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Abstract

The structural hot-spot stress approach is an effective method for assessing welding details when nominal stress is hard to
determine due to geometric or loading complexities. Hot spots can be classified into two types: type “a,” which refers to
a weld toe located on a plate surface, and type “b,” denoting one located on a plate edge. Previous studies on type “b” hot
spots have mainly focused on in-plane gusset welded joints, and the applicability of type “b” hot-spot S-N curves proposed
for in-plane gusset joints in IIW to the other details is not well understood. In this study, fatigue tests were conducted with
a load-carrying attachment welded on a plate surface, where a crack occurred from a weld toe on the plate edge. The tests
were also numerically simulated using finite element analysis. Upon evaluating the test results through the nominal stress,

structural hot-spot stress (4, 8, and 12 mm method), and notch stress approaches, it was found that all the data lie above

FAT71 for nominal stress, FAT100 for hot-spot stress, and FAT225 for effective notch stress.

Keywords Local stress - Type “b” hot spots - Load-carrying welded attachment

1 Introduction

Fatigue failure is a complex and progressive form of local
damage caused by repetitive loads. Its severity is signifi-
cantly influenced by both the magnitude of the load and the
number of cycles. In steel bridges, fatigue cracks are mostly
caused by secondary stresses resulting from the imposition
of deformations. These stresses, not accounted for in the
general design phase, can lead to what is known as distor-
tion-induced fatigue [1]. Fatigue cracks usually occur at
welded joints due to high stress concentration and residual
tensile stress introduced by the welding process. To main-
tain and manage steel bridges rationally and strategically,
accurate evaluation of the fatigue strength of welded joints
under complex real-world behavior is crucial.

The most common method for evaluating fatigue strength
in welded joints is the nominal stress approach [2], also
referred to as the global approach. The global approach does
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not account for the stress-raising effect due to welding and
structural discontinuities and can even struggle to calculate
nominal stress in cases with complex loading conditions or
complicated geometry. Methods that do consider the local
stress-raising effect have therefore been introduced and are
referred to as local approaches.

The structural hot-spot stress approach is a local approach
that is effective for assessing welding details when nomi-
nal stress is hard to determine due to geometric or loading
complexities [2, 3]. The term “hot spot” refers to a critical
location in structures where fatigue cracks are most likely
to occur. Generally, the weld toe is considered to be a hot
spot and can be classified into two types: type “a” refers to
a weld toe located on a plate surface, while type “b” is that
located on a plate edge.

Structural hot-spot stress accounts for the stress-raising
effect due to the detail geometry but not the local notch
effect caused by the shape of the weld. This approach was
originally developed for welded tubular joints in offshore
structures and was widely used in fatigue assessments in
the 1960s [3, 4]. Later, in the early 1990s, the concept of
hot-spot stress was extended to all kinds of plate struc-
tures. In welded structures, it has been suggested that the
hot-spot stress approach is more suitable when the nominal
stress is difficult to define due to complicated geometry or
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when structural discontinuity cannot be compared with
classified details included in the design standards [5]. Pro-
gress has been made in the application of this approach,
particularly in determining hot-spot stress via extrapola-
tion methods based on two or three reference points [5],
the structural stress approach by Dong [6], and the one-
millimeter approach by Xiao and Yamada [7]. With the
introduction and implementation of finite element analysis,
the use of the structural hot-spot stress approach is gaining
prominence, and most past studies have primarily focused
on Type “a” hot spots.

As for type “b” hot spots, which involve cracks occur-
ring from the plate edge, reference points for extrapolation
methods cannot be defined as a function of plate thickness,
as is the case with type “a” hot spots. Although there are
various welded details with type “b” hot spots, past stud-
ies have mainly focused on in-plane gusset welded joints.
Three extrapolation points at fixed distances of 4, §, and 12
mm from the weld toe at the plate edge have been defined
for determining type “b” hot-spot stress [8]. Currently,
the International Institute of Welding (IIW) recommends
two fatigue classes for in-plane gusset details featuring
fatigue cracking from Type “b” hot-spots, depending on
the attachment length. FAT100 applies to joints with short
edge attachments (less than 100 mm), while FAT90 is for
those with long edge attachments (more than 100 mm) [3].

