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ABSTRACT

A method was developed for the
determination of the ultimate strength
of longitudinally stiffened ship hull
girder segments of rectangular
single-cell cross section, subjected to
bending, shear and torsion. The
principal features are: (1)
Compatibility is enforced between
individual nonlinear components of hull
crogs section; (2) Compression flange is
treated as if it consisted of individual
beam-columns each composed of plate-
stiffener combination --- pre- and
postbuckling, large deformations and
pPlastification are taken into account;
(3) &Sides(webs) are analyzed by a

multiple tension-field appreach
considering redistribution of normal and
shearing stresses between plate
subpanels. Comparison of the method

with the results of three tests on a
small hull girder specimen showed that
the method is acceptably accurate for
the loading case of moment and shear but
needs additional work for the general
loading case of moment, shear and
torgue.

NOMENCLATURE

A area of cross section

a length of test segment

b width of test segment

bc spacing of longitudinal stiffeners

in compression flange

C proportionality factor between the
cross-sectional shear and the load
parameter W

<y bending moment-shear ratio
Cy torgue-shear ratio
a depth of test segment
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spacing of longitudinals in webs
Young's modulus of elasticity
eccentricity of the load

buckling bending stress of the
i-th web subpanel for pure bending

buckling compressive stress of the
i-th web subpanel for pure axial
compression

buckling shear stress for the i-th
web subpanel for pure shear stress

yield stress

static yield stress at zero strain
rate

shear modulus

moment of inertia
computed length of the beam-column
bending moment

axial force, resulting from the
stresses in the box section

axial force in the beam-cclumn

ultimate axial force for the
beam~column of length L.

lateral loading per unit length of
beam—-column

radius of gyration = I/A
torgue

plate thickness

shear force

buckling strength of the i-th web
subpanel

tension field strength of the i-th
web subpanel
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ave

bei

cr

cci

ti

Tefi

cci

shear force in wedb
ultimate shear capacity of web

load parameter equivalent to a
concentrated transverse load
acting on a simply supported beam
kY
ultimate load parameter

aspect ratio ( =a/d)

aspect ratioc of the widest web
subpanel (=a/dj.. .}

total axial shortening for the
beam-column or compressgion flange

axial shortening due t

axial shortening due to axial
strain
axial shortening which exists

under the ultimate force P,
Plate buckling strain
yield strain

shearing deform

critical shearing deformation at

point of buckling of the i=-th
subpanel
ultimate shearing deformation of

the i-th subpane}

average stress for the plate of
the compression flange
Callseaa

tending stress which  causes
buckling of the i-th web subpanel
when acting together with
compression and shearing stresses

Plate Dbuckling
compression flange

stress of the

pure compression stress which
causes buckling of the i-th web
subpanel when acting together with
shearing and bending stresses

tension field stress at the
ultimate condition for the i-th
web subpanel

shearing stress
equivalent shearing stress in the

i-th web subpanel due to tension
field action

shearing stress which caunses
buckling of the i-th web subpanel
when acting together with

compression and bending stresses

assumed mid-span curvature
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INTRODUCTION

Background and Related Research

A need for developing a reliable
method of evaluating the maximum
strength of ship hulls has been becoming
more and more important with the growing
knowledge of ship loads. Although the
traditional methods of ship design as
evolved through the years of practical
experience give adequately safe ship
structures, it has been shown that the
mechanism of failure is often very
different from the mechanism predicted
by these methods (1). Also, the rapid
introduction of novel ship types {large
tankers, container, LNG, special navy
ships) required a more rational approach
to ship design than the semi-empirical
traditional methods.

Caldwell proposed to obtain the
ultimate bending strength of a hull
girder by assuming a fully plastified
cross section. The postbuckling

response of the plate components was to

at
be incorporated by means of the
effective width at the maximum plate

capacity and the longitudinals were
assumed not to buckle (2). The approach
by Smith for the bending strength

directly included the nonlinear response
of the compression flange plating (3).

Much research has been conducted on
the ultimate strength behavior of
individual ship hull components:
individual plates(4, 5, 6), stiffened
plates and grillages(7, 8, 9, 10, 11,
12, 13, 14, 15, 16) and plate girders
under shear and bending(i7, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27). However,
knowledge of the behavior of individual
components is not sufficient for
accurately  predicting the ultimate
strength of a ship hull girder since the
components reach their ultimate strength
at different levels of deformation.
Some segments may be already in the
post-ultimate range of reduced capacity
when others just attain their maximum

strength. Also, the distribution of the
internal forces to the components
changes as the components become

nonlinear.
Purpose and Scope

The main purpose of this research
was to develop an analytical method for

determining the wultimate strength of
lengitudinally and transversely

stiffened box girders subjected to the
combined effects of bending, shear and
torque. Although a +typical ship hull
girder would normallly be subjected to



relatively small shear and torgue values
in comparison to the bending moment and,
thus, the degradation of the moment
capacity may not be of practically
critical importance for such ships, box
girders are used in a wider range of
marine construction, such as in the
cross structure of catamarans, special
purpose ships, crane frames, etc.
Therefore, it was considered important
to develop a tool applicable to all box

girder type structures under a general
case of 'Inar‘hnn

The basic individual components of
a hull girder cross section are
subjected primarily to uniform axial
compression or tension with or without

lateral pressure {bottom or deck
plating), or to wvariable axial and shear
forces (side plating}. A typical cross
gection is shown in Fig. 1. In the
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Fig. 1 Typical Mid-ship Cross Section

development of the analytical model, a
methodology was eveolved for determining
the relationship between the

forces(moment, shear and torgue) on the

cross section and the axial deformation

of the flange and side plating. Full
advantage was taken of the research
previously done on the strength of
individual components. Cf particular
importance were the methods and computer
programs developed at Lehigh Uruvers:.ty
and elsewhere for the analysis of the
ultimate strength of ship bottom
plating(8, 10, 11, 12} and of plate
girders{2}, 22, 28). Three tests were
conducted on a model hull girder in
order to verify the soundness of some
simplifying assumptions which had to be
made in developing the theory and to
point out the areas and considerations
which should be included to make the
theory more accurate.

