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ULTIMATE STRENGTH OF SHIP HULL GIRDERS
UNDER MOMENT, SHEAR AND TORQUE

by
Alexis Ostapenko’
Andre Vaucher?

ABSTRACT

A method is described for the determination of the behavior and
ultimate strength of longitudinally stiffened ship hull girder seg-
ments of rectangular single-cell cross section, subjected to bending,
shear and torque. The basic requirement of the method is to maintain
the compatibility of deformations between the individual nonlinear
components of the cross section. The compression flange is assumed
to be formed from identical beam-columns each consisting of a plate-
stiffener combination; residual stresses and pre- and post-buckling
behavior of the plate, as well as, large deformations and plastifi-
cation of the stiffener, are all taken into account. The tension
flange is assumed to be elastic-plastic. The webs (sides) are
analyzed by a multiple tension-field approach which considers redis-
tribution of normal and shearing stresses between the plate subpanels.
It is assumed in the method that a section plane before deformations
remains plane after deformations (Navier-Bernoulli) and that shearing
stresses in flanges have no effect on deformations or conditions of
buckling or yielding.

A comparison of the method with the results of two tests on a
small hull girder specimen showed that the method is acceptably
accurate for the loading case of moment and shear (symmetrical loads)
but should be modified for the general loading case of moment, shear
and torque (unsymmetrical loads) to include the effect of warping
deformations (deplanation) of the cross section,

*Prof., Dept. of Civ. Engrg., Lehigh University, Bethlehem, Pa.
2Res. Asst., Dept. of Civ. Engrg., Lehigh University, Bethlehem, Pa.




1. INTRODUCTION

1.1 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 by full scale tests that the mechanism of failure is
often very different from the mechanism predicted by these methods (1).

The major contributing factor to the discrepancy has been the non-

linear behavior of the individual components and of the whole hull |
system. 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.

The accuracy of linear analysis has been improved through the
use of computers, and a considerable amount of research has been
conducted on the ultimate strength behavior of individual ship hull

components: individual plates (2,3,4), stiffened plates and grillages

(5,6,7,8,10,11,12) and plate girders under shear and bending (13,14,
15,16,17,18,19,20,21,23,24). 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 postultimate range of reduced
capacity when others just attain their maximum strength. Thus, a

2



summation of the individual strengths may lead to a higher apparent
capacity than the true strength which involves geometric interaction

between the components.

The general concern of structural engineers with rational
maximum strength methods is probably best underscored by the inten-
sive work on the development of design specifications based on
ultimate strength for box girder bridges presently taking place in

West Germany, Great Britain and the United States (25,26).

1.2 Purpose and Scope

The main purpose of this research was to develop an analytical
method for determining the ultimate strength of longitudinally and
transversely stiffened box girders of the scantlings typical for
ship hulls and subjected to the combined effects of bending, shear
and torque. The effect of normal loading would be added at a later

phase of this research.

The basic individual components of a hull girder's cross section
are subjected primarily to uniform axial compression or tension with
or without lateral pressure (bottom or deck plating), or to variable
normal and shear forces (side plating). A typical cross section is

shown in Fig. 1.

The usual procedure for estimating the ultimate strength of a
cross section is based on the determination of the ultimate carrying

capacities of individual components and summing them up. However,




this procedure often does not account for the compatibility of
deformations between the components of the cross section and thus

may lead to an overestimation of the ultimate strength.

In the development of the new analytical model, the principal
problem was in evolving a methodology for determining the relation-
ship between the loads (momgnt, shear and thrust) on the cross section
and the axial deformation of the flanges. This relationship was
needed for establishing compatibility between the flanges and the
webs. As none of the available theories gives a direct relationship,

it was necessary to undertake a new study,

Full advantage was taken of the research previously done on
the strength of individual components. Of particular importance
were the methods and computer programs developed at Lehigh University
and elsewhere for the analysis of the ultimate strength of ship

bottom plating (6,8,9,10) and of plate girders (17,18,26).

In addition to the development of the theoretical method, two
tests were conducted on a model hull girder. These tests served to
verify the soundness of some simplifying assumptions which had to be
made in de?eloping the theory and to point out the areas and consider-

ations which should be included to make the theory more accurate.

1.3 General Outline

This report describes a method of ultimate strength analysis

of longitudinally and transversely stiffened box girders of the




scantlings typical for ship hulls, the results of two tests and a
comparison between the theoretical and test results. Also,
recommendations are made for the improvement of the method and for

further experimental work.




2, THEORETICAL ANALYSIS

2.1 Introduction

The thin-walled beam theory can be used for analyzing box
girders as long as they behave linearly. However, this tﬁeory is
no longer valid after fhe plate components buckle or behave non-
linearly under combined loads. To overcome these difficulties, a
new theory was developed to take into account the nonlinear
behavior up fo the ultimate carrying capacity and into the post-

ultimate range.

Caldwell proposed a direct solution for obtaining the ultimate
bending strength of a hull girder section by assuming a fully
plastified cross section. The postbuckling response of the plate
components was proposed to be incorporated by means of the effective
width at the maximum plate capacity and the longitudinals were assumed

not to buckle (27).

Nonlinear behavior of stiffened plating was studied by several
researchers, for example, by means of large-deflection orthotropic
plate analysis (28), finite elements (29), or beam-column idealiza-

tion ( 6, 8, 9,10).

The method proposed here considers the overall nonlinear
behavior of a box section by taking into account the compatibility
of deformations between the individual nonlinear components. The
main effort in developing this method was on the establishment of

computerized procedures for defining the nonlinear behavior of the
6



flange and web components and then enforcing compatibility for a
given combinatioﬂ of forces by an iterative process. 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 webs and flanges and the stiffeners.

The compression flange is treated as a beam-column analyzed
by considering the pre- and postbuckling behavior of the plate and
large deformations of the plate-stiffener combination. The effect
of initial imperfections and residual stresses can be taken into

account.

The tension flange is assumed to be linearly elastic-perfectly

plastic.

The web 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 individual contributions.

Analysis is performed on a hull girder segment which is defined
as the longitudinal portion of the girder between two adjacent
transverse stiffener rings or bulkheads. For the purpose of analysis,
the hull girder is idealized as shown in Fig. 2. The overall dimen-
sions of a segment are the length a, width b and depth d. The
spacing of the longitudinals in the compression and tension flanges
is usually constant, bc and bt’ respectively, and in the webs, it may

be wvariable (di)'




Forces on a segment, moment M, shear V and torque T, are defined
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.
The forces are specified at mid-length of the segment as indicated in
Fig. 3, and they are assumed to be valid for the full length of the

segment.

2.2 Assumptions

The following general assumptions were made to simplify the

problem to a manageable configuration:

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
(Navier-Bernoulli hypothesis).

4, Transverse in-plane loads on the flanges and webs are negligible.

5. Stresses due to the deformation of the shape of the cross section
are negligible.

6. Material has bilinear elastic~plastic stress-strain relation-
ship. However, nonlinear materials can be also considered by
defining the stress-strain relationship with a series of points.

7. Transverses are rigid enough to provide unyielding support to
the flange and web plating. Rotationally, this support can be
pinned or fixed.

Some additional specialized assumptions are stated in the

discussion of particular components.



2.3 Basic Stresses in a Box Girder Section

2.3.1 Effects of Moment and Shear

Prior to plate buckling and, if the effect of shear lag is
neglected, stresses in a box girder section due to moment and shear
can be computed by using the ordinary beam theory. Then, the normal
stresses will be constaht across the width of the flanges and will
vary linearly in the webs. The shearing stresses, on the other hand,

will be linear in the flanges and almost constant in the webs.

After one or more plate components buckle under such a stress
distribution, the stresses cannot be directly superposed, and the
analysis is performed after making the following assumptions for the
postbuckling range:

- The effect of shearing stresses in the flanges is neglected in
computing the ultimate capacity.

- After buckling, the web subpanels cannot carry any additional
normal stresses.

- Shearing stresses are uniform in a particular web subpanel.

2.3.2 Effect of Torque

Most of the torque in a girder with a closed cross section is
éarried by pure (St. Venant) torsion even in the cases for cross
sections restrained from warping. It is thus practical to neglect
the shearing and normal stresses due to warping (32). Then the shear

forces in the webs and flanges due to torque are, respectively,




Web: V.. = q.d (1)

Flange: VFT = qtb (2)

where the shear flow 94 is given by

T
9 = 24 (3
o
with Ao being the enclosed area
A =bd 4)

(o)

However, this situation changes when one of the components,
usually a web, is significantly weakened in the postbuckling range.
Then, a closed section is transformed into an open ''channel' section,
with the weak component not participating in carrying additional
torque, the shear center shifts and the additional torque must be
mostly carried by warping stresses. The present version of the method

does not consider this transformation.

2.4 Behavior of Webs

Webs of box girders have the same basic geometry and are sub-
jected to similar types of loading, bending and shear, as the webs of
plate girders. Thus, it is prudent to take advantage of the research
conducted on plate girders in arriving at a method for analyzing box
girder webs (13,14,15,16,17,26,31,32). The only significant differ-
ence is in the relative size of the flanges and their ability to

influence the postbuckling strength of the web plate since the thin

10




flange plate of a box girder provides very little in-plane support
to the web plate in comparison with the large flanges of an ordinary

plate girder (26).

Of the several methods developed for analyzing longitudinally
stiffened plate girders a simpler one was selected and then modified

to incorporate some of the more advanced features (17,31).

Up to the load causing buckling in one of the subpanels, the
web is assumed to behave linearly with the shearing and normal
stresses in a constant proportion. Once buckling occurs in a sub-
panel, the postbuckling strength of this subpanel is assumed to

develop independently from the behavior of other subpanels.

The ultimate shear capacity of the whole web is given by a sum

of the ultimate shear strengths of the subpanels.

n
Vau = 2 (VpytVigy) )
i=1
where
Vbi = Teri di tw = buckling strength of the i-th subpanel (6)
thi= Tefi v = tension-field strength of the i-th (7
subpanel

Unlike some other analytical models, this model neglects the direct
contribution of the flanges and longitudinal stiffeners to the shear

carrying capacity Vﬁu.

11




The critical shearing stress, Teri? of Eq. 6 for each subpanel
is computed from the buckling interaction equation, Eq. 8, in which
di d i -
the bending, dbcri’ and normal, cccri’ stresses are in known propor

tion to the shearing stress.

2 2

Tcri\ o'bcri O.ccri
(—-——— + (-————) + ——=< 1.0 (8)
\F . F . F . =

veri beri ceri

The reference buckling stresses F d F ., are computed

F an
veri’ “beri ceri

using the formulas of Table 1. These formulas are based on the
assumption that the plate subpanels are simply supported at all four

edges and are valid for the respective stresses acting alone (26).