Recently, some fatigue tests focusing on a fillet weld
around a plate corner have been performed with cruciform
joints, in which a fatigue crack occurred at the plate edge
[9, 10]. The test results based on the structural hot-spot
stress obtained by quadratic extrapolation over reference
points 4, 8, and 12 mm have indicated the fatigue strength
of 128.7 N/mm? at 2 million cycles and reasonable scatter
band lying above the fatigue class of FAT100 [10]. On
the other hand, other fatigue test results should be further
accumulated to investigate whether type “b” hot-spot S-N
curves proposed for in-plane gusset welded joints in ITW
are applicable to other details with various geometries.

In this study, fatigue tests were conducted with a load-
carrying attachment welded on a plate surface, where a
crack originated from a weld toe on the plate edge (type
“b” hot spot). The applicability of the recommended struc-
tural hot-spot S-N curves in IIW was examined based on
both experimental and numerical results.

2 Fatigue tests

Fatigue tests were conducted by applying a tensile cyclic
load to a load-carrying attachment welded on a plate
surface. The test aimed to clarify cracking behavior and
fatigue life.
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Table 1 Test cases

Specimen name W (mm) T (mm)
WS80T6 80 6
WS80T12 80 12
WS80T25 80 25
WI120T12 120 12
W160T6 160 6
W160T12 160 12

2.1 Specimens

The configurations and dimensions of the specimens are
shown in Fig. 1 and Table 1. Each specimen consists of
an attachment welded to the flange of a steel T-bar. Six
different types of specimens, varying in attachment width
and thickness, were used for the fatigue tests. Structural
steel with a static strength of 400 N/mm? class was used
for the attachments.

A K-groove was machined at the attachment end, and
the attachment was connected to the steel T-bar with com-
plete joint penetration welding. Gas metal arc welding
with CO, shielding gas was used to fabricate the speci-
mens. In specimen fabrication, first, the attachment was
fixed to the steel T-bar using full penetration welding with
a multi-pass weld. This was followed by boxing welding
at both plate edges, overlapping the full penetration weld.

Weld profiles consisting of weld leg lengths, weld toe
radius, and angle at the attachment side were measured
for each specimen. Weld leg lengths were determined
using a replica method in which silicon replicas of box-
ing weld beads were sliced and the profile of each sample
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was subsequently measured by image analysis. A laser
displacement sensor was used to measure the toe radius
and angle around the corner of the attachment. During the
laser measurement, the edge radius at the corner of the
attachment was also measured.

The measurement results are summarized in Table 2. Note
that there is no result for specimen W120T12 due to missing
data. Similar weld leg lengths, toe radii, and angles were
achieved across the specimen series. It was also observed
that the corner of the attachment has a radius of curvature
of about 0.4 mm on average.

2.2 Loading method

The experimental setup for the tests is shown in Fig. 2.
Both the upper and lower sides of the specimen (attachment
and web of steel T-bar sides) were secured in the testing
machine, and a cyclic tensile load was applied to the speci-
men. The test was performed under a pulsating load with
constant stress amplitude. The stress ratio was 0.05 for all
specimens. The frequency of sinusoidal loading ranged from
1.4 to 6.0 Hz.

As shown in Fig. 1, strain gauges were affixed to the
attachment surface to confirm the nominal stress range dur-
ing the test. To detect crack initiation, copper wires were
installed perpendicular to the weld toe at the attachment
edge and corner. If the copper wire broke due to crack ini-
tiation, the loading process was automatically stopped. For
some specimens, a beach mark test was performed to record
the crack front on a fracture surface after confirming crack
initiation. The fatigue life of the specimen was defined as
the number of cycles until a crack from the attachment edge
extended to at least half of the attachment width. If no crack
was found on the specimen even after 5 million cycles, the
result was recorded as a “runout” data point.