METHQD OF ANALYSIS

Introduction

The thin-walled beam theory can be
used for analyzing box girders when they
behave linearly. However, this theory
is no longer «wvalid after +the plate
components buckle or behave nonlinearly.

The method propesed here considers
the overall nonlinear behavior cof a box
section Dby taking into account the
compatibility of deformations Dbetween
the individual nonlinear components.
Some of the novel features of the method
are the consideration of strain reversal
in the compression flange and the use of
different materials for the plates of
sides and flanges and the stiffeners.

The compression flange is treated
as an assembly of beam-columns each
analyzed by considering the pre~ and
postbuckling behavior of the plate and
the large deformations of the
plate-stiffener combination. The effect
of residual stresses is taken into

account. The tension flange is assumed
to be linearly elastic-perfectly
plastic. The side-plating is analyzed

by considering the redistribution of
shearing and axial forces between the
plate subpanels, and the ultimate

strength is obtained as the sum of the
contributions of individual subpanels.

Ahnalysis is performed on a hull
girder segment defined as the
longitudinal portion of +the girder
between two adjacent transverse
stiffener rings or bulkheads. The
forces on a segment {moment M, shear V
and torque T) are expressed in terms of
a load parameter W which is equivalent
to a concentrated transverse load acting
on a simply supported beam as shown in
Fig. 2. These forces are assumed to be
valid for the full 1length of the
segment. .

Segment Analyzed v

Fig. 2 Forces in Seagment of
Girder Test Specimen

The following general assumptions
are used to make the problem manageable:

ull



1. Girder is straight and prismatic.

2. Cross section has a single cell
rectangular shape and is symmetrical
about its vertical centroidal axis.

3. A section plane before deformation
remains plane after deformation.
{This assumption was later modified
tc allow warping.)

4. Material has bilinear
elastic-plastic stress-strain
relationship. (However, nonlinear
materials can be also considered by
defining the stress-strain
relationship with a series of
points.)

5. Transverses are sufficiently rigid
to provide unyielding support to the
flange and web plating.
Rotationally, this support can be
Pinned or fixed.

6. The effect of shear lag is
negligible.

7. Transverse in-plane 1loads on the
flanges and sides are negligible.

8. Stresses due to the deformation of
the shape of the cross section are

negligible.
Some additional assumptions are
made in the discussion of particular

items.

Forces on Components

In the linearly-elastic range of
loading, the forces on the components of
the cross section (flanges and sides)
due to M, V, and T can be readily
computed by using the ordinary beam
theory. 1In this, essentially of torgque
T 1is carried by pure (St. Venant)
torsion with a constant shear flow in
all components even when the closed box
section is restrained from warping (29).

After some plate components buckle,
the mechanism of distribution of the
component forces is modified by assuming
that after buckling the side” subpanels
cannot carry any additional normal
stresses and that shearing stresses are
uniform in each particular subpanel but

they have no effect on the ultimate
strength of the flanges.
Before discussing the interaction

between section components, the methods
of apalyzing the sides and flange
pPlating are presented.

Behavior of Side Plating (Webs)

Sides (webs) of hull girders have
the same basic geometry and are
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subjected to similar types of forces,
bending and shear, as the webs of
ordinary plate girders. Thus, it is
prudent to take advantage ©f the
research conducted on plate girders {17,
18, 19, 20, 21, 28, 30, 29). The only
significant difference is in the
relative size of the flanges and their
ability to influence the postbuckling
strength of the web plate since the thin
flange plate of a hull girder provides
little in-plane suppert to the web plate
in comparison with the large flanges of
a typical plate girder (28}.

One ©f the simpler plate girder
methods was sSelected and adjusted for
the use in the box girder analysis (21,
30). Up to the buckling cf one of the
subpanels, the web is assumed to behave
linearly with the shearing and normal

stresses in a constant proportion. Then
the postbuckling strength of this
subpanel is assumed to develop

independently from the behavior of other
subpanels.

The maximum shear capacity of the
whole web is given by the sum of the

ultimate strengths of the component
subpanels.
n
)
Vo™ Ve s +V, oo
wu i=1( pitVesi! (1)
where

Vy,;=Tqid;t, = buckling strength of the

i=-th subpanel (2)
Vegi=Tpei8st, = tension-field strength
fi~ "efivitw d
% the i—th subpanel {3}

In this analytical model the direct
contribution of the flanges and
longitudinal stiffeners +t¢ the total
shear is neglected.

The critical shearing stress, T_..
of Eq. 2 for each i-th subpanel is found
from the following interaction eguation:

2 2
( Tci) +(Gbci) +(:% s 1.0 (4)
Foei Fpei cci

Here the bending and normal
stresges are in known proportions to the
shearing stress. The reference buckling
stresses Fvci' .Fbci' and Fcci are
computed by assuming the plate subpanels
to be simply supported at all four edges
and subjected to a respective stress
acting alone (28). A transition between
the yield level and the elastic range is
taken into account.

The equivalent shearing stress of
Eg. 3 reflects the postbuckling strength
due to the tension field and is given by
O 4 (5)

Tigi & mome———a=y |
tE 52 1.6 * aagg

-
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where

(6)
= - - 2
Tps = Fy —vY0.25(5 -0y 117 437

ie the +tension field stress at the
ultimate condition for the i-th
subpanel, and

%min=a/d; pay N

is the aspect ratio of the
subpanel (28, 30).

widest

Singe the individwal subpanels of
the web in general have different depths
diy and are subjected to different

1 :
combinations ©f bending and normal

stresses, their buckling and the
attainment of the ultimate condition do

not occur simultaneously and are
staggered in the course of the overall
deformation of the web. The lower plot
of Fig. 3 shows the shearing
deformations of the three subpanels of a
sample web shown in the upper sketch of
the figure. The conditions of buckling
and ultimate strength are labeled for
subpanel 3, and they are seen to be at
different levels of the overall shearing
deformation than for the other two
subpaneils {(21).

