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Summary

In this paper, the compressive strength of long rectangular plates (aspect ratio a=3and
a=4) under increasing compression and constant hydrostatic pressure, is studied theoreti-
cally and experimentally as a basic study on the compressive strength of a ship’s bottom
plating, The theoretical calculations are performed by following two methods assuming
that the plate behaves elastically up to the collapse.

a) The method assuming that the plate collapses when the normal stress in the
direction of compression at the longitudinal edges of the plate will become equal to yield
stress of the material.

b) . The method assuming that the plate collapses when the plate will satisfy the con-
dition of plastic collapse based on plastic analysis in which collapse mechanism is assumed
and the large deformation theory is considered.

From these results of theoretical calculations and experiments, conclusion is sum-
marized as follows:

(1) The compressive strength for comparatively thin plates having the large value of
(b)t) Yoy/E where collapse of the plate will occur in postbuckling state does not change
s6 much with hydrostatic pressure, while for comparatively thick plates having the small
value of (b/t)v/ayJE where collapse of the plate will occur in prebuckling state; the
compressive strength changes remarkably with hydrostatic pressure.

(2) Calculated values of the compressive strength based on the method a) are general-
ly larger than those based on the method b). The difference of the two becomes more
remarkable for thicker plates having the small value of (8/)v/oy/E under larger hydro-
static pressure.

(3) Experimental results of this study concerning thin plates having comparatively
large values of (b/£)+/ay/E agree generally with the tendency of theoretical results.

1. Introduction

In this paper, the compressive strength
of simply supported long rectangular plates
(aspect ratio @=3 and 4) under edge thrust
and constant lateral pressure is investigated
theoretically and experimentally, as a basic
study on the compressive strength of a
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ship’s bottom plating.

Many studies have been made of the
ultimate strength of plate structures under
compression. For examples, H. Otsubo and
Y. Ueda studied that of square plates!):2),
and also Y. Ueda et al studied that of
stiffened plates3) by means of the FEM,
respectively. As studies by means of
analytical methods, studies have been made
of the ultimate strength of stiffened plates
under compressiont) and of square plates
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under compression and shear3) by Y. Fujita
et al, and studies have been also made of
the ultimate strength of wide plates®) and
stiffened plates under compression?)-8) by
H. Otsubo et al. The autors have also studied
the buckling strength of long rectangular
plates under compression and hydrostatic
pressure by means of analytical methods®).
And in this paper, by using above results,
they study the compressive strength of
plates under such combined loads. Calcula-
tions are performed by means of following
two methods assuming that the plates
behaves elastically up to the collapse; a) the
method assuming that the plate collapses
when the normal stress in the direction of
compression at the longitudinal edges of
the plate becomes equal to yield stress of
the material and b) the methods assuming
that the plate collapses when the plate
satisfies the condition of plastic collapse
based on plastic analysis. From these
results, the effect of lateral pressure on the
compressive strength of the plates is dis-
cussed. Furthermore, comparison between
experimental results performed for thin
plates and theoretical results mentioned
above is also made.

2. The Elastic Behaviours of Simply
Supported Long Rectangular Plates
under Edge Thrust and Lateral Pressure

2.1 The Analytical Methods

We consider the elastic behaviour of a
simply supported long rectangular plates
(axbx £) having comparatively large aspect
ratio a(=a/b) , subjected to increasing
edge thrust » and constant lateral pressure
q.

Such a plate deflects due to lateral
pressure g from the beginning as shown in
Fig. 1 (b). When longitudinal compression
» is added, the amount of deformation will
increase but type of deformation will
remain in the form of one half-wave until p
reaches the buckling load. When p reaches

the buckling load, type of deformation will
change rapidly and take a form of several
half-waves as shown in Fig. 1 (c). (Number
of half-waves is determined by aspect ratio
a). Such behaviours of the plate are pursued
by means of the following method, i.e., the
deflection of the plate is assumed including
unknown constants, and they are deter-
mined by means of energy method. And
here, all edges of the plate are assumed to
be kept straight after deformation, as in-
plane boundary condition.

The coordinate system O-zyz is taken as
in Fig. 1.

(a)

Fig. 1 Long rectangular plates under compression
and hydrostatic pressure

The basic equations governing the large
deflection behaviour of rectangular plates
with flexural rigidity D and Young’s
modulus £ under such combined loads may
be stated as:

V*F = E(w}xy— w’wwi:'yy) (1)

V4w =q/D + (t/D)(Eyy W,pp+ F,pp W,y y

—2F, gy W, 5y) (2)

where F is the Airy’s stress function defin-
ing the in-plane mid-surface stress and where
w is the deflection of the plate and V* the
well-known bi-harmonic operator. In these
equations a comma followed by subscripts
represents partial differentiation in turn
with respect to each subscript. Eq. (1)
represents the compatibility equation and
eq. (2) represents the out-of-plane equili-
brium equation.
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Here, considering the boundary condi-
tions and deformation of the plate before
and after buckling, w is assumed to take a

form as

4
7Y (32)
where w, (»=1,2, ..., N) are unknown
constants and N is approximately deter-
mined according to aspect ratio a of the
plate as follows:

y . BT .
w= 3} w,sin—zx sin
n=1 a

N=3 for =3 and N=4 for -ae=4 (3b)

The stress function F containing unknown
constants w, is obtained by substituting
eq. (3) into eq. (1), satisfying the relevant
conditions.