2.3 Fatigue crack observations
As shown in Fig. 3, beach mark observations of the fracture

surface and magnetic particle tests confirmed that all the
cracks originated from the weld toe at the attachment corner

Fig.2 Experimental setup

and propagated as edge cracks. In a 25-mm-thick specimen
(W80T25), an unexpected surface crack was observed at
the weld toe in the flange of the steel T-bar, and loading was
stopped upon its detection.

2.4 Fatigue strength evaluation based on nominal
stress

Figure 4 shows the relationship between the nominal stress
range and the fatigue life of each specimen. The nominal
stress range was calculated by dividing the applied tensile
load range by the sectional area of the attachment. In the
graph, the fatigue strength curves for the as-welded state

Table 2 Weld profile

Specimen name Leg length (mm) Toe radius Toe angle (°) Edge
measurements - (mm) radius
Attachment side Steel T-bar
: (mm)
side
WS80T6 13.1 8.7 24 46.0 0.4
WS80T12 14.8 8.4 1.6 40.3 0.3
WS80T25 17.4 9.4 1.7 36.4 0.4
W160T6 11.9 9.2 1.6 41.8 0.4
W160T12 13.6 9.1 1.6 33.6 0.4

Note: There is no result for specimen W120T12 due to missing data
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Fig. 3 Fatigue cracking behav-
ior
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Fig.4 Fatigue test results (nominal stress)

specified by IIW [1] are also shown. Specimens that failed
due to cracking from the steel T-bar side are represented
by an asterisk, and those that did not fail before 5 million
cycles are indicated by an arrow. The graph also includes
fatigue test results from similar specimens, where the width
and thickness of the attachment were 80 mm and 12 mm,
respectively [9].

According to the standard fatigue resistance S-N curves
given in EN 1993 [11], the fatigue strength of this joint type
varies depending on the thickness of the load-carrying plate
and intermediate plate, as well as the weld size. It is rec-
ommended that a detail category of 71, meaning that the
fatigue strength at 2 million cycles is 71 N/mm?, be applied
to the specimen used in this study. Although the experi-
mental results vary widely and the size effect of the attach-
ment cannot be definitively confirmed, the lower limits for
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Crack propagation direction
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all results are found to be distributed above the FAT71 curve
as per IIW.

3 Application of local stress approach

Finite element analysis (FEA) was used to calculate the
local stress at the weld toe of the attachment edge for the
specimen used in the fatigue tests, and the fatigue life of the
specimen was evaluated using structural hot-spot stress and
notch stress.

3.1 Finite element modeling

Along with the experiments, finite element analysis was
conducted for all test specimens using Abaqus 6.14. Linear
elastic analysis was carried out in two stages using global
and local models through a sub-modeling technique. As
shown in Fig. 5, the local model focuses only on the hot-
spot region, i.e., around the weld toe of the attachment edge.
Three-dimensional 20-node solid elements with a full inte-
gration point (C3D20) were used for all analyses. An elastic
modulus of 200 kN/mm? and a Poisson’s ratio of 0.3 were
applied to both models.

In the global model, a minimum element size of 1 mm
was used around the weld toe which satisfies the require-
ments (<4 mm X 4 mm) in IIW [3] and coarser meshes for
the remaining parts of the model. The weld leg length meas-
ured in the specimen was incorporated into the model. The
plate corner of the attachment was modeled to be rounded
[10], and its radius was given as the average value of the
measurements taken from the specimen, as summarized
in Table 2. The boundary conditions were the same as the
conditions under which the specimen was installed in the
testing machine, and the load was applied to the end of the
attachment to achieve a similar stress distribution to that
measured by strain gauges on the specimen. Since bending
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Fig.5 Finite element model
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(a) Global model

deformation was slightly observed in the strain measurement
on the attachment, a small bending load was applied to the
model in addition to an axial load.

