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ABSTRACT

This is Part II of a two-part report on a year of dinvestigation
into the compressive strength of ship hull girders. This part covers
stiffened mild steel plates with a/b = 3 and b/t = 50. Seven tests were
conducted on panels and grillages loaded in axial compression in various
combinations with transverse membrane compression and normal pressure.
In addition, a three-bay girder was tested in pure bending.

One of the prime goals of the project was to determine the
strength of plates in grillages and girders as compared to the square
tube behavior described 1in Part I. From an engineering viewpoint there
was little difference between the square tube strengths and the strengths
of plates in the stiffener-plate configurations. The results revealed an
increase in plate strength of 4-1/2 percent compared to the tube test data
for uniaxial compression Toading without normal pressure, and a reduction
of 1 percent when tested in uniaxial compression plus normal pressure,.
The girder strength was 3.7 percent above the tube strength. The effect
of biaxiality may have reduced the longitudinal strengths of the grillages
compared to the tube data. However, the reduction could have been a few
percent at most. A single panel in uniaxial compression was 7.1 percent
stronger than the corresponding tube.

A1l the studies in this phase were performed on electron-beam-
welded plate assemblies of which a 0.030 inch thick mild steel plate was
the basic element. The plates between stiffeners were 1.50 1inches wide
(b/t = 50) and 4.50 inches long (a/b = 3). These nominal dimensions are
the same as the plates which comprised the faces of the tubes for b/t =
50 which were tested during the Part I investigation. The stiffeners
were designed to insure achievement of maximum plate strength. train
data were recorded to check stress distributions for general uniformity.
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NOMENCLATURE

Symbols

a length of plate, in.

b width of plate, in.

K Young' s modulus, msi (1 msi = 106 psi)

PX force applied longitudinally, 1b.

Py force applied transversely, 1b.

g multiplier converting U-C"Y to o

I moment of inertia of cross section in,

kY transverse buckling coefficient

£ multiplier for converting plate thickness (t) to
effective width of weld tension stress region on
one side of weld centerline, in,

N_ plate longitudinal loading, to_, 1b/in.

NY plate transverse loading, t(ry, 1b/in,

P pressure acting normal to plate, psi

t thickness of plate, in,

x longitudinal coordinate of plate or grillage, in.

v transverse coordinate of plate or grillage, in.

Z section modulus, I/Z, in.

z coordinate perpendicular to plate, in.

€ axial strain, p (10_6 units)

v Poisson! s ratio

T stress



Subsc ripts

m machine-induced

P pPressure

r residual, or related to residual stress
t transverse (residual)

u ulti}rna.te

X, V, Z coordinate directions

cy compressive yield

xu ultimate in the x direction

yu ult\"imate in the y direction

Superscript

- from centroid

vi



INTRODUCTION

Purpose of Project

The construction of a ship consists of numerous plates joined
to comprise a structural unit capable of resisting the various forces
imposed by the sea. Modern fabrication practices employ welding
which induces residual stresses in the plates before they are sub-
jected to the action of the sea. Therefore, the body of data relevant
to plate strength in the presence of residual stresses should provide
basic information for predicting the strength of a ship to resist
structural instability. On the other hand, there may be complex
structural interactions in a ship which might tend to influence the
direct application of plate strength data from tube tests when used
in conjunction with relatively simple methods of beam stress anal-
ysis such as ¢ = Mz/I.

This second phase of the hull strength project for this year
provided data on the strength of plate elements in a shiplike structure

comprised of those elements,

Strain Measurements

The purpose of this investigation was to determine the strengths
of various stiffened plate configurations under several combinations of
loading. As an ajd to insuring that the externally applied loads
were being distributed properly to the interiors of the specimens,
strain gages were applied in several locations on the grillages and
girder, It was not the main purpose of the acquired strain data to
function as an experimental mechanics approach to the determination
of stresses within the specimens. However, the strain patterns did
reveal interesting details of the structural behavior as a function of
the load combination and load level.

STIFFENED PLATE STRUCTURAL BEHAVIOR

General Note

The effort of Ref. 1 was on the determination of the strengths
of unstiffened plates. The presence of longitudinal and transverse
framing would tend to modify the structural behavior of a stiffened
plate system compared to an unstiffened plate. These would relate
to the effects of welding as well as to the stresses induced in the



multiple plate array and to the character of buckling and failure
which might be observed.

A frequently mentioned source of difference between ship behav-
ior and single plate action is the continuity of the plates of the ship
across the webs of girders, frames and bulkheads. Also, longitudinal
stiffeners usually retain bending continuity across frames and bulk-
heads. An additional feature might be the possible effect upon strength
of an alteration in stress distribution from the unbuckled state to the
buckled state. The model tests of this project were designed to pro-
vide information which would aid in determining the significance of
these factors if the tube test data were to be used directly for design
with no correction for these factors.