Subsequently, we determined the un-
known constants by using the principle of
stationary potential energy, that is, s¢=0,
instead of the equilibrium equation (2). ¢ is
expressed by

¢p=U+V (4)

where U is given by the sum of the strain
erfergy U, due to bending deformation and
the strain energy Un, due to in-plane
deformation, and v is given by the potential
due to » and 4. ¢ is obtained as a function
of the unknown constants w, by substitut-
ing w and F into eq. (4). Consequently, the
unknown constants w, are determined by
8¢=0, that is,

aafn =0 (n=1,2, .., N) (5)

The equilibrium configuration of the system
is thus determined by above eq. for given »
and ¢ (this concrete expression is shown in
Appendix A).

Besides, the stability of the equilibrium
configuration being determined by the sign
of s , the stable condition is given by
8¢>0 , that is,

$11>0, |y byp I >0, -, |Pyg Pygeeeee Pin [>0
P12 Poo 22
SYM.

¢NN (6)

Where ¢“=62¢/6 Wzaw.;
2.2 The Elastic Behaviours and Buckling
Phenomena

(a) Simply supported rectangular plates
of a=3

In this article, the case of simply sup-
ported plates of a=3 is considered. Be-
haviours of such plates are represented by
applying ¥=3 at eq. (3)°). Numerical cal-
culations are performed based on eqs. (5)
and (6).

The curves showing the relation between
edge thrust and the deflection of the plate
are given schematically, in Fig. 2 in which
stable paths are shown by full lines and
unstable paths by broken lines. As seen
from this diagram, there are two typical
deformation patterns according to the
magnitude of 4.

[~ Stable states, 1.0

- =—- Unstable states.
~——— The boundary
between stable
and unstable states.

Pao = buckling stress
for g=0.

O

.
2.0 g/t 1.0 0

wy/t

Fig. 2 p/pco - w1 /t, w3/t curves (@=3)

(i) When the lateral pressure g is small
(4% g1 =3.T0E14/b%)

In this case, the buckling does not occur .
in a strict sense of term;i.e., there is neither
the bifurcation point nor the unstable paths
on the edge thrust-deflection curves.
But the deformation varies continuously
towards the deflection form of triple bulges
with the large value of w, , with an increase
of the edge thrust from the defection form
of single bulge. Here, the load s, at which
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the deflection at the center of the plate
becomes zero (i.e., the load at w,=w, ) is
taken as the approximate value of the
buckling load from the practical point of
view.

(ii) When the lateral pressure ¢ is large

(< 4a) .

The buckling occurs at a certain edge
thrust (say pmex (the load at the point A in
Fig. 2)). In this case, the deformation
shows ‘jump phenomenon’, from the deflec-
tion form of a single bulge with the large
value of w, (the curve 0,a ) to the deflec-
tion form of triple bulges with the large
value of w, (the curve IB), at p = p,. -

Moreover, in this case, there are two
stable paths within certain limits below the
buckling load (say pmex2pZpmi (the load
at the minimum point I)) as seen from
Fig. 2. Therefore, there exists the possibility
of occurrence of jump phenomenon at the
limits of these loads, under the stimulus of
external disturbances. Then, besides the
buckling load ppax , the load at the lower
limit pma is taken as critical load from the
practical point of view.

In the case of a=8, there exist the
deformations of w,%0 in large values of »,
but their paths are unstable.

The values of puax , pmin and p, show
increasing tendency according to the in-
crease of ¢ (the diagram is omitted (see
Ref. 9)).

(b) Simply supported rectangular plates
of a=4

Behaviours of simply supported rectan-
gular plates of a=4 are represented by ap-
plying N=4 at eq. (3)°).

The curves showing the relation between
the edge thrust and the deflection are given
schematically, in Fig. 3 in which only stable
paths having high degree of the stability
are shown by full lines considering energy
criterion for stability. As seen from this
diagram, the deformation patterns are
divided into two main groups according to

P/Pool

2.0 .

b, = buckling stress for
q=0.

L
0.0 B 10 vyt 2.0

Fig. 3 p/pco - wilt, w3/t and wy/t curves (= 4)
(plpco - wa [t curves are omitted.)

the magnitude of 4.
(i) When the lateral pressure is small
(g <qi=0.47Et/b).

