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On Buckling Accepted Design of Ship Structures Utilizing High
Tensile Steelst

Yukio UEDA*, Sherif M. H. RASHED** and Yehia Abdel-NASSER***

Abstract

Among the trends of revolution for ship structures, the use of high tensile steels in many parts of the
structures has been tried by many arganizations concerned. With high tensile steels, ship structures will be
generally thinner than those with conventional mild steel, taking account of higher yield strength of the
material. This, in turn, will lead to lower buckling strength. This fact may suggest to accept buckling of such
structures in order to utilize the advantage of high yield strength of the material.

Allowing buckling in ship structures will bring out several problems. This paper dicusses some of these
problems, namely: the maximum stress, ultimate stength and fatigue strength under regular and random loads.
A design philosophy on buckling accepted design is proposed. Design criteria, design methods and related design
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- graphs are presented in connection with the new design philosophy.

KEY WORDS:
(High tensile strength steel)

1. Introduction

Among the trends of revolution in the shipbuilding
industry, high tensile steel is considered for sue in many
parts of ship structures. Lighter scantlings are expected
utilizing effectively the high yield stress of this material.
Such lighter scantlings may be lower in buckling strength
than those of ship structures built using conventional mild
steel. From practical viewpoint against improvement of
buckling strength, reducing stiffener spacing in proportion
to the high yield stress is not an efficient way. This suggests
an alternate way that buckling should be accepted in ship
structures if the high yield strength of the material is aimed
to be utilized.

Buckling in ship structures may be classified into column
buckling, stiffened panel buckling and buckling of prifnary
supporting members. Column buckling (flexural, torsional
or lateral) leads to collapse of the column with ultimate
strength which is almost equal to the buckling strength. No
benefits may be obtained to use higher strength steels.

Buckling of stiffened plates may take place in several
different modes.

a) Overall buckling: In this mode of buckling, plate panels
and stiffeners comprising a stiffened plate bounded by
four primary supporting members, such as bulkheads or
strong girders and stringers, buckle together. This kind

(Buckling accepted design) (Flat plate) (Maximum stress) (Ultimate strength) (Fatigue strength)

of buckling usually leads to collapse of the whole plate
of which carrying capacity is lower than that at local
buckling and must not be allowed.

b) Stiffeners lateral buckling: This mode of buckling
usually leads to overall buckling and collapse of the
stiffened plate. Such practice as avoiding this mode of
buckling is usually provided.

¢) Local buckling of plate panels between stiffeners: Plate
panels may buckle but still continue to carry substantial
further load after buckling as long as its edges con-
tinues to be effectively supported by the stiffeners. This
mode of buckling may be allowed to exploit the high
yield stress of the material.

Primary supporting members, such as deck and bottom
girders may buckle in three different modes.

a) Lateral buckling: The carrying capacity of a girder is
mainly governed by this mode of buckling and nothing
can be gained by allowing this mode of buckling.

b) Torsional buckling of the flange: This usually leads to
lateral buckling and should not be allowed.

c) Web bukling: In stiffened web plates, only plate panels
between stiffeners may be allowed to buckle.

From the above discussion, it may be seen that only
effectively supported plate panels may be allowed to buckle
in order to exploit the advantage of high tensile steels.
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These plate panels, however, may constitute about 80 % of
the ship hull weight and substantial economic benifits may
be gained by reducing the thickness of these plate panels.

Allowing buckling in ship structures will bring out
several problems. Three subjects related to rectangular
plate panels subjected to uniaxial compression are discus-
sed in this paper, namely, the maximum stress, ultimate
strength, fatigue strength under regular and random loads.

A design philosophy on buckling accepted design is
proposed, and design criteria, methods and graphs are
presented in connection with these subjects.

2. Consequences of plate buckling in ship structures

Let’s consider a flat stiffened plate, as shown in Fig. 1,
free of any imperfections such as initial deflection or/and
welding residual stresses, and simply supported at its edges.
It is assumed that the plate thickness is such that it will
buckle in an early loading stage, and the stiffeners be such
that they will not buckle or collapse before the plate panels
have reached their ultimate strength. The edges are
assumed to be kept straight but free to move in the plane
of the plate.

For simplicity of discussion, the panel is supposed to be
subjected to an increasing uniaxial inplane compression in
the direction of the stiffeners. The arguments to be
mentioned here should be valid, however, for other com-
bined loading conditions. As the load increases starting
from zero, a linear (uniform) stress distribution develops
across the breadth. When the load reaches the critical load,
plate panels buckle, and buckling deflection is induced in
the following patterns characterized as,

a) each half buckling wave tends to have a length close to
stiffener spacing,

b) buckling deflection of adjacent plates is produced
usually in opposite directions as shown in Fig. 1.

