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Effective Coefficient of Initial Deflection for Simple
Prediction Method of Compressive Ultimate Strength

of Rectangular Plate?

Yukio UEDA *, Keiji NAKACHO ** and Shuji MORIYAMA ***

Abstract

In general, a deck plate of a ship hull is subjected to mainly in-plane tensile and/or compressive load due to longitu-
dinal bending moment acting the ship. When the strength of a deck plate is considered, the contribution of the plate ele-
ments (panels) subdivided by stiffeners and girders are very important, and the accurate evaluation of their compressive

ultimate strength is essential.

In this report, based on the results obtained in this series of research®®, the authors have developed a simple predic-
tion method of the ultimate strength with a limited amount of information on the kind of steel, sizes of deck plate panel,
welding condition, etc., which does not require complex calculation such as FEM.

The main results obtained in this study are as follows.

(1) In order to estimate the influence of actual complex initial deflection, the effective coefficient of initial deflection is
rationally determined for the standard initial deflection which is idealized from the actually measured initial deflec-
tions. The coefficient indicates that the maximum initial deflection influences the ultimate strength fully for thick

plates and less than a half for thin plates.

(2) The ultimate strength of a deck plate panel with initial imperfections (deflection and residual stress) can be evalu-
ated from the ultimate strength formulae proposed in the previous report”, taking into account of the above effective
coefficient of initial deflection. The predicted ones are very accurate in the comparison with those obtained by direct

FEM calculation to the actual panels.

KEY WORDS : (Compressive Ultimate Strength) (Effective Coefficient of Initial Deflection)
(Simple Prediction Method) (Stiffened Panel) (Deck Plate of Ship Hull) (Welding Initial Deflection)

(Welding Residual Stress)

1. Imtroduction

In box-girder structures such as hulls and bridges, deck
plates play an important role for longitudinal bending
strength. There have been a number of reports on the be-
havior of a plate and a stiffened deck plate subjected to
in-plane compressive loads until the compressive ultimate
strength. The authors also have studied this subject in

series10

. As for the compressive ultimate strength of a
stiffened rectangular plate, they have analyzed the be-
havior up to failure under the influence of welding initial
imperfections such as initial deflection and residual stress,
and clarified its characteristics. Nevertheless, the estima-
tion of compressive ultimate strength of an actual deck
plate panel with complex initial imperfections requires
either an experiment or a theoretical analysis, such as by
the finite element method (FEM), for each panel, with

considerable time and labor. Moreover, the results of a li-

mited number of experiments or theoretical calculations
do not necessarily provide general information, but speci-
fic. Therefore, they proposed two kinds of prediction
methods, utilizing the results of their reseach which are
summarized in the following.

(1) The entire magnitude of initial deflection of a plate
is not always effctive to decrease its compressive ulti-
mate strength.

There is a fundamental difference between thin and
thick plates in the behavior up to compressive col-

2

lapse.

One®® of the proposed methods is to derive simple
estimating equations for the compressive ultimate strength
of rectangular plate with uni-modal deflection and welding
residual stress, with the plate sizes and the magnitudes of
initial imperfections as parameters, based on the results of
numerical analysis, and to estimate the compressive ulti-
mate strength of an actual deck panel on the safety side,

1t Received on October 31, 1988
* Professor
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introducing the idea of effective coefficient of initial de-
flection. The other® ' is to estimate the compressive ulti-
mate strength of an equivalent rectangular plate with ini-
tial deflection of a single sinuisoidal half-wave, which
shows very similar deformation behavior to an actual deck
plate panel with complex initial imperfections. By the for-
mer method, the compressive ultimate strength can be
estimated as simply as by hand calculation on the safety
side, though the accuracy is not enough if the effective
coefficient of initial deflection presented hitherto is used.
The latter method is accurate using an equivalent simple
plate, and yet requires measurement of actual initial de-
flection to determine an equivalent rectangular plate, and
elastic-plastic large-deflection analysis for the compressive
ultimate strength.

This research aims to propose such a simple prediction
method as by hand calculation to obtain accurate estimate
of the compressive ultimate strength by utilizing the
advantages of the above-mentioned two methods. To be-
gin with, welding initial imperfections (initial deflection
and residual stress) should be predicted. These can be
obtained accurately by the simple prediction method pre-
sented by the authors'V. In this paper, first, the above
second method is applied to rationally determine accurate
and widely applicable effective coefficient of initial deflec-
tion, and this coefficient is used in the above first method
for effective initial deflection. Consequently, if the sizes
of a deck plate panel and its stiffeners, and welding condi-
tions for attachment of the stiffeners to the deck plate are
decided at a design stage,
strength of the panel can be obtained very simply and
accurately. Analyses will be performed on deck plate
panels of mild steel and high tensile strength steel (HT
steel) to demonstrate good applicability of the method.

