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Abstract

Various fatigue failure modes (i.e., cracking position and orientation with

respect to a weld) can develop in welded rib to deck connections in orthotropic

bridge deck structures. After demonstrating its effectiveness in correlating

fatigue test data covering different failure modes, the master S-N curve method

was then adopted in this study for determining the critical failure mode in

welded U-rib to deck connections. These include considerations of additional

failure modes potentially present in double-sided welds between U-rib and

deck versus the traditional single-sided weld design. The effects of weld pene-

trations and test loading conditions on failure mode development have been

quantitatively established by means of the master S-N curve method.
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1 | INTRODUCTION

Long-span steel bridges are popularly constructed using
orthotropic bridge deck (OBD) structures, such as in the
Hong Kong–Zhuhai–Macau bridge.1,2 OBDs consist of
longitudinal and transverse ribs and crossbeams, provid-
ing the advantages of lightweight construction and signif-
icant load-bearing capability.3–5 Fatigue failure cracks
have been observed in deck-rib-crossbeam connections.6

The complex connection types of the bridge deck, U-rib,
and web crossbeam lead to the serious problem of fatigue
failure crackings and large potential safety hazards on
bridge engineering. The safety of the long-span steel brid-
ges in service is significantly affected, and the service life
of steel bridges is shortened by the fatigue failure crack-
ings. It's urgent to study the fatigue failure mode and life
prediction of the OBD.

Researchers have studied over 7000 fatigue crackings
on steel bridge decks and obtained the distribution and

propagation orientation of fatigue crack defects,7 as
shown in Figure 1. The results show that the proportions
of fatigue cracks in the deck-crossbeam joints, U-rib to
deck welds, U-rib to crossbeam joints, and butt joints of
U-rib are 3.0%, 50.0%, 40.0%, and 7.0%, respectively.8 In
addition, fatigue cracks originated at the weld toe or root
of the bridge deck and propagated along the thickness
orientation. Fatigue cracks initiated at the weld toe of U-
ribs and went along the U-rib thickness orientation.9

Besides, some fatigue cracks were observed in the weld
throat and web crossbeams, which propagated through
the weld throat, and the crossbeam plane.

The crack propagation modes and orientations are
affected by the bridge design details.10–12 Researchers have
conducted theoretical studies and fatigue tests on U-rib-to-
deck connections, including single-sided weld joints,13–15

butt weld joints,16,17 and double-sided weld joints.18

The local stress concept, including the notch struc-
tural stress method with various fictitious notch radii, is
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investigated and considered by Karakas et al.19–22

Besides, the notch stress method has been extended for
evaluating fatigue performances of welded structures in
multiaxial stress states by Tao,23 Luca,24 and Ran.25 The
recommended evaluation methods on the fatigue proper-
ties of OBD are associated with some limitations.15,26–29

Pei and Dong 30 further extended this method to a low-
cycle fatigue regime and came up with a structural strain
method, which can correlate both high- and low-cycle
fatigue data weldments made from different base metals
into a master E-N curve. Such problems can be tackled
using the unified master S-N curve method,31–36 which is
based on the traction structural stress theory37–39 and
used in the pressure vessel and marine welded structures.

In terms of newly developed welded joint types with
advanced techniques, some researchers recently proposed
a method with innovative welded joints in OBD, that is,
double-sided U-rib to deck welds, employed in the
Wuhan Yangtze River Bridge.18 Other failure cracks are
seldom investigated, that is, extending along the weld
throat and U-rib thickness. According to Eurocode 3, the
weld penetration of the deck and transverse U-rib should
not be less than 75%, while the location and constraint of
fatigue load have not been specified.40 The constraint
forms and load positions used in existing fatigue tests dif-
fer significantly,41,42 and the effect on the fatigue proper-
ties is still under investigation. Researchers have

proposed that double-sided weld joints can improve the
overall stiffness of U-rib-to-deck joints.43,44

In this paper, the fatigue failure modes of double-
sided weld joints are investigated using the master S-N
curve method and the test results in previous
works.26,41,42,45–48 The master S-N curve method is
applied to evaluate the fatigue properties and fatigue fail-
ure modes of double-sided weld joints. In addition, the
disadvantages of double-sided weld joints are discussed
in light of the inspection detection probability. The effect
of double-sided weld joints, loading modes, and weld
penetration on fatigue properties is investigated to ana-
lyze the fatigue failure mode.

