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Advanced Idealized Structural Units Considering
Excessive Tension-Deformation Effects

Jeom-Kee Paik*

Abstract

In this paper, three kinds of the existing idealized structural units, namely the
idealized beam-column unit, the idealized unstiffened plate unit and the idealized stiff-
ened plate unit are expanded to deal with the excessive tension-deformation effects. A
simplified mechanical model for the stress-strain relationship of steel members under
tensile load is suggested. The 1/3-scale hull model for a leander class frigate un-
der sagging moment tested by Dow is analyzed, and it is shown that the excessive
tension-deformation is a significant factor affecting the progressive collapse behavior,
particularly in the post-collapse range.

1 Imtroduction

When the safety of a ship structure is considered, the analysis of the ultimate collapse be-
havior for the whole structure is essential. To predict the maximum load-carrying capacity,
the analysis may be performed up to the ultimate collapse state. However, the post-collapse
behavior should also be analyzed to estimate the absorbed energy capacity which is calcu-
lated by intergrating the area below the load-displacement curve of the structure[1].

So far, to analyze the progressive collapse behavior of a ship structure using the ideal-
ized structural unit method(ISUM), several idealized structural units[1-3] have been devel-
oped taking into account ductile-collapse behavior. In these units, however, the importance
of an excessive tension-deformation behavior after yielding has been disregarded.

As sagging moment increases, for instance, deck structure will collapse by compres-
sion, while excessive tension-deformation will be formed at the bottom part. It is considered
that the overall collapse behavior of a ship’s hull is dependent on tension-deformation be-
havior as well as ductile-collapse behavior due to axial compression or shearing force.

In this paper, three kinds of the existing idealized structural units, namely the idealized
beam-column unit, the idealized unstiffened plate unit and the idealized stiffened plate unit
are expanded to deal with the excessive tension-deformation effects. For this purpose, a
simplified mechanical model for the stress-strain relationship of steel members under tensile
load is suggested.
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The 1/3-scale hull model of a leander class frigate under sagging moment tested by
Dow[4] is analyzed using the present theory, and it is observed that the tension-deformations
of individual members play an important role on the progressive collapse behavior, partic-
ularly in the post-collapse range of the whole structure.

2 Theoretical Formulation

Since the detailed formulation for the idealized structural units including the ductile-collapse
behavior due to axial compression and shearing force is found in the previous papers(1-3],
only a brief description and additional formulation are given here.

2.1 Basic Idealizations

(1) ISUM Modelling for Ship Structure

In ISUM modelling, the basic structural member composing the object structure is
chosen as the idealized structural unit.

Heavy longitudinal and transverse members supporting plate panels are modelled as
the idealized beam-column unit which has only two end nodal points, shown in Fig. 1. In a
stiffened panel, a number of one-sided stiffeners are attached to the plate in the longitudinal
and/or transverse directions. The stiffener spacing is usually equal and geometric/material
properties of each stiffener are supposed to be the same in each direction. The stiffened
panel is modelled as the idealized stiffened plate unit, indicated in Fig. 2. Also when the
panel has no stiffener, it is modelled as the idealized unstiffened plate unit, shown in Fig.
3. The idealized unstiffened and stiffened plate units have only four corner nodal points.

(2) Idealization of Structural Behavior

If a structural member is subjected to axial compression or shearing force, it will buckle
with an increase in the applied load and shows a large deflection behavior. As a result, its
in-plane stiffness decreases and it reaches the ultimate collapse state. In the post-collapse
range, the internal stress goes down if the compression-deformation is continued.

On the other hand, when a member is subjected to tensile loads, its behavior is different
from that of compressed members. Fig. 4 represents a typical stress-strain curve for a steel
member under tensile load. It is observed that as the tensile load increases, the member
yields without lateral deflection. In the existing idealized structural units, behavior of the
yielded unit has been treated as the dotted line (segment CH) in Fig. 5. Because of the
strain-hardening effect, however, the member can carry further loading even after yielding,
and reaches the ultimate tensile strength. When there is an excessive tension-deformation,
the actual cross-sectional area decreases and the nominal stress goes down with an increase
in the tension-deformation. After that, the ductile fracture will occur if the tensile strain of
the member exceeds the critical fracture strain which depends on material properties, initial
crack damage, etc.