The buckling occurs at a certain edge
thrust (say pz (the load at the point A in
Fig. 3)). In this case, the deformation
changes continuously, from the deflection
form of a single bulge with the large value
of w,(the curve 0,A) to the deflection form
of quadruple bulges with the large value
of w, (the curve IB) with an increase of the
edge thrust; here, p» corresponds to the
bifurcation point of edge thrust-deflection
curves (Fig. 3).

(ii) When the lateral pressure is large

(gi< 0).

The detormations show always jump
phenomena in this case; the type of detorm-
ation is subdivided into two neglecting
stable paths with low degree of the stability.

a) In case of ¢isg<qt (3%=3.56 Eti[b%)
The buckling occurs at a certain edge
thrust (say s (the load at the bifurcation
point A)). In this case, the deformation
changes rapidly from the deflection form
of a single bulge with the large value of w,
(0,A curve) to the deflection form of
quadruple bulges with the large value of w,
(IB curve).

b) In case of gi<q: The buckling
occurs at a certain edge thrust (say pumax
(the load at the maximum point A)). In
this case, the deformation changes also

B ,NU'T E;Ik ectr oni ¢ ] Li b_r‘a/rﬂywsrerrvi ce
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rapidly from the deflection form of a single
bulge with the large value of w,( 0,2 curve)
to the deflection form of quadruple bulges
with the large value of w, (IB curve).

Moreover, in these cases a) and b) stated
above, there are two states of stable paths
within certain limits below the buckling
laod (say $s=p=pmin (the load at the mini-
mum point I) for the case of a), prax>p >poin
(the load at the minimum point I) for
the case of b)) as seen from Fig. 3. There-
fore, there exists the possibility of
occurrence of jump phenomenon at the
load beyond ., under the stimulus of
external disturbances. From the practical
point of view, besides the buckling loads
pz and  p.,.. , the load at the lower limit
pmin i also taken as a critical load.

The relation between pz, ... and
bmn and ¢ is shown in Fig. 5 or Fig. 8.
These curves have increasing tendency as ¢
increase similar to the case of a=3.

3. The Compressive Strength of Simply
Supported Long Rectangular Plates
under Hydrostatic Pressure

3.1 The Analytical Methods

Here, let us consider the compressive
strength of simply supported long rectangu-
lar plates of aspect ratio «=3 and 4 under
edge thrust and lateral pressure. To obtain
the ultimate strength of these plates strictly,
the relation between load and deflection
must be pursued by considering the extent
of yielding area of the plate due to loads.
This may be obtained by using the FEM or
the FSM which was developed in recent
years. However, these methods require a
long computer processing time, and are not
always effective for discussing the behavi-
ours of the plate qualitatively.

Then, in this chapter we evaluate the
compressive strength approximately by
following two ‘methods assuming that the
plate behaves elastically up to the collapse.
In the first method, it is assumed that the

plate fails when the normal stress |o,| in
the direction of compression at the longi-
tudinal edges of the plate becomes equal to
yield stress oy of the material. In the second
method, it is assumed that the plate fails
when it satisfies the condition of plastic
collapse based on the plastic analysis in
which collapse mechanism is assumed and
the large deflection theory is consi-
dered*).3),

Hereafter, leading the equations which
define the condition of the collapse of the
plate, the compressive strength based on
these equations is calculated and the effect
of lateral pressure on the compressive
strength is also discussed from above results.

(a) The method assuming that the
plate collapses when the normal stress at
the longitudinal edges reaches the yield
stress.

Assuming that the plate behaving as
calculated by eqs. (5) and (6) for given ¢
collapses at the moment the edge stress - o,
reaches yield stress oy, the compressive
strength p, is defined by the load which
satisfies the following condition

g = LBl ® b L
Or=-73 [3(1_,,2) };+47z EOB”COST%:I
=ay | (7)

where =z, is the value which makes left
hand side of eq. (7) maximum. p,, is the
buckling stress for ¢=0 and B, is shown in
Appendix A. From above eq. and eq. (5),
the compressive strength p, and the values
of w,~wy are determined.

(b) The method assuming that the plate
collapses when it satisfies the condition of
the plastic collapse

Carrying out the plastic analysis in which
collapse mechanism is assumed and the large
deflection theory is considered, the com-
pressive strength of the plate is calculated
as the load at which the deformation of the
plate obtained by elastic analyses satisfies
the condition of the plastic collapse.

