported elsewhere than
the detail studied here. The remaining 79 tests are plotted in Fig. 5.
These include 8 run-outs and two beams that failed at more than 5
million cycles, which all are excluded from the statistical analysis ac-
cording to [27]. The resulting mean S-N curve from the regression
analysis assuming a slope of 3 according to the IIW recommendations
[25] is presented in the same figure.

According to Drebenstedt and Euler [27], an outlier is defined as a
data point significantly greater or smaller than the rest, lying three or
more standard deviations from the sample mean. Thus, the test results
were plotted with the mean curve along with + 3 standard deviations to
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identify outliers. As shown in Fig. 5, one outlier was observed: a girder
tested by Wang et al. [16] which deviated by three standard deviations
from the mean curve and was therefore excluded from the following
statistical analysis. This outlier corresponds to one of the tension
members tested by Wang et al. [16], which was of corrugation angle 60
degrees. The specimen was subjected to a stress range of 145.9 MPa and
exhibited a fatigue life of 489 261 cycles.

The remaining tests that are evaluated are plotted in Fig. 6. Using the
Eurocode 0 resistance model approach (Section D8.2, Annex D of
EN1990:2002), explained further in [27], the detail category for the
collected corrugated web girders is estimated to be 100.5 MPa. Conse-
quently, the characteristic detail category can be rounded to 100 MPa in
EN1993-1-9.

4.2. Evaluation of the effect of influential corrugation geometric
parameters

4.2.1. The effect of corrugation angle

As mentioned in Section 3.2, the corrugation angle is expected to
significantly affect the fatigue strength of corrugated web girders.
Consequently, the results shown in Fig. 6 are grouped and re-analyzed in
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o  Wangetal. [16], CWT o Tongetal. [17], CWG
10 © Tongetal. [17], CWT A Sauceetal. [21]
100000 1000000 10000000
Number of cycles N

Number of tests: 68

Standard deviation: 0.145

Detail category: 100.5 MPa

Mean S-N curve: LogN =12.605-3.Log S

Fig. 6. S-N relation of test results from literature data.
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four groups based on the corrugation angle in the tested specimens. The
first group consists of specimens with a corrugation angle of 30°, which
includes those tested by Kotaki et al. [22] and Wang et al. [24]. The
second group comprises beams with corrugation angles ranging from
37° to 39°, tested by Sauce et al. [21], Kovesdi and Dunai [15], and
Ibrahim et al. [20]. The third group includes test specimens with a
corrugation angle of 45°, as tested by Wang et al. [16] [24] and Tong
et al. [17]. The fourth group includes tests specimens with an angle of
60° tested by Wang et al. [16]. The statistical analysis results for these
groups are summarized in Fig. 7.

Comparing Fig. 7 to Fig. 6 reveals that the scatter for the four cate-
gories with different corrugation angles is significantly smaller than the
scatter when all corrugation angles are considered together. The stan-
dard deviation decreased from 0.145 for all girders to 0.055, 0.076,
0.096, and 0.083 for the girders with corrugation angles of 30°, 37-39°,
45°, and 60°, respectively. This indicates that the fatigue strength of
corrugated web girders is largely influenced by the corrugation angle,
allowing for the assignment of four distinct SN curves for the different
angles, as seen in Fig. 8.

The characteristic detail categories derived from statistical analysis
and presented in Fig. 7, need to be rounded to the standard detail cat-
egories (DC) in EN1993-1-9. Therefore, the recommended detail cate-
gories for the use in fatigue design of beams with corrugated webs are
presented in Table 2.

4.2.2. The effect of corrugation bend radius

To analyse the effect of bend radius, girders with similar corrugation
angles but different radii were grouped and analysed. Specifically,
girders tested by Ibrahim et al. [20] and Sauce et al. [21] share a
corrugation angle of 36.9° degrees but differ in bending radius (R).
Ibrahim’s girders have R=27 mm and Sauce et al.’s girders have
R= 120 mm. The results are presented in Fig. 9a. The scatter between
the two radii is small, suggesting that a single detail category can be
assigned for both radii.