The actual stress-strain curve for structural members is idealized as the solid line in
Fig. 5. Then, if the characteristics of each segment in Fig. 5 are known, the stress-strain
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curve can be traced as:

(i) Compressed Member :

OA(Elastic Large Deflection Behavior) — A(Ductile-Collapse Strength) —
AB(Post-Collapse Behavior)

(ii) Tensiled Member :

OC(Linear Elastic Behavior) — C(Yield Strength) — CD(Post-Yield Behavior) —
D(Ultimate Tensile Strength) — DE(Post-Tensile Strength Behavior) — E(Ductile-Fracture
Strength) — EF-FG(Post-Fracture Behavior)

In the next section, the detailed formulations for each segment or failure criteria are
described. Table 1 indicates the definition of failure modes of the idealized structural units.

2.2 Idealized Beam-Column Unit

(1) General

As mentioned, heavy longitudinal and transverse supporting members are modelled by
the idealized beam-column unit, indicated in Fig. 1. End conditions of the unit are assumed
to be pin-jointed. When a ship’s hull is subjected to longitudinal bending moments, this
unit will carry the axial loads.

In the present study, a deflected column is replaced by an equivalent straight unit
which has the reduced stiffness due to lateral deformations. As a result, rotational degree
of freedoms are not necessary to be included in the numerical formulations. The nodal
force increment {AR};. and the nodal displacement increment {AU}. of the unit in the
local coordinates are then defined by (see Fig. 1)

{AR}se = {AR.aAR.)T
{AUYe = {AujAuy}T 1

Applying the principle of virtual work, the stiffness equation of the unit will be given
by
{AR}bc = [K]bc{AU}bc (2)

where [K};. is the stiffness matrix of the idealized beam-column unit in the local coor-
dinates, and that will change according to failure or loading condition. In the following,
[K]p. for each segment in Fig. 5 is formulated.

(2) Segment OA : Elastic Large Deflection Behavior

An initially deflected pin-ended column is considered. The geometric configuration
may take the following form:

w, = 0,8in (%)x

wo= 6sin<%):c 3)
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where §, = initial deflection amplitude
6 unknown added-deflection amplitude
L member length

]

Applying the principle of minimum potential energy, the unknown amplitude will be
found.

bo

S=1"R/Rs

Q)

where Rz = Euler’s buckling load

Using the above solution, total end-shortening considering the large deflection effect
will be given by

RL 7262 7262
+ - ()
EA, " 4L(1 - R/Rg)? 4L

U=

where A, = cross-sectional area of the unit
E Young’s modulus

The incremental relationship between the axial force and the end-shortening is then
given by
AR, = nplAu (6)
1
o+ ARy
Accordingly, considering the equilibrium condition, the stiffness matrix [K]j. in this
range will be obtained.

where Ng =

(3) Criterion of Point A : Ductile-Collapse Strength

Several criteria for checking buckling or collapse of the beam-column member have
been suggested. The well-known Perry-Robertson formula[5] taking into account the initial
imperfection effects is used.

(4) Segment AB : Post-Collapse Behavior
For the collapsed unit, the following relationship between the axial force and the
end-shortening, using the concept of plastic hinge collapse mechanism can be used[6].

R, \*
L 1
{avr ) o
where R, = fully plastic axial load (= 0,4;)
M= fully plastic bending moment (= Z,0,)

Z, = plastic section modulus
g, = yield stress

R 2R
2 - B gy )
P

R,
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The incremental form of the above equation will become

AR = n,Au (8

Rp 2 1/2 R2L
2 —2 SR A
M, {<2Mp> Lu+1} AM,(Lu)' 2

Accordingly, considering the equilibrium condition, the stiffness matrix [K],. in the
post-ultimate range will be obtained.

where
R3L

P

T = 8

(5) Segment OC : Linear Elastic Behavior
In this case, the behavior of the unit is linear and the stiffness matrix will be the same
as that of the truss element.

(6) Criterion of Point C : Yield Strength
When the axial stress o, reaches the yield stress o,, the unit yields.

Oz 2 0o )

(7) Segment CD : Post-Yield Behavior
Even after yielding, the steel member can carry further tensile loading because of the
strain-hardening effect. As shown in Fig. 5, the gradient of the stress-strain curve for the
yielded unit can be simplified by
E, = ay,E (10)

where E, = tangent modulus of the yielded unit
a, = coefficient

In principle, coefficient o, can be obtained from the tensile test result. Thus, the
stiffness matrix in this range will be given by

E,A -
[ = =222 [ o i] an

(8) Criterion of Point D : Ultimate Tensile Strength
When the axial stress exceeds the ultimate tensile stress o, the ultimate tensile strength
is reached.

