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Abstract
Orthotropic steel decks(OSD’s) are prone to fatigue cracking under cyclic loads, especially for rib-to-deck welded con-
nection and rib-to-crossbeam welded connection. To reveal fracturing behaviors of these fatigue-prone sites, a multi-scale 
model of OSD’s specimen is established, including segmental shell-element part and local solid-element configuration. 
Based on the extended finite element method(XFEM), propagation analysis was carried out in this research. The analysis 
of stress intensity factor (SIF) shows that the crack at the weld root or weld toe of the rib-to-deck welded connection is a 
mixed-crack with modes I, II and III, where mode I plays a leading role. Besides, the maximum SIF K

I
 of the crack at the 

weld toe is slightly larger than that at the weld root. For rib-to-crossbeam welded connection, the maximum SIF K
I
 at the 

weld toe of the U-rib is greater than that at the weld toe of the crossbeam. The analysis of crack propagation shows that the 
crack growth rate at the weld toe is faster than that at the weld root with the same initial crack size and loading conditions. 
Similarly, for rib-to-crossbeam welded connection, the crack propagation at the weld toe of U-rib performs faster than that 
at the weld toe of crossbeam.
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1 Introduction

OSD’s are widely used in long-span bridges because of the 
advantages of lightweight and high load-bearing capac-
ity. However, as shown in Fig. 1, the connections of the 
OSD’s are prone to fatigue cracking under traffic cyclic 
loads, especially for the rib-to-deck welded connection, the 
rib-to-crossbeam welded connection and the butt welded 
connection of longitudinal ribs(De Jong, 2004; Dung et al., 
2015; Fisher & Barsom, 2016; Kainuma et al., 2016; Liu 
et al., 2015., Qiang et al., 2023). The cracks of rib-to-deck 
welded connection and rib-to-crossbeam welded connec-
tion could seriously decrease service quality of the struc-
ture and it’s necessary to reveal the crack propagation 

mechanism for further optimization design or maintenance. 
For rib-to-deck welded connection, there are usually two 
types of crack propagation paths observed most frequently 
as shown in Fig. 1(Cheng et al., 2017; Shao et al., 2013; 
Sim et al., 2009). For rib-to-crossbeam welded connection, 
weld toe and arc incision in crossbeam are prone to fatigue 
cracking(Kainuma et al., 2018; Konda et al., 2013; Yokozeki 
& Miki, 2016; Zhang et al., 2015). To investigate the fatigue 
fracture of crack, there are usually two numerical simulation 
methods(Wang et al., 2017; Zhang et al., 2017). One method 
is based on stress-life curve evaluation method, while the 
other is based on fracture mechanics method. Based on the 
state of stress, the fatigue performance can be obtained by 
S–N curve. However, the S–N curve method neglects initial 
material defects and fail to describe fatigue crack propaga-
tion properly, which is unfavorable in further research.

In recent years, fracture mechanics methods are increas-
ingly used in crack propagation analysis of OSD’s (Gupta, 
2019; Nagy et al., 2013, 2015; Przywara, 2013). Finite ele-
ment method is the most powerful tool to solve fracture 
mechanics problems, but the low efficiency of FEM would 
be especially obvious when simulating crack propagation 
(Flemisch et al., 2016; Kanth et al., 2019; Rege & Lemu, 
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2017). Based on partition of unity method(PUM)(Melenk & 
Babuška, 1996), the extended finite element method(XFEM) 
was first proposed by Belyschko and Black in 1999 
(Belytschko & Black, 1999). The discontinuities inside the 
structure are independent from the grids used, so it is unnec-
essary to remesh when simulating the evolution of discon-
tinuities. During the following decades, a large number of 
researches continue to optimize XFEM and verify its effec-
tiveness (Bouhala et al., 2015; Dimitri et al., 2017; Duflot 
& Bordas, 2008; Laborde et al., 2005; Roth et al., 2015; 
Xu et al., 2019). After the recorded success in simulating 
crack propagation, XFEM began to be used in crack propa-
gation analysis of OSD’s. Combined XFEM with a full-scale 
fatigue test, Zhang et al. (Zhang et al., 2018) investigated the 
crack propagation and fatigue life of the welding details at 
the longitudinal rib and deck of an orthotropic steel bridge. 
By taking the uncertainties induced by vehicle loads as well 
as the defects into account, Wang et al. (Wang et al., 2016) 
calculated the macro-crack initiation life (MCIL) of OSD’s, 
proving that XFEM is applicable and effective to obtain the 
variation of the MCIL. More recently, Van et al. (Van et al., 
2021) discussed the effects of residual stress on fatigue crack 
propagation of OSD’s based on XFEM. Considering crack 
tip elastoplastic, Wang et al.(Wang et al., 2021) performed 
fatigue crack propagation analysis of OSD’s.