This phenomena resembles buckling of simply supported
plate panels, except the restraint provided by the torsional
stiffness of the stiffeners, and the webs of the primary
supporting members around the stiffened plate.

With further loading, buckling deflection increases. This
leads to a more complicated stress distribution as shown in
Fig. 2. Four important consequences of this stress distribu-
tion are:

1) maximum(locally maximum) stresses higher than the
nominal (average) stress are developed. These may

occur at the edges or at the central portions of each half

buckling waves on the concaved surface.

2) ultimate strength becomes smaller than the fully plastic
strength which the plate could have attained if buckling
did not occur. The smaller the ratio o,,/0, is, the
smaller is P,/P, where,
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Fig. 1 Stiffened panel and considered buckling mode
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Fig. 2 Stress distribution in a buckled plate

0., = critical(buckling) stress of the plate fields
o, = yield stress of the material

P, = plate ultimate strength

P, = plate fully plastic strength

3) complicated 3-dimensional stress distribution is devel-
oped in the vicinity of welds between the stiffeners and
panels. This is due to plate buckling restrained by the
torsional stiffness of the stiffeneers.

4) Tangential stiffness of the buckled plated is reduced to
about 0.5 of its original one.

The first of these consequences should be discussed with
respect to the allowable maximum stress design criterion
which is used with conventional design loads. The second
is related to safety evaluation in extreme loading condi-
tions. The third is related to fatigue strength and the fourth
is concerned with the stiffness of ship hull in response to
different loading conditions.
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In the following sections, the first three consequences are
discussed.

3. Design philosophy

Traditionally ship structures are designed based on rules
developed from the past experience. Although the concept
of design by analysis has been popular for quite some time,
it has been applied only partially in some ship hull designs
such as LNG carriers. To the knowledge of the authors,
there is only one design® which is fully carried out accord-
ing to this concept. In this design, selected factors of safety,
allowable stresses, safety criteria etc., are based on the past
experience. This is natural because it is only rational to
have utilized the experience accumulated during hundreds
of years of shipbuilding and operation. Although the
authors are in favour of the idea of design by analysis, until
some absolute design criteria for all possible loading
conditions could be established, design should be carried
out “In comparison with present ships with satisfactory
performances” or “in reference to conventional design
rules as an average of the present practice.”

In ship structures, however, fatigue strength is substan-
tially influenced by many factors such as (1) the type of
ship (2) types and locations of individual members even in
the same ship and (3) the kind of used steels. Therefore, the
design for fatigue strength needs an absolute values of
criteria and accurate evaluation of actual fluctuating stres-
ses based on experimental studies and experience which
have been gained in the design of offshore structures.

For the use of high tensile steels for plate panels in ship
hulls, taking account of this discussion and considering the
consequences of plate buckling mentioned in the preceding
section, the following criteria should be added to the
conventional ones, if the buckling accepted design is
applied to plate panels in ship hulls.

1. Maximum stress criterion: Maximum stress anywhere
in the plating or the attached stiffeners should not exceed
the yield stress divided by a factor of safety which is equal
to that used with ship hulls built with conventional mild
stee. i.e.

Omax = 0o/fs

where, 6,4= maximum stress in the buckled plate or
attached stiffeners,
a suitable factor of safety based on present

fs =

experience.

2. Ultimate strength: Ultimate strength of a high tensile
steel plate panels should be equal to or greater than that of
a corresponding conventional mild steel plate i.e.
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PUHTS 2 PUSS

ultimate stength of a high tensile steel
plate panel
ultimate strength of a corresponding con-

where, Pyrs =

Pyss =
ventional steel plate panel.

A corresponding conventional steel plate panel is defined
as a conventional steel plate designed to carry the same
design load according to the maximum stress criteria in 1.
above.

3. Fatigue strength: Alternating random stresses are to be
limited to the values corresponding to the required fatigue
life. In other words, the calculated fatigue life should be
more than or equal to the required fatigue life (in ship
structures, fatigue life is usually taken as 10® cycles) i.e.

N, 2 N,

where, N, = calculated fatigue life
N, = required fatigue life
These criteria will be discussed in details in sections 4, 5
and 6.

4. Design against maximum stress

The same stiffened plate as shown in Fig. 1 is consid-
ered, assuming the attached stiffeners will not fail before
the plate panels reach their ultimate strength.