Oz 2 0T (12)

(9) Segment DE : Post-Tensile Strength Behavior
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After the axial stress reaches the ultimate tensile strength, the internal stress decreases
with increases in the tension-deformation as shown in Fig. 5. The gradient of the stress-
strain curve in this range can be simplified by

Ef = oE (13)

where E; = tangent modulus in the post-tensile strength range
oy = coefficient

In principle, coefficient oy can also be obtained from the tensile test result of the
member and the stiffness matrix in this case is given by

_ EiA 1 -1
[Kse = I [ 11 } (14)

(10) Criterion of Point E : Ductile-Fracture Strength
If the axial tensile strain exceeds the critical fracture strain of the unit depending on
material property, initial crack, etc. the ductile-fracture will occur.

€z 2 Efer (15)

where ¢, is the critical fracture strain of the unit, which is obtained from the tensile test
result. Here, even for an initially cracked unit, ., can be obtained by the tensile test.

(11) Segment EF and FG : Post-Fracture Behavior

If the unit is fractured, it is not able to carry the tensile load further. In the subsequent
loading step, therefore, the stiffness matrix of the fractured unit is equal to zero such that
the internal stress increment is zero for the rest of the analysis. Also, the accumulated
stress in the fractured unit should be released[20].

2.3 Idealized Unstiffened and Stiffened Plate Units

(1) General

In the present method, the deflected plate panel is replaced by an equivalent “flat”
plate panel which has the reduced in-plane stiffness due to lateral deformation. As a result,
rotational degrees of freedom at each nodal point can be removed as in the idealized beam-
column unit. Therefore, the total degrees of freedom at each nodal point are just three axial
displacements which are u, v and w in the x, y and z direction, respectively. Thus, the
nodal force increment { AR}, and the nodal displacement increment {AU},, in the local
coordinates are defined(see Fig. 2 and 3).

{AR}p[ = {AleARylARzl Tt AR:LAARW;ARZ;;}T
{AU}p[ = {AuulAuleuwl s Auu4Auv4Auw4}T (16)

Also the average stress increment of the unit is calculated by

{Ac} = [D{Ae} (17)
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where {Ac}

{Aaxav Agyav ATa:yav }T
[D] = average stress-average strain matrix

Applying the principle of virtual work, the stiffness equation of the unit will be given
after unbalance forces are eliminated:

{AR}y = [K]u{AU}n (18)

where (K], = stiffness matrix of the idealized plate unit

Il

J(B,)T[D)[B,) + [G]F 03] |G])dvol

o] = [ Ozav  Tayay ]

Tzyav Oyav

It is observed from the above equation that once the {D] matrix is known, the stiffness
matrix of the unit is calculated. In this regard, the following description is focused on the
derivation of the [D] matrix.

(2) Segment OA : Elastic Large Deflection Behavior

An actual plate member always has initial deflection. When compressive loads are
predominant, in-plane stiffness of an initially deflected plate panel decreases from the
beginning with the increase in the applied load. Also, the present method attempts to
replace the deflected plate by an equivalent flat plate accounting for the reduction of in-
plane stiffness due to lateral deformaion.

(i) Idealized Unstiffened Plate Unit

Using the effective width formulation[8], the [D] matrix of deflected plate units is
given by :

[D] = [D] (19)

where [D]} is the stress-strain matrix for the deflected plate panel.

(ii) Idealized Stiffened Plate Unit

It is assumed that stiffeners keep straight until they buckle and thus the stress-strain
matrix is calculated by adding the deflected plate and intact stiffeners as [3]:

[D] = [Dlg, = [Pl + [Pl (20)
where [D]EXY = 0 EngAgyfat 0O
0 0 0

ns= number of longitudinal stiffeners

nsy= number of transverse stiffeners

Ag= cross-sectional area of one longitudinal stiffener
A,,= cross-sectional area of one transverse stiffener
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a = plate length
= plate width
t = plate thickness

(3) Criterion of Point A : Ductile-Collapse Strength

Considering the membrane stress distribution of deflected plate elements under applied
loads, the ductile-collapse criteria are as follows:

(i) Idealized Unstiffened Plate Unit

If the equivalent stress in the corner or the transverse mid-edge or the longitudinal
mid-edge of the unit reaches the yield stress, the unstiffened plate unit will be assumed to
collapse[13].