The equivalent shearing stress T i in Eq. 7 is due to the

tf

postbuckling formation of the tension field and is given by

Togs = ' (9

where

o,, = Fy - /O.ZS(GC

2
£i A3 Ty (10)

le) \
cri “beri

is the tension field stress at the ultimate condition for the i-th

subpanel and

o, = a/d,
min i max

(1)

is the aspect ratio of the widest subpanel. Thus, o oin is the same

for all the subpanels (26,31),

12




Since the individual subpanels of the web in general have
different widths di and are subjected to different combinations of
bending and normal stresses, their buckling and the attainment of
the ultimate condition do not occur simultaneocusly and are staggered
in the course of the overall deformation and loading of the web.

The lower plot of Fig. 4 shows the shearing deformations 7T vs. vy of
three subpanels of a samplé 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 v than for the other subpanels

(17).

Deformation of each subpanel up to the point of buckling is

linear and is readily defined by

Y .=1__./G (12)

On the other hand, the postbuckling deformation cannot be accurately
established. 1In Figure 4, it is approximated by a straight line
connecting the buckling deformation with the ultimate deformation

(Ycr3 to Yu3 for subpanel 3). The ultimate deformation of a subpanel

is assumed to be reached when a diagonal fiber in the subpanel
yields due to the racking deformation of the edge lines assumed to

retain their original lengths (17). Thus,
1)

= - 13

Yui 7%(&1 + o/ 13

where o; = a/di (14)

13




The application of Eqs. 5, 6 and 7 at each of the kink points
of the Ti'Yg diagrams of Fig. 4 results in a relationship between
VW and ¥ for the whole web. 1In 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 corres-
ponding 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 corresponding
relationship between the total shear Vﬁ and moment MW acting on the
web and the 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 modified in the future once the criteria for their premature

failure or nonlinear behavior are established.

2.5 Behavior of Longitudinally Stiffened Compression Flange

2.5.1 Introduction

The compression flange of a hull girder section (the deck for
the sagging and the bottom for the hogging moment) is assumed to be
adequately supported at the transverses and, thus, consists of a
longitudinally stiffened plate subjected to axial compression and,

for the bottom, lateral loading. 1In the present method, the effect

14



of lateral loading is neglected* and the flange plating is assumed
to be either simply supported or fixed at the transverses, The side
edges (junctions to the webs) are assumed to be free to rotate or

displace in the plane of the plate (11).

The nonlinearity of the axial behavior of such a plating arises
from the unsymmetry of the cross section (longitudinals are on one
side), welding residual stresses, possibility of buckling of the
plate components, initial imperfeétions and lateral loading. The
method which was previously developed to overcome these difficulties
was to replace the analysis of a longitudinally stiffened plate panel
with a large-deflection analysis of a beam-column (8,9). This
method was adapted for the present research, particularly, the

computer program of Reference 9.
The simplifying assumptions of the method are the following:

- The plate is very flexible in comparison with the relatively large
longitudinals and therefore the interaction between the longitu-
dinals 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 1atefal

loads.

*Lateral loading can be considered with only minor modifications of
the computer program.

15




- The response of the plate component of the beam-column cross section
is assumea to correspond to the behavior of a very long plate with
the width equal to the spacing of the longitudinals. The side
edges are assumed to be simply supported, but they must remain
straight although they may have in-plane motion.

- The effect of lateral loading on the plate behavior is neglected
since it has been found to have little effect on the buckling and
postbuckling behavior (8) and the bending stresses (in the plate
spanning between longitudinals) may be treated as a tertiary
condition, i.e., checked separately. Then, the distributed
lateral loading q' is applied as a line load q on the beam-column

as shown in Fig. 5.

Since the basic program computes only the length of a pin- or
fixed~ended beam column subjected to the given axial and lateral
loads and having an assumed mid-span curvature, several supplementary
operations had to be developed to obtain a complete relationship
between the axial load and axial deformation for a zero lateral
loading and a specified length. These operations are described in

the subsequent articles.

2.5.2 Behavior of Plate under Compression

In this study, the axial behavior of a plate under compression
is described by a relationship between the average stress and the
overall strain which also is the strain at the edges. Such a

relationship can be supplied to the program by a series of points

16



obtained, for example, from a test, or by a computational procedure.
In the following a computational procedure which is a part of the

program is described.

The basic assumptions about the geometry, boundary conditions
and the type of loading are stated in Article 2.5.1. Additionally,
the plate is assumed to be Perfectly flat and the effect of shearing
stresses produced by shear V and torque T on the axial buckling
stress and the postbuckliné behavior is neglected as has been

justified by some previous studies (33)

For smaller values of bc/t there is no buckling and the plate

responds according to the stress-strain diagram of the material.

The three ranges of the plate response for larger values of
bc/t are indicated in Fig. 6 by the patterns of the pertinent stress

distributions and in Fig. 7 by the average stress vs. strain curve,

1) The linearly (or nonlinearly) elastic prebuckling and

buckling range. The stress is uniform and at the end of the range

the buckling stress is

szt
Tcr = T2(1-v7) ®_/eF

k (15)

where the buckling coefficient is conservatively taken to be k = 4.0,

2) Elastic postbuckling range. The elastic postbuckling

relationship is described by Koiter's equation which gives the
average stress in terms of the overall (edge) strain (2)

17




c 0.6 0.2

: -0.2

\ .

— = 1.2(—9—-;
€er’

- 0.65 —§—> + o.4s(i> (16)
€ €
cr cr

The stress pattern in Fig. 6 is nonuniform and the average stress
vs., strain relationship in Fig. 7 is noticeably flatter than the

material stress-strain curve.

3) Ultimate stress condition is assumed to be developed when

the maximum (edge) stress of the nonuniform pattern reaches yield
stress level. This assumption has been confirmed by numerous tests
and some theoretical analyses (4,5,8). Shortening of the plate
beyond this point generally shows a reduction of the average stress
as indicated in Fig. 7 by the curve portion labeled "True" (4,5).
However, numerous 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 exceed by much the ultimate strain and, when they do,
the effect is insignificant. It is thus safe to assume that, as
shown in Fig. 7, the average stress remains constant for larger

deformations (8).

Welding residual stresses typical for longitudinally stiffened

plates are shown in Fig. 8. Their effect on the buckling and post-

buckling ranges of o vs. € 1is included in the method (8).
avg

2.5.3 Beam-Column Analysis

The beam-column to be analyzed is shown in Fig. 5. It is

subjected to an axial load P, end moments M and a line loading q.
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The cross section consists of the plate with the stress-strain
characteristics established above in Art. 2.5.2 and the longitudinal
stiffener of depth dswith a stress-strain response given by the mater-

ial, usually, the linearly elastic-perfectly plastic diagram of steel,

The analysis is performed for an axial load P and a line loading
q which are kept constant. The principal operations are described

below.

Moment-Axial Force~Curvature

A distribution of strains and corresponding stresses in a
cross section subjected to an axial load and a moment is shown in
" Fig. 9. Compressive stresses are positive and tensile negative. The
strains vary linearly through the depth. Stresses in the stiffener
correspond to the stress-strain diagram of the material (a nonlinear
material is assumed for this illustration). The average stress in
the plate is according to the stress-strain relationship defined in
Art. 2.5.2; it is seen to be lower than the stress in the stiffener
at the junction. Axial force P, moment M and curvature ¢ are

readily computed for a given strain-stress pattern.

P=[odA (17)
A
M=-[0czda (18)
A
e -
o = B E (19)
S
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where A = total area of the cross section

o = axial stress, a function of z

z = distance from the geometric centroid of the cross section
d = stiffener depth

¢ ., = edge strain in the plate

= strain in stiffener flange

A pair of ¢ ., and ¢_, results in a set of P, M and ¢. By

pl £l

varying epl and €1 a sufficient number of sets of P, M and o are
obtained to generate M-¢ (moment-curvature) relationships for some
specified values of P, A sample of corresponding plots is shown

in Fig. 10 for three values of P in an ascending order of magnitude
(Pl > P2 > P3). The direction of bending and curvature is indicated
by small sketches. The following observations are noteworthy:

(1) Curvature is not zero for zero moment; (2) For bending with the
plate on the concave side (right side of the plot) the moment

capacity may be greater for a higher axial force, e.g., for P, vs.

2
Pl; (3) For bending with the plate on the convex side (left side of
the plot) the moment capacities are inversely related to the magni-
tudes of axial forces, i.e., greater M for smaller P, and all of them
are noticeably smailer than for concave bending. An M-P-¢ diagram

for a symmetrical section would have passed through the origin and

would have been the same for both directions of bending.

Integration Procedure

A stepwise integration procedure is used to compute the length

of the beam-column subjected to given values of the axial force P
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and lateral loading q and having a prescribed curvature wo at mid-

span. The ends may be simply supported (M = 0) or fixed (slope

g = 0).

Since the structure is symmetrical, only half of the length is
integrated, starting at mid-span as shown in Fig. ll. The equili-
brium equations for each differential segment of length ds, formulated

considering large deformations are the following:

d
o _ __.a> i
s Kl ds ©)q sin @ (20)
d
dv
—d—;=<l-(—1§cp>q cos (21)
%M = -M sin 6 - V cos © (22)
s
where sin @ = dy/ds (23)
cos § = dx/ds (24)
v = d§/ds (25)

All other notation is shown in Fig. 11.

In performing numerical integration the differential element is
changed to a finite element of As length and the equilibrium equations

are transformed as follows in nondimensionalized form:

Ho,=H + k6[§z + k. (cos 6, ,-cos ei)] (26)
Vigp = Y, + kGEg_;_: - k,(sin 8, ,-sin ei)] (27)
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M.i"'l =M, + k8{@i-k6k7cosei)éz + in+k6k7cosei)g
2 ke, (AP H2)) (28)
95 Pupn
Ay = As sin 8 + k5<—3—1- + 16 >cos 8, (8s)? (29)
o, o,
_ L i ‘1+1> , 2
Ax = As cos ei k5<3 + == )sin ei(A_s_) (30)
©, + O,
_ i 1+1>
Oit1 =83 F k5< 5 Jls (3D
r
where k5 =3 €, (32)
s
= 9L,
ky = == (33)
o]
%
k7 = T (34)
r
k8 = -7 (35)
s
= -2 :
E=32 (36)
(o)
P
(o]
v
Y=— (38)
cOA
M
M= ad (39)
0o S
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ay = &2 (40)
Ax = A (41)
- r
As
ds = =5 (42)
d
- S
0 =0 — (43)
€o
r = radius of gyration = /I/A
€y = buckling or yield strain, depending on whether buckling occurs
or not
o, = buckling or yield stress, depending on whether buckling occurs
or not

The details of the mathematical development can be found in

References 6 and 8.