A similar finding was observed when considering the tension speci-
mens tested by Tong et al. [17], which all had a corrugation angle of 45°
but varying bending radii (R=30 mm and R=60 mm). These results are
presented in Fig. 9b. The small scatter in these tests supports the earlier
conclusion from the Ibrahim et al. [20] and Sauce et al. [21] specimens,
that a single detail category can accommodate different bending radii.
Notably, Tong et al. [17] measured the structural hot spots close to the
S-points in specimens with identical corrugation but with different bend
radii (30 mm and 60 mm). The results indicated that the stress con-
centration factor (SCF) for the 30 mm radius, increased by 9 %
compared to the case with a bend radius of 60 mm. This difference is not
reflected in the test results and has only negligible effect on the
regression analysis, as it would result in very close S-N curves.

A similar observation was noted in the numerical study conducted by
Anami et al. [26]. Increasing the radius from 60 mm to 180 mm (a factor
of three) resulted in a decrease in the stress concentration factor by
approximately 8 %. In this study, where the corrugation angle was
smaller (37° compared to 45° in Tong’s study), the stress concentration
sensitivity to the bend radius was less pronounced. This suggests that the
impact of the bend radius becomes more significant with larger corru-
gation angles. However, this requires a more detailed investigation.

5. Investigation of fatigue strength using effective notch stress
analysis

By analyzing the experimental data, two key questions arise. The first
question is whether a substantial thickness effect exists in the studied
welded detail, such that beams with thicker flanges are expected to have
lower fatigue strength than beams with identical corrugated webs but
with smaller flange thickness. Flange thicknesses included in the test
data range from 6 to 25 mm, which is relatively small compared to
flange thicknesses typically found in bridge applications. The second
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question is whether — owing to the complex force transfer in the welded
joint between the flange and corrugated web — there is a risk of root
cracking in this type of detail.

In order to shed some light on the aforementioned two questions, the
effective notch stress (ENS) method is employed. This method is capable
of capturing stress concentration effects accurately and relating those to

Table 2
Proposed detail categories for different corruga-
tion angles.

Corrugation angle DC
a <30 125
30<a<40 112
40<a<45 100
45 <a <60 90

a single S-N curve. The ENS is also capable of capturing the thickness
effect in welded joints (i.e., stress concentration/gradient). Further-
more, it can be used to assess welded joints for potential fatigue failures
originating from the weld toe or weld root [25].

Initially, the tests performed by Wang et al. [16] are used to verify
that the ENS method captures the effect of the corrugation angle and
confirms the validity of the IIW’s proposed detail category (DC225) with
the maximum principal stress for ENS analysis of this type of detail.
These tests include corrugation geometries with different angles (30°,
45°, 60°). Following this verification, the specimen with angle 45 is then
analyzed with larger flange thicknesses to study the effect of flange
thickness on the stress concentration factor (SCF). Additionally, the
relation between notch stresses at the weld toe and weld root is inves-
tigated for the three specimens with different corrugation angles.



F. Hlal and M. Al-Emrani

Engineering Structures 324 (2025) 119342

1000

St

——

——95%-fractile
— — —Mean value
+ Ibrahim [20], R=27mm
a4 Sauce et al. [21], R=120mm

Stress range [MPa]
)
S

10
100000 1000000 10000000
Number of cycles N

1000

\\
~
\%
~

——95%-fractile

- = =Mean value
¢ Tongetal. [17], CWG, R=30
o Tongetal.[17], CWT, R=30
O Tongetal. [17], CWT, R=60

O\\
\__.._-

Stress range [MPa]
S
S

10
100000 1000000 10000000
Number of cycles N

Standard deviation: 0.069 (no. of tests= 11)
Mean S-N curve: LogN = 12.66-3LogS

DC (Mean): 131.72MPa

DC (95%): 117.54 Mpa

(a)

Standard deviation: 0.1 (no. of tests= 14)
Mean S-N curve: LogN = 12.542-3LogS
DC (Mean): 120.32 Mpa

DC (95%): 100.43 Mpa

(b)

Fig. 9. Evaluation of corrugation bending radius with nominal stress method.

