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ABSTRACT

Structures such as bottom-founded petrolcoum exploration
and production platforms and ice-breaking vessels are
required to resist extreme loads. The loads, primarily due
to ice, must be resisted by the hull or exterior wal. that
is generally made up of a rectangular grid of trames and
stiffeners cevered by steel plate. The results ot the
experimental work reported here, supported by the
predictions of various anaiyses, show that thin siteel plates
with span to thickness ratios of between 65 and 15» wmre
indeed suitable to resist extreme transverse loads without
the need for stiffening elerments when the resistance
provided by membrane behaviour is utilized.

Four tests were carried out on plates with nominal
thicknesses between 6 mm and 16 mm a»d having an aspect
ratio, w :.h/length, of 0.34. The ! lates were loaded
transversely by fluid pressure until failure occurred.
Deflections and strains at numerous locations were recorded
throughout the loading history. The plates all failed at
the edge near mid-length where the greatest bending
occurred. Although they were considered to have failed
prematurely within the heat affected zone of the weld at the
plate edges, the plates were loaded for the most part into
the inelastic flexural membrane range of behaviour. The

failure loads were many times that corresponding to yield-



Pine collapce mechanlsms. ‘fnree raliure meclhanlsis Have

beeeern 1dentified.
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1. INTRODUCTION

1.1 General

"In the design of transverselyv loaded flat plates which
are continuous over a rectangular grid of beams and
stiffeners the structural usefulness of the system i otten
considered to be the flexural strength of the plate panols
alone. This flexural strength may be even limited to that
based on first yield, neglecting the strength developed when
a mechanism forms, where for the latter the strenath is taken
as that given by classical vyield-line theory. Such limitg
are irrele-rant for any system in which the deflections are
not critic and in which the increase in strength due to
membrane ac..1on can be considered.

-Some of the structures that have been designed or
proposed for oil exploration and production in the Arvct ic
Ocean consist of steel caissons clad with continuous thin
steel plating. Interior plate panels are continuous over the
support grillage on all four edges and can therefore by
modelled as being rotationally and translationally fixed
along the edges. Because the skin plates may be subjected to
enormous local lateral forces from the floe ice, economic
design requires that the full strength of the plating tie.
utilized.

To benefit from the increased strength provided hy the
development of membrane behaviour, a complete understanding

of the load-deflection behaviour to failure of the system ig



reoprivred,  of parricnlar significance are: (i) the material

character it ios of the steel plate, (ii) the geometry and
strength characteristics of the supporting grillage, (iii)
thee method construction of the system, (iv) the type and

sewverity of loading, and (v) the determination of possible

failure mudes and loads. With this knowledge advantage can

be: taken of the increased load-carrying capacity provided by
meemior ane action while still providing any desired level of
satery. At present, no clear design procedures are
available.  Such procedures should be confirmed

cvper imental ly.

1.2. Objectives

The overall objective of this work was to provide
experimental evidence on the behaviour of transversely loaded
continuous steel plates to failur- and to develop analytical
models to predict this behaviour. Failure modes were to be

investigated.

1.3 Scope

The literature has been reviewed and the assumptions and
limi;ations of the analyses and the results of experimental
work discussec. 1In particular the previous work of the
aut’ with Kernedy (Ratzlaff and Kennedy, 1985; 1986) is
thoroughly reviewed. It describes the behaviour throughout
locading and predicts some failure modes and loads.

Four large scale tests that included an extensive array

of measurements were performed. The tests were done by



subjecting commonly available mild structural steel plates
with an aspect ratio (defined as the width divided by the
lengtn) of about one-third to fluid pressure. A plate having
an aspect ratio of one-third and thickness, h, is shown in
Fig. 1.1. Two finite element models that modelled the
behaviour of two of the experimental plates are presented and
the results compared with those of the tests.

In this work only long and initially flat plates with
aspect ratios that can be considered to approach zero arc
considered. The effects of restraint at the edges and
material strain hardening have been included and are shown to

be of significance.



Width, W

Figure 1.1 Plate having aspect ratio of one-third
and thickness, h



2. LITERATURE REVIEW

2.1 General

Analyses to predict the load-deflection behaviour of
transversely loaded continuous plates have considered steel
plates of varying aspect ratios. These analyses have
commonly assumed the stress-strain characteristics of the
plate material to be elasto-plastic, ignored strain
hardening, and have neglected the contribution to load-
carrying of the membrane forces that develop when the edges
of the pl e are restrained translationally.

Boobnoff (1902) determined the exact closed form
solution to the differential equations describing the large
elastic deflection behaviour of uniformly loaded clamped
rectangular flat infinitely long plates. 'The aspect ratio,
the.ratio of the width to the length, is therefore zero.
The differential equations for plates of any aspect ratio
were first determined by von Karman in 1910.

It would be expected that the maximum deflection that
occurs at mid-width and mid-length would not he
significantly different for a plate with an aspect ratio of
less than about 1/2 than that for a plate with an aspect
ratio of zero (Clarkson, 1956; Hooke, 1970).

For an infinitely long flat plate the elastic load-
deflection equation of ven Karman, when shear drformations

are neglected, becomes



[2_1] 9 _ d4w . Hﬁ.dzw

D dx4 D dx4
T{ the term containing the membrane force Nx in [2.1] is
neglected, the equation reduces to the elastic small
deflection equation of Lagrange (1811). Some approximate
solutions to the large deflection equations of von Karman
for rectangular plates with different boundary or edge
conditions were first presented by Way (1938). Levy (1942)
ueed a Fourier series method to solve the same equations for
a plate with an aspect ratic of 1. To the author's
knowledge, no closed-form solution to the complete von
Karman equations exists for a plate with an aspect ratio
other than zero. A multitude of approximate solutions exist
for the load-deflection behavicur of transversely loaded
clamped plates of any aspect ratio when the plate material
is assumed to exhibit elasto-plastic behaviour. These
solutions are generally considered too rigourous
mathematically for use in design. One of these analyses,
for example, is the well known upper-bound yield line method
of Ingerslev (1923) and Johansen (1943,1946).