Let us show the condition of the plastic
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collapse in which the large-deflection is
considered. It is assumed that the material
of the plate is the perfectly rigid plastic
body following the von Mises’s yielding
condition and that the plastic hinge lines
are straight. Based on these assumptions,
the following equation is given by the
principle of virtual work considering the
large-deflection of the plate.

r a b
Elﬁm(Mp+wN)86dlm —fo foqawdxdy (8)

where N:the in-plane tensile force per
unit width on the plastic hinge
lines of the plate
M, : the full plastic moment per unit
width considering the effect of
in-plane force on the plastic
hinge lines of the plate
w : the deflection of the plate
36 :the angular variation of the
plastic hinge of the plate due to
the virtual deflection sw
I, : the m-th plastic hinge line
»+ number of the plastic hinge lines

Using eq. (8) for typical collapse modes
of the plate under such combined loads,
the conditions of the plastic collapse are
expressed as follows:

(A) When the collapse mode having
long hip-roofs of the same type in a series
(refer to Fig. 4 (a)) is assumed (k<e)

{mas+ (a/k—1) mo/2— Aqb*/ (Et)} u=wp/t (9a)
where,

_ {0 (k : even)

(3afk—1)/{12koyb?/ (Er)} (k : odd)

u=ploy
m45=4(1—ﬂ2)/*/1—6:’ﬁ/?
me=2(1—u?) [V4—3 u?

(B) When the collapse mode having #
regular pyramids of the same type in a
series (refer to Fig. 4 (b)) is assumed (k=a,
a: integer).

{m4s—Bab*/ (Bt4)} [=wst (9b)

where,

[P S a/k e ak 4 o>k
—f i | fe—
P — H ! e——r
— { v pe—
W (a)
dr ) ke
p 14
T I Y

)

e— L XXX X
—/\N\

AN 3
» A .LMI qIN e b

N 1= 7 NV

Fig. 4 Collapse modes of long rectangular plates
with simply supported edges.

_ {0 (% : even)

1/{6kayb?/(Et?)} (k: odd)

(C) When the collapse mode having &
wide hip-roofs of the same type in a series
(refer to Fig. 4 (c)) is assumed (¢>a) .

{2m5+ (k/e—1) moo—Cab*/ (Et*)}
< {4n % (kja—0.5)} =wa/t (9¢)
where,
C= {0 (k: even)»
a(3-afk) {6 k20yb/(Ef)} (k: odd)

My = 1—u?

wp in above eq. is the maximum deflection
of the plate in the state of the collapse. The
condition of the plastic collapse is obtained
as the function of » and wj for given q.
Consequently, the compressive strength 2,
and the values of w,~wy are determined

from egs. (5) and (9).

3.2 The Compressive Strength

(a) The case based-on the method a)
Numerical calculations are performed for
the plate of aspect ratio «=3 and 4. Fig. 5
shows the relation between p, and ¢ for
the plate of a=4 having the values of
b/t)/oy/E=2.8 (the thin plate) and
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T
P = buckling
stress
- for g=0.
2.0 q B

P/Peo
postbuckling

*Thin plates

1.5 E (b/t'W_UYE=2-3) 1

_ Thick plates
\ a1 =356 B4t (b7, VOT7g = 2.0)

1.0 Prebuck) ing 1
g% =0.47 Et4/bt
{0 , .

0.0 ;4,04 20.0

D

Fig. 5 pulpco - qb* /(Et*) curves for plates (a=4)
— method a) —

b/t)yVoy[E=2.0  (the comparatively thick
plate) by using the py/pe—gb*/(Er) coor-
dinate. In this diagram, , is shown by
heavy tull lines and g5, puex and  ppy,
which are buckling loads or its critical load
stated in chapter 2 is shown by thin full
lines. And here, the compressive strength
concerning the stable paths with low degree
of the stability are also omitted since they
can be neglected for practical use.

As seen from this diagram, the compres-
sive strength p, and its deformation pat-
terns vary according to the magnitude
of 4 as follows.

In case of the thin plate ((b/f)v/ay/E=
2.8), under small lateral pressure (corres-
ponding to ¢ between O and A), the plate
collapses at a certain load p, givén by the
curve OA after the buckling occurred at the
load p5 or pn,.. Under lateral pressure
cotresponding to ¢ between A and B, at
the moment buckling occurs at the load
bmex (the curve AB) the plate collapses, i.e.,
Pu=Pmax. Under lateral pressure beyond
¢ given by the point B, the plate collapses
at a certain load p, given by the curve BCD
before buckling. Therefore, #, curve is
given by OABCD in Fig. 5 under no exter-
nal disturbances. However, under the
stimulus of external disturbances, there
exists the possibility of occurrence of jump
phenomenon at the load beyond pny, . If
buckling occurs at the load p=p_,, , bu
curve will be given by AEC instead of

ABC (in this case, the curve AE corres-
ponds to the collapse after buckling, and
the curve EC corresponds to the collapse
at the moment of buckling). Therefore,
?s given by the curve OAECD may be con-
sidered the lower limit of the compressive
strength from the practical point of view.
In case of the thick plate ((b/t)voy/E=
2.0) , the points corresponding to A and E,
B and C in the case of the thin plate
approaching each other, they can be consi-
dered to be centered at one point. Consequ-
ently, under small lateral pressure (corres-
ponding to ¢ between O and A), the plate
collapses at a certain load s, given by the

curve OA after buckling. Under lateral
pressure corresponding to ¢ between A and

B, the plate collapses at the moment buckl-
ing occurs at the load pp, ie., 'p,=pp.
Under lateral pressure beyond ¢ given by
the point B, the plate collapses at the load
pu given by the curve BD before buckling.
In case of very thick plates, though the
diagram is omitted, the curves correspond-
ing to OA and AB stated above vanish, and
the plate collapses always before buckling.
The tendency of the results obtained in
the case of a=3 is generally similar to those
mentioned in the case of a=4 (the diagram
is omitted). |
Fig. 6 and Fig. 7 show the relation be-
tween the compressive strength p, and
(b/t)y/oy[E with various lateral pressure.

