The Society of Naval Architects of Japan

Progressive Collapse Analysis of a Ship’s Hull

under Longitudinal Bending

by Tetsuya Yao*, Member

Plamen Ivanov Nikolov**, Member

Summary

From the viewpoints of safety and economy.

capacity of a ship’s hull as a whole.

, 1t is very important to estimate the load carrying
For this purpose, a simple method was proposed to simulate

progressive collapse behaviour of a ship’s hull subjected to longitudinal bending. In this method,
the cross-section of a hull girder is divided into small elements consisting of a stiffener and attached
plating. For each stiffener element, the average stress-strain relationship under axial load is derived
based on the equilibrium conditions of forces and moments. The buckling and yielding both in stiff-

eners and plates are taken into account. Then, curvature
cross-section assuming that plane-sections remain plane.

is incrementally applied to the hull girder
At each incremental step, the tangential

flexural rigidity of a cross-section is evaluated using the tangential slope of the average stress-strain
curves of individual elements, and hence the increment of bending moment is evaluated.

Performing example calculations on existing test

girder models under bending, the rationality of

the proposed method was examined. Then, the analysis was performed on an existing bulk carrier,

and the progressive collapse bahaviour of the cross-s
It was found that the fully plastic bending moment

ection under longitudinal bending was discussed.
can not be sustained at the cross-section due to

buckling of compressed members in the cross-section. It was also found that the maximum bending
moment carried at the cross-section under the sagging condition is 20% lower than that under the

hogging condition.

1. Introduction

A ship’s hull is a typical box girder structure, and is
subjected to longitudinal bending due to distributed
weights, buoyancy forces and wave loads. To design a
ship’s hull that withstands these loads, some allowable
stresses have been introduced in a structural design so
that the deck and/or bottom plating do not undergo
buckling/plastic collapse. From this point of view,
many research works have been performed on buck-
ling/plastic collapse strength of isolated plates and
stiffened plates both theoretically and experimentally,
and useful results have been obtained.

At the same time, it is very important to know the
load carrying capacity of a ship’s hull as a whole from
the viewpoints of safety and economy. Such infor-
mations may fundamentally be obtained by perform-
ing FEM analysis on a ship’s hull that considers both
material and geometrical nonlinearities."2) However,
such analysis may require excessive efforts and com-
puting time even with today’s super computers. For
that, some simplified method is required. As far as
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the maximum bending moment carried at a girder
cross-section is concerned, simple methods were pro-
posed by Nishihara®) and Endo et. al.®) In their meth-
ods, however, the reduction in load carrying capacity
of individual members after their ultimate strength
is not considered, although the ultimate bending mo-
ment was estimated with fairly good accuracy.

On the other hand, Ueda et.al.®) developed efficient
elements for plates and stiffened plates under biaxial
tensile and/or compressive and shear loads. In their
method, a stiffened panel surrounded by longitudinal
and transverse girders is considered as one element,
and the stiffness matrix is derived for this large unit
considering the influences of buckling and yielding.
This work was done in the framework of the Idealized
Structural Unit Method (ISUM).®) Applying the im-
proved unit, Paik”®) simulated the collapse behaviour
of ship’s hull girders subjected to longitudinal bending
moment.

Smith et.al.®='®) proposed another simple but effi-
cient method to analyse progressive collapse behaviour
of box' girder structures under longitudinal bending.
The fundamental idea of Smith’s method is based on
that by Caldwell,'® but his method takes into ac-
count of the progressive loss in stiffness of a cross-
section due to buckling and yielding in structural com-
ponents. Smith described the procedure of his method
as follows:?) ‘

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

98 Progressive Collapse Analysis of a Ship’s Hull under Longitudinal Bending

(i) the hull cross-section is divided into small ele-
ments;

(ii) vertical curvature of the hull is assumed to occur
incrementally;  correpsponding incremental element
strains are calculated on the assumption that plane-
sections remain plane and that bending occurs about
the instantaneous elastic neutral axis of the cross-
section,;

(iii) element incremental stresses are derived
from incremental strains using the slopes of stress-
strain curves;

(iv) element stresses are integrated over the cross-
section to obtain bending moment increments; incre-
mental curvatures and bending moments are summed
to provide cumulative values.”

