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Abstract

A comparative study of the finite element analysis of the local stresses in a ship structural
detail has been carried out by the members of Technical Committee 11.1 of ISSC ’97. An
experimental model for the intersection structure of longitudinal stiffeners and a transverse
bulkhead was selected as the analysis object. Finite element analysis results of eight shell
element models and two solid element models were collected for this comparative study. It is
found that the results of shell element models for local stresses have high correlation with each
other, but give significantly lower stresses than the experimental results. The results of the solid
element model, on the other hand, agreed well with the experimental results at the weld toe.
A possible interpretation of the results of shell element models, in the practical procedures of
hot spot stress evaluation, is discussed. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
For the evaluation of fatigue strength of ship structures, explicit fatigue analysis is
becoming an important part of ship structural design. The hot spot stress approach,
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combined with detailed finite element analysis, is expected to be the most practical
method. The concept of hot spot stresses, which has been often applied to the tubular
joints of offshore structures, is generally understood to be the stresses at weld toe
locations taking all geometrical influences into consideration except for the local weld
geometry. However, the calculated local stresses around the structural singularities
vary depending on the structural idealization, the element types used and the mesh
subdivisions. An increasing amount of work is now being carried out for the practical
evaluation of hot spot stresses of stiffened plate structures. In order to obtain some
standards or guidelines for the analysis, it was decided by Technical Committee 1.1 of
ISSC’97 to carry out a finite element comparative study focusing attention to the
evaluation of hot spot stresses of ship structural details. The experimental model of
research project SR219 [1] in Japan was selected as the analysis model of the
comparative study so that the calculated results could be compared with the experi-
mental results for the proper validation.

2. Experimental model

The stiffened panel test model, shown in Fig. 1, is for a part of a typical side
longitudinal and transverse bulkhead intersection of crude oil tankers. The model
consists of three longitudinal stiffeners and one transverse frame, and has twofold
symmetry with respect to longitudinal and transverse directions, respectively. The
transverse frame is supported by tripping brackets at the center longitudinal and
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Fig. 2. Locations of strain measurement.

stiffened by flat bars at the side longitudinals. The model is made of high strength
hull structural steel of class KA32 having the yield strength higher than 314 MPa
(32 kgf/mm?), and constructed by applying the same welding procedure as used for
actual ship structures.

The load is applied in a three-point bending configuration in the horizontal
direction, using a hydraulic actuator, through the triangular loading plate of 40 mm
thickness attached to the flange plate of the transverse frame. The model was
supported at vertical reaction columns through rollers at the ends of longitudinals.
While increasing the loads gradually from zero to a maximum of 392 kN (40 tonf),
displacements and strains were measured at several reference points and critical
locations. Uni-axial strain gauges were used to measure the longitudinal strain
components. At the weld joint of the side longitudinal flange plate and the flat bar
stiffener, which is expected to be the possible location of fatigue crack initiation, stress
concentration gauges were used to evaluate the hot spot stresses. Measuring points,
used for the comparison with the analysis results, are shown in Fig. 2.

3. Analysis models
Nine analysis models, shown in Table 1, were collected for this comparative study

from seven committee members and one outside collaborator. Mesh subdivisions for
some of the models are illustrated in the appendix.
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The problem was analyzed independently by each contributor using his own
solution procedures, based on the following common guidelines:
(1) solution method is to be the linear elastic analysis;
(2) material properties for the ship structural steel is to be isotropic linear elastic with
Young’s modulus = 206 GPa, Poisson’s ratio = 0.3; and '
(3) magnitude of applied load to be 392 kN (40 tonf).
No information concerning the experimental results was given prior to the analysis.
All the participants made use of the twofold symmetry condition, and the quarter
part of the test model was analyzed. Only one model, model (3), was constructed using
three-dimensional solid elements, while all the other models were idealized using shell
elements, where the detailed geometry of the weld was not represented. Graded mesh
subdivisions were applied, except for model (8), with the element size on the order of
one plate thickness near the transverse/longitudinal connections. In model (8), rela-
tively uniform fine mesh subdivisions were used over the zooming model for 1/12 of
the structure on 1200 mm length.

4. Comparison of analysis and experimental results

Finite element analysis results are compared in Table 1, together with the experi-
mental results and results obtained by hand calculation based on beam theory.
Numerical values of measured stresses were obtained multiplying the measured
strains by E(Young’s Modulus = 206 GPa). Variations of the measured results at
symmetrical locations with respect to longitudinal and transverse directions were
generally small, several percent on average and 5% at the most.

The experimental value of the deflection in Table 1, obtained from the measured
relative displacement between the center and supporting points of the center longitu-
dinal, was slightly smaller than those predicted by the analyses. A likely reason for this
difference is the slightly non-linear behavior of the load displacement relation ob-
served in the experiment at lower load levels, which could be caused by the effects of
the local deformation at the contact points of the supporting rollers and the loading
apparatus rigidity. ‘

Table 1 includes the stress results of reference sections at §00 mm from the center of
the model, at the bracket end section of the center longitudinal and at the stiffener end
section of the side longitudinal. The average of calculated stresses are plotted against
experimental stresses in Fig. 3. Excellent correlation between the analysis and experi-
mental results can be observed except for the region close to the weld toe (E21, E40).
The coefficient of variation (COV) of the analysis results are shown in Fig. 4. It can be
observed that the COV has a tendency to decrease with the increase of stresses except
at the bracket and the stiffener weld toe (E21, E40).