Deformation of each subpanel up to
the point of buckling is linear and is
defined by

o o
Wl el
> I

o3

{D: Subpansl No

I

|

1

1

|

1

1

I
1 r
7.

vz

Fig. 3 T - Y  Relationship for Each
Subpanel
Yei=Tri/G (&)

On the other hand, the posthuckling
deformation cannot be accurately
established. in Figure 3, it 1is
approximated by a straight I%ne
connecting the buckling deformation with
the ultimate deformation which is
assumed to be reached when a diagonal

£2linem dm hla sk nal gialde due +0o the
LAMEL 1 LIS DSuur FirmsS e =
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racking deformation of the edge lines
assumed to retain their original lengths

{21). Thus,

Yui = -§¥-(ai + —af—) (9)
where
% = a/dy (10}

The application of Egs. 1, 2, and 3
at each of the kink points of the
shear-deformation diagrams of Fig. 3
results in a relationship between the
total shear Vi and the overall
deformation for the whole web. In the
process of computing this relationship
it is important to keep in mind that,
whereas the shear on a subpanel can
increase after buckling, the normal
stresses are assumed to remain constant
and, thus, the additional moment
corresponding to the increase in the
total web shear must be redistributed to
the flanges, the longitudinal web
stiffeners and to the yet unbuckled web
subpanels. With the assumption of "the
plane section remaining plane", this

redistribution process gives a
corregnonding relationshin between the

& L oLy LealnaSiaa g =W i

total shear V., and moment M,, acting on
the web and g%e normal strains at the
top and bottom edges where the
compatibility of strains is enforced
between the webs and flanges.

In the present formulation, it is
assumed that longitudinal stiffeners are
linearly elastic up to yielding, but this
assumption can be meodified once the
criteria for their premature failure or
noniinear behavior are established.

Behavior of Longitudinally Stiffened
Compression Flange
Introduction. The compression

flange of a hull girder section {the
deck for the sagging and the bottom for
the hogging moment} consists of a
longitudinally stiffened plate subjected
to axial compression and, for the
bottom, lateral loading. The flange
plating is assumed to be either simply
supported or fixed at the transverses.
The side edges (junctions to webs) are
assumed to be free to rotate and
displace in the plane of the plate (13).
The nonlinearity of the axial behavior
of such a plating arises from the
welding residual stresses, buckling and
postbuckling response of the plate
components, initial imperfectione and
lateral loading. The method previously
developed to consider these effects by
replacing the analysis of a
longitudinally stiffened plate panel
with a large-deflection analysis of a
beam-column was adapted for the present
research {10, 11).



The simplifying assumptions of the
method are the following:

1. The plate is wvery flexible in
comparison with the relatively large
longitudinals and therefore the
ivtFora~dion T de o e AL

LTl dleailn MELWEELL ne

longitudinals through the plate may

be neglected. Then, each
longitudinal with its tributary
portion of the plate may ©be
considered as an independent

substitute beam-column subjected to
axial and lateral loads.

2. The response of the plate component
of the beam—-column cross section
corresponds to the behavior of a
long plate with the width egual to
the spacing of the 1longitudinals.
The side edges are assumed to be
simply supported, ©but they must
remain straight although they may
have in-plane motion.

3. The effect of lateral loading on the
plate behavior is negligible since
it has been found to have little
effect on the buckling and
postbuckling behavior(10), and the
bending stresses (in the plate
spanning between longitudinals) may
be treated as a tertiary condition
and checked separately,. Then, the
distributed lateral loading is
applied as a line load g on the
beam-column as shown in Fig. 4.

FPig. 4

Beam-Column Idealization

Since the coriginal computer program gave
only the length of a pin- or fixed-ended
beam-column which was in equilibrium
under the given axial and lateral loads
for an assumed mid-span curvature,
several supplementary operations had to
be developed to obtain a complete axial
load versus deformation relationship for
a zero lateral loading and a specified

length. Principal operations of the
final program are briefly described
here,

Behavior of Plate under
Compression. The axial behavior of a
stiffened plate under compression is

described by a relationship between the
average stress and the overall strain
which is also the strain at the edges.
Such a relationship can be supplied to
the program by a series of points
obtained, for example, from a test, or
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by a computational procedure. In the
computational procedure used, it is
assumed that the plate is perfectly flat
and the effects of the shearing stresses

on the axial buckling stress and the
%os§buckling behavior are negligible
31).

The three ranges of the plate
response when the plate is subject to
buckling are shown in Fig. 5 on the
average stress vs. strain curve,

‘Averqge Stress
Oyp I _~Elastic
- e —_—
TEsﬁz\\
rym T
- . op
Koiter's max.
4. Egn.
meuTU
Edge Strain
L
Fig., & Average Stress vs. Edge Strain

Relationship £for Plates under
Compression with welding

ReacsAiial CHrococac
ACDIlI0lUdL OLiTooTo

1. The linearly (or nontinearly)
elastic prebuckling range. The

stress is uniform and the end of the
range is limited by the buckling
stress (the buckling coefficient is
conservatively taken to be k= 4.0).

2, Elastic postbuckling range. The
elastic postbuckling relationship is
described by the Koiter
which gives the average stress in
terms of the overall (edge) strain

{4).

o 0.6 0.2 -0.2
aVe_1.2 (——#E ) -0.65(—€—> +o.as<§—) (11)
O Sor Eor. cr

The stress pattern is nonuniform,
and the average stress vs. strain
relationship is noticeably flatter
than the material stress-strain
curve.

asiIad 1mNn
SELaT iUl

3. Ultimate stress condition is assumed
to be reached when the maximum
{edage) stress of the nonuniform




pattern reaches yield stress level.,
This assumption has been confirmed
by numerous tests and some
theoretical analyses (6, 7, 10}.
Compression of the plate beyond this
peint generally shows a reduction of
the average stress as indicated in
Fig. 5 by the curve portion labeled
“True" (6, 7). However, sample
computations have demonstrated <that
in stiffened plating of the
proportions typical for ship
structures, ultimate strength of the
plating is reached at the plate
strains which do not significantly
exceed the ultimate strain and, when
they do, the effect is negligible,
It is thus reasonable to assume
that, as shown in Fig. 5, the
average stress remains constant for

deformatione Ybeyond the ultimate

condition (10).
The effect of the welding residual
stresses was included in this method
{13).