This paper does not discuss the direct effect of longitu-
dinal stiffeners on the compressive ultimate strength of a
deck plate, local buckling of a panel nor overall compress-
ive collapse of a deck.

the compressive ultimate

2. Simple Estimating Equations for Compressive Ultimate
Strength of Rectangular Plate

The authors have already presented simple estimating
equations for the lowest compressive ultimate strength of
a rectangular plate with welding residual stresses and the
uni-modal initial deflection”"!?), This set of simple equa-
tions may be used to estimate compressive ultimate
strength of an actual deck plate panel with complex initial
deflection, utilizing effective coefficient of initial deflec-
tion, which will be determined in the next chapter. The
process of derivation of the equations is outlined in the
following.

Transactions of JWRI

162

Vol. 17 No.2 1988

It is assumed that a rectangular plate (slenderness
ratio £=(b/tW/ov/E ) is simply supported for its out-of-
plane deformation, and its in-plane displacements along
the four sides are kept straight. The plate is assumed to
be accompanied by the uni-modal welding initial deflec-
tion expressed by Eq. (1) and welding residual stresses
(the breadth for tensile stress gwmax=ov: by) ,
Fig. 1.

as shown in

Wy = wos* sin(max/a)* sin{ry/b) 1)

where, w,: initial deflection,

wys: the maximum magnitude of initial deflec-
tion.

For the case where a rectangular plate with such initial

imperfections is subjected to compressive load (thrust) in

x-direction, its compressive ultimate strength is evaluated

for each uni-modal deflection of m in Eq. (1) being 1, 2,

(Wos is constant), so as to obtain the minimum

value of ultimate strength for the same magnitude of ini-

tial deflection, w,,.

yZ wo=w°s-sin(m7rx/a)-s1'n(1Ty/b)

a
/_ wmax - Y
Compressmn (s.s.)

loading j—tw—p— — —
(Thrust) m3 mz mel s (58
2 N N
\ N Compresswn

Fig. 1 Rectangular plate with uni-modal initial deflection
and residual stresses under compression loading

) Yos
: Tensmn

7_/ t

Thickness : t

T Straight & Simply supported (

This minimum value varies periodically to some extent
with the change of the aspect ratio a/b of a plate, but the
difference in the range of 0.5<a/b is so small that the
value may be regarded as constant. Accordingly, the mini-
mum value of the compressive ultimate strength of a rec-
tangular plate is expressed approximately as a function of
only slenderness ratio & for the specified of initial im-
perfections (the magnitude w,, of initial deflection and the
breadth b, for tensile yield residual stress). That is to say,
the non-dimensionalized compressive ultimate strength,
oy /! oy, can be expressed as functions of non-dimensional
parameters 7 = W,/t, 2by/b and £=(b/t)y/ov/E , as fol-
lows.

(a) 2b,/6=0.0 (in case of no residual stress)

(a-1) 08<£<20

o/ oy=(—243l7*+1.68267—0.2961) (£*—4.0)

+(7.27457*—4.74317+0.6709) (6 —2.0)+ 2,
@
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2,=(—0.35977°+0.17487+0.8598)
/(2.24327+1.3322) +0.03737+0.2481

(a-2) 20<€<35

ou/ov= (—0.35977*+0.17487+0.8598)
/(€+2.24327—0.6678)
+0.03737+0.2481 3)

E=(b/thor/E, n=1wos/t

(®) 2b6,/6=0.1
(b-1) 08=¢£<16

where,

ouw/ov=(—0.39872+0.43397—0.1342) (£?—2.56)
+(1.08147*—0.7551 9+ 0.102)(£ — 1.6)+ 2,
C))
2,=(0.49747*+0.82817+1.0171)
/(279427 +1.2908)—0.18497 +0.1571

(b-2) 16<£<35

04/ 0v=(0.49747*+0.82817+1.0171)
/(€+2.79427—0.3092)—0.18497+0.1571
()

() 2b/6=0.2
(c-1) 08=<¢<15

0w/ 0v=(—0.33177*+0.63147 —0.2656)( £2—2.25)

+(0.536972—0.7798 7+ 0.2854)( £ — 1.5)+ 2,
(6)
2:=(0.2927*+1.29367 -+ 0.7471)
/(2.8977+1.1189)—0.27157 +0.2057

(c-2) 15<£<35

0u/0v=(0.2927°+1.29367+0.7471)
/(€+2.8977—0.3811)—0.27157+0.2057
™)