This paper aims to reveal fracturing behaviors concerning 
fatigue-prone sites of OSD’s, including rib-to-deck welded 
connection and rib-to-crossbeam welded connection. Based 
on Sutong Bridge in China, a multi-scale segmental model 
of OSD’s specimen is established, and the SIF is analyzed 
through XFEM. Besides, crack propagation analysis is car-
ried out for the most unfavorable position, providing guid-
ance for further maintenance of the bridge.

2  FE‑Model

The fatigue failure of orthotropic steel bridge deck is mostly 
located in structural details, where both large-scale model 
and structural detailed model of the whole bridge could not 
meet the requirements of model refinement and reasonable 

boundary conditions at the same time. Thus, a multi-scale 
segmental model is established in ABAQUS, consisting of 
shell-element model of segmental steel box girder and solid-
element model of weld detail.

According to the inspection report of Sutong Bridge, 
there are more cracks in segment NJ22 so it is referenced in 
the segment model, whose element type is S4R and material 
Q345qD is selected. Thus Young's modulus is defined as 
210000 MPa and Poisson's ratio is 0.3. The standard length 
of the section is 16 m and 4 standard girder section distances 
are selected in the longitudinal direction. The steel box 
girder is 4 m high and 41 m wide (including wind spout), 
with 14 mm thick deck, 8 mm thick U-rib and 10 mm thick 
crossbeam, and the longitudinal trusses are set according to 
the real bridge dimensions.

The rib-to-deck welded connection and rib-to-crossbeam 
welded connection of No. 17 U-rib are selected as the area 
of concern, where are under below the heavy wheel track 
and suffer the most serious fatigue damage. For rib-to-
deck welded connection, the size of detailed solid model 
is 100 mm × 100 mm × 40 mm (length × width × height). As 
shown in Fig. 2, the thickness of the steel deck is 14 mm, 
which is the same as that of the real bridge. The size of the 
weld toe is 8 mm, while the solid element type is C3D8R. 
When it comes to rib-to-crossbeam welded connection, the 
size of detailed solid model is 400 mm × 400 mm × 350 mm 
(length × width × height), where the height of U-rib is 
300 mm.

Integrating accuracy and model complexity, the mesh size 
of the overall shell-element model of the steel box girder is 
200 mm, and the size of the encrypted transition at the shell-
to-solid boundary is 5 mm. For detailed solid model, the 
mesh size of rib-to-crossbeam welded connection is 5 mm, 
and according to the results of mesh sensitivity analysis, 
the mesh refinement around the cracks is 2 mm, as shown 
in Figs. 3 and 4. 

The standard fatigue vehicle model  III in JTG D64-
2015(CO, 2015) with a single wheel load of 60kN is taken 
as the fatigue load when analyzing SIF. As shown in Fig. 5. 
the standard fatigue vehicle model  III consists of four 
standard axles, and the spacing between the longitudinal 

Fig.1  Typical fatigue cracks 
and their propagation types in 
OSDs
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front and rear axle groups is large (6 m). In order to sim-
plify calculation, only the longitudinal axle group spacing 

of 1.2 m is considered as the fatigue load in this paper. 
Based on the specification, the single wheel landing area is 
200 mm × 600 mm.

The fatigue load of ABAQUS model is realized through 
DLOAD subprogram, with a 200 mm moving step in both 
the horizontal and vertical directions (with an additional 
working condition at the vertical center). As shown in Fig. 6, 
a total of 9 working conditions are set, including HLC1-
HLC9 and the gap is 200 mm. Considering the blocking 
effect of crossbeams, a total of 55 working conditions(ZLC1-
ZLC55) are set for rib-to-deck welded connection while 
35(ZLC1-ZLC35) for rib-to-crossbeam welded connection. 
Distance between adjacent step is 200 mm as well and the 
detailed layout is illustrated in Fig. 6.

