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Abstract

To calculate the welding-induced residual stresses in U-ribs of the steel deck plate and conduct quantitative analysis of influential
factors, the U-ribs of steel deck plate of Xinghai Bay Bridge was taken as the research object. In the ABAQUS finite element software,
the local models of U-ribs of steel deck plate were established. Nodal body force loads, i.e., heat generation rate, of the double
ellipsoidal heat source models were applied via the compiled subsidiary Dflux program. The welding process of the v-groove welds
was simulated, to obtain the residual stresses distribution in the top plate and U-rib plates. The influence of thickness of top plate
and angle of welding groove on the residual stresses in the U-ribs were studied. The results show that the welding-induced residual
stresses calculated by the numerical method proposed in this paper agree well with the experimental data. The maximum residual
stresses in the top plates and the U-rib plates all occur near the welds, which exceeds the yielding limitation of the material. As the

thickness of top plate increases, the maximum values of residual stresses in the top plates and U-ribs increase. However, with the

increase of groove angle, the maximum values of residual stresses in the top plates and U-rib plates decrease.
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1 Introduction

Orthotropic steel bridge deck has become the main form
of deck system among steel bridges. Steel U-rib plates and
top plates are connected by welding, which would cause
residual stress [1]. The weld metal was stress-free while
molting and can support residual stresses only after solid-
ification. The very hot weld metal and heat-affected zone
(HAZ) are cooled over a larger temperature range than the
surrounding cooler material and therefore shrinks more.
Thus, to maintain dimensional continuity through compat-
ible longitudinal strains, large longitudinal tensile resid-
ual stresses are generated in the weld metal and HAZ bal-
anced by compressive stresses in the surrounding material.
The compressive residual stress will reduce the overall sta-
bility of the structure, while the tensile residual stress near
the weld center will reduce the fatigue strength. Therefore,
it is necessary to study the effect of welding-induced resid-
ual stresses on the U-rib of steel bridge deck [2].

The experiment is the most effective method to study
welding-induced residual stresses. Boulton and Lance
Martin [3] studied the mechanism of welding-induced
residual stresses state. Gu et al. [4] proposed a predic-
tion approach to estimate the welding distortion based on
the local displacement in the weld plastic zone. In recent
years, FEM had been widely used in evaluating the
effects of welding temperature field, residual stress field
and post-welding heat treatment. Ueda et al. [5] carried
out a thermo-elastic-plastic finite element method to
conduct transient analysis of stress and strain changes
during welding. Goldak et al. [6, 7] performed a double
ellipsoidal welding heat source model, which considered
the different distribution of heat source during the prac-
tical welding process. Attarha and Sattari-Far [8] pre-
dicted the temperature distribution of welding sheets by
FEM. Peri¢ et al. [9] conducted a thermo-mechanical
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finite element analysis with a shell/three-dimensional
modeling technique. Zhu et al. [10] conducted the esti-
mation of angular distortion and residual stresses of
T-type fillet weld and butt weld specimens by applying
the thermo-elastic-plastic, inherent strain and substruc-
ture methods. Kainuma et al. [11] measured the distribu-
tion of welding-induced residual stresses of steel bridge
deck U-ribs at various weld penetrations with magneto-
striction method. Wang et al. [12] investigated the weld-
ing-induced residual stresses of U-rib stiffened plates of
the Ningbo Changhong bridge through numerical simu-
lation and experimental methods. Zhao and Wu [13] and
Zhao et al. [14] studied the distribution of residual stress
on the top plate and U-rib plate of steel deck after welding
and cooling by ANSYS numerical simulation and experi-
ments. Kollar and Kovesdi [15] established the finite ele-
ment model of corrugated web beam to simulate thermal
cutting and welding, and analyzed the influence of man-
ufacturing defects on the shear buckling behavior of cor-
rugated web beam. Kollar and Kdévesdi [16] introduced
a systematic research program to evaluate the influence of
manufacturing process on the shear buckling resistance,
and to demonstrate the application possibilities of man-
ufacturing simulation in the determination of resistance.
Kollar et al. [17] introduced several numerical results of
butt welded plates and box sections and focused on the
determination of residual stresses and deformations due
to different welding parameters. However, there were
few studies on the variation trend of the welding-induced
residual stresses of U-rib under the influence of variables
such as different groove angles.

In this paper, welding-induced residual stresses in
U-ribs of steel deck plate and influential factors were ana-
lyzed with ABAQUS. The welding process of the V-groove
welds was modeled. Loads were applied to the double
ellipsoidal heat source models via the compiled subsidiary
Dflux program. The influence of thickness of top plate and
angle of welding grooves on the residual stresses in the
U-ribs were studied.

2 Engineering background
The U-rib of Xinghai Bay sea-crossing bridge is selected
for analysis. The distance between the two main cables is
25.2 m (Fig. 1). The main span of Xinghai Bay sea-cross-
ing bridge is 460 m in length, whereas the two end spans
are 180 m (Fig. 2).