2 | METHODS AND
VERIFICATIONS

2.1 | Structural stress-based master S-N
curve method

The actual stress state of a double-sided weld joint
between the bridge deck and the U-rib in an OBD struc-
ture can be implemented using the mechanical method.
The traction structural stress has been proposed by
Dong49–51 based on the fracture theory and the fatigue
propagation law.

FIGURE 1 Summary of

fatigue failure modes in

orthotropic bridge deck (OBD)7

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 Nodal forces and moments along the weld seam47 [Colour figure can be viewed at wileyonlinelibrary.com]
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After the weld seam and elements of the weld toe or
root are determined, nodal forces and moments of nodes
along a specific weld seam can be extracted from numeri-
cal simulation analysis results (Figure 2). In this case, the
toe-deck failure mode is detailed illustrated, and fatigue
crack originates at the deck weld toe and propagates
along the deck thickness orientation. The internal stress
of the plane along the thickness orientation consists of
the normal stress σx(y) and the in-plane shear stress
τxy(y). The normal stress σx(y) consists of the membrane
stress σm, and the bending stress σb, which can be calcu-
lated by Equations (1)–(3).

σm ¼ 1
t

Xn
i¼1

Fi,y ð1Þ

σb ¼ 6
t2
Xn
i¼1

Fi,y� yi�
t
2

� �
ð2Þ

σs ¼ σmþσb ð3Þ

where Fi,y is the nodal force of the nodes along the weld
seam, t is the thickness of the base metal, and yi repre-
sents the nodal coordination.

The stress amplitude at potential planes can be
obtained using Equations (1)–(3). As is known, welded
structures with various thicknesses under different
fatigue loads or combinations. Therefore, effects of depth
and load mode can be calculated and described in equiva-
lent structural stress (ESS), in consideration of equated
depth and bending load ratio.

First, a bending load ratio, namely, bending stress to
structural stress, can be calculated by Equation (4). Then,
the load mode parameter I(r) can be calculated using
Equation (5), which was obtained based on numerical
and analytical methods by Dong. Meanwhile, the effect
of base metal depth on structural stress is corrected with
the equation t*(2-m)/2m. In summary, the ESS ΔSs was
obtained in consideration of the equated thickness t*,
bending ratio r, the parameter of loading mode I(r), and
traction structural stress range Δσs by Equation (6). The
ESS range ΔSs versus the fatigue cyclic life N, that is, a
correlation in the master S-N curve, can be obtained
using master S-N curve parameters Cd and h (plotted in
Table 1), and m = 3.6 using Equation (7).49–51

r¼ σb=σs ð4Þ

I rð Þ1=m ¼ 0:0011r6þ0:0767r5�0:0988r4 þ0:0946r3

þ0:0221r2þ0:014rþ1:2223 ð5Þ

ΔSs ¼ Δσs
t� 2�mð Þ=2m � I rð Þ1=m

ð6Þ

N ¼ ΔSs=Cdð Þ1=h ð7Þ

2.2 | Fatigue test conditions and
numerical simulation

Three-point bending fatigue experiments were performed
by You in HZU.48 The fabrication52 and weld technology
were determined according to the Wuhan Yangtze River
Bridge and Eurocode 3.40 Figure 3A,B illustrates the
experimental configuration and specimen dimensions.48

In actual bridges, random traffic loadings are secondary
load types. The stress state of bridge deck plates is the
secondary bending stress based on the continuum struc-
tural mechanics. It has been verified that the orientation
of the longitudinal U-rib is the weak orientation of OBD.
Therefore, fatigue performances of OBD can be investi-
gated by three-point bending fatigue tests, and in this
case, fatigue test specimens were supported using bolt
connections. Consistent-amplitude proportional fatigue
load was applied to the top central location of the deck
plate using a rubber lining.