Equations (2) to (7), thus non-dimensionalized by
yield stress, can be used in common for both mild steel
and HT steel panels irrespective of their different yield
stresses. However, HT steel panel with oymax < oy (see
Fig. 1 and refer to Eq. (16) in Ref. 11) needs some cor-
rection, because the non-dimensionalization by yield stress
is based on the assumption that the residual stress in the
tensile stress region reaches yield stress. For such a case,
the breadth for tensile residual stress, b;, should be cor-
rected as follows, paying attention on the fact that com-
pressive residual stress affects directly the compressive
ultimate strength. Keeping self-equilibrium of residual
stress, that is, the integrated value of tensile residual
stress is equal to that of compressive residual stress, the
breadth is to be corrected by Eq. (8) assuming that the
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magnitude of tensile residual stress is ovy.
b=(0wmax/ 1) X bro . (8)

b:,: breadth for tensile residual stress, calculated
by Eq. (15) in Ref. 11
owmax: Magnitude of tensile residual stress, shown
in Eq. (16) in Ref. 11
The minimum value of compressive ultimate strength
in Egs. (2) to (7) is obtained by elastic-plastic large-
deflection analysis based on the finite element method. In
the analysis, welding imperfections are assumed to be pro-

where,

duced in such way that initial deflection w,, is first formed
in the panel due to angular distortion of fillet welds and
next inherent strains are given to the region of breadth b,
along the longitudinal stiffeners to produce residual stress-
es, and then the compressive ultimate strength of such
panel is analyzed. The increment of deflection due to lon-
gitudinal residual stresses is calculated in the first step of
elastic-plastic large-deflection analysis. Accordingly, initial
deflection by only angular distortion of fillet welds is
necessary to use for Eqs. (2) to (7). This initial deflection
can be calculated by Eq. (14) in Ref. 11 as w,,. As a mat-
ter of fact, the above mentioned increment of deflection
due to residual stresses is extremely small, such as smaller
than 5% of the one by angular distortion, in almost all
deck panels'!. Therefore, in place of the above deflec-

tion, any measured value of initial deflection in an actual
panel or in an experimental panel, which is produced not

only by angular distortion but also by longitudinal residual
stresses, may be applied to Egs. (2) to (7).

3. Determination of Effective Coefficient of Initial Deflec-
tion

Based on theoretical consideration, effective coeffi-
cients of initial deflection is determined in the following.

3.1 Definition of effective coefficient of initial deflection

The simple estimating equations mentioned in Chapter
2 give a minimum value of compressive ultimate strength
of a rectangular plate with initial deflection of a sinuisoid-
al wave. In this case, the entire initial deflection is effec-
tive on the decrease of compressive ultimate strength.
That is, the maximum magnitude of initial deflection is an
important factor affecting compressive ultimate strength.
While, an actual panel is accompanied by initial deflection
of a complex shape, and its maximum magnitude of the
deflection is not necessarily effective on the decrease of
compressive ultimate strength. The effectiveness of such
initial deflection of an actual panel may be represented by
the effective coefficient of initial deflection, ¢, defined in
the following.



(444) Transactions of JWRI

§ = wo.s/womax (9)

where, 1w, effective maximum magnitude of initial de-
flection of a sinuisoidal wave, to estimate
the compressive ultimate strength of an
actual panel by using Egs. (2) to (7).
womax: Maximum magnitude of initial deflection
of an actual panel.

If this effective coefficient of initial deflections, ¢, can
be known beforehand, the compressive ultimate strength
of an actual panel is easily estimated with the aid of the
simple estimating equations, Egs. (2) to (7).

3.2 Deflection method and curvature method, and effective
coefficient of initial deflection

In order to obtain the effective coefficient of initial de-
flection, an equivalent rectangular plate with initial deflec-
tion of a half sinuisoidal wave as shown in Fig. 2 is consi-
dered. This rectangular plate exhibits equivalent com-
pressive behavior up to collapse to that of an actual
panel.

An equivalent rectangular plate can be obtained by
two methods®'9; one for thin plates and the other for
thick plates, called the deflection method and the curva-
ture method, respectively. First, it is assumed that an
equivalent rectangular plate has the same plate breadth b
and plate thickness t as an actual panel. Then, the plate
length a, and maximum initial deflection A, are deter-
mined so as to make the behavior of deformation equal to
one of an actual panel. Initial deflection of the equivalent
rectangular plate is expressed as follows.

wo= A, sin{mx/a,)*sin(ry/b) (10)

a, and A, in Eq. (10) are determined by either of the
two methods mentioned above.
(1) Deflection method (for thin plate)

In thin plate, only particular deflection mode becomes

Y
Actual panel

Vol. 17 No.2 1988

predominant and stable above the elastic buckling load.
Afterward plastification in the plate develops to collapse
of the plate. The behavior above the elastic buckling load
is almost the same as that of rectangular plate with the
above-mentioned stable component as initial deflection.

Adopted as the length of an equivalent rectangular
plate, a,, and the maximum magnitude of initial deflec-
tion, A,, are the length of one half-wave of a stable mode
component among the actual initial deflection modes and
the magnitude of the component.