The square tube tests permit accurate control over the load in a
plate before and after buckling, and the trepanning procedures identify
the magnitude of the residual stress in the plate. Because of the factors
mentjoned above concern exists that the same control may not be
possible on the individual plates which comprise a grillage, either as
a separate entity or as one bay of a ship hull girder. For this reason
the experimental program for stiffened plates was designed to provide
edge support for the grillages which approximated simple support with
no continuity to the side walls while the ship structural behavior was
reserved for the girder test. In this manner it was hoped to observe
the change from plate to grillage and then the change from grillage to
ship hull girder.

The preceding comments were directed principally to uniaxial
longitudinal compressive strength. Some of the grillages were tested
in combined loading to assess the influence of transverse membrane
compression and of normal pressure. The tube tests indicated pos-
sibly large reductions in longitudinal compressive strength when
‘transverse loads were high for plates with b/t = 50. In this case the
influence of normal pressure was not important. The grillage tests
involved transverse stresses which were considerably smaller than
‘attained in the tube tests because of the limitations of the grillage loading
equipment, Nevertheless, it was hoped to gain an initial evaluation
of biaxiality on grillage strength.

W elding Resgiduals

It was demonstrated in Ref. 1 that the weld-induced longitudinal
compression in the center of a long plate may be found from the
relation

"r/%y= 2(b/21t - 1) (1)

This relation was used to obtain the theoretical welding residual of
8.2 ksi for b/t = 50 which agreed well with the experimental value
of 8.5 ksi. It presumably would apply to each plate of a grillage,



3

However, because of the presence of the transverse frames and
bulkheads it also follows that transverse welding residuals are to

be expected. To compute those stresses, it is necessary to replace
the plate width by the plate length in Eq. (1), If the same values of

g and { are retained as for the tube tests (1.25 and 3.5, respectively)
then the transverse compression in the midregions of the plates in
the grillages would be expected to be of the order of 2.4 ksi.

According to the data displayed in Ref. 1 this would not be
expected to induce a significant reduction in the longitudinal strength,
although it could reduce the transverse strength. This transverse
stress was included in reducing the data from the grillage and girder
tests.

Structural Coupling

When loads are applied to a structural system involving a plate
stiffened on one side only, membrane loads induce curvature and
bending moments induce membrane strains. This action is termed
coupling. Application of uniform uniaxial compression to the plates
and stiffeners of a grillage would induce a lateral widening equal to
the Poisson ratio effect if there were no lateral restraints., At
transverse frames and bulkheads, however, the free lateral expansion
would be restrained. Several effects would follow. The stiffener
flanges and webs midway between the transverses would tend to move
laterally which would result in a rolling tendency relative to the
laterally restrained ends at the transverses. In addition, the re-
straints imposed by the transverses would be manifested in the plates
as shear stresses which would peak at the four corners of the panel,

The tendency of the plate to expand laterally would induce forces
on the transverses at the plate-transverse intersection which would
tend to stretch the transverses slightly and also induce a bending
action. This would generate compression in the top along the flange
as well as bending of the longitudinals in which the flanges would be
loaded in compression.

The action of water pressure on the ship bottom would induce
longitudinal bending in the plate and stiffeners that would peak in
compression at midspan of each panel and in compression in the
flanges over the transverses. The bending of the transverse frames
would induce transverse compression in the plate. These would
induce a stress field in the bottom plates which would be biaxial in
nature and would vary throughout the bottom.

The transverse forces in the plane of the bottom plates would
induce a direct biaxial compression stress field in the plates. The
transverse frames and bulkheads would participate in supporting this
transverse force component. Furthermore, the transverse force
would vary in a more-or-less linear fashion over the depths of the
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transverses and in a more complex manner near the bulkheads because
of the varying pressure head on the sidewalls, If the ship should be in
a rolled attitude, the forces would not be balanced externally but would
have to be transmitted internally through the transverse framing,
which would lead to significant shear stresses in the plates probably
peaking near the outer corners of each panel,

Some of these phenomena were observed in the strain gage
data on the grillage and girder tests. However, they all appeared to
have no detectable effect on the observed strengths. The significance
of this negative result might warrant study in a subsequent investiga-
tion. It was not explored herein,

STIFFENED PLATE SPECIMEN DETAILS

The eight specimens tested in this second phase were as
given in Table 1.

Table 1 - Stiffened Plate Test Specimens (A11 Dimensions are Nominal)
A1l a = 4.5 in., all b = 1.5 in,, all t = 0.030 in.