To validate test results, fatigue specimens of single
and double U-ribs with various weld penetrations and
weld leg sizes were tested. In the experiments, the groove
angle was 55� and the material of the specimens was
S355 (EN, σy = 355 MPa). The traction structural stress
was calculated according to the calculation procedure
described in Section 2.1, and the fatigue properties were
determined using the employed method.

Representative finite element models (FEMs) of speci-
mens were developed to replicate the experimental tests
(Figure 3C). The constraints and load setup were consis-
tent with the tests. The FEMs were supported at both
ends of the deck, and a load was applied to the

TABLE 1 Master S-N curve

parameters49
Statistics base Mean curve +2σ �2σ +3σ �3σ

Cd 19930.2 28626.5 13875.7 34308.1 11577.9

h �0.3195 �0.3195 �0.3195 �0.3195 �0.3195
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distribution plate. The Solid185 element type in ANSYS
software was used, that is, hexahedral solid elements
with bilinear kinematic hardening. Single-sided and
double-sided U-rib to deck welds were developed in OBD
(Figure 3D–F).

2.3 | Validation of the master S-N curve
method

The experimental and numerical results can be compared
to validate the accurate evaluation of the employed
method. The local stress distribution, initiation location,
and propagation orientation of the fatigue cracks were
obtained from fatigue tests of eight specimens using an
electron microscope.

Taking measured stress amplitudes of the specimen
SS80 as an example, a comparison between the measured
stress range48 and numerical ESS range is illustrated in
Figure 4. The actual stress range of critical positions at U-
rib components was measured with strain gauges at posi-
tions U1-4 and U1-6. Meanwhile, the ESS of these posi-
tions can be obtained using the method in this paper. It
should be noted that the ESS is a constant value and can
be calculated based on initiation and propagation proce-
dures but not include the fracture stage. It can be seen
from comparative results that the ESS is averagely higher
by 7.14% than measured stress. A specific distance away
from the weld toe of U-rib to deck welds is responsible
for lower stress of measured stress results.

Fatigue cracks in specimens without fracture fail were
tested using magnetic particle testing technology and a
high-power electron microscope. It can be concluded
from comparative results (Figure 5) that the fatigue crack
of the specimen SD80 initiated at the deck weld toe and

extended along the deck thickness. The specimen SS80
cracking occurred first at the U-rib weld toe and propa-
gated along the U-rib thickness orientation. Fatigue
crackings of the specimen DD80 and DS80 initiated at
the external and internal weld toes and grew along the
deck thickness, respectively.

In both experimental and numerical results, fatigue
cracks of each specimen originated from the same posi-
tion and propagated in the same orientation. Besides, an
advanced technology, the ultrasonic imaging phased-
array technique, has been beginning to be employed to
research crack defects and measure crack depth and
length.53

The cyclic life of crack propagation was determined
by the point where the nominal stress decreased sud-
denly in the σn-N curves.54 The stress extrapolation
method was used according to Eurocode 3,40 and the hot-

FIGURE 3 (A–F) Fatigue test device and finite element model (A and B were in previous works47,48) [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Comparison of measured stress48 and equivalent

structures stress (ESS) [Colour figure can be viewed at

wileyonlinelibrary.com]
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spot stress was determined. The traction structural stres-
ses of the weld root and toe were obtained using the
employed method.

In addition, the fatigue tests in references by
Aygul26 and Cheng42 at SJTU were investigated. The
fatigue test data were analyzed, and the test conditions
were introduced by team members Wang31 and
Yang.45–47 Fatigue test specimens of OBD consisted of
open I-shaped and closed U-shaped rib components. It
is worth noting that tensile fatigue tests of U-rib to
deck welds were conducted to establish S-N curves for
predicting welded joints in OBD. However, three-point
bending fatigue tests of OBD components were carried
out and analyzed using the master S-N curve method
in this paper. Especially, two-span fatigue specimens
with single- and double-sided weld joints were ana-
lyzed, and a systematic parameterized analysis was

implemented for extension into practical design guid-
ance or specifications.

