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Compressive Strength of Structural Members with Soft Weld Joints'

Yukio UEDA *, Hidekazu MURAKAWA ** and Hidetoshi KIMURA ***

Abstract

Soft weld joints or under matching weld joints are often employed in the welding of high tensile strength steel to
avoid crackings. The compressive strength of structural members, such as columns, plates and pipes, with soft weld joints
is analyzed by Finite Element Method and simple mechanical models. Especially, the effects of the width and the loca-
tion of the soft joint, slenderness ratio, initial deflection and the strain hardening are clarified.
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1. Introduction

With the increasing severity of design conditions, high
tensile strength steel has been introduced in various
welded structures. In case of conventional high tensile
strength steel, soft weld metal which has lower yield stress
compared to the base metal is used to avoid crackings.
This type of joint is known as soft weld jointl) and it can
be also found in TMCP (Thermo-Mechanical-Control-
Process) steel with low carbon equivalent. The mechanical
properties of weld joints, such as tensile strength?)~7) and
fracture toughnesss) have been studied. However, its
strength under compressive 10ad” is not throughly
understood yet because it involves buckling phenomena.
To clarify the compressive strength of structural members
with soft joints, the authors analyzed the behavior of
beams, plates and pipes. Finite Element Methods and
simple idealized models are employed and the effects of
the soft joint location and geometry, slenderness ratio,
initial deflection and strain hardening are clarified.

2. Strength of Soft Weld Joints

The buckling is usually observed in thin structures. The
stress state in such structures can be treated as plane stress
state. However, if soft weld joints exist, the elastic-plastic
stress state near the joints becomes three dimensional
stress state and the yield strength and ultimate strength
are increased due to so called plastic constraint. The
plastic constraint can be separated into in-plane and thick-
ness directions. The former is automatically considered in
ordinary Finite Element Method (F.E.M.) based on the
plane stress assumption. On the other hand, the latter is
neglected. Thus, special care is necessary to count the
effect of plastic constraint in the thickness direction when
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the strength of structures with soft joints is analyzed.

The illustration in Fig. 1 shows a plate with a welding
bead. The force is applied in the direction normal to the
bead. The degree of the plastic constraint depends on Hyt
and H/b, which are relative width of the soft joint com-
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pared to the plate thickness # and width b. If the con-
straint in the width direction is considered, the deformed

state becomes plane deformation in z direction when H/b

is small and there is no external constraint in the width
direction. When the plate is fixed in the width direction,
the deformation state becomes plane strain. On the con-
trary, if H/b is large, such as thin columns, it can be con-
sidered as plane stress state. Thus, the variation of the
constraint:in the width direction can be represented by
three typical states, namely, plane strain, plane deforma-
tion and plane stress states.

The effect of the plastic constraint in the thickness
direction is examined for the forementioned three states
by analyzing a strip with unit thickness as shown in Fig. 1.

In this analysis, two dimensional F.EM. based on the

plastic flow theory using Mises yield criterion is employ-
ed. The base metal and the weld metal are assumed to be
perfect elastic-plastic materials and their Young’s moduli
and yield stresses are E = 21000 kgf/mm?, oy, = 80 kgf/
mm? and o5 = 0.80, = 64 kgf/mm?. In case of the plane
deformation state, the plane normal to the weld line is
assumed to keep plane and free to move without rotation
around x axis.

The computed strength of plate with soft joint is plott-
ed against H/t in Figs. 1 and 2. The strength is normalized
by the full plastic compressive force or bending moment
of the homogeneous plate with the yield stress which is
same as that of the weld metal. The effect of the con-
straint in the width direction can be seen from the com-
parison among the three typical states. The plane strain
state gives the highest strength and the plane stress state
gives the lowest. On the other hand, the constraint in the
thickness direction increases as H/t becomes smaller. How-
ever, there are upper and lower limits in the strength and
they are shown in Figs. 1 and 2 (see Appendix for detail).

Since, the plane deformation state is the closest to the
real state of the plate member in most structures, its
detail is examined here. When H/r is large, the plastic
constraint in the thickness direction is negligible and only
constraint in the width direction is effective. Thus, it can

be shown from the flow theory of plasticity that the

lower limits for both compressive and bending strength
are (2/4/3). However, the upper limits for the small value
of HJt are different and they are (0y/05) and (2//3 ) (0p/
o,) for compression and bending, respectively. As seen
from the figures, the strength of the soft joint varies with
Hjt between these upper and lower limits. Therefore, if
ou/o; < 2/A/3 , the upper and lower limits for compres-
sion coincide and the strength becomes independent on
Hjt. In case of bending, the strength of soft joint is always
smaller than that of base metal unless oy, < 0.