(ii) Idealized Stiffened Plate Unit

Collapse patterns for stiffened plate panels are divided into three categories such as
local collapse, panel collapse and overall collapse[5]. Here, the local collapse of plate part
between stiffeners is checked by using the same criterion for the unstiffened plate unit.
Also the panel and the overall collapses are treated as a buckling problem of columns with
effective platings[1].

If longitudinal stiffeners collapse while transverse stiffeners are still intact, the panel
collapse between transverse stiffeners will occur. On the other hand, if transverse stiffeners
collapse while longitudinal stiffeners are still intact, the panel collapse between lonitudinal
stiffeners will occur. Also, if both longitudinal and transverse stiffeners collapse at the
same time, then the overall collapse occurs.

For checking the collapse of stiffeners with effective platings, several formulas have
been suggested[15]. In the present study, the well-known Perry-Robertson formula is em-
ployed, as in the idealized beam-column unit. It should be noted that the present idealized
stiffened plate unit does not take into account the flexural-torsional collapse pattern of
stiffeners.

(4) Segment AB : Post-Collapse Behavior

After the unit collapses under axial compression, the internal stress decreases if the
compression-deformation is continued. General formulation of the stress-strain relationship
in this range have been described by the author[3] or Ueda et al[14]. However, a more
simplified derivation is made as follows:

(i) 1dealized Unstiffened Plate Unit

The equivalent stress of a collapsed unit should be kept constant and the change of
membrane stress components in the unit may be negligible as far as the loads are applied
continuously. The average membrane strain components of the collapsed unit are calculated
with the assumption that the Poisson’s ratio effect of the collapsed unit is neglected.

Ezav = U:max/E
6?/0-1’ = U;‘ma:c/E (21)

where o3,,.,, and o, are maximum membrane stresses just before or after ultimate col-
lapse of the unit in the x and y direction, respectively.
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Using the effective width formulations in the x and y directions[8], the average mem-
brane stress components of the collapsed unit are obtained by

Ozav = be/b 0gpar
Uy'-w = ae/a‘ J;‘max (22)
where b, = effective plate width

Q. effective plate length

With the increase in the compression-deformation, the effective plate width and length
of the collapsed unit also decrease continuously, and it is assumed that the reduction ten-
dency of the effective plate width/length with an increase in the applied loads is the same
with that in the pre-collapse range[15], that is,

be/ b = J::au/ a::ma.x
ae/a = G;av/c’;maa; ’ (23)

where the asterisk indicates a virtual amount of the stress.
Under the assumption that the effects due to initial imperfection, Poisson’s ratio and

aspect ratio are neglected for the collapsed unit, the virtual maximum stresses are calculated
by [16]

* - * — *
Ormaz = zaxav — Oger = E €zav
* — » — * .
Oymez = 2ayav = Oyer = Eeyav (24)

where o, = buckling stress in longitudinal compression
oyer = buckling stress in transverse compression

Substitution of Eq. (24) into Eq. (23) yields the effective plate width and length as a
function of membrane strain components.

éi — 1{1_’_ O':zCT}

b 2 Fepan

a 1 o

= = {14 } 25)
a 2 { Eeyay

Also, substituting Eq. (25) into Eq. (22), the relationship between average axial stress
and average axial strain of the collapsed unit is given

1 o
Orav = '2‘ {1 + E::::v } a:max

1 a
w = =414 =¥ L
(Iy 2 { + anav } Uyma.x (26)
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The above equation is rewritten by the incremental form as:

u

g g
AJ Tav - _1721‘.‘.5 “E,_m;r— A Tav
€zav
2
ag. g
. ymax Uyer
Ao'yav - - _'2—"' ﬁ AEyav (27)

yav

On the other hand, it is assumed that the shearing modulus of the collapsed unit is
nearly zero, that is,

Aszav =0- A'}’myav =0 (28)

Accordingly, the relationship between the average stress increment and the average

strain increment will be obtained.
[D} = (D], (29)

(ii) Idealized Stiffened Plate Unit

For the idealized stiffened plate unit, the post-collapse behavior is different according
to the collapse mode.