The aim of citing experimental data from various ref-
erences is to validate the applicability and accuracy of the
employed method for analyzing fatigue properties of
OBD components. The ESS is presented in the contour of
the master S-N curve (Figure 6A). The hot spot stresses of
the test specimens were obtained using the extrapolation
method with the corresponding S-N curves (Figure 6B).

Fatigue testing results of Aygul, Cheng, and You were
evaluated with the S-N curves of C90, IIW FAT12, and
Eurocode3 FAT90. All sets of experimental data fall
within the 99% confidence interval of master S-N curves.
The fatigue test data are covered in the narrow band. Pre-
dicted structural stress was in good agreement with test
result data. The standard deviation of ESS results and the
master S-N curve method was 0.28.

FIGURE 5 (A–H) Fatigue test results and failure modes48 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 (A,B) The correlation between various methods and fatigue test results26,42,45–47 [Colour figure can be viewed at

wileyonlinelibrary.com]
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Predicted results using the hot-spot stress method
were conservative with corresponding S-N curves with a
standard deviation of 0.40. The scatter band of test results
extracted using the master S-N curve method was smaller
than the hot-spot stress method. Therefore, it has been
validated that the unified master S-N curve method can
capture effects of weld types and penetrations on failure
modes of welded joints.

3 | COMPARATIVE AND
PARAMETERIZED STUDY ON
FATIGUE PROPERTIES

3.1 | Introduction of the analysis scheme

In this section, effects of joint type, weld penetration
ratio, loading mode, and weld dimensions on fatigue
properties of OBD are investigated using the master S-N
curve method, which has been validated by fatigue
test data.

Based on test conditions, OBD with two U-ribs in two
types of loading modes were analyzed (as plotted in
Figure 7A). In loading case I, a fatigue load was applied
to the central location with a width of 150 mm. In load-
ing case II, the loading location of loading case I was
moved to the left by 75 mm. To guarantee welding qual-
ity of U-rib to deck welds and obtain actual weld leg and
fused dimensions, the microstructure of U-rib to deck
welds was measured using a high magnification optical
electron microscope, as plotted in Figure 7B. Besides, the

microstructural image of the base material after the weld-
ing procedure is indicated in Figure 7B. It can be seen
that zone characteristics in heterogeneous welded joints
are obvious for identification, including distal and proxi-
mal HAZ, fusion line, and fusion zone, which are essen-
tially different from base metal materials. In addition,
most of the fusion-welded joints consist of equiaxed crys-
tal, columnar crystal, and dendritic structures, which are
absent in base metal materials. Dimensions of double-
sided weld joints included the external and internal weld
sizes. Figure 7C presents double-sided weld joint dimen-
sions in actual specimens corresponding to actual welded
dimensions. In terms of single-sided welded joints, an
internal welded seam was absent, and only an external
weld seam was designed. The analysis scheme of various
factors was determined by considering the double-sided
weld joint, loading mode, penetration, and dimensions.
Single- and double-sided weld joint dimensions with vari-
ous weld penetrations are illustrated in Table 2. Hence,
four types of welded joints are presented, that is,
SW80-W6, DW100-W4, DW75-W4, and DW50-W4.

