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Abstract

The paper describes the simulation of impact loads applied on plate panels with welding-induced
residual stresses and deformation (WSD). Numerical simulations using FEM are carried out to
study the influence of welding-induced residual stresses and deformation on the impact strength
of plate panels. Welding is simulated using a three dimensional thermal mechanical coupled finite
element method. The welding stress and deformation are taken as the initial imperfections in the
impact strength analysis and their influence on the behavior of plate panels subjected to impact
loadings. The impact loadings from the three directions, the lateral direction and two in-plane di-
rections of the plate panels are studied. Results show a certain reduction in the impact strength
due to the existence of welding stress and deformation in the plate panels. It is found that the re-
duction of impact force is strongly influenced by the welding deformation and the impact direc-
tions in the plate panels. This reduction is more significant when the impact force is in the lateral
direction.
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1. Introduction

The structural design of ships concerning grounding and collision requires an accurate prediction of the damage
of plate panels under impact loading. Several experimental works on laterally loaded panels have been con-
ducted in order to derive analytical expressions [1]. Collision is considered as a time-depended nonlinear dy-
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namic phenomenon. The majority of researchers have focused on deriving the resultant damage of the ship col-
lisions via analytical, experimental, and finite element methods. Hagiwara et al. [2] proposed a method for pre-
dicting low-energy ship collision damage based on experiments and determined the initiation of plate fracture.
Cho and Lee [3] developed a simplified method for the prediction of the extent of damage of stiffened plates due
to lateral collisions. Ehlers et al. [4] performed numerical simulations of the collision response of ship side
structures and investigated sensitivity of the various failure criteria. Villavicencio and Soares [5] studied numer-
ically the deflection and failure of small panels subjected to lateral impact using different stiffening systems and
impact locations. However, literatures on the investigation of the effect of welding induced initial welding
stresses and deformation (WSD) on the impact strength of plate panels are limited. Generally, the evaluation of
impact strength of plate panels is based on the shape of initial welding imperfections and material properties
with the consideration of the plastic strain. Ma, et al. [6] and Takada et al. [7] proved that the material failure
must be considered in the impact simulation in order to accurately evaluate the impact strength. Also, the effects
of dimension error, plastic strain and residual stresses due to welding have to be studied. In this paper, the in-
fluence of welding induced residual stresses and deflections is taken into considerations for plate panels sub-
jected to impact loadings. Two different directions of impacts such as lateral impact and in-plane impact are
modeled to investigate the behavior of plate panels. Finite element analysis is a useful tool to predict the impact
strength of plate panels. The paper summarizes the results from numerical simulations of plate panels subjected
to in-plane and lateral impact loadings. The influence of the initial welding imperfection on the force-displace-
ment response is reviewed. Results show a reduction in the impact strength due to the occurrence of initial
welding imperfections in the plate panels. The reduction of impact force is found to be dependent on the mode
of initial deflection and direction of loading in the plate panels. However, the nonlinear dynamic analysis should
be compared with experimental scaled tests to verify the results.

2. Computation Methods and Procedures

This research work is aimed to investigate the influence of welding-induced residual stresses and deformation
(WSD) on the impact strength of plate panels. Since experimental investigations on partial and/or full scale
welded plate panels are difficult, FEM is often used to simulate the impact behaviors of plate panels subjected to
a striking object such as a ball or a rigid frame. The previous study [8] showed that simulation results on the de-
formation and impact forces of hybrid plate panels agreed very well with experimental ones. Therefore, in this
study, the simulation methods, simulation models and their results are focused.
The computation methods and procedures used in analyzing impact strength of plate panels with weld-
ing-induced residual stresses and deformation are summarized in Figure 1 as follows:
* Three dimensional welding heat conduction analysis on a butt welded plate panel is carried out using a re-
search version of the in-house FEM solver JWRIAN developed by authors [9].
* A coupled thermal-elastic plastic analysis is performed to estimate the welding residual stresses and defor-
mation using the in-house software JWRIAN.

Finite element models of plate panels

I

Coupled thermal-elastic plastic simulation of
welding induced-residual stress and
deformation using in house software JWRIAN

e  Welding conditions
e  Thermal conduction analysis
e  Thermal elastic plastic analysis

1!