Test Specimen Description Loading
1 One panel long, three stiffeners wide Nx
2 Three panels long, two stiffeners wide 'NX
3 Two panels long, two stiffeners wide N,
(No, 2, shortened and annealed before
retest)
4 Grillage six stiffeners wide N,
5 Grillage eight stiffeners wide N, p
6 Grillage eight stiffeners wide Nx’ NY
7 Grillage eight stiffeners wide N,N,p
x y
8 Girder consisting of three grillages each Bending
eight stiffeners wide

Compressive yield strength, Ucy = 39.2 ksi (The material is
Young' s modulus, E = 29,2 msi the same as in

Poisson! s Ratio, v = 0.28 Ref, 1)




Typical sections and corresponding section properties appear in
Fig. 1. The stiffener design details were developed by rational analysis
using Vasta's charts (Ref. 2) as a guide. The geometry for each of the
seven grillages of this investigation is shown in Fig. 2. Three of the
grillages were integrated into the three-bay girder. The other four were
tested under various load conditions, An impression of an assembled
grillage may be gained from the top views of the 3-grillage array which
was tested in the girder investigation (Fig. 3).

Each grillage was built up from three panels of plate length, a,
longitudinally stiffened at intervals equal to the width of one plate, b.
The panels are delineated by the transverse frames and the end bulk-
heads. The entire assembly was electron-beam-welded from individual
strips for the plates, for the longitudinal stiffener and transverse
frame webs, and for the flanges of the longitudinals and transverses,

The electron beam welding process parameters were the same
as for the tube tests. The welds were made at 26 kilovolts and 10 mil-
liamperes with the work held 5 inches from the gun at a feed speed of
100 inches/minute. The beam was approximately 0.010 inches wide
at the work surface,

LOADING FIXTURES

All the test specimens were loaded in the 25,000 pound testing
machine, described in Part 1, Longitudinal compression was applied
directly by the crossheads of the machine through load spreaders
typical of those used to achieve uniformity. Fig. 4 is a sketch of the
spreader system used for longitudinal load application (Ny) as well as
the device used to achieve load uniformity for Ny from the 4,000 pound
machine, which also was employed in the biaxial studies of Ref, 1,

The shims were employed in the last adjustments before testing
of the grillages. This process involved location of the shims, applica-
tion of a load of the order of 4000 pounds and reading of the strain gages,
and final reshimming as required,

A small-scale reproduction of the structural arrangement draw-
ing for the girder experiment appears in Fig. 5. The machine load, F,
was halved to each end of the girder. The reactions were 24.0 in,
inside the loading tabs so that the bending moment in the center region
was (12.0)F in,-lbs, (Fig. 5). The internal details of the girder
construction were desighed to induce as uniform a stress distribution
as possible within a practical length before introduction to the outer-
most edges of the 3-grillage test region. Photographs of the test
arrangement are in Fig. 6,



}-—o.soo——-|
ALL THICKNESSES = 0.030 in.
1 AREA = 0,08] [M.2
T Iga - 000702 N4
0.700 | |eEnTROID—
| Z =0.241
1.500 T
&
OF PLATE OF PLATE

SECTION OF TYPICAL COLUMN GF GRILLAGE

2X1/2
il
AR
Ia = 13,28 [N 4
CENTROID Z=4.83 IN3
TO GRILLA
sk - LLAGE CENTROID

— /4

=275 IN.
7T

GRILLAGE
0.24

EFFECTIVE Y-Z PLANE STRUCTURAL SECTION OF GIRDER

ALL DIMENSIONS 1N INCHES

Fig. 1 - Properties of Grillage and
Girders

FLAT CLOSURE
W/PRESSURE TAFS,
TESTS 3 & 7 OMLY

ASSUMED 2 IM, DEEP
REACTION BAND
FOR PRESSURE

LONGITUDIMNAL
-~ 'T' STIFFEMERS
TYP.

FINGERS
TYF. FULL

TRANSVERSE T'
STIFFEMER

312

MO EDGE BUPPORTS O

SPECIMENS 1, 2 AND 3, F'Ig. 3 - TOp Views of 3—Gr'i-l.|age

| -
L://////n Array for Girder Test
TRAMSVERSE 'T* CONFIGURATION

=
|-0.5-
! T -
¥ 1.0
10 _*_
FLATE 1lp
TESTS 4 & & PLATE
TESTS 5 & 7

ALL DIMEMNSIONS [M INCHES

Fig. 2 - Typical Grillages, and
Support Structures for
Individual Grillage Tests



P

*

l

UPPER TESTING MACHINE HEAD 1/8 IN. STEEL PINS HARDENED
(SAME FOR LOWER HEAD)
STEEL HOLDER FOR

VISCOELASTIC LOADING STRIP 4
o] o] o] &) ISCOELASTIC

LOADING
0.020 1. STRIP

MILD STEEL SHIM FRAME
\ — / ToP

1/8 IN. :
VISCOELASTIC EPOXY~"
-l 0.010 IN.
STIFFENERS ——a==""1"] EPOXY | WEB
CEMENT Ll
| PLATE
GRILLAGE FLANGE_/
AV Ve
FRONT VIEW SIDE VIEW