A detailed description of the finite element model and its results is
provided in the following sections.

5.1. Finite element model description

The CWT tension members test specimens with angles 30", 45, and
60’ from Wang et al. [16] were modelled using ABAQUS CAE2023 [28].
A tension force was applied to one of the flange edges. In the original
experiments, the specimens were clamped at one end and subjected to
axial tension on the other end.

To replicate these conditions in the numerical model, boundary
conditions were carefully defined. Fig. 10 shows the applied boundary
conditions in the global model. One end of the flange plate is fully
constrained, with all movement and rotation restricted, representing a
clamped end. The other end is fixed except for movement in the x-di-
rection, allowing the specimen to move only along this axis, matching
the experimental setup. To simulate the clamped edge where the load is
applied, a reference point at the center of the flange was chosen as the
master point, and all surface nodes were linked to it using a multi-point
constraint (MPC), as shown in Fig. 10a. This ensured that all points on
the loaded edge moved uniformly in the x-direction. The global model
uses ten-node quadratic tetrahedral elements (C3D10) to capture the
geometry and stress distribution, with a 1.5 mm mesh size, providing
four elements through the thickness.

To evaluate the effective notch stress (ENS), a detailed sub-model
was created around the S-point (Fig. 10c). This finite element (FE)

Ux=1, URx=0

Uy=0, URy=0

Uz=0, URz=0 4

A
L
/——= ©

90

Ux=0, URx=0 -
Uy=0, URy=0

Uz=0. URz=0

(a) Global model loading and boundary conditions

V‘.va

(a) Global model

(b) Sub model

Fig. 10. FE model and boundary conditions of the considered CWT
test specimen.

sub-model utilized a highly dense mesh in critical areas around the weld
toe and root, while a coarser mesh was applied to the rest of the spec-
imen. The modelling of the weld configuration is conducted according to
IIW recommendation [25], i.e., the weld toe and root are rounded with
radius r = 1 mm. Quadratic tetrahedral solid elements (C3D10) were
employed for modelling. These elements simplify the sub-modelling
process for the effective notch model. A mesh convergence study
showed that the element size 0.25 mm inside the root and toe regions,
gradually increasing to 1 mm towards the outer edges captures the
effective notch stress with good accuracy. This meshing approach is
illustrated in Table 3.

5.2. DC225 with effective notch stress for the three corrugation angles

The effective notch stress results at the weld root and weld toe from
the three FE models for the three corrugation angles are presented in
Table 4. The nominal stress at the top surface of the flange is defined as
the average stress along a path that runs along the flange width at the
middle of the flat fold. The obtained nominal stress complies with that
calculated by Tong et al. [17]. Moreover, calculating the nominal stress
using the formula ¥+ & where M is the moment caused by the ec-
centricity resulting from the shift in the neutral axis due to the presence
of the web, yields result very close to those obtained in the current
approach.

The fatigue life reported by Wang et al. [16] is plotted with reference
to the maximum principal effective notch stress obtained from the finite
element analysis, which was consistently found in the S-point area in all
three models. The results are presented in Fig. 11b. For the sake of
comparison, the fatigue life results with reference to the nominal stress
component are also plotted in Fig. 11a. As can be observed in Fig. 11, the
scatter of the fatigue life decreases significantly when using the effective
notch stress method, reducing the standard deviation from 0.17 to 0.09.
Additionally, all results lie above DC 225, indicating that DC 225 sug-
gested by IIW [25] with the maximum principal effective notch stress
provides a good representation of the fatigue strength for this type of
detail.

