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Effects of Initial Imperfection due to Welding on Rigidity and

Strength of Triangular Corner Bracket’

Yukio UEDA*, Yoshio KURAMOTO** and Tetsuya YAQ***

Abstract

The function of corner bracket is considered to reduce the stress concentration at the corner of main members, to
increase the rigidity of the conjunction, etc.. In the case where the size of the bracket is of the same order of magnitude
as the main members, its contribution to the strength can be expected to a certain extent. In this study, the buckling, and
ultimate strength and rigidity of triangular corner bracket is theoretically and experimentally investigated with consid-
eration of the effects of welding residual stresses and deformation, and reinforcement with stiffener.

For theoretical analyses, such as elastic-plastic large deflection analysis, elastic-plastic thermal stress analysis, etc.,
the methods which were developed by the authors with the aid of the finite element method are applied. Initial deflection of
the bracket reduces the rigidity and ultimate strength as observed in the case of square plates under compression. Welding
residual stresses in the bracket are not self-balanced due to the existence of the main menbers, and are mostly in tension.
The tensile residual stresses increase the strength of the bracket. Stiffener provided along the free edge also increases the

strength.

1. Introduction

Triangular brackets such as corner brackets or
tripping brackets are generally used in ship structures.
As for tripping brackets, there are several papers in
which their rigidity and strength®? or reinforcement
of main structures were studied.® However, as for
corner brackets, only few studies were reported, which
are theoretical study on buckling strength® and ex-
perimental study on fatigue strength® and ultimate
strength.®

The function of corner brackets is considered to
reduce stress concentration, to increase rigidity of the
conjunction, etc.. In this study, the buckling strength,
ultimate strength and rigidity of triangular corner
brackets are investigated both theoretically and ex-
perimentally with consideration of the effects of
welding residual stresses and deformation, and the
reinforcement with stiffeners. The welding residual
stresses are also investigated, and the theoretical re-
sults are compared with the measured ones. For the
theoretical analyses such as buckling strength analysis,
elastic-plastic large deflection analysis and elastic-
plastic thermal stress analysis, the methods which were
developed by the authors with the aid of the finite
element method are applied.”®®

2. Theoretical analyses

A series of theoretical analyses is carried out on the
right-angle isosceles triangular corner bracket under
the following loading and boundary conditions as
shown in Fig. 1. The finite element representation is
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Fig. 1 Finite element representation of triangular bracket
with loading and supporting conditions
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also illustrated in this figure. The external load is
applied by forced displacements on the two sides,
keeping them straight. For out-of-plane deformation
the triangular bracket is fixed along two sides and is
free or simply supported along the remaining hypote-
nuse. As described above, these loading and bound-
ary conditions are quite simplified, but they are con-
sidered to be very close to actual ones observed in
ship structures. The results obtained by the theoretical
analysis under these conditions show good agreement
with the test results to be mentioned later.

2.1 Buckling strength

The theoretical buckling strength computed may be
expressed in the following form.

2 E r\2?
T =k aa—m <§) M
where

k=3.179 (for the 1st mode buckling) @
k=4.033 (for the 2nd mode buckling)

Figure 2 shows the buckling mode and the distribution
of stresses and reaction forces along the loading edges
at the 1st mode buckling when r=3.2 mm and L=
320 mm.

In relation to the above buckling analysis, various
kinds of other boundary conditions can also be
assumed for out-of-plane deformation, and under
various supporting conditions for reference the ob-
tained buckling coefficients, k, are summarized in
Table 1.
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Fig. 2 Stress distribution and deflection mode at 1st
buckling mode
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Table 1 Buckling strength of triangular bracket under
various supporting conditions

Loading edge s.s. s.s. | fixed | fixed S.S. S.5. fixed [fixed
Free edge free free free free 5.5, $.S. 5.5, s.S.