A SIMILAR PAIR OF SPREADERS WAS USED FOR P),
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The internal pressure during tests 5 and 7 reacted against the
grillage plate over a band estimated to be effectively 2 in, deep (Fig, 2).
The vertical force from the 10 psi internal pressure would have been
240 pounds since the two grillages were 12 in. wide. Over the vertical
edges the force along 13.5 in, length of the plate would have been
270 pounds. The result of each of these loads would have been a small
tension force counteracting the compression from the loading heads.
Therefore, the values were subtracted from the total applied loads after
computing the machine-induced stresses,

Edge Supports for Grillage Tests

The plate edges parallel to the stiffeners were supported normal
to the plane of the plates by fingers welded to the plate and continuous
with the back structure of each of the support frames. The amount of
longitudinal load which could have been supported by all the fingers was
less than 5 percent if both edges of each finger were built-in (Fig. 7)
for those on the grillages of tests 4 and 6 on which the finger lengths
were 1.1 in,, while it was less than 0.8 percent for 5 and 7 on which the
fingers were 2.0 in, long. This was determined by a straightforward
analysis of the finger system as a series of beams which deflected
vertically by an amount dependent upon the nominal axial stress in
the grillage and proportional to the distance on either side of the
midplane transverse to the stiffener direction. The basis for the
analysis appears in Fig, 7.
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The above values for the maximum amount of finger load
probably were too high since completely built in edges were unlikely
at the plate-finger attachments. The exact amount would have
required an extensive series of measurerments on the grillage framing
structure and some theoretical interpretation of the results., The
framing structure-finger-grillage system is complex, Furthermore,
load redistribution occurred within the grillage structure at about
60 percent of failure in all cases, Consequently, the precise value
of finger load would have been indeterminate to some extent in spite
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a. General View

b. Top View
Fig. 6 - Girder Test Arrangement
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of such analyses, Itis estimated that the fingers carried 3 percent
of the applied longitudinal load on tests 4 and 6, and no longitudinal

load on tests 5 and 7.

In actual construction the fingers extended beyond the plate
edges to achieve sound welds and to simplify fabrication.

Experimental Errors

The same dimensional errors for the tube tests apply to the
stiffened plate tests since the plates were cut from the same parent
plate or from a plate of the same heat. The plate thicknesses and *
widths averaged less than 1 percent variation from nominal (0,030 inches
and 1,50 inches, respectively).

The errors in the maximum longitudinal and transverse com-
pression forces at failure were less than 1/2 percent, and the pres-

sure was of the same order of accuracy. The strain gage errors
are considered less than 1 percent.

CORRELATION OF UNSTIFFENED AND STIFFENED PLATE DATA

General Discussion

Table 2 and Figure 8 summarize the results of the 8 tests con-
ducted on stiffened plate structures. As can be seen in Figures 9
through 11, all grillages failed in the loading head panel. The range
of stiffened strengths was from 7 percent above the tube results to
1 percent below for uniaxial compression without or with normal
pressure applied when the influences of both the weld-induced trans-
verse residual stress and the pressure-induced bending stress on the
plate side were taken into account, The tube strength reference test
included the presence of longitudinal compression due to the welding.

The results for biaxial loading appeared to lie reasonably close
to the trend of the tube data obtained in Ref, 1, Since tube tests were
not conducted with precisely the same nominal loading as grillage tests
6 and 7, a more exact comparison cannot be made. On the other hand,
it is evident that these results also lie within a 5 percent band of the
tube trend.

Effect of Pressure
i
The longitudiﬁal strain gage data show that when Ny, = N, = 0
and pressure was introduced to the Ny, p specimen, 4Zp of strain
was induced in the plate in the region where failure was observed.
This corresponds to 1230 psi (E = 29.2 ksi, Ref, 1), which would be
close to the midspan bending stress for simple support over the




Table 2 - Experimental Data for

Stiffened Plate

Strength Tests

Derived Data

Machine -Applied Loads - -
" x yu
Px Py 3 Px -~ Ppx P -PF Ay A% Fxrm “ym Fxm t Th v e Sym*t Urt
Specimen | (kips) {kips] {psi} {kips} {kips} {in} {ing} tpsi} {ksi) {ksi) x T xu (ksi} ¥

1 6.98 - -- 6.98 .- 0.214 -- 32.62 - 32.62 1.071
2 4.66 -- - 4. 66 - 0.161 -- 28,94 - 28.94 0.950
3 4,93 -- - 4,93 -- 0,161 - 30,62 -- 30,62 1.9005
4 15.50 -- -- 15,50 -- 0. 486 -- 31,835 -- 31.85 1.045 2.40 L227
5 1B.78 - 10.0 18. 54 -- 0. 641 - 28,92 -- 30,15 0.989 2.40 L2273
3} 18.13 3.00 .- 18.13 2,73 0. 648 0.405 27.98 6,74 27.98 o 918 9,14 . 863
T 18.35 3.00 190.0 18.11 2.73 0. 648 0.405% 27.95 b. T4 29.18 0,958 .14 865