As for the determination of hot spot stresses at the weld toe, several different
methods of extrapolation have been proposed. Hence, it was decided that the com-
parison of the analysis results will be made on the stress distribution near the welded
joint, rather than on the hot spot stress itself. The results for the stress distribution of
the flange plate of the side longitudinal near the stiffener weld toe end are shown in
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Fig. 5. It is interesting to note that the results using shell elements have high
correlation with each other, but give significantly lower stresses than the experimental
results. The results of the solid element model (3), on the other hand, agree well with
the experimental results at the weld toe. Since the number of the results of solid
element models available for comparison is limited, a supplemental analysis was
carried out using solid elements to confirm the results of model (3). The additional
results are shown in Fig. 5 as model (10) and a good agreement with the results of
model (3) is observed.

5. Discussion

Since all the shell element models do not include the weld, the difference between
the calculation results and the experiment may be attributed to the effects of weld
geometry. Fricke and Paetzold [2] pointed out the importance of proper modeling of
exact fillet weld stiffness. It is also pointed out by Kawano et al. [3] that shell element
models sometimes give lower estimates for stress concentration due to the effect of the
local deformation through the thickness of a plate. Although the number of experi-
mental measurements and the types of the structure investigated are limited in the
present comparative study, it can be concluded that the solid element model including
weld geometry is recommended especially when the correlation with experimental
results is to be pursued.

Considering the expensive analysis cost of the solid element model, on the other
hand, it is also important to establish a reliable and practical procedure based on shell
element idealization for the local stress estimation. It should be noted that some of
the contributors with shell element models used extremely fine meshes at the area
of stress concentration, but the variations of the results remained relatively small.
This indicates that the shell element model could be used as a reliable tool in the
design analyses. In order to avoid the underestimation of stress concentration by the
shell element models, however, some modification or interpretation have to be
considered. _

In the DNV procedure [4] for local stresses calculation to determine the stress
concentration due to the geometrical effect of actual details, extrapolation methods of
element stresses are described in order to determine the stress at the weld toe. If shell
elements are used for the models which do not include the weld, extrapolation is to be
performed to the element intersection lines. Then the stresses at a distance 0.5t and
1.5t from this intersection line are used for the extrapolation, where ¢ is the plate
thickness. This corresponds to a translation of stress distribution without changing its
shape from the element intersection line to the weld toe. A similar procedure to
translate the stress distribution is proposed in NK Guidance [5].

In the present comparative study, investigations were not made on the stresses at
the element intersection line, except for the results of model (8), which are shown in
Fig. 6 to illustrate the procedure. Abscissa for the experimental results are exactly the
same as in Fig. 5, i.e. the distance measured from the weld toe, whereas the abscissa for
the calculated results of model (8) was taken from the element intersection line, i.e. the
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Fig. 6. Translation of stress distribution.

extremity of the flat bar stiffener. An excellent correlation is observed in this example.
However, the effectiveness of the procedure should be verified by further examination,
considering the special aspect of model (8) that the extremely fine mesh model is used
in the zooming analysis, as shown in Fig. A7 in the appendix.

Another possible method to avoid the underestimates of shell element models is
the explicit inclusion of the weld connection rigidity. Machida et al. [6] proposed
to include geometrical effects of weld connections into the shell element idealiza-
tion by increasing the element plate thickness by about half the weld leg length. It
was shown in Ref. [5] that the proposed method had been successfully applied to
the prediction of measured local stress distributions for several types of structural
details. ,

These practical procedures for local stress evaluation, validated by experimental
and analytical studies, are important for the accurate fatigue life estimation of ship
structural details.

6. Conclusions

A finite element comparative study of a ship structural detail was carried out with
eight shell element models and one solid element idealization, focusing attention on
the hot spot stress evaluation at weld connections. From the comparison of analysis
and experimental results, it can be concluded that
(1) Three-dimensional solid element models which include the representation of the
weld geometry are recommended for the precise prediction of local stresses at weld
connections. :

(2) Shell element models can be used as a reliable tool for design analyses. However,
to avoid underestimation of local stresses, the rigidity of the weld connection
should be properly included in the model. If the weld is not included in the model,
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a proper interpretation of the results by translating the stress distribution from the
element intersection line to the weld toe have to be considered.
Practical procedures to precisely predict local stress distributions, validated by experi-
ments as in the above, are expected to contribute to the design of reliable ship
structures.
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Appendix

The mesh subdivisions employed for the analyses are illustrated in Figs. A1-AS8.
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2. Mesh subdivision of model (2).
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