k 0.53211.960|3.179 | 4.033 6.646 { 6.837 | 6.353 |7.380
Buckling mode Ist 2nd Ist 2nd Ist 2nd Ist 2nd
(V,cr/L)/(t/L)‘0.274 1.01011.639}2.079 3.426‘ 3.523 }3.273 }3.803

2
s.s.: simply supported 0”=kT21'(~|E_—vﬂ—(-ﬁ-)2

2.2 Rigidity and ultimate strength

An elastic-plastic large deflection analysis is per-
formed on the triangular bracket of side length to
thickness ratio, L/t, being 50, 65, 80, 100 and 1350.
The bracket is assumed to have initial deflection of
the form.

w=%’—<l + cos Zf)(l + cosﬂ—(y%@—) (3)

where A.=|y| and 1,=B—|x|, and x and y-coordi-
nates are those shown in Fig. 2.

The thickness of the bracket is chosen as 3.2 mm,
the value of w, being 0.032 mm. The behavior of the
triangular bracket is shown in Fig. 3 when L/t=100.
In this figure, load-lateral deflection curve, load-com-
pressive displacement curve, stress distributions and
deflection modes at several loading stages are illus-
trated, where o5 is an avarage stress at the middle
section, 44’ and D is the in-plane rigidity of the
bracket before buckling occurs.
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Fig. 3 Changes in lateral deflection, in-plane displacement
and in-plane rigidity against the mean stress at AA’
section
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2.3 Effect of initial deflection on the rigidity and
strength

In actual structures, triangular corner bracket is
attatched to the main members by welding on two sides
making right angle, and consequently the welding re-
sidual stresses and deformation are produced in the
bracket. In this section, the effect of intial deflection on
the rigidity and strength is investigated. First, theo-
retical analysis is performed on the traingular bracket
of t=3.2mm and L=320 mm, with initial deflection
of the form given by Eq. (3) where w, is 0.25, 0.50 and
1.00 times the plate thickness. The load-lateral deflec-
tion curves obtained are plotted in Fig. 4. Then,
changing the side length to thickness ratio, L/t, to 50,
65, 80 and 150, the same analysis is performed, and
the results on the ultimate strength are summarized
in Table 2.
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Fig. 4 Effect of the magnitude of initial deflection on the
rigidity and strength of triangular bracket

Table 2 Ultimate strength (¢B/oy) of triangular bracket
with initial deflection

L/No/t 0.01 1 0.25 | 0.50 | 1.00
50 0.862| — | — | 0.666
65 0.782 | — | — ] 0.596
80 0.684 | — | — | 0.545
100 0.561 | 0.528 | 0.508 | 0.466
150 0.384 { — | — [ 0.346

2.4 Welding residual stresses in the triangular bracket

In this section, in order to obtain informations on
the welding residual stresses in the triangular bracket,
the heat conduction analysis and the elastic-plastic
thermal stress analysis are performed on the triangular
bracket of £=3.2 mm and L=320 mm. As a heat input
of welding, 16,000 Joule/cm is given instantaneously
along the two sides making right angle. The change of
temperature distribution after welding and the result-
ing welding residual stresses are shown in Figs. 5(a)
and - (b), respectively. The measured welding residual
stresses on the specimen of the same size is also plotted
in this figure, and a good agreement is obtained be-
tween the theoretical and measured ones.
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(b) Distribution of welding residual stresses

Fig. 5 Analysis of welding residual stresses in the
triangular bracket (L/t=100)
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Fig. 6 Effect of welding residual stresses on the strength
of triangular bracket

2.5 Effect of welding residual stresses on the rigidity
and strength '

With welding residual stresses obtained above, the
effect of residual stresses on the rigidity and strength
is investigated, in the case of r=3.2 mm and L=320
mm. The initial deflection of the form given by Eq.
(3) and of the magnitude w,/=0.01, 0.50 and 1.00 is
assumed. The relation between mean compressive
stress on the symmetric axis and lateral deflection is
shown in Fig. 6 for each case.

