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ABSTRACT

Recently, high strength steel (HSS) has been widely applied in many
parts of ship structures which are subjected to high longitudinal
bending stresses, such as deck and bottom plates. Utilizing higher
strength steel will lead to thinner structures than those with mild
steel. Then, the dead weight capacity of ships will be increased.
However, the reduction of plate thickness may lead to lower
buckling strength. Therefore, new design criteria allowing the plate
buckling are established for plate panels in order to use HSS. These
are, namely; the maximum allowable stress, the ultimate strength
and the load deflection. These criteria are applied on stiffened plate
panels with different plate thicknesses constructed with HSS to
ensure that the structural design is equivalent to that with mild
steel. Parametric studies are performed to know the effect of stiffener
space, plate thickness and the material yield strength on the plate
carrying capacity.

Keywords: Stiffened plate, Plate buckling, High strength steel,
Ultimate strength, Load deflection

INTRODUCTION

mong the trends of revolution in

shipbuilding industry, high strength
steel (HSS) is considered for use in many
parts of ship structures such as deck and
bottom  plates. Lighter scantlings are
expected when utilizing HSS. Such lighter
scantlings may be lower in buckling
strength than those of ship structures built
using conventional MS. From practical
viewpoint against improvement of buckling
strength, reducing frame space is not an
efficient way. This suggests an alternate way
that buckling should be accepted in ship
structures if the high strength of the
material is aimed to be utilized.

The hull of a ship is usually composed of
stiffened plates, which constitutes more
than 50% of the steel structural elements.
However, under various applied loads, the
ship structure may be exposed to many
modes of failure such as buckling, plastic
collapse due to yielding, brittle fracture
under excessive load, and/or fatigue
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fracture due to repeated action of stress
fluctuations. Failure due to Buckling mode
is considered in this study. Buckling in ship
structures may be classified into column
buckling, stiffened panel buckling and
buckling of primary supporting members. In
this paper , the buckling of stiffened panel
will be investigated.

Generally, three modes of buckling of
stiffened plate may be occurred, plate panel
buckling, stiffeners buckling and overall
buckling. Only effectively supported plate
panels may be allowed to buckle when using
the high strength steel in deck and bottom
platings of the ship hull. However ,allowing
buckling in ship structures will bring out
several problems. Three subjects related to
stiffetned panel subjected to wuniaxial
compression are discussed. These are the
maximum allowable stress, the ultimate
strength, and the load deflection. A design
philosophy and design criteria on allowing
buckling are proposed. These criteria are
applied on stiffened panel with different
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plate thicknesses to ensure that the
capacity is the same when replacing the
mild steel stiffened panel with different
grades of high strength steel. Furthermore,
the resultant deflection of replaced plates is
checked [1].

STRENGTH ANALYSIS OF DECK AND
BOTTOM PLATING

When a ship structure is subjected to
longitudinal bending stress due to the
action of sagging and hogging conditions.
Developed stresses in deck and bottom
plates will be distributed in tensile and
compressive forms. When these stresses are
increased, different failure modes will be
developed such as buckling, yielding and
fatigue fracture [2]. As stated before, when
the hull girder constructing with the high
strength steel, the plates thickness are
reduced. In turn, the buckling strength of
these plates will also reduce. Here, the
most significant mode of failure in the hull
girder constructing with high strength steel
is the buckling mode. Consequently, the
deck and bottom plantings will be subjected
to the buckling failure. To perform this
analysis, it is necessary to distinguish the
buckling modes of stiffened plate. Where,
the stiffened plate is considered the main
constitutive member in deck and bottom
platings.

To prevent the deck and bottom platings
from collapsing under the action of external
loadings it is stiffened on the inside with
stiffeners  attached to the plate and
contribute the carrying loads. These
stiffeners are arranged in three systems
according to the function of the ship. These
are, namely, transverse system, longitudinal
system and combination system as shown in
Figure 1. Therefore careful investigation is
carried out on the stiffened plates to know
their buckling modes of failure, since these
plate constitutes more than 50 % of the
steel structural elements. In the following
sections, the possible modes of buckling in
the stiffened plate will be discussed.
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Figure 1 Stiffened plate.

Possible Modes of Buckling
The possible modes of buckling in the

stiffened plate may be distinguished as

follow [3]:

i- Local buckling: The plate panels between
the stiffeners may be buckle but still
continue to carry additional load after
buckling.

ii-Stiffeners buckling: the stiffeners may
buckle while the plate still straight.

iii-Overall buckling: The stiffeners and plate
panels are buckled, followed by overall
collapse.