Beam-Column Analysis. The

beam~column to be analyzed is shown in
Fig. 4. It is subjected to an axial
load P, end momente M and a line loading
q. The c¢ross section consists of the
Plate with the stress~-strain
characteristics established above and
the longitudinal stiffener with a

Btress-strain responge dgiven by the
material.

The purpose of the analysis is to
establish the relationship between the
axial load and axial deformation. The
process requires several interdependent
steps.

The first step is to develop a
series of relationships between the
mid-span curvature and the length of the
beam-column of the given cross section
when the line load is kept constant and
different axial 1load is applied. A
previously developed computer program is
used for this purpose (10, 11, 32, 33).
The resultant curves are shown in Fig.
Ga. Each time an iterative numerical
integration is involved.

The next step is to transiorm the
length L vs. ¢  mid-span curvature
relationships into the length vs. axial
shortening relationships by utilizing
the length shortenings computed in the
first step. The resaltant L vs. 4
curves are shown for different axial
loads P in Fig. éb.

Since the given beam-columh has a
specific length a, the relationship
between P and 2 is obtained by passing a
horizontal line in Fig. 6b for L=a and
taking the A~-values corresponding to
gach value of results are then

combined into a P vs. A curve valid for

D M~
£ e AT

155

tat

(b}

e

bl ——

ph ———_———
-

Fig. e Procedure of Obtaining P vs,

Relationship for Given g

a4 specified line loading q and length
L=a as shown in Fig. 6éc. The peak of

the curve gives the ultimate axial
strength of the beam-column.
Effect of Strain Reversal. A

special correction for the effect of
strain reversal had to be made in the
post-ultimate range of the P-A
relationship. The need for this arose
from the fact that the procedure
described above for obtaining the L vs.
¢y and P vs. curves is based on
formulating an equilibrjum condition on
a member deformed to the cenfiguration
considered, This is eguivalent to
obtaining each point of the P-A curve as
if the path of deformation followed a
straight line from the origin as
indicated by the dashed line in Fig. 7.
Whereas the pre-ultimate rangs of the
P~ A curve which for an increasing value
of P is not affected by this procedure,
the post-ultimate range becomes very
distorted. This is shown in Fig. 7 by
the dotted z~shaped curve defined by

Longildiaally Stiffensd Plote
Under Tansion

Longhiudinally S1iffaned
Puais Under Camgreasion
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-
et 1 i | 1 1 i p Bsaliey
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Fig. 7 Loaa VS,

Axial Shortening
Adiusted for Strain Rev



CIOSS€E6 . In this case, the nonlinear
and plastic deformations which had taken
place under the higher past load and
subsegquent elastic relaxation are not
taken into account.
In ¢order to coc ly ¢f
the reduction of the deformation
indicated by the dashed curve, the true
deformation path including the strain
reversal resulting from the drop in the
axial load in the post-ultimate range
was approximated Dby modifying the
A-value as follows. Since the total
shortening consists of two parts,

rrast +hea
L L S0

armmmaly ~F
T Ciie 1ma

b + b (12)

A = i=a
4a_= &axlai Bl

strainFieffect on P)

Ag= axial
curvature,

shortening due to

it was assumed that in the post-ultimate
range remains constant and equal to
AR , that is, the wvalue which existed
u 3er the ultimate load P, {at the
peak) . Then, the shortening in the
post-ultimate range becomes
A= 4 + A (13)

pu e

The result of this adjustment is shown
in Fig. 7.

Axial Behavior. The procedure
described above requires that the
lateral line loading g be non-zero and
thus the procedure is not directly
applicable to the analysis of ship deck
plating. To obtain the pure axial locad
vs. shortening behavior, a set of P vs.
4  relationships are computed for
decreasing values of g and the P-values

for g = 0 are extrapolated.
TwWo examples of graphical
extrapolation are shown in Fig. 8 for

the ultimate capacity of the compression
flange of the test specimen. The top
plot is for the original design
dimensions and the nominal yield stress.
The bottom plot is for the dimensions

Pe PrAcy,
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Bel193[_ L#~__AEEEEI£:EED_£_
. . -
B, =039 —F=.
ﬁ Nominal Dasign Dimensions
03 e
2* 3F
N E DU R B
Q Qo Q.20 Q.30 .40
Fig. 8 Extrapolation of Pure Axial
Strength from Beam-Column
Strengths
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Fig. 9 Load vs. Shortening of
Stiffened Plate under Axial
Compression and Normal Loading

and the vyield stress as they were
measured in the fabricated specimen.
Another example is %iven in Fig. 9 where
the complete P vs. curve with a number
of initial curves for various values of
g is shown. 1Usually three wvalues of g

between 0.03 and 0.10 were sufficient.

For comparison, the response of a
tension flange, corresponding to the
material stress-strain diagram, is also
shown in greater

| - R O AT = Lo
Llye. Z HAlLbL, 1L

cenvenience, the axial load is

nondimensionalized to P/P,= P/(AF } and

the axial shortening to A acy,.
Consideration of Initial

LT o ma

Imperfections. Initial deflections due
to fabrication were not considered in
the procedure described above. However,
a modification can be readily made by
transforming the initial deflection
patterns into a curvature diagram and
then adding the corresponding curvature
values at each segment in the
integration Process. Since the
integration length L may be longer than
the actual length of the beam-column a,
the initial curvature diagram should be
extended by, for example, making it
constant and equal to the value of
curvature at the end or to zero.