1) after local collapse

In this case, the stiffness of the unit is calculated by adding the collapsed plate part
and the intact longitudinal/transverse stiffeners as:

[D] = [DI;, = [D}, + [D]*Y (30)

2) after longitudinal panel collapse (longitudinal stiffeners collapsed)
In'this case, the stiffness of the unit is calculated by adding the collapsed plate part,
the intact transverse stiffeners and the collapsed longitudinal stiffeners as:

(D] = D], = [Dly + [DI" + DX (31

where [DIEY =

0 0 0
0 FEn,Ag,/at 0
0 0 0

[D]YX = stress-strain matrix of the collapsed longitudinal stiffener which is the same
with the idealized beam-column unit

3) after transverse panel collapse (transverse stiffeners collapsed)

In this case, the stiffness of the unit is calculated by adding the collapsed plate part,
the intact longitudinal stiffeners and the collapsed transverse stiffeners as:

[D] = (D), = (D)% + [D)EX + (D)UY (32)

EngA,/bt 0 0
0 00
0 00

where [DIEXY =
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[D]YY = stress-strain matrix of the collapsed transverse stiffener which is the same
with the idealized beam-column unit

4) after overall collapse

In this case, the stiffness of the unit is calculated by adding the collapsed plate part
and the collapsed longitudinal/transverse stiffeners as:

[D) = D], = [Dli + DI (33)
where [D]Y, = stress-strain matrix of the collapsed longitudinal/transverse stiffener
(5) Segment OC : Linear Elastic Behavior

In this case, behavior of the unit is linear, and the [D] matrix is given as follows:
(i) Idealized Unstiffened Plate Unit

E
[D] = [D]] = 1=

1 v 0
v 1 0 : (34)
00

(ii) Idealized Stiffened Plate Unit
The stiffness of the unit is calculated by adding the flat plate part and the intact
longitudinal/transverse stiffeners.

[D] = [D]Z, = [Dlg + [DI5XY (35)

(6) Criterion of Point C : Yield Strength

If the equivalent stress reaches the yield stress, the unit will be yielded. Here, for
checking the yield strength, the following von Mises’ condition is employed.

fy = Uiav ~ Ozav * Oyav t+ U:av + 3Tz2ya.u - 0’3 =0 (36)

(7) Segment CD : Post-Yield Behavior

Because of the strain-hardening effect, the yielded unit can still carry further tensile
loading. In the present method, therefore, the elasto-plastic stress-strain relationship taking
into account the strain-hardening effect is derived as in the same manner with the conven-
tional FEM. If unloading in the yielded unit occurs, the elastic stress-strain relationship is
employed.

(i) Idealized Unstiffened Plate Unit

[D] = Dl
_ |DIp{8fy/00}{8f,/00}" (D]
E, +{0f,/90}T|Dl5{0f,/00}

= [DIf (37)

where E, indicates the tangent modulus accounting for the strain-hardening effect and f,
is the yield function in Eq. (36).
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(i) Idealized Stiffened Plate Unit
[D] = [DI5,
pjf _ 1D15{04,/00}101,/00)" DY
¥ E,+{8f,/00}T|DIE{0f,/d0}

(8) Criterion of Point D : Ultimate Tensile Strength
If the equivalent stress exceeds the ultimate tensile stress of the material, the unit will
reach the ultimate tensile strength.

(38)

2 2 2 2
T = 0pay = Ogav * Oyaw + Oyav + 3Tayaw — 07 =0 (39)

(9) Segment DE : Post-Tensile Strength Behavior

As far as the tension-deformation is continued, the internal stress decreases in this
range. As in the idealized beam-column unit, the tangent modulus can be quantified based
on the tensile test result.

(i) 1dealized Unstiffened Plate Unit

The basic relationship between stress and strain is

Ozay — VOyay _ Oyav — VOzay — Txyav — ﬁ ) (40)
& Ei 20+ V)Y &

where 0;,¢; = equivalent stress, strain

It is assumed that the relationship between the equivalent stress and the equivalent
strain is linear in this range.

a; _
;— = E; “41)

where E; = tangent modulus in the post-tensile strength range

Accordingly, the stress-strain matrix reads

[D] = [Dln
1 Vy 0
0 0 (1 - uf)/2

where v; denotes Poisson’s ratio in the post-tensile strength range and for steels it may be
taken as v; = 0.5 because the material is in fully plastic regime.
(ii) Idealized Stiffened Plate Unit

[D] = [D]§, = D]} + [D)5XY (43)

EnosAye /bt 0 0
where [DIEXY = 0 EingAsyfat 0

0 0 0
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(10) Creterion of Point E : Ductile-Fracture Strength
As in the idealized beam-column unit, if the tensile strain of the unit exceeds the
critical fracture strain, the ductile-fracture will occur.