Figure 2 shows the three modes of the
buckling, respectively.

Buckling Strength Analysis

As mentioned before, the stiffened plates
are stiffened either longitudinally or
transversely. In shipbuilding the
longitudinal system of stiffened plate is
usually applied. Since, the buckling
strength of this system is four times than
the transverse system][2]. Then, the
buckling strength analysis is only performed
for the longitudinal stiffened plates.
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(b) LOCAL BUCKLING

Figure 2 Modes of buckling of stiffened plate.

Local plate Buckling

A stiffened plate from the deck or the
bottom of a ship is considered. This
stiffened plate is assumed to be free from
any imperfections, such as initial and / or
welding residual stresses, and simply
supported along its edges. When the
stiffened plate is subjected to uniaxial
compressive load, as shown in Figure 1,
increasing the compressive load, the plate
panels will buckle while the stiffeners will
not buckle before the plate panels have
reached their wultimate strength. The
distribution of stresses will then becomes
more complicated. Since, the center portion
of the plate escapes from the axial
shortening and a greater portion of the load
must be supported by the region of plating
near the sides as shown in Figure 3.
However, as the load is further increased the
deflection of the center region becomes more

clear and the maximum stress at the sides
increases more rapidly, until finally this
stress reaches the yield stress.

Figure 3 Stress distribution in a buckled plate under
uniaxial compression

The critical buckling strength of the
plate panel is given by [4];
O'cr=K7[2D/b2t (1)
where,
K ={(mb/1) +(I/ mb)}>
D =Et3/ 12(1-v2).
The coefficient K is obtained for various
values of m. For square plate it can be
assumed that K = 4.

Stiffeners Buckling

Usually, the torsional and flexural
rigidity of the stiffened plate is large enough
to prevent the stiffener buckling. A simple
check for the buckling of the longitudinal
stiffener can be performed by the following
formula [5];

O )y = s (bf}z (2)
cr /st = o
1244\

i
Where, Aw and Ar are the area of the web and
flange, respectively, and br is the width of
the flange.
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Overall Buckling

In overall buckling mode the stiffened
plate can be handled as an orthotropic plate
as shown in Figure 4. Generally, the
orthotropic plate have three different values
of the rigidities, Dx in X direction, DyinY
direction, and Dx the torsional rigidity.
However, in the longitudinally stiffened
plate the rigidity value, assuming Dy ~ Dxy
~ D, are [6]:
Dx=D+EIx / b (3)
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Figure 4 Orthotropic plate.

Ix is the stiffener moment of inertia relative
to the plate middle plane. Generally, the
determination of the buckling mode is
controlled by the relative rigidity ratio of the
orthotropic plate to the plate panel. That is,
Yx)acl‘ = Dx/ D (4)
The critical buckling stress for the
orthotropic plate is usually given by[5] :
Gerjorth = T2 Dx / te 2 (5)

where,

te = The equivalent orthotropic thickness.
te=t+Ax/ b

Ax= Area of each stiffener.

As mentioned before, the buckling
stress of the plate panel between stiffeners
was given by Equation 1. Then, the critical
rigidity ratio can be determined by equating
the value of minimum critical stress for the
plate panel to that of the overall plate, as;
(yx)er= (Dx/D)er = 4 te (I/b)2/ t (6)
The actual value of the stiffness of the
stiffened plate is calculated as follows,

('Yx)act"(DX/ D)act= 1+12Ix (].'VQ) /b3 (7)
However, the actual and the critical values
of yx are compared together to determine the
buckling mode as follows,

1. If (Dx/D)act 2 (Dx/D )er, the buckling
mode will be the local buckling and the
critical buckling strength will be
calculated by the Equationl

2. 18 (Dx /D)act << (DX/D)cr N the buck.h'ng
mode will be an overall buckling and the
critical buckling stress will be calculated
by the Equation5.