As demonstrated in many references, fatigue crack-
ings were usually initiated at the welded positions with
the stress concentration and sharp change in geometry
shape. The initiation position and propagation orienta-
tion of fatigue crackings are determined based on the
stress concentration distribution. Hypothetical crack ini-
tiation positions and propagation orientations in U-rib-
to-deck joints are demonstrated in Figure 7D. Hypotheti-
cal fatigue failure paths are determined according to
observed fatigue cracks in actual bridges. The definition

FIGURE 7 (A–D) Constraint conditions, load modes, and failure paths of numerical models [Colour figure can be viewed at

wileyonlinelibrary.com]
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of various fatigue failure paths in advances aims to cover
all possible fatigue crack types and compare traction
structural stress amplitudes. The maximum traction
structural stress along every weld seam will be analyzed
based on the fatigue analysis procedure, respectively.
Fatigue crack is more likely to initiate at a location with
the maximum structural stress range and high tip stress
strength factors and grow along a specific fatigue failure
path defined in advance, which can be defined as the
main failure mode. In general, the main fatigue crack is
likely to originate and propagate with some other micro
fatigue cracks.

Meanwhile, Figure 7D presents failure modes of
fatigue cracks. The red arrow indicates the propagation
path. The start point at one end of the arrow indicates

the crack initiation position, while the opposite end
points to the crack propagation orientation. Hypothetical
fatigue failure paths are summarized in two parts, includ-
ing failure modes of specimen base metal (P1, P2, P3, R1,
and R2) and failure modes of weld seam throat (W1-1,
W1-2, W2-1, W2-2, and W3).

Detailed corresponding damage modes are illustrated
in Table 3. It should be noted that the fatigue failure
mode of welded joints with qualified welding quality can
be predicted based on the magnitude of traction struc-
tural stress. Poor welding quality and angular misalign-
ments may affect the evaluation accuracy of the
employed method in this paper. In cases where traction
structural stresses at weld root and weld toe are very
close, the fatigue failure modes may be affected by

TABLE 2 Parameterized fatigue analysis SCHEME

Comparative
factors

Specimen
number

Weld
seam type

Weld size/mm

Weld
penetration

Fuse/unfused/mm

Load
mode

External
weld/a

Internal
weld/b

Fused
size/c

Unfused
size/d

Double-sided weld
joint

SW75-W6 Single 6 0 75% 6.4 1.6 Case I

DW75-W4 Double 4 4 75% 6 2 Case I

DW75-W6 Double 6 4 75% 6 2 Case I

Load mode and weld
penetration

SW80-W6 Single 6 0 80% 6.4 1.6 Case I,
II

DW100-W4 Double 4 4 100% 8 0 Case I,
II

DW75-W4 Double 4 4 75% 6 2 Case I,
II

DW50-W4 Double 4 4 50% 4 4 Case I,
II

Weld dimensions SW80-W6 Single 6 0 80% 6.4 1.6 Case I

DW80-W4 Double 6 4 80% 6.4 1.6 Case I

DW80-W6 Double 6 6 80% 6.4 1.6 Case I

TABLE 3 Hypothetical fatigue crack failure paths and corresponding damage modes

Logogram Initiation location Propagation orientation Damage locations

P1 Weld toe of outer weld Deck thickness Bridge deck

P2 Weld toe of the inner weld Deck thickness Bridge deck

R1 Weld root of outer weld Deck thickness Bridge deck

R2 Weld root of the inner weld Deck thickness Bridge deck

P3 Weld toe of outer weld of U-rib U-rib thickness U-rib

W1-1 Weld root of outer weld near the deck Outer weld thickness Outer weld throat

W1-2 Weld root of outer weld near U-rib Outer weld thickness Outer weld throat

W2-1 Weld root of inner weld near the deck Inner weld thickness Inner weld throat

W2-2 Weld root of inner weld near U-rib Inner weld thickness Inner weld throat

W3 Weld toe of outer weld of U-rib To inner weld toe U-rib
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random factors, such as material and geometric imperfec-
tions, in a transition zone region.55

3.2 | Fatigue performance of double-
sided weld joints

The fatigue properties of double-sided weld joints were
analyzed based on loading case I. Different initiation
positions and failure modes of the specimens SW75,
DW75-4, and DW75-6 were investigated. In Figure 8, the
comparative ESS is plotted. The position of the maximum
ESS in SW75 was P1, which indicates the original initia-
tion position. The fatigue cracks propagated along with
the deck thickness. The analysis results agreed well with
the fatigue test results of DS80.