Fig. 2  Finite element models

Fig. 3  Mesh generation of detailed solid model 

Fig. 4   Mesh sensitivity analysis

Fig. 5  Fatigue load model III
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3  Simulation of crack propagation

Semi-elliptical cracks are introduced to the root and toe of 
the rib-to-deck welded connection, the weld toe of the rib-
to-crossbeam welded connection, weld toe of the U-rib and 
the arc incision of crossbeam respectively, typical examples 
are shown in Fig. 7. The crack type is set as XFEM, and 
the crack expansion option and geometric non-linearity are 
switched off in the FEM simulation, and "hard contact" is 
used between the crack and the overall model. The SIF is 
calculated using the J-integration method, and the first 15 

perimeter integrals of the crack tip are output, and the SIF is 
taken after the integration results are stabilized.

In this work, a three-dimensional crack propagation 
model of steel box girder is adopted, in which the initial 
crack is a surface crack. According to the actual crack shape, 
the surface crack can be assumed as ellipse, semi ellipse or 
1/4 ellipse. Considering the initial detectability and semi-
ellipse crack (Wang et al., 2019) with a length of 10 mm and 
a depth of 2.5 mm is used as the initial crack.

Paris formula describing the crack growth rate is expressed 
as Eq.  (1). According to JSSC(Construction(JSSC), 

Fig. 6  Detailed loading cases

Fig. 7   Semi elliptical cracks
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1995) and BS7910 (Standard, 2013), the value of C is 
1.5 ×  10–11 m/time where m in Eq. (1) is 2.75. The fatigue 
crack propagation threshold is ΔK

th
= 63MPa ∙ mm0.5 based 

on configuration of this type in JTG D64-2015(CO, 2015), 
and the crack propagation direction is the direction of maxi-
mum shear stress.

(1)
da

dN
= c

1
(ΔG)m

4  Analysis of calculation results

4.1  SIF analysis

4.1.1  Rib‑to‑deck welded connection

Focusing on the longitudinal center position, the SIFs of 
the rib-to-deck welded connections have been investigated. 
Among the cracking modes, cracking mode I is the most 
common and dangerous one and the influence lines of SIF 

Fig. 8  Influence line of K
I
 (MP·mm1/2)

Fig. 9  SIF at longitudinal center (MP·mm1/2)
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K
I
 under different loading conditions at weld toe and weld 

root are shown in Fig. 8, which vary between around -80 
and 80 MP·mm1/2. In longitudinal direction, when the wheel 
moves near the observation point, the SIF K

I
 reaches it’s 

peak value, and fluctuates between the maximum values 
when it is about 1 m away from the center. Compared with 
weld root, the maximum SIF K

I
 of the initial crack at weld 

toe is slightly larger.
The transverse influence lines of SIF K

I
、K

II
 and K

III
 at 

crack tip are illustrated in Fig. 9. When the axle is near the 
center in longitudinal direction and the wheel is located on 
the right side of the crack in transverse direction, the cracks 
at the weld root and weld toe are mainly tensile, which is 
positive; when the axle is near the center in longitudinal 
direction and the wheel is located at the left side of the crack 
in transverse direction, the cracks at the weld root and weld 
toe are mainly compressed, which is negative.

The longitudinal influence lines of SIF K
I
、K

II
 and K

III
 at 

transverse center position of crack tip are shown in Fig. 10. 
The SIF K

I
 of the initial cracks at the rib-to-deck welded 

connection accounts for the largest proportion among the 
three kinds of SIFs, and the cracking mode I is dominant 
in the mixed mode fatigue cracks at the rib-to-crossbeam 
welding position.

4.1.2  Rib‑to‑crossbeam welded connection

For connection details of rib-to-crossbeam, the influence 
lines of SIF K

I
 under different loading conditions are shown 

in Fig. 11. For SIF K
I
、K

II
 and K

III
 , the transverse and 

longitudinal influence lines at the crack tip are shown in 
Figs. 12 and  13 respectively.