5.3. Effect of flange plate thickness

According to Pedersen [29] the thickness effect is considered to be a
compound effect caused by: the geometric size effect, statistical size
effect, and technological size effect. The geometric size effect encom-
passes two issues that lead to poorer conditions for thicker joints: the
stress gradient effect and the effect of incomplete scaling. The stress
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e Wang etal. [16], a30
o Wang et al. [16], a45
+ Wang et al. [16], a60

* Wang etal. [16], a30
= Wang et al. [16], a45
s+ Wang et al. [16], a60

Table 3
Mesh sensitivity on ENS.
Mesh size 1mm - imm
ENStoe 266.1 Mpa 264.9 Mpa
ENSgoot 210.7 Mpa 208.4 Mpa
Table 4
Effective notch stress at weld toe and root in the S-point area for angles « = 30°, 45°, 60° obtained from FE analysis.
Nominal stress [MPa] ENSr,. [MPa] ENSgoo: [MPa] SCFroe ENStoe/ ENSRroot
o= 30° SE— 161.50 264.9 208.4 1.64 1.27
o = 45° . 158.14 328.72 250.5 2.08 1.31
o= 60° 158.93 395.94 307.88 2.49 1.29
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Fig. 11. Fatigue life as a function of normal stress and effective notch stress.

gradient is steeper in thinner joints, reducing the intensity of the com-
bined stress field at the crack tip for a given crack size. In terms of
incomplete scaling, fatigue is considered the weakest link process, where
cracks initiate and grow in areas with the worst combination of detri-
mental effects, such as stress concentration, weld defects, residual
stresses, and material properties. The weld toe’s radius remains constant
regardless of plate thickness, causing the ratio between the toe radius
and plate thickness to decrease, which increases stress concentration
[29].

The statistical size effect indicates that the probability of severe

defects is higher in larger volumes (thick joints) than in smaller volumes
(thin joints). The technological size effect suggests that larger/thicker
structures provide greater constraints against the thermal contraction of
weld material compared to smaller/thinner structures, leading to higher
residual stress levels [29].

To investigate the technological and statistical effects, fatigue testing
is required. This section, however, focuses solely on the geometric effect.

The specimen with a corrugation angle of 45° from Wang et al. [16]
is modelled with increasing flange thicknesses from 6 mm to 24 mm,
and up to 48 mm (approximating real bridge girder applications). The
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effective notch stress at the root and the toe were extracted and pre-
sented in Table 5. By comparing the stress concentration factor at the
weld toe, it can be observed that the stress concentration factor remains
around 2 for all three thicknesses. This indicates that the stress con-
centration for the studied detail is not sensitive to flange thickness.
However, further studies are needed to confirm this observation.

5.4. Root vs toe cracking

None of the experimental fatigue investigations included in the
current study reported root cracking. Nevertheless, to assess the risk of
root cracking, the root effective notch stress (ENSgoor) Was extracted
from finite element analysis and presented for the three corrugation
angles in Table 4 and the three thicknesses in Table 5. The modelled
specimens have a weld throat thickness of a, = 3 mm and a web plate
thickness of t, = 4mm mm, resulting in a ratio of 2a,/t, = 1.5.

As shown in Table 4 and Table 5, the ratios between the effective
notch stress at the weld toe (ENSr,e) and the effective notch stress at the
weld root (ENSge:) for the three corrugation angles and the three
different thicknesses are approximately 1.3 (not affected by the corru-

gation angle and flange thickness). This indicates that, in order to avoid
2a,
t

however needed to confirm and generalize this conclusion.

It is worth mentioning here that in the collected studies where the
weld throat thickness of the tested specimens was reported, none had a
ratio less than 1.15, except for the two specimens tested by Kovesdi et al.
[15], which had a smaller weld size of 3 mm. None of these tests were
reported to have fatigue cracks initiating from the weld root.

root cracking, the ratio needs to be at least 1.15. Further analysis is

6. Discussion
6.1. Load effects in beams with corrugated webs

The term “nominal stress” used in this paper refers to the primary
bending stress in beams or the axial stress in tension specimens. In real
bridges with corrugated webs, a transverse bending component, shown
in Fig. 12, might be present due to shear flow in the web [12,14,30]. This
component is not present in the fatigue tests included in the statistical
analysis, except for three beams from Kovesdi and Dunai [15] and one
beam from Wang et al.[24]. Therefore, in the fatigue design of real
bridge girders, the nominal stress used in fatigue design should include
not only the primary bending stresses but also possible transverse
bending stress in the flange at the presumed crack initiation point (the
S-point).