His method may be regarded as a rather simple
method comparing to ISUM, but easily gives solu-
tions which is accurate enough under pure bending.
The only difficulty in Smith’s method is the deriva-
tion of average stress-strain relationships of compo-
nent elements taking into account of buckling and
yielding. To obtain such stress-strain relationships,
Smith performed elastoplastic large deflection FEM
analysis. Such analysis may require much works espe-
cially when the number of elements becomes large.

In the present paper, the average stress-strain re-
lationships of elements were derived in an analytical
manner. Then, according to the Smith’s method, a
computer code ”HULLST” was developed to analyse
the progressive collapse behaviour of the cross-section
of a hull girder subjected to longitudinal bending. Af-
ter performing example calculations on existing girder
specimens to check the rationality of the proposed
method, progressive collapse behaviour of the cross-
section of an existing bulk carrier of 60,000 DWT was
analysed both under sagging and hogging conditions.

2. Method of Analysis

2.1 General Assumptions

The longitudinal stiffening system is usually em-
ployed in large ships at their midlength part, and the
deck, bottom and side plating are stiffened by a num-
ber of longitudinal stiffeners and girders. If an extreme
bending load acts on a hull girder, the most possible
collapse mode may be the overall collapse of stiffened
panel after local collapse of individual plates between
stiffeners. In the following, such collapse mode is as-
sumed to derive average stress-strain relationships of
elements.

Figure 1 shows a typical element consisting of a stiff-
ener and attached plating. When this element is sub-
jected to compressive load in the axial direction, the
stiffener may deflect as indicated in Fig. 1 (b). In this
case, three types of modeling may be possible, which
are two single span models, AB and BC, and a dou-
ble span model, 12. Among them, the double span
model may be most rational and only this model is
considered.

|
1

(a) Cross-section

(b) Deflection mode under axial compression

Fig. 1 Element for progressive collapse analysis

To derive average stress-strain relationship of a stiff-
ener element, the following assumptions are made:
(1) Attached platings behave as isolated plates.

(2) Plane cross-sections remain plane, and the strain
varies linearly over the cross-section.

(3) The material is assumed to be elastic-perfectly
plastic.

(4) The deformation in torsional buckling mode of a
stiffener is not considered.

The average stress-strain relationships of isolated
plates are derived combining the results of elastic large
deflection analysis and rigid plastic mechanism anal-
ysis. Those of stiffener elements are derived consid-
ering elastoplastic stress distributions at both ends of
the element which satisfy the equilibrium conditions
of forces and moments.

2.2 Average stress-strain relationships of iso-

lated plates

2.2.1 Initial imperfections due to welding and de-

flection mode under thrust

When longitudinal stiffening system is employed,
the dominant compressive and/or tensile load acts on
the plate in the direction of its longer side as indi-
cated in Fig. 2. All sides are assumed to be simply
supported and remain straight while subjected to in-
plane movements.

The plates in a ship structure usually contain weld-
ing residual stresses and initial deflection associated
by fillet welding of stiffeners to the plating. In this
paper, a rectangular distribution of welding residual
stresses is assumed considering the continuity condi-
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Fig. 2 Rectangular plate with initial
imperfections due to welding
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tion of plates. From the self equilibrium condition of
residual stresses, the following relationship is derived.

2bt0'y = (b - 2bt)Uc (1)

The general form of initial deflection may be expressed

as:

o0
. mmwx . 7wy
wy = 2;1 Ao sin L sin =~ (2)

and the total deflection under inplane compressive
load as:

o0
. mrz . Ty

w—mzlAm sin ——sin - (3)
However, it is known that only a single deflection
term is amplified while other components become neg-
ligibly small with the increase of compressive load
above buckling load until secondary buckling takes
place.® Consequently, the behaviour of a plate can
be approximated by taking single deflection modes,
Aom and A,, in Eqs.(2) and (3), respectively. m is
a number of half-waves of a stable deflection mode

above buckling load, and is taken as:

m=1fora/b<13
m=nforn—07<a/b<n+0.3

where a/b is the aspect ratio of the plate, and n is an
integer greater than 1. Hereafter, Ao, and A,, are
denoted as Ay and A, respectively.

2.2.2 Relationship between average stress and de-

flection

Performing elastic large deflection analysis, the re-
lationship between average compressive stress, o, and
deflection, A, is derived as follows.16)

En?