(2) Curvature method (for thick plate)

In thick plate which collapses below the elastic buck-
ling load, plastification initiates on the surface at the posi-
tion of maximum curvature of the deflection which is very
close to that of initial deflection, and develops in the
whole section up to collapse with almost the same deflec-
tion mode as the initial one.

The primary component of deflection to the maximum
curvature is taken out and its one half-wave length is
adopted as a,. The magnitude of initial deflection A, is so
determined that the curvature by only this component
equals to the maximum curvature of an actual initial de-
flection. In this method, alternatively, a, may be deter-
mined as the distance between two zero curvatures in the
vicinity of the maximum curvature.

(3) Effective coefficient of initial deflection

The authors have shown that the compressive ultimate
strength of thus specified equivalent rectangular plate with
only a half sinuisoidal wave is nearly equal to that of an
actual panel® '), Therefore, the effective coefficient of in-
itial deflection (Eq. (9)) may be rewritten as follows.

{=Ao/Womax (11)

3.3 Idealized standard modes of initial deflection and
effective coefficient of initial deflection

As is well known, initial deflection of actual panel is

y
Equivalent
plate

TN/
b

/ /

/ a 7

Y/ Zf? /__x.
YA

Initial deflection in
equivalent plate

LA
wo = Ap s1n—~—s1n-§i

Actual complex initial deflection

_ mmx nny
%ﬁAomns”‘ 3 sin—= 5

Fig.2 Actual and equivalent panels
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composed of complex deflection modes and is different in
all panels, so that it is difficult to estimate the deflection
mode and magnitude of initial deflection in each indi-
vidual panel. In Ref. 11, therefore, idealizing the de-
formation behavior of a panel due to welding, the proce-
dure to estimate the maximum magnitude (appears at the
middle of the panel) of initial deflection due to angular
distortion is presented. Similarly, idealizing the modes of
initial deflection, based on the results of research by the
authors®19, the deflection mode shown in Fig. 3 is prop-
osed as a standard one of initial deflection. This deflec-
tion mode consists of a half of the one half-wave of the
buckling mode near both ends and a segment of cylinder
between them, having the maximum initial deflection
Womax- 1he deflection across the transverse section is com-
posed of a half sinuisoidal wave. Thus idealized standard
initial deflection mode may be expressed as follows.

Womax* | Sin Krx { . sin%
a 2K—1
<0§x—§i‘ 2g asr=a)
sin®Y (4 2K—1
Womax * SN b (2 =r=s 2K a)
where, a: length of panel, wynay: maximum magnitude

of initial deflection,

K: number of half-waves of the buckling mode
for specified aspect ratio

In Refs. 9 and 10, the authors compare the correlation
between the magnitudes of components of measured ini-
tial deflections of deck panels of various sizes and those
of this standard initial deflections obtained for the respec-
tive deck panels. The result reveals that standard initial
deflection modes indicate almost the same general charac-
teristics as the actual ones.

Applying the deflection method and the curvature

jZAf nBa /wﬂ/
W
/b7 ]

/"forgax /
4
—

Standard initial deflection

s Ky o TY
Womax | sin=3—1sin4-

(in A)
Wo =
Womax sin%}i (in B)

Fig. 3 Idealized standard initial deflection
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method to this standard initial deflection, effective coeffi-
cients of initial deflections will be obtained.
3.3.1 Determination of effective coefficient of initial deflec-
tion by the deflection method (for thin plate)
Equation (12) can be developed into the following
sine-series, at y=b/2 (the middle of the breadth).

(13)

wo=),An*sin(mnzz/a)

4K2w0max . mmn
ma(K*—m?) 082K
(in case of m being odd number)

Womax/ K

(in case of m being odd
number and equal to K)

0 (in case of m being even number)

If the number of half-waves of the buckling mode, K, is
odd, the stable deflection mode above the elastic buckling
load is assumed to coincide with the buckling mode. The
magnitude of the stable deflection mode may be derived
from Eq. (13) as that of the bucking mode, Ay, (when m
=K), as

Ab= womax/K (14) '

Accordingly, the effective coefficient of initial deﬂectioﬁ,
¢, expressed by Eq. (11) can be rewritten as

(15) .

In the case where the number of half-waves of the
buckling mode, K, is even, the stable deflection mode of
an actual panel under thrust does not coincide with the
buckling one, but its one higher mode. The effective
coefficient of initial deflection can be obtained in the
same way as Eq. (15) and approximated as follows.

§=Ao/w0max:Ab/w0max= 1/K

£=1/(K+1) (16)

In actual panels, if the ratio of the components of ini-
tial deflection exceed the critical ratio®, the stable deflec-
tion mode may possibly move to the higher mode than
the above cases. However, the difference of compressive
ultimate strength is considered small enogh since, in case
of thin plate, compressive ultimate strength of rectangulér
plate with uni-model deflection mentioned in Chapter 2
differs only a little for the change of magnitude of initial
deflection.

