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ABSTRACT

ARTICLE HISTORY

Welding technology offers high efficiency and flexibility in the bridge construction. However, weld-included defects are
inevitable and significantly reduce the fatigue performance of welded joints. Porosity is one of the most common welding
defects and has a considerable influence on fatigue performance. In this study, both fatigue tests and numerical simulation
are used to investigate the effect of porosity defects. Test specimens of butt-welded and cruciform-welded joints were
designed, with 48 specimens divided into two groups, including 24 specimens with porosity defects and 24 control
specimens without pores. The results indicate that the fatigue strength of butt-welded joints and cruciform-welded joints
without porosity defects with 2 million cycles was 142.0 MPa and 92.3 MPa, respectively. When the pore depth and diameter
were both 2.0 mm, the fatigue strengths of butt-welded joints and cruciform-welded joints with porosity defects decreased
by 27.4% and 7.3%, respectively. Numerical simulation results showed that porosity significantly increased the stress
concentration factor (SCF) of the welded joints. The diameter, position, and depth of porosity had clear effects on SCF. An
increase in the pore diameter significantly elevated SCF, although the rate of increase diminished when the diameter
exceeded 1.6 mm; the SCF decreased when the pore was located farther from the weld toe, with cruciform joints being
more sensitive to pore position; surface pores caused significantly higher SCF than internal pores, and the SCF was higher
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when pore depth was closer to the weld surface.
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1. Introduction

Steel bridges have been extensively utilized in both railway and highway
infrastructures, owing to their notable advantages such as high load-bearing
capacity, relatively lightweight properties, and constructability [1-6]. Welding,
which is an efficient and flexible joining method used in steel bridge
construction, has significantly promoted the widespread use of steel bridges.
But welded joints often encounter fatigue issues under cyclic stresses induced
by traffic loads, primarily because of welding defects [7-13]. Investigations into
several incidents of steel-bridge collapse have revealed that welding defects
result in local stress concentrations [14-17]. Under repeated traffic loads, weld
defects are more likely to be the main initiation sites for fatigue cracks in welded
joints, significantly reducing their fatigue resistance and, in some cases,
becoming a major cause of steel bridge failure [14,15].

Given the large number of welds in steel bridges, only a certain proportion
are randomly inspected in accordance with the relevant standards, making it
difficult to completely identify and eliminate weld defects in welded joints [16].
A typical photograph of porosity defects is shown in Fig. 1 in a welded joint of
a steel bridge. Surveys of welded joints have identified a variety of welding
defects, including undercutting at the weld toe, porosity, slag inclusion,

Porosity defect

inadequate penetration and welding cracks [16-19]. Among these, porosity
defects account for a relatively high proportion, according to survey results [16].
Porosity is one of the most common issues encountered during welding. It not
only reduces the strength of welded joints, but also serves as a primary initiation
site for fatigue cracks under cyclic loading, significantly reducing the fatigue
life of welded joints.

Porosity defects are prevalent in the welded joints of steel bridges and exert
a detrimental effect on their fatigue performance. Nevertheless, research
dedicated to assessing the degradation of fatigue life induced by porosity
remains limited, particularly in the realm of high-cycle fatigue behavior. Key
characteristics of porosity, such as morphology, dimensions, and spatial
distribution, govern the stress state and fatigue response of the welded joints.
Consequently, a thorough investigation into the mechanisms through which
porosity influences fatigue performance is imperative for enhancing the service
life and structural safety of steel bridges. This study aims to elucidate the impact
of porosity defects and their underlying mechanisms on the fatigue behavior of
welded joints in steel bridges. By integrating experimental approaches with
theoretical analysis, the effects of porosity characteristics, including
morphology, size, and location, on the fatigue performance of welded joints
were systematically examined.

(b)

Fig. 1 The porosity in the welded joints of a steel bridge: (a) welded joint 1; and (b) welded joint 2
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In recent years, the influence of porosity defects on the fatigue behavior of
welded joints has been investigated by several researchers. For instance, Chen
et al. [20] systematically examined the effect of porosity defects on the ultra-
long fatigue life of aluminum alloy welded joints and demonstrated that such
defects lead to a significant reduction in fatigue life. By combining experimental
methods with finite element analysis, they further explored how porosity affects
the stress concentration factor (SCF) of welded joints, revealing that the SCF at
the pore location increases pronouncedly with pore diameter. Xu et al. [22] used
synchrotron radiation X-ray micro-computed tomography to statistically
analyze porosity defects in laser-hybrid welded aluminum alloy joints and found
that the pore size and location significantly influenced the crack initiation and
propagation paths. However, most of these studies focused on aluminum alloy
welded joints, whereas research on welded joints of steel bridges is relatively
scarce. The effect of porosity on the stress distribution in welded joints was
revealed by the numerical analysis of Wu et al. [23], finding that SCF at the pore
location increases significantly with increasing pore diameter. Luo et al. [24]
experimentally studied the effect of porosity defects on the fatigue behavior of
welded joints and observed that porosity considerably reduced the fatigue life.
Nonetheless, comprehensive studies considering the combined influence of
pore shape, size, and position on the fatigue performance remain limited.