16b2 (l/az + QZ)(AZ - Ag)

}‘_— a/m -_.{ o

F— > —

e :

> —

L
I

@ —

Fig. 3 Plastic mechanism of plate under thrust

"f“TCrO(1 - AO/A) -

oy sinuw

R “
where o = a/mb and
Et?n? 9
Oerg = m(l/a + a) (5)
p=o./(oy +0.) = 2b,/b (6)

The relationship between average stress and deflec-
tion is derived also according to the plastic mechanism
analysis assuming rigid-perfectly plastic material. De-
pending on the aspect ratio, a/b, of the plate, two sets
of plastic mechanism may exist as illustratred in Fig.3.
For each mechanism, the following relationships are
derived.!?

a<1.0

mas + (1/a = 1)meo /2 = (2/a = 1)FA  (7)
a>1.0
mas + (o — V)my /2 =FA (8)
where & = o/oy, A = A/t and
Mgy = 1 — 72 (9)

mg = 2mgo/\/1 + 3mgg (10)
mys = 4mgg//1 + 15mgg (11)

The average stress-deflection relationship changes
from that expressed by Eq.(4) to that by Eq.(7) or
Eq.(8) at their intersection, which gives the compres-
sive ultimate strength.

2.2.3 Relationship between average stress and av-

erage strain

According to the elastic large deflection analysis,
the average strain is expressed in terms of the average
stress and deflection as follows.1)

€= 0/E+ (m*r®/8a%)(A? — A2) (12)

On the other hand, the average strain by plastic
mechanism analysis is expressed as:

a<1.0
€ =0o/E+ (2m?/a?)(A? — A3) (13)

o >1.0
€= o/E+ (2m?/ab)(A% — A}) (14)
Until the compressive ultimate strength is attained,
the average stress-strain relationship is expressed by
Eq.(12). At the ultimate strength, the strain is as-

sumed to increase from the value evaluated by Eq.(12)
to that by Eq.(13) or Eq.(14). After this, the average
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stress-strain relationship is expressed by Eq.(13) or
Eq.(14).

Here, when a plate is thick and undergoes plastic
buckling, the inplane plastic strain until buckling is
not considered, since the first term in Eqs.(12), (13)
and (14) represents the elastic inplane strain, and the
second term the strain produced by lateral deflection.
For such a case, a constant value evaluated as the
difference between the buckling strain calculated elas-
tically and the yield strain is added to the strain after
the ultimate strength has been attained.

When a stiffener element is subjected to tensile ax-
ial force, the stress-strain relationship of an elastic-
perfectly plastic material is assumed as the average
stress-strain relationship in a tensile range.

2.2.4 Influence of welding residual stresses

When there exist welding residual stresses as illus-
trated in Fig.2, the compressive load 1s not carried at
the central part of the plate after this part has been
yielded under compressive load but is carried only at
the side parts where residual stresses are in tension.
For this stage, the tangential inplane rigidity can be
approximated by 2b;E/b. That is, when the ultimate
strength is greater than oy — 0., the tangential in-
plane rigidity is set equal to 26, E/b at the stress level
higher than oy — o,.

On the other hand, when tensile load is applied,
the side parts can not carry tensile load, since these
parts are already yielded in tension. In this case, the
tangential rigidity is expressed as:

do/de = (1 — 2b,/b)E (15)
The influences of welding residual stresses on plate

behaviour both under tensile and compressive loading
are schematically shown in Fig. 4. The decrease in

——: WITH WELDING )
RESIDUAL STRESSES |4

—-~: FREE FROM WELDING £y
RESIDUAL STRESSES

“Ocrr

s )
0~C)"

-(0y-0¢)

Fig. 4 Influence of welding residual stresses on
plate behaviour under inplane load

buckling strength due to welding residual stresses is
automatically evaluated when Eq.(4) is used.

2.2.5 Accuracy of stress-strain relationship by the

proposed method

To examine the accuracy of the average stress-strain
relationship of a plate derived by the proposed method,
a series of elastoplastic large deflection FEM analysis
was performed. Calculated stress-deflection curves for
the plate of a/b = 0.8 are plotted in Fig.5 (a) together
with those by Eq.(7). It is seen that the deflection
produced by the plastic mechanism analysis is smaller
than that by FEM analysis. This may be partly be-
cause the elastic deflection component is ignored in
Eq.(7). Although more precise discussion is necessary
on this, the deflection is modyfied by deviding & to get
better agreement with that by FEM analysis. That is,
Eqs.(7) and (8) are modified as follows:

a<1.0

mas + (/o — Dmgo/2 = (2/a — 1)7%A  (16)