For the elastic and elasto-plastic analyses that
follow, it is assumed that the tensile and compressive
characteristics of the plate are bilinear as shown in Fig.
2.11 This results in a moment-curvature relationship for a
rectangular cross-section of unit width, although curved as
shown dotted in Fig. 2.2, that may be idealized as being

bilinear. Because a plate with an aspect ratio approaching



zero is restrained under ‘'ocad from deforminag in the
diréction of its length the state of stress is one of plane
strain or constrained plane stress (Lay, 1982). with
restraint the yield stress and correspondir i -~ ield strain
are increased above the uniaxial values and depend on
Poisscon's ratio. If it is assumed that the maximum
principal strain theory is valid and Poisson's ratio is
taken as 0.30, the yield stress under plane strain
conditions is Gy/(l—Vz) = 1.099 oy. The corresponding vield
strain remains unchanged frcin that found in a uniaxial state
of stress and is equal to €y. The tensile and compressive
stress-strain curves based on the transformed values of
yieid strain and yield stress are shown in Fig. 2.1 and
exhibit larger stresses for a given strain than for the
condition of uniaxial tension or compression. Althougn
other yield theories are not considered in this study. the
maximum principal cirain theory gives a yield stress under
plane strain conditions, and taking Poisson's ratio to be
0.30, that is about 2% above that given by the maximum
energy of distortion theory formulated by von Mises.
Yielding occurs because of shear distortions. If it is
assumed, upon yielding, that the inelastic strain ratio is
0.50, consistent with zero volume change, the stress-strain
curve would rise to 1.333 Oy as shown in Fig. 2.1. Ratzlattf
et al. (1988) show, however, that after yielding the
inelastic strain ratio may reach values of 0.40 to 0.45,

somewhat less than the zero volume change value of 0.50, and



with subseqguent straining there is a gradual reduction to a

value of about 0.35.
2.2 Elastic and Elasto-plastic Behaviour

2.2.1 Theoretical Behaviour

Many analyses are based on the simplifying assumptions
that the stress-strain relationship is bilinear, neglecting
strain hardening, and also that the moment-curvature
relaticnshin is bilinear. As well, the effect of the
variation in Poisson's ratio in the inelastic range is
neglected.

Figure 2.3 developed by Ratzlaff and Kennedy (1985)
presents nondimensionalized load-deflection responses based
on different assumptions in behaviour of transversely loaded
flat plates. To nondimensionalize the curves, the load
intensity per unit width, q, has been divided by that
corresponding to a plastic collapse mechanism, gc. and the
mid-width deflections, Wy, divided by the initial plate
thickness, h. The curves are drawn for a steel plate of
zero aspect ratio subject to a load of uniform intensity, d.
with a span to depth ratio, L/h, equal to 100 (h = 10 mm).
The steel is characterized by a yield strain of 1500 Me and
a modulus of elasticity of 200000 MPa . With the exception
discussed subsequently both the stress-strain and moment-
curvature relationships are assumed bilinear. Poisson's
ratio is assumed to be 0.30 and on yielding the inelastic

strain ratio is taken as 0.50 as discussed previously.
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Curve F in Fig. 2.3 gives the first two of the three
segments of the load-deflection response when the plate is
assumed to carry loads in flexure only. The formation of
the last hinge at midspan leading to mechanism formation

occurs at a deflection greater than the maximum shown. The

load to cause the collapse mechanism to form, g., (used to
nondimensionalize the load intensity) equals 16Mp/L2.

When the edges of a plate are restrained against
translation as well as rotation the flexural behaviour as
given by curve F must represent a lower-bound.

Another lower-~-bound solution, established by
considering elastic membrane action only and neglecting
bending, is given by curve Me. The deflectiong resgult
solely from the elastic straining of the plate. The curve
terminates at point B when the maximum membiane stress at
the edges reaches yield.

Curve Mj, extending beyond point B, gives the inelastic
membrane response as yielding gradually progresses from the
plate edges towards the mid-width when Poisson's ratio is
assumed to be 0.30. The increased load-carrying capacity
results from the increasing inclination of the membrane
forces at the edges. Not entirely consistent with the
assumption of a bilinear stress-strain curve, thig analysis

requires the membrane stress at the edge, for the plate

characteristics given, to rise to about 1.05 Oy at a value

of g/g¢ equal to 12.4. Curve Mj projects backward to the

origin.



Curve !l in Fig. 2.3 reprecents the inelastic membrane
response based on the same assumptions as those for curve M:
except that the inelastic membrane response is based on &an
inelastic strain ratio of 0.50. Beyond point B there is no
flerxural action and the response would be expected to
gradually move from curve Mj towards curve N as yieldirnu
progresses from the edges towards the centre and the
inelastic strain ratio applies to more and more of the
membrane.

The closed-form solution by Timoshenko (1940) for
elastic flexural membrane behaviour is shown as curve E in
Fig. 2.3 and in reality should not be drawn beyond point A'
representing the onset of yielding of the extreme fibres at
the edges of the plate in cowbined tension and flexure.
Point A represents the onset of yielding if the moment-
rotation curve in the presence of axial load is assumed to
be elasto-plastic . The extension of curve E beyond point A
assumes that yielding has not occurred. Curve E, taking
both membrane and flexural contributions into account is an
uppér—bound.

If it is assumed that a collapse mechanism forms with
zero deflection and then that deflections occur due to
inelastic membrane action, as suggested by Kennedy and Hafez
{1984), curve Y joining Mj asymptotically, results.

Wwithin the limits of the assumptions nade the shaded
areas in Fig. 2.3 represent a permissible domain of

behaviour as the curves provide, in general, upper and
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lower-bound solutions. Curve R i3 a possible response drawn
from the point representing full vielding at the edge,
partially in tension and partially in compression, to point
B representing full vielding in tension at the edges due to
membrane action. Beyond point B there is no flexural action
and the response would be expected to move gradually from
curve Mj towards curve N as yielding progresses from the
edges towards the centre and the inelastic strain ratio
arplies to more and more of the membrane. When straining
beyond the strain hardening strain occurs, the regponse

could rise above curve N.

2.2.2 Experimental Behaviour

Plotted in F.g. 2.4 are test results of Young (1959)
for a plate with an aspect ratio of 1/3 and a width to
thickness ratio of 57.1. These data are in good agreement
with curves E and R for a plate having an aspect ratio of
zero. Although falling slightly below point B, to the right
of point B the experimental results gradually move from
curve Mj tc N and even exceed it. The data that fall helow
and to the right of point B can be attributed to the
assumption that the moment-rotation curve is elasto-plastic
and to the fact that to get {full yielding of the plate in
membrane action (curves Mj and N} a small portion of the
plate near the edge must be strained into the -« D
hardening region. The consequent inelastic str.' g would

therefore increase the deflections beyond those assumed.



2.3 Behaviour Considering Strain Hardening

In Fig. 2.5 inelastic membrane behaviour beyond point
12, as described by Ratzlaff and Kennedy (1986), 1is depicted
for a variety of assumptions. Curves M; and N have been
described in the previcus section and are both drawn for a
uniformly loaded membrane. Curve V is similar to curve N
but is drawn for a plate subjected to fluid pressure.

curve U in Fig. 2.5 predicts the load-deflection
behaviour under uniform loading when the stress-strain curve
beyond the onset of strain hardening is approximated by five
linear segments as given by Ratzlaff and Kennedy (1986). At
point B the plate is fully yielded in tension. With
increased loading and as yielding progresses from the edges
towards the mid-width, the inelastic strain ratio is
computed hased on the dilitation that occurs as suggested by
Stang et al. (1946). The curve bends sharply upv..rd at a
value of Wp/h of about 8.2 when the membrane strains enter
the strain hardening region and the corresponding stresses
increase. Curve U continues until the ultimate tensile
strain is achieved at some location in the plate.