To address this research gap, this study designed fatigue test models for
butt- and cruciform-welded joints, including 48 specimens divided into four
groups. Among these, 24 specimens contained porosity defects, whereas the
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2.1. Specimen design

To delineate and quantify the detrimental influence of porosity defects, two
representative welded joint types, butt joints and cruciform joints, were selected
as the research objects. Four distinct categories of fatigue specimens were
fabricated, each comprising 12 specimens, as detailed in Table 1. Group BW1
consisted of conventional butt-welded specimens, whereas Group BW2
consisted of butt-welded specimens with porosity defects. Group CW1
consisted of conventional cruciform-welded specimens, and Group CW2
consisted of cruciform-welded specimens having porosity defects. The butt-
welded specimens were fabricated with dimensions of 300 mm (length) x 50
mm (width) x 8 mm (thickness). The cruciform-welded specimens measured
420 mm in length, 80 mm in height, with flange and web plates both 16 mm
thick. Schematic diagrams and additional structural details of both specimen
types are shown in Figs. 2 and 3. Specially, the width and surplus height of butt-
welded seam are respectively 8 mm and 1.5 mm. The leg size of cruciform-
welded seam equal to 8 mm. The tolerance of the weld size complies with the
specification requirements [25].

Table 1
Specimen categories

.. . R . . Porosi Porosit
remaining 24 which were without pores served as control specimens. Fatigue Group v Y
. . .. . Group type depth radius Number
tests were performed under cyclic loading conditions to evaluate the impact of number () (onm)
porosity on the fatigue life of welded joints. Furthermore, finite element analysis z
was employed to examine how porosity characteristics affect the stress BWI Without porosity defects / / 12
distribution within the joints. By integrating experimental and numerical BW2 With porosity defects 2.0 20 12
methods, this study provides a systematic evaluation of the influence of porosity owi Without by defect , , .
defects on the fatigue performance of welded joints, thereby elucidating the fthout porosity detects
underlying mechanisms through which these defects alter stress distribution. Cw2 With porosity defects 2.0 2.0 12
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Fig. 2 Sketch of butt-welded joint specimens (unit: mm): (a) side view; (b) top view
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Fig. 3 Sketch of cruciform-welded joint specimens (unit: mm): (a) side view; (b) top view
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Welding defects in steel bridges demonstrate marked stochasticity in their
type, location, and geometry. Research on the fatigue performance of welded
joints typically employs a dichotomy of defect types: natural and artificial [26-
29]. A significant methodological challenge is posed by the fact that while
natural defects offer superior representativeness of in-service structures, their
deliberate generation under controlled laboratory conditions remains
problematic. Moreover, the size and location of natural weld defects tend to be
highly variable and random, complicating quantitative research. In contrast,
artificial defects can be deliberately introduced and precisely positioned in
critical areas of the welded joints, facilitating quantification of the effects of
fatigue degradation caused by welding defects. Given the validated
effectiveness of artificial defects in simulating realistic conditions [27-29],
controlled artificial porosity was introduced in this study to evaluate its impact
on the fatigue behavior of welded joints.

The specific requirements for the surface porosity defects according to the
EN ISO 5817 standard [25] are listed in Table 2. For weld-quality level B,
porosity defects are not permitted. For weld quality level C, when the plate
thickness ¢ is more than 3 mm, the pore diameter d is less than 0.2s (d<2mm).
For weld quality level D, the pore diameter d is less than 0.3s (¢<3mm) when ¢
is more than 3 mm. When designing defect-bearing specimens, the defect
dimensions were determined by combining the quality standards for weld
defects from EN ISO 5817 and the findings from field investigations of steel
bridge weld defects. The diameter and depth of the artificial porosity defects
were set to 2.0 mm. All specimens were fabricated using welding procedures
consistent with actual bridge construction. A set of 12 butt-welded specimens
and 12 cruciform-welded specimens were engineered to contain artificial
porosity defects within their welds. A schematic and a photograph of the
porosity defects in the specimens are shown in Fig. 4, where the porosity defects
were made by using the electric drill. Compared with laser or welding process
manipulation, the size of artificial defects is more easily controlled. The
porosities are located at the middle weld toe near to the weld zone.