3.3.2 Determination of effective coefficient of initial deflec-
tion by the curvature method (for thick plate)

The magnitude and the position of maximum curva-
ture of the standard initial deflection are expressed as fol-
lows.

(l/p)maxz —(Kn/a) womax (17)
(at x=4/(2K) and x=(2K—1)a/(2K))
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Curvature of each sinuisoidal wave component of the
standard initial deflection at the above position of max-
imum curvature can be expressed by the following equa-

tion.
z max
<l> = (18)
0/ max -m
2 masz .
_Hsmﬂ[g (m*K)

(m takes only odd numbers)

Equation (18) indicates that when the number of half-
waves of the buckling mode, K, is odd, the component
contributing the most to the maximum curvature (Eq.
(17)) of the standard initial deflection is the buckling
mode itself. When K is even, it is one higher mode, that
is, K4 1th mode. First, the case where the buckling mode
has odd half-waves is considered. In order that the curva-
ture of the buckling mode expressed by the first equation
(for the case of m =K) of Eq. (18) has the same magni-
tude as that by Eq. (17), the magnitude of the deflection
should be increased by K times. If such is the case, the
magnitude of the buckling component mode, Ay, is
obtained from Eq. (13) as

Ap={womax/K) K = Womax (19)

Accordingly, the effective coefficient of initial deflection,
expressed by Eq. (11), may be rewritten as follows for
thick plate.

1.0 a
2b,/b=0.1

ey o

0.8F

0.6 F

1000 m

b =
oy= 28 kgf/mm?2
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§=A0/w0max:Ab/w0mx= 1 (20)

Similarly, for the case where the buckling mode has
even half-waves, an effective coefficient of initial deflec-
tion can be obtained. Although the coefficient in this case
is a little less than 1, Eq. (20) may be applied approx-
imately to both cases.

3.3.3 Ranges for application of effective coefficients of ini-
tial deflection

Applicable ranges of the effective coefficient of initial
deflection, ¢ for thin plate and ¢ for thick plate, respec-
tively expressed by Egs. (15), (16) and (20), will be deter-
mined for slenderness ratio &, using the simple estimating
equations, Egs. (2) to (7), for compressive ultimate
strength shown in Chapter 2.

(1) Range for application of effective coefficient of initial
deflection for thin plate

As mentioned in 3.2, the behavior of thin plates under
thrust may be characterized by the fact that only a single
component of initial deflection has become dominant over
the others above the elastic buckling load and then de-
velopment of plastic portion leads to compressive col-
lapse. Accordingly, the compressive ultimate strength, in
general, becomes higher than buckling strength. In Fig. 4,
simple estimating equations for compressive ultimate
strength, Eqs. (4) and (5), are illustrated for the case
where the breadth for tensile residual stress, b,, is 0.05b
(2by/b=0.1). In this figure, this characteristic of thin plate
is observed in the range of the slenderness ratio, where
the solid lines are above the broken one.

—— : Ultimate strength \\\
——-—— : Buckling strength free ~
from residual stresses Buckling
} —e-— : Ultimate strength free strength
from residual stresses
L 1 ' A —

1.5

2.0 2.5 3.0 3.5
(b/t) Vou/E

Fig. 4 Minimum compressive ultimate strengths of rectangular plates with uni-modal
deflection and residual stresses (In the case of 2b,/b=0.1)
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In Ref. 11, measured results of initial deflection of
actual deck panels of various sizes have been shown.
According to the results for the panels of 11mm thickness
(é=(b/tWoy/E =2.6), the maximum magnitude of initial
deflection is approximately one half of the plate thickness.
In case of thin plate, as was shown in 3.3.1, effective ini-
tial deflection becomes 1/K (K: the number of half-waves
of the buckling mode) of the maximum one. Therefore,
an application limit of ¢ for thin plates may be set at
points of intersection of the broken line representing the
elastic buckling strength and the solid lines representing
the compressive ultimate strength for w,¢/t=0.1~0.5. De-
pending on the magnitudes of initial deflection (w./t) and
residual stress (2by/b), the point of intersection varies
more or less between slenderness ratio £=2.1~2.6. Here,
£=25 is adopted. Hence ¢ for thin plate is applicable
for the range where 25< £=(b/t)/ov/E .

(2) Range for application of effective coefficient of initial
deflection for thick plate

In thick plates, plastification extends from the position
where the curvature is maximum, and collapse takes place
when the average compressive stress increases nearly to
the yield stress. Taking this behavior into account, the ap-
plication limit of ¢ for thick plate is set at the slenderness
ratio &((b/th/ov/E), with which the compressive ultimate
strength reaches the yield stress, in the following way.