The results of 2 tests reported by Ratzlaff and Kennedy
(1986) are shown in Fig. 2.6 together with curves V and U as
well .s curve U' taking into account the contribution of
observed shear deformations to the total deflection, and the
results of a finite element analysis. Ratzlaff and Kennedy
(1986) suggested two possible failure modes as indicated by

the maximum strain limit and shear limit on curve U. The

12



maximum tensile strain occurs at the edges of the plate on
the loaded side but could not be reached if the shear limit
governs. The proposed shear limit is reached when the

average shear stress along the edges equals the ultimate

shear stress, taken as 0.5770y. Specimen 2 failed
prematurely due to loss of restraint while an examination of
the failure surface along one edge of specimen ! revealed
that it failed in shear (Vitovec, 1984, 1989). For test 1
the test-to-predicted lcad ratio was 0.97 and the test -to-
predicted deflection ratio based on curve U' was 1.08.

The finite element analysis, which did not model the
shear limit, follows curve U closely but does not exceed it
at high loads. This difference is attributed to the use of
a limited number of elements through the thickness . ' the

edge, increasing the restrain there.

2.4. Other Work

In a series of tests, Taylor (1986) tested six plateg
under lateral fluid pressure. The load-deflection hehaviour
into the inelastic membrane range followed closely the
predictions of Ratzlaff and Kennedy (1985) but unfortunately
the plates were not loaded to failure.

Kennedy and Cheng (1992a,b) tested a seriegs of steel-
concrete sandwich panels, essentially completely restrained
at the edges, with 5 transverse loads. The behaviour was
dominated by membrane action with failure initiating in one
or both of the steel plates at the support, in what was

described as a shear-tension failure. Based on an extension
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(i the von Mises-Huber-Hencky yield condition to ultimate
and assuming an inelastic strain ratio in this condition of
(.50 the mean rect-to-predicted ratio for 6 tests was 1.13
with a coefficient of variation of 0.037. As the authors
state, however, the test points are clustered because only
one load configuration was used. Moreover the failure
criterion was based on only axial force and shear acting at
the cdge of the membrane, i.e., no bending moments were

considered to exlst there.

2.5 Summary

The literature review reveals that those tests that
have be=n conducted were generally of relatively small scale
when compared to actual structures in which membrane
behaviour could be utilized effectirely. Moreover, with the
exception of tests by the author (Ratzlaff and Kennely,
1986) laterally loaded steel plate tests have not been taken
to failure, not have failure mechanisms been proposed.
Therefore the need exists for tests on plates of substantial
scale and with a range of width/thickness ratios. These
would serve to confirm the failure mechanisms that have been
proposed or suggest others and to establish preferred
proportioning of membrane structures, i.e. the ratio of the
distance between supporting frames and the plate thickness.
Implied in this is whether intermediate stiffeners and

orthogonal frames should be used at all.
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3. EXPERIMENTAL PROGRAM

3.1 General
"The primary objectives of the experimental program were:
1. to verify the predicted load-deflection behaviour of

full-scale transversely loaded continuous flat steel

plates;

2. to determine the influence of the corners on the overall
behaviour;

3. to investigate failure modes.

Four tests were performed on steel plates having nominal
thicknesses of 6, 12 and 16 mm. The overall width and
length, out-to-out of welds, of all specimens were 1064 mm
and 3064 mm, respectively, giving an aspect ratic of the
loaded surface after deducting the size of the edge welds of
about 1/3. With this aspect ratio it was anticipated that
the stres: -~ondition, across the width at the middle of the
long siden, would approach that of plane strain. The
geometry chosen provided nominal width-to-thickness ratios of
about 174, 86, and 64 for the three pluate thicknesses. The
width/thickness ratio of ship hull plating between
intermediate stiffeners varies between 30 and 80 (Hughes .
1981). This range is also common in caisson-type steel ice-
re~isting walls in offshore structures used for oil
exploration in the Arctic ocean (Comyn, 1985). The greater
widtﬁ/thickness ratios of plates used in the tests were
selected in anticipation that, with increased spacing ot

21



‘ntermediate stiffeners, the local behaviour would be
catisfactory for steel caisson-type structures such as ships
and other oftshore structures.

Material properties of the test plates were determined
>y means of a series of uniaxial tension tests. The effect
~{ welding on the geometry and microstructure of the
restraint zone near the edges of the plates was investigated
in small-scale weiding tests and small-scale bending tests.

The chronological sequence of tests that developed
follows. The ancillary tests to determine the stress-strain
propérties of the steels, Poisson's ratio and the inelastic
strain ratio were first carried out. Plate test P6-1, tested
first, failed at a lower load than expected and examination
of the fracture surface showed copper contamination from the
copper backing kar. This led to a series of weld tests using
ceramic backing bars to develop a procedure to give
contaminant-free welds with superior profiles and
characteristics.

after completion of the weld tests, plate specimens
pP6-2, P12 and P16 were tested in that sequence. Because even
these tests failed at lower than expected loads, a series of
smali scale bend tests were conducted to examine the
ductility of the heat-affected zones and to determine the
effect of the heat-affected zone on the failure loads and

modes.

22



3.2 Plate Tests
3.2.i General

In all tests the four edges of the test plates were
fixed against rotation and translation by groove welding the
edges of the specimens to a 152 mm thick reaction plate as
shown in Fig. 3.1. The depth of the gruove weld, made from
one side, was 1.5 times the nominal test plate thickness.
The multipass weld was designed to contain the oil undev
pressure and to transmit bending moments, shear forces and
in-plane axial forces from the plate specimens to the
relatively rigid reaction plate. The thickness of the
reaction plate was determined such that its behavicur would
be elastic when the test plates acting as membranes with a 30
degree inclination at the edges failed in shear. The
reaction plate was re-used from test to test.

The measured thicknesses of the test plates is given in

Table 3.1.

3.2.2 Test Specimens

The 4 test specimens, sheared from larger plates, were
supplied by C.W. Carry Ltd., Edmonton, Alberta. Specimen
P6-2 was hot rolled by Altos Hornos De Mexico S.A. whereas
the 3 others were hot rolled by Stelco Inc., Hamilton,
Ontario. All plates were specified to conform with CS3A
Standard CAN3-G40.21-M81 "Structural Quality Steelg", (CSA,
1981), grade 300W. Chemical analyses, mill test reportg, and

the requirements of CSA Standard CAN3-G40.21-M81 are given



in Table 3.2. additicnal material from each heat was
cupplied to obtain material properties.

after identifying and marking each test plate the
ancillary test material was sheared from one end and the test
plate geometry determined. Electrical resistance strain
gauges were applied to the lower surface and, as this surface
was to be the loaded surface, the strain gauges were
protected with flowable silicon (see Fig. 3.1). The lead
wireé were then passed through holes in the reaction plate
into which copper tubes had been threaded to protect the
wires during welding of the test plate to the reaction plate.
After transporting the test plate-reaction plate assembly to
the structural engineering laboratory at the University of
Alberta, the strain gauges were placed on the top (free)
surface of the test plate and a few on the lower surface of

the reaction plate.

3.2.3 Reaction Plate

The mechanical properties of the reaction plate, hot-
rolled by Stelco Inc., exceeded the requirements of ASTM A36-
84A plate with a yield strength of 336 MPa and an ultimate
tensile strencth of 510 MPa as given on the mill test
certificates.