' —!
P3A series

w,/t =,.612
]

1.0

P/ay

0.8

\
\

LN

P3B series

wo/t = .336 “
L1177 \
.0 N
.472 AN
.710

* Collapse in postbuckling state.
@ Collapse in prebuckling state.
s

~
~e

Exp. [

1 i
0.0 1.0 2.0 3.0 b/y /Uy/E 4.0

Fig. 6 py/oy— (b/t)vay]E curves for various
values of wy/t (@=3) — method a) —
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P4A series
wy/t = .940

0.2 a Collapse % buckling
Exp. |+ Collapse in postbuckling state.

* Collapse in prebuckling state.
L

3.0 b/, /Oy/g 4.0

Fig. 7 pul/oy—(b/t)+/ay[E curves for various
values of wy/t (@=4) — method a) —

0.0 1.0 2.0

In these diagrams, wo/¢t is used as the para-
meter instead of  gb¢/(E#t) , in which w,
is the deflection at the center of the plate
under lateral pressure alone. And as the
values of p,, the lower limits of the com-
pressive strength are shown by corsidering
the existence of external disturbances.
Fig. 6 corresponds to the case of @=3and
Fig. 7 corresponds to the case of a=4.

It is seen from the both diagrams that in
the thick plate the value of pu/oy de-
creases with increase of lateral pressure
while in the thin plate the value of pu/oy
does not change so much with lateral
pressure. Moreover, in the case of inter-
mediate value of (3/f)/ay/E , there is the
range where the value of p,/oy increases
with increase of lateral pressure; this
corresponds to the range where pu=pm .
(b) The case based on the method b)

In the calculations of the compressive
strength p, by using eqgs. (5) and (9), the
following case concerning the assumed
collapse modes are investigated considering
the elastic behaviours of the plate obtained
in chapter 2.

(i). The case of a=3: In case when the
collapse of the plate occurs before buckling,
the mode having one hip-roof type (#=1in
eq. (9a)) is assumed and as the maximum
deflection of the plate w; , mean deflection
from the point z=b/2 to z=a—b/2 on the
y=b/2 is adopted. In case when the plate
collapses after buckling, the mode having

three regular pyramids of the same type
(k=3 in eq. (9b)) is assumed and w, is
adopted as wp.

(ii) The case of @=4: In case when the
plate collapses before buckling, both the
mode having one hip-roof type (%=1 in eq.
(9a); wp is defined similarly in the case of
a=3) and the mode having three long hip-
roofs of the same type (k=3 in eq. (9a);
wep=w, ) are assumed. In case when the plate
collapses after buckling, the mode having
four regular pyramids of the same type
(k=4 1in eq. (9b); ws =w,) is assumed.

Fig. 8 shows the relation between . and
g for the plate of a=4 having the values of
(/t)Voy]E=2.8 and 2.0 by using the same
coordinate as Fig. 5. In this diagram, the
compressive strength concerning the stable
paths with low degree of the stability is
also omitted since they can be neglected
for practical use. The values of #r, Pmax
and pma are plotted by the thin full lines.
It is seen from this diagram that the com-
pressive strength p, and its collapse mode
vary according to the magnitude of ¢ as
follows.

2.0
p/Pod

Thin plates

XX - (WO =2.8)
/] < "
1.5Fg & A 4
postbuckling c
. P Peo Pz-,_.buek D
od? 3t ~3.56 B4/p% Ling
0 '
i
o~
kyy, Thick plates