2.2. Materials and fabrication

The steel materials and welding procedures used to fabricate the specimens
are consistent with those used for actual bridge structures. All the specimens
were made of Q345qE bridge steel with a nominal yield strength of 345 MPa.
The chemical composition and mechanical properties of Q345qE steel are listed
in Tables 3, respectively. CO, gas-shielded arc welding was employed with
parameters set at 220-280 A (current), 27-33 V (voltage), and a 15-25 L/min
shielding gas flow rate.

For butt-welded joints, a “V-shaped” double-sided groove was used, and a
residual weld reinforcement was retained after welding. For cruciform-welded
joint specimens, full-penetration welding was performed with a weld leg of size
7 mm. All the operations, including plate cutting and specimen welding, were
performed indoors. Before welding, all shop primers and contaminants in the
weld zones were removed. The specimens were fabricated as integrated welded
plates and subsequently cut into individual specimens using wire electrical
discharge machining (EDM), as shown in Fig. 5. The weld toes of the specimens
were ground with sandpaper to reduce the stress concentration effect caused by
surface unevenness.
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Table 2
Limits for porosity defects [29]

Plate Limits for imperfections for quality levels
thickness D C B
d<0.3s and up t d<0.3s and up t
t>3.0 - 3soan upto - zsoan upto Not allowed
umm Umm
W porosity defect
' - |
I B 4 T
A4
I 1
(a)
/ \ N porosity defect
f X
O
—
v
16

(©)
Fig. 4 Sketch of porosity (unit: mm): (a) butt-welded specimens; (b) cruciform-welded
specimens; and (c) photograph of porosity defects

Table 3
Chemical compositions of Q345qE bridge steel (%)
Thick (mm) C Si Mn P S Als Ni Ti
1CKNness (mm
(x102) (x102) (x10?) (x107%) (x107%) (x10) (x107%) (x10%)
8 11 24 142 10 3 38 17 2
16 10 28 146 13 2 34 10 14

(2)

Fig. 5 Sketch of specimens manufacturing: (a) specimens manufacturing; and (b) photograph of the specimens
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Fig. 6 Test setup: (a) Layout; (b) butt-welded joint; and (c) cruciform-welded joint

2.3. Test setup, loading scheme, and instruments

A QBG-300 electromagnetic resonance fatigue testing machine, operating - 0.6t 04
under force control with a sinusoidal waveform (68-120 Hz, Fig. 6), was used Hq-.‘
to apply constant amplitude cyclic loading. The specific stress range and loading r
frequency for each specimen are provided in Section 3.2. The maximum loading
cycle limit for each specimen was set to 5 x 10° cycles. If a specimen did not
fracture after exceeding 5 x 10° cycles, a new specimen was tested with
increased stress to continue the experiment. A Vernier caliper and an electronic
microscope were used to measure the width, plate thickness, weld dimensions,
and pore sizes of the specimens.

The experimental loading scheme is presented in Fig. 7. Prior to fatigue
testing, static load tests were conducted to verify the functionality of all
equipment and to determine the appropriate stress range for each specimen. (b)
Strain gauges were strategically positioned at locations susceptible to crack
initiation, with eight gauges in total affixed to the top and bottom surfaces to
measure hot-spot stresses at distances of 0.4t and 1.0t from the weld toe (where
t denotes the plate thickness). The specific locations and designations (B1-B4)

=
F
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Fig. 8 Location of strain gauges (unit: mm): (a) BW groups; and (b) CW groups

for these four measurement zones are illustrated in Fig. 8. The strain gauges 160+
located at 0.4¢ and 1.0¢ from the weld toe were denoted by “04” and “10,”
respectively. For example, “B1-04" refers to the strain gauge positioned at 0.4¢ ~120
from the weld toe in the measurement zone B1. a?
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Fig. 7 Fatigue loading procedure
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(a) Fig. 9 Stresses of the specimens: (a) butt-welded specimen; and (b) cruciform-welded
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3. Experimental results and discussion
3.1. Initial static test results

The static tests validated the experimental system's reliability, as evidenced by
the linear and symmetric stress-load responses shown in Fig. 9 (tension positive).
Moreover, the measured stresses at points B1-04 and B1-10 were nearly
identical for both joint configurations, implying a minimal stress gradient in the
critical weld toe area.

3.2. Fatigue test results

3.2.1. §-N curve fitting method

A standard methodology for evaluating fatigue life involves the
construction of an S-N curve. This study derived the S-N curve for the butt-
welded joints by subjecting the experimental data to linear regression analysis
on a log-log plot, consistent with the typical power-function representation for
welded details:

Ac"N=C (1)

where N represents the number of cycles to failure, Ao is the applied stress range,
C is a material constant related to fatigue strength, and m is the slope of the S-
N curve plotted on a log-log scale.