The buckling strength of the plate panels may be expres-
sed as follows.

2
Grer = ks (110 M)

-V

where, E is the Young’modulus

and, v is the Possion’s ratio
for long plates k may be taken equal to 4.

With loads higher than the buckling load, the stress
distribution becomes as shown in Fig. 2. Maximum mem-
brane stress Oymqr (compression) in x direction occurs
along the longitudinal edges of the plates while the mini-
mum membrane stress 6,,:» (tension) in y direction occurs
in the middle of each half buckling wave. If the aspect ratio
of one half wave is assumed to be 1.0, 0ynex and Gymin Mmay
be expressed as follows.

O.JCCT (2)

Oxmax = 2 Oxap —
Oymin = — Oxap + Oxcr (3)

On the concave surface of the panel on the central
portion of each half buckling wave, bending stress is
superimposed on the membrane stress. However, bending
stress is not considered in this study for two reason.
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1. For thin plates, which are the main interest of this
study, this surface stress is smaller than the edge membrane
stress.

2. Even for thicker plates this surface stress is not a direct
cause of collapse.

Since the stiffeners are assumed not to fail before the
plate panel does, the stress in the stiffeners will always be
smaller than the maximum equivalent stress in the buckled
plate with respect to the yield condition. Only the maxi-
mum membrane equivalent stress of the plate at the edges
is considered here.

Maximum equivalent stress occurs where ¢, is maximum
(in compression) and ¢, is minimum(in tension), i.e. in the
middle of individual half budkling waves along the longi-
tudinal edges and may be expressed as follows.

Owr? = 0%xmax + 0Cymin — OxmaxOymin + 37%xy (4)

Substituting Egs. (2) and (3) into Eq. (4) and imposing
the condition that &, be equal to the allowable stress oy,
a design limit may be obtained as follows.

Oau® = T0xar’® — 90xavOxcr + 30'xcr2 (5)

Solving this equation for o¢y,, choosing the correct
solution and dividing by o4y,

0;

Oxav Oxcr xer
—=(1/14)[9 —+(—3 —+28)"?] (6)
O Cau

all all

Substituting Eq. (1) into Eq. (6), a relation between the

highest allowable average stress gy,, and b/t may be
obtained as,

dxav 9C c
—=(1/14 +(—3
Cau a/ ){ﬁaz ( [ﬂﬂ
where, B,=b/t(cau/E)"?,

¢ =k z?/[12(1—v?)]

Equation (7) may be plotted as indicated in Fig. 3.

Equation (7) or Fig. 3 may be used ot evaluate the
allowable average stress 0., to be applied on a plate
when b/t, E (Young’s modulus) and the allowable stress,
O, for the specified material are known.

Here, several cases of the panel shown in Fig. 1 are
considered. The standard case is a conventional mild steel
plate with a,, = 15kgf/mm? (¢, = 30 kgf/mm?, the factor
of safety f;=2). In the other case, the plate is replaced by
various high tensile steel plates. Using Eq. (7), Fig. 4 shows
the maximum allowable average stress for plates with
different thicknesses made of high tensile steel with allow-
able stress equal to 25 kgf/mm? (6, = 50 kgf/mm?, the

-1 +28)2) @)
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Fig. 3 Relationships of maximum allowable average stress and
ultimate average stress to plate slenderness ratio 8

2

aa”(HTS)=25 kgf/mm
_ 2

| ca.”(SS) =15 kgf/mm

S
[=]

t=14 mm

L t=12 mm
/cxavwal 1) HTS X

w
(=3

D
(=]
T

)

Maximum allowable average stress Syav (kgf/mmz)

JravTalllss gtaldmm_ TS =
t=10 mm
0 rs
t=8.4 mm
—-=-- 55
1 L L
0 200 400 600

1
_ 800 1000
Stiffener space b (mm)
Fig. 4 Relationships of maximum allowable average stress to
stiffener space

E
&
G
o
= e o 2
] ca”(h‘TS)—ZS kgf/mm
Che $S) =15 kgf/m’
P 4ol Can(S8) =15 kgf/m
>
L]
[
=
prcy
-
<
£ 30
Q
E
E
S
<
2 20F
L2
5
2]
=z
o
= 10
©
E
3
£
x
§ [l 1 1 1
0 200 . 400 600 800 1000
Stiffener space b (mm)
Fig. 5 Relationships of maximum allowable load to stiffener
space



On Buckling Accepted Design of Ship Structures Utilizing High Tensile Steels

0,7 (HTS)=40 kgf /mm?