@=0.8
£=b/t/Oy/E

0.4

: FEM ANALYSIS T
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Wt
{a) Average stress-deflection relationships
1.0F
0/,
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0.6
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£=3.0
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=0.8 -
£=b/t/Gy/E
o2 : FEM ANALYSIS
: = — — —— : PRESENT METHOD
1 1 ! 1 1 1 J
0 1.0 2.0 3.0 4.0 5.0 6.0 0

erey T
(b) Average stress-strain relationships

Fig. 5 Comparison between calculated results by
the present method and FEM (Plate)
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a>1.0 - where P and P, are the applied compressive load and
mas + (0 — 1)mo/2 =7"A (17)  the elastic buckling load, respectively.

On the other hand, the plastic component is as-

Deflection by Eq.(16) is plotted by a dashed line in sumed in the following forms:®

Fig.5 (a), which shows good agreement with those by

FEM analysis. 0<z<(a-—-a?)/2
The average stress-strain relastionships derived by P—o
the proposed method are plotted in Fig. 5 (b) com- wh = 2cz/a (22)

paring with those by FEM analysis. Equation (16)
was used to evaluate deflection in the post-ultimate
strength range. Good correlations are observed be- 22 2z 1 (a ap):l (23)

(a-a?)/2< z<a/2

tween both results. wh =c i i 1- s\wt o
2.3 Average Stress-Strain Relationship of
Stiffeners with Plating
2.3.1 Assumed deflection mode
A stiffener is assumed to be initiallly deflected along

its span in the following mode:

From the assumed deflection modes, the curvature
K and its elastic and plastic components at the mid-
span point are derived as follows:

o o e P
wy = g sin ikt (18) K=K+ K (24)
a
K¢ = (r/a)*(6m — 60) (25)
The total deflection under compre§sive axial load is K? = 4c/aa® (26)
expressed as the sum of the elastic and the plastic _
components.'® Deflection and curvature components in a single span
range are shown in Fig.6.
w=w+u (19)
The elastic component is assumed to be in the same //’mw\\w
1 e ) ELASTIC COMPONENT
mode with initial deflection as follows. —
l T CURVATURE
T
w® = §,y, sin — (20) 2
@ , DEFLECTION
. . ) i PLASTIC COMPONENT
According to Ref.19), the coefficient of elastic compo-

nent is evaluated as: [__w________J CURVATURE
, — 2 —
bm = bo/(1 — P/ P.;) (21) Fig. 6 Elastic and plastic components of
deflection and curvature
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4 { { ' + 4
dy
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Tx < =
dZ
¥
Y
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— —tN\ = i . i ——h
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Fig. 7 Possible distributions of strains and stresses at cross-sections, 1 and 2
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Fig. 8 Forces and moments acting on both
ends of stiffener element

2.3.2 Axial force and bending moment at cross-
section

The strain and stress distributions at cross-sections
I and 2 take one of the patterns indicated in Fig.7. In
the plate part, the stress-strain relationship derived
by the method in 2.2 is used. If unloading is detected
in the plate, the stress-strain relationship is assumed
o follow the unloading path. Axial forces and bend-
ing moments at each cross-section are evaluated by
integrating stresses in Fig.7.

2.3.3 Equilibrium conditions

Neglecting the reaction forces at supporting points,
the following equilibrium conditions of forces and mo-
ments have to be satisfied.

P =P (27)
My + My — W(P, + Py)/2 (28)

where Py, Py, My, My and W are indicated in Fig.8.

Here, if the average stress-strain relationships de-
rived by the method in 2.2 are used for the plating,
the effective flexural rigidities at cross-sections fand 2
differ each other, since the strains in plating are dif-
ferent at these cross-sections. Consequently, the point
of zero bending moment moves along the span from
the original supporting point as the axial compressive
load increases. Denoting the distances between zero
bending moment point and cross-sections 1 and 2 as
a1 and ay, respectively, the elastic buckling loads for
each span are expressed as:

Py = w°EIL/a}, Puy=n’El/d} (29)
where FI; and EI, are the flexural rigidities at cross-
sections I and 2, respectively. In deriving Eq.(29), it
is assumed that flexural rigidities are the same and
equal to those at cross-sections I and 2 along the cor-
responding spans. The lengths of spans a; and ay are
evaluated from the conditions:

a; +az = 2a (30)
Pcrl = Pcr? (31)

and are given as:

a; =2a/(1+08), az=2aB/(1+8) (32)

where ﬁ = \/EIQ/E’I]_.