The effect of the plastic constraint in the thickness
direction may be taken into account by introducing a
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fictitious yield stress which is proportional to the strength
ratio which is given by Figs. 1 or 2. Cons1der1ng that
compressive and bending deformation occurs simul-
taneously in compressive buckling of structural members,
it is a conservative assumption to use smaller one of the
strength ratios determined for the compression and the
bending. However, the width of the soft joint is assumed
to be large enough and the plastic constraint in the thick-
ness direction is ignored in the analyses discussed in the
following chapters.

3. Buckling Strength of Columns

Though columns are simple as structural members,
their buckling behavior under compressive load involves
fundamental ideas to understand those of plates and
shells. Thus, the compressive .strength of columns with
soft joint is analyzed and the effect of the following
factors are discussed.

(a) slenderness ratio

(b) initial deflection

(c) location of soft joint

(d) width of soft joint

(e) strain hardenin.g

The column considered has rectangular crosssection
and its length is L as shown in Fig. 3. It is assumed that
the soft region, the width of which is H, is located / from
the end of the column and the plastic constraint in the
thickness direction is neglected. The base metal and the
soft weld metal are both assumed to be perfect elastic-
plastic materials and their yield stresses are oy, = 80 kgf/
mm? and o, = 64 kgf/mm?, respectively. Further, the
sinusoidal form of initial deflection is assumed.

- : |
F*”'Q :ﬁ—F
= o

———

X

initial deflection: w; =woS1'n(TLX—E—)

Fig. 3 Column with soft joint under compression.

(a) effect of slenderness ratio

The buckling phenomena can be categorized into
elastic and plastic bucklings depending on the slenderness
ratio. There are significant differences between elastic and
plastic bucklings. Thus, it is important to clarify the effect
of the slenderness ratio on the compressive strength of
columns with soft joint. The slenderness ratio A, which is
defined by the following equation, is commonly used as
a measure to indicate the thinness of beams
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A? = oy/og = (L[m)* (A[]) (ox/E) )

where oy and o are yield stress and elastic buckling
stress, and

A=1th, I=b[12, og =n? EI/L*A

From the above definition, it can be seen that elastic
buckling occurs if A > 1, and plastic buckling occurs if
A < 1. In this report, however, y = A? is used as a measure
of thinness for convenience. Three types of columns with
v =2.0, 1.0, 0.5 are considered and these are referred to
as elastic buckling model (E. B. M), transition B.M.
(T.B.M.) and plastic B. M. (P.B.M.), respectively. Their
dimensions are shown in Table 1.

Table 1 Dimensions of columns under compression.
y=22 | t(mm)!b(mm)|L (mm)
E.B.M. 2.0 20.0 20.0 415.6
T.B.M. 1.0 20.0 20.0 293.9
P.B.M. 0.5 20.0 20.0 207.8
x10*
3. /
(P.B.M.)
\ K
< 2 (tsM) \\
3 \ \_ T~
é z \’\
: 1.F . \'\_\
E (E.B.M.)
= with soft joint
—-— without soft joint
O'0. o.'s 1'o 1:5 2.0

Axial disp1aceme}1t (mm)
Fig 4 Load-displacement curves of columns with soft joint
at center (H/t = 1, wg = t/1000).

Compressive load-displacement curves computed by
F.E.M. are shown in Fig. 4 for columns with initial deflec-
tion, the magnitude of which is #/1000. The solid and the
chain lines represent columns with soft joint and homo-
geneous columns without soft joint, respectively. The
width of the soft joint is assumed to be equal to the
thickness of the column. In case of the elastic buckling
model (E.B.M.), the column keeps the strength which is
as high as the elastic buckling load immediately after the
buckling. Then the load decreases gradually with the
plastic deformation due to the bending. On the other
hand, sharp decrease of load after reaching the maximum
value is observed in the transition (T.B.M.) and the plastic
buckling models (P.B.M.). Thus, it can be seen that the
transition and the plastic buckling models are sensitive to
disturbances. Particularly, the effect of soft joint is signifi-
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Fig. 5 Prediction of compressive strength of column with
soft joint at center (w, = #/100).

cant in these two models. Such differences in the effect of
soft joint can be explained qualitatively by the following
simple mechanical models. The elastic and the plastic
models are considered and the compressive strength is
obtained as a intersection of curves representing the two
models®, as shown in Fig. 5.