Eeq Z Efer (44)

where ¢, is the equivalent tensile strain in the unit and ¢y, is the critical fracture strain
which is obtained from the tensile test result. As memtioned, the effect of initial crack
damage can also be included in the determination of the critical fracture strain.

(11) Segment EF and FG : Post-Fracture Behavior

The fractured unit is not able to carry the tensile load further. In the subsequent loading
step, therefore, the modulus of material is equal to zero, as in the idealized beam-column
unit. In this case, the stress-strain matrix for both unstiffened and stiffened plate units

becomes zero and also the accumulated membrane stress in the fractures unit should be
released[20].

3 Analysis of the 1/3-scale Frigate Test Model

Dow{4] carried out the progressive collapse test for the 1/3-scale hull model of a leander
class frigate under sagging moment. The ISSC’94 committe III.1 [19] has analyzed the
progressive collapse behavior of this model. Many researchers have participated in this
work and the same definitions for the geometry and the initial imperfections of the model
were suggested.

3.1 Test Model

Dimensions of the model are 18m length, 4.1m beam and 2.8m depth. Fig. 6 shows
midship section of the test model. The material properties of the structural members are
defiend by

E =207 GPa (Young’s modulus)
0, = 245 MPa (yield stress)
v = 0.3 (Poisson’s ratio)

Basically, the material is assumed to be linear elastic, perfectly plastic by the ISSC
committee[19]. Also the present study aims to investigate the nonlinear behavior due to
the excessive tension-deformation and for this purpose the following magnitudes which are
selected from the typical tensile test results of materials are assumed by

E, = 0.01 E (tangent modulus after yielding)
Ey —FE (tangent modulus after ultimate tensile strength)
3 0.15 (critical rupture strain)

< fer
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The initial deflection of the plates between stiffeners is suggested to be in the shape of
one-half sine wave in both longitudinal and transverse directions with the maxium deflection
at midpoint given by

6/b= 0.030  for deck plating
= (0.010  for side shell plating

where 6 = magnitude of initial deflection
b = width of plate between stiffeners

The residual stress in the plate between stiffeners is suggested to have the well-known
square shape which forms a self-equilibrium pattern. The magnitude of the residual stress in
the two outer zones is equal to the tension yield stress while the residual stress magnitude of
the middle zone in the longitudinal direction is compressive, given by Table 3 of reference
[4], namely

orz= —125M Pa for 2mm plate
= —147TMPa  for 3mm plate

where o,, = magnitude of the residual stress in the longitudinal direction

By the way, since the welding is performed along the transvere as well as the lon-
gitudional edge of the plate panels, the transverse residual stress which also affects the
stiffness and strength of the structure will exist. According to the measured data for center
panels, the residual stress in the transvere direction is about 19 % of the longitudinal one.
In this regard, the compressive residual stress magnitude in the transverse direction can be
assumed by

Ory= 0.190,, = —23.75M Pa for 2mm plate
= —2793MPa  for 3mm plate

where o,, = magnitude of the residual stress in the transverse direction

3.2 Discussion of Results

The computer program ALPS/ISUM [21] has been developed based on the present theory.
Procedure for the progressive collapse analysis of the plated structures such as ships is
found in the previous papers[17, 18]. When a ship’s hull is under bending moment, the
position of neutral axis changes and the computer program also takes into account this
effect automatically.

Fig. 7 shows the ALPS/ISUM model for the test model. Midship part in one frame
spacing is taken as the extent of the modelling and a full-hull is modelled. All of the
three kinds of the idealized structural elements, described in this paper are used for this
modelling. Here, the “hard element” is introduced, in which buckling does not occur, but
yielding will take place. In this analysis, plate parts at the deck-side corner, 2nd deck
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girder, 3rd deck, 4th deck, center girder and side girder which are rigidly connected with
transverse frames are considered as the “hard element”.