'
& (U /= 2.0)
0.5¢ 4
{ Pgo =buckling stress for q=0. D

L L
0 5.0 qb4/(Etd) 10.0

Fig. 8 pu/bco—ab*/(Et*) curves for plates
(¢=4) — method b) —

In case of the thin plate ((3/t)v/ay/E=2.8),
under small lateral pressure (corresponding
to ¢ between O and A), after buckling
occurs at the load #z of pmax, the plate
collapses at a certain load ps given by the
curve OA with the mode of four regular
pyramids type. Under lateral pressure
corresponding to ¢ between A and B, at
the moment buckling occurs the plate
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collapses in the case of no external dis-
turbances, i.e., pu=bmax . Under lateral pres-
sure larger than ¢ at the point of B, the
plate collapses before buckling with the
mode of one hip-roof type at the load
pu given by the curve BCD. In this case,
the curve CE which represents p. after
buckling has not any mean as the collapse
load. Therefore, p, curve is given by
OABCD under no external disturbances.
However, according to the amount of
external disturbances, under lateral pres-
sure cotresponding to ¢ between A and C,
the plate may collapse at the load p.
given by the curve AC after buckling
occurred at the larger load than pma, or
at the load beyond AC at the moment
buckling occurs. Therefore, under lateral
pressure between A and C, p, given by the
AC curve is considered the lower limit of
the compressive strength. While, under
lateral pressure between C and C’ (C’ is the
intersection of the curve BD and the curve
Pmin/pes ), the collapse load after buckling
due to external disturbances is larger than
that before buckling, the s, curve given
by OACD is considered, as a whole, to be
the lower limits of the compressive strength
from the practical point of view.

In case of the comparatively thick plate
((b/t)Voy[E=2.0) , the points corresponding
to A, B and C in the case of the thin
plate approaching each other, they can be
considered to be centered at a point. Then,
under small lateral pressure the plate col-
lapses at a certain load p, given by the curve
OA after buckling occurred at the load ps.
Under lateral pressure beyond ¢ at the point
A, the plate collapses always before buckling
and there are two types of the collapse
modes having the deflection form of triple
bulges with the large value of wy ( py is
given by the curve AD’) and the deflection
form of a single bulge ( , is given by the
curve DD’).

In case of very thick plate, though the

diagram is omitted, curves corresponding to
the part of OA and AD’ stated above vanish,
and the plate collapses always before buckl-
ing in deflection form of a single bulge.

As seen from this diagram, the compres-
sive strength in the case when the plate will
collapse after buckling does not change so
much with lateral pressure, while the com-
pressive strength in the case when the plate
will collapse before buckling changes
remarkably with lateral pressure. This
tendency of the results obtained in the
method b) is more remarkable as compared
with that obtained in the method a).

Next, Fig. 9 and Fig. 10 show the relation
between the compressive strength p, and
(b/t)vay[E  for various values of w,/¢ using
the same coordinate as Fig. 6 and 7. Consi-
dering the existence of external disturb-
ances, the lower limits of the compressive
strength are also taken as p,. Fig. 9 corres-
ponds to the case of =3 and Fig. 10
corresponds to the case of «=4.

It is seen from the both diagrams that in
the case of the thick plate the value of
puloy ~ changes remarkably with lateral
pressure while in the case of the thin plate
it does not change so much with lateral
pressure.

1.0

T T
vo/t = 0.0 P3B series
W/t = .336 W/t .:u

177 .
.0 /.3514
Y .
Ay
\
\
N\
\ 4
\
N
Y

. s Collapse in postbuckling state.
xp.
P ° Colllple in prebuckling state. 1

P/"Y P3A series

0.8

L 1 1
0.0 1.0 2.0 3.0 b/tﬂ‘T/E 4.0

Fig. 9 pu/oy—(b/t)v/oy[E curves for various
values of w,/¢t (¢=3) — method b) —

Moreover, the following conclusion is
obtained from comparison the values of 7,
based on the method a) with those based
on the method b) using Fig. 6 and 9 and
Fig. 7 and 10.
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T
P4A series

0.2F a Collapse % buckling.
s Collapse in postbuckling state.
Exp- |0 Collapse in prebuckling state.
L 1
0.0 1.0 2.0

L
3.0 b/tﬁ%‘ 4.0

Fig. 10 p,/oy—(b/t)v/oy[E curves for various
values of w,/t (a=4) — method b) —

For the thin plate having the large value
of (@/9varJE where the plate will collapse
after buckling, the variation of the calcu-
lated values of pu/or based on the both
methods due to lateral pressure is small.
On the other hand, for the comparatively
thick plate having small value of  (8/0)voy/E
where the plate will collapse before buckl-
ing, this variation is large. The calculated
values based on the method a) are generally
larger than those based on the method b).
The difference of the two for the range of
small value of (8/t)var/E becomes more
remarkable under larger lateral pressure.

4. The Experiments on Long Rectangular
Plates under Compression and Lateral
Pressure

4.1 The Experimental Method, Apparatus
and Specimens

To verify the theoretical analyses on the
behaviours and the compressive strength of
the plate, we made a series of compressive
experiments using a special apparatus as
shown in Fig. 11, in which the longitudinal
edges of a specimen are supported by the
knife edges, and the upper and lower edges
of the specimen are also supported by being
caught in two plates. The lateral pressure
is applied to the plate by air through a vynil
bag leading to the air regulator as shown in
Fig. 11(b). The upper and lower edges of
the specimen are compressed being kept

parallel by rigid frame. As shown in Fig. 11
(c), the longitudinal edges of the outside
of knife edges are fitted with two tie plates
to be kept straight after deformation.