o 50F @ , s

E ca”(SS)=15 kgf /mm t=14 mm
P =12 mm
= o, =0 11)

. 40 j xav_all’ HTS

2

o

4

&

830

t=7 mm

[

o

il t=5.25 m

U

3 20tk

% 7 xav” aH)SS

; ——————————————————————————————————
= t=14 mm

© 10 —— HTS

g

I ss

x

-]

= i [ 1. 1

0 200 400 600 800 1000
Stiffener space b (mm)

Fig. 6 Relationships of maximum allowable average stress to
stiffener space

\—'t='|4 mm
xt=12 mm

t (kgf /mm)
x10

o
(=]
1

B3
[=]

w
(=]

n
(=

Maximum allowable load/1mm breadth Fav= Oyav

10 kgf /m?
ca"(ms)-ao g /mnz uTs
o,1(88)=15 kgf/mm= s
] 1 1 1
0 200 400 600 800 1000

Stiffener space b (mm)
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factor of safety f;=2) plotted against the stiffener spacing.
Figure 5 shows the maximum allowable load per unit
breadth (o¢,,¢) of these plates also plotted against the
stiffener spacing. These figures indicate the possible reduc-
tion of plate thickness which may be achieved by adopting
such a high tensile steel. For example, with a fixed frame
spacing equal to 900 mm, reduction of plate thickness by 2
mm may be achieved while maintaining the same load as
that carried by the conventional mild steel plate of 14 mm

113
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in thickness. With a frame spacing of 700 mm, a high
tensile steel plate 10.5 mm thick may be used to carry the
same load as that carried by the original plate. Similar
relationships for ¢,,; = 40 kgf/mm? (6, = 80 kgf/mm?,
fs=2) are shown in Figs. 6 and 7.

It is to be noted here that plates 8.4 mm thick with
stiffener spacing of 460 mm, and 5.25 mm thick with
stiffener spacing of 225 mm may be used in cases of ¢, =
25 kgf/mm?® and 40 kgf/mm? respectively, if buckling is
prevented, while carrying the same load as the original
steel plate of 14 mm in thickness.

5. Design against ultimate strength

For the stiffened plate in Fig. 1, the ultimate strength
after plate panels have buckled, may be accurately esti-
mated by assuming that the ultimate strength state is
reached when the yield condition (Von Mises’condition in
this paper) is satisfied in the middle of a half buckling
wave along the longitudinal edges?. As mentioned in
section 4, at such location, ¢, is maximum(compression)
and oy is minimum(tension), which may still be expressed
by Egs. (2) and (3), and the Von Mises yield condition may
be expressed as follows,

0 = 0% + 0y — oxoy + 37%x (®)

Substituting Egs. (1), (2) and (3) into Eq. (8) and noting
that the average stress oy, in this case equals to the
ultimate average stress oy, an equation similar to Eq. (7)
may be obtained in which ¢, replaces o, and oy, replaces

Oxav-

o-x U

—(1/14){ +( 3[ ]+28)”2} )

o
where, f=0/t(c,/E)'?
Equation (9) may be represented by the same curve in Fig.
3.
Writing Eq. (9) for a conventional mild steel panel and
a high tensile steel panel, using subscripts ss and HTS for
these steels,

O‘XUSS

(10)
where, Bs=0b/(0oss/ E)?
‘;‘Z’: (1/14){ +( 357 ]+28)”2} (1n
where, 8,=(b/t) (Gonrs /E)*

Dividing Eq.(11) by Eq. (10), the oxumrs /Oxuss may be
expressed as follows
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Cxunrs _(1/B)urs * {14+(1/9)[—34-28(8:°/ )]}

Gxuss (t/b)ssz {1_’_(1/9)[_3_[zs(ﬂsz/c)ZJlIZ}

The condition for equal ultimate strength (Ny; ) of both
plates may be expressed as follows,

(12)

NXU Xxu. t
HTS :0' HTS LHTS -1 (13)
NXUSS Gxusstss
ie.
tars  (t/D)ars * {14+ (1/9[—3+28(84*/c)*]"?} _

he (/D) (T (/N[=3+BBH T |,

Equation (14) gives the relationship between the thick-
ness of a conventional mild steel plate and that of a high
tensile steel plate for the same ultimate strength.