12,7
3 -[ (F} 31.62 31,62 1.037 2,40 L 227

{2.,49F)

Applied to smooth faces of plates

Flange-web weld separated and flange buckled

pr = 240 1b (10 psi X 2 in. width X 12 in, length)

P
P
T
xam
kg

o=

b

o = 30,47 psi

xu

et

k =
¥

- {Px - pr}/Ax
=[P - P A

t ¥ PY}/ ¥
1.23 psi

2,40 ksi

Y= 270 1b {10 pai X 2 in, width X 13,5 in, length)

1.105 t[ryu/ENb/t}z Irom Eq. (31)of Ref, 1; E = 29,2 msi
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4.5 in. span of each panel for each 1.5 inch of width including the
stiffener and plate, As a check,

2
o, = (1/8) pba”/z (2)
With p= 10 psi, b=1.5in., a=4,5in, and Z = 0,029 in.3, then
the bending stress in the plate is computed to be 1430 psi. The
measured value of 1230 psi was used to derive the total specimen
failure stresses for the N, p and N, NY’ p grillages.

The strain gage data also revealed 80y in the center plate
(middle panel). This may have been the result of adding the panel
bending stress and the bending stress due to full-span action of the
center stiffeners since the transverse frames were not completely
rigid. This feature may require subsequent study since, on the basis
of nominal axial and bending stresses alone, failure might have been
expected in the center panel instead of the end,

During the Ny, Ny, p,grillage test, 10,000 pounds of longitudinal
force and 3,000 pounds of transverse force were applied before the
pressure was applied. However, the increments for the Ny, p,specimen
were essentially the same for Ny = 0 and N, = 10,000 lb. In view of the
presence of N, and Ny. loading, however, it is difficult to draw conclu-
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Specimen 8

View From Above

View From Below

Fig. 11 - Girder Failure, Which Jccurred in First Panel
of Left End Grillage (Reinforcing Plates Were
Removed to Obtain This View).

sions from those results. The biaxiality may have been influencing the
results. In this connection it was observed that a large increase in

Ny for a given Ny occurred in the tube tests for b/t = 50 when 10 psi
vacuum was applied internally. It must be remembered, however,

that 1230 psi is only four percent of the failure stress and small details
of the model deformation pattern could have influenced the bending
stresses. Consequently, in the absence of more reliable information
the simply supported panel stress of 1230 psi was employed for the

Ny s Ny’ P specimen also in calculating the total stress at failure,

Effect of Prior Damage

During the final welding operation of the 3-grillage section of the
girder, buckling of several plates occurred. The final welds were cut
and most of the plates were observed to return to flatness within
0.002 in. A few plates had a permanent deformation of 0,015 to
0.030 in. These were peened flat before completing the girder con-
struction for testing.

One of the grillages with permanently-buckled and reflattened
plates was that in which failure occurred during the girder test.
(In fact, several reworked plates were in the end panel where the
girder failure was observed). In order to assess the possibility of
girder strength loss if that grillage were to be used, a 2-panel-length
segment of specimen 2 was flattened and annealed for retest. Per-
manent buckling had occurred in those two panels during the initial
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test of specimen 2 when failure occurred in the length that was removed
for the retest. As can be observed in Table 2, the damage and rework
appeared to have had little deleterious effect, Consequently, it was

felt that if the clamping plates were to be added as an additional pre-
caution, the full strength of the girder could be realized. DBefore
fajlure occurred extensive plate buckling was observed throughout

the three grillages in the girder. In fact, the pre-failure configuration
of the girder resembled the weld-induced buckle pattern before repair.
As the test data indicate, the nominal failure stress was 3.7 percent
above the tube test value,

Discussions of Individual Tests (Refer to Table 2 and to Figure 8)

Specimen 1

This was the first stiffened plate specimen fabricated by the
vendor. The purpose was to observe the nature of the welding and
dimensional tolerances achievable. The test was conducted as an
initial check on the realizable strength, It revealed 7.1 percent
greater strength than the tube test, which was not cut of the realm
of plate data scatter for this b/t. As was shown in Part 1, the size
of the strength band begins to increase in the region in which plastic
buckling and ultimate load carrying capacity begin to match,

There is no scientific explanation offered for the fact that this
specimen sustained the greatest stress at failure of all the specimens
tested in this series on stiffened plates, or that (except for Specimen 2)
all uniaxial longitudinal strengths were observed to equal or exceed
the tube strength value.