6.2. The limitation of corrugation parameters
Both statistical analysis of test data and previous analytical work
indicate that the corrugation angle is the most influential parameter

affecting stress concentration at the S-point. The fatigue test data

Table 5
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included in this paper covers corrugation angles ranging from 30° to
60°. Data for larger corrugation angles is not available, but it is expected
that these angles would result in lower fatigue strength. To mitigate this,
increasing the radius—which has been shown to be more effective for
larger corrugation angles—could enhance fatigue strength. Nonetheless,
a comprehensive parametric study is necessary to establish a clear
relationship between the stress concentration factor (SCF) at the S-point
and the various geometric parameters presented in Fig. 4 before a more
detailed assessment of the influence of these corrugation parameters on
fatigue strength can be made.

The web thickness in the collected database ranges from 3 to 6 mm.
However, in bridge application, larger web thicknesses might be needed.
Therefore, the influence of the web thickness on the fatigue strength
needs to be investigated in a more detailed study and verified by testing.

7. Summary and conclusions

This paper aims at deriving detail categories for the flange-to-web
weld detail in corrugated web beams. Test data from previous studies
are collected and analyzed. A statistical analysis is conducted to estab-
lish 4 detail categories that can be used in the fatigue design of these
elements.

Moreover, effective notch stress (ENS) analysis is conducted on
tension test specimens having webs with different corrugation angles to
verify the applicability of the detail category proposed in the IIW rec-
ommendations for fatigue analysis with this method (i.e. DC225 using
the principal stress). Additionally, the possible thickness effect is
examined using the ENS method, and the same FE models are used to
evaluate the risks of root cracking in the studied detail. The following
conclusion can be drawn:

e Analysis of the experimental data and previous analytical studies
indicates that the corrugation angle is the most influential geomet-
rical parameter. It also suggests that the fatigue strength might also
be affected by the bend radius, especially for larger corrugation an-
gles. Further analysis is required to quantify this effect.
The statistical analysis of the collected test data, comprising 68 tests,
indicates that a detail category of 100 MPa can be used if all test data
are included in the analysis irrespective of the corrugation geomet-
rical parameters.
The fatigue life of corrugated web girders is found to be significantly
influenced by the corrugation angle, allowing for different detail
categories to be assigned to weld details with different corrugation
angles. This study proposes DC125 for angles smaller than 30°,
DC112 for angles between 30° and 40°, DC100 for angles between
40° and 45°, and DC90 for angles between 45° and 60°, which are
summarized in Table 2.
e DC225, using maximum principal effective notch stress at the weld
toe, accurately represents the fatigue life of the flange-to-web detail
in corrugated web girders. Evaluation of fatigue tests with test

Effective notch stress at weld toe and root in the S-point area for angle o = 45° and flange thickness t; = 6mm, 24mm, 48mm obtained from FE analysis.

Nominal stress [Mpa]

o =45°, t = 6mm ] I ] 158.14

o =45°, tp = 24mm 175.76

o =45°, tf = 48mm ‘ —I 176.80

ENSto. [Mpa] ENSgoo: [Mpa] SCFroe ENStoe/ ENSgoot
328.72 250.5 2.08 1.31
348.88 259 1.98 1.35
349.97 265.12 1.98 1.32
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Fig. 12. Transverse bending from shear flow according to Kovesdi et al. [14]: (a) when the load and supports are located on the flat fold, (b) when the load and

supports are located on the inclined fold.

specimens having different corrugation geometries showed a sub-
stantial reduction in scatter compared to that obtained from the
nominal stress method.

The test data is limited in the range of flange thickness, and no
obvious thickness effect could be recognized from analysing the tests.
Furthermore, ENS analysis of corrugations with various angles shows
that the stress concentration factors are not influenced by flange
thickness, and as such no thickness correction is required.

ENS analysis of weld details in corrugated webs having different
corrugation angles shows that root cracking can be avoided if the
ratio between weld throat thickness and web thickness (2;%) is larger

than 1.15. Examination of the fatigue test data shows that out of the
86 tests, only 2 specimens did not fulfil this requirement. No root
cracking was reported for any of the tests.