Behavior and Ultimate Strength of Hull
Girder Segment

Once the load-deformation behavior
of the individual components is defined,
the analysis of the entire hull girder
segment proceeds by enforcing the
compatibility between these components
as the 1load 1s incremented. The
following load-deformation relationships
of the compeonente are involved:

- 1 V8. Y relationships for the
individual subpanels of the sides
{webs} (Fig. 3).

- P/P, wvs. (pfal/e relationship for
theylongitudinals of the compression
flange, each with its share of the
plate (Fig.9).

—T
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P

- % vs. £ relationship {(material curve}
for the tension flange, and the
stiffeners and the unbuckled
subpanels of the webs.

The internal forces acting on the
mid-segment section (moment, shear and

torgue) are related to lcading parameter

W as shown in Fig. 2 and can be
expressed by the followihg equations:

V=CW (14)
M = C;y dv=CC dw (L5}
T=C,dV=2C Cr d W {16}

where: C= proportionality factor between
the cross—-section shear and W,

cy moment-shear ratio = M/(vd),
Cy torque-shear ratio = T/(vd), and
d = depth of the cross section

The deformation parameter to be
used against W in the computer program
was chosen teo be the average strain in
the Jjunction line between the web and
the compression flange. This strain
corresponds to the average shortening of
the compression flange, A/a. An example
of the resultant curve for the
load~deformation relationship is shown
in Fig. 10. This curve is for Test 1
but using the initial design dimensions
and a somewnat different test
arrangement than in the actual test.
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ibraliey
Fig. 10 Load Distributicn between Webs

and Flanges for Box Section
under Shear and Bending

The procedure for obtaining the W
vs. (A/8)/e, relationship is according
to the following basic steps:

1. An initial valne of tha weh {siﬂ‘n\u

to-compression flange junction
strain is assumed and the strain at
the other edge of the web is
iterated until the total axial force
on the c¢ross section is equal to
zero (N=0}. Since the cross section
is assumed to remain plane, the
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strain distripution at each
iteratiocn is used for computing the
normal stresses and then the
regultant axial force and the
bending moment. Once the axial
force is eqgual to zero (N=0), the
relationships of Egs. 14 to 1é
provide a means for computing w, v,
and T and the resultant shearing
stresses. If there is no buckling
in the web subpanels, the assumed
junction strain and the W-value
provide one point for the curve.
junciion strain is
incremented and the process is
repeated for additional points.

T e e
sl CIIE

2. If the shearing stress in a
particular web subpanel kecomes
higher than the critical (or
ultimate} value indicated in Fig. 3,
the junction straln must be reduced
and the procedure repeated until a
value acceptably close to the
eritical { or wultimate) shearing
stress is found. At each iteration
after subpanel buckling, the
redistribution of shearing stresses
between individual subpanels takes
place to maintain shear deformation
compatibility as shown by the curves
in Fig. 3, Thus, the operations of
this step must be repeated at each
kink of these curves.

3. As the junction strain wvalues are
increased and the corresponding
values of W are computed, a complete
W vs. junction strain is obtained,
including the pre~ and postultimate
ranges.

T +ho svame]ls
Ll AT WA AT

)

strain is non-dimensionalized with
respect to the yield strain.
Contributions of the webs and flanges to
the total 1load are shown by separate
curves. The share for each was taken to
be properticnal to the percentage of the
moment carried by the respective
component .

~E T e 10 oo
T dag. i, wae

The computer program, based on the
procedure described above, correlated
well with the test result on the
hull-girder segment subjected to shear
and bending {Test 1}, but it was too
optimistic when torque was also applied
{Tests 2 and 3).

The computer program was then
modified not to require that the section
remain plane and two corner strains were
introduced inte the iterative process
with two other corner strains gradually
incremented. The variation of the axial
deformations (axial strain) across the

vel)
width of each component {(flangs or web)

was assumed to be linear. Thus, each



longitudinal of the compression flange
made a different contribution in
accordance with the P VE. A
relationship. The criteria used for the
convergence of the two iterated strains
were that the axial force and the moment
about the vertical axis be equal to zero
{N=0 and Myg o).

The results from the mnmeodified
program give a better correlation with
tests, but the program needs further
work ( as of May 1981).

TEST SPECIMEN

A test specimen had been designed
to conduct three tests under different
combinations of moment, shear and
torgue. For each test, a particular
segment was tested to failure while the
other two segments were reinforced.
Figure 11 shows the test arrangement for
each of the tests and the corresponding
combinations of moment, shear and torgue
defined in terms of the jack load W.

Tett Segment—_ lw

w M0.562W(kN-m]

50{ } 7 V065 WIkN)
| 7 1 T<DN-m)

#» 1@ 857 #
1829 1143
2972
a} Test |- Momant + Shear

M =06I18W (kN-m)
. V=0.385W {(kN)
Ta0.34W(kN-M)

» #

bl Test 2+ Moment + Shaar + Torque

M =OBIEW (kN-m)
V= 0.538W (KN}

T = 0.200W(kN~m)
-2

INNN

¢) Tesi 3: Momeni + Shear + Tarque

Fig. 11 Test Segments and Forces

Test 1(Fig 1la)} : Bending moment and
shear,

Test 2{Fig. 1llb)

Bending moment shear

Test 3(Fig. llc): Another combination
of bending moment,
shear and torque.

The scantlings of the test specimen
were selected to model the relative
proportions o©of the components of a
typical hull girder. fTwo views and the
principal cross sections are shown in

h
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Fig. 12 Test Specimen Scantlings

Fig. 12, The spacing of the
longitudinals and the thickness of the
plate in the test portions were selected
so that plate instability would occur
before reaching the ultimate capacity.
The scantlings of the fabricated
specimen were slightly different than
the design scantlings shown in Fig. 12.
The most significant change was in the
plate thickness from 1.59 mm (1/16 in.)
te 1.85 mm (0.073 in.). The test
specimen was fabricated from ASTM A36
steel plate with a nominal yield stress
of 250 MPa {36 ksi) and the actual
static yield stress in the longitudinal
direction of 237 MPa {34.34 ksi) and the
dynamic yield stress at the strain rate
of 1042 um/m/sec (ASTM strain rate) of
280 MPa (40.55ksi) (34).