The integration process starts at mid-span with the following

initial values:

=
I
Irg

1l

V=0 (by symmetry)

and the assumed mid-span curvature equal to 50.
Then, P and@O give the mid-span moment M from the M-P-¢ relation-

ship of Fig. 10.
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With tbe segment length As specified and the curvature at
the end of the segment set to equal 50, the forces and deformations
at the segment end are computed from Eqs. 26 to 31. Then, the new
moment is used in the M-P-¢ relationship to find a corrected value
of © at the end of the segment. This © will in general differ
from the previously assumed value dso). The process is repeated
until the successive values‘of 5 at the segment end satisfy the

desired tolerance.

The final values of H, V, M, 6, X, ¥, s, and © are then used
as initial values for the next As increment and the iterative

process is repeated.

The integration is continued in this manner until the desired
end conditions are met (M = O for simple support or 6 = 0 for fixed
support). The value of s at this point gives then the length of
the beam~column which is in equilibrium under the given P and q and

has the mid-span curvature of 50.

L= 2Send (44)

This procedure is shown in the flow chart of Fig. 12.

Ultimate Strength

By assigning a series of values to the initial mid-span curva-
ture 50 and performing the integration procedure described above,
the corresponding lengths L are obtained for the same values of P

and q. The resultant relationship between L and'ao is shown in
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Fig. 13. 1In it the maximum length Lmax is the length of the beam-
column with the given cross section and end conditions for which the

specified P and q are ultimate loads Pu and q,-

If the actual length a of the beam-column is less than Lmax’
the curve in Fig. 13 gives two deformation geometries of equilibrium,

i.e., two points for a load-deformation analysis of the beam-column.

This is shown in Fig. l4a for P = Pl'

Axial Load vs. Axial Shortening

Figure 14 shows how the L vs. ®  curves are used to obtain the

P vs. axial shortening relationship (P vs. A) for a beam-~column under

the same lateral loading q.

1) By varying the value of P a set of L vs. ¢  curves are obtained
as shown in Fig. l4a.

2) Since the axial load P and curvature ¢ are known along the beam-
column during the integration process, the axial shortening A
is readily computed and a set of L vs. A curves are obtained. A
corresponding plot is given in Fig. 14b. 1In this, the total

axial shortening A is defined by

A=+ A, (45)
where A = axial shortening due to axial strain (effect of P)
Ac = axial shortening due to curvature

3) By entering the L  vs. A graph (Fig. 14b) with the wvalue of
the given length L = a, the A values corresponding to each

value of P are found. The results are then combined into a P
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vs. A curve valid for a specified lateral loading q and length
L = a as shown in Fig. l4c. The peak of the curve gives the

ultimate axial strength of the beam-column.

2.5.4 Effect of Strain Reversal

A special correction for the effect of strain reversal had to
be made in the post-ultimaté range of the P-A relationship. The
need for this arose from the fact that the procedure described above
for obtaining the L vs. o, and P vs. A curves is based on formulating
an equilibrium condition on a member deformed to the configuration
considered. This is equivalent to obtaining each point of the P-A
curve as 1f the path of deformation followed a straight line from
the origin as indicated by the dashed line in Fig. 15. Whereas the
pre-ultimate range of the P-A curve which is for an increasing value
of P is not affected by this procedure, the post-ultimate range
becomes very distorted. This is shown in Fig. 15 by the dotted z-
shaped curve defined by crosses. 1In this case the nonlinear and
plastic deformations which had taken place under the higher past

load and subsequent elastic relaxation are not taken into account.

In order to correct the anomaly of the reduction of the defor-
mation 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 by modifying Eq. 45
to

A=A +A (46)




where Apu is the axial shortening which existed under the ultimate
load P; (at the peak). It replaces Ac computed for the
given P and is assumed to remain constant throughout the
post~ultimate range.
Ac is the curvature shortening computed for P.

The result of this adjustment is shown in Fig. 15.

2.5.5 Axial Behavior

The computerized procedure described above requires that the
lateral loading q be non-zero* and thus the procedure is not directly
applicable to the analysis of ship deck plating. To obtain the
pure axial load vs. shortening behavior, a set of P vs. A curves are
computed for decreasing values of q and the P-values for q = 0 are

extrapolated.

Two examples of such extrapolation are shown in Fig. 16 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 and the yield
stress as they were measured in the fabricated specimen. Another
example is given in Fig. 17 where the complete P vs. A curve with
a number of initial curves for various values of g are shown. Usual-

ly three values of g between 0.03 and 0.10 were sufficient.

*An alternate method would have been to introduce initial geometric
imperfections, see Art. 2.5.7.
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2.5.6 Axial Behavior of Compression Flange

P vs. A behavior of a beam-column adjusted for strain reversal
and extrapolated to zero lateral loading (q = 0) is assumed to
represent the P vs. A response of the whole compression flange. An
example is given in Fig. 17 where the top curve is the extrapolation
to q = 0 from P-A curves for non-zero q's and is thus the desired

P vs. A relationship.

For comparison, the response of a tension flange, corresponding

to the material stress-strain diagram is also shown in Fig. 17.

For greater convenience of parametric studies, the axial load
is nondimensionalized to P/Py = P/AFy and the axial shortening to

Alae .
€y

2.5.7 Consideration of Initial TImperfections

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 end value of

curvature or to zero.
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2.6 Behavior and Ultimate Strength of Hull Girder Segment

Once the load-deformation behavior of the individual components
is defined, the analysis of the behavior of the entire hull girder
segment proceeds by enforcing the compatibility between these com-
ponents as the load pérameter is incremented. In summary, the
following load-deformation relationships of the components are
involved:

- 7 vs, ¥ relationships for the subpanels of the webs (Fig. 4).
Redistribution of the stresses over the web depth is taken
into account,

- P/Py vs. (A/a)/ey relationship for the longitudinally stiffened
compression flange (Fig. 17).

~ o vs. ¢ relationship (material curve) for the tension flange,

the stiffeners and the unbuckled subpanels of the webs.

The internal forces acting on the mid-segment section--moment,
shear and torque--are related to the applied load W as shown in
Fig. 3. Using load W as the loading parameter, the functional

dependence can be expressed by the following equations:

V=CW (47)
M= C1 dv=_g C1 dw (48)
T = C2 dv=_2C C2 dw (4?)

C = proportionality factor between the cross-sectional shear and

the applied load W (load parameter)
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i (= X

C1 = moment-shear ratio <- Vd)

C, = torque-shear ratio <= I
2 vd/
d = depth of the cross section

For this study, the average strain in the junction line of the

web under the higher shear and the compression flange was chosen to

be the deformation parameter.

shortening of the compression flange, A/a.

Two examples of the resultant curves for load-deformation

relationships are shown in Figs. 18 and 19. These are respectively

for Tests 1 and 3, but using the design dimensions and a somewhat

different test arrangement than used in the actual tests.

The procedure for obtaining the W vs, (A/a)/ey relationship is

conveniently explained in conjunction with the flow chart given in

Fig. 20.

D

2)

Ala = €, is the average axial strain of the stiffened flange
under compression. An initial value of €.y is assumed.

A value of the strain in the tension flange ¢ is assumed and,

t3
since the section remains plane after deformation‘(Assumption 3
in Sect. 2.2), the linear strain distribution in the cross
section is used to compute the stress distribution from the
response relationships of the individual components. In the
process, it is assumed that, whereas the shear on a web subpanel
can increase after buckling, the normal stresses remain at the

level of buckling.
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3)

&)

5)

6)

7)

The total axial force on the cross section (Eq. 50) is computed
from the stresses and compared with the given value No (NO =0
in this case). The true strain distribution, for which N = No’
is found by modifying the value of € while eciis kept constant

and repeating Steps 2 and 3 until a preset tolerance is satisfied.

N= [odA (50)
A
IN[-\NO‘ = Tolerance ~ 0 (51)

The internal moment is then calculated by integration.

M=[ocyda ' (52)
A
With the value of M determined in Step 4, the load parameter W,

V and T are found from Eqs. 47, 48, 49

f oy dA M
W= = (53)
C C1 d C Cl d
f oy dA
V=W=CW (54)
1
T=0C,dV=0CCdW (55)

The values of M, V and T are then used to compute the stresses in
each web subpanel (T,ob,cc). The interaction formula of Eq. 8

is used to check the buckling condition.

The T-v relationships for the subpanels, as shown in Fig. 4, are
used to define the distribution of the shearing stresses in the
subpanels (same y-parameter for all subpanels in each web at a

particular load) and to check for the ultimate shear strength of
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each subpanel.

8) If theQShearing stress in a particular subpanel is higher than
the Tor OF Ty indicated in Fig. 4, €. must be reduced and the
same procefure repeated until a value acceptably close to Ter
or T is found.

9) After all controlling requirements are satisfied, €oy and its
corresponding value of'wi represent one point on the W vs. €
curve.

10) The procedure of Stepsl to 9 is repeated for increasing values
of strain €, to obtain a coﬁplete W vs. ¢ curve, including the

c

pre- and post-ultimate ranges.

In the examples of Figs. 18 and 19, the junction strain €, is
nondimensionalized with respect to the yield strain ey Contributions
of the webs and flanges to the total load are shown by separate
curves. The share for each was assumed to be proportional to the

percentage of the moment carried by the respective component.

The method described above is not suitable for manual computa-
tions, and therefore, a computer program was written in accordance

with the flow chart of Fig. 20.

32




3. TEST SPECIMEN

3.1 Types of Tests

In order to check the present theory, a test specimen was
designed to conduct three tests under different combinations of
moment, shear and torque. For each test, a particular segment
(portion of the girder between transverse stiffeners) was tested to

failure while the other two segments were reinforced,

Figure 21 shows the test arrangement for each of the tests and
the corresponding combinations of moment, shear and torque defined

in terms of the jack load W.

Test 1: The test segment is subjected to bending moment and
shear force.

Test 2: The test segment is subjected to bending moment, shear
force and torsional moment.

Test 3: The test segment is subjected to bending moment only.

In the present program, only Tests 1 and 2 were completed.