Taking the logarithm of both sides of Eq. (1) yields the logarithmic form
expressed in Eq. (2).

IgN =1gC -mlgAo @

The S-N curves were evaluated through regression analysis. The slope m
was set to 3, as stipulated by the governing standards [29-32]. It is imperative
to clarify that the failure cycle represents the critical point of structural failure
under cyclic loading. Conversely, the total failure life accounts for the entire

Table 4
Fatigue test parameter and results of specimens
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fatigue process, comprising both the initiation and subsequent propagation of a
crack to a critical size.

3.2.2. Test results

Summary of the fatigue test data from 19 specimens (17 valid) is presented
in Table 4. Despite a common stress ratio, individual specimens were subjected
to different stress ranges and loading frequencies. The S-N relationship was
established by applying a linear regression to the log-log plot of nominal stress
range Ao against failure cycles (), as shown in Fig. 10. The corresponding S-
N curves for the BW1 and BW2 groups are defined by Egs. (3) and (4).

IgN =12.758 -3.0001gAc
g g 3)

IgN =12.341-3.0001gAc

Fatigue assessment according to Eurocode 3 assigns a detail category of 90
to the tested butt-welded joints, indicating a reference stress range of 90 MPa at
2 million cycles. The experimental S-N curves for groups BW1 and BW2,
determined from the data in Table 4 using the nominal stress method (Fig. 10),
provide a basis for comparison with this standard. The run-out values are
conservatively regarded as the failure cycle. The fatigue test results for the BW1
group showed a fatigue resistance of 142.0 MPa after 2 million cycles, which
was 57.8% higher than the standard value of 90.0 MPa specified in Eurocode 3.
This indicates that the standard value is relatively conservative when estimating
the fatigue resistance of butt-welded joints.

Evaluation using the fixed-slope fitting equation yielded an equivalent
nominal stress fatigue strength of 103.1 MPa at 2 million cycles for the BW2
group. The primary failure mode initiated at porosity defects, with crack
propagation through the plate thickness leading to fracture. This resulted in a
27.4% decrease in fatigue strength relative to defect-free specimens, indicating
that porosity substantially compromises the fatigue strengths of butt-welded
joints.

Stress range

Failure cycle

Specimens Weld size (MPa) (<10° cycles) Defect/ Location Fracture mode
BWI-1 Butt 120.0 >500.00 No Run-out
BWI1-2 Butt 130.0 416.91 No Weld toe
BWI-3 Butt 140.0 278.00 No Weld toe
BW1-4 Butt 150.0 211.17 No Weld toe
BWI1-5 Butt 160.0 166.11 No Weld toe
BW1-6 Butt 170.0 64.78 No Weld toe
BWI1-7 Butt 180.0 89.10 No Weld toe
BWI-8 Butt 190.0 117.14 No Weld toe
BWI1-9 Butt 200.0 32.14 No Weld toe
BW2-1 Butt 120.0 102.91 Porosity Porosity
BwW2-2 Butt 130.0 124.52 Porosity Porosity
BW2-3 Butt 140.0 115.39 Porosity Porosity
BW2-4 Butt 150.0 58.18 Porosity Porosity
BW2-5 Butt 160.0 37.12 Porosity Porosity
BW2-6 Butt 170.0 43.83 Porosity Porosity
BW2-7 Butt 180.0 69.19 Porosity Weld toe
BW2-8 Butt 180.0 37.95 Porosity Porosity
BW2-9 Butt 190.0 31.87 Porosity Porosity
BW2-10 Butt 180.0 30.65 Porosity Porosity
CW1-1 Cruciform 90.0 368.52 No Weld toe
CWI1-2 Cruciform 100.0 202.84 No Weld toe
CW1-3 Cruciform 110.0 90.65 No Weld toe
CW1-4 Cruciform 120.0 119.06 No Weld toe
CWI1-5 Cruciform 130.0 53.06 No Weld toe
CW1-6 Cruciform 140.0 52.96 No Weld toe
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CW1-7 Cruciform 150.0 35.63 No Weld toe
CW1-8 Cruciform 190.0 19.89 No Weld toe
CW2-1 Cruciform 100.0 160.52 Porosity Porosity
CW2-2 Cruciform 110.0 181.28 Porosity Weld toe
CW2-3 Cruciform 120.0 97.97 Porosity Weld toe
CW2-4 Cruciform 130.0 83.91 Porosity Weld toe
CW2-5 Cruciform 140.0 41.55 Porosity Weld toe
CW2-6 Cruciform 150.0 36.60 Porosity Weld toe
Cw2-7 Cruciform 160.0 31.97 Porosity Porosity
CW2-8 Cruciform 160.0 21.07 Porosity Weld toe
CwW2-9 Cruciform 170.0 18.49 Porosity Porosity
1000 — 1000
= 1< 1gN=12.758-3.0001gAc = 1
o ] <o) J
p & L~
e i e i 1gN=12.341-3.0001gAc
5
g g S
2 100 4 2 100 4
= ] g ]
= ] = ]
g i .g ]
s = Bw g = BW2
“ — - BWI fitting results Z - — BW2 fitting results
1l——EC90 1|—— EC90
95% confidence band 95% confidence band
10 ] ————— 10 ——————r —
10° 109 107 10° 106 10’
Number of cycles Number of cycles
(a) (b)
Fig. 10 Fatigue test data and the S-N curves: (a) BW1 group; (b) BW2 group
Through fatigue testing of cruciform-welded joint specimens, 11 valid expressed by Egs (5), (6) and (7), respectively.
fatigue test data points were obtained a total of 9 fatigue tests were conducted
on cruciform joints with porosity defects, among which 6 specimens exhibited lg N =12.197-3.0001gAc
crack initiation and propagation from the weld toe. Only 3 specimens showed )
crack initiation at the porosity defect and propagation through the plate
thickness. A summary of failure cycles and fracture locations is provided in IgN =12.161-3.0001gAc 6)
Table 4, and the S-N data are plotted in Fig. 11. To obtain the S-N curves, a
linear fit was performed on the nominal stress range Ac and the number of
failure cycles N for each specimen. The nominal stress S-N curves for the CW1 lg V' =12.094-3.0001g Ao @)