" The elastic load-deflection curve is given by the follow-
ing equation which involves v as a parameter.

w (x) =wo Sin (mx/L) / (1 — F[Fg) (2

= wo Sin (nx/L) | (1 — YE/Fy)
where

Fp = thoy, Fg = thog

The borken lines in the figure show the load deflection
curves of a columns with initial deflection, w, = #/100, as
an example.

While, the plastic deformation after the plastic hinge is
formed is obtained by the rigid-plastic hinge model as
shown in Fig. 5. In this model, the moment M, which is
acting at the hinge, satisfies the equilibrium condition and
the plastic condition, such that

M=w()F 3

(F/Fp)? + (M[My) =1 @
where
M, =(1/4) boy

By eliminating the moment from the above equations, the
load-deflection relation is obtained in the following form.

w ()= Mp/F) {1 - (FIF,)*} (5)
Two chain lines in Fig.5 are the plastic curves give by Eq.
(5) assuming that the yield stresses are gy, and g, respect-
ively. Thus, the intersecting points of the elastic and the
plastic curves, which are shown by solid and open circles,
represent the compressive strengths of column with soft
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joint and a uniform column. Then, the reduction of the
strength due to the soft joint is given as the difference in
heights of these two points. As seen from the figure,
reduction of the strength is small for the elastic buckling
model. Whereas, it is large for the transition and the
plastic buckling models and the reduction ratio is close to
the ratio between yield stresses, i.e. (0p,—0;)/0y. How-
ever, the above conclusions are valid only for columns for
which one dimensional stress state is assumed. Thus, the
behavior is different when the stress state becomes multi
dimensional such as in plates or pipes which will be dis-
cussed in the following chapters.

(b) effect of initial deflection

The same model can be applied to examine the effect
of initial deflection. Figure 6 shows load deflection curves
of transition buckling model with different initial deflec-
tions, i.e. /1000, £/100, and #/10. It can be seen that both
compressive strength and its reduction due to the soft
joint decrease with the initial deflection. Thus, the initial
deflection dose not enhance the effect of the soft joint.

| PR
/ .\cr///—‘ﬂ
i Pt
?‘. / \ /,_,‘—"—
— -
p ; \/\ \ ////
2 l/\ \ \/OK a
- | wo=t/100 \‘/\
° 0.5'-' // . \
g \ / T~ ]
S | “We=t/1000 —
c | / T
= /
é : //\wo=t/10
I /
1 /
I /
0. L 1 1
0. 0.2 0.4

Deflection (w/t)
Fig. 6 Effect of initial deflection on strength of column
(T.B.M.).

(c) effect of the soft joint location

The effect of the soft joint location on the strength is
examined using the transition buckling model with initial
deflection of #/10 as an example. Three broken lines in
Fig. 7 show relations between the load and the deflection
at the location of the soft joint for columns which have a
soft joint at x = L/2, L/3 and L/8. These lines are plotted
using Eq. 2. The chain lines show the load-deflection
curves under platic deformation for cases with plastic
hinge formed at base and soft metals, respectively. The
solid circles in the figure represent collapse points. The
collapse modes are separated into two. Namely, collapse
with a plastic hinge at the soft joint and that with a hinge
at the center. If, for example, the soft joint locates near
the center, the column collapse in the former mode and
the reduction of the strength is larger as the soft joint
approaches the center. On the other hand, if the soft joint
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Fig. 7 Effect of soft joint location on strength of column
(T.B.M., w,, = £/10).

locates near the end, it collapses in the latter mode. It can
be seen, in this case, that the existence of the soft joint
shows no effect on the strength. However, this mode of
collapse occurs only when the initial deflection is large
and the strength of the homogeneous column (point A in
Fig. 7) is smaller than the full plastic strength of the soft
joint (point B).

(d) effect of soft joint width

Since the effect of the soft joint width can not be
examined by the simple mechanical model, F.E.M. is
employed for this purpose. Figure 8 shows the load
deflection curves of the transition buckling model with
various soft joint width. Five solid lines in the figure
represent a column which is made of soft metal, columns
with soft joint, the widths of which are 2t, ¢, #/10,and a
homogeneous column, respectively from the bottom. The
broken and the chain lines represent elastic and plastic
curves given by the simple mechanical model. It can be
clearly seen that the strength becomes higher as the width
of the soft joint is smaller. Since the plastic constraint in
the thickness direction is neglected in these analyses,
upper limit of the strength coincides with the value which

1.0

o
©

( F/tbcb )

0.5

Axial force

o.U L 1 I
0. 0.1 0.2 0.3 0.4
Deflection (w/t)

Fig. 8 Changes in behavior of column with soft joint width
(T.B.M., wo, =1¢/100).
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is predicted by the simple mechanical model (open circle
in Fig. 8). However, when the soft joint width is small, the
strength is increased by the plastic constraint in the thick-
ness direction and its magnitude can be estimated from
Figs. 1 and 2.