ALLOWABLE BUCKLING MODE WITH

USING THE HIGH STRENGTH STEEL

It can be concluded from the previous
section that the overall buckling will lead to
overall collapse. So, this mode of buckling
would not be allowed, and it must be
ensure that the overall buckling does not
precede the plate buckling. It means that
the following specifications have to be
satisfied :
(Gcr )over > Ucr)p or,
(DX/D)act 2 (DX/D) cr (8)

Practically, the stiffeners do not buckle
prior to Dbuckling of the plate panels
(stiffeners are usually designed to satisfy
this condition). It means that the following
specification have to be satisfied :

C'cr)st > O'cr)p (9)

Finally, to prevent the overall buckling
and the stiffener buckling the following
criteria would be applied :
overall buckling stress > stiffener buckling
stress > local buckling stress. That is,

O'cr)ov > Gcr)st > O'cr)p (10)

Therefore, local buckling is considered
less series among others modes. Only this
mode of buckling will be allowed in thin
structure fabricated from higher strength
steel. Since, the plate panel could carry
additional load as long as its edges are
supported by the stiffeners. Practically, the
designers suppose that the stiffeners does
not buckle before the plate panels have
reached their ultimate strength.
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POST BUCKLING STRENGTH ANALYSIS
In this section, the strength of a plate
panel after buckling is discussed. The
distribution of stresses in the buckled plate,
post buckling stage, is more complicated, as
shown in Figure 3. The maximum and
minimum stresses of a buckled plate panel
in the post buckling stage are evaluated by
solving the equilibrium and compatibility
equations [7] . This gives,
Oxmax=2 Oxav-Oxcr (1 1)
Oymin = - Oxav + Oxcr (12)
Substituting maximum and minimum
stresses in Von Mises equation as follows
[6]:
OovM2=70x av2-9 Ox avOx cr + 3 Ox cr? (13)
In the following, two cases of average
stresses (oxav) may be considered. These are
the maximum allowable average stress
and the ultimate average stress [8].

Maximum allowable stress

This is referred to the maximum
average stress which can be allowed after
buckling and  before yielding. By
substituting ovu in Equation 13 by the
allowable stress of the used steel, Gan.
Where, the allowable stress equals to the
yielding strength of the steel divided by
factor of safety. Then Equation 13 becomes:
Cal2=7 Oxav2-90xav Oxcr + 3 Oxer? (14)
oxev is the maximum allowable average
stress at post buckling stage, as shown in
Figure 3.
By solving Equation 14 for oxav, and dividing
the correct solution by can then:

. ———
O 9¢ ( c) (15)
22 =(1/14) —+,|-3| —=| +28

Ga!I ( ){ﬁg \/> ﬂ[zl J

where,

c =472/ 12 (1-v?)

[5&! "_E\I(ELu~
i Vi

Ultimate average stress
It is defined as the maximum average
stress when the induced stresses satisfy the

yield condition applicable to the material of
the plate. When the plate can not carry
further load, it is considered to reach its
ultimate strength. The ultimate stress can
be obtained by replacing cxav with cu and can
with oo into Equation 15. This gives:

c ’ 16
E‘j=(1/14)[§%+ _{BT] +zs] (16)

where,

Q

PHILOSOPHY OF DESIGN
Reducing the thickness of plate panels
constructing with high strength steel (HSS)
leads to a lower buckling strength. A new
philosophy of design will be suggested as
follows;

Allowable local buckling

The new philosophy of design allows
the local buckling since the stiffeners can
carry substantial load after buckling. The
criteria of the design philosophy is :
Oxav > O'actO'u)HSS ZO'U)MS ( 1 7)

Allowable deflection

It is assumed that the load deflection
of a perfect plate constructing with HSS due
to buckling is supposed to be equal to the
deflection due to imperfections. The
American National Standard supposes that
the allowable deflection, due to the
imperfection, is equal to the plate thickness
(Wa =1t). The resultant deflection due to the
uniaxial load can be computed by the
following equation :
ct W3+ co W2+ csW +ca=0 (18)
where, c¢1 , c2 , c3 and c4 are given in
Reference 7.
The proposed procedure of replacing MS
with HSS plates

When a plate panel ( length is [ and
width is the frame space) constructing with
MS is replaced by HSS, a proposed
procedure would be carried out to guarantee
that the new plate can carry the same load
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on the original plate. The procedure is

explained as follows :

1. Calculate the allowable load per unit
length of the MS plate,(Fan)us :

Fan)Ms=can)ms tus=coms tms/ fo (19)

Where, tus is the thickness of plate
constructing with mild steel and coms is
its yielding strength.

2. Determinate the equivalent thickness
corresponding to the chosen grade of
HSS.

tHss1=Comsx tms / OoHss (20)
Where, couss is the yield strength of HSS
plate.

3. Calculate the buckling strength(ce) of
HSS plate. If the buckling strength is
less than the allowable stress of HSS,
the buckling could occur.

4. To prevent the buckling of the equivalent
plate thickness(tussi), the stiffener space
have to be reduce, that means more
stiffeners have to be added. Increasing
the number of stiffeners is not an
intelligent solution from the economical
view point.