The deflection along each span and the curvatures
at cross-sections I and 2 are evaluated according to
Eqs.(18) through (23) substituting a; and/or ay into
a. When both spans are elastic, the ratio of curvatures
at cross-sections I and 2 is expressed as follows:

Ky/K1=1/8 (33)

2.3.4 Relationship between average stress and av-
erage strain

After the equilibrium conditions are satisfied, the

axial compressive strain is evaluated by the following

equation.
1< s 1 /dw;\?
0 koL i
e=¢ +2a;/£ 6Z+2<dx> de  (34)
where
e = P/EF

6? = Iiri(di — 8) — gl

F, e and d; represent the sectional area, the location of
original neutral axis and the current location of zero
stress point. The subscript ¢ indicates the correspond-
ing span or cross-section.

When the element is subjected to tensile axial force,
the average stress-strain relationship is assumed to fol-
low that of the elastic-perfectly plastic material. The
influence of welding residual stresses in plating is con-

|Ky: given incrementally]

|
)

{d1: given incrementally]

[8, a1, a2, a1P, a;P]

Continue

Fig. 9 Flow chart to derive average stress-strain
relationship of stiffener element
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sidered by reducing rigidity of plating according to
Eq.(15).

2.3.5 Procedure to derive average stress- strain re-

lationship

The average stress-average strain relationship is pro-
duced according to the flow chart in Fig.9. To evalu-
ate the lengths of yielded zone, o} and a5, the same
method is applied as that in Ref.18).

2.3.6 Accuracy of stress-strain relationship by the

proposed method

A series of elastoplastic large deflection analysis was
performed to examine the accuracy of average stress-
strain relationship derived by the proposed method.
The shaded part in Fig.10 was analysed with the di-
mensions indicated in the figure. The plate part was
divided into 10 x 30 elements. The calculated average
stress-strain curves are plotted in Fig.11 together with
those by the proposed method. Although some differ-
ences are observed in both results near the ultimate
strength, it may be said that the predicted average
stress-strain relationship is accurate enough.

2.4 Progressive Collapse Analysis of Cross-

Section Subjected to Bi-axial Bending

According to Smith,'?) the equilibrium equation of
the cross-section of a girder subjected to bi-axial bend-
ing is expressed in the following form.

AMy _ | Dar Dnv ] A®y } (35)
AMV DVH DVV A(I:’V
where

AMpy: increment of horizontal bending
moment;

increment of vertical bending
moment;

A®p: increment of horizontal curvature;
A®y: increment of vertical curvature.

AMy

Dyg, Dy, Dy g and Dyy are the tangential flexural
rigidities of the cross-section, and are calculated as:

00 mm tg=1.2¢

T \tH
|

a=3,000mm t=10, 20mm
b=1.0

N
—BBE

0:Y =30 kgf/_mm2

ko ko

S

R

h=0.6b {

) T [ = 21,000 kgf/mm?
Ep =0
L, N

3o

Fig. 10 Stiffened plate for elastoplastic large
deflection analysis

Duy = XD Fi(y; — y,)? (36)
DVV e ED,'F,:(Z,‘ - Zg)2 (37)
Duv = Dvy = LDiFi(y; — yo)(zi — 2,)  (38)

where y; and z; are horizontal and vertical coordinates
and F; is the sectional area of the ith element. D;
is the slope of the average stress-strain curve of the
ith element at the specified strain. When unloading
occurs, the slope of an unloading path is used. Yy and
zq represent the horizontal and vertical coordinates of
instantaneous neutral axes for horizontal and vertical

bending, respectively. They are calculated as:

Yo = (i D;)/(SF; D) (39)
Zg = (EFZZ,DJ/(EFZDZ) (40)

At each incremental step, the slope of average stress-
strain curve of individual elements at each specified
strain is firstly evaluated. Then, the locations of the
instantaneous neutral axes are calculated by Egs.(39)
and (40), and the tangential rigidity of the cross-section
by Eqs.(36), (37) and (38). After this, for the pre-
scribed increments of curvature, the bending moment
increments are evaluateéd by Eq.(35). The stress in-
crements in the elements are calculated according to
the stress-strain curves of individual elements. Then,
all the increments are summed to the previous values
to provide cumulative values. The influences of both
buckling and yielding are automatically accounted us-
ing the average stress-strain curves derived by the pro-
posed method.