Furthermore, the following points are recommended for further
research:

o Tests with angles larger than 60 degrees, flanges over 20 mm, and
web thicknesses greater than 6 mm are needed to extend the appli-
cability of the proposed detail categories.

e Additional fatigue testing, including transverse bending, is necessary
to evaluate its impact on fatigue life and determine the stress con-
centration caused by transverse bending.

e A more detailed analysis to study the influence of various geometric
parameters on the stress concentration in beams with corrugated
webs would also be beneficial to support and validate an extension of

Annex A

Table 6
The collected experimental database.

the proposed detail categories to girders with other geometric pa-
rameters than those included in the collected tests.
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Ref. Specimen Loading L by t hy, tw as a; o R ay AGnom N Comment
type [mm] [mm] [mm] [mm] [mm] [mm] [mm] [deg] [mm] [mm] [MPa]
[20] CWG2-1  4-point 6076 150 12.7 500 3 75 117 36.87 27 5 97 2160000  Crack at stop/
start point
[20] CWG2 -2 4-point 6076 150 12.7 500 3 75 117 36.87 27 5 65 17613800 Fatigue crack

10

at S-point

(continued on next page)
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Table 6 (continued)

Ref. Specimen Loading L by t hy tw az a; o R ay AGnom N Comment
type [mm]  [mm] [mm] [mm]  [mm] [mm] [mm] [deg] [mm] [mm] [MPa]
(above 5
million cycles)
[20] CWG2 -3  4-point 6076 150 12.7 500 3 75 117 36.87 27 5 142 1595000  Fatigue crack
at S-point
[20] CWG2 —4 4-point 6076 150 12.7 500 3 75 117 36.87 27 5 137 1806100 Fatigue crack
at S-point
[20] CWG2 -5  4-point 6076 150 12.7 500 3 75 117 36.87 27 5 162 1235100  Fatigue crack
at S-point
[20] CWG2 -6  4-point 6076 150 12.7 500 3 75 117 36.87 27 5 97 9339000  Run-out
[21]  G2A 4-point 7400 227 20 1200 6 150 300 36.9 120 8 138 1418000  Fatigue crack
at S-point
[21]  GlA 4-point 7400 227 20 1200 6 150 300 36.9 120 8 138 1448000  Fatigue crack
at S-point
[21]  G4A 4-point 7400 227 20 1200 6 150 300 36.9 120 8 138 1304000  Fatigue crack
at S-point
[21]  G6A 4-point 7400 227 20 1200 6 150 300 36.9 120 8 103 2563000  Different weld
on different
sides
[21]  G4B 4-point 7400 227 20 1200 6 150 300 36.9 120 8 138 1980000  Robotic
welding
[21] G1B 4-point 7400 227 20 1200 6 150 300 36.9 120 8 110 3500000 Robotic
welding