Twelve 12.7 mm diameter holes were drilled through the
thickness of the reaction plate to accommodate pressure
piping fittings and plugs so that strain gauge wires could be
brought from the underside of the test specimens, as

discussed previously, and to provide ports for injecting or
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releasing o0il and bleeding off air. Four litting lugs were
attached to the side of the reaction plate.

To seal the holes in the reaction plate through which
the lead wires from the strain gauges passed, the lead wires
were threaded through macbined piping plugs as shown on Fig.
3.2. The wires were twisted counter clockwise and the
conical ..0le filled with "5-minute" epoxy which was allowed
to harden. The piping plugs were then threaded into the
reaction plate holes.

The edges of the reaction plate were prepared for
welding by flame cutting as shown in Fig. 3.3. Figures 3.4
and 3.5 show the backing bars used in the four tests. To
maintain the gap between the test plate and the reaction
plate additional backing bars were placed between the two
plates. The copper backing bar used in test P6-1 was
fastened to the reaction plate by counter sunk machine
screws. Because in the first plate test P6-1 copper from the
backing bar had infiltrated into the weld metal and was
evident on the failure surface, after extensive testing and
experimentation, ceramic backing bars were used for the
remainder of the tests. To hold the ceramic backing in
place, continuous thin steel plates were tack welded to the

reaction plate as shown in Fig. 3.4(b) and Fig. 3.5.



3.2.4 Welding Materials And Procedures

211l shielded metal arc welding used for the root passes
was performed using type E48018 covered electrodes meeting
the requirements of AWS A5.1-81, specification for Carbon
sreel Covered Arc Welding Electrodes, (American Welding
Society, 1981). Type E 48018 electrudes provide a minimum
specified yield strength of 480 MPa and an ultimate tensile
strength of between 550 MPa and 650 MPa. The flux cored
welding was done with type LA T-9 flux cored electrode
suppiied by Liquid Air Canada Ltd., Montreal, Quebec, toc meet
the requirements of AWS A5.20-79 class E70T-1, specification
for Carbon Steel Electrodes for Flux Cored Arc Welding
(American Welding Society, 1979). The LA T-9 electrode is
specified to have a minimum yield strength cf 450 MPa and a
minimum ultimate tensile strength of 550 MPa. Both filler
metals were chosen for their strength and similarity in
chemical composition to the base metal of the reaction plate
and test plates. The weld deposit sequences are shown on
Figs. 3.4 and 3.5.

welding for test P6-1 wa:s done in the shop of C.W. Carry
Ltd., Edmonton. A number of steel frames were welded to the
reaction plate to hcold the test plate in position. These
frames are shown in Fig. 3.6. Before welding began, the
reaction plate was preheated using, acetylene gas flame, to a
global temperature of 180°C with local temperatures
occasionally exceeding 250°C. The first and second root

passes were made in the horizontal position and the steel
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frames removed. The rcot passes were started at opposite
corners of the assembly and were deposited along the long
~ides first. The surfaces of | » first two root passes were
ground befcre making additional passes to minimize slag
entrapment. With the test assembly in the vertical position,
while maintaining the preheat temperature, the remaining four
passes of the groove weld were placed in the downhand
position.

The procedures used for welding specimens P6-2, P12 and
Pleé were the same, with the root pass made at the University
of Alberta and subsequent flux cored welding at C.W. Carry
Ltd. Mechanical clamps were used to hold the test plate
against the backing bars for the root passes. The reaction
plate was preheated to 150° C to 200° C. The ro ' pass was
placed with the clamped assembly in a vertical plane but with
one end 22° above the other as shown in Fig. 3.7. Welding
proceeded from the lower to the upper corner. The long sides
were again welded first. Based on the results of small scale
tests done at the Welding Research Lab, Dept. of Mining and
Metallurgical Engineering, bniversity of Alberta, a welding
speed of about 60 mm,/min. and welding machine settings of 170

Amps and 22 Volts were used for the root pass.

3.2.5 Test Set-Up

The test set-up consisted of the self equilibrating test
-reaction plate assembly, support columns, a pneumatically
activated hydraulic oil pump with reservoir and control

valves, an enclosure structure, mechanical and electronic



inctrumentation, and data acquisition systems. A number of
rthe components can be seen in Fig. 3.8. An enclosure,
visgible in Fig. 3.8, was provided to limit the area of the
laboratory sprayed by oil when rupture occurred. The
enclosure was placed along the long sides of the test
assembly where rupture was anticipated. Figure 3.9 shows
schematically a partial cross-section of the test-reaction

plate assembly.

3.2.6 Instrumentation And Measurement

3.2.6.1 8train Measurements

Assuming symmetrical behaviour, the bulk of the strain
gauges were placed in one quadrant only. Strain gauges were
qenerally applied at the same locations on each surface of

late. The strain gauge alphanumeric reference code,

. . .ribed in detail in Table 3.3, specifies the location, the
orientation, the type of gauge and the surface upon which the
gauge was mounted.

The location of grid lines for test plates P6-1, P6-2,
P12 and P16 are given in Figs. 3.10, 3.11, 3.12, and 3.13,
respectively, and the strain gauge codes, in Tables 3.4, 3.5,
3.6, and 3.7, respectively.

The strain gauges were applied using Armstrong type A-12
epoxy adherive and subsequent to lead wire attachment
protected with Dow Corning flowable silicon type RTV-340
In Fig. 3.14 are shown a pair of strain gauges on the loaded

surface of specimen P6-1 and blanketed with silicon. The
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free ends of lead wires were connected to the 1t a
acquisition system to form a 1.4 Wheatstone bridge
configuration. The remaining 374 of the bridge contiguration
was made up of electrical resistances contained within the
data acqguisition equipment.

Prior to tests on plates P12 and Plé, three strain
gauges were mounted vertically on the outside of weld metal
located at the centre of the long side 't measure the strains

in the weld.

3.2.6.2 Load Measurements
Fluid pressure, measured by an electronic pressure
transducer on-line between the test ..et-up and the punp, was

monitored by the data acquisition equipment.

3.2.6.3 LVUDT Measurements

Nine linear variable displacement transformers (LVDT's)
were mounted directly across the width at the centre of the
long sides, as shown in Figs. 3.15 and 3.16, to measure the
vertical displacement of the centreline of the plate. The
LVDT output signals were recorded electronically. The LVDT
located at the mid-widti tog:2the: with the pressure
transducer were connected tc an = v plotter to give a visual

display of the load-deflection beleviour during testing.



1.2.6.4 Surface Level Indicator (SLI) Measurements

The curface level indicator (SLI), (see Figs. 3.17 and
3.1%), bolted to the lifting lugs of the reaction plate, was
fabr%cated using steel channels, hard rubber wheels with
steel axles, plastic chains, gears and bearings, two
electrical motors, a spring-loaded cable LVDT, two electrical
potentiometers, a power supply. control switches, and
numerous other pieces. At any load step the SLI traversed
the width of the test specimen at 14 locations along the half
length as shown in Fig. 3.19 to provide continuous
displacement measurements of the plate surface from one long
edge to the long edge opposite. The LVDT and potentiometer
gave horizontal and vertical displacement readings that were

recorded graphically with an x-y plotter.