The material of specimens used in this
experiment is mild steel SS41 of 3mm and
4.5mm thick. The length and width of the
specimen to be fitted with two tie plates
are 1000mm and 380mm for the case of
a=3, 1000mm and 300mm for the case of
a=4, respectively; the width is larger than a
space b between supported lines by knife
edges (6=300mm (a=3), b=250mm (a=4))
by 25mm in each side and a space a be-
tween the upper and lower edges supported
by two plates’by length of 3mm is 994mm.
The mechanical properties of the specimens
are shown in the column (3) and (4) of
Table 1.

4.2 The Experimental Results

We made a series of the compressive ex-
periments varying systematically lateral
pressure for the specimens having aspect
ratio a=3 and 4. The experimental condi-
tions and the results and some data of load-
deflection curves are shown in Table 1 and
Fig. 12, 13, respectively.

Column (1) of Table 1 is name of a
specimen: P3A series implies the specimen
of the thin plate and a=8, P3B series implies-

Compressive
load

I=ans.

[
g2ie sagen of placey
B
!

(a) Setup

(c) Supporting condition

Fig. 11 Experimental apparatus
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Table 1 Test conditions and results

(1) (2) (3) (4) (5) 4, © ., (7) (8) (9) (10)
Plate Young's  Yield gb 0 Number = _ 3, Reduced
Specimen  thicknes modulus stress Et t Max. load of waves J=J/ (bt (p. /0,)
uw Y's
¢ mm E kg/mm Oy kg/mm ton
P3A~-00 0 0 17.5 3 0.574
P3A-05 ><104 3.08 0.351 17.0 3 X10_2 0.555
P3A-10 3.09 2.10 25.4 6.16 0.612 18.8 3 6.14 0.622
P3A~20 12.4 0.987 17.0 1 0.555
a=3 P3B-00 0 0 34.4 3 0.726
P3B-10 ><104 1.43 0.177 34.9 3 X10—2 0.738
P3B~-20 4.42 2.19 27.4 2.85 0.336 35.0 .3 3.57 0.740
P3B-30 4.28 0.472 34.0 3 ' 0.717
P3B-50 7.24 0.710 32.6 1 0.683
P4A-~00 0 0 18.5 4 0.653
P4a-10 2.26 0.289 19.6 4 0.701
P4A-20 ><104 4.52 0.512 19.0 4 ><10_2 0.675
P4A-30 3.03 2.05 29.1 6.78 0.684 18.2 4 8.43 0.640
=4 P4A-40 9.04 0.823 18.4 4 0.691
P4A-50 11.3 0.940 19.9 1 0.715
P4B-00 ><104 0 [¢] 37.7 4 ><10_2 0.810
P4B-20 4.54 2.01 33.1 0.91 0.122 36.8 1> 4 4.55 0.787
P4B-40 1.83 0.238 35.2 1> 4 0.746

the specimen of the thick plate and a=3

and so on. The last two figures of the name _
show the value of lateral pressure expressed o S
by water column in dm units. Column (2) D
shows the mean plate thickness of the v e
specimens with every series. Column (5) ’ N Pooom
shows non-dimensional air pressure gbY/ — LF ['\\
(Ety . In column (6), we¢t, that is, the e I
calculated values of the center deflection of 2ot
the plate due to lateral pressure alone, D B£ 10
mentioned in chapter 3, is shown. Column e L
(7) shows the maximum load obtained in =T
this experiment. Column (8) shows number T ]
of halfwaves of the deflection form at the N
time of collapse. Moreover, the mark 1 - 4 D .
in this column shows that the deformation fakaxE v
changes rapidly from the deflection form oy \
of single bulge to the deflection form of S e AR
quadruple bulges before and after collapse. o s
Fig. 12 and 13 plot the relation between 7
the deflection at the center line of the ==
specimen » (in mm) and the compressive * ’
load » (in ton) and in the left lower parts Fig. 12 Relation between compressive load and
of these diagrams, the obtained deflection deflection (P3B series)
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Fig. 13 Relation between compressive load and
deflection (P4A series)

forms along the longitudinal center-line of
the specimen for a few load steps are
illustrated. Fig. 12 corresponds to the P3B
series and Fig. 13 corresponds to the P4A
series.

4.3 The Discussion on Theoretical Results

In this experiment, to keep the linearity
of the deformation along the longitudinal
edges of the specimen, these edges are fitted
with two tie plates as stated before. There-
fore, the rotational deformation of these
edges is restricted to some extent by the
torsional rigidity of this edge parts of the
specimen. To estimate the behaviours and
the compressive strengths of the specimens
based on the calculated results for simply
supported plates, it is necessary to convert
calculated value as for p and oy as follows

p—p—{6(1—V) J} bco }

ay—ay—{6(1—¥)J}beo (10)*

where, Jj=J/(®#)  (refer to column (9)
in Table 1)