Specimen 2

This was cut from one edge of an 8-stiffener grillage as an
initial check on the general character of the behavior to be expected
from a grillage., The slightly lower strength (95 percent of the tube
value) was assigned to premature column buckling of part of the flange
in one end bay as a result of failure of the weld to the web., As a result
a thorough inspection was conducted to insure sound welding of all the
flanges. In a few locations the welds were doubtful and the grillages
with those defects were returned for rework.

Specimen 3

After the weld-induced buckles were observed to be permanent
in a few plates, this retest of a slightly damaged and repaired specimen
was felt to be important before reworking and testing the 3.grillage
girder, The end bay with the severely crippled plates and stiffeners
was removed and the remaining deformations were peened flat to
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within a few thousandths by eye. The specimen was annealed after
which the ends were reground and the retest was conducted, The
result (the same strength as the tubes within 1/2 percent) was con-
sidered a sound enough basis to proceed with the repair of the gril-
lages for the girder.

Grillages

The results on the individual grillages compared reasonably
well to the data obtained in Ref. 1 for tube specimens under poly-
axial loading. The strain gage data (which were incidental to the main
stream of the investigation) revealed some facets of grillage behavior
which could provide a takeoff point for further research, as indicated
above,

The two Nx' Ny tests, without and with normal pressure
(specimens 6 and 7) are located on Fig. 8 in the same general relation
to each other as the two test points for the tubes, U'X/‘Txu = 0.56. That,
is, the results with pressure are farther from the coordinate origin
than the strengths without pressure. The structural basis for these
results is not apparent.

Girder

The failure stress at the centroid of the grillage was 3.7 percent
above the tube value which is within the range of scatter for the tube
test data, and is of the same magnitude as the total experimental error,
The strain gages showed a peak plate strain of 638p at 7750 pounds of
machine load (above the tare of 250 pounds at which the zero readings
were taken). The corresponding linear extrapolation to failure at
12,700 pounds, with E = 29,2 msi, yields o= 30.53 ksi, or 0.2 per-
cent above the tube value. It is conceivable that the intermittent
1 X 1/2 framing bars at the upper flange may have contributed to this
difference between the calculated strength and the strain-extrapolated
strength, The flange strains were in approximately the same propor-
tion to the plate strains as the distances from the neutral axis when
the stresses were elastic, This might indicate a slightly higher
effective section moment of inertia than given in Fig. 1. It also would
appear to indicate the use of the distance to the plate centroid instead
of to the grillage centroid in calculating the section modulus.
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CONCLUSIONS

The following conclusions probably are generally applicable.
As in Part I the current tests were conducted on stiffened flat plates
of nominal thickness equal to 0,030 in. and nominal width equal to
1.5in., The plates were fabricated to a/b = 3 from a typically elastic-
plastic steel,

1. The results of polyaxial tests on square tubes (Ref. 1),
and now on single panels, grillages, and a 3-grillage-girder, appear
to yield the same value of plate strength within 7 percent. It was
necessary to take proper account of residual stresses in the longi-
tudinal and transverse directions, and of the additional stresses
induced by bending from the normal pressure loading, in order to
achieve the indicated agreement, This conclusion is essentially the
same as that advanced by Vasta in 1938 (Ref.3) for Nx alone.

2, Nominal ultimmate load may be used for the strength of a
stiffened plate system despite the fact that the structural behavior of
a stiffened plate system with stiffening on one side of the plate in-
duces a complex internal stress distribution at loads less than 60
percent of ultimate. The complexities do not appear to influence the
strength. The change in stress distribution which occurred at 60 per-
cent of ultimate apparently smoothed the stress field. Itis to be ex-
pected that redistributions for other b/t systems may occur at
different percentages of the ultimate and in a different manner than
was observed in these studies.

3. There is an indication of anomalous behavior for b/t = 50
when Ny, NY and p are applied simultaneously, The apparent increase
in load carrying capacity as noted in two tube tests also was observed
in a grillage test. An explanation still is required.

4, The square tube data provided the basis for the semi-
empirical theory used to design the grillages and girders of this
investigation.

RECOMMENDATIONS

1, The square tube investigations and the reinforced plate
studies all were conducted on essentially imperfection-free struc-
tures, The preliminary result of this investigation relating to
strength of damaged-and-repaired plates is hardly basis for a
design procedure although it indicates that the strength loss for a
properly repaired ship may be slight. It appears worthwhile to
consider utilization of the undamaged plates of the tested grillages
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to investigate the effects of imperfections of various magnitudes and
shapes, and then to assess the effect of repairing those types of
imperfections. This would provide data on the strengths for the
undamaged structure (from this investigation), for the damaged but
unrepaired structure, and finally the strength of the damaged and
repaired structure. If this information is correlated with tube tests,
as recommended in Part I, then a design procedure should be
identifiable,

2, The results of this year of study have shown the useful-
ness of tube data for predicting the strength of a shiplike structure.
It now appears worthwhile to consider designing a larger scale ship
model to identify the behavior of that structure experimentally for
comparison with the predictions from the data obtained during this
small scale model program. Itis suggested, therefore, that effort
be devoted to the generation of such a design together with a suitable
test program for the larger scale model, with the aim of procuring
and testing the model in a project to follow the proposed next year
of small scale studies.
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APPENDIX

obtain a check on the internal distributions of stress from the

externally applied forces.