3.2.7 Test Procedure
The testing procedure generally consisted of the
following steps:
1. 0il was pumped into the pressure cavity between the
reaction plate and test plate while allowing entrapped

air to escape;

o

Initial surface levels were recorded with the SLI at
zero oil pressure. The spindles of the LVDT's were
checked to ensure they were in contact with and in the
correct location on the test plate surface;

3. Initial strain gauge reading, pressure readings and LVDT
.readings were taken and stored in the data acquisition

system;



4, Up to the theoretical collapse pressure, J¢, the oil
pressure was increased in increments of about 0.05 qc,
-taking pressure, strain and LVDT readings at each step.
SLI profiles were recorded at a pressure of qg:

5. Beyond the pressure q¢, increments of about 0.1 qc¢ were
used and the corresponding electronic readings were
recorded. Profiles of the plate surface and photographs
were taken at random pressure levels;

6. After fracture, photographs were taken and the surtface
profiles were recorded.

Each test took about 8 hours to complete. Due to the
volume of 0il required to fill the pressure cavity as the
test plate deformed, it was necessary to add oil periodically
to the reservoir . Except for one occurrence while testing
plate P12, the pressure was increased continuously or
main.ained and not reduced during the test. Visual
inspection cf the test set-up was made periodically to
ensure that all test equipment and instrumentation were

performing as planned.

3.3 Calibrations

3.3.1 LvDT'S And Potentiometers

The LVDT's were calibrated at a near constant supply
voltage against a linear micrometer having a resolution of
0.00; mm. These calibrations also defined the linear range

of the LVDT's. The relevant data are given in Table 3.8,



After installing the two potentiometers in the SLI (see
Fig. 3.18) they were calibrated using a hand-held digital
caliper. The 10-turn potentiometer used to determine
transverse displacements in the x-z plane was found to have a
consrant of proportionality cf 128.55 mm/V at a supply
excitation voltage of 9.5%5 Volts. The spring-loaded cable
potentiometer usad to determine vertical displacements was
found to have a calibration constant of 56.30 mm/V at a
supply excitation of 9 555 Volts. These calibrations were
then-used to calibrate the x-y plotter that recorded
graphically the pressure and dicplacement readings during

testing.

3.3.2 Pressure Transducer

The electronic pressure transducer, used to monitor
fluid pressure during testing and having a capacity of 13.8
MPa, was calibrated by 2 different methods.

First the transducer was attached on-line between a hand
activated pump and a loading jack that was placed between the
heads of a 1000 KN capacity MTS loading machine. A preset AC
excitation voltage was used on the transducer. Using tue
effective area of the jack piston to translate the MT:S load
to a pressure, corresponding values of a pressure and the
output voltage were determined. A linear least squares
analysis of these data gave a calibration factor of 1415

kPa/V.



.Second, a calibration was done using dead weights to
give corresponding pressures and output voltages directly.
The least squares fit of these data gave a calibration tactor
of 1418 kPa/V. The average of the two values was used during

test ing.
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Table 3.3 Strain Gauge Reference Code

CODE :

c de

Significaace

Code letter Options
designa.or
a A through M
b 1 through 7
c T or L
d H or P
e I or O

Located on grid lines A
through M

Located on grid lines 1
through 7

Oriented transverse to
long side

Oriented parallel to
long side

High elongation foil
strain gauge:

Micro - Measurements type
EP-08-250BG-120

[e 1limits =% 20 % or less]

foil strain gauge:
Showa type N11-FA-5-120-11

[e limits =% 1.5 %]
Mounted on loaded surface

Mounted on free surtface

Example: D3-THI -

Located at intersection of grid
lines D and 3. Oriented in
transverse direction. High
elongation type gauge.

Mounted on loaded surface.
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Hole machined
through centre 6 mm

£

Threaded surface :
<

£

6.4 mm square uE,

wrench grip )

Longitudinal axis ———-—>:
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&
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Figure 3.2 Machined steel piping plug
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/

Lot

152 mm reaction plate

152 mm reaction plate

(a) Tests P6-1and P6-2 (b) Test P12

152 mm reaction prlate

(c) Test P16

Figure 3.3 Reaction plate edge preparations
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4.8 mm x
25.4 mm
copper
backing

45

4 deposits of
3.2 mm diameter
shielded metal
arc welds

Flux corad
arc welds

6.4 mm X
25.4 mm
ceramic
backing

152 mm reaction plate

(a) Specimen P6-1

Plate P6-2

4.0 mm dlameter

7 shielded metal

arc welde

\ ‘Y :40.
\— {52 mm reactlon plate
4.8 mm x 25.4 mm steel plata

(b) Specimen P6-2

Figure 3.4 Edge preparations, backing bars and
welding sequences
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Plate P12 l 18 mm '

. Root deposit with
gd4mmx R e 093 S 4 mm dlameter
25.4 mm metal arc
ceramic K 3 1 electrode
backing 2 3
Flux cored arc
welds )
Q 40°
| 152 mm reaction plate
4.8 mm x 25.4 mm steel plate
(a) Specimen P12
Plate P16 l 24 mm ‘
Root deposit with
6.4 mm x 4 mm diameter
25.4 mm metal arc
ceramic electrode
backing

Flux cored arc
welds

152 mm reaction plate
4.8 mm x 25.4 mm steel plate

(b) Specimen P 16

Figure 3.5 Edge preparations, backing bars and
welding sequences
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Clamped assembly elevated at one end, before welding

Figure 3.7
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Test set-up
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Figure 3.15 LVTD's in support frame above test plate
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Figure 3.17

Surface level indicator

(SLI)

above test
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4. MATERIAL PROPERTIES AND BEHAVIOUR

4.1 Tension Tests

A total of 37 uniaxial tension coupon tests were
performed on specimens from the four parent plates tc
establisbh “he stress-strain characteristics, Poisson's vatio,
and the inelastic strain ratio. With these data, the
behaviour in other stress states could be determined. As
shown in Fig. 4.1 five coupons were oriented parallel to and
five -transversely to the direction of rolling of the parent
plate. Table 4.1 gives the alphanumeric identification ot
the test coupons. After cutting from the larger plate the
full thickness coupons were milled to provide a reduced
section.

Table 4.1 indicates which coupons were mounted with
strain gauges to measure loi @ ... ~trains on both faces
and which had longitudinal and cransverse gauges on both
faces in order to determine Poisson's ratio. The table also
notes which specimens had high elongation strain gauges 30
that inelastic strain ratios could be determined. As well,
calipers were used to measure large strains. Figure 4.2
shows a tension coupon with longitudinal and transversec
gauges in the Baldwin testing mach ne.

Figures 4.3 and 4.4 give typical stress-strain curves
for the four test plates. The coupon test results are
summarized in Tables 4.2 through 4.5 for plates P6-1, P6-2,

P12 and P16, respectively. No significant diflerence exists
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in the material properties parallel and transverse to the
direction of rolling.