The maximum value of SIF K
I
 at the welding toe of 

U-rib can reach 200 MPa ∙ mm0.5 , which is far more than 

Fig. 10  SIF at transverse center (MP·mm1/2)

Fig. 11  Influence line of  (MP·mm1/2)
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the threshold value of the SIF of the steel structure. There is 
a large driving force for crack propagation, which is greater 
than the maximum value at the weld toe of the crossbeam. It 
is consistent with the phenomenon that there are more short 
cracks at the welding toe of U-rib. Mode I crack is dominant 
at the weld toe of U-rib, while the mode I and mode II at the 
weld toe of crossbeam take up a large proportion; the SIF of 
crossbeam arc notch is negative and the crack is compressed. 
The residual tensile stress and out of plane deformation at 
the edge of the arc incision may be the reasons for fatigue 
cracking, although the initial crack at the arc incision is 
mostly closed in compression under vehicle load.

The SIF K
I
 of the initial crack tip at the weld toe of rib-

to-crossbeam welded connection reaches its minimum value 
when the wheel load is located in the longitudinal center, 

and reaches maximum at 1.6 m away from longitudinal cen
ter.

4.2  Propagation of fatigue crack

4.2.1  Rib‑to‑deck welded connection

4.2.1.1 Weld root The variation of crack pattern, expansion 
rate and cumulative strain energy release rate at the weld 
root of rib-to-deck welded connection during crack propa-
gation are shown in Figs. 14, 15. With the effect of fatigue 
cycle, the crack continues to expand and Fig. 14(b) shows 
the relationship between the number of fatigue expansions 
and the number of cycles. After 10 million loading cycles, 
the crack extends to 8 mm in depth and 60 mm in length. 
According to the analysis of cumulative strain energy 

Fig. 12  CSIF at longitudinal center (MPa·mm1/2)

Fig. 13  SIF at transverse center (MPa·mm1/2)



411International Journal of Steel Structures (2023) 23(2):404–416 

1 3

release rate in Fig. 15, it can be seen that during the process 
mode I is dominant, while mode II and mode III account for 
only 2.5% respectively and mainly reflected in the direction 
deflection in the later stage of crack propagation.

The crack at the weld root is almost flat during the propa-
gation process, and its shape is still roughly semi ellipti-
cal, while the ratio of long axis to short axis changes con-
stantly. After 4.5 million loading cycles, the crack growth 
rate increases significantly, and the cumulative strain energy 
release rate of mode I is about 100J∕m2 . The crack propa-
gates to a depth of 4 mm and a length of 30 mm.  

4.2.1.2 Weld toe The variation of crack morphology, 
growth rate and cumulative strain energy release rate at the 

weld toe of rib-to-deck welded connection during crack 
propagation are shown in Figs. 16, 17. After 2 million load-
ing cycles, the crack surface extends to 8 mm in depth and 
70 mm in length. According to the analysis of cumulative 
strain energy release rate in Fig. 17, it can be seen that G

I
 is 

dominant during the process, while G
II

 and G
III

 are nearly 
equivalent to each other. The growth rate is significantly 
accelerated after around 1.1 million loading cycles, mainly 
reflected in the direction deflection in the later stage of crack 
growth. The existence of mode II and mode III cracks will 
accelerate the crack growth and affect the direction of crack 
surface, which is important.

The cracks at the weld toe mainly extend along the lon-
gitudinal axis of the semi elliptic initial crack, and deflect 

Fig. 14  Crack fatigue propagation

Fig. 15  Cumulative strain energy release rate.
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towards the weld in the later stage of the propagation. The 
growth speed is apparently accelerated after 1.1 million 
cycles, and the cumulative strain energy release rate of 
type I, which accounts for the largest proportion, is about 
800J∕m2 , and the crack propagation depth is 8 mm and the 
length is 34 mm. 

4.2.2  Rib‑to‑crossbeam welded connection

4.2.2.1 Weld toe of U‑rib The variation of crack morphol-
ogy, growth rate and cumulative strain energy release rate at 
the weld toe of U-rib during crack propagation are shown in 
Figs. 18, 19. After 200,000 loading cycles, the crack surface 

penetrated through the U-rib thickness in depth direction 
and extended to 54 mm in length direction. The crack at the 
welding toe of U-rib propagates along the thickness direc-
tion of U-rib first, and then propagates along the longitudi-
nal direction. In the later stage of the propagation process, 
the crack surface deflects slightly vertically upward, and the 
mode I crack is dominant during the propagation process.