The primary purpose of the strain gage data acquisition was to

The Poisson ratio strains for hiaxial

loading were examined as load increments were applied, and the
bending stresses from the external pressure also were checked.
In all cases the acquisition of strain data stopped well before failure
was observed,

The sketches in Figures A-1 through A-5 depict the strain

gage locations. Strains are summarized in Tables Al through A5,
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Table-Al - Specimen #4, Single Bay Grillage,
NX Loading and Strains

Strain p
Location
Px
(Lb.) 1 2 3 3 4
0 1] ] 0 0 Q
1,000 —75 —-71 =76 =31
2,000 —150 —134 —134 —194
3,000 —224 —165 —180 =298
4,000 —300 —259 —244 —-396
5,000 =374 —321 —298 —491
6,000 —448 —383 —352 —~587
7,600 —522 —445 ~401 —671
8,000 —599 —509 —~455 =774
9,000 —679 -582 —515 —865
10,000 —758 —600 —583 —891
0 +49 —=91 —20 +21
10,000 =697 —714 —584 —596
15,700 Failure




Tabie A2 - Specimen #5, Single Bay Grillage, Nx’ p Loading and Strains

Strain p

P, P Channel & Location
{1b.) {psi} 1 2 3 4 5 & 7 8 9 19 11 12 13 14 15 16

(] 0 4] 0 ] 0 Q 0 ] 0 0 1] Q 0 [t} ¢ 0 4]

0 10,0 - 15 + 40 - 80 - 22 - 42 + 125 + 127 - 5 - 15 +257 -28 + 11 - 4 ~ 34 + 19 + 92
2,000 0 -8, 4 -132 -119 | + 44 - 80 - 164 - 177 - 228 - 275 - 28 + 6 - 09 - 25 - 9 - 16 - 48
4, 000 0 -181 -258 -214 | + 73 -163 - 311 - 342 - 391 - 4b4 - 50 + 23 - 10 =131 - 55 -102 -164
&, 000 0 -266 -370 -310 | +100 -248 - 461 - 496 - 510 - 593 - 73 + 10 - B -285 -162 =266 =326
8, 000 ¢ -330 -480 -418 | +137 -328 - 605 - 640 - 613 - 701 - 34 + 12 - 35 =362 -254 -384 -423
10, OGO ¢ -41é -613 526 | +173 -418 - 733 - 800 - 730 - 822 -115 - 5 - B89 -448 -354 -495 -510
10, 000 10.0 -420 -590 -612 | +156 -453 - 618 - 675 - 745 - 820 +135 - 24 - B1 -445 -325 -467 -423
12, 000 10,0 -516 =704 -714 | +188 -540 - 745 - 787 - 889 - 930 +125 - 94 - 98 -558 -446 -587 -535
14, 000 10,0 -623 -783% -825 | +220 -633 - 928 -1320% -1234 -2085=* +104 -141 -129 -687 -590 -710 -649
16, 000 10. 0 -735 -B21x* -946 | +258 -743 -1170 * -1660% * + 99 - 58 -11é -866 -796 -B76 -825

Ultimate Load 18,775 lbs,

*Drifting

ée
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Table A3 - Specimen #6, Single Bay Grillage
Nx’ Ny Loading and Strains

Strain
" Localions
P v
* Load
(Lb) (Lba,) 1 z 3 A 5 [ 7 8 9
0 o o a a 4} a 1] 4 i} 0
o0 a =29 - A0 + 25 + 8 - 110 - 47 + 15 i 7 o
2,000 0 - 70 - 95 +38 [ +21 . 188 - 95 + 27 + 12 -7
4,000 4 -173 -2 | + 60 + 44 - 335 =117 | 55 + 26 - 13
0 1000 + & [ - ar - 57 + 16 + 10 - 58 - 53 - 43
[ 1500 + 15 + 4 ~ 8¢ - 49 + 20 + 13 - 94 - 86 - O3
o 2000 | 28 + 13 -116 -116 |30 + 21 130 -110 - 77
o 2500 + 36 + 16 153 —148 |+ 31 bo27 -164 139 - 97
] 3000 148 + 26 188 -176 + 41 + 35 -195 ~164 -110
1,000 | 3000 |23 - 10 -159 160 - 45 -n 172 -160 -11%
z,000 | 3000 - 16 - G -140 -145 - 118 - B -155 153 =120
4,000 | 3000 -107 163 109 -1 - 247 -140 ~l2a -140 -14b
8,000 | 3000 291 386 - 51 - 60 - 507 -326 - b1 -126 204
10,000 | 3000 -382 498 - 24 - 30 - 780 436 - 34 -120 236
12,000 3000 =485 -615 a a - 41l -567 + 2 ~115 -273
13,000 | 3000 535 ~H82 411 + 18 -1826 | -b24 + 5 107 -300
14,000 | 3000 593 745 + Z7 + 44 —2230% | -71.5 | 1w -105 330
15,000 3000 =645 -800 + 46 + 70 . T84 + 47 -100 -355
16,000 | 3000 —708 -B62 + 65 4 94 : -882 + 25 - 75 -405
17,000 [ 3000 -790 ~6H1 + 86 +131 » -625 4 45 - 86 440