2.6 Effect of stiffener on the rigidity and strength

Triangular corner brackets are usually reinforced
with the stiffeners. Here, a stifferer is assumed to be
attatched to the bracket along its free edge. When the
stiffener is sufficiently stiff, and the free edge is sup-
posed to be simply supported, the value of the theo-
retical buckling coefficient, k, in Eq. (1) is 6.353.
Therefore, the value of the buckling coefficient of the
actual stiffened bracket lies between 3.179 and 6.353.
A series of elastic-plastic large deflection analysis is
also performed on the triangular bracket reinforced
by the stiffener along its free edge. Figure 7 shows the
changes in the stress distribution and the lateral de-
flection along the symmetric axis of the bracket of
t=32mm and L=480 mm, with and without a
stiffener. In this figure, P-Type is the bracket without
a stiffener and F-Type is the bracket with a stiffener
of which hight is 54 mm. The same analysis is also
performed on the brackets whose L/t ratio and the
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hight of the stiffener furnished are varied. The ulti-
mate strengths obtained by the analysis are summarized
in Table 3.

2
P-Type 30 0 (kg/mm?) F-Type

Stress distribution at AA'
section

5 -20

with stiffener

4

3 -0}

[~ 2

1

Lateral deflection at AA’ section

2
5} 0.5
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; .
15115 0,/0,-0.093 ( .
2; 0,/0,70.185 A A
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4, UB/UV=0'368 %’a
55 0/0,=0.382

Fig. 7 Effect of the stiffener on the behavior of
triangular bracket

1; 0y/0,=0.284
2; 0g/0,=0.372
3; 03/0=0.493
4; 0,/0,=0.619
5 03/0,=0.657
6: 0/7,=0.716

Table 3 Effect of the stiffener on the ultimate strength
of triangular bracket

L/t \hxts (mm) | 18x3.2 | 36x3.2 ] 54x3.2 | 72x3.2
50 1.011 | 1.080 | —
100 — | 0.980 { 1.067 | —
150 —— | —— | 0.716 | 0.770

3. Experiment
3.1 Test specimens

A series of experiment is also conducted to confirm
the results obtained by the theoretical analysis. Each
test specimen consists of two I-section beams and a
triangular bracket as illustrated in Fig. 8.

The process of constructing the test specimen is as
follows;

(1) the initial deflection is imposed in a square plate
by applying air pressure, and

(2) the square plate is cut into two right angled isos-
celes triangulars,

(3) then, the triangular bracket is attatched to a

frame of the two beams by welding.
Four types of triangular brackets are furnished, which
are P-, R-, D- and F-Type as shown in Fig. 8. P-Type
is an ordinary triangular bracket, and R-Type has a
round free edge. F-Type and D-Type have one and two
stiffeners, respectively. The mechanical properties of
the material used is shown in Table 4. Table § sum-
marizes the specimen number together with the test
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Table 4 Mechanical properties of the material
Plate thickness Oy Og Elongation
{mm) {kg/mm?) (kg/mm?) (%)
3.2 30.0 47.0 36.0
6.0 31.3 50.6 33.1
9.0 26.4 a47.9 41.2

results. The test specimen number is given in the fol-
lowing way. Taking P-50-0.02, for example, P, 50 and
0.02 imply the type of the bracket, the side length to
thickness ratio, L/¢, and the maximum initial deflec-
tion to thickness ratio, wo/t, respectively.