The crack at the welding toe of U-rib propagates rapidly 
during the early stage, and slows down with the passiva-
tion of crack tip when it reaches 4 mm in thickness direc-
tion and 20 mm in length. The rapid increase is due to the 
fact that the crack propagation is in an ascending stage and 
the difference between the K value and the threshold value 

Fig. 16  Crack fatigue propagation

Fig. 17  Cumulative strain energy release rate
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becomes larger as the crack extends. When crack expansion 
reaches a certain stage, for example expansion into a region 
of force stability, the K value decreases and crack expansion 
enters a plateau phase, which could be described as crack 
tip passivation as well. At this time, the cumulative strain 
energy release rate of mode I, which accounts for the largest 
proportion, reaches 5500 J∕m2 , and its speed slows down 
in the later stage. It is speculated that the discontinuity of 
geometric structure causes a larger crack growth rate in the 

early stage, and decreases gradually after releasing a certain 
displacement. 

4.2.2.2 Weld toe of crossbeam The variation of crack mor-
phology, growth rate and cumulative strain energy release 
rate at weld toe of crossbeam during crack propagation are 
shown in Figs. 20, 21. After 10 million loading cycles, the 
length of crack surface extends to 25 mm along the cross-
beam, and penetrates through the crossbeam. There is a cer-

Fig. 18  Crack fatigue propagation

Fig. 19  Cumulative strain energy release rate
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tain angle between the initial crack and the weld. During 
the process of crack propagation, the crack propagates along 
the crossbeam laterally first, and then propagates along the 
thickness direction of the crossbeam. The propagation direc-
tion is basically the same as that of the initial crack. The 
cumulative strain energy release rate during crack propaga-
tion is shown in Fig. 21. It can be seen that the strain energy 
release rate G

I
 is relatively small, while G

I
 and G

II
 develops 

rapidly in the later stage and becomes dominant. The crack 
form is related to the stress conditions of this part and out of 
plane deformation.

The crack growth rate increases significantly after about 
8 million loading cycles, and the mode II cumulative strain 

energy release rate, which accounts for the largest propor-
tion, reaches 130 J∕m2 . The crack propagates to 6 mm in 
thickness direction and 20 mm along the crossbeam. By 
revealing the characteristics of crack propagation at the key 
positions, it provides a theoretical basis for the monitoring 
and maintenance of orthotropic steel deck. Through com-
parison, the development stage of the actual crack could be 
obtained, and the crack is classified and then the correspond-
ing measures could be taken. As shown in Figs. 20, 21, when 
reaching 4 million fatigue cycles, initial crack at the weld 
root of rib-to-deck welded connection will encounter a rapid 
growth soon, which means a proper repair is necessary. 

5  Conclusions

In this paper, a multi-scale segment model is subjected to 
dynamic load under the most unfavorable loading condition 
to simulate the crack growth process. The initial crack is 
introduced into refined model of typical fatigue parts, and 
the SIF influence lines of the initial crack tip under vehi-
cle load are calculated. Under the most unfavorable loading 
condition, the steel box girder segment model was loaded 
cyclically to simulate the crack propagation process. The 
following conclusions can be drawn:

For both rib-to-deck welded connection and rib-to-cross-
beam welded connection, mode I fatigue crack growth plays 
a leading role in the mixed-mode crack of 3 modes at the 
weld root and weld toe. In contrast, the maximum SIF K

I
 of 

the crack at the weld toe is slightly greater than that of the 
crack at the weld root.

Fig. 20  20 Crack fatigue propagation

Fig. 21  Cumulative strain energy release rate
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For the fatigue detail of rib-to-deck welded connection, 
the crack propagates longitudinally along the weld direction, 
and then turns to the depth direction. Besides, the propaga-
tion rate increases gradually and the crack keeps plane dur-
ing the propagation.

For rib-to-crossbeam welded connection, the crack at the 
weld toe of the U-rib propagates along the crack width and 
depth directions in the U-rib, while the crack at the weld toe 
of the crossbeam propagates along the crossbeam thickness 
direction and the crossbeam surface, both of which are con-
sistent with the actual situation.

When the initial crack size and the loading condition are 
same, the crack growth rate at the weld toe is faster than 
that at the weld root. Similarly, the crack propagation rate 
at the weld toe of U-rib is faster than that at the weld toe of 
crossbeam.

The results of this research can be used as a source of 
reference, when rehabilitation strategy of orthotropic steel 
bridge decks is proposed. Based on comparison of actual 
crack and FEM results, the development stage of the crack 
is classified and then the corresponding measures could be 
taken.
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