group, CW2 group initiating at the weld toe and initiating at the porosity are

1000
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100
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Nominal stress ranges (MPa)
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(b)

Fig. 11 Fatigue test data and S-N curves: (a) CW1 group; (b) CW2 group
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On the basis of the fatigue test results (Table 4), the S-N relationships for
the CW1 and CW2 specimen groups were constructed via the nominal stress
method, with the results depicted in Fig. 11. According to the standard, EC 80
corresponds to a nominal stress range of 80 MPa for 2 million cycles. The
fatigue test results for the CW1 group were all higher than the standard value of
80 MPa, with a fatigue resistance of 92.3 MPa at 2 million cycles, which was
15.4% higher than the value specified in Eurocode 3.

For the CW2 group specimens, the average nominal stress fatigue strength
at 2 million cycles for specimens where cracks initiated at the porosity defect
was 85.5 MPa, representing a 7.3% reduction compared to the CW1 group
comprising conventional cruciform joint specimens. For specimens where

(b)
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cracks were initiated at the weld toe, the average nominal stress fatigue strength
at 2 million cycles was 90.3 MPa, which is close to the average value of 92.3
MPa observed in the CW1 group.

The fatigue failure of BW1 specimens, characterized by a loss of load-
bearing capacity, is attributed to crack initiation and growth. As shown in Fig.
12, cracks predominantly initiate at the weld toe. The resulting fracture surface
morphology correlates with the initiation location: semi-elliptical cracks
correspond to mid-section initiation (Fig. 12b, d), while quarter-elliptical cracks
correspond to weld-end initiation (Fig. 12c). The observation of multiple
initiation zones (Fig. 12d) and varied initiation sites among specimens
underscores the inherent randomness in the crack nucleation phase.

Fatigue crack

(©)

‘

,( raclgmlt_ Ation. \y.

1
Instant fracture region

(d)

Fig. 12 Fatigue crack of the BW1 group: (a) failed welded joint; (b) failure section 1; (c) failure section 2; (d) failure section 3

A key distinction observed in the fracture morphology of the BW2
specimens (Fig. 13) is that fatigue crack initiation was primarily associated with
porosity defects, a contrast to the behavior observed in the BW1 group. The
fracture surfaces predominantly exhibited elliptical cracks, all showing typical
fatigue fracture features. The fatigue crack propagation zones were smooth and
flat, while the final fracture zones were rough and exhibited tearing patterns.
Fatigue cracks initiated at the fusion line between the defect and weld metal and
propagated through the plate thickness, with radial striations observed on the
fracture surfaces. The macroscopic fracture sections of the specimens are shown
in Fig. 13(b), (c) and (d). The fatigue crack propagation zones appeared darker,

. A5
Instant fracture region

with clear striations on the fracture surface, and obvious tearing secondary
cracks were present. The fatigue fracture morphology of specimen observed
under a Scanning Electron Microscope (SEM) was show in Fig. 13(e). Fatigue
cracks originate at the fusion line between the porosity defect and the weldment
in the specimen, and extend towards the plate thickness direction. There are
outward radiating streaks on the fracture surface. The crack extension area is
darker in color, and the bands on the fracture surface are more distinct, with
obvious tear-like secondary cracks present. Overall, the failure process is similar
to that of actual pores causing crack initiation and propagation. The results are
therefore representative to a certain extent.