Table 5 Specimen numbers and test results

Specimen No. | L/t | Wo/t Pm“(ton} PBM‘(ton) F&M‘(ton)
P- 50-0.02 50 | 0.02 53.0 27.0 10.7
P~ §0-1.00 50 | 1.00 54.1 17.0 8.9
P-100-0.03 100 | 0.03 51.8 21.5 16.8
P-100-1.11 100 | 1.1 52.0 16.5 14.5
R- 50-0.07 50 | 0.07 26.8 23.0 8.4
R- 50-0.41 50 | 0.47 26.1 18.0 7.9
R-100-0.12 100 | 0.12 25.9 14.0 12.4
R-100-0.34 100 | 0.34 25.2 12.8 11.9
F- 50-0.17 50 | 0.17 24.6 28.0 11.6
F- 50-0.19 50 | 0.19 26.7 28.0 11.9
F-100-0.25 100 | 0.25 25.3 17.5 19.5
F-100-0.44 100 | 0.44 30.9 21.6 21.4
F-100-0.56 100 | 0.56 29.6 20.8 21.4
F-150-0.03 150 | 0.03 31.2 20.4 20.1
F-150-0.25 150 {. 0.25 29.6 22.5 23.6
F-150-0. 34 150 | 0.34 30.2 19.4 19.7
D-150-0.03 150 | 0.03 38.0 28.5 32.3
D~150-0.47 150 | 0.47 36.8 29.0 33.2
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Fig. 9 Bracket force—lateral deflection curves of P and
F-Type specimens (Experiment)

3.2 Test procedure and test results

The experiment is carried out at Nagasaki Labora-
tory of Mitsubishi Heavy Industry, Ltd., using the
100 tons universal testing machine. In the experiment,
lateral deflections and strains in one direction perpen-
dicular to the symmetric axis are measured at several
points of the bracket. From measured strains in one
direction, the force F;" which the triangular bracket is
subjected is calculated using the uni-axis stress-strain
relation. The test results are summarized in Table 5,
where Fp'...x is the maximum value of F3" and Pj max
is the applied load when F3'=F}p .x. The relations be-
tween F;’ and lateral deflection of P- and F-Type
specimens are plotted in Fig. 9.

4. Discussions
4.1 Relation between theoretical and experimental
results

First, the results of the theoretical analysis are com-
pared with those obtained by the experiment. Figure
10 shows the load-lateral deflection curves of P-100
type specimens obtained by both theoretical analysis
and experiment. In this figure, broken lines indicate
the experimental results, chain lines the results of
analysis without welding residual stresses and solid
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Eg: secant modulus of material
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Fig. 10 Comparison of experimental results with FEM
analysis (P-100 Type)

lines are those with welding residual stresses. By the
theoretical analysis, Fr represents the force acting at
the middle section of the bracket, and F;’ is the force
which is obtained by the integration of stresses cal-
culated from the analysed strains in one direction in
the same way as done for the experimental results. It
can be observed from the result of theoretical analysis
that Fj' is larger than Fp at the same magnitude of
lateral deflection. The result of the theoretical analysis
including the effect of the welding residual stresses
shows a good agreement with the experimental results.
It may be concluded that the theoretical analysis can
well describe the actual behavior of the triangular
corner bracket.

The theoretical and experimental ultimate strength
are summarized in Fig. 11. As far as the experimental
result is concerned, F',,.x is only a measure to indicate
an ultimate strength, but the actual ultimate strength
may be somewhat lower than the plotted points
judging from the relation between F3’ and F; ob-
tained by analysis. On the other hand, in the case of
F-Type specimens, the ultimate strength by the theo-
retical analysis is in good agreement with the experi-
mental one, though the welding residual stresses are
not considered in the analysis. This agreement may be
due to the following reason. In the analyis of the
bracket with a stiffener, the stiffener is assumed to be
fixed against the lateral deflection at both ends, and
this end condition may predict higher ultimate strength
of the stiffened bracket than that of the test specimen
of which stiffener has a snip end. On the other hand,
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the ultimate strength of the stiffened bracket obtained
by the experiment increases due to the existance of
welding residual stresses. Increments in both theoret-
ical and experimental ultimate strength may be re-
garded to be of the same magnitude, and then a good
agreement may be obtained between theoretical and
experimental ones.