In the local model, a node-based sub-modeling technique
was employed, in which the displacement fields obtained
by the global model were applied as boundary conditions.
The minimum element size of 0.1 mm was used in the local
model. The weld toe radius and angle measured in the speci-
men were considered at the weld toe.

3.2 Stress distribution

Figure 6 shows an example of the maximum principal stress
distribution obtained by the global and local models. From
the analysis results, it was revealed that the highest stress
concentration occurred at the weld toe of the attachment
corner for all specimens, regardless of the attachment width

Fig.6 Maximum principal
stress distribution L
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(b) Local model

and thickness. This outcome is consistent with the cracking
sites observed in the specimens.

3.3 Fatigue strength evaluation based on structural
hot-spot stress

Figure 7 shows the relationship between the hot-spot stress
range, as computed from FEA with the global model for
each specimen, and the fatigue life as determined by the
fatigue tests. The hot-spot stress range was identified on the
cracked plate edge of the attachment using the 4, 8, and 12
mm method given in IIW [3]. The hot-spot stress shown
in Fig. 7a was calculated from the stress distribution along
the center of the plate thickness, while that in Fig. 7b was
calculated from the stress distribution along the plate corner.

The results shown in Fig. 7b tend to be higher than
those in Fig. 7a, suggesting that the hot-spot stress at the
plate corner is slightly higher than that at the center of the

(b) Local model
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thickness. However, a similar degree of scattering can be
found in both results. In both graphs, all the test results lie
above FAT100, which is the type “b” hot-spot S-N curve
proposed for in-plane gusset welded joints with a gusset
length of less than 100 mm, as recommended by IIW. On
the other hand, from Fig. 7b, FAT100 seems to give sig-
nificantly conservative fatigue assessment for the corner
crack in the specimen. This may be because the welding
residual stress at the plate edge tends to be in compression
[10], which may increase the fatigue strength of the speci-
men. Further investigation must be necessary to verify the
fatigue class for the corner crack.

Figure 8 summarizes the structural stress concentra-
tion factor together with the attachment size. The stress
concentration factor was obtained by dividing the hot-spot
stress range by the nominal stress range. Regardless of the
calculation location (plate corner or center of thickness),
the stress concentration factor increases with increasing
plate width and thickness.

Number of cycles

(b) Plate corner

3.4 Fatigue strength evaluation based on notch
stress

The notch stress at the weld toe was obtained from the
results for the local model. The relationship between the
notch stress range and the fatigue life is shown in Fig. 9.
The maximum principal stress at the weld toe was used as
the notch stress. Generally, the local stress at the weld toe
with a fictitious radius of 1 mm is used as the effective notch
stress, and an S-N curve of FAT225 is recommended for all
welded components, irrespective of the shape of the weld
and joint, in the effective notch stress approach [12]. On the
other hand, all specimens in this study tend to have a radius
larger than 1 mm, so the toe radius for all local models was
kept as the measured value for the specimens. As a result,
all the results lie above FAT225, meaning that the effec-
tive notch stress is also effective in evaluating the fatigue
strength of this joint detail with toe cracking from a plate
edge, but the effective notch approach seems to result in
overly conservative fatigue assessment for the corner crack
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Fig. 9 Fatigue test results (notch stress using measured toe radii)

in the specimen. As mentioned above, this may be due to
the welding residual stress at the plate edge in the specimen.

In this study, there was no significant difference in scat-
ter bands of the result regardless of the cases of the nominal
stress, structural hot-spot stress, and notch stress as shown
in Figs. 4, 7, and 9. The reasons are considered to be that
the structural stress concentration due to the attachment
geometry did not differ significantly among the specimen
series and that similar local geometry, such as the weld toe
configuration and corner radius, strongly affecting the notch
stress was achieved across the specimen series.