In Figs. 4.5, 4.6 and 4.7, the strain ratio is plotted
versus axial strain for the 6 mm, 12 mm and 1€ mm plates,
respectively. The strain ratio is defined as the absolute
value of the mean transverse strain divided by the mean
longitudinal strain. The strain ratio, so defined, 1is
somet imes called the total strain ratic because it is based
on engineering or total strains. In the elastic range, this
ratio is, of course, Poisson's ratio. Because these strains
could amount to as much as 20% tne strain data were corrected
for both the nonlinearity in electrical output c¢f the one-
quarter Wheatstone Bridge circuit and for the effect of
transverse strains on the electrical resistance of the strain
gaugé.(Ratzlaff et al, 1988).

The value of Poisson's ratio obtained for the 6 mm a.d
12 mm plates was 0.28 and for the 16 mm plate, 0.29. 1In the
vield plateau the strain ratio would appear to fluctuate
widely. However, this is attributed to the fact that
yvielding is a discontinuous phenomenon and the gauges, of
finite length, give average strains and not those at a point.

For the 6 mm and 12 mmr plates the inelastic strain ratio
bevond the yield plateau has a maximum value approaching 0.4
at a longitudinal strain of about 2% and then decreases
almest linearly to.a value of about 0 33 a2t an axial strain
of aﬁout 20%. Beyond the vield plat.eau the inelastic strain

ratio for the 16 mm plate begins at values as high as 0.47,
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derreases at first rapidly to about 0.44 and then linearly to
about 0.37 at an axial strain of about 15%.

Instantaneous values of the inelastic strain ratio can
be obtained by using true strains rather than engineer:ng
strains to determine this ratio. From Figs. 4.5, 4.6, and
4.7, instantaneocus strain ratios so obtained were found to be
from 0.5% toc 5.7% greater than the total inelastic strain

ratic, increasing as the longitudinal strain increases.

4.2 WVeld Tests

after plate specimen P6-1 was tested it was determined
that copper from the copper backing strips had infilt.iated the
weld metal during we-'ding. As the copper had appeared on the
fracture surfacc '@ .5 considered rvesponsible for crack
initiation and su: .equent fracture of the plate. Therefore, a
non-metallic chemically neutral non-hygroscopic ceramic
backing bar was selected for subseqguent use. Small scale
shielded metal arc welding tests were done to .stablish a
welding procedure that, when used for the plate tests, would
provide a favourable geometry and microstructure at the
heavily stressed weld roct. As well, the proccdure should
minimize the wossibilicy of entrapment of slag and allow tlie
root weld to be completed in one pass. Figure 4.8 illustrates
the test set-up, fabrication and evaluacion procedures. The
varicus ceranic weld backing configurations ascessed and other
test parameters are given in Table 4.6 and 4.7. The 6 mn
plate came from the arcillary material of specimens P6-1 and

PG -

£
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21l welding was serformed using a constant excitation of
21 VQLLS and 4 mm dicneter rype E48018 shielded metal arc
clectrodes meeting the requirements of AWS A5.1-81 (AWS,
1981). Stop and start lecations were marked on the edges of
the plates. As shown in Fig. 4.8, each test specimen was cut
into 4 or more smaller pieces, the sides of which were ground
smooth and polished for visual inspection.

Ceramic weld backing bar 3, even at start and stop
locations, gave a smooth weld root face and almost always
complete root penetration. By inclining the test set-up at
an angle 0 of 20° to the vertical as shown in Fig. 4.8 (b)
the -~sot pass was deposited most easily.

'Some of the pieces were pried apart as shown in Fig. 4.8
(c) to evaluate the performance of the welds. The welds were
very ductile. Failure occurred through the heat-affected
zone initiating at the root face of the weld as shown in Fig.
4.8(c) but not before the plate had been bent through an

argle of more than 15°.

4.3 Bending Tests

Plates of tests PG-2, P12 and P16 all failed when cracks
developed through the thickness of the plate at the toe of
the weld in the mi.-length of a leng side, even though
ceramic bLacking bars with a rounded nose had hbeen used to
eliminate the possibility of copper contamination and to
provide a favourable weld profile. It appeared that the
tensile and flexural straining at this location combined with

the strain concentration due to the change in geometry
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exceeded the considerable ductility of the heat-atffected zone
next to the toe of the weld as established in the weld tests.
Cf the three small scale restrained bending tests that were
performed on specimens fabricated using the 12 mm plate
steel, two simulated the conditions of edge fixity in the
plate tests. Figure 4.9 shows these latter test specimens in
the restraining frame positioned for welding. Aftev welding,
the run-off tabs were removed. The dimensions and
instrumentation of the three test specimens are given in Fig.
4.10. Figure 4.1i1 shows a longitudinal section. The long
direction of the specimens were both parallel to and
perpendicular to the rolling direction of the purent plate
with the latter modelling the condition on the long :'ide of
the plate tests.

Figures 4.11(a) and 4.11(b) show how spccimens 1 and 2,
and specimen 3, respectively, were loaded. For specimen 3 1t
is noted that no weld exists on the upper side of :he
specimen at the point where the bending and tensile strains
are a maximum as 1s the case for specimens 1 and 2. Figure
4.12 is an 1sometric view of the restraining frame for
testing specimen 3. The restraining frames were quite rigid
relative to the test specimens and therefore provided
rotational and translational restraint at the ends. All
welding was done with type E48018 shielded metal arc
electrcdes as was the case for the root pass in plate tests

P6-2, P12 and Pl6.



Load-displacement curves for the three tests are given
in Fig. 4.13%. The maximum load of 63.3 kN for specimen 1
with the rolling direction parallel to the span was 11%
greater than that for specimen 2 with the rolling direction
ti1ansverse to the span. The curves are otherwise similar.
Longitudinal sections of specimens 1 and 2 at failure, given
in Fig.'s 4.14 and 4.15, show that failure initiated with
cracks starting at the weld toe and progressed through the
thickness. For spacimen 1 the crack deflected longitudinally
in a manner similar to lamellar tearing.

'Specimen 3 attained a maximum load of 121 kN, about
twice that of specimens 1 and 2 and ruptured on the tension
side underneath the load point as shown in Fig. 4.16. The
mean strains of gauges mounted on the consex side of beam 3,
immediately adjacent to the support where the maximum tensile
strains occurred, at loads corresponding to the failure of
specimens 1 and 2, was about 5.4% as compared to a fracture
strain of the plates of about 31% on a 15. mm gauge length.
Fracture of specimens 1 and 2 is therefor~ considered to have
occurred as the result of pre-necking cracking in the
heat-affected zoue aue to a loss in relative ductility and
exacérhated by the strain concentration due to a change in
cross section. Lay (1982) relates the drop in ductility
there to the reduction in the amount of ductile ferrite
present because the relatively rapid cooling rate after

welding increases the perlite percentage. Matic and Jolles
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(1987)

reported a critical fracture strain of 7% at one

location in the heat-affected zone of an HY- 100 steel.
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Table 4.1 Tensile Coupon Identification