3.2 Scantlings of Test Specimen

The scantlings of the test specimen were selected to model
portions of a typical hull girder. The relative proportions of
each component were approximately the same as used in engineering
practice. Two views and the principal cross sections are shown in

Fig. 22, The overall scantlings are: length--2972 mm (117 in.),
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width--667 mm (26.25 in.) and depth--508 mm (20 in.). 1In the middle
portion.of 1372 mm (54 in.), the plate thickness is 1.59 mm (1/16 in.).

In the end portions, the thickness of the flange plate is 6.35 mm

(1/4 in.) and of the web plate 3.18 mm (1/8 in.).

The spacing of the longitudinal stiffeners and the thickness of
the plate in the middle test portion 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. 22. The most
significant change was in the plate thickness from 1.59 mm (1/16 in.)
to 1.85 mm (0.073 in.), and this was taken into account in the

analysis of the test results.

3.3 Material Properties

The test specimen was fabricated from ASTM A36 steel plate with
a nominal yield stress of 250 MPa (36 ksi). Eight standard 203 mm
(8 in.) gage tensile coupons (34) were fabricated from the plate to

determine the actual yield stress. Four coupons were in the longi-

tudinal direction of the spécimen and four in the transverse, As

the first three coupon tests showed good agreement, the yield stress
was defined from these three coupons (two in the longitudinal and one
in the transverse direction). Four material properties were

determined:

Fys - the static yield stress at a zero strain rate
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Fyd52 - the dynamic yield stress at the strain rate of 52 pum/m/sec
Fyd1045 - the dynamic yield stress at the strain rate of 1045
um/m/sec

Fu - the ultimate stress.

The most significant and reliable of these for analyzing test
results is the static yield stress, FYS. It was found by the follow-
ing procedure (35), illustrated in Fig. 23. Shortly upon reaching
the flattened portion of the stress-strain curve, that is, upon
reaching the yield stress, the machine head is stopped to reduce the
strain rate to zero and the load is allowed to stabilize within three
to five minutes at a lower level. The resumption of straining leads
to an increase of the load to a level dependent on the strain rate.
At least two more stops are made within the plateau of yielding as
shown in the figure. The average of the reduced stresses at the
bottoms of the dips is defined as the static yield stress, that is,
the yield stress at a zero strain rate. After this, the coupon test
proceeds in the usual manner (36). Two non-zero strain rates are
indicated by the different levels of the horizontal portions of the

stress~-strain diagram in Fig. 23.

The static yield stress and the dynamic yield stress at two
different strain rates (52 pm/m/sec and 1042 ym/m/sec) are listed for
the individual coupons in Table 2. The strain rate of 1042 yum/m/sec
is the maximum testing rate permitted by ASTM A370 (36) and is common-
ly used by steel producers for determining mechanical material proper-
ties.
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As shown in Table 2, the average static yield stress in the
longitudinél direction is 237 MPa (34.34 ksi) and the dynamic yield
stress, Fyd1042 is 280 MPa (40.55 ksi). This represents an increase
of 18.1%. The variation among the yield stresses at a given testing

rate is relatively small (2% for a rate of 1042 um/m/sec).

The yield stresses obtained for the coupon in the transverse
direction of the specimen are a little larger than for the coupons in
the longitudinal direction., The difference is of the order of 3 to

7%, depending on the strain rate.

No coupon tests were made for the material of the end portions of
the specimen which were designed only to transmit loads and to have

low stresses.

3.4 TFabrication Process

The middle portion of the specimen (the test portion) was
fabricated as follows. First, the four sides of the box section were
fabricated separately by welding the longitudinal and transverse
stiffeners to the plate. Then, the four sides were put together
and welded along the four corners to form a box section. The end
portions were fabricated in the same way. The last operation
consisted of joining the three portions of the specimen by transverse
welding. All the welds were made manually by the submerged-arc
process. Because of this and also because the small thickness of
the plate in the middle test portion of the specimen (1.85 mm, 0.073

in.), the plates developed large initial imperfections. In order
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to reduce these imperfections, the plate between longitudinal

stiffeners was straightened out by hammering.

The residual stresses which were caused in the plates by the

welding process, were not measured.

3.5 Initial Imperfections )

Initial imperfections were measured for the plates of the webs
and the compression flange. Imperfections of the tension flange and

of the longitudinal and transverse stiffeners were not measured.

A standard measure of initial imperfections in plates is given
by the out-of-flatness which is the maximum offset from a longitudinal
straight line and the plate surface. The straight lines were defined

by points at the transverse stiffeners.

The instrumentation for measuring initial imperfections consisted
of a straight reference bar set on the transverse stiffeners and used
as a guide for a movable dial gage. Readings were taken at different
locations in the longitudinal direction of the test specimen. This
was done over the full length of the test portion (1372 mm (54 in.)).
This operation was repeated at each longitudinal profile where the
initial imperfections were to be found. For the webs, readings were
taken along the middle of each of the three subpanels. For the
compression flange, thirteen profiles were used: at mid-subpanels,

at longitudinals and at the edges.
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Initial imperfections for the webs are shown in Figs. 24 and 25,
The imperféctions are plotted with respect to a straight line anchored
at the extreme transverse stiffeners of the test portion. The
maximum offsets are of the order of +4.8 mm (0.19 in.). This repre-

sents approximately 2.6 times the plate thickness,

Initial imperfections of the compression flange are shown in
Fig. 26 by means of a contour map. The contour lines are plotted
with respect to a reference plane defined by points A, B and C. The
reference plane was adjusted so that the initial vertical imperfec-

tions along the web-flange junctions were minimized.

As can be seen in Fig. 26, most of the offsets are in the range
of +2.54 mm (+0.1 in.) which is equal to 1.4 of the plate thickness,
The maximum values are of the order of +5.08 mm (+0.2 in.), that is,
2.7 times the plate thickness. Thus, they have approximately the
same order of magnitude as for the webs., The areas with the maximum
values are rather small, but their influence on the flange behavior

may be significant.
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4. TEST PROCEDURE

4.1 Test Setup

4,1.1 General Arrangement

A general view of the test arrangement is shown in Fig. 28.
The whitewashed specimen is in the middle. The loading jack is
above the specimen and is attached to the loading frame. To the
right of the right column of the loading frame and behind a table

is the strain data acquisition unit.

The test setup is shown in Fig. 27. Thev5pecimen is positioned
on two support pedestals so that there is a free space below it
for placing instrumentation and making observations. The free span
is 2970 mm (117 in.). 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 spreader beam, set transversely
on two plates welded to the transverse stiffeners of the webs as
shown in Section A-A (Tests 1,2) of Fig. 27. Thus, the load is
introduced to the box section through the webs., For Test 1, the
cross section was loaded symmetrically (Section A-A) and for Test 2

with an eccentricity of 194 mm (7-5/8 in.).

There were three points of support for the specimen. The X-Y

roller bearing at the right end of the specimen consisted of an

*Amsler hydraulic jack: Maximum dynamic load 250 kN (55 kips), maxi-
mum static load 475 kN (104.5 kips), maximum stroke 127 mm (5 in.),
height 1.06 m (41.75 in.)
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arrangement of two mutually perpendicular rollers separated by a
plate so tﬁat rotation and translation were possible in the longi-
tudinal and transverse directions. This arrangement and the bracing
required in the specimen end frame to tramsmit the reaction are

shown in Fig. 29,

At the left end in Fig. 27 there were two X-roller bearings,
one on each side of the cross section, which permitted free rotation
and one was also free to translate longitudinally (X-direction) as
shown in Fig. 30a. 1In Test 2, one of these two supports was
anchored down as shown in Fig. 30b to prevent uplift of the support
due to torsion, The fixture consisted of a rigid corner angle
positioned on the top bearing plate and tied down with two large

bolts to the pedestal.

4,.1.2 Reinforcements

To accomplish several tests on the same specimen (three tests

were planned), it was necessary to reinforce the segments adjacent

to the test segment. For Test 1, the adjacent segment was temporarily

reinforced by using
a) small steel bars cee-clamped to the longitudinal stiffeners
b) corner angles at the web-to-compression flange junctions
c) pieces of wood on the compression flange
All these reinforcements were tightly wedged between the transverse
stiffeners. Their function was to reduce the axial force in the

compression flange.
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For Test 2, the segment which failed in Test 1 was reinforced
with four steel Sars and two corner angles tack welded to the com-
pression flange and wedged between transverse stiffeners. The webs
were reinforced with steel bars in the direction of the tension
diagonal as shown in Fig. 3la. All these reinforcements were welded
to the transverse stiffenmers. The segment reserved for Test 3 (to
the left of the segment in Test 2 in Fig. 27) was reinforced by steel
bars clamped to the longitudinal stiffeners and pieces of wood

wedged between transverse stiffeners as shown in Fig. 31b.

4,2 Instrumentation

N

The instrumentation consisted of both mechanical dial gages and
electric resistance strain gages, The dial gages set up underneath
the specimen at transverse stiffeners were used to measure the
vertical deflections of the specimen (Fig. 28 ). The deflection at
the load point was used as an indicator of the overall behavior of

the girder during the test.

Eighteen linear strain gages and seven three-branch rosettes
were used in each test. The gages were cemented on the outside
surface of the test segments and Figs. 32 and 33 show their location

for tests 1 and 2, respectively.

Each strain gage, either as a uniaxial gage or as an element of
a rosette, was read and recorded by means of an automatic data

acquisition unit.* The digital strain output was typed and punched

#Multi-point strain gage plotting system with punched tape output,
B&F Instruments, Inc., Philadelphia, Pa.
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directly on paper tape.

The strain gages provided information about the transverse
stress distribution in the compression flange and also about the
tension field pattern which developed after the theoretical buckling
of the webs. Three strain gages were also placed on the tension
flange in order to get a complete picture of the stress distribution

in the cross section of the box girder.

Diagonal deformations of the tested segments were measured by
means of a variable length extensometer which consisted of an
aluminum support bar and a dial gage mounted on a movable extension.
The process of taking readings of diagonal deformations in Test 1
is shown in Fig. 28, This extensometer was also used at other point's
to measure the variation of length between the transverse stiffeners

at the ends of a test segment.

Lateral deflections of the webs and vertical deflections of the
compression flange were measured by means of two special dial gage
rigs shown in Fig. 34. These rigs consisted of three mechanical
dial gages attached to an aluminum angle bar for web deflections and
to a steel bar for compression flange deflections. The positions
of the dial gages corresponded to the 1/4, 1/2 and 3/4 of the
spacing between two adjacent transverse stiffeners. The rigs were
placed against the transverse stiffeners and held with magnets for
the web rig and with point supports for the flange rig. The readings
were taken while rigs were successively positioned at different sec-

tions.
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The middle portion of the specimen was whitewashed prior to
testing (Figs. 28 and 31). The flaking and cracking of the whitewash

provided a means of visually observing the progress of yielding.