3.5 Size effect of attachment on local stress

The effect of the attachment size on the structural hot-spot
stress and the notch stress was investigated via FEA, where

Fig. 10 Joint detail used in
parametric FEA (units: mm)

the width and thickness of the attachment were parametri-
cally varied. The analysis was performed with the welded
joints shown in Fig. 10, a slightly simplified version of the
specimen used in the fatigue tests. In the model, different
widths (W: 80, 120, 160, 200, 300, and 500 mm) and thick-
nesses (T: 12, 18, 25, 50, and 75 mm) of the attachment
were considered.

The analysis procedure, including the element type and
size, was kept the same as described in the previous section.
In the global model, the bottom surface of the lower plate
was fixed, and a load was applied to the end of the attach-
ment. In the local model, the sub-modeling technique was
adopted to save computational costs. A weld was modeled
with equal leg lengths of 6 mm, and its toe configuration was
set as a toe radius of 1 mm and a toe angle of 45°.

Figure 11 shows the distribution of the stress concentra-
tion factors for structural hot-spot stress and notch stress
along the weld toe line. The horizontal axis represents the
distance from the center of the thickness of the attachment
edge, which is normalized by the attachment thickness T.
In Fig. 11a, the plate thickness of the attachment remains
constant at 25 mm, and its width varies from 80 to 500 mm,
whereas in Fig. 11b, the thickness of the attachment is varied
from 12 to 75 mm with a constant width of 160 mm.

The notch stress concentration factor (K,) is at its maxi-
mum at the corner of the attachment, which corresponds
to the crack initiation site in the experiment. Similarly, it
can be confirmed that the hot-spot stress concentration fac-
tor (Kj,) varies in the thickness direction, with K, at the
corner being slightly higher than that around the center of
the thickness. In both cases, the peak stress concentration
factors at the attachment corner increase as the attachment
size becomes large.

Figure 12 shows the relationship between K, at the attach-
ment corner and K, .. The relationship includes the K, val-
ues at both the corner and the center of the thickness of the
attachment. Although there is a small thickness effect when

= %1 N/mm?

Weld toe line, where
SCFs are evaluated
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calculating the hot-spot stress at the center of the thickness,
relatively good correlations can be observed for both relation-
ships, irrespective of the size of the attachment. This suggests
that the structural hot-spot stress, determined by the 4, 8, and
12 mm method, can adequately capture the size effect of the
attachment on the notch stress at the weld toe.
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4 Conclusions

In this study, both experimental and numerical studies
were conducted to investigate the applicability of the
structural hot-spot stress approach to toe cracking for type
“b” hot spots in a load-carrying welded attachment. The
main conclusions drawn from this study are as follows:

1)

2)

3)

4)

5)

The fatigue test confirmed that a crack originates from
the weld toe at the attachment corner and propagates
along the weld toe as an edge crack. This implies that
the joint detail in this study exhibits toe cracking from
the type “b” hot spot.

The fatigue strength for the specimen was evaluated
using the nominal stress approach. The findings revealed
that all data lie above FAT71 in the nominal stress case,
which agrees with the recommendation given in EN
1993.

The test specimen was numerically simulated using
finite element analysis. Both the structural hot-spot
stress (4, 8, and 12 mm method) and the notch stress at
the weld toe of the attachment edge were calculated for
each specimen. Evaluation of the test results using struc-
tural hot-spot stress and notch stress approaches revealed
that all the data lie above FAT100 in the hot-spot stress
case and FAT225 in the effective notch stress case.
Both the structural hot-spot stress and notch stress
increase with increasing width and thickness of the
attachment.

A relatively good correlation exists between the struc-
tural hot-spot stress and the notch stress, regardless of
the size of the attachment. This indicates that the struc-
tural hot-spot stress determined by the 4, 8, and 12 mm
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method can adequately capture the effect of the attach-
ment size on the notch stress at the weld toe.
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