J = the modulus of the torsional
rigidity of the edge parts of
the specimen

The curves described in Fig. 12 and 13
show the relation between the deflection
and compressive load obtained by the above
correction, corresponding to the experimen-
tal results. It is seen from the both diagrams
that the experimental results are generally
in good agreement with the calculated
results including the jump phenomena
except the range in which the plastic defor-
mation of the plate dominates the be-
haviours (the vicinity of the compressive
strength in the case of P3B-50 and P4A-50).
The experimental results for the case other
than P3B and P4A are also similar to above
results. ‘

Next, to compare the calculated results
with the experimental results about the
compressive strength, we convert the
values of p./oy obtained by these experi-
ments into the values of (pu/oy)s corres-
ponding to the calculated values for the
simply supported plates shown in Fig. 6, 7,
9 and 10. The obtained results are shown in
column (10) of Table 1 and are plotted in
these diagrams. It is seen from these dia-
grams that the calculated values are com-
paratively in good agreement with the values
of (pujoy)s obtained by these experiments,
though with a little scattering. Moreover,
the experimental values are generally larger
than the calculated values based on the
method a) and smaller than those based on
the method b) except the case of the P4B

* Though this correction is based on the calcula-
tion by the method a) cosidering the strain
energy of the edge parts, similar conversion is
also applied to the calculated results by the
method b) approximately.

Ni1-Electronic Library Service




The Society of Naval Architects of Japan

Compressive Strength of Long Rectangular Plates under Hydrostatic Pressure 113

series. In the P4B series, it is supposed that
since the edge parts of the specimen showed
a tendency to go intc inside when the
deflection increased rapidly due to local
plastic deformation, the experimental values
of this series became generally small. As for
the deflection forms at the time when the
plate collapsed, the experimental results in
the case where the plate collapsed after
buckling correspond to the calculated
results. Those in the case of P4B-20 and
P4B-40 shown in column (8) of Table 1
with the mark 1 — 4, where the plate col-
lapsed at the moment of buckling, corres-
pond also to the calculated results. Those
in the case of P3A-20, P3B-50 and P4A-50,
where the plates collapsed before buckling,
correspond comparatively to the calculated
values based on the method b), and also
correspond relatively to those based on the
method a) except the case of P3A-20,
considering that at its value of (4/f)vay/E
there exists the possibility of occurrence of
collapse before buckling. Concerning P3A-
20, correspondence of the calculated result
by the method a) to the experimental
result about the deflection form, is not
good. ;

Moreover, the experiments were confined
to the case of comparatively thin plates,
since those for the case of the thick plate
can not be made due to the limitation of
the capacity of our testing apparatus.

5. Conclusion

As a basic research for the study of the
strength of ship’s bottom plating, the com-
pressive strength of simply supported long
rectangular plates under lateral pressure
was approximately obtained by using the
following two methods assuming that the
plate behaved elastically up to collapse:

a) The method assuming that the plate
collapses when the edge stress in the direc-
tion of compression becomes equal to yield
stress of the material.

b) The method assuming that the plate
collapses when it satisfies the condition of
the plastic collapse in which collapse mecha-
nism is assumed and the plastic large deflec-
tion theory is considered.

From these results, the effect of lateral
pressure on the compressive strength was
discussed. And at the same time, adequacy
of the theoretical results was ascertained by
experimental investigation. The obtained
results are shown in the summary
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Appendix A. The concrete expression of
d¢/dw,=0 for the simply supported
rectangular plate of aspect ratio «
120 1 a5, ()
72 — r\25 Wy _y
£ BT (=) B ()
’2— r\2_ n
_Nzgnzl{—EAT—i—(n—_ Br}

2 __ 2 _
R s (
2 ,
k

Nzr+n

Hre) () 5+38)

192 (1—v?)  1—cosnm qb*

= o 2n Es (Al)
where,
a . D . 1 N 2( wn>
Ay=0, By,= T Eln 7
T a? B2 wWyW;
Ap=ps Lk_“;n(kz DR
+ 3 57 Rl |
ETi=n t
= a? o Wely
Bo= i L::i 3 )
+ 313 (k)|
Erl=n t
poo=m2D{cc[k+E|e}? (1b%) buckling stress
for ¢=0, & = positive integer: number of

half-waves of the deflection form at the
moment of buckling

Appendix B. The full plastic Moment M,
considering the effect of inplane force

When the plate consisted of the per-
fectly rigid plastic body under compression
p is bent at the plastic hinge line making
the angle ¢ to the direction of the com-
pression (refer to Fig. 14), the full plastic

0
—_——
—> 8 an &
b= fe—7p
— t &—
v
Yy

Fig. 14 Plastic hinge line of plate

moment M, considering the effect of in-
plane force acting the plate is obtained by
considering the equilibrium of the in-plane
force and von Mises’s yielding condition as
follows:
My Mpo=2(1—u?) [V4QA—p?) +p2(2—3 cos20)?
=M (A2)
where, u=pjoy and Mp=0yt?/4 the full
plastic moment without the effect of
in-plane force. The values of m, for 6=45°,
90° and 0° are given in eq. (9).
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