Although residual stresses due to
the yielding process were not measured,
some reasonable levels of intensity were
assumed in the computer analysis.

Poins A,B,C, Define
Canlgurs

Reference Plone

Inward
------ Outword

>

Segment

[

@

Fig. 13 1Initial Imperfections in the
Compression Flange (all
dimensions in mm)
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Initial deflections were measured
for the plates of the webs and the
compression flange. For the webs, the
maximum offsets were of the order of
4.8 mm {0.1% in.), i.e., approximately
2.6 times the plate thicknees. Initial
imperfections of the compression flange
arz shown in Fig. 13 by a contour map.
Most of the offsets are in the range of
$2.54 mm (£0.1 in.) with the maximum
values of the order of £5.08mm

(0.2 in.), i.e., 2.7 times the Plate
thickness.

TEST PROCEDURE AND RESULTS

The test setup is shown in Fig. 1l4.
The specimen is positioned on two
support pedestals, and a concentrated
load is applied by means of a jack
attached to a transverse beam of the
test frame. The load is transmitted to
the test specimen by a spreagder bsam,
set transversely on two plates welded to
the transverse stiffeners of the webs,
as shown 1in Sectjion A-A. For Test 1.
the Ccross section was loaded
symmetrically {Section A-A) and for
Tests 2 and 3 with an eccentricity.

There were three points of support

for the specimen., The X-Y vroller
bearing at one end consisted of an
arrangement of two mutually

perpendicular rollers separated by a
plate so that rotation and translation
were possible in the longitudinal and

transverse directions. The other end
had two X-roller bearings. one on each
side of the Cross gsection, which

permitted free rotation. In Tests 2 and
3, one of these two supports was also
anchored down to prevent uplift of the
support due to torsion.

|
1
— ——dack
wax32 A
Spreader Beom .T Steel Plate
| Test Spectimen
' ; —
]

]
]
|

2, _—2 X-Roller
Beorings

-1
_})‘-‘Y Roer

Bearing

a

! |=Pedestal
1 s 7 /771

ELEVATION

Pedestal

SECTION A-a(Test!) SECTION A-A{Test 2}

Fig. 14 Test Setup
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To accomplish several tests on the
same specimen, the segments adjacent to
the test segment were reinforced by
small steel bars cee-clamped Yo The
longitudinal stiffeners, corner angles
at the web-to-compression flange
junctions and by pieces of wood on the
compression flange. For the yet
untested segments these reinforcements
were tightly wedged between the
transverses. For the already tested
segments, the reinforcement bars and the
corner angles were tack welded to the
compression flange, and the webs were
reinforced with steel bars welded .to the
transverse stiffeners in the direction
of the tension diagonal.

The instrumentation consisted of
both mechanical dial gages and eleciric
resistance strain gages. The dial gages
were used to asure vertical

deflections of the specimen along both
webs. The approximately fifty linear
and three-branch-rosette strain gages
provided information about the stress
distribution over the c¢ross section and
apout the tension field pattern which
developed after theoretical buckling of
the webs.

™ *lhaa
maa e

Diagonal deformations of the gides
of the tested segments were measured by
means of a portable variable-length
extensometer. This exténsometer was
also used at other points to measure the
variation of the segment length between
tranasverge stiffeners. Distortion of
the cross section at the ends of the
test segment was measured by means of
electrical eXxtensometers placed
diagonally from corner to corner {Test

In all three tests, the ultimate
capacity was limited by the failure of
the compression flange characterized by
large out~of-plane  deformations as
shown, for example, in Fig. 15 for Test
1.

Vertical deflection of the heavier
loaded web at the transverse under the
load was used as the principal indicator
of the overall deformations of the
tested segment. Figures 16, 17, and 18
show the plots of the applied load W vs.
this deflection, respectively, for Tests
1, 2 and 3. The points plotted near the
ultimate load and in the post-ultimate
range correspond to the maximum load
recorded for that deflection and, thus,
they were affected by the loading rate
{actually, the straining rate). The

zig-zag pattern in tha right-hand

portion of Fig. 18 illustrates the



Fig. 15 Deformation of Compression

Flange and Web 1 (Test 1)

o3

OEFLECTION &

Fig. 16

Load vs. Deflection Curve for

Test 1

reduction o©of the maximum load to the
stabilized load after closing the valve
of the testing machine.

The overall behavior of the test
segment, as shown in Figures 16, 17 and
18, is characterized for all three tests
by the following four portions:

1. Linear: up to 0.5-0.6 of W,
{(ultimate load).
2. Gradually curving: up to the

ultimate load W,. The deviation of
the curve from linearity appeared to
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out-~of-plane deflections of the
compression flange and the upper web
subpanels and due to local yielding.

3. Post-ultimate drop-down portion.
After reaching the ultimate
capacity, the load suddenly (Test
1), or gradually {(Tests 2, and 3},

dropped and then stabilized. When
the machine valve was opened again,
the load climbed somewhat and then
dropped further to a lower stable
level.