Similar analyses are done for the elastic and the plastic
buckling models and the results are put together in
Fig. 9. It is observed that the effect of the soft joint width
is large when the initial deflection is large and it is small
for the small initial deflections. Also, it is seen that the
strength reduces almost to that of the homogeneous
column which is made of soft metal if the soft joint width
is larger than the thickness. However, in case of elastic
buckling model, the effect of the existence of the soft
joint itself is small.

1.0
H=t/10
H=t
H=2t
0.8 H=L

o.n

sl

§ 1.0

=

=]

o

$ 0.8

s

"

g

0

wvi

<

=3

£ 0.5

«

| \

107 . 107 107!
Initial deflection {wp/t)

Fig. 9 Effect of soft joint width on compressive strength of .
column,

(e) effect of strain hardening

Considering that the plastic deformation is concentrat-
ed at the soft joint when the column buckles, it is neces-
sary to examine the effect of the strain hardening of the
material. The effect is analyzed using F.E.M. The plastic
buckling model with a soft joint at its center is con-
sidered. Both the base and the soft metals are assumed to
be linearly hardening materials and their hardening
coefficient & is assumed to be 2 = E/10. The initial deflec-
tion is assumed to be #/100. The computed compressive
strength of columns with various soft joint width are
plotted in Fig. 10. Solid and open circles in the figure
represent strength of columns with and without strain
hardening. As seen from the figure, the strength is increas-
ed by the strain hardening when the soft joint width is
small. Whereas, significant effect is not observed when the
soft joint width is large. Qualitative explanation of these
phenomena can be given by the simple model which is
shown in Fig. 10.

The column with soft joint can be modeled as a com-
posite column made fo three parts with different young’s

moduli. Then, the buckling load can be obtained as a root

of the following nonlinear equation!®.
tan (kly) tan (ky15) = (E, JE)? (6)
where,
ky = (F/IE)Y? | ky = (F/IE,)'P? (7
I, =H[2 s L=(L-H)/2 ®)

When it is assumed that the soft metal reaches the yield-
ing and the base metal stays in elastic state, such that

Ao, <F<Aoay )
The stiffnesses £y and E, become
Ey=Eh[(E+h), E,=E (10)

Based on the above assumptions, Eq. (6) is solved to
determine the buckling strength of the column which has
a soft joint with various width. The results are plotted as
broken lines for the cases where 2 = E/10 and & = E/50.
As it is seen from the figure, the strength increases with
the decrease of the soft joint width. However, such
dependence on soft joint width appears only in the region
between A and B. If the width is smaller than A, the buckl-
ing load becomes same as the full plastic load of the
homogeneous column without soft joint. Whereas, if the
width is greater than B, no increase in strength due to the
strain hardening can be expected. Though qualitative
agreement can be seen between the results obtained by
F.E.M. and the composite column model, quantitative
agreement is not satisfactory because the effect of the
injtial deflection and the partial yielding are not consider-
ed in the latter.
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8 (h=E/10) S~
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0. 1. 2. 3. 4.

Width of soft joint (H/t)