4.3 Testing Procedure

Each test started with a few cycles of loading between 0 and
23 kN (5 kips) (less than 1b% of the expected ultimate load) in
order to properly position the girder on its supports. A complete
reading was taken of all gages at zero load to serve as an initial
reference. The load was slowly incremented, generally in 23 kN
(5 kip) steps. For Test 2, just before the ultimate condition was
reached (it occurred at a lower load than expected), the specimen
was unloaded to zero and then gradually reloaded up to the maximum
strength level first in two larger increments of about 68 kN (15

kips) and then in two smaller increments of 13.6 kN (3 kips).

At all load levels, readings were taken of the dial gages
measuring the vertical deflection of the specimen, the electrical
strain gages and the variable length extensometer. Also at several
load levels, readings of the dial gage rigs for measuring lateral
deflections of the webs and of the vertical deflections of the

compression flange were taken.
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5. TEST RESULTS

5.1 Introduction

The procedure described in Art. 4.3 was followed in conducting
both tests, Test 1 under bending and shear (M+V) and Test 2 under
bending, shear and torque (M+V+T). Behavior of the specimen during
testing is presented here in the form of the following values plotted
against the applied load: (1) mid-span deflection, (2) diagonal
panel deformations, and (3) strain diétributions. Some values of
the out~of-plane deformations of the compression flange and of the

webs are also given, but mainly in a descriptive form.

In both tests, the ultimate capacity was limited by the failure
of the compression flange characterized by large out-of-plane

deflections.

Some general comments apply to the interpretation of the results
of both tests., These pertain to the loads used in reporting the

results and to the strain readings.

Although the loading rate during testing was not recorded, it
was kept very iow. Yet, the response of the girder was quite
sensitive to the rate of loading on approaching the ultimate load
and, especially, in the post-ultimate range. This sensitivity
manifested itself by the fact that after a desired load level was
reached and the testing machine stopped, the load gradually dropped

to a lower level while the data readings were taken. When testing

was resumed, the load climbed above the previously reached level,
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but again fell when the machine was stopped. The reduction of the
load was about 0 to 4% in the nonlinear pre-ultimate range. This
reduction was about 87 in the post-ultimate range. For convenience,
the maximum load in each load increment was used in the description

of the test results.

Since the strain gages were placed only on the outside surface
of the plate, the gage readings were not indicative of the average
membrane stresses, but rather of the surface stresses which were
affected by local plate curvatures resulting from the initial or
buckling deformations. Yet, it is the membrane stresses which were

pertinent to the analysis of the girder cross section.

5.2 Test 1 M,V)

5.2.1 General Behavior of Specimen

Since in Test 1 no torque was applied to the specimen, the
vertical deflections of the two webs must theoretically be the same.
This was approximately verified. 1In the test, Web 1 (the web seen
in the elevation of Fig. 27) deflected more than Web 2. However, the

difference was quite small; it did not exceed 8% when the load was

up to 0.67 Wu. Then, the difference increased to reach 18% at the

ultimate.

The overall behavior of the segment is conveniently described
by referring to the load-deflection curve shown in Fig.35 . The
deflection parameter is taken as the average of the deflections of

the two webs measured at the load location. As can be seen in Fig.
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35,
(1)
(2)

(3)

(%)

the curve exhibits four portions:

Linear.portion, up to 0.58 Wu'

Gradually curving portion, up to the ultimate load at 272 kN
(60 kips). The deviation of the curve from linearity appeared
to be mainly due to the increase of the out-of-plane plate
deflections of the compression flange and of the upper web
subpanels and local yielding.

Post-ultimate drop-down portion. After reaching the ultimate
capacity, the load suddenly dropped and then stabilized at
0.75 Wu' When the machine valve was opened again, the load
climbed somewhat and then dropped further to a stable level of
0.63 Wu.

Unloading portion. After obtaining the post~ultimate range

the girder was unloaded to zero in two steps as shown in Fig.

35.
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5.2.2 Diagonal Deformations of the Web

A good représentation of the behavior of a test segment is
given by a diagram of deformations (changes in length) of the com-
pression and tension diagonals versus the applied load W. Figure
36 shows the relative diagonal deformations, respectively shortening
and elongation, of the compression and tension diagonals of Web 1
in Test 1. Some waviness of the curves is due to the inaccuracy
of the variable length extensometer which was used for measuring

diagonal deformations.

For the tension diagonal, the behavior is almost linear up
to the ultimate load. For the compression diagonal, the slope of
the linear portion is less steep than for the tension diagonal and
it extends up to about 0,75 Wu. Then, the curve gradually flattens
out up to 0.9 Wu and suddenly jumps to the ultimate load Wu' In
the post-ultimate range, both diagonals deformed much more readily

than in the pre-ultimate range, especially the compression diagonal.

A comparison of the diagonal deformations shown in Fig. 36
demonstrates the extent of the overall shearing distorsion of the
panel., The rigidity of the panel to the shear force was constant up
to 0.75 Wu and then started to decrease. At the ultimate load and
in the post-ultimate range, the shear force was mainly carried by
the tension diagonal since the large deformations of the compression

diagonal were mainly induced by the failure of the compression flange.
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5.2.3 Deformations of Compression Flange and Webs

A comprehensive presentation of the out-of-plane deformations
of the compression flange and webs was not warranted for the follow-
ing reasons:

- The number of measurement points was relatively small to
give an adequate picture of the irregular deformation patterns.

- The deformations of the compression flange at and after the
ultimate load were too large to be measured with the dial
gage rig.

In consequence, specific values are given only for the largest
deflections of the plate and stiffeners of the compression flange
and webs, and of the flange-web junction. They were measured at

four load levels with respect to the deformation pattern at zero

load (Figs. 24, 25 and 26) and are listed in Table 3,

All deformations increased gradually from the zero load to
approximately 0.85 W, with the maximum deflection of 1.44 mm (0.057
in.) in a flange stiffener. This was about 30% of the maximum

initial imperfection.

In the compression flange, the plate between longitudinals
deflected more than twice as much as the longitudinals when the load
was less than 0.5 Wu. Then, the deflections of the longitudinals
suddenly accelerated so that at 0.67 Wu’ they were of the same order
of magnitude as of the plate. At the ultimate load, all deformations
suddenly increased so that all of the middle portion of the flange
panel came out as shown in Figs. 37 and 38. The maximum deflections

were estimated to be more than 30 mm (1.2 in.). The fact that the
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longitudinal stiffeners all exhibited almost the same maximum
deflection as indicated in Fig. 39 with respect to a ruler, supports

the validity of analyzing the compression flange as a beam-column.

For the webs, deflections were less than 1.2 mm (0.047 in.) at
0.85 W, and then increased suddenly at the ultimate load, with some
local deflections reaching to 11 mm (0.433 in.). This dramatic change
was apparently induced by the failure of the compression flange.
As can be seen in Figs. 37 and 38, the web longitudinals buckled
since they were inadequate to resist the axial force redistributed
to them from the compression flange at the ultimate load. However,
they did not deflect more than 0.8 mm (0.03 in,) almost up to the
ultimate load (Table 3), and, therefore, they were sufficient to

enforce the redistribution of stresses between individual subpanels.

5.2.4 Strain Distribution

Figure 40 is a plot of the strain distribution in a half-width
of the compression flange. Location of the pertinent strain gages
is shown in the lower sketch (see also Fig. 32)., Strain variation

between two middle longitudinals is shown dotted because the gage

there malfunctioned and the strain in the middle was averaged from

the strains of Gages 3 and 7.

For the loads not exceeding 0.5 Wu the strain was almost uniform.
For the loads over O.5Wu, the strain distribution was marked by the
local reduction which occurred between the longitudinal stiffeners

and indicated a change in the effectiveness of the plate due to
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post-buckling deflections. Actually some reduction of the plate
effectivene;s can be observed even at smaller loads due to the
influence of initial imperfections. The increasingly higher strain
at the edge of the flange (Gage 2) relative to the middle portion
points to the gradual reduction of the overall effectiveness of the
compression flange as the ultimate capacity was approached. Yet, a
large portion of the plate could reach the yield strain level as

indicated in Fig. 40.

Figure 41 shows the relationship between the strains in the
compression flange at several locations and the load. The strains
at the web-flange junctions at the mid-length of the panel (Gages
2 and 10) grow much faster than the strains at other points and are
almost identical to each other. A comparison of the curves for edge
gages (Gages 2 and 10) with the mid-width gage (Gage 9) further
confirms the observations made in connection with Fig. 40 about the
increasing nonuniformity of strains across the flange width. Yet
Gage 14 seems to violate this conclusion when compared with Gage 11.
The unexpectedly lower‘readings of Gage 14 may be due to some local
disturbances. A comparison of the strains of Gages 2, 9 and 10 with
the strains from the ordinary beam theory shows how erroneous the

results from the beam theory may be.

In Figure 42 are shown the longitudinal distribution of the
stresses in the plate at mid-width of the compression flange (Fig.

42¢c and the distribution of the bending strains in Web 1 (Fig. 42d).
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The stresses along the flange (Fig. 42c) are relatively constant
from one end to the other for loads smaller than 0.67 Wu. For higher
loads, the strains decrease towards the ends of the panel because
of the effect of the upward bending of the flange and the partial
restraint at the ends by the transverse stiffeners and adjoining
segments and their reinforcements. The restraining effect at the

ends of the longitudinals can be also observed in Figs. 37 and 38,

In Figure 424, £for the loads not exceeding 0.83 Wu, the
neutral axis remains at its initial position (mid-depth). Then,
as the ultimate load is approached, the neutral axis gradually
shifts downward indicating a loss of capacity of the compression
flange. Furthermore, the strain distribution remains more or less
linear up to the ultimate load, except for the top subpanel which

buckled quite early.

5.3 Test 2 (M,V,T)

5.3.1 General Behavior of Specimen

The overall behavior of the segment is described by the load-
deflection curve shown in Fig. 43, The deflection parameter is the
vertical deflection of Web 1 at the load location as shown in the
insert. Five portions of the curve can be distinguished.

(1) Linear portion, up to 0.54 Wu.
(2) Nonlinear portion on approaching the ultimate load Wu. First
the slope of the curve changed gradually; then, from 0.94 Wu,

it suddenly became almost horizontal, indicating that the
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ultimate capacity of the segment was being reached.