Impact simulation using ABAQUS

Figure 1. Computational methods and procedures.
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* Implicit dynamic analyses using ABAQUS Ver. 6-13 [10] are carried out to simulate the deformation beha-

viors of the plate panel under impact loadings in different directions.
» Material properties of plate panels and its characteristics are as shown in Table 1 [11]. Strain rate effect was

not considered in this analysis.
Rigid Simple support B.C.

Welding line ball at all edges
Thickness = 6 mm

@

Simple support B.C.

ol at all edges
Welding line Thickness = 6 mm

(b)

Simple support B.C.
at all edges
Thickness = 6 mm

Welding line 60“ o2

©

Figure 2. (a) Plate panel impacted by a rigid ball in direction Y; (b) Plate panel impacted by a ri-
gid frame in-plan direction-Z; (c) Plate panel impacted by a rigid frame in-plan direction-X.

Table 1. Mechanical properties of the material.

Mechanical properties of the material

Young’s Poisson Yield Tensile Failure
Modulus Ratio Stress Stress Strain
210 Gpa 0.3 320 Mpa 480 Mpa 35%
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3. Plate Panel and FEM Models

A square plate panel 600 x 600 x 6 mm is modeled using eight node hexa elements as shown in Figure 2(a). A
fine mesh of size 2 x 2 mm is adopted at the welding line with four elements through the plate thickness. A
gradually coarsened mesh towards the plate edges is adopted to save computational time. The plate panel is as-
sumed simply supported at all edges. The impactor (ball or frame) is modeled as a rigid body. An artificial mass
is concentrated at the center of the impactor. An initial impact velocity was assigned to the impactor in the mo-
tion direction and other degrees of freedom were constrained. Different directions of impact loadings are inves-
tigated, namely lateral and in-plane loadings as shown in Figures 2(a)-(c), respectively.

4. Welding Residual Stresses and Deformation

The effect of initial imperfections, welding residual stresses and deformation (WSD), are taken into account in
the plate panel when subjected to impact loadings. A volumetric heat source is applied through the welding line.
The problem is treated as a de-coupled thermal-mechanical analysis. However, temperature dependent mechan-
ical properties are used. First, a thermal analysis was performed to predict the temperature history of the plate
panel. Subsequently, thermal loads induced by transient welding temperature fields were applied to the plate
panel and residual stresses were predicted using a nonlinear thermal elastic plastic FEM [12]. Results of analys-
es such as temperature, welding residual stresses and deformation are shown in Figure 3.

5. Impact Analyses
5.1. Lateral Impact in Y-Direction

By considering the welding residual stresses and deformation (WSD) shown in Figure 3 as initial welding im-
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Figure 3. Welding residual stresses and deformation computed by thermal elastic plastic FEM. (a) Temperature distribution;
(b) Distribution of residual stress-X; (c) Deflection mode; (d) Residual stress-X distribution in Z-direction.
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perfections, a lateral impact loading in Y-direction is applied as shown in Figure 2(a). A virtual mass of 200 kg
and an initial velocity of 6 m/sec are concentrated at the center of the impactor (rigid ball). Here, a plate panel
without WSD is referred to as “flat plate” while the plate panel with the considered initial imperfections is re-
ferred to as “plate with WSD”. Figure 4 and Figure 5 show the deformation due to impact loading of the flat
plate and the plate with WSD, respectively. It is observed that the two plates have the same deflection mode.
However, the maximum deflection at the center of the plate with WSD reached 57 mm which is larger than the
maximum deflection of 49 mm in the case of the flat plate. After the velocity of the impact ball becomes equal
to zero, the ball rebounds and the deflection of the plate panel decrease. Figure 6 shows the stress distribution
during the impact loading. Figure 7 shows relationships between impact force and displacement of the ball. The
plate with WSD attained lower impact force than that of the flat plate. This is because that the stiffness of the
plate panel with WSD is reduced by initial welding imperfections from the beginning of loading. In this type of
impact, the initial welding imperfections reduced the impact strength of the plate panels significantly. After
yielding, plasticity spreads in the central part of the plate panels which increases the reduction of the impact
force for the both plates.
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Figure 4. Deflection mode for flat plate.
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Figure 5. Deflection mode for plate with WSD.
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Figure 6. Stress and deformation of plate with WSD.
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Figure 7. Force-displacement relationships.