The leading ESS positions in DW75-W4 and
DW75-W6 were marked as P2. The predicted initiation
position was in good agreement with the DD80 result.
Figure 8 exhibits the ESS of the weld seams and weld
throats. The ESS of the weld throat of the outer weld
seam (W1-1 and W1-2) decreased sharply with the intro-
duction of the inner weld seam, and the probability of
failure at the weld throat position was reduced.

The weld quality of the inner joints was inspected
using visual inspection methods rather than advanced
inspection equipment. The disadvantage of switching the
crack site from the outer to the inner seam is that weld
defects may appear at the inner welded joints, and the
fatigue resistance of these joints may be reduced. More
advanced inspection equipment should be employed to
determine the weld quality of inner joints.

The addition of an inner weld seam can decrease the
ESS of the outer weld root R1. Moreover, the inner weld
seam can effectively protect the weld throat and improve
its stiffness. The failure position changed from the weld
toe of the outer seam to that of the inner seam, and the
fatigue properties of the double-sided weld joints were
better than those of the single-sided joints.

3.3 | Effect of loading mode and weld
penetration ratio

According to Eurocode3 and AASHTO, two loading
cases, that is, loading case I and case II, were defined for
validating the fatigue performance variations of the OBD.

FIGURE 9A shows the ESS components in the speci-
men SW80-W6 in two loading cases. In loading case I,
the maximum ESS of SW80-W6 was located on the weld
toe of the outer seam P1. In loading case II, the maxi-
mum ESS of SW80-W6 appeared on the weld toe P3 and
was more significant than loading case I. The ESS of the
weld throats W1-1 and W1-2 were smaller than that of
the deck-rib connection.

The ESS of the single-sided weld joints differed signif-
icantly among the various loading cases. The failure posi-
tion changed from the outer seam toe to the deck-rib
seam. The weld toe of the U-rib was regarded as the initi-
ation position with higher stress than that of the weld toe
and root, which were far from the weld seam.

Figure 9B demonstrates the ESS of the DW100-W4
components in loading cases I and II. The maximum ESS
of the deck and U-rib in loading case I was located at the

FIGURE 8 (A,B) Equivalent structures stress (ESS) of various positions (load case I) [Colour figure can be viewed at wileyonlinelibrary.com]
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inner seam toe. On the contrary, the maximum ESS in
loading case II appeared at the weld toe of the deck-to-U-
rib seam.

The crack initiation position in loading case I was at
the inner weld toe, and the crack propagated along with
the deck thickness. In contrast, in loading case II, the ini-
tiation was at the weld toe near the U-rib, and the fatigue
cracks extended along with the U-rib thickness. The ESS
of the DW75-W4 and DW50-W4 components are summa-
rized in Figure 10. In loading case I, the maximum ESS
of DW75-W4 and DW50-W4 was located at the inner
weld seam toe. In loading case II, the maximum ESS of
DW75-W4 and DW50-W4 appeared at the same position
of the weld toe near the U-rib.

Analysis results indicate that the loading position
changes the failure position from the weld toe of the

outer seam to that near the U-rib. The fatigue properties
of the welded joints in loading case I were better than
those in loading case II. The loading mode significantly
affects the fatigue properties of weld joints in OBD with-
out considering the crossbeam.

The ESS of weld seams with various penetration
ratios in loading case I was obtained. A more reasonable
definition of the weld penetration ratio is given in
Section 3.1, as shown in Figure 11. The weld penetration
ratios were 25%, 50%, 75%, and 100%, considering the
welding technology and differences in quality. The ESS of
the weld toe of the outer weld seam P1 remained steady
with the change in the weld properties. The ESS of the
weld toe of the inner weld seam P2 reduced sharply by
60.4% with the increase of the weld penetration ratio.
The ESS of the weld toe near the U-rib P3 decreased

FIGURE 9 (A,B) Equivalent structures stress (ESS) of specimens in load cases I and II [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 Equivalent structures stress (ESS) in load cases I

and II [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Equivalent structures stress (ESS) of fatigue

cracks paths of P1, P2, and P3 in load case I [Colour figure can be

viewed at wileyonlinelibrary.com]

YANG ET AL. 2729

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


gradually by 37% when the weld penetration ratio was
increased from 25% to 100%.