1.0
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wo/t=10.01 ~.
g/ Ty 2
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0.8 e \
O~ > B
with stiffener
[}
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Experiment
0.2 O P series
a F series
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F.E.M. Analysis ——m=)——emm,enman
B/t fOy/E
0.0

2.0 3.0 4.9

Fig. 11 Ultimate strength of triangular brackets

4.2 Effect of welding residual stresses on the rigidity
and strength

(a) Welding residual stresses in the triangular corner
bracket

The distribution of welding residual stresses in the
triangular corner bracket is quite different from that
in plate elements with butt weld or fillet weld in a struc-
ture. The residual stresses in the bracket are mostly in
tension and not self-balanced in the bracket due to the
existence of the main members. This particular dis-
tribution is mainly due to the difference in the mag-
nitude of the rigidity between the triangular bracket
and main members. Usually, the rigidity of the main
members is considerably large as compared with that
of the corner bracket, and the main members restrain
the thermal deformation of the corner bracket under
the influence of heat conduction from the weld metal.
The tensile welding residual stresses are produced by
this restraint of the thermal deformation besides the
thermal shrinkage of the weld metal. The distribution
of the welding residual stresses predicted by the theo-
retical analysis is in good agreement with the measured
one in the specimen, except near the right angled
corner. This distribution is not identical with, but may
be much the same as those in the acual triangular
corner brackets.
(b) Effect of welding residual stresses on the rigidity

and strength

The rigidity, buckling strength and ultimate strength
of structural elements are affected considerably by the
existence of welding residual stresses. The influence
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of the welding residual stresses is greatly dependent on
their distribution and magnitude. In the case of a
square plate welded along its opposite two edges, the
rigidity and strength decrease due to the welding
residual stresses which are in compression at the
central part of the plate.!® However, in the case of
triangular corner brackets attatched to the main
members by welding, the welding residual stresses
are mostly in tension, and these stresses increase the
rigidity and strength.

4.3 Effect of initial deflection on the rigidity and
strength

The in-plane rigidity of a bracket decreases as the
magnitude of initial deflection increases. For example,
when r=3.2 mm and L=320 mm, the initial deflec-
tion of wo/t=1.0 reduces the rigidity of the plate
about 209 at the beginning of the loading, and
about 309, at the ultimate strength comparing with
that when wo/t=0.01. The ultimate strength also de-
creases according to the magnitude of initial deflec-
tion. The tendency of decrease in the rigidity and
strength become greater as the side length to thickness
ratio, L/t, decreases.

4.4 Reinforcement with stiffener

The function of the stiffener attatched along the
free edge of the triangular corner bracket is to prevent
lateral deflection of the plate and to carry a part of
the external load. These functions produce the higher
buckling strength and maintain the higher rigidity even
after local buckling, and consequently lead to the
higher ultimate strength. The experimental values on
ultimate strength of F-100 series and F-150 series
specimens are somewhat scattering among each series,
though the maximum values of initial deflection of
each series are almost same. This may be attributed
to the difference of the shape of initial deflection.

5. Conclusions

A series of buckling analysis, elastic-plastic large
deflection analysis and elastic-plastic thermal stress
analysis are conducted for the triangular corner
brackets subjected to compression to clarify the ef-
fects of initial imperfection (welding residual stresses
and initial deflection) due to welding. A series of ex-
periment is also carried out to confirm the results of
theoretical analyses. The results obtained are sum-
marized as follows.

(1) Initial deflection decreases the rigidity and ulti-
mate strength of a triangular corner bracket. This
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decrease is more remarkable when the side length
to thickness ratio, L/t, decreases.

(2) The welding residual stresses in the triangular
corner bracket is usually in tension, and these
stresses increase the buckling strength and the
ultimate strength of the bracket.

(3) The buckling strength and the ultimate strength

increase due to the stiffener attatched along its
free edge.
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