As shown in Ref. 11, the maximum magnitude of ini-
tial deflection of a panel with plate thickness being
34.5mm((b/t)y/oy/E =0.8) is less than 5% of its plate
thickness. Therefore, the application limit is set at the
point of intersection of the solid line representing the
compressive ultimate strength for w,/t=0.1 and the line
of o,/ oy = 1.0, which varies depending on residual
stresses more or less. The practical range for application
of ¢ for thick plate is determined as £ =(b/t}y/0y/E <1.0
(3) Effective coefficient of initial deflection (relation with

slenderness ratio &)

The ranges for application of effective coefficients of
initial deflection for thin and thick plates have been deter-
mined in terms of the slenderness ratio £ . For plates of
medium thickness whose slenderness ratio is between the
above two application limits, the effective coefficient of
initial deflection, ¢, is assumed to change linearly with
slenderness ratio & between ¢ for thin plate and ¢ for
thick plate.

Consequently, the effective coefficients of initial de-
flection are expressed by the following equations. The
equations are also depicted in Fig. 5.

1 (for £<1.0)
1—(2/3)1—1/K)E—1)

(for 1.0<€<25)
(for 25<¢)

{:

/K 1)

167
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where, £=(b/t}/oy/E : slenderness ratio
the number of half-waves of the buck-
ling mode (in case the number of buck-
K: < ling mode is odd).
the number of half-waves of the buck-
ling mode + 1 (in case the number of
buckling mode is even).

-

t=1-50-g)(E)

0. 1.0 2.0 3.0
€= (b/t) /o 7E

Fig. 5 Effective coefficient of initial deflection

3.4 Procedure of calculation of compressive ultimate
strength of a rectangular plate with welding initial im-
perfections

With the method explained in Ref. 11, it is possible to
estimate initial deflection and residual stress produced by
welding stiffeners to a rectangular plate. As for initial de-
flection, effective coefficient of initial deflection discussed
in this chapter is used to obtain effective initial deflection.
Using this effective initial deflection and residual stress,
the compressive ultimate strength of such a rectangular
plate as with welding initial imperfections can be calcu-
lated by the simple estimating equations of compressive
ultimate strength described in Chapter 2. The procedure
of these calculations, the simple prediction method, is
shown by a flow chart in Fig. 6.

4. Applicability of the Simple Prediction Method

In the previous chapters, for deck plate panels in a
ship hull, the simple prediction method for the compress-
ive ultimate strength of a rectangular plate with initial im-
perfections due to welding has been presented with the
aid of the effective coefficient of initial deflection. In this
chapter, applicability of the method is examined, that is,
the compressive ultimate strength of deck plate panels of
mild steel and HT steel are estimated by the method,



* : in Ref.11

Angular distortion of
| free-end T-joint

a,b,tg,f
,b,t,E,o o
: Y Maximum initial
deflection of
Eq. (21) deck panel
C Eq. (9)
Effective coefficient ‘
of initial deflection
W Effective initial
0s deflection

Breadth of tensile
residual stress

b,t,E,cY

by ————]
f Eqs. (2)~ (7)
Eq.(15)* l
Compressive
/oy ultimate strength
Size of panel ca, b, t

Material of panel : E, %

Size of stiffener : tg

I, v, 8Qpaxs > N,
W.M. (Welding method)

Welding condition :

Fig. 6 Flow chart for estimation of initial imperfections and

compressive ultimate strength of deck panel
according to the calculating procedure shown in Fig. 6.
4.1 Applicability for deck plate panel of mild steel

First, deck plate panels of mild steel with 28 kgf/mm?
yield stress will be analyzed.
4.1.1 Analyzed deck panels and their initial imperfections'?
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The authors, fc.>rmerly, observed the forms and magni-
tudes of initial deflections on 21 panels of 4 kinds in a
60,000 ton Bulk Carrier (hereinafter called B.C.) and 12
panels of 2 kinds in a Pure Car Carrier for 5,500 cars load
(hereinafter P.C.C.)»'9. The plate thicknesses were 15,
19 and 34.5mm in B.C. and 8 and 1lmm in P.C.C.
Among these, the 8 mm thick panels of P.C.C. seemed to
have been subjected to straightening, and therefore they
are not discussed here. The sizes and welding conditions
of the panels treated in this chapter are indicated in Table
1.