[21]  G5A 4-point 7400 227 20 1200 6 150 300 36.9 120 8 103 7317000  Run-out
[21] G3A 4-point 7400 227 20 1200 6 150 300 36.9 120 8 103 7645000 Run-out
[22] 1 4-point 6500 300 0 600 4.5 75 120 30 75 3 150 1380000  Fatigue crack
at S-point
[22] 2 4-point 6500 300 0 600 4.5 75 120 30 75 3 150 1650000  Fatigue crack
at S-point
[24] B4 —450- 3-point 1760 88 6 248 4 64 82 45 - 3 160 3200000  Fatigue crack
n at S-point
[15] 3 3-point 7150 225 20 500 6 133 210 39 60 6 147 1310000 Fatigue crack
at S-point
[15] 4 3-point 7150 225 20 500 6 133 210 39 60 6 140 1326000  Fatigue crack
at S-point
[15] 5 3-point 7150 225 20 500 6 133 210 39 60 3 149 1800000 Fatigue crack
at S-point
[15] 6 3-point 7150 225 20 500 6 133 210 39 60 3 128 15000000  Run-out
[15] 1 4-point 7150 225 20 500 6 133 210 39 60 6 101 4486000 Run-out
[15] 2 4-point 7150 225 20 500 6 133 210 39 60 6 111 4162000  Run-out
[23] 1 4-point 12000 424/ 25 1650 6.4 160 340 45 100 7 66 6208700  Fatigue crack
297 at S-point
(above 5
million cycles)
[17]  CWG-R30  4-point 3670 150 16 500 5 60 120 45 30 5 116 1800000  Fatigue crack
at S-point
[17]  R30 -1 Uniaxial 700 90 8 40 5 60 120 45 30 5 200 320000  Fatigue crack
at S-point
[17]  R30 -2 Uniaxial 700 90 8 40 5 60 120 45 30 5 190 370000  Fatigue crack
at S-point
[17]  R30-3 Uniaxial 700 90 8 40 5 60 120 45 30 5 180 789000  Crack in
inclined fold
[17]  R30 -4 Uniaxial 700 90 8 40 5 60 120 45 30 5 170 763000  Fatigue crack
at S-point
[17] R30 -5 Uniaxial 700 90 8 40 5 60 120 45 30 5 160 972000 Fatigue crack
at S-point
[17]  R30-6 Uniaxial 700 90 8 40 5 60 120 45 30 5 155 1138000  Fatigue crack
at S-point
[17] R30 -7 Uniaxial 700 90 8 40 5 60 120 45 30 5 153 1140000 Crack in
inclined fold
[17]  R30 -9 Uniaxial 700 90 8 40 5 60 120 45 30 5 150 2280000  Run-out
(Terminated)
[17]  R30 -8 Uniaxial 700 90 8 40 5 60 120 45 30 5 151 3000000  Crack in
inclined fold
[17] R30 -10 Uniaxial 700 90 8 40 5 60 120 45 30 5 140 3000000 Run-out
(Terminated)
[17]  R60 —1 Uniaxial 700 90 8 40 5 60 120 45 60 5 200 375000  Fatigue crack
at S-point
[17] R60 —2 Uniaxial 700 90 8 40 5 60 120 45 60 5 192 415000 Fatigue crack
at S-point
[17]  R60 -3 Uniaxial 700 90 8 40 5 60 120 45 60 5 185 672000  Crack at end of
parallel fold
[17]  R60 —4 Uniaxial 700 90 8 40 5 60 120 45 60 5 184 433000  Fatigue crack
at S-point
[17]  R60 -5 Uniaxial 700 90 8 40 5 60 120 45 60 5 175 605000  Fatigue crack
at S-point