The design concept against ultimate strength is applied
to the same panel of Fig. 1 using high tensile steel. Figure
8 represents the average ultimate stress ¢y, of plates of
high tensile steel with a yield stress of 50 kgf/mm? with
respect to stiffener spacing for different thicknesses. The
average ultimate stress oy, of the 14 mm thick conventional
steel plate is also plotted. These relationships are calcu-
lated from Eq. (9). Figure 9 shows the ultimate strength
per unit breadth (oy,t) of these plates plotted against the
stiffener spacing.

A HTS plate (0,=50 kgf/mm?) of 12 mm thickness has
an ultimate strength nearly equal to the original 14 mm
steel plate' for all frame spacing between 700 and 1000 mm
and it has higher ultimate strength for smaller frame

60
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0 g bl
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o 20
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Stiffener space b (mm)

Fig. 8 Relationships of ultimate average stress to stiffener space
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Fig. 9 Relationships of ultimate strength to stiffener space

spacing.

Similar relationship for ¢,=80 kgf/mm? are shown in
Figs. 10 and 11. A HTS plate of 9 mm thickness has an
ultimate strength equal to that of the original steel plate at
stiffener spacing equal to 1000 mm. While a 10 mm thick
plate is necessary to carry the same load as that of the 14
mm conventional mild plate if 5=700 mm.

6. Design Against Fatigue

Fatigue strength at a point of a structure is generally
measured by the magnitude of the cyclic stress range S and
a necessary number of cycles N (fatigue life) before a crack
is produced at this point. Two approaches are available to
assess the fatigue strength of structures, which are the S-N
curve approach and the fracture mechanics approach. The
S-N curve approach is simpler and more frequently used in
the conventional design stage. In this paper, only this
approach is applied.

6.1 Response to cyclic longitudinal in-plane loading

Let the panel shown in Fig. 1 be considered again. When
the panel is subjected to a cyclic in-plane load in the form
of uniform shortening and extension in x-direction (The
direction of the stiffeners), the acting stress rang, S, at a
point may be expressed as follows.

(15)

SX =0 — O
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where, ¢, is the peak compressive (positive) stress at this
point and
oy is the peak tensile (negative) stress at the same
point

Then, the mean stress may be expressed as

om = (0. + 01)/2 (16)
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where, oy, is positive when it is compressive.

These stresses are illustrated in Fig. 12, in the case of
regular cyclic loading.

In the case where the peak compressive stress acting on
the stiffened plate is smaller than the uniaxial buckling
stress oyer Of the plate panel and the plate panel are
assumed to be free from initial imperfection, the stress
range, Sy, will be the same at any point in the plate. In this
case, no stress in y-direction is produced since the longitu-
dinal edges are free to move in the plane of plate.

On the other hand, if the peak compressive stress is
higher than g,,,, the plate panels between the stiffeners will
buckle. As mentioned before, the stress distribution is no
longer uniform and become as shown in Fig. 2 with the
peak maximum compressive membrane Stress Oymgx in
x-direction is induced along the longitudinal edges of the
plates (along the stiffeners) and is expressed in terms of
Oxap (the peak average compressive stress) as by Eq. (2).
Notations “maximum” and “average” are used with respect
to the plate breadth b, while terms “mean” and “peak” are
used with respect to the elapse of time as indicated in Figs.
2 and 12. In this case, the acting stress range at a point on
longitudinal edges of a plate panel may be expressed by the
following equation.

Sxmax:(yxmax_o't:‘?o"xav_ Oxcr— Ot (17)
and the mean stress may be given by
Oxm = (Oxmax+ 01)/2=(20%00— Oxer+ 00) /2 (18)

In y-direction, the minimum (tension) membrane stress
Oymin OCcUrs in the middle of each half buckling wave and
is given by Eq. (3). At the stiffeners, restraining moments
are produced by the stiffeners resisting the rotation of the
plate around its longitudinal edges as shown in Fig. 13.
These moments are small and usually neglected when the
buckling and post-buckling behaviors of the plate panels
are dealt. However these moments cause high local stress

Peak compressive stress

stress o

(compression)

time

(tension)

%t

Peak tensile stress

Fig. 12 Regular cyclic stress on a plate without buckling
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Section s-s

Fig. 13 Distortion of a stiffener induced by panel buckling

oy, in y-direction on the plate surface in the vicinity of the
toe of the weld connecting the plate to the stiffener. This
stress acts together with ¢,,,, and is maximum at points
such as 4 and B which are in the middle of each half
buckling wave as indicated in Fig. 13. Although analytical
evaluation of this stress is difficult, it may be expressed in
the form as,
Oys = —"¥(Oxap— Oxcr) (19)
The function ¥ depends on the plate dimensions, stiffener
torsional stiffness and the size of the weld. The values of
ov, and ¥ may be evaluated in each particular case using
a numerical method such as a finite element method.
In summary, in the post-buckling stage, local cyclic
stresses at points 4 and B are produced in two directions:
(1) The stress range in x-direction is referred to as the
longitudinal stress range S, and is given by Eq. (17).