Fatigue crack
7 -
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Fig. 13 Fatigue crack of the BW2 group: (a) failed welded joint; (b) failure section 1; (c) failure section 2; (d) location of crack initiation; (¢) SEM morphology of crack initiation and
propagation zone

Figs. 14 and 15 show the typical morphology of the fatigue failure in the
CW1 and CW?2 groups, respectively. Fatigue cracks were generally initiated at
the weld toe where the stress was concentrated. The fatigue tests on CW1
specimens indicated crack initiation at the weld toe and subsequent through-
thickness propagation, leading to elliptical fracture surfaces and, notably,
multiple initiation zones as shown in Fig. 14(c). For the CW2 group specimens,
when there was no overlap between the porosity defect and the weld toe line,

Fatigue crack\

[t

Instant fracture region "

(b)

fatigue cracks initiated from the weld toe. However, when the porosity defect
intersected the weld toe line, cracks initiated at the location of the porosity
defect. After initiation, the cracks propagated primarily through the plate
thickness with predominantly elliptical crack patterns. All fracture surfaces
displayed typical fatigue fracture features, where the fatigue crack propagation
zones were smooth and flat, whereas the final fracture zones were rough with
tearing characteristics, as shown in Fig. 15.

1 T ——

Instant fracture re gion

(©

Fig. 14 Fatigue failure of the CW1 group: (a) failed welded joint; (b) failure section 1; (c) failure section 2
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Fig. 15 Fatigue failure of the CW2 group: (a) initiation at the weld toe; (b) initiation at the porosity defect

3.2.3. Fatigue strength analysis

Butt-welded joints demonstrated superior fatigue strength under nominal
stress compared to cruciform-welded joints in the absence of defects (Table 5).
Nevertheless, under the condition of 2 mm pore defects, their fatigue resistance

decreased significantly by 27.4%, a reduction substantially greater than the 7.3%

observed for cruciform-welded joints, highlighting the critical influence of joint
geometry on defect sensitivity. These findings indicate that porosity defects
significantly affect the fatigue performance of welded joints.

Table 5
Comparison of fatigue strength

Fatigue resistance

Group L Failure
Group types at 2 million cycles .
number locations
(MPa)
BW1 without porosity defects 142.0 Weld toe
BW2 with porosity defects 103.1 Porosity
CW1 without porosity defects 92.3 Weld toe
Cw2 with porosity defects 90.3 Weld toe
Cw2 with porosity defects 85.5 Porosity

4. Numerical study
4.1. Finite element model

A series of finite element models were developed within the ABAQUS
environment to analyze stress distributions in the welded joints (Fig. 16). The
geometry was meshed with C3D8 solid elements. Subsequently, a high level of
mesh refinement, achieving an element size of 0.2 mm near the weld toe, was
refined to enhance the accuracy of the finite element analysis. The butt-welded
model consisted of approximately 65,700 elements, whereas the cruciform-
welded model contained approximately 235,500 elements. The boundary
conditions were consistent with those used in the fatigue tests. The translational
degrees of freedom at one clamped end of the specimen were fully restrained,
and cyclic loads were applied to the clamped region at the opposite end,

following the loading values defined in the experimental scheme, to simulate
the fatigue loading.

o0 00
AV VAV Vg
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@40
v yg
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Fig. 16 The finite element model of the welded joints: (a) butt-welded joints; and (b)
cruciform-welded joints

4.2. Model validation

The accuracy of the finite element model was validated through a
comparison with static load test results. Two representative measurement points
(B1-04 and B1-10) within the B1 strain measurement zone were selected, and
their experimental data were compared with the results of the finite element
analysis, as shown in Fig. 17. The results showed that for the butt-welded joint,
the average deviation between the experimentally measured stress amplitudes
and the finite element results at the two representative points was 1.4%. For the
cruciform-welded joint, the average deviation in the strain amplitude between
the experimental measurements and results of the finite element analysis at the
two points was 3.1%. The close correlation observed between the finite element
predictions and the experimental measurements serves to affirm the reliability
and accuracy of the computational model.
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Fig. 17 Comparison of test results and numerical results

4.3. Parametric study and results

The influence of porosity defects on the stress state of welded joints was
investigated through a parametric study using finite element modeling, focusing
on key defect characteristics, such as pore diameter, pore depth, and pore
position, on the stress state of the welded details. First, refined finite-element
models were established based on the design drawings of the two types of
welded joints used in the fatigue tests. During modeling, the welded joints were
assumed to be homogeneous and continuous, whereas the porosity defect was
modeled as a hollow sphere. The dimensions of the finite element model were
consistent with those of the actual specimens. The modeling procedure and
parameter settings were the same as those described in Section 4.1 and are
therefore not repeated here. A far-field load was applied with nominal stress
0nom=100 MPa as the control parameter. The effect of porosity defects on stress
concentration was evaluated using the stress concentration factor, &, which is
the ratio of the local maximum tensile stress at the pore to the nominal stress.