(continued on next page)
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Ref. Specimen Loading L by ty hy tw az a; o R ay AGnom N Comment
type [mm]  [mm] [mm] [mm]  [mm] [mm] [mm] [deg] [mm] [mm] [MPa]

[17] R60 -6 Uniaxial 700 90 8 40 5 60 120 45 60 5 173 1059000 Fatigue crack
at S-point

[17] R60 -7 Uniaxial 700 920 8 40 5 60 120 45 60 5 165 1059000 Fatigue crack
at S-point

[17] R60 -8 Uniaxial 700 90 8 40 5 60 120 45 60 5 162 419000 Crack at flange
edge

[17] R60 —9 Uniaxial 700 90 8 40 5 60 120 45 60 5 161 1028000 Fatigue crack
at S-point

[17] R60 —10 Uniaxial 700 920 8 40 5 60 120 45 60 5 156 1035000 Fatigue crack
at S-point

[16] «30 — 1 Uniaxial 160 90 6 12 4 64 82 30 60 3 140 2655763 Most failed at
S-point except
one from an
original notch
in the plate
edge

[16] a30 — 2 Uniaxial 160 90 6 12 4 64 82 30 60 3 141 2383358

[16] 30 — 3 Uniaxial 160 920 6 12 4 64 82 30 60 3 160 1792354

[16] o3 — 4 Uniaxial 160 920 6 12 4 64 82 30 60 3 160 1645977

[16] ®30 — 5 Uniaxial 160 90 6 12 4 64 82 30 60 3 165 1413916

[16] ®30 — 6 Uniaxial 160 90 6 12 4 64 82 30 60 3 165 1331753

[16] a30 — 7 Uniaxial 160 920 6 12 4 64 82 30 60 3 171 1173314

[16] ®30 — 8 Uniaxial 160 90 6 12 4 64 82 30 60 3 170 1092482

[16] ®30 — 9 Uniaxial 160 90 6 12 4 64 82 30 60 3 180 881846

[16] 30 — 10 Uniaxial 160 920 6 12 4 64 82 30 60 3 191 1021863

[16] ®30 — 11 Uniaxial 160 90 6 12 4 64 82 30 60 3 190 894114

[16] ®30 — 12 Uniaxial 160 90 6 12 4 64 82 30 60 3 200 949323

[16] «30 — 13 Uniaxial 160 90 6 12 4 64 82 30 60 3 200 849949

[16] 30 — 14 Uniaxial 160 920 6 12 4 64 82 30 60 3 201 798717

[16] o45 — 1 Uniaxial 160 90 6 12 4 64 82 45 60 3 125 2072162

[16] o45 — 2 Uniaxial 160 90 6 12 4 64 82 45 60 3 125 1825688

[16] o45 — 3 Uniaxial 160 920 6 12 4 64 82 45 60 3 126 1433595

[16] o45 — 4 Uniaxial 160 90 6 12 4 64 82 45 60 3 140 1319552

[16] o45 — 5 Uniaxial 160 90 6 12 4 64 82 45 60 3 141 1143912

[16] a45 — 6 Uniaxial 160 90 6 12 4 64 82 45 60 3 140 1082412

[16] 45 — 7 Uniaxial 160 920 6 12 4 64 82 45 60 3 150 1009760

[16] o45 — 8 Uniaxial 160 90 6 12 4 64 82 45 60 3 150 971232

[16] a45 — 9 Uniaxial 160 90 6 12 4 64 82 45 60 3 160 871751

[16] a45 — 10 Uniaxial 160 920 6 12 4 64 82 45 60 3 161 741981

[16] o45 — 11 Uniaxial 160 90 6 12 4 64 82 45 60 3 180 617153

[16] a45 — 12 Uniaxial 160 90 6 12 4 64 82 45 60 3 180 541243

[16] a45 — 13 Uniaxial 160 920 6 12 4 64 82 45 60 3 201 455435

[16] o45 — 14 Uniaxial 160 90 6 12 4 64 82 45 60 3 201 627181

[16] ®60 — 1 Uniaxial 160 90 6 12 4 64 82 60 60 3 120 2436709

[16] ab0 — 2 Uniaxial 160 920 6 12 4 64 82 60 60 3 120 2014602

[16] ®60 — 3 Uniaxial 160 90 6 12 4 64 82 60 60 3 120 1323881

[16] ®60 — 4 Uniaxial 160 90 6 12 4 64 82 60 60 3 131 1189575

[16] a60 — 5 Uniaxial 160 90 6 12 4 64 82 60 60 3 131 997708

[16] ®60 — 6 Uniaxial 160 90 6 12 4 64 82 60 60 3 146 763630

[16] ®60 — 7 Uniaxial 160 90 6 12 4 64 82 60 60 3 146 489261

[16] o60 — 8 Uniaxial 160 90 6 12 4 64 82 60 60 3 150 719501

[16] a60 — 9 Uniaxial 160 920 6 12 4 64 82 60 60 3 160 719501

[16] ®60 — 10 Uniaxial 160 90 6 12 4 64 82 60 60 3 160 681127

[16] «60 — 11 Uniaxial 160 90 6 12 4 64 82 60 60 3 160 623567

[16] a60 — 12 Uniaxial 160 920 6 12 4 64 82 60 60 3 180 566007

[16] ®60 — 13 Uniaxial 160 90 6 12 4 64 82 60 60 3 180 498854

Data availability [4] Abbas HH, Sause R, Driver RG. Behavior of corrugated web I-girders under in-plane
loads. J Eng Mech 2006:806-14. https://doi.org/10.1061/(ASCE)0733-9399
(2006)132:8(806)+#.

Data will be made available on request. [5] Karabulut B, Ferraz G, Rossi B. Lifecycle cost assessment of high strength carbon
and stainless steel girder bridges. J Environ Manag 2021. https://doi.org/10.1016/
j-jenvman.2020.111460.
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