Fig. 10  Effect of strain hardening on compressive strength
(P.B.M., w,, = £/100).
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4. Compressive strength of square plates i - .
1.0 - - —_—
Ships are the typical plate structures and the ratio of - >(P-B-M-)
the high tensile strength steel used is 70% in case of the \
most advanced ship. Ships are welded structures compos- \>(T B.M.)
ed of plate members reinforced by stiffeners of various = ’\\\ '
size. The fundamental patterns of welding lines in plate E _(E.BM) %
members are shown in Fig. 11. The compressive strength ® 0-51 IZI
of square plate is analyzed for these patterns and the é‘ F Z Fau
effects of joint location, slenderness ratio and boundary = s 5
condition on strength are investigated. In the analysis, the x Fp=btoay
soft joint width is assumed to be 2¢ for the joint locating up = b(oy,/E)
in the center of the plate and ¢ for that at the edge. 0.0 L > 1 7 |
Assuming that the width of the soft joint is large enough, Axial displacement ( u}up)
the plastic constraint in the thickness direction is ignored Fig. 12 Load-displacement curves of plates under compres-
in the F.E.M. analysis. The initial deflection is assumed to sion (wg = #/1000).
be #/1000, which is considered to be extremely small. To Table 3 Relative strength of plate with soft joint compared
clarify the effect of the slenderness ratio, three models, to homogeneous plate computed by F.E.M. and
namely elastic, transition and plastic buckling models are idealized model (wq = #/1000).
analyzed and their dimensions are shown in Table2. ,
The results computed by F.E.M. are shown in Fig. 12 % .@ | j, _%_
for a plate with a soft joint which is normal to the applied
load as examples. Three solid lines represent load-displace- s. s. s. S. 5. S. clamped| s. s.
ment curves for plastic, transition and elastic buckling E.B.M. (?:ggg) (8:323) (g:gi?) 0.976 | -0.861
models. Also, those of homogeneous plates without soft Tem| 0973 0.862 0.913 0.915 0.815
joint are shown by chain lines for comparison. The 7| (0.987) | (0.924) | (0.916)
behavior greatly changes with the slenderness ratio and P.B.M. (8:833) (8: ggi) (8:33) 0.924 0.800

very sharp drop in load is observed after the buckling in
the transition buckling model.

Same analyses are done for other two patterns shown
in Fig. 11 and different boundary conditions. The com-
puted compressive strengths are normalized by that of
homogeneous plates and summarized in Table 3. The

Lea. b 7
— ——
| z//////, //9////
Y
e | t
)
- -~ o
{ 2t Y
- m —— - = |- - ———
2t - - - -
zzz : soft region
Fig. 11  Fundamental patterns of soft joint location.
Table 2 Dimensions of square plates under compression.
Y b(mm)| t(mm) t (mm)
simply s.|clamped
E.B.M.}] 2.0 2000. 45.91 28.93
T.B.M. | 1.0 2000. 64.92 40.92
P.B.M.] 0.5 2000. | 91.81 57.87
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figures in the parentheses are those evaluated by a simple
model which is discussed later. The normalized strength of
the homogeneous plate made of soft metal is also shown
for comparison. It is seen that the strengths of plates with
soft joints are much higher than these values.

The effect of the soft joint is quite different if the joint
location is different. The reduction of the strength due to
the soft joint parallel to the load is essentially propor-
tional to the ratio of the crosssectional area and it is as
small as 0.3 ~ 3.0%. Whereas it is large when the soft joint
is normal to the load. Especially in case of the transition
model, the strength is reduced by 14%.

Through the comparison among the elastic, plastic and
transition buckling models, it is seen that great reduc-
tion in strength occurs in transition buckling model which
is most sensitive to disturbances in general. Further, the
effect of the supporting condition is examined. As seen
from Table 3, the reduction ratios of the strength for the
clamped plate are very close to those of the simply sup-
ported plate. Thus, the supporting condition has little
effect on the reduction ratio of the strength.

So far, the effect of soft joint on the compressive
strength has been analyzed for some typical cases. Based
on these knowledge, the effect of the soft joint is analyz-
ed in more general form considering the collapse mecha-
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Fo/2 == fors —~—Fy/2
1
[:> Ffo — b/2 ——F <j
{ F=F, +F,
Fe/2—> ‘b/4 <—Fe/2
Fig. 13 Idealized model of plate under compression.

nism and the plastic constraint.

To this end, the plate under compressive load is divided
into the edge and the center parts as shown in Fig. 13 and
the loads carried by these at the maximum strength are
'Fe and F, respectively. The center part is assumed to
carry only the buckling load after elastic buckling and
load beyond the buckling is carried by the edge parts.
According to this assumption, the effective breadth deter-
mined based on the stiffness after buckling!®»!1) can be
taken as the width of the edge part and it is b/4 for a
square plate. Using this model, the strength of homo-
geneous plate can be estimated in the following manner.

Since the deflection of the edge part is constrained at
its edge and the loading condition is close to pure com-
pression, the edge part can carry the load which is same as
the full plastic load without buckling. Thus,

1 .

Fe ="'£' btoy, (11)
Whereas, the strengths of the center parts are different for
elastic and plastic bucklings. It is determined by the
elastic buckling stress o in the former case and is deter-
mined by the yield stress oy, in the latter case, such that

elastic buckling F, = btog/2

plastic buckling F, = btoy/2 (12)

Then, the total strength can be given as the sum of F and
F..

The same idea is applied to a plate with soft joint and
its strength is given in the following form.