The ESS trend was consistent with fatigue test results
reported by Maddox,56 Kainuma,57 Ya,58 and Xing.59 In
addition, the results of P1 and P3 in the double-sided
weld joints were consistent with those of single-sided
joints reported by Wang.31 The effect of the weld penetra-
tion ratio on the weld toe of the inner weld seam P2 and
the outer weld throat W1 was more significant than that
on the other positions.

3.4 | Effect of weld leg size

Previous studies have shown that the addition of an inner
seam affects the fatigue properties of double-sided weld
joints. Specimen models with various weld fillet sizes,
that is, SW80-W6, DW80-W4, and DW80-W6, were inves-
tigated based on loading case I. The dimensions of the
welded joints and potential initiation positions are pre-
sented in Figure 7D.

The ESS of the U-rib and weld seam with various
weld fillet sizes was obtained, and the results are shown
in Figure 12. The maximum ESS of SW80 was located
at the weld toe of the outer seam. The maximum ESS
of DW80-W4 appeared at the weld toe of the inner
seam, while that of DW80-W6 was located at the weld
toe of the inner seam. Compared to that in single-sided
joints, the ESS of the weld root in double-sided weld
joints was significantly reduced, indicating that double-
sided weld joints can improve the load-bearing capacity
and fatigue properties of weld roots. Furthermore, the
ESS of the weld throats W1 and W2 in the double-sided

weld joints was less significant than that in the single-
sided joints.

The ESS of R1, R2, W1, and W2 in DW80-W6 was lower
than DW80-W4. Comparative results indicate that the
fatigue properties can be improved, and the weld throat can
be protected by increasing the size of the inner weld fillet.

4 | CONCLUSIONS

In this paper, the effect of joint type, loading mode, weld
penetration ratio, and weld fillet size on the fatigue fail-
ure mode of double-sided weld joints in OBD was investi-
gated using the master S-N curve method.

1. It was validated that the master S-N curve method can
capture various failure modes of double-sided weld
joints in fatigue tests. All fatigue test result data of the
three groups fell within the 99% confidence interval of
the unified master S-N curve.

2. The failure position changed from the weld toe of the
outer seam to that of the inner seam, and the fatigue
properties of the double-sided weld joints were better
than those of the single-sided joints. The inner weld
seam can effectively protect the weld throat and
improve its stiffness.

3. The effect of weld penetration ratio on the fatigue
properties of the weld toe of the inner weld seam in
the deck and outer weld throat was more significant
than that at the other positions.

4. The fatigue properties can be improved, and the weld
throat can be protected by increasing the size of the
inner weld fillet.

FIGURE 12 Equivalent structures stress (ESS) of the bridge deck and U-rib [Colour figure can be viewed at wileyonlinelibrary.com]

2730 YANG ET AL.

http://wileyonlinelibrary.com


The parameterized analysis presented in this paper
has been derived on the basis of the master S-N curve
method. It is rather concise and is readily available for
extension into practical design guidance or specifications,
which also involve effects of weld type, weld penetration,
and weld leg size.
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ESS equivalent structures stress
Fi,y nodal forces along weld seams
I(r) load mode effect factor
m crack propagation parameter, m = 3.6
P/W/R failure path definition symbol
r bending stress ratio
S-N stress versus fatigue cycle life
t base metal thickness
t* referenced base metal thickness
yi nodal coordination
ΔSs equivalent structural stress range
Δσs structural stress range
ρ weld penetration
σb bending traction structural stress
σm membrane traction structural stress
σs traction structural stress
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