5.2. In-Plane Impact in Z-Direction

In this section, in-plane impact loading in Z-direction as shown in Figure 2(b) is investigated. This case is typi-
cally similar to the case of the plate of web frame and subjected from outside to impact loading. A virtual mass
of 10,000 kg and an initial velocity of 6 m/sec are concentrated at the reference point of the impactor (Rigid
frame). For plate panels with WSD, the maximum deformation as shown in Figure 8 is observed at the center of
the plate panel (at the weld line) with a value equal to 50 mm. While the maximum deflection of the flat plate as
reached about 35 mm and it is far from the center of the plate as shown in Figure 9. Here, the deflection mode
of the flat plate is somewhat different from that of the plate with WSD. The deflection mode of the flat plate
looks like a buckling mode. Mises stress and deformation of the plate with WSD produced by impact loading are
shown in Figure 10. Figure 11 shows relationships between the impact force and displacement of the rigid
frame. During the elastic state, force and displacement relationships are similar. Deviations are observed after
the spread of plasticity. The two plates have almost the same maximum impact force. However, the plate with
WSD showed fast decrease of the impact force after the spreads of plasticity. On the other hand, the flat plate
has sustained additional load after yielding and then the impact force decreased. It can be understood that the
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Figure 9. Deflection mode for plate with WSD.
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Figure 11. Force-displacement relationships.

two plates have almost the same initial stiffness. The influence of the initial welding imperfections on impact
deformation near the center of the plate can be clearly observed. The deflection mode of the plate with WSD
follows the mode of initial deflection, while the flat plate has a strong effect on a post buckling mode.

5.3. In-Plane Impact in X-Direction

In this section, in-plane impact loading in X-direction as shown in Figure 2(c) is investigated. Previous initial
conditions due to welding of the plate panel are applied. Also, the same values of virtual weight and initial ve-
locity are concentrated at the center of the rigid frame. For both the plate panel with WSD and the flat plate, the
maximum deflections are observed far from the center of the plate panel. Although the plate panel has same ini-
tial conditions and same acting impact load, values of the maximum deflections in this case of impact are less
than those in the case of impact in Z-direction. Also, the deformation modes of the plate WSD and the flat plate
are similar as shown in Figure 12 and Figure 13. Both plates deflect in the post buckling mode. Figure 14
shows the stress and deformation of plate panel with WSD during impact loading. Figure 15 shows relationships
between impact force and displacement. Initially, the two plates have almost the same stiffness. Also, the two plates
have almost the same maximum impact force. When plastic deformation has occurred, the load carrying capaci-
ty of the plate with WSD starts to decrease causing the impact force to rapidly decrease. However, the flat plate
sustains a little more load after yielding. In this type of impact loading, the influence of the initial welding im-
perfections is less significant on the behavior of the plate panels than in the case of impact in Z-direction.

6. Conclusions

The paper refers to the simulation impact of plate panels with welding stress and deformation (WSD). Two dif-
ferent directions of impact loadings on plate panels such as lateral impact and in-plane impacts are investigated.
The following related aspects are considered to be essential for such a research work:

* Whatever the direction of impact loading, the occurrence of welding stress and deformation has a significant
role in the reduction of the impact strength of the plate panels. The reduction of impact force is found to be
dependent on the mode of initial deflection and direction of impact loading in the plate panels. The reduction
is more significant when the impact force is in the lateral direction.

* Regarding to lateral impact, the stiffness of the plate panel with WSD is reduced from the beginning of im-
pact loading. After yielding of the plate panel, the impact force is drastically decreased and its value reaches
to zero force.

* Regarding to in-plane impact in Z-direction, the deflection mode for the plate panel with WSD follows the
mode of initial deflection, while the flat plate behaves post buckling mode. For in-plane impact in X-direc-
tion, the influence of the initial welding imperfections is less significant on the impact strength and behavior

of the plate panels.
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Figure 12. Deflection mode for flat plate.
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Figure 15. Force-displacement relationships.

As the value of initial deflection is increased in the plate panels, as the reduction in the impact force is in-
creased.
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