4. Unloading portion. After obtaining
the post-ultimate range the girder
was unloaded to Zero in twoe or more

steps.
kN Kips
180 | 40
wo |
LOAD
00
"L
2ol
ol
Q 3 1o B 25 min
DEFLECTION &
Fig. 17 Load vs. Deflection Curve for
Test 2
KIP kN
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[£=:0 3
ak
LOAD W
1
2}
IEI-E:| r
o o L 1 1 L 1 L - L I 1
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L 1 i 1 L 1 1 1 i 1
hEi) 2 -4 6 B L0 12 1.4 1.8 1-B 2.0 N
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Fig. 18 Load vs. Deflection Curve for

Test 3

Diagonal Deformations of the Web

A good represgentation of the
behavior of a test segment is given by a
plot of deformations (changes in length)
of the compression and tension diagonals

of the web versus the applied load
W. For example, Fig. 192 shows the



[}
- Deformafion of Tension Dingonais
. /

-
=i
w
*Wah 4
P o Wab 2
I
I3 7
.z ¢ =it
Ay : Total Deformolion of Dingonats
an 1 It 1 1 i 1 1
a0 20 w0 A ve so o x
Fig., 19 TDiagonal Peformations of Webs 1
and Z {Test 2)
relative diagonal deformations,

respectively shortening and elongation,
of the compression and tension diagonals
of the two webs of Segment 2 (Test 2).
Other segments behaved similarly.

Because o©f the load eccentricity,

one web (Web 1) was subjected to a
higher schear than the other {Web 2},
and, therefore, the deformations of the

two webs are noticeably different. The
response of the tension and compression
diagonals for Web 2 (smaller shear) and
the tension dlagonal for Web 1 are
essentially limear up te 0.95 W A
sudden change in the slope occurs at
this load bhefore the ultimate load is
reached. Deformation of the compression
diagonal of Web 1 was much more
pronounced. Although the curve isg
essentlally linear up to 0.54 W, the
slope 1s noticeably flatter than for the
other diagonals, then, it reduces
further and after 0.95 W,, becomes almost
horizontal until the curve reaches the
ultimate load W,. Actually, the load at
which the response of the compression
diagonal of Web 1 becomes nonlinear
corresponds to the beginning of the
nonlinear portion of the load-deflection
curve of Fig. 17.

The larger deformation of the
compression diagonal of Web 1 than of

the tension diagonal demonstrates the
extent of the overall shearing
distortion of the panel caused by

subpanel buckiing and the shortening of
the compression flange on this side.
For Web 2, the deformations of the
tension and compression diagonals are
approximately the same indicating a
relatively linear shearing deformation.

Strajn Distribution in Cross Section

Strain readings provided a means of
determining stresses in the tested
segment and comparing these with the
computed stresses. However, since the
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gages were placed only on the outside
surface and the plate components had
impractically large initial deflections,
the readings could not be considered to
give accurate values of axial
cross~sectional stresses, especially in
the post-buckling range. B8tili, the
distribution of the measured sirains in
the croes section gave a good indication
of the behavior of the tested segments.

Probably the most significant is a

comparison between the strain
distributions in a segment subjected to
moment and shear (Testl}) and in a

segment subjected to moment, shear and
torque (Tests 2 and 3). Figure 20 shows
the strains across the half-width of the

Test 1 {the gther

symmetricall.

flanma £Ar
Ladnye I0I

approximately
Although there is a significant
reduction of strains {and, thus,
stresses) away from the edge, especially
at higher load values, the middle
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20 Strain Distribution at
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portion has a relatively uniform
distribution. In contrast to this, the
strain distribution in Fig. 21, {(Test 2)
is bagically linear except for the
variation between subpanels and
longitudinals and the increase at the
edge, and is thus analogous to the
theoretical strains given by the 4¢hin
‘lines for an ‘"open channel" section.
This means that there was a gradual
transition from a closed to an open
section as the heavier loaded web {Web
1) was weakening while the web subpanels

wereae nn'i ng into the t-"‘u'gt—'bu\—kln.u\_q range.

Sirain Distribution in Web |

Fig. 22 Strain Distribution in Web 1
(Test 2}
Figure 22 shows the strain

distribution across Web 1 of Segment 2.
The distribution patterns for the
individual loads are very irregular and
can hardly be considered tc support the
"plane section remaining plane"
hypotheses, However, except for the
last twp load increments, the neutral
axis remained at essentially the same
location, 'althcugh below the mid-depth
point. This indicates that the overall
response of the «cross section was
essentially linearly elastic with the
compression flange being "weaker" than
ths flange. The downward shift
of the neutral axis for the loads over
0.68 W, was mainly caused by the
progressive failure of the compression
flange and of the top web subpanel.

-t oy
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COMPARISON OF ANALYTICAL AND
EXPERIMENTAL RESULTS
The tested girder segments were

analyzed by the method described above.

Since the three segments had the
same dimensions, the response of the
longitudinals in the compression flange
to axial force was the same. Thus, the
difference from test to test was only in
the moment-shear-torgque combinations as
shown in Fig. 11, Table 1 lists these
conbinations in terms of the
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non-dimensionalized parameters C,

and < {see Egs. 14, 15, and 16}.
Analysis of the test segments or the
ultimate load by using the proposed

method gave the values shown in Table 1.
The experimental values are also listed
in the table.

Table 1. Specimen Parameters
and Ultimate Loads
Test 1 2 3
Shear/wW = C 0.615 0©0.385 0.538
M/Wd = Ccy 1.106 1.213 1.211
T/Wd = C, G 0.362 0.3%3
Load W,
Wexp {xN) 266.9 le4d.6 192.4
¥iheo {kN) 306.9 280.2 276.9
Yiheo wexp 1.15 i.70 1.44

The ratios of the theoretical and
experimental ultimate loads, t eo/wex
given in the last line of the taEle sho
that the theory is only 15% too
optimistic for the segment not subjected
to torque {Test 1) but 70% and 44% for
the segments which are subjected to
torque (Tests 2 and 3, respectively).

The computed load wvs. Jjunction
strain relationships for Tests 1 and 2
are plotted in Fig. 23. Both curves are
linear wup to the first kink which
corresponds to the buckling of the top
web subpanel (Webs 1 and 2 for Test 1
and Web 1 for Test 2). There is one
more kink in each curve before the
ultimate load is reached, and it
reflects the buckling of the middle web
subpanel. The post-ultimate range
exhibits a rapid reduction in strength.
It is noteworthy that +the wultimate
strength developed at approximately (.89
Ey on the abscissa, that is, before the
junction had an average strain equal to

the yield strain. However, this
prediction could not Dbe checked by
experimental results since the strain
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all three tests confirmed
qualitatively the analytical prediction
that the strength of the box section was
limited by the capacity of the
compression flange.