“The computer program "HULLST” was developed
to perform such analysis.

1.0 1.0
O'/UY ——————— : FEM ANALYSIS
—— : PRESENT METHOD
0.8
0.6 \
0.4
t=10 mm
0.2
S S—— | U S |
0 1.0 .
E:/‘:\(20 0 1.0 eley 2.0

(a) Thin stiffened plate (b) Thick stiffened plate

Fig. 11 Comparison between calculated results
by the present method and FEM
(Stiffened plate)
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3. Numerical Calculations and
Discussions

3.1 Calculation on Test Girders

To examine the rationality of the proposed method,
a series of progressive collapse analysis was performed
on exsisting box girder models®2%21) subjected to lon-
gitudinal bending. The results of analyses are pre-
sented in Ref.22). Here, an alternative analysis?) was
performed on 1/3-scale model of Leander class frigate
tested by Dow?%) under four point bending.

Figure 12 shows the cross-section of the test model,
of which total dimensions are L x B x D = 18m X
4.1m x 2.8m. The dimensions of main structural com-
ponents are indicated in the figure together with ma-
terial properties and initial imperfections due to weld-
ing.

In the analysis, two stiffener elements at the deck-
side corner and the top plates of deep girders repre-
senting the internal deck structures are considered as
hard corner elements which do not undergo buckling.
Dow?% also performed the progressive collapse analy-
sis applying the original Smith’s method. The results
of analyses are shown in Figs.13 (a) and (b).

The solid lines in Fig.13 (a) represent the average
stress-strain curves in compression range derived by
the present method, and the chain lines by the FEM
analysis by Dow for three typical elements, 1, 2and 3,
indicated in Fig.12. Significant difference is observed
in the elastic rigidities of elements 2 and 3 derived by
both method. Concerning the results obtained by the
present method, the following comments can be given.

As indicated in Fig.12, plating is accompanied by
high residual stresses and large initial deflection. The
buckling stresses by elastic calculation considering the

l—————— 2050 —————i
-=3 $/"‘2

T T T T T 1 I 1T
l -

SELECTED COMPONENTS .

No | PLATE | STIFFENER i
T [101.7 x 3 | 38.1 x 1.74W),
7 [2032x3 | 14.73%x3.3 (F) | |p—1rl
3 ] 203.2%2 TEE BAR an

/]

/

INITIAL IMPERFECTIONS T2
No Ao/b Vo/a Uc/oy
1 ]0.004 [0.00149 | 06 -4 3
2 [0.004 |0.00149 | 0.6 S
3] 0.0141 | 0.00175 | 0.51 M

a = 400 mm (WEB FRAME SPACE)
b- PLATE BREADTH
E = 207000 N/mm?

oy = 245 N/mm?

BASE LINE

Fig. 12 Midship section of 1/3-scale frigate model

influences of these residual stresses are 536.1, 48.0 and
-30.1 N/mm? for elements 1, 2 and 3, respectively.
The physical meaning of negative buckling strength is
that the plate has been buckled due to compressive
residual stresses without any external load. When
such buckled plate is subjected to inplane compres-
sion, its inplane rigidity is equal to that of a flat plate
above buckling strength from the beginning of load-
ing. Such behaviour is automatically simulated by the
present method. For the plating analysed here, the in-
plane rigidity above buckling strength is £/2. This

Lo LINEAR ELASTIC_PLASTIC
/
U/UY /
/
0.8 -
/- —- 1
y
0.6 |-
2
"——_—*\.\
0.4 L /A
0.2 —_ — :pow )
. PRESENT METHOD
i . i i ]

0 0.5 1.0 1.5 e/ey 2.0

(a) Element stress-strain relationships in

compression
16.0
M LINEAR ELASTIC PLASTIC
(MN M) = - -
12.0 +
[c¥c o) ~B—
o] [o]
8.0 |-
(o] © °
: . 4)
4.0 - o : EXPERIMENT
S . pow®)
© PRESENT METHOD
] L i ]
0 0.001 0.002  0.003  0.004

¢ (1/M]
(b) Moment-curvature relationships under
sagging condition

Fig. 13 Results of analysis for frigate model
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may be the main reason of the reduced rigidity of ele-
ment § from the beginning of loading. The rigidity of
element 2 is reduced from the early stage of loading
also due to high compressive residual stresses.