As sagging moment increases, the idealized structual units will show various failure
modes, defined in Table 1. Symmetric boundary condition at the center line of the bottom
part and restriction of rigid-body motion are prescribed. The bending curvature for the hull
is applied incrementally.

Fig. 8 compares the sagging moment-curvature curve for the test model between
the Dow’s experimental result and the ALPS/ISUM solution. The existing numerical re-
sults obtained by using other computer programs such as the Dow’s FABSTRAN/NS94[4],
the Dow’s ASAS-NL[4], the Yao’s HULLST[10] are also compared. Here, both FAB-
STRAN/NS94 and HULLST are based on the Smith’s method[9], but the ASAS-NL code
is applying the nonlinear finite-element method. The solution by ALPS/ISUM is coinci-
dental with the exprimental result.

Figs. 9 and 10 and Table 2 indicate solutions by ALPS/ISUM assuming F, = 0.01F
and E; = —F. Fig. 9 shows the average stress-displacement curve for typical members
under compression or tension. The computed moment of inertia for the unreduced ideal
midship section was 6.237 x 10'%mm?*.

Fig. 10 represents change of the horizontal neutral axis height. The computed posi-
tion of the neutral axis above the base line for the unreduced ideal midship section was
1419.8mm. Since the actual members have the initial imperfections the real position of the
neutral axis is different from the ideal one. The computed position of the neutral axis for
the real midship section was 1223mm.

Furthermore, if the failure of structural members occurs with an increase in the applied
load, the position of the neutral axis changes. At first it moves downward due to collapse
of the deck structure, and then it moves upward due to yielding of the bottom structure.
The failured region will be expanded to the mid-height part of the section. In the present
modelling, the bottom girders are considered to be hard and the neutral axis position slightly
moves downward again. Table 2 indicates the failure history of the test model with an
increase in the applied sagging moment. In this analysis, the critical fracture strain of
the material is assumed to be 15 % , but for this model the ductile-fracture (failure mode
number = 7) did not occur.

Fig.11 investigates the effect of the post-tensile strength behavior on the progressive
collapse behavior of the whole structure. Parametric analysis is performed varying the
magnitude of Ey. It is observed that the progressive collapse behavior is the same for
each other up to the ultimate collapse strength, but in the post-collapse range the behavior
is different by the value of E;. As the absolute value of £ increases, the gradient of
the “unloading path” becomes larger. The solution obtained assuming FE, = 0.01E and
E; = —0.5EF is very similar with the Dow’s FABSTRAN/NS94 result.

4 Concluding Remarks

The importance of excessive tension-deformation effects after yielding has been disregarded
in the existing idealized structural units although the ductile-collapse due to axial compres-
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sion and shearing force is treated carefully. The existing idealized structural units are
improved so as to include the excessive tension-deformation effects. For this purpose, a
simplified mechanical model for the stress-strain relationship of steel members under tensile
load has been suggested. Through an illustration example for a large-sized test hull model,
the role of the excessive tension-deformation of local members on the overall collapse be-
havior has been demonstrated. It is concluded that the excessive tension-deformation of
individual members after the ultimate tensile strength is also a significant factor affecting
the progressive collapse behavior of the whole structure, particularly in the post-ultimate
collapse range.
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Table 1: Definition of failure modes for the idealized structural units

Model No. | Beam-column Unstiffened Plate Stiffened Plate
Unit Unit Unit
0 Failure-Free Failure-Free Failure-Free

1 Collapse Collapse Local Collapse

2 - - Panel Collapse

: (between trans.)
3 - - Panel Collapse
(between longi.)
4 - - Overall Collapse
5 Yield Strength Yield Strength Yield Strength
6 Ultimate Tensile Ultimate Tensile Ultimate Tensile

Strength Strength Strength
7 Ductile-Fracture | . Ductile-Fracture Ductile-Fracture

Table 2: Failure history for the 1/3-scale frigate test model

Applied Sagging Plate Beam-Column
Moment (ton-m) | Unit No. | Failure mode | Unit No. | Failure mode
486.67 ‘ 11, 12 1
 6002.29 13 2
640.46 12, 14 2
800.12 9,17 2
898.95 1,2 5
24, 25
946.47 8, 18 2
953.39 3,23 5
976.20 4,22 5
987.38 7, 19 2
*987.75 1,2 6
24, 25
962.49 3,23 6
915.63 4,22 6
896.25 5, 21 5

* Ultimate collapse strength has been reached.
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