(2) The stress range in y-direction is referred to as the
transverse stress range S, and is given by considera-
tion of Egs. (3) and (19). These two local cyclic
stresses are illustrated in Fig. 14.

Since these cyclic stresses in x and y directions occur at
the same position, some interaction may be expected.
Experimental evaluation of S-N curves using specimens
with representative geometries and loading conditions
including two dimensional stress state is necessary for an
accurate evaluation of fatigue behavior. In absence of such
S-N curves, however, these two-dimensional cyclic stresses
are treated separately in this study neglecting any interac-
tions.

6.2 Fatigue due to random cyclic loading

In this section, the consequences of local buckling on
fatigue behavior under random wave loading are consid-
ered. The Miner rules is used to evaluate damage factors,
adopting the assumptions generally accepted. Necessary
modifications are made in order to take account of buck-
ling consequences.

6.2.1 Transfer function
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Fig. 14 Regular cyclic stress on a plate with buckling

Generally, a transfer function may be defined as the ratio
of the stress response to the wave height. That is

T=S/H (20)
where, T is the transfer function,

S is the stress range,
and, H is the wave height.

T is usually assumed to be constant, that is, a linear
relationship between H and S is assumed as shown by a
solid line in Fig. 15.

For the stiffened plate under consideration, the dimen-
sions of the plate panel are assumed as such it will buckle
at a wave height H,, and the corresponding stress range is
equal to Syc,,

Sxer= Oxer— C)er 2n

For wave heights smaller than H,,, the stress range in
x-direction, S,, will follow Eq. (20), where S, is given by
Eq. (15)

A transfer function, based on the stress range at H,,, may
be writtn as follows,

Ty=Sx/H=Sxcr/Her (22)

Equation (22) assumes a linear relationship between S,
and H for 0< 5, Sier

For wave heights larger than H,,, the average stress
range in x-direction, S,,,, will follow Eq. (20) and
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Sxaz,': Oxap— Ot (23)

However, the stress range in x-direction at points 4 and B,

S.max as given by Eq. (17), will be higher than S,,,. For

this post-buckling range, a transfer function T (= Symax/

H) may be expressed as follows, based on the response at

a wave with a probability of exceedance of 1078,
T)x:{[a’(H_Hcr)‘F O'xcr:]_'o't*(H/H*)}/H (24)

@ = (Oxmax — 6xcr)/(H* —~H,,)

* refers to values at probability of exceedance of

where,

108

Equation (24) assumes a linear relationship between
Semax and H for the range of loading between the buckling
and the point of 10~8 probability of exceedance, as shown
by the dashed line in Fig. 15. It is to be noted that ¢,,, and
Sxav after buckling are corresponding to ¢, and S, before
buckling.

In y-direction, the stress range S, for wave heights larger
than H., is given by consideration of Egs. (3) and (19)

S§,=0—(0ys+ Oymin)

or Sy:\p(o}mv_ o-xcr)llz“i’ Oxav— Oxcr (25)

As mentioned before ¥ may be evaluated from a non-
linear finite element analysis. More directly, S, at a wave
of a probability of exceedance of 10-% (S,*) may be evaluat-
ed by such a finite element analysis. Based on the response
at a wave with a probability of exceedance of 107%, a
transfer function 77, may be expressed as follows

T,=S,/H=S*H—H.)/[(H*—H)H]  (26)

Equation (26) assumes a linear relationship between S,
and H for the range of loading between the buckling and
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the point of 10~% probability of exceedance, as shown by
the dash-dot line in Fig. 15.

6.2.2 The probability density function
Generally, the Weibull or the exponential probability
density function is used to represent the stress response
based on a linear tansfer function. In this paper the
exponential probability density function is adopted.
P(S)=(1/1)e™* @7
where, P(S) is the exponential probability density func-
tion,
S is the nominal stress range,
and, A is the scale parameter of this function.
The probability that the stress range S* is reached or
exceeded during the total numbers of cycles N*(=10%) is
given as follows

P(S*)= [, P(S)dS=1/N* (28)
From which, A may be evaluated as follows

A=S8*,/In N* in case of H*<H,, (29)

A =S8*./In N* in case of H*> H,, (30)

Equation (28) is represented by the solid lines in Figs 16-a
and 16-b.