The bridge deck is made of orthotropic steel plate, with
a width of 21.26 m (Fig. 3). Dimensions of the orthotropic
steel plate are listed in Table 1.
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Table 1 The size of U-ribs

Items Size (mm)
thickness of top plate 16
thickness of of U-rib 8
width of U-rib 300
height of U-rib 262
height of fillet weld 8

The groove weld at U-rib end is 10 mm high with two
layers. The cross-sectional geometry and welding details
obtained by macro graphic measurement are shown in Fig. 4.

The deck is made of steel Q345. The nominal yield
stress and ultimate tensile strength of the Q345 are 345
and 490 MPa respectively. The latent heat of steel Q345
is 270000 J/kg, its solidus is 1460 °C, and its liquidus is
1530 °C. The thermal properties curve of steel Q345 ver-
sus temperature are shown in Fig. 5 [18].

3 Welding-induced temperature field

The temperature field of the steel bridge deck U-rib is
obtained by heat transfer analysis. The temperature field
is taken as the temperature boundary condition. Then, the
stress-strain field is obtained.

In order to reduce the amount of calculation, the U-rib
finite element model is symmetrically simplified, as
shown in Fig. 6. The 8-node solid heat transfer element
is selected for temperature field simulation, which could
transfer heat in surface and internal. In order to improve
the computation accuracy, the elements near the weld of
the model are refined.

3.1 Simulation of welding-induced temperature field
The heat source and filler metal (1530 °C) addition are sim-
ulated by combining methods of element birth and death
technique with the double ellipsoidal heat source model.
The heat power density distribution equation is divided
into the front half part of the ellipsoid and the rear half
part of the ellipsoid, as shown in Fig. 7 [19, 20].
Expression of ellipsoid heat source in the former half

part is
FLUX(I) = heat, x shape, , (1)
heat, = M ) @
abclﬂ\/;
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Expression of ellipsoid heat source in the rear half part is

FLUX (2) = heat, x shape, , C)
63
heat, = & , )
abczrc\/;
o ) mnd) | (z=20)’
P 2 o
shape, = e ’ . (©)

Where FLUX(1) ,FLUX(2) indicates the heat flux den-
sity of the former and rear ellipsoids. ¢ is total power.

g =nUI 7

Where 7 is welding efficiency. U is welding voltage.
I is welding current. f; and f, are the proportions of heat
energy distribution in the former and rear ellipsoids, and
Ji1 T/, = 1. a is half width of heat source. b is the depth of
heat source. ¢, is the length of the first half of the ellipsoid.
¢, is the length of the rear half of the ellipsoid. x,, y,, z,
is the starting point for the welding. d is the moving dis-
tance for heat source. The heat source parameters used in
Egs. (1) to (6) are summarized in Table 2.

At present, there is no direct method to simulate the
mobile heat source. The Dflux subroutine is compiled with
Fortran language, which can simulate the welding voltage,
current, thermal efficiency, welding speed, welding start-
ing point coordinates, and double-ellipsoid heat source,
etc. The Dflux subroutine is associated with ABAQUS,
and then the welding heat source of the U-rib of the steel
bridge panel is loaded. According to the coordinates of
each point, its position on the ellipsoidal heat source is
determined. Then the heat flux of each point is given.

The weld between the top plate of the Xinghai Bay
sea-crossing Bridge and the U-ribs of the bridge deck is a
v-shaped groove weld with two layers. The first layer is the
bottom welding and the second layer is the filler welding.
The welding variables are listed in Table 3. The welding of
the second layer of welds is started after the first layer of
welds is cooled to below 200 °C.

Table 2 Parameters of the heat source

Table 3 The welding variables

Parameter Value
speed 8 mm/s
voltage 24V
current 220 A
thermal efficiency 0.75

3.2 Results of temperature field

The length of weld is 10 cm. The welding between top
plate and U-rib consists of two layers. When the first layer
is welded, the second layer elements are in passivated
state. The cooling time between the two layers is 25 s, so
that there is a certain preheating temperature during the
second welding, and the residual stress field is smoother.
After the second layer is welded, it is finally cooled to
environment temperature of 36000 s. The temperature
distribution curves of the first layer at 2 s, 6 s, and 10 s are
shown in Fig. 8. The temperature distribution curves of
the second layer at 40 s, 44 s, and 48 s are shown in Fig. 9.
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It can be seen from Fig. 8 and Fig. 9 that the temperature
distribution curves of the weld centerline have the same
trend. The maximum temperature appears near the center
of the heat source. The peak temperature of the first layer
is 2300 °C, and that of the second layer is 2500 °C. Both
first layer temperature field and second layer temperature
field are quasi steady. The higher the welding temperature
the closer to the center of heat source, which is consistent
with the theoretical analysis results.

4 Welding-induced residual stresses

4.1 Residual stress field simulation

Some material parameters of Q345 vary with tempera-
ture. The curve of material parameter V.S. temperature is
shown in Fig. 10 [18]. In order to ensure the accuracy of
the calculation, the 3-D solid 8-node reduced-integration
element is selected for the analysis.