F=Fx+E* (13)

where F¥ and F¥ are forces carried by the edge and the
center parts of a plate with soft joint. Further, Eq. (13)
can be rewritten in terms of F,, F, and factors o, 8, such
that

F=oaF,+pF,
where

a=F¢/Fe,

(14)

B=F¢|F,

The factors a and B vary with the soft joint location and
the slenderness ratio. The detail of determining these
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Table 4 Parameters « and g for fundamental patterns.

a B

(E.B.M.) 1
(2/V3)(og/ap) (T.B.M.
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gty 2(a-H) , H,Os
N i
(E.B.M.) 1

a_L H ‘
*@* (TBM) [, 4 He
T (P.B.M.) e

aop

factors is discussed in the following.

When the width of the soft joint is greater than the
plate thickness, the increase of strength due to the plastic
constraint in the thickness direction is small and only the
constraint in the width direction should be considered. To
determine the factors « and 8, the patterns of the soft
joints in the edge and the center parts are classified as
shown in Table 4. When the soft joint is normal to the
load, the constraint in the width direction is effective and
the strength becomes 2//3 times as high as that of soft
metal itself. Therefore, the factor a for the edge part, in
which compressive deformation is dominant and its
strength is determined by the full plastic load, can be
estimated as,

@=(2/v/3) (o5/0p) (15)

Similarly, the strength of the center part in the plastic
buckling model is determined by yielding. Thus, for this
case, it is given as

B8=(2/v/3) (o5/0p) (16)

However, in case of the elastic buckling model, the
strength of the center part is determined by elastic buckl-
ing and it is assumed that

B=1 a17)

On the other hand, when the soft joint is parallel to the
load, plastic constraint is not effective. Then, the strength
is determined only by the ratio of crosssectional area of
the soft joint. Further, if a plate has both normal and
parallel soft joints, their effect must be considered
together. The factors o and § determined following the
above procedure are shown in Table 4.

The compressive strength of a square plate can be
estimated using Table 4 and Eq. (14). Estimated values are
normalized by the strength of the homogeneous plate and
shown in the parentheses in Table 3. Farely good correla-
tion between these values and those by F.E.M. is observ-
ed. Especially, the agreement in plastic buckling model is
excellent. However, the strength is overestimated for the
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transition buckling model with a soft joint normal to the
load. The reason to this is that the strength of the center
part is estimated as the full plastic load. But, in fact,
buckling occurred before reaching the full plastic load.

5. Compressive Strength of Pipes

Since high tensile strength steel is widely used as
tubular members in offshore structures, the strength of
pipes with soft joints is also analyzed. Three simply sup-
ported pipes with different radius D to thickness ¢ ratios,
namely D/t = 25, 40, 100, are considered. Their dimen-
sions are chosen so that they become transition buckling
models when they are treated as simple columns. The
dimensions are shown in Table 5. The sinusoidal form of
the initial deflection is assumed and its magnitude is taken
to be ¢/10. Concerning the soft joint location, soft joint
at the center normal to the load, which shows the greatest
effect in the case of plates, is assumed and its width is
assumed to be 2¢. The base and the soft materials are
assumed to be linearly hardening materials with same
strain hardening coefficient 4. The compressive strength is
analyzed by F.E.M. using shell elements for two dif-
ferent strain hardening coefficients, # = E/100 and h = E/
10. The plastic constraint in the thickness direction is
ignored in these analyses.

The computed strengths are normalized by the full
plastic load of the homogeneous pipe and they are shown
in Table 6. As seen from the table, the reduction of the
strength due to the soft joint is small. This is contrast to
the case of columns, in which the strength is directly
governed by the yield stress of the soft metal and its
reduction rate is large. There are two reasons for this
difference. The first reason is the plastic constraint in the
width or the circumferential direction. This effect is taken
into account in pipes. But, it is neglected in columns.
Thus, the strength of the pipe is increased up to 2/v/3
times of the full plastic strength of the soft joint itself

Table 5 Dimensions of pipes under compression.

0/t] 25.0] 40.0] 100.0 [ pe—— | —
D |{1000.0 |1000.0 |1000.0 VML
0 2t—-lo
40.0 | 25.0| 10.0 J v
L | 17291. {17552. | 17817. | At

Table 6 Strength of pipes with and without soft joint
normalized by full plastic load.