Let the dimensions of the plate panels be such that
buckling occurs at a certain stress range, Sy, For stress
ranges larger than S,.,, the probability density distribution
of the average stress range Sy, as defined by Eqg. (23) will
follow Eq. (27). However, Synax(given by Eq. (17)) will be
larger than S,,, and may be represented by the dashed line
in Figs. 16-a and 16-b. The probability of exceedance of
any S,maex at any wave height is equal to the probability of
exceedance of S,4,(which produces this Syn.x) at this wave
height.

In y direction, S, is given by Eq. (25) and represented by
the dash-dot line in Figs. 16-a and 16-b. Here, also the
probability of exceedance of any S, at any wave height is
equal to the probability of exceedance of Sy, (which
produces this S,). at this wave height.

6.2.3 Miner’s damage factor
Miner’s damage factor D may be expressed as follows,
D =[] dn/N 31

where, dn is the number of cycles at a stress range S
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Probability density function P(S)

*
Sxmax S
Stress range” S
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Fig. 16-b Probability of exceedance S, and S,,.

N is the number of cycles at failure under this
stress range S.
dn may be expressed as follows

and,

dn = (N*/1)e 5* dS (32)

while N may be expressed using an S-N curve as follows

N=CS§m (33)
where, C is the value of N at the intersection of the S-N
curve with the log N axis as shown in Fig, 17.
m is the inverse negative slope of the S-N,
and, S, is the actual stress range acting at a point, under

a nominal stress range equal to S.
Substituting Eqs. (32) and (33) into Eq. (31), D may be
expressed as follows,
D=N*/C [ (S7/1)e"* dS (34)
First, the damage factor D, due to the longitudinal stress
range at point 4 or B is considered. Since the stress is

represented by a bi-linear function (Eq. (22) for 0< S, <
chr and EQ- (24) for Sxd‘é Sxavg Sxav* Le. chr§ Sxmax§
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Fig. 17 Schematic representative of S-N curve

Sxmax'). Equation (34) may be written for the longitudinal
stress range as follows,

D=N*/C{f(S//A)e ™/ dS+ [ 7 (Sm./A)e " dS}
(335)

Equation (35) may be rearranged and written as follows

D.=N*/C{A™"(14+m)+q} (36)
where, T'is the Gamma function,
and, q = fsc:,( [S:’max - 'S.\"nar] /A') e—S,,,.'/A deav (37)

g may be evaluated by numerical integration. Equation
(17) may be used to evaluate Sy,q,. The upper limit of
integration may be taken equal to S,,* without any
appreciable error.

The damage factor D, of the transverse stress range S,
may be similarly evaluated from Eq. (34). Since the value
of S, is equal to zero in the pre-buckling range, the integra-
tion is taken between the point of buckling and infinity.

Dy=N*/C [(S7/2)e ™" dSyq (38)
S, may be expressed as follows
Sy =S8y*(Sxev— Sxer)/(Sxav* — Sixer) (39)
= @(Sxap— Sxcr)
D, may then be obtained as,
Dy=N*/C [ O™([Ssar—Seer]™/A) €54 dS,y  (40)

The integration in Eq. (40) may be performed numerically.
Similarly, the upper limit of integration may be taken
equal to S,,,* without any appreciable error.

6.3 Design procedure and numerical results
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Equations (36) and (40) may be used to produce design
graphs. Due to many variables involved in these two
equations, however, too many design graphs would be
necessary. It may be more convenient to use these equa-
tions directly to evaluate damage factors and compare them
with allowable values (usuall < 1.0). A procedure to
evluate the damage factors D, and D, in x- and y-
directions respectively is outlined in Fig. 18 and may be
summarized as follows.

1. Calculate the longitudinal compressive and the tensile
stresses o and ¢ acting on the considered panel
under a load with a probability of exceedance of 10~8
Then, evaluate the stress range under this load

S = o — of (41)

2. Compare o with ¢,., the buckling stress of plates
between stiffeners. If ¢;* £ oy, no buckling is expect-
ed, and the fatigue life may be checked, if necessary, in
the conventional way.

3. In the case where ¢* > 0y buckling is expected. o)
ner » the tensile stress, induced by the same wave height
as oy may be evaluated as follows assuming a linear
transfer function,

oduer = 07 (Oxer/ 0C) (42)

4. S, appearing in Egs. (37) and (40) is evaluated as

given in Eq. (21).

Evaluate q using Eq. (37) by numerical integration

(using Simpson’s rule for example).