Using the prediction method shown in Ref. 11, weld-
ing initial imperfections of the above mentioned panels of
five different sizes can be calculated easily. As a result,
the maximum initial deflection w,. and the breadth for
tensile residual stress, by, (Fig. 1) are obtained for respec-
tive five kinds of panels. As for initial deflection, mea-
sured values are also available as mentioned above, which
scatter though, and their mean values and standard devia-

6'0 T T L) T T
m Miid Steel (0.39)
Wo max Lo
(mm) wm N d s :
50 k omax ¢ Measured maximum deflection n
onuax : Predicted maximum deflection
YO O,%,0,8,0 fr (g T
measured one : Mean value &)
( ) :Standard A (0.75
deviation of 7/ ( )
measured
3.0 F one (0.15) i
a xbxt
2.0 + O : 2400x800x34.5 b
Y : 2100 x 800 x 19
(0.30) O : 2800 x 80O x 19
1o a A : 2800 %800 x 15
N O : 3840% 780 x 11 |
1 1 1 1 i
0. 1.0 2.0 3.0 4.0 5.0 6.0
wo?nax (mm)
Fig. 7 Comparison between predicted maximum initial de-

flection of deck panel of mild steel and measured
ones

Table 1 Sizes of deck panels and stiffeners, and welding conditions

Sizes of Panels and Stiffeners| Number of Conditions of Welding
Kind Deflection- ) Leg
of Ship Panel Long. Stiffener | measured Current | Voltage | Velocity Length
axbxt (mm) hx tg (mm) panels (a) (v) (cm/min) (mm)
2400x800x34.5 400 x 35 12 8
Bulk 2100%800%19 300 x 28 3 290 254 5 8
g 1
Carrier 2800x800x19 300 x 29 3 300 46 8
2800x800x15 250 % 19 3 6
Pure Car | 3140x780x11 |200x90x9/14 1.A. 6 200~ 250| 24446 15 5
Carrier
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tions are calculated. They are compared with predicted
ones as shown in Fig. 7. It is proved that the prediction
method is highly accurate.
4.1.2 Prediction of compressive ultimate strength

The effective coefficients of initial deflection and the
simple estimating equations are used to calculate the com-
pressive ultimate strength of the rectangular plate with in-
itial imperfections described in the previous section.
Whereas, elastic-plastic large-deflection analysis based on
the finite element method (FEM) is conducted to obtain
the compressive ultimate strength of the rectangular plate
with measured initial deflection of complex deflection
modes and estimated residual stress distribution. Adopted
in the analysis are three panels for respective sizes (5
different sizes). As for panels of 1lmm and 34.5mm in
thickness, initial deflection has been measured on six and
twelve panels respectively, from which three are chosen at
random for each size. Deflection modes of these mea-
sured initial deflections and of the standard initial deflec-
tions which have the maximum magnitudes predicted by
the method presented in Ref. 11 are compared for each
size as shown in Fig. 8.

For the compressive uitimate strengths of these panels,
estimated results by the simple prediction method and
analytical results by FEM are compared and shown in Fig.
9. As the analytical resuits, the mean value and standard
deviation of three panels are shown for each size. The
accuracy of estimation is very high except the case of
34.5mm thick plates. The estimated value for 34.5mm
thick plate is o,/6vy=1.0 , whereas the mean value of
analytical results is o,/0y=0.924 showing a little differ-
ence. This difference may be attributed to the following
reason. In the case of such thick plates, plastification is
dominated by bending stress corresponding to curvature
rather than deflection. In connection with this, examina-
tion of the initial deflection modes shown in Fig. 8 reveals
that the maximum curvature of the standard initial deflec-
tion mode for 34.5mm thick plate is smaller than the mea-
sured ones more or less. This smaller estimation of the
maximum curvature leads to predict a higher compressive
ultimate strength. This is one of the reason for the differ-
ence.

The analytical results on actual panels by FEM indi-
cate that inspite of the considerable variation among ini-
tial deflections shown in Fig. 8, the compressive ultimate
strengths differ little in each size. As having been men-
tioned in this report, this may be attributed to that the

behavior of plate to collapse is almost same according to
the slenderness ratio. This is remarkably recognized in the

fact that two kinds of panels of plate thickness being t=
19mm have almost the
strengths, whose slenderness ratios are the same though

same compressive ultimate
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Fig. 9 Comparison between predicted compressive ultimate

strength of deck panel of mild steel and calculated
ones
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the panel lengths are different.
4.2 Applicability for deck plate panel of HT steel

On the assumption that the sizes of deck plate panels
and the welding conditions of stiffeners are the same as
the mild steel panels shown in Table 1 in the previous sec-
tion, HT steel (SM53) with 41 kgf/mm? yield stress is
chosen as the material for analysis.

4.2.1  Initial imperfections

For five kinds of the panels of SM53 steel, maximum
initial deflections Wom,, are estimated by the method pre-
sented in Ref. 11 and they are shown in Table 2. Only the
estimated values are shown since there are no available
measured results for deck plates of SM53 steel. The esti-
mated welding initial deflections of deck plates of SM53
steel are smaller than those of mild steel plates. The de-
flections are approximately 90% of thin plates and 60% of
thick plates of mild steel in case of same sizes and welding
conditions.