The substantially lower
experimental loads for Tests 2 and 3
tould be only partially explained by the

neasurements and observations.
Apparently, the most significant
weakening effect was made by the

transformation (from the analytical
peint of view) of the closed box section
into a partially open channel-type
section with the corresponding shift of
the shear center. This effect would be
caused by the “"softening” of the heavier
loaded web as its subpanels went into
the postbuckling range. Such
transformation would not only force the
section teo carry an increasing portion
of the torgue by warping torsion (VS.

the pure St., Venant torsion) but also,

as mentioned above, amplify the torgue
itself as the shear center shifted away
from the weaker web (Web 1) toward the
more rigid web (Web 2). The nonuniform
distribution of the strains in Fig. 21
confirms this conclusion. A similar
distribution was also found for Test 3.

After the computer program was
modified to allow non-planar deformation
of the cross section, analysis of the
ultimate condition of Test 3 was
performed by inputting the actual
experimentally measured strains at three
corners and iterating the fourth strain
to converge the total axial load to zero
(8=0). The ultimate load was computed
to be Wy .o 250.1 kN, that is, 1.30
L rather than 1.40 W, and, with
somg additional assumptlod% {including
the setting of the comnpressive residual

stress equal to 20% of the yield
strocc) - 14 3 L» a4 T A
5iress; ., "the = 214.3 K, that is, 1.14
W which gives only 14% deviation.

xp

It appears, thus, that a
modification o©of the program to perform
iteration of the strains at two corners
and imposing the requirement that N=0
and M, = 0 should lead to a workable
progrgk Such a program has not been
properly tested yet {(May 1981).

SUMMARY, CONCLUSIONS AND RECOMMEMDATIONS

Summary

A theoretical and experimental
study was performed on the pre~ and
postultimate behavior of longitudinally
and transversely stiffened box girders
of the scantlings typical for ship

hulls. Two 1nad1nn conditions were

considered: (1) moment and shear, and
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{2) moment, shear and torsion. Three
tests were conducted on a hull girder
specimen to verify the analytical
method.

The principal feature of the
analytical method was the consideration
of continuous interaction between the
components of a hull girder <cross
section through the compatibility of
axial strains at the Jjunction lines
between the deck, side and bottom
platings. This was needed for the
following reasons:

1. The danger of computing the maximum
strength of a hull cross section by
adding the maximum strengths of the
individual components rests on the
fact that the segments reach their
maximum strengths at different
levels of deformation. Thus, some
segments may be already in the
post=~ultimate rarige of reduced

i ] 5 +
capacity when some others Just

attain their maximum strength.

2. Redistribution of internal forces,
specifically, of the bending moment
between the webs and flanges could
be considered by maintaining
compatibility of strains at the
junction 1lines and requiring that
"plane sections remain plane" or
that the section may warp, but the
strains vary linearly across the
width of each component.

The behavior and ultimate strength of
individual components of the cross
section was established by adapting and
extending available methods. The
compression flange was analyzed as if it
was composed of a series of substitute
beam~columns each c¢onsisting of a
stiffener and a plate and subjected to
axial and lateral loads. Buckling and
post-buckling respeonse of the plate,

1 x % Ao Fravrmsd 3
plastification and 1large deformations

were considered. The webs were analyzed
by using an ultimate strength theory
previously developed for longitudinally
stiffened plate and box girders.

The three tests conducted on
separate segments ©f the hull girder
specimen led to the following
observations:

Test 1 (moment and shear): (1) The
experimental ultimate load was 15% below
the theoretical load: (2} The
experimental stress distribution in the
compression flange agreed well with the
theoretical up to 50% of the ultimate

load. Then, there was a predictable
deviation, with the stresses at the
web-flange junction becoming

significantly higher than in the middle
portion of the flange.




Tests 2 and 3 (moment, shear and
torque): {I] The experimental ultimate
icad was 70 and 44% below the predicted
load, respectively for Tests 2 and 3.
(2) Contrary to the analytical
prediction, the stresses measured in the
tension and compression flanges were not
distributed uniformly or symmetrically.

Apparently, the rigidity of the web
subjected to a greater shear was
deteriorating much faster than
anticipated. The consequent

redistribution of internal forces made

~the cross section to behave as if it was
gradually transformed from a closed box
to an open channel section.

Conclusions

Comparison of the theoretical and
experimental results showed that in the
case when only moment and shear are

acting on the girder segment (Test 1),
the original analytical method was
acceptably accurate although it was
somewhat optimistic,

However, the method was found to
give significantly  higher ultimate
capacity when the girder segment was
subjected to0 the general loading of
moment, shear and torque (Tests 2 and
3). Although the values of shear and
torque wused in this analysis were
relatively higher than those encountered
in ordinary ship hulls, the method is
important since box girders are used in
a4 wider range of marine structures, for
example, in the «cross structure of
catamarans.

Recommendations for Future Research.

In order t¢ meet +the original
objective of developing a reliable
method for hull girders under moment,
shear and torque the following
improvements are recommended:

1. Tests on hull girder

larcar

segments of
Aimanainme -y [ Y rha
E S LSUTLLE AL g o g g

initial imperfections would be in
the relative practical range.

2. Inclusion of the effect ¢f shearing
stresses on the strength of flanges,

especially of the compression
flange,

3. Inclusion of the effect of shear
lag.

4. Refinement of the strength

formulation for the webs.

5. Inclusion of the effect of warping
by the consideration of nonuniform
but linearly varying axial
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shortening (or elongation) across
the width of the flanges and sides
(current work).

6. Consideration of the deformation of
the shape of the cross section when
transverse rings (diaphragms,
transverse bulkheads} are not
sufficiently rigid.
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