According to EN ISO 5817, the diameter d of the porosity defects should
be limited to 3 mm. Therefore, the pore diameter parameter was selected
accordingly, with a minimum pore diameter of 0.4 mm and a maximum of 3.0
mm. The center of the pore was aligned with the weld surface in the depth
direction, and the pores were located on the weld near the weld toe. For
consistency, the same pore diameter parameters were applied to both the butt-
welded and cruciform-welded joints. To eliminate interference from other
factors, only the pore diameter was varied during the study, whereas the other
parameters remained unchanged. Plotted in Fig. 18 are the stress concentration
factors corresponding to various porosity diameters for the butt- and cruciform-
welded joints.

The results indicate that both joint types exhibit similar trends in the
variation of &, with the pore diameter. As the pore diameter increased, the stress
concentration factor initially increased significantly and then gradually leveled
off. Once the pore diameter reached 1.6 mm, the rate of increase in k; began to
decrease and eventually stabilized. The stress concentration factors for the butt-
and cruciform-welded joints were 1.13 and 1.40 at a 0.4 mm pore diameter, with
corresponding increases of 39.7% and 24.6% observed when the diameter was
raised to 3.0 mm.
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—=— Butt-welded joint

1.84 —— Cruciform-welded joint
1.6

«H ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1.4+ Cruciform-welded toe &, = 1.50
L2/ N

Butt-welded toe k, = 1.23

1.0 T

16 20 24 28 32
d (mm)

04 08 12

Fig. 18 Curve of stress concentration factor of welding details vs. pore diameter
parameter
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To accurately describe the location of the porosity defect in the finite
element model, the pore center was assumed to be located on the weld surface,
with the distance from the pore center to the weld toe defined as L. This distance
parameter L was used to characterize the pore location, as illustrated in Fig. 19.
The pore diameter d was set to 2 mm and all other model parameters were the
same as those previously described.

The influence of porosity location L on the stress concentration factor is
shown in Fig. 20. For both joint types, the stress concentration factor decreased
significantly with increasing L, implying a weaker effect with greater distance
from the weld toe. The cruciform-welded joint was considerably more sensitive
to this parameter. As L increased from 1.75 mm to 8.50 mm, the stress
concentration factor decreased by 19.9% (1.64 to 1.31) for the butt-welded joint,
in contrast to a 51.3% decrease (1.96 to 0.96) for the cruciform-welded joint.
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Fig. 19 Positional relationship between pores and weld toes
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Fig. 20 Curve of stress concentration factor of welding details vs. pore location

To investigate the stress distribution characteristics of the welded details at
different pore depths, a butt-welded joint was selected as an example, and the
stress distributions at various pore depths were analyzed. The distance between
the pore center and weld surface is defined as s, and the pore diameter is defined
as d. The ratio s/d was used to describe the pore depth. A schematic diagram of
the pore depth within the weld is shown in Fig. 21.

AV Welded Surface

s/d <-0.5

IR

v

Fig. 21 Positional relationship between pores and the weld surface
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In this context, s/d=—0.5 indicates that the pore is tangential to the weld
surface; when s/d<—0.5, the pore is considered an internal pore; and when
s/d>—0.5 it is defined as a surface pore. In the finite element model, the pore
diameter d was set to 2 mm, and all other modeling parameters were kept
consistent with those previously described.

Fig. 22 shows the contour plots of the first principal stress o; at the pore
defect location in the butt-welded joint specimen under tensile loading
conditions. Figs. 22(a) to 22(d) correspond to the stress fields on a plane
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perpendicular to the tensile load and passing through the pore center when s/d
equals 0.25, 0.00, -0.25, and -1.00, respectively. The relationship between the
stress concentration factor and porosity depth s/d is presented in Fig. 23. A
critical observation is the pronounced decrease in the stress concentration factor
for the cruciform joint when s/d < -0.5, exemplified by a value of 1.75 at s/d =
-1.4. In contrast, the butt-welded joint showed minimal impact from pore depth
changes, with the stress concentration factor remaining high at the s/d = -0.50
threshold.