Table 2 Predicted maximum initial deflection of deck panel
of HT (SM53)'steel

Predicted maximum deflection womax ( SM53 ) (mm)

wbx t || 2900 %800 | 2100 x 800 | 2800 x 800 | 2800 x 800 | 3440 x 780
2 x 34.5 x19 %19 x 15 x11
Wo max 0.69 2.44 2.54 2.80 4.59

The welding residual stresses (the breadth for tensile
residual stress, b,) can be also predicted by the method in
Ref. 11. The correction of b, described in Chapter 2 is not
necessary for SM53 steel, since the tensile residual stress
reaches the yield stress!V.

4.2.2 Prediction of compressive ultimate strength

Compressive ultimate strengths of the panels of HT
steel (SM53) with the above initial imperfections are esti-
mated by the simple method. On the other hand, elastic-
plastic large-deflection analysis based on FEM is also con-
ducted as follows: As to the shape of initial deflection,
the same ones for the deck panels of mild steel shown in
Fig. 8 are used, being decreased in magnitude by the ratio
of maximum initial deflections predicted for HT steel
panel and mild steel panel. The distribution of residual
stresses is, similar to the case of mild steel, assumed as
rectangular distribution (see Fig. 1) using the estimated
value b, as the breadth for tensile residual stress. The
compressive ultimate strength of the panels of HT steel
with such initial imperfections as these is analyzed theore-
tically based on FEM. Like the case of mild steel, the
analysis is conducted on three panels for each size, to
obtain the mean values of the compressive ultimate
strengths and their standard deviations. The predicted re-
sult is compared with this analyzed result and shown in
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Fig. 10 Comparison between predicted compressive ultimate

strength of deck panel of HT (SM53) steel and
calculated ones

Fig. 10. Both resuits correspond very well, though they
differ a little in thick plates of 34.5mm in thickness like
the case of mild steel.

In the HT steel panel, too, little difference is found in
the analytical results by FEM for each size. Comparison
of the compressive ultimate strength of the panel of HT
steel with that of mild steel shows that the absolute value
is larger in HT steel panel for each size, while non-
dimensionalyzed compressive ultimate strength by yield
stress, o,/ oy, is almost the same for the panel with t=
34.5mm in plate thickness and becomes remarkably small-
er in the panel of HT steel as the plate thickness de-
creases. This may be attributed to, although the size and
welding condition are the same for both steels, the differ-
ences in (i) the slenderness ratio, (ii) the magnitude of in-
itial deflection and (iii) decreasing tendency of compress-
ive ultimate strength due to initial deflection, which de-
pends on slenderness ratio. Above all, (i) is considered
most influential. That is, slenderness ratio is larger in the
panel of HT steel if the size is the same. As is evident in
Fig. 4, o,/ oy does not vary or decreases according as
slenderness ratio increases, that is, o,/ ¢ vy is generally in-
clined to decrease in the panel of HT steel. This fact is
very important on determination of HT coefficient which
is used to determine the thickness of plates of HT steel
from the rules for plates of mild steel.

5. Conclusions

Presented in this study is an accurate method to pre-
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dict the compressive ultimate strength of deck plate panel

of a ship’s hull as simply as by hand calculation, using

welding initial imperfections estimated by the simple

method in Ref. 11.

The main results are as follows:

(1) The effective coefficient of initial deflection was de-
termined rationally as mentioned in the following
items, which is used in the calculation of the com-
pressive ultimate strength of a rectangular plate with
initial imperfections by the simple estimating equa-
tions (see Refs. 7, 9 or 10).

(i) A standard initial deflection mode was proposed, of
which longitudinal form is flat in the middle portion
and a half of the half-wave of the buckling mode in
the vicinities of the both ends.

(ii) Using this standard initial deflection wave, the deflec-
tion method was applied for thin plates and the curv-
ature method for thick plates in order to obtain effec-
tive coefficients of initial deflection, respectively.

(iii) The ranges for application of respective effective
coefficients of initial deflection were determined. For
plates of medium thickness, the coefficient was linar-
ly varied between the above coefficients. As a result,
effective coefficients of initial deflection can be simp-
ly expressed with the number of half-waves of the
buckling mode and the slenderness ratio of a panel,
as shown by Eq. (21).

(2) Consequently, if sizes of a deck plate panel and stiff-
eners and welding conditions are specified at the de-
sign stage, it is very easy to estimate the compressive
ultimate strength of a panel as well as welding initial
imperfections. The procedure of prediction is shown
in Fig. 6.

(3) For actual deck plate panels of mild steel and HT
steel, the compressive ultimate strengths
obtained by the above-mentioned method. The pre-
dicted strengths were compared with the result by
elastic-plastic large-deflection analysis based on
FEM, and the accuracy of the method was proved
very high. Furthermore, having examined the com-

were

pressive ultimate strength obtained for the panels of
mild steel and HT steel, it was noted that attention
should be paid to determination of HT coefficient.

(451)
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