(3) Hysterésis loop. At 0.98 Wu, the effective eccentricity of the
load had increased due to the large angle of rotation of the
section and the distortion of the left end frame as shown in
Fig. 45. Furthermore, while gage readings were taken at 0.98
Wu, the load gradually dropped, first to 0.97 Wu’ then to 0.87

Wu (reduction of 10%).” At this point, the specimen was unloaded

in several steps to zero, the load eccentricity adjusted by
slightly shifting the loading point on the spreader beam, and
the specimen reloaded until the ultimate capacity was reached
at 168 kN (37 kips).

(4) Post-ultimate drop-down portion. After reaching the ultimate

load level, the load dropped and stabilized at 0.87 Wu.
(5) TUnloading portion. The girder was unloaded to zero in several

steps of 22,7 kN (5 kips).

5.3.2 Diagonal Deformations of the Webs |
|

Because of the load eccentricity, one web (Web 1) was subjected
to a higher shear than the other (Web 2), and, therefore, diagonal
deformations are plotted in Fig. 44 for both webs against the test

load W,

The response for the tension and compression diagonals for Web 2
and the tension diagonal for Web 1 are essentially linear up to 0.95
Wu. A sudden change in the slope occurs at this load before the

ultimate load is reached. Deformation of the compression diagonal
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of Web 1 was much more pronounced. Although the curve was essentially
linear up to 0.54 Wu’ the slope is much flatter than for other
diagonals. The slope reduces further until 0.8 Wu and after 0.95 Wu
becomes almost horizontal until the curve reaches the ultimate load

W .
u

The load at which the response of the compression diagonal of
Web 1 becomes nonlinear corresponds exactly to the beginning of the
nonlinear portion of the load-deflection curve of Fig. 43. After
this load, flaking of the whitewash was observed along the tension
diagonal of the upper subpanel of Web 1 as shown in Fig. 46. (Note
that the large deflections of the compression flange shown in Fig. 46

developed much later at the ultimate load,)

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 buckling and
the shortening of the compression flange on this side. For Web 2,
deformations of the tension and compression diagonal are approximately

the same indicating a linear shearing deformation without buckling.

5.3.3 Deformations of Compression Flange and Webs

Maximum values of deformations of the web-flange junctions, the
plate and the longitudinals with respect to initial imperfections are

given in Table 4 for different load levels.

\n
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Out-of-plane deformations of the compression flange increased
rapidly eveﬁ at low loads. At 0.54 Wu, the maximum deflection of the
plate already reached 0.99 mm (0.0389 in.). Deformations varied
significantly across the width of the flange; they were larger at
Web 1 than at Web 2 as can be seen in Fig. 46 at the ultimate load.
Another illustration is given in Figs. 47 and 48 for the flange
sides of Webs 1 and 2, respéctively. For loads not exceeding about
0.81 Wu’ the maximum out-of-plane deformations of the longitudinals
were smaller by approximately 307 than for the plate in between. At
the ultimate load, the maximum deflections of the plate and longi-
tudinals became equal to each other, measuring 12.8 mm (0.0504 in.).
For comparison, the longitudinal closest to Web 2, deflected less
than 1 mm (0.039 in.). It is important that all deformations of

the flange were downward (inward).

The results obfained for the diagonal deformations of the webs
(Article'5.3.2) correlate with the out-of-plane deformations. Web 1
(the loaded web) exhibited larger deformations than Web 2, The
deformation patterns at the ultimate load are shown for both webs in
Figs. 47 and 48, and they very clearly point out the difference in
behavior. Large deformations of Web 1 in Fig. 47, mainly in the top
two subpanels are contrasted with the practically nonexistent
deformations of Web 2 (Fig. 48) where they were smaller than 0.71
mm (0,028 in.). Fpr loads not exceeding 0.81 Wu’ the maximum
deformations of the subpanel plate of Web 1l were twice as large as
the deformations of the longitudinal stiffeners. However, at the

ultimate load, similarly to what was observed in the compression
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flange, the stiffener and plate deformations became of the same

order of magnitude.

5.3.4 Strain Distribution

Figures . 49a  and 49b show the strain distribution in the half-
widths of the tension and compression flanges next to the loaded web
(Web 1). The dotted lines in Fig. 49b indicate the strain dis-
tributions estimated from the averages of the readings of Gages 6
and 10 in the adjoining subpanels. The thinner lines in Fig. 50(b)
give the strain distribution computed by assuming the cross section
to be closed up to 0.41 Wu (theoretical buckling of two subpanels of
Web 1) and then to become an "open channel" section with Web 1

"removed" and including warping stresses for loads over 0.41 Wu'

In contrast to the strain distribution in Test 1 (Fig. 40
was relatively uniform except for small increases at the longitudinals
and a large increase at the edge, the strain distribution in Test 2
(Fig. 49B) was basically 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 thin 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. This behavior needs further investigation.

Figure 50 shows the load-strain relationships for strain gages
1, 5, 12 and 14, located on the compression flange as given in the

insert sketch. The strain at the gages along the mid-width of the
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segment (Gages 1,12,14) is linear up to about 0.81 Wu. Then; the
slbpe for the gages at the ends of the segment (Gages 1 and 14)
progressively reduces as the load is increased toward the ultimate
load, while the strain at mid-segment remainé linear. This behavior
is a direct consequence of the downward (inward) buckling of the
longitudinals clearly seen in Figs. 46 and 47. The strain at Web 1
(web-fiange junction, Gage‘Sj is linear up to 0.68 Wu and then
suddenly increases., At the ultimate load, the strain was so large
that no reliable reading could be taken. Figures 46 and 47 show
the extensive deformations and yielding of the web-flangé corner
which led to such high strains. 1In contrast, the other corner

(at Web 2) hardly deformed as can be seen in Fig. 48.

Figure 51 shows the strain distributioﬁ across Web 1 at mid-
length of the segment. The strain distribution patterns for the
individual loads are very irregular and can hardly be con;idered to
support the '"plane section remaining plane' hypothesis. However,
except for the last two load increments, the neutral axis remained
at essentially the same location, although 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 in Test 1 from the start; The downward shift of the neutral

axis for the loads over 0,68 Wu was mainly caused by the progressive

failure of the compression flange and of the top web subpanel.

The unexpected bulge in the strain diagram for the bottom
web subpanel apparently was caused by the straightening of the ini-

tial inward imperfection of‘the web at this location.
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6. COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

6.1 Analysis of Test Segments

The girder segments of Test 1 (M,V) and Test 2 (M,V,T) were

analyzed by the method presented in Chapter 2.

Since the two segments had the same dimensions, the response
of the compression flange té axial force was the same for both seg-
ments. The shearing stresses due to torque in Test 2 were assumed to
have no effect on the axial behavior or ultimate strength. Figure
52 gives the resultant relationship between the axial force non-
dimensionalized with respect to the yield force vs. the total axial
deformation nondimensionalized with respect to the yield strain.
Also shown are the construction curves for non-zero lateral loading.
This figure is amalogous to Fig. 17 except that this time actual

dimensions and yield stress of the specimen were used,

The internal forces, moment M, shear V and torque T, as well
as the shear in each web, are listed in Table 5 for both tests in
terms of the applied load W. The shear in Web 1 is the same for

both tests, but in Web 2, it is much smaller for Test 2 than for Test

1. The moment for Test 2 is about 97 larger than for Test 1.

The relationship of Fig. 52 was used to analyze the two test
segments, each under its own combination of internal forces (Table 5).
The resultant test load vs. web-flange junction strain curves are
shown in Fig. 53. TFor Test 1, the strain is the same at both flange
edges and, for Test 2, the strain in the higher-stressed edge at Web

1 was used. 57




Both curves are linear up to the first kink which corresponds to

the buckliﬁg 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 computed ultimate test loads, Wu, were 314 kN

(69 kips) and 287.5 kN (63 kips) for Tests 1 and 2, respectively.

The post-ultimate range exhibits a rapid reduction in stremgth. It
is noteworthy that the ultimate strength developed at approximately
0.89 ey on the abscissa, that is, before the junction had an

average strain equal to the yield strain.

6.2 Test 1 (M,V)

The theoretical and experimental results are compared here with
respect to the mode of failure, the ultimate load and the strain at
the web-flange junction which was used to establish compatibility of

axial deformations between the webs and flanges.

The test confirmed the analytical prediction that the strength
of the box section in Test 1 was limited by the capacity of the com-
pression flange. The upward motion of the compression flange

(concave on the plate side) also agreed with the analysis.

The experimental ultimate load of 273.8 kN (60 kips) was lower
than the theoretical load of 314.8 kN (69 kips) by 13%. It seems
that the large initial imperfections and residual stresses in the
plate, which were not taken into account in the analysis, had a much

greater detrimental effect than originally expected. In fact, the
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reduction would have been even greater if the compression flange
had not been rotationally restrained at the ends by the transverses

and adjoining segments.

Additional end restraint was provided by the temporary rein-
forcement of segment 2. Figures 37 and 38 indicate that the end
restraint was sufficient to‘develop plastic deformation at the
ends of the longitudinals, almost as if the ends were fixed rather

than simply supported as was assumed in the analysis.

The web-flange junction strains from the theory and experiment
can be compared only approximately since the overall shortening of
the compression flange could not be accurately measured and only the
plate surface strains at a few locations were available. Thus, only
the axial shortening component AP of the total shortening A (Eq. 45)

could be estimated, but not the curvature component Ac.

However, since the curvature of the longitudinals was not very
large on approaching the ultimate load and since the centroid of the
flange cross section was very close to the top surface of the plate,
strain gage readings at points 1, 9, 10, 11 and 14 (Fig. 41l) were
expected to give useful data. Figure 54 shows the plots of the
averages of the strains from gages 1, 9, 11 and from 10, 14 vs. the

test load W. For comparison, the theoretical curve is also included.

The curve for the average of gages 1, 9 and 1l not only agrees
quite well with the theoretical curve, but also lies to the correct

side of it by giving slightly lower values of strain since it does
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not include the curvature shortening. The curve for gages 10 and 14
gives significantly higher values of strain than the theoretical
curve mainly because the readings of gage 10 are so disproportionately

large (see also Fig. 41).

Figure 39 shows that all longitudinal stiffeners exhibited
almost the same maximum out-of-plane deflection. This means that the
stiffeners made approximately equal contributions to the ultimate
strength of the compression flange and, thus, strength of the com-
pression flange and, thus, behaved in agreement with the beam-column

approximation used in the analysis,

The approximately linear distribution of the strains in the web
shown in Fig. 42d confirms the acceptability of the Navier-
Bernoulli hypothesis about '"plane section remaining plane' for box

sections under symmetrical loads (T = 0).

6.3 Test 2 M,V,T)

The experimental ultimate load of 168.8 kN (37 kips) was below
the theoretical prediction of 287.5 kN (63 kips) by a substantial

41 percent.