(©

(d

Fig. 22 Stress nephogram of the position of porosity defects in butt joints:(a) s/d =0.25; (b) s/d =0.00; (c) s/d=-0.25; and (d) s/d =-1.00

4.0 —=— Butt-welded joint
—o— Cruciform-welded joint
- | —
Interior pore ' Surface pore
3.0 !
I
N \
I
I
2.0 !
| Cruciform-welded o =150 “Salae
10 " Butt-welded toe k, = 1.23
. T T T
-1.5 -1.0 -0.5 0.0 0.5

s/d (mm)

Fig. 23 Curve of stress concentration factor of welding details vs. pore depth

To further apply 4 to the structural design, a quantitative study on the
parameters of porosity and the stress concentration effect was carried out.
According to the standard EN ISO 5817[29], the diameter d of porosity defects
is limited to within 3mm. Therefore, when determining the influence of porosity
diameter on the stress state of welding details, the porosity diameter parameters
were selected in accordance with this regulation, with the minimum pore
diameter set at 0.2 mm and the maximum at 3.0 mm. Additionally, the location
of porosity has a significant impact on their stress concentration coefficient.
However, when the porosity does not overlap with the weld toe line, although
their stress concentration coefficient is relatively large, the fatigue test results
show that it does not affect their fatigue performance. Therefore, only the
condition where the location coincides with the weld toe line is considered in
the following analysis. The previous research results indicate that the porosity
diameter has a varying degree of deteriorating effect on the fatigue resistance of
welding details. When the porosity diameter is greater than 0.4 mm, the
relationship between the porosity diameter parameter and the defect
deterioration coefficient conforms to the polynomial function rule. Therefore,

the evaluation equation for the deteriorating effect of porosity defects on fatigue
resistance can be determined through fitting. The least square method is used to
fit the relationship between the porosity diameter and the defect deterioration
coefficient according to the cubic function shown in Eq. (7):

k =a +ad+ad +ad’ (8)
where d is the diameter of the porosity defect. Coefticient a;(i=1, 2, 3, 4) of the
equation can be determined by fitting the results of parameter analysis, as shown

in Table 6.

Table 6
The fitted coefficient of k;

Coefficient Butt-welded joint Cruciform-welded joint
a 1.1810 1.0745
a -0.5787 -0.3000
as 0.2244 0.0954
as -0.0312 -0.0110

Fig. 24 shows the correlation coefficient between the calculated values of
the stress concentration equation for porosity defects and the calculated values
from the finite element model. The correlation coefficients for butt- and
cruciform-welded joint are above 0.9991, indicating that the proposed effect
evaluation equation can well reflect the stress concentration effect.

It should be noted that the parameters of the equation are determined
through data fitting based on a range of 0.4 to 3.0 mm for the porosity diameter.
Therefore, this equation is mainly applicable to situations where the porosity
diameter is within the range of 0.4 to 3.0 mm. For cases where the porosity
diameter is less than 0.4 mm, a more conservative approach can be taken by
assuming a porosity diameter of 0.4 mm and determining the defect-induced
stress concentration coefficient accordingly.
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Fig. 24 Correlation coefficients of fitted equation: (a) butt-welded joint; cruciform-welded joint

5. Conclusions

This investigation centers on two prevalent types of welded joints found in
steel bridge structures. Utilizing an integrated methodology of fatigue tests and
numerical simulations, the study analyzes how porosity defects influence the
fatigue performance and stress behavior of these joints. The main conclusions
are as follows:

(1) The fatigue strengths at 2 million cycles for the conventional butt-
welded and cruciform-welded joints without porosity were 142.0 MPa and 92.3
MPa, respectively. This failure mode was associated with cracks initiating at the
weld toe, which then propagated through the plate thickness. The fracture
surfaces were primarily elliptical, and the presence of multiple initiation zones
in some specimens suggested stochastic crack nucleation behavior.

(2) For joints with porosity defects (2.0 mm depth/diameter), fatigue
cracking originated at the porosity-weld toe intersection. This led to a fatigue
strength of 103.1 MPa for butt-welded and 85.5 MPa for cruciform-welded
joints, representing reductions of 27.4% and 7.4% compared to defect-free
specimens, respectively, indicating a markedly higher defect sensitivity for the
butt-welded geometry.

(3) Porosity defects induced a localized stress concentration in the weld
region, significantly increasing the stress concentration factor of the welded
joints. As the pore diameter increased, the stress concentration factor for both
the butt-welded and cruciform-welded joints increased significantly, although
the rate of increase slowed when the pore diameter exceeded 1.6 mm. The
farther the pore was from the weld toe, the lower was the stress concentration
factor, with cruciform joints being more sensitive to pore location. In addition,
the surface pores exhibited significantly higher stress concentration factors than
internal pores. When the pore was close to the weld surface, the stress
concentration factor was high. As the pore depth increased, the stress
concentration factor in cruciform joints decreased significantly, whereas the
butt-welded joints were relatively less affected by the pore depth.
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