The calculated and measured moment-curvature re-
lationships are compared in Fig.13 (b). The solid
and chain lines represent the calculated results by the
present method and Dow?¥, respectively. The mea-
sured results are indicated by ®. Concerning the ul-
timate strength, the experimental and two numerical
results are in a very good agreement each other.

In the experiment, fairly large overall vertical de-
flections were observed at the main strength deck due
to overall grillage buckling, but this buckling did not
show a significant influence on the hull girder moment-
curvature response according to Dow?¥. He also de-
scribed in his paper that ” Approaching the ultimate
load, local stiffener and plating deformations devel-
oped on the deck, superimposed on the overall deck de-
formation, precipitating deck collapse. The side shell
clearly showed interframe buckling of the longitudinal
stiffeners with associated plate buckling”. The pre-
dicted collapse mode is also interframe flexural buck-
ling of the deck stiffener elements.

Some differences appear between the measured and
calculated flexural rigidity of the cross-section espe-
cially at a higher load level. According to Dow?%), a
possible source of error was in the computation of the
experimental curvature of the hull calculated with the
vertical displacements, which, when significant non-
linearities occur, would underestimate the local cur-
vature of the hull in the region of collapse. The as-
sumption that the plane-sections remain plane may
also lead to the differences between measured and cal-
culated moment-curvature relationship after the ulti-
mate strength when large deformations are produced.

3.2 Calculation on Existing Bulk Carrier

Progressive collapse analysis was performed on the
hull girder of an existing bulk carrier of 60,000 DWT.
The principal dimensions are shown in Fig.14. HT36
steel was used at the deck plating and the upper parts
of the sloped bulkhead of top side tank and the side
plating, and HT32 steel in the remaining part. In the
analysis, the welding residual stresses of 2b, /b= 0.1
was assumed in the plating between stiffeners, and
the initial deflections of Ag/t = 0.01 and é;/a = 0.002
in plating and stiffeners, respectively. At the corner
part of the cross-section, hard corner elements were
introduced. For some typical elements, the calculated
average stress-strain curves are plotted in Fig.15 (a).
Both hogging and sagging moments were applied, and
the calculated moment-curvature curves are shown in
Fig.15 (b).

In Fig.15 (b), the dashed line represents the result
when all elements are assumed to follow the stress-
strain relationship of an elastic-perfectly plastic ma-
terial. All the elements are free from initial imper-
fections and do not undergo buckling. In this case,

the same results are obtained under hogging and sag-
ging conditions, and the ultimate strength is equal to
the fully plastic bending moment of the cross-section.
On the other hand, solid and chain lines represent the
moment-curvature curves when elements behave fol-
lowing the average stress-strain curves such as those
shown in Fig.15 (a). It is known from Fig.15 (b) that a
fully plastic bending moment can not be sustained at
the cross-section bacause of local buckling collapses.

The slope of a moment-curvature curve represents
the tangential flexural rigidity of the cross-section. It
is observed in Fig.15 (b) that flexural rigidity is re-
duced from the beginning of loading when initial im-
perfections are introduced. This is partly because of
initial deflections, but mainly due to welding residual
stresses in tension. When a plate with welding resid-
ual stresses is subjected to tensile load, the portions
where tensile residual stresses exist can not carry ten-
sile load, since these portions are already yielded in
tension. This results in a reduced inplane rigidity of
the elements in tension range which is almost a half
cross-section.

In Fig.15 (b), numerals and alphabets on the curves
indicate the loading steps, at which stress distribution
and collapse state are illustrated in Figs.16 (a) and
(b).