Very soon after the start of the test it became obvious that
the segment did not behave in the manner predicted theoretically.
The consequent premature failure can be ascribed to the following

causes:
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(1) As shown in Fig. 46, the compression flange buckled down at
the ultimate load (convex on the plate side) instead of up as
was expected under the assumptions of theoretical analyses. The
apparent reason for this behavior is the eccentricity of the
compression applied to the longitudinals. The eccentricity was
produced by the reinforcements in the neighboring segments,
welded permanently in segment 1 and wedged temporarily in
segment 3, as well as by residual end moments. The reinforce-
ments of segment 3 not only caused an upward shift of the
centroid at the left end, but also introduced a negative
residual moment (causing compression in the stiffener) by the
process of wedging. At the right end next to segment 1, there
was a similar upward shift of the centroid and a moment which
remained from the plastification of the longitudinals in Test 1
(see Figs. 37 and 38). The net result was that the flange was
subjected to flexure forcing it to deflect down.

(2) Eccentricity of the load on the specimen increased in the course
of testing due to the large angle of rotation as indicated by

the slope of the spreader beam in Fig. 45 as well as due to the

distortion of the end frame and the corresponding lateral shift
of the top flange, also seen in Fig, 45. As indicated in Fig.
43 by the hysteresis loop, an adjustment was made to compensate
for the increase in eccentricity.

(3) End distortion shown in Fig. 45 indicates the possibility that
the shape of the cross section of the tested segment was not
maintained during the test, especially at the end (no measurements
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were made) and this mﬁy have affected the strength.

(4) The préviously conducted Test 1 introduced additional imper-
fections in the plate of segment 2 in spite of the temporary
reinforcements cee-clamped and wedged to prevent such imper-
fections from occurring.

(5) Although the warping normal stresses due to torsion were
expected to be very inéignificant in the closed section of
segment 2, Fig. 49 shows that this theoretically verifiable
assumption was not supported by the test observations. Instead
of being uniformly distributed across the width of the flanges
or at least being symmetrical about the mid-width, the normal
stresses vary linearly from one side to the other. This is
particularly clear in Fig. 49a for the tension flange.

A stress distribution of this type indicates the presence of warping

stresses in addition to the stresses caused by the bending moment.

Since the warping stresses in a closed section could not be of the

intensity measured, a gradual transformatioﬁ must have taken place

from a closed box section to an open channel section as Web 1 was
loosing its rigidity under a higher shear force than in Web 2 (see

Table 5). This transformation not only forced the section to carry

an increasing portion of the torque by warping torsion.@s. the pure

St. Venant torsio@ but also amplified the torque itself as the shear

center shifted away from the weaker web (Web 1) toward the more rigid

web (Web 2). The resultant increase of stresses in the Web 1 side of
the compression flange (Fig. 49b 1led to the collapse of the web-
flange junction corner and of the longitudinals closest to it much
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before the predicted ultimate load was reached. Figure 46 illustrates
this mechanism of failure. As shown in Fig. 48, the other side of the

flange was hardly disturbed.

The first four of the above possible causes for the reduction in-
the ultimate strength of segment 2 can be either corrected during test-
ing or taken into account in the analytical method by some minor modifi-
cations. However, the f;fth cause, the change of a closed cross
section into an open one and the resultant shift of the shear center,
will require considerable realignment of the formulation and a
modification of the computer program. For one, the compression flange

_can no longer be treated as a single beam-column.
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7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 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 loading condi-
tions were comsidered: (1) moment and shear, and (2) momeﬁt, shear
and torsion. Two tests were conducted on a huli girder specimen to

verify the analytical method.

The principal feature of the anmalytical method was the considera-
tion of continuous interaction between the.components of a hull girder
cross section through the compatibility of axial strains at the
junction lines between the components. This was needed for the follow-
ing reasons:

a) 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 range of reduced capacity when some
others just attain thelr maximum strength.

b) 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 lines and

requiring that "plane sections remain plane'.

64




The behavior and ultimate strength of individual componenté of thé
cross section was established by adapting and extending available
methods. The compression flange was analyied by using a substitute
beam-column which consisted of a stiffener and a plate and was subjecéed
to axial and lateral loads. Buckling and pos;—buckling resp;née
of the plate, plastification and large deformations were considered.

The webs were anélyzed by ‘using an ultimate strength theory préviously

developed for longitudinally stiffened plate girders and box girders.

The following assumptions were made in the method:

(1) Effect of warping torsion is negligibie for a box section.

(2) Transverse rings (formed by transverse sﬁiffeners) or diaphragms
are sufficiently rigid to prevent deformation of the box cro;s
section and to allow buckling and large deformations to occur
only between the transverse rings.

(3) Compression flangé panels (portion of the fiange between two
adjacent transverse stiffeners) are wide enough sobthat lateral
interaction between longitudinals (plate action in the transverse

direction) is negligible.

(4) Ultimate strength of a box girder segment (portion between

transverse rings) is limited by the capacity of the compression
flange or of the web by shear or the yielding bf the tension

flange.

The two tests conducted on separate segments of the hull girder

specimen led to the following observations:
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Test 1 (moment and shear)

1)

2)

3)

The expérimental ultimate load wags 13% below the theoretical load
and, as predicted, it was limited by the capacity of the compres-—
sion flange.

The theoretical and experimental strains at the junction between
the web and the compression flange were in agreement up to the
ultimate load. ’

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.

Test 2 (moment, shear and torque)

1

2)

3)

The experimental ultimate load was 417 below the predicted load.
The compression flange buckled downward (convex on the plate side)
rather than upward. This unforeseen mode of failure was apparent-
ly caused by the residual moments and eccentricities from the
reinforcements in the neighboring segments and by the initial

deformations resulting from Test 1.

Contrary to the analytical prediction, the stresses measured in
the tension and compression flanges were not distributed uniformly
or symmetrically. They varied linearly across the width as if
they were partially produced by warping torsion of an open channel
section rather than by pure torsion of a closed box section as

was assumed in the analysis. Apparently, the rigidity of the web
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subjected to a greater shear than the other web 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.

7.2 Conclusions and Recommendations for Improvement of the Method

7.2.1 Moment and Shear

Comparison of the theoretical and experimental results (Test 1)
for the case when only moment and shear are acting on the girder
segment leads to the following conclusions:

1) The analytical method is acceptably accurate although it is
somewhat optimistic. 'Partially, the discrepancy can be ascribed
to the assumption that the residual stresses were set equal to
zero since they were not measured in this program.

2) Many assumptions of the analytical method were confirmed:

- The behavior of the compression flange can be computed from the
beam-column analysis.

- "Plane section remained plane'" (Navier-Bernouilli hypothesis).

- Transverses were sufficiently strong to remain undeformed and
enforce the compression flange to fail in the 'panel mode".

3) The following refinements of the method are recommended to improve
its accuracy with respect to experimental results:

- Inclusion of the effect of residual stresses and initial
imperfections. Only minor modifications of the program are
needed for this.

67



- More careful consideration of the actual end conditions of the

compression flange.

7.2.2 Moment, Shear and Torque

The method was found to be inadequate when the girder segment was
subjected to the general loading of moment, shear and torque (Test 2).
Even if there were no disturbanceg at the end of the compression
flange (eccentricity and residual moments due to reinforcements of
the segments adjacent to the tested segment), there would have been
a significant reduction of the maximum strength due to the development
of warping stresses. (In the method, these stresses were assumed to
be negligible.) Results of Test 2 have shown that the torsional
stiffness and the ultimate strength of a box girder segment under
general loading are detrimentally affected when a component (Web 1

in this case) of the segment experiences nonlinear post~buckling

behavior leading to the yielding along the tension diagonal.

7.2.3 Recommendations for Extension of Present Research

In order to meet the original objective of developing a reliable
method for hull girders under momernt, sheéar and torque the following
improvements are recommended:

1) Tests on hull girder segments under combinations of moment, shear
and torque (M,V,T), specifically that Test 3 planned for the
present test specimen be conducted under M,V,T rather than under

moment M alone.
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2)

3)
4)

5)

Inclusion of the effect of shearing stresses on the strength of
flanges, esﬁecially of the compression flange.

Refinement of the strength formulation for the webs.

Inclusion of the effect of warping torsion by the consideration
of nonuniform but linearly varying normal stresses across the
width of the flanges.

Consideration of the cﬁénge of the shape of the cross section
when transverse rings (diaphragms, transverse bulkheads) are

not sufficiently rigid.

7.3 Recommendations for Future Work on Ship Hull Strength

The following recommendations on the extension of research

beyond the objectives of the present research are made:

)

2)

3)

4)

Consideration of weak transverse stiffeners and lateral loading
so that the flange may fail in the "grillage mode'.

Behavior and ultimate strength of hull girders with non-rectangu-
lar cross section.

Behavior and ultimate strength of double-bottom and partially
open hull girders.

Development of a design procedure for hull girders based on the
ultimate strength concepts. This will be in the form of tables,

charts and simple formulas rather than complex computer programs.
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Fccri

8. NOMENCLATURE

area of cross section
enclosed area of cross section (= bd)
length of test segment

width of test segment

spacing between 19ngitudinal stiffeners on the compression

flange

spacing between longitudinal stiffeners on the tension
flange

proportionality factor between the cross-sectional shear
and the applied load W (load parameter)

bending moment-shear ratio

torque~shear ratio

depth of test segment

variable spacing of longitudinals in webs

distance from plate to the point of application of axial
load P

stiffener depth

Young's modulus of elasticity

tangent modulus

eccentricity of the load

critical bending buckling stress in the case of bending
acting alone for the i-th web supbanel

critical compressive buckling stress in the case of pure

axial compression acting alone for the i-th web subpanel
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Fvcri