5. With the same stiffener space, the tsuss:
have to be increased to tussz until the
maximum allowable load of HSS plate
(buckling occur) is equivalent to the
allowable load. The maximum allowable
load using Equationl6 is as,

Fav =0OxavxtHss2 (2 1)

6. Then, the load deflection of the HSS plate
is calculated using Equation 18. This
deflection have to satisfy (W < Wa). If
this specification is not satisfied the
thickness tussz should be increased to
tHssa.

7. Calculate of the ultimate average stress of
the HSS plate . This stress is calculated
using Equation (17). Then the ultimate
load can be determined as follows :

Fu)Hss=0u)Hssxtrss2 (22)

When the previous procedure is carried
out, design curves can be generated by
using Equations 16 and 17.

EXAMPLES OF ANALYSIS

The procedure of replacement process
would be applied to a stiffened plate. The
standard longitudinal stiffened plate of
conventional mild steel of yielding strength
equals to 25 kgr/mm? will be considered for
the analysis. The stiffened plate is perfectly
flat, without any initial imperfection, and
subjected to uniaxial compression load. The
specification of this plate are as follow,

10700 mm length, 14 mm thickness, 950

mm stiffener space and the number of

stiffeners equals to 10. The procedure of

replacing MS with three grades of HSS

(grades 32, 36 and 40) will be as follows :-

1. Grades 32

1- Calculate the allowable load carried by
the MS plate using Equation 19

Fan)ms = 206 kg;/mm?

2- The equivalent thickness of the
corresponding HSS using Equation 20.
tuss1 = 10.9 mm

3- Calculate the buckling strength of the
HSS plate using Equation 1. 6er)uss = 9.7
kgr/mm?2

While the allowable strength of grade
32 is 19 kgr/mm? (f,=1.5). It means that
(Oc)uss < can)uss ), therefore, the
buckling will occur.

4- To prevent the buckling occurrence, the
stiffener space is reduced to 680 mm
and four stiffeners should be added. It
is not a practical solution. Therefore,
the equivalent thickness of HSS plate at
the same stiffener space has to be
increased to tuss2 = 13 mm

5- The deflection of tusszis 6.9 mm using
Equation18. This deflection is less than
the allowable deflection (Wa = tuss2
=13mm), therefore, thss2 is
acceptable.The previous results can be
obtained by applying Equations 16
andl7 as shown in Figures 5 and 6.

6-The above procedures will be carried out
for grades 36 and 40. The obtained
results are shown in Table 1, and Figures
7 and 8, respectively.
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CONCLUSION

In this work, the use of higher strength
steel(HSS) in deck and bottom platings of
ships is considered. Using such steel will
lead to thinner structures than those with
the mild steel(MS). The reduction of
thickness will lead to a lower buckling
strength. In order to utilize effectively HSS,
allowing plate buckling is suggested.
Allowing buckling will bring out several
problems namely: the maximum average
stress , the ultimate stress and the load
deflection. A design philosophy are proposed
to ensure that the strength of HSS plates is
equivalent to those with MS. Applying this
design philosophy on stiffened plate with
different grades of steel, a remarkable
reduction of thickness may be achieved
while satisfying the above criteria.

NOMENCLATURE
The frame space, mm
The breadth of stiffened panel, mm
Rigidity of the stiffened plate.
Young’s modulus of elasticity,
kg/mm?2
A factor of safety against
yielding, mm
The length of stiffened panel, mm
The number of half sinusoidal waves.
Plate panel thickness, mm
The equivalent orthotropic
thickness, mm
Allowable deflection, mm
Load deflection, mm
Poisson’s ratio.
The allowable stress of
the steel, kg/mm?
The acting stress due to external
loads, kg/mm?
Go The yielding strength of
the material, kg/mm?2
Gxav The average compressive
stress, kg/mm?
Gor The critical buckling stress,kg/mm?

oNwlvsey

o]
o

o

<=Eg §&-9B°T

o]
2

Q
2

oxmex The maximum compressive stress in
X direction, kg/ mm?

Oymin The minimum stress in
Y direction, kg, mm?

ovMm Von Mises stress, kg/mm?2

A 32

ouyms Ultimate strength of the
mild steel, kg/mm?2.
ocunss Ultimate strength of the high
strength steel, kg/mm?
Cu Ultimate strength, kg/mm?
Ba Slenderness ratio
Y The stiffness ratio
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