Under the hogging condition, at point a, the initial
local collapse takes place at the deck plating by yield-
ing in tension as indicated in Fig.16 (a). With further
increase in the applied curvature, yielding spreads all
over the deck and at the upper parts of side shell and
sloped bulkhead of top side tank. At the same time,
bottom plate and inner bottom plate buckle, and the
ultimate strength is attained at point b. At this point,
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Fig. 14 Midship section of bulk carrier
(60,000 DWT)
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the whole top side tank is yielded in tension. After
the ultimate strength, buckled part spreads over the
sloped bulkhead of hopper side tank and the lower
part of side shell, but unloading takes place at some
parts of the tensile region of bending, as is known
observing the yielded parts and stress distributions at
points b, ¢ and d in Fig.16 (a). This is because the
load carried at buckled double bottom and hopper side
tank decreases, and the neutral axis moves upward.
Under the sagging condition, at point 1, the initial

.01
070y
0.8F /\ N
0.6[
0.4p
: ELEMENT IN BOTTOM PLATE
——-——: ELEMENT IN INNER BOTTOM PLATE
A o : ELEMENT IN DECK PLATE
L] ! 1 1 1
0 1.0 2.0 3.0 4.0 5.0
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(a) Element stress-strain relationships
in compression

collapse takes place at the uppermost stiffener of the
sloped bulkhead of top side tank by buckling as indi-
cated in Fig.16 (b). With further increase in the ap-
plied curvature, buckled part spreads and, at point 2,
the ultimate strength is attained. The reserve strength
after the initial collapse is very small compared to the
case of the hogging condition. In both cases, the col-
lapse starts to take place at the upper part of a cross-
section. The collapse under the hogging condition oc-
curs by yielding and no reduction exists in the load
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Fig. 15 Results of analysis for bulk carrier
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Fig. 16 Stress distributions and failure modes
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carrying capacity of collapsed members after their ul-
timate strength, whereas collapse under the sagging
condition occurs by buckling and singinficant reduc-
tion exists in load carrying capacity after ultimate
strength. This leads to the significant difference in
reserve strength after initial collapse under the sag-
ging and the hogging conditions. With further in-
crease in applied curvature, the buckled part spreads
downward. This results in the downward movement
of neutral axis, and yielding in tension did not occur
within the applied curvature shown in Fig.16 (b).

According to the Rules by Classification Societies,
the allowable stress is specified. The allowable bend-
ing moment corresponding to the allowable stress is
calculated according to the Rule by Lloy’d Register
of Shipping?®), and is indicated in Fig.15 (b). It is
known that this ship has enough strength as far as
the ultimate longitudinal strength is concerned.

4. Conclusions

A simple method was proposed to simulate the pro-
gressive collapse behaviour of hull girder cross-section
under longitudinal bending. This method takes into
account of the progressive loss in rigidity due to the
occurrence of local buckling and yielding. The funda-
mental idea of this method follows to that proposed by
Smith.°~*3) In this method, a cross-section is divided
into small elements composed of plates and stiffeners.
In this paper, a simple analytical method was pro-
posed to derive the average stress-strain relationship
of individual elements. The proposed method is as
follows:

(1) A double span model is considered that takes ad-
Jacent two midspan points between transverse frames
as both ends of the element. The cross-section is com-
posed of a stiffener and half breadths of plating be-
tween stiffeners on each side of the stiffener.

-(2) The average stress-strain relationship of the at-
tached plate is derived by combining the results of
elastic large deflection analysis and plastic mechanism
analysis both in analytical forms.

(3) The deflection of a stiffener is expressed as the
sum of an elastic component in a sinusoidal mode and
a plastic component that gives a constant curvature
in the midspan part.

(4) Assuming linear distributions of strains, the elasto-
plastic stress distributions at both ends of the element
are determined which satisfy equilibrium conditions of
forces and moments. At the plate parts, the average
stress-strain curves derived in (2) are used.

(5) Axial strain is evaluated with the axial force and
deflection.

Example calculation was carried out on a 1/3-scale
frigate model tested by Dow??, and the rationality
of the proposed method was confirmed. Then, pro-
gressive collapse analysis was performed on the cross-
section of an existing bulk carrier both under hogging
and sagging conditions. It was shown that the cross-

section can not carry the fully plastic bending moment
due to the occurrence of local buckling in the compres-
sion side of bending. More decrease was observed in
ultimate strength under the sagging condition than
under the hogging condition.

In the present paper, the assumed deflection mode
for a stiffener was only that of an Eulerian buckling
mode. In Ref.23), the present method was improved
by introducing deflection component of torsional buck-
ling, and considering flexural-torsional buckling of a
stiffener. As for a loading condition when element
stress-strain curves are calculated, only the axial load
is considered. For the actual case, however, the in-
fluences of lateral pressure acting at the bottom plate
and inplane shear force produced in side shell have to
be included. These remain as future works.
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