Failure Load 18,125 1bs.
*Drifting

Table A4 - Specimen #7, Single Bay Grillage

Loading and Strains Nx’ Ny’ p

Strain
Lucation
P P P 1 2z k) 4 5 & 7 8 @ 10
x
0B (b | o)
[ 0 a [ [} [+ a o 0 o a Q 4
Q 500 1] + 8 + 4 - a9 - 25 + 24 ("1 - 30 20 w14 o
u 1000 [ + 11 + 9 - 90 - 57 + 45 | 421 - B2 - 40 | -z3 + 6
4] 1500 a + 14 + 14 w131 - 83 + &5 + 31 - 92 w59 -35 + B
) 2000 o k15 + 15 -183 -116 + 73 + 39 -130 - 81 b {11
a 2500 il + 21 + &l -22a =140 + 94 | aé -162 -104 -2 + 11
0 3000 0 + 28 + 30 ngal -165 + 113 () -186 EIRR} -63 + 26
1, 00t 000 a -3 - 10 s -134 + B4 ) 14 _173 VI ) + 4
Z,000 3000 o - 54 - hE -215 -11¢ + 40 - 30 -160 - &0 -59 - 10
4 000 3000 1] -151 -170 -184 - 79 - 5% -6 -145 - B0 | 60 - 50
8, Q00 3000 [} =355 -376 -113 - 5 - 273 305 -101 W 02 -50 -101
11,000 3upg 0 b 425 - 7% | 35 - 417 =415 - &6 4 20 =50 -140
10,000 3one J ) -169 =382 - 95 - 18 - 439 w241 - &5 + 11 =60 +217
14,800 3000 10,0 -579 _325 - 45 Vo7 - 575 | -%4n - 29 + 40 | 455 1210
13,000 3000 iv.0 -633 L334 i) 1 35 - 669 -600 - 13 (1 159 +137
14,000 3000 10.0 -6B9 w342 + 149 b 35 - 745 PEEE) [ + 85 165 +185
15,000 3000 10.0 =751 =313 + 45 78 -1510 -Tla + 27 + 72 172 +174
16,000 3000 10,0 -b74 -izé + L I B& -2076 =779 - 5 4 70 168 +152
Table A5 - Specimen #8, 3 Bay Grillage,
Machine Loading and Strains
Machase Strain p
Load Locations
(Lb) 1 z 3 R E & 7 B 7 10
250 0 o 0 a 0 0 0 0 0 0
2, 000 - 91 -126 -113 -150 155 -145 - 97 |- 139 | -140 |+ 218
4,000 w200 -274 -245 -323 -330 -315 L214 |- 297 | -306 |+ 43
&, 000 -309 -429 380 -502 _509 -d81 _330 |- 455 | -474 |+ 73
8,000 -az1 -592 -513 -694 -688 -b4b -446 |- 610 |.638 [+111
8, 500 -143 -629 -532 -634 -731 -681 -467 |- 65D | .470 4118
9,000 475 -669 -576 bt -790 -734 2507 |- 701 | -716 |+136
9, 500 -509 -715 618 -6a6 -709 -793 _544 | 756 | -768 |+150
10, 000 -549 -760 -718 -654 -719 -830 _575 |- B0z | -815 [+16B
io,s00 * ~588 -BO4 -769 -669 .759 -1 -605 |- 740 | -855 |+187
13,000 618 -843 -807 -681 -788 -956 -633 | -1030 | -910 j+204
11,500 ® -G8 -8B5 -85 -718 -788 -625 -681 |-1280 | -925 |+223
12,000 -704 -928 -896 -715 -816 -646 -707 | -1336 | -940 |+242
250 « 25 -2 -121 +328 +274 +360 236 [- 570 |+ 40 |+ 15

a Observable Plate Buckling
b End Panels of End Bays Fully Buckied
Ultimate Load 12,700 1bs.
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