The symmetrical constraints are applied on top plate
and U-rib. The residual stress is caused by the non-uniform
distribution of temperature field. The previously obtained
temperature field should be introduced as external nodal
loads acting on the finite element model. The initial tem-
perature condition is 20 °C.

4.2 Results of residual stress field

In order to analyze the distribution of the residual stress
field of the top plate, three paths are set on the top plate.
The Pathl is near the bottom of the weld, the Path2 is the
centerline of the top plate, and the Path3 is the top surface
of the top plate, as shown in Fig. 11.

The residual stress of the top plate is shown in Fig. 12.

As shown in Fig. 12, there is a peak region in the range
of 3.75 times the thickness of U-rib, while there is a partial
compressive residual stress in the area far away from the
weld. There is no compressive residual stress on Pathl, and
its maximum tensile residual stress reaches to 449 MPa,
which is approximately 1.3 times the yield strength of
Q345. On Path2 the compressive residual stress region is
within 0.02 m from the weld. The maximum tensile resid-
ual stress of Path2 is 75 MPa, while the maximum com-
pressive residual stress of Path3 is about 200 MPa.

In order to analyze the residual stress field of double
ellipsoidal heat source models, three paths are defined.
The Path4 is the inner line of U-rib, the Path5 is the cen-
ter line of U-rib, and the Path6 is the outer line of U-rib,
as shown in Fig. 13. The starting point of the paths starts
from the edge of the weld bead.
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The residual stress field along the paths are shown in
Fig. 14.

The residual stress of each path of U-ribs is almost the
same, so the residual stress of U-ribs is uniform along the
plate thickness direction. There is maximum tensile residual
stress near the weld, reaching to 392 MPa, which exceeds
the yield limit of the material. The maximum compressive
residual stress of Path4 is 25 MPa, that of Path5 is 30 MPa,
and that of Path6 is 75 MPa.
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5 Discussions
5.1 Comparative analysis with the experiment
Zhao and Wu [13] used the strip cutting method to test the
residual stress of the top plate and the U-ribs. In the direc-
tion where the residual stress needs to be measured, he cut
the components into a large number of narrow strips and
obtained the stress from the released strain. The cross-sec-
tional dimension of the specimens is shown in Fig. 15.
The FEM residual stress results of the top plate and U-rib
are compared with the test data as shown in Figs. 16 and 17.
The stress ratio is , where is the yield strength of the
material. The FEM results agree well with the experi-
mental data, which shows that the numerical simulation
method in this paper is correct, reliable and suitable for
engineering application.

5.2 Parameter analysis

There are numerous factors affecting the welding-induced
residual stresses, including the properties of the material,
the design of the structure, and the manufacturing process

/

- -—

Fig. 15 Section sizes of specimen (mm)

1.6
numerical simulation
= measured”

1.
2 0.
=
s o0
»n

0.

0. 41
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Distance from the endpoint (m)
Fig. 16 residual stress of top plate
1.6
numerical simulation
= measured”

1. 21
=}
= 0.81
s
2]
g
2 0.47

n
L}
0.0 -
-0. 4+

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Distance from the welding center (m)

Fig. 17 residual stress of U-rib

and other parameters. It is essential to study the influence
of the structural parameters on the welding-induced resid-
ual stresses. The thickness of the top plate and the weld-
ing angle have a great influence on the residual stress of
the U-ribs.



5.2.1 Effect of plate thickness on residual stress

The effect of plate thickness on the residual stress is stud-
ied. The plate thicknesses of the top plate ranged from 12
mm to 18 mm with an interval of 2 mm. The curve of rel-
ative residual stresses is shown in Fig. 18.

It can be seen that with the increases of thickness of
the plate, the maximum value of tensile residual stress of
the plate increases. In the region far from the weld zone,
the tensile residual stress is less affected by the thickness
of the plate.

5.2.2 Effect of the bevel angle on the residual stress
The bevel angle of the weld has influence on the residual
stress, so it is necessary to select a proper bevel angle. The
effect of bevel angle on the residual stress is studied. The
bevel angle ranged from 40° to 55° with an interval of 5°.
The curve of relative residual stresses is shown in Fig. 19.
It can be seen that with the increases of bevel angle,
the maximum value of tensile residual stress of the plate
decreases. In the region far from the weld zone, the tensile
residual stress is less affected by bevel angle.
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6 Conclusions

(1) The value of the residual stress in the direction of the
weld exceeds the yield limit of the material. There is a
peak region in the range of 3.75 times the thickness of
U-rib, and the maximum tensile residual stress is near
the weld.

(2) The residual stress of the top plate and U-rib are dis-
tributed uniformly along the plate thickness, and the
maximum tensile residual stress appears near the weld.

(3) With the increase of the thickness of the top plate, the
peak residual stress of top plate and U-ribs increase.

(4) With the increase of bevel angle, the tensile residual
stress values of the top plate and the U-rib plate decrease.
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