Coupcn direction

Parent plate Plate rolling direction
Transverse Parallel

P6-1 6T1-1 ° 6P6-1 f
6T2-1 6p7-1 -
6T3-1 6pP8-1
6T4-1 ° 6P9-1 *
6T5-1 6P10-1

P6-2 6T1-2 ' 6P6-2
6T2-2 6P8-2 °
6T3-2 ° 6P10-2
6T4-2

P12 1271 ° 12P6
12T2 12P7 °©
12T3 12P8
1274 © 12p9 !
1275 12p10 *

P16 16T1 2 16P6
16T2 16P7 *°
16T3 16P8
16T4 ° 16P9
16TS 16710 *

wciies: 1  Poisson's ratio determined using Showa type N11-FA-5-120-11

strain gauges.
2 poisson's ratio determined using Micro-Measurements type
EP-(8-250BG-120 strain gauges.
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nondimensional lecad of about 1f, indicat ing that —ero

curvature exists at location A at that load. The averaae
strain 1s always tensile indicative of membrane action. 1t
increases relatively slowly up to a nondimensitonal load of

about 9 when the average model strain equals the yreid
strain, 1400 He. Thereafter the average model strains
increase rapidly up to a nondimensional load of about 15
where the stralns increase less rapidly as discusscd
subsequently. The model strains increase slowly with load
until yielding occurs, then more rapidly. The mode tate
increases in load cver the greater portion of tle: yicld
plateau is due to the change in geometry of the membrane as
it elongates due to yielding, making it stronger even though
the maximum membrane stress has not changed.

The measured strains up to a lecad of about € agreeo
reasonably well with the model strains. The rapid increase
of the measured strain on the loaded side beyond this load is
indicative of extensive yielding. The measured and model
strains within the yield plateau of tensile straining
indicate that the membrane is carrying the yield stress. The
measured strains reach this value at a load of, g/d., of
about 8 anc the model strains at a load of about 10.

At location B, 81 mm from the fixed edye (F.g. 7.17}),
in Fig. 7.21 both the model and measurea strains show a
substantial difference bhetween the strains on the loaded side
and free side at a nondimensional load of 1 indicating

substantial bending. The free side strains at this load are
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~rly clightly in compressicn and therefore significant
{ension exists. At & load of about 4 the model strains on
{he two sides are equal indicating that no bending strains
exist and that the section is in tension as the strains are
positive. The same tendency for the bending strains to
reduce is seen in the measured strains when both strains
reach the yield value in tension. Beyond a load of 4 the
{. e side model strains exceed those on the loaded side.
This difference is attributed to the strain gradient due to
the curvature of the plate. At higher loads, 4/dc¢ = 16, the
rate of increasing strain decreases with load.

The measured strains at low loads closely follow the
model strains and when yielding occurs increase rapidly
although not at the same load as the model strains.

Location C (Fig. 7.17) is 131 mm from the edge. At
this location, as shown in Fig. 7.20, essentially no negative
(compressive) strains exist on the free side indicating that
on the average the section is in tension. Whatever bending
Sstr~ins exist in the moc¢ 21 disappear at a nondimensional load
of about 2.5. Thereafter the free side strains exceed the
loaded side strains substantially as is consistent with
significant membrane curvature. At low loads the measured
strains are in good agreement with the model strains and
although they exhibit the same general behaviour as the model
st11ins the break in the curves reflect that yielding occurs
at different loads. The .. e 4e strains, after the load

corresponding to zero curvature at this section is reached,
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exceed the loaded side strains with the difference
representing the mémbrane curvature.

Locations D, E, F and G (Fig. 7.17), with the latter at
the mid-width, are all remote from the edge. The
correspc .Jdi..g strains are shown on Figs. 7.23 through 7..206.
The free side strains always exceed the lcaded side strains
consistent with the membrane curvature. In no case 15 there
a cross-over of strains with first one side exhibiting the
maximum strain and then the other. The average strain 1s
always a tensile strain. Again, these strains first i1ucrease
slowly and then more rapidly with yielding. At both
locations F and G compressive strains exist on the loaded
side at low loads. These are consistent with initial bending
of the plate before significant membrane action has

developed.

7.3.1.1 Summary

Several distinct trends or patterns can be determined
from the strain variation with load. Near the edge
(Locations X, A, B and C), very distinct bending strains
exist at low loads. At location A specifically, these
strains increase up to the plastic collapse load (gq/de =
1.0). The bending strains gradually reduce and become zero
as the point of zero moment migrates towards the edge from
poin% C at a nondiﬁensional load of 2.5 to point B at a load
of 4 and to point A at a load of 18.

The model strains increase slowly with load until

yielding occurs, then more rapidly and finally, more slowly
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cgain an dicounoed cubsesmently . The mavimum measured
straing did not reach the strain hardeniry region.

Lt oy near mid-width compressive strains exlsted at low
loads on e loaded surface indicating initial bending of the
plates here.

The measured strains are in reasonahle agreement with
the finite element strains up to a nondimensicnal lcad of
about 6. At the fixed edge on thi free side (location X)
compressive strains of over 30000 pe were precicted and
observed at the maximum load (res.alts from the finite element
model, Fig. 6.9, give tensile strains on the opposite face at
this load of 170000 ue).

From the change in strains -t the various locations
with load the development of elastic and inelastic membrane
behaviour can be deduced.

In the inelastic range, because of the discontinuous
vielding of the actual plate, the model strains are more
useful than the measured strains to examine the extension of
vielding, i.e., how yielding progresses from one location to
another.

On the loaded surface, tensile yielding progresses from
the edge towards the mid-width with increased loading.
Yielding occurs on this surface at location 2 at a load of

d/de = 1 and at location G only when the load has reached a

value of 13.3.
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On the free surface, tensile vielding progaresses in the
opposite direction moving from the mid-width, location &, at
a load of g/ge = 2.9 to location A at a load ot 9.5,

Within the zZone acting as a membrane, the strains are
greater on the free side than on the loaded side as would be
expected because of the curvature of the membrane of tinite
thickness. Furthermore the difference between the strains on
the two sides increases with increasing load as the moembrane
curvature must increase. Table 7.1 lists tor locations A to
G, the model strains on the loaded and unloaded surfaces at a
load, q/ge = 17.7 and thei. differences. It 1s seen that the
differences vary by only about 8% from location B to locatioeon
G. At location A, where the point of zero curvature exists,
the strains are about the same. With increasing load the
plate, originally defornzd in flexure, approaches a portion
of a circular arc as indicated by the radii of curvature
computed from the str i1 differences on the two surfaces. At
the location of .he point of zero curvature the radius is of

course infinite.

It is also sec .. m Table 7.1 that the straining 15 «
maximum near the edg.: "d reduces gradually towards the mid-
width. This is consis -« with the fact that the portion of

the plate near mid-width has to strain less as a membrane to
attain a circular shape than the plate at the =dge which
initially was bent in the opposite directicn. Thus, overall,

as load is increased the membrane tends to approach a
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~ircular chape, first near the mid-width and then progressing
towards the edge.