D/t=25 D/t=40 | D/t=100
a) without soft joint h=E/100{ 0.874 0.884 0.842
b) with soft joint h=E/100} 0.818 0.851 0.835
b) / a) 0.935 0.962 0.991
c) without soft joint h=E/10 | 0.875 0.885 0.844
d) with soft joint h=E/10 | 0.853 0.878 0.843
d) / ¢) 0.975 0.992 0.999
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even for materials with no strain hardening. The second
reason is the strain hardening. As shown for columns, the
increase of strength depends on Hj/t. Similarly, it depends
on H/D in case of pipes. In general, H/D of pipes is much
smaller than H/t of columns. Thus, the strength of a pipe
is significantly increased by the strain hardening.

Further, to compare the deformation behavior after
collapse, load-displacement curves for the cases with
h = E/100 are shown in Fig. 14. The difference between
the pipe with soft joint and the homogeneous pipe is very
small. Thus, it can be seen that the effect of the soft joint
on the post buckling behavior is not so significant. If the
post buckling behaviors are compared among three pipes
with different D/¢, sharp drops of the load are observed
twice for the case in which D/t = 100. The first drop cor-
responds to the column buckling and the second one is
due to the local buckling of the pipe as seen from the
deformed crosssection shwon in Fig. 14.

x 10%]| (D/t=25) x 10¢| (D/t=40) x 108 | (D/t=100)

8. / 8. F
3. F

=6 6. |

o

Y4

~ 2_ L

3

o .

S 4 / \ 4

=

2 ; 1. F
| l | S\
0. 1 1 0. 1 1 0. 1 y
0. 100. 0. 100. 0. 100.

Axial displacement ( mm)

Fig. 14 Load-displacement curves of pipes under compres-
sion (T.B.M., wg = t/10).

6. Conclusion

The compressive strength of structural members with
soft weld joints is investigated using simple mechanical
models and F.E.M. To this end, the strength of the soft
weld joint itself is analyzed and the relation between the
strength and the plastic constraint is clarified. Then, the
compressive strength of columns, plates and pipes is
studied. Especially, the effects of the sienderness ratio,
initial deflection, location and width of the soft joint and
strain hardening are clarified for columns. Since the
plastic constraint in the width direction is small in the
case of columns, their strengths are directly governed by
the yield stress of the soft material and the reduction of
strength is large. However, most of the compressive
members of real structures are plates or pipes and solid
column is rare. In case of plates and pipes, the plastic
constraint in the width or the circumferential direction is
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effective to raise the strength significantly. In addition to
this, if the strain hardening is taken into account, further
increase of strength is expected. Especially, in the case of
pipes with soft joint, its strength is found to be almost
same as that of homogeneous pipe when D/t is large.
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Appendix

Upper and Lower Limits of Strength of Soft Joint -
As it is discussed in the text, the plastic constraint at

185

(185)

the soft joint is separated into the width and the thickness
directions of the plate. The former depends on the relative
width of the soft joint compared to the plate width H/b.
Typical states of constraints are the plane stress, plane
deformation and plane strain states. While, the latter
depends on the relative width of the soft joint compared
to the plate thickness H/t. The constraint becomes
stronger as H/t becomes smaller and the strength increases
with the constraint. As shown in Figs. 1 and 2, however,
the upper and lower limits of the strength exist.

Roughly speaking, the increase ratio of the strength
depends on dimension of the stress state which is deter-
mined by the degree of the plastic constraint. For
example, if the stress state is one dimensional in which
only o, is acting, the stress g, at the yielding is same as
the yield stress oy . If the stress state is two dimensional in
which o, and o, are acting, the maximum possible value
of o, during plastic deformation is 2/a/3 oy, as shown in
Fig. A describing the Mises yield surface in the principal
stress space. Further, it can be seen that there is no bound
for o, under plastic deformation if the stress state is three
dimensional. Keeping the above relation between the yield
condition and the dimension of the stress state in mind,
the limit values of the strength of the soft joint are dis-
cussed in the following.

oy | (@179 *(op-0y)" * (og-oy)” =20y

/
0'7
/ , o j1

(2/Y3)oy
77
/'/

Fig. A Mises yield surface in principal stress space.

A. Lower limit under compression

When Hjt is large, the strength of the soft joint is
limited by that of soft metal and its lower limit is deter-
mined in the following manner.

i) plane stress state

When Hjft is large enough, the stress state near the
center of the soft metal can be considered as one dimen-
sional stress state. Thus, the lower limit of the joint
strength Fp;, is given as
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Foin = thog

(a.1)

ii) plane strain state
When H/t is large enough, stress in y-direction near the
center of the soft metal is negligible, such that

(a.2)

Under this condition, Mises yield condition can be written
as

gy, =0

(a.3)

If the material is assumed to be perfect elastic—plastic
material, the stress increments Aoy, Aoy and Ag, satisfy
the following condition.