6. Evluate D, using Eq. (36).

7. Perform a nonlinear finite element analysis to evaluate
S,*, the stress in y-direction at the weld toe in the
middle of half buckling waves, under a load with a
probability of exceedance of 10~8. An example of such
an analysis may be found in Ref. 3).

8. Evaluate @, that is

©=25,"/(S2" — Ser)

9. Evaluate D, using Eq. (40) by numerical integrations.

10. Check D, and D, against their allowable values and

modify the structure, and reanalyse if necessary.

wn

Figure 19 shows the damage factor due to the longitudi-
nal stress range for different plate thicknesses and frame
spaces. In this figure, the loads per unit breadth of plates
(S*t) are kept constant. S*¢ of a plate 14 mm thick is
taken equal to 20 kgf/mm? S-N curve of class D from
DNV# is adopted with C= 10'*® and m=3. It may be
seen that the damage factor for each plate thickness does
not change substantially (in this range of thickness and
frame space) with the change of frame spaces. This indi-
cates that buckling effect on fatigue damage in this range of
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thickness and frame space is not appreciable. On the other
hand, the damage factor increases substantially as the plate
thickness decreases. This is due to the higher stress range
S* developed in thinner plates in order to carry the same
loads as thicker ones.

In Fig. 20, the damage factor due to the transverse stress
range is plotted for different plate thicknesses and frame
spaces. Here also, (S*¢) is kept constant, and S* is taken
equal to 20 kgf/mm? for a plate 14 mm thick. S-N curve of
class F from DNV is used with C = 10'*® and m=3. g,*
is calculated using a value of ¥ =6 (see Eq. (19)) which is
evaluated from a practical case. It may be seen that damage
factors for plate thicknesses more that 8 mm become
negligibly small and those for thinner plates (where S,., is
small) become larger.

When a different S-N curve® with C =10'%% and m=6
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is adopted, damage factors calculated under similar
assumptions are plotted in Figs. 21 and 22.

Figures 23 and 24 show the damage factor for different
plate thicknesses and different loads per unit breadth of
plates using DNV’s curves D and F respectively. Appre-
ciable increase of damage factors for the transverse stress
range S, may be observed with thin plates in the range of
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thickness being smaller than 5 or 6 mm.

The allowable average stresses are calculated based on
the three criterion described in this paper, and they are
plotted against the plate slenderness ratio g in Fig. 25.
Ultimate compressive strength and allowable maximum
stress criteria are to be used to compare high tensile steel
panels with comventional mild steel ones. The allowable
average compressive stresses are calculated with respect to
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the fatigue criterion (damage factor D,= /) under a longi-
tudinal stress range S, assumed as being ¢ = — ¢, using
S-N curves which are furnished for m=3 and S,*/0,=0.5,
0.8 and 1.2. Denoting S, as the allowable stress range of
the material corresponding to a fatigue life of 10® cycles,
S.* is expressed as

SH=S; In N*/[T(1+m)]¥V"=S, ¢
(£=10.13 for m=3)

In constructing this graph, the effect of the interaction
between the longitudinal and the transverse stresses is not
taken into account. This effect needs to be clarified by
further experimental and theoretical studies.

It may be seen also from this figure that buckling has
only a little effect on fatigue for plates with slenderness
ratio up to 6 or 7.

It is to be noted that effects of initial deflection of plates
and welding residual stresses in the stress range above
buckling are not included in the above results. These will
lead to some increase of the damage factors. These effects
will be investigated and the results be reported in future
publication.

7. Conclusions

In this paper, three subjects associated with buckling
accepted design applied to ship structures are discussed.
Namely, maximum stress, ultimate strength and fatigue
under regular and random loads. A design philosophy is
proposed. Design criteria, design methods, design graphs
and relevant equations are presented in connection with
these subjects. Numerical examples are also presented.

From these graphs and numerical results, the following
conclusions may be drawn.
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1. The use of high tensile steels may make it possible to
reduce plate thickness substantially, satisfying the cur-
rent design and safety criteria such as maximum allow-
able stress and ultimate strength of plates.

2. Buckling may have only negligible effects on fatigue
strength of perfectly flat rectangular plates being thicker
than 8 mm. Effects of initial deflection and residual
stresses on fatigue need to be investigated to check the
validity of this conclusion with actual ship plates.

In this study, the effect of the interaction of the longitudi-
nal and the transverse stress ranges is not taken into
account. This effect should be clarified by further experi-
mental and theoretical studies, since the effect may affect
the conclusion mentioned above.
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