=

=

& <

critical shear buckling stress in the case of shear stress
acting alone for the i-th web subpanel

ultimate stress

yield stress

static yield stress at zero strain rate

dynamic yield stress at the strain rate of 52 pym/m/sec
dynamic yield stress at the strain rate of 1045 pm/m/sec
shear modulus

horizontal stress resultant

H/(coA)

moment of inertia

buckling coéfficient or constant (Eq. 15)

length of specimen and any length of the beam-column

2 send _

length of the beam-column with given cross section and end
conditions for which specified P and q are ultimate loads
(Pu and qu)

bending moment

M/(c A d))

bending moment on Webs'

mid-span moment computed from other assumed variables for
the integration process of the beam-column

axial force, resulting from the stress distribution in the
box section

given axia; force

axial force in the beam—column
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P P/(c A)
P’ axial force acting in the compression flange
Pu ultimate axial force for the beam—column of length LmaX
q lateral loading acting per unit length of beam—column
= !
(@ =q'd)
qr
9 UoA
q' distributed lateral loading
q, shear flow = T/(ZAO)
q, ultimate lateral loading for the beam—column of length
L
max
r radius of gyration = /I/A
Sand half-length of the beam~column for simply supported or
fixed end conditions
T torque
t plate thickness of flanges
t, thickness of web plate
\ shear force
v V/(o )
Vbi Tyerdi di tW ~ buckling strength of the i-th subpanel
VFT shear force in flanges due to torque
thi Tefd di tW ~ tension field strength of the i-th subpanel
Vw shear force in web
VWT shear force in webs due to torque
un ultimate shear capacity of web
W load parameter equivalent to a concentrated transverse

load acting on a simply supported beam
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W ultimate load

u

b3 horizoﬂtal coordinate axis

X s/t

vy vertical coordinate axis or vertical deflection

y ylx

4 distance from any point of the section to the geometric
centroid of the cross section

o aspect ratio (= a/d)

%nin aspect ratio of the widest web subpanel (= a/dimax)

A total axial shortening of the beam~column or compression
flange

Ac axial shortening due to curvature

AP axial shortening due to axial strain (effect of P)

Apu axial shortening which exists under the ultimate load Pu

Ag segment length

Ag As/r

Ax change in x in segment length As

&x Ax/r

Ay change in y in segment length As

Ay Ay/x

e axial strain

€or plate buckling strain

€f] strain in stiffener flange of the beam—column

CIN buckling or yield strain, €or OF ey depending on whether

buckling occurs or not in the plate of the compression
flange
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eri
ui
avg

beri

o
cT

ceri

Tpq

Tefi

veri

8l &

S |

edge sttain in the plate

yield strain

slope

Poisson's ratio

shearing deformation

critical shearing deformation at point of buckling pf the
i-th subpanel (Ycri =’rcri/G)

ultimate shearing deformation of the i-th sﬁbpanel
average stress for the plate of thelcompression flange
pure bending stress which causes buckling of the i-th web
subpanel when acting simultaneously with cccri and Tvcri
plate buckling stress of the compression flange

pﬁre compression stress which causes buckling of the i;th
web subpanel when acting simultaﬁeouély with cbcriand L—
buckling or yield stress, O.p OT Fy’ depending on whether
buckling occurs or not in the plate of the compression
flange

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

shearing stress

equivalent shearing stress in the i-th web subpanel
(tension field action)

shearing stress which causes buckling of the i-th web

subpanel when acting simultaneously with Cheri and ©
€_.=€
pl fl)
d

ceri

curvature <= de/ds =

© dS/eo

assumed mid-span curvature
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Aspect Buckling

08

R . Relative Plate For
Pure Stress Ratio | Coefficient Slenderness A Buckling Stress
af=a/di K
0. = 0.
Shear <0.58 Fvcr 0.58 Fy

o L L L

1 | 1 s d, [F
_ d. k =5+ A = 0.8 — >0.58 =[ _ _ 1.18]

} | 19: v Z | e NE I |21 | Foer =L 0-58-0-35701 -0.58) F,

_— 7 —77 7

_‘___@__,_l >1.41 F = 0.58 F /)

v y' v

Bending 2

NIV

= - 2.
Fbcr [0.072()\b 5.62) O.78:|Fy

v

- 2
Foer = E/xb]Fy

Axial

- O

ccr

NIV

F =[_0.072(K -5.62)2-0.78JF
c y

+13(2/3-a)?
Cc
d ./t /F
)\ = 1 w z
c 0.95VE kc

2
<1 = (a + l)
o

2 - 6
>3 kb = 24 s
d./t /F .
A = —L \ v
b 0.95VE k
2 = 24 + b
< 1.5

v

1.5 F = [1/)\2 ]F
CCr C. y




TABLE 2 Material Properties of Plate
in Test Segments

Direction Longitudinal Transverse | Longitudinal
' Coupons
Coupons LP3 LP4 TP1 Average
Thickness (mm) 1.853 1.855 1.866 1.854
Fys (MPa) 236.83 236.66 245,12 236.75
%
Fyd52 (MPa) 256.25 258.48 274.63 257.37
ok
Fyd1042(MPa) 277 .88 281.35 292.46 279.61
Fu (MPa) 349.89 348.07 353.13 348.98
Fyas2
—%’——— 1.082 1.092 1.120 1.087
ys
Frd1o42
J—F—— 1.173 1.189 1.193 1.181
ys

52 ym/m/sec
1042 pm/m/sec (ASTM)

*Strain rate
**Strain rate

o
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TABLE 2A Material Properties of Plate
in Test Segments

Direction Longitudinal Transverse | Longitudinal
Coupons
Coupons LP3 LP4 TPl Average
Thickness (in.) 0.07297 0.07304 0.07348 0.07301
Fys (ksi) 34.348 34,324 35.557 34.336
Fyd52 (ksi)* 37.165 37.488 39.830 37.327
Fydlo42(ksi)** 40,301 40.805 42.416 40.553
FL1 (ksi) 50.746 50.482 51.216 50.614
Fyds2
—=== 1.082 1.092 1.120 1.087
ys
Fyd1o42
== 1.173 1.189 1.193 1.181
ys

52 y in./in./sec
1042 | in./in./sec (ASTM)

*Strain rate
*%Strain rate
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Table 3. . Out-of-Plane Deformations of the Compression

Flange and Webs for Test 1

Maximum Out-of-Plane Deformations of the Compression Flange

Load [kN] F??b}gﬁfz: Plate Stiffener
0 0.0 0.0 0.0
133.4 +0.21 -0.71 -0.44
177.9 +0.25 -1.00 -1.10
222.4 +0.27 -1.30 -1.44

(+) inward deflection (mm)
(=) outward deflection (mm)

Maximum OQut-of-Plane Deformations of Webs

Web~Comp F1 Junct Plate Stiffener
Load [kN]
Web 1 Web 2 Web 1 Web 2 Web 1 Web 2
0 0.0 0.0 0.0 0.0 0.0 0.0

133.4 +0.19 +0.08 +0.19 +0.64 +0.50 +0.09
177.9 +0.32 +0.37 +0.38 +0.86 +0.58 -0.02
222.4 +0.40 +0.62 +0.61 +1.18 +0.76 -0.10
266.9 +1. 64 +3.70 +7.80 +5.85 +11.0 -5.60
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Table 3A. Out-of-Plane Deformations of the Compression

Flange and Webs for Test 1

Maximum Qut-of-Plane Deformations of the Compression Flange

. Wéb-Comp.
Load [kips] "Fl. Junct. Plate Stiffener
0 0.0 0.0 0.0
30 +0.0083 -0.0279 -0.0173
40 +0.0099 -0.0394 -0.0433
50 +0.0105 ~0.0512 -0.0567

(+) inward deflection (in.)
(=) outward deflection (in.)

Maximum Out-of-Plane Deformations of Webs

Web-Comp F1 Junct Plate Stiffener
Load [kips]

Web 1 Web 2 Web 1 Web 2 Web 1 Web 2

o 0.0 0.0 0.0 0.0 0.0 0.0
30 +0.0075 | +0.0032 | +0.0075 | +0.0252 |+0.0197 | +0.0035
40 +0.0126 | +0.0146 | +0.0149 | 4+0.0339 |+0.0228 -0.0008
50 +0.0157 | +0.0244 | +0.0240 | +0.0465 |+0.0299 -0.0039
60 +0.0646 | +0,1457 +0.3071 +0.2303 |+0.4331 -0,2205
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Table 4. Out-of-Plane Deformations of the Compression

Flange and Webs in Test 2

Maximum Qut-of-Plane Deformations of the Compression Flange

Load [kN] Fvlqeb}ﬁﬁti Plate Stiffener
0.0 0.0 0.0 0.0
88.9 -0.46 +0.99 +0.76

133.4 -0.51 +2.11 +1.62

162.4 -0.92 +12.79 +12.71

(+) inward deflection (mm)
(-) outward deflection (mm)

Maximum Qut-of-Plane Deformations of Webs

Web=-Comp Fl Junct Plate Stiffener
Load [kN])
Web 1 Web 2 Web 1 Web 2 Web 1 Web 2
0.0 0.0 0.0 0.0 0.0 0.0 0.0
88.9 +0.52 +0.03 +1.07 -0.21 +0.61 -0.02
133.4 +0.59 +0.03 +2.27 -0.53 +0.80 -0.42
162.4 +2.41 +0.15 +7.53 -0.71 +6.43 -0.42
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Table 4A.

Flange and Webs in Test 2

Out-of-Plane Deformations of the Compression

Maximum Qut-of-Plane Deformations of the Compression Flange

Web-Comp.
Load [kips] Fl. Junct. Plate Stiffener
0.0 0.0 0.0 0.0
20.0 -0.0182 +0.0389 +0.0298
30.0 -0.0202 +0.0834 +0.0636
36.5 -0.,0362 +0.5036 +0.5005

(+) inﬁard deflection (in.)
(-) outward deflection (in.)

Maximum Qut-of-Plane Deformations of Webs

'Web-Comp F1 Junct Plate Stiffener
Load [kips)
Web 1 Web 2 Web 1 Web 2 Web 1 Web 2
0.0 0.0 0.0 0.0 0.0 0.0 0.0
20.0 +0.0203 | +0.0010| +0.0423 | -0,0083| +0.0241} -0.0008
30.0 +0.0234| +0.0010} 4+0.0894 | -0.,0210| +0.0316| -0.0164
36.5 +0,0949 | +0.0059| +0.2966 | -0.,0280 | +0.2532| -0.0166
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Table 5. Forces Acting in Test Segment for Tests 1 and 2

W
<p]A
Test 2 T
N ¥ Testld
Nt T/
1
| g 508
BB '
| I
P T
1600 229229 914
]
1829 1143
a
Wl Wl |
Web 1 —] 1 ™— Web 2 Web 1 —7 I S— Web 2
b
A-A (Test 1: M,V) A-A (Test 2: M,V,T)
Forces Test 1 Test 2
Moment M 562 W 616 W
Total Shear V 0,615 W 0,385 W
Torque T 0.0 194 W
Shear in Web 1 0,3075 W 0.,3092 W
Shear in Web 2 0.3075 W 0.0758 W
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Fig. 9 Distribution of Strains and Stresses in Cross Section
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Fig. 10 Moment-Curvature Relationship
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Fig. 39 Uniformity of Deflection of Compression Flange
Stiffeners at Ultimate Load (Test 1)
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