U}? +0: — 0x 0y =0%[

A (0%) =204 Aoy + 20,40, — 03 A0, — 0,A04 = 0
(a.4)

Further, the stress increment in x direction is zero at the
maximum strength, such that

Ao, =0 (a.5)

Substituting Eq. (a.5), following two conditions are deriv-
ed from Eq. (a.4).

Ag, =0 (a.6)

or
20, —0x =0

@7

If Eq. (a.7) is assumed to hold, Eq. (a.3) can be solved for
0y and it is shown to be

ox = (230, (2.8)
Thus, the lower limit F,;, is given as
Frin = (21V/3)tb o (29)

On the other hand, if Eq. (a.6) is assumed to hold, it can
be shown from Eqgs. (a.2) and (2.5) that all three com-
ponents of the stress increments and the elastic strain in-
crements are zero, such that

Aoy = Aoy = A6, =0 (a.10)

Aey = Aey = Ae; = (a.11)

Considering that the total strain increment in'z direction,
which is the sum of elastic strain increment Aef and
plastic strain increment Aef, is zero under plane strain

condition, it is shown that
Ae, = A + AcP = Ael =0 (a.12)

While the plastic strain increment Ae} is given in the
following form from the plastic flow theory.
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Aeb =N (20, — 0y) (a.13)

Finally, it is obtained from Egs. (a.12) and (a.13) that

20, — 0x =0 (a.14)

Since the above equation is identical with Eq. (a.7), the
same strength is obtained also from Eq.(a.6).

The above conclusion can be drawn from the dimen-
sion of the stress state. The stress state at the center of the
soft metal is two dimensional in X and z directions. Thus,
it can be shown from Fig. A that the strength of the soft
metal is given by Eq. (a.9).

iii) plane deformation state

It is rather difficult to determine the lower limit in a
rigorous way. According to the numerical results shown
in Fig. 1, the strength for the plane deformation case
approaches that of plane strain state as H/t becomes large.
Hence, the lower limit for this case is given by

Fin = (2/\/3—)”705

B. Upper limit under compression

(a.15)

The strength of the soft joint increases with the de-
crease of H/t. The upper limit of the strength is determin-
ed by either the strength of the base metal or that of the
soft metal depending on the degree of the plastic
constraint.

i) plane stress state

In case of the plane stress state, the strength of the

base metal F is given by

Fb = tbO’b (316)

On the other hand, the stress state of the soft metal is two
dimensional stress state in x and y directions when Hjt
— 0. Then, the strength of the soft metal 7 becomes

Fy =(2/\/3_)tb08

Therefore, the upper limit of the joint strength Fp .
is given as the smaller on of F}, and F, such that

Fmax = Fy =(2/v/3)tbo

ii) plane strain state

Since the stress state under the plane strain condition
becomes two dimensional in x and z directions, the
strength of the base metal is given by

Fy = (2/\/3)tboy

While, the stress state of the soft metal is three dimen-
sional as H/t — 0 and the strength of the soft metal be-
comes unlimitedly large. Thus, the upper limit for the
plane strain case is given as

(a.17)

(a.18)

(a.19)
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Fmax =Fy =(2/\/3_)tb0b

iii) plane deformation

Since the stress component in z direction acting in the
base metal is negligible when Hfr — 0, the stress state
becomes one dimensional. Hence, the strength of the base
metal is given as

(a.20)

Fy, =thoy (a21)

On the other hand, stress in z direction acting in the soft
metal is significantly large when H/t - 0. Thus, the stress
state in the soft metal becomes three dimensional and the
joint strength is determined by that of the base metal,
such that

Foax = Fy = thay, (a.22)

C. Limits of strength under bending
The upper and the lower limits of the strength for the

187

(187)

bending are same as in compression except for the upper
limit under plane deformation condition. The reson for
this difference can be explained from the constraint
involved in the plane deformation itself. Under the plane
deformation condition, it is assumed that the plane
normal to z-axis remains plane after deformation and free
to move without rotation around x-axis. When the bend-
ing moment is applied, the compression side of- the
column tends to expand in z direction and the tension
side tends to contract because of the effect of the Poison’s
ratio. These deformations in z direction are constrained
by the fixed rotation around x axis and the stresses in z
direction are created. However, the deformation is skew
symmetric about the neutral axis. Thus, the plane normat
to z axis does not move in z direction. In other words,
strain in z direction is zero. Thus, the plane deformation
state becomes identical with the plane strain state under
bending.