The decrease in the rate of straining with increasing

(

load for the model at high loads at lczation A and to a
lesser extent at locations B and C can be explained by
examining a free body of a unit length of the plate extending
from the point of zero curvature (point A when q/qc = 17.7)
to its mid-width as shown in Fig. 7.27 where the
corresponding strain diagram is also shown. For the model
with an aspect ratio of zero, a strip of unit length must ke
in equilibrium without forces in the longitudinal direction.
Therefore, the strains are consistent with the forces
required to hold the free body, subject to uniform pressure,
in equilibrium. At higher loads, with increasing pressure,
the rate of straining at the edges is less than at mid-width
because, at the edge, the increase in the horizontal
component is less than at the mid-width and the increase in
the Qertical component is obtained by the changing angle of
inclination, while at the mid-width the increase in the force

can only be obtained with increased straining.

7.3.2 Test Pl2

The variation of strain with load for test P12 at
locations X, A, B, C, D, E, F and G, as shown on Fig. 7.18,
are given on Figs. 7.28 through 7.35, respectively. The
behaviour, in general, is similar to that of plate P6-2 with
quantitative differences due to the increased plate

thickness.
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At location X at the toe of the weld where the plate is
severely bent, the strains on the free side reach large
compressive values. Signiticant bending strains exist fov
considerable distance near the edges and reach a maximum
value at location B at a nondimensicnal load of 1.0. The
bending strains at location A, closer to the edge, continue
to increacse, as does the average (membrane) strain,
throughout the test. Away from the edge the bending strains
diminish with load and eventually become zero for the model
stréins at a load of less than 2 at location C and at a load
of 1 at location B. Thus, as for plate P6 2 the point of
zero curvature migrates towards the edge with increasing
load, moving from point C, for the model, at a load of 2 to
peint B at a load of 4 but never reaching point A.

In the central portion of the plate, away from the
edges, the difference in strains between the free and loaded
sides due to curvatur. is again evident. At low r loads,
however, because of bending of the thicker plate, compressive
strains exist on the loaded side near mid-width. The average
strain is aliways ténsile and increases with increasing load
as would be expected in this region for membrane behaviour.
" maximum tensile strains reach about 26000 pe for model 2

and 21000 pe for the test at location A. Therefore, the

plate was loaded beyond the yield plateau region and strain
hardening had begun. The reduction in measured strain on the

loaded side at location A just prior to failure may be
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indicative of the rupture of the plate at the toe of the
wreeld.

The measured and finite element strains are generally
in remarkably good agreement in the elastic region with some
djvérgences in the yield plateau region as would be expected
hecause of the discontinuous yielding of the test specimen.
The strain variation in plate P12 is consistent with
significant bending at the edges, a point of zero curvature
that migrates towards the edges as the load is increased, and
membrane behaviour extending over 90% of the width of the
plate at maximum load.

As for specimen P6-2, from the change in model strains
at the various locations with lecad, the development of the
membrane behaviour can be deduced. On the loaded surface,
yielding in tensioﬁ progresses from location A near the edges
at a load of q/qe = 1.0 to location B at a load of q/gc =4.0
but never reaches location C or those beyond. On the free
surface, yielding in tension progresses from location G at a
load of q/qe = 1.0 to location B at a load of g/gc of 4.0 but
never reaches location A where the free surface is always in
compression.

Within the zone acting as a membrane the strains are
greater on the free side than on the loaded side and the
a fference between them increases with increasing load as
would be expected. Table 7.2 lists for locations A to G the

model strains on the loaded and unloaded (free) surfaces at a

load q/qc = 6.6 and the differences between these strains
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(the specimen failed at about this load). As tor model 1, it
is seen that the differences vary only by 3% 1n the central
region from location C to G. At location A the plate is
still bent in the opposite direction whereas ftor medel 1 oat
the maximum load no curvature existed at this point.
Location B exhibits a relatively large curvature as would be
expected in this transition zone between the plate acting as
a pure membrane and at the edges where bending in the
opposite direction exists. Again the plate 1 tendinag o
form a circular arc which develops from the mid-width towards
the edges where bending exists and where as noted previously
the tensile strains are the highest.

The strain variation through the thickness at any
location can be considered to consist of two parts: that due
to the curvature of the plute acting as an inelastic membrane
subject to fluid pressure and, because of its stiffnceas, that
due to bending. At any location where the radius o
curvature approaches the minimum value the bending sti.ins
are relatively small. At location B where the radius of
curvature is considerably larger than in the central near-
circular portion the plate in fact is partially straightened-
out because of bending in the reverse direction and, ot
course, at A the bending is very pronounced. Thus, a point
of zero curvature, which in this case would lie between
locations X and A (and whict for model 1 was at location A)
represents the case where curvature due to membrane action 1s

balanced by bending curvature in the opposite direction. The
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t et 4] =train at this location must be such that the force
deve:loped in tension here is sufficient to keep the portion
of the plate hetween the points of zero curvature near the

cxcdigees in equilibrium.

7.3.3 Test P6-1

The variation of measured strain with load for test E&-
1 at locations X,A,B,C,D,E,F and G, as shown on Fig. 7.36,
are given on Figs. 7.38 throud! 3, respectively. The
hehav' v resembles closely f. . rlate P6-2 which has the
came nominal thickness. Near the wdge (locations X, A and B
in particular) very distinct bending strains exist at low
loads. At location A, these strains increase up to a load,
a/qe~ of about 1. The net bending strains gradually reduce
and become zero as the point of zero curvature migrates
towards the edges from point C at a load of about 1.8 to
point B at a load of 3 and to point A, apparently approached
at a load of about 7. Keeping in mind that the plotted
strains are measured strains and that yielding is
discontinuous and therefore that strains beyond yielding are
more difficult to assess, on the loaded surface yielding is
seen to progress as in the previous tests, from location A at
A load of about 1 to location F at a load of about 10. No
mec surement was made at location G. On the free surface the
progress..ve yielding is again in the opposite direction
moving from location G at a load of about 3.5 to location A
at a load of 8. 1In both cases at the intermediate locations,

the yielding progresses rapidly across the half width. As
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before, the strains, within the zZone acting as & memnbrane,
are greater on the free side than on the loaded side though a
gquantitative assessment of these differences is not
appropriate because of the discontinuous yleldina phenomenon.
In so far as the strain may be assessed qualitatively 1t
appears that the membrane action spreads from the mid-width
to the edges and, at the maximum load, inelastic membrane

behaviour extends over 90% of the width of the plate.

7.3.4 Test P'6

The variation of strain with load for test P'le at
locations X,A,B,C,D,E,F and G, as shcwn on Fig. 7.37, are
given on Figs. 7.46 through 7.53, respectively. Except for
quantitative differences resulting due to the increaced plate
thickness the behaviour, in general, is similar to that of
plates P6-1, P6-2 and P12.

" The strain variation in plate P16 .s consistent with
significant bending at the edges, a point ol zero curvature
that migrates towards the edges as the load is increased and
inelastic membrane behaviour extending over 75% of the width
of the plate at maximum load.

As would be expected, bending is much more significant
than for the thinner plates. The point of zero curvature
moves from a point between locations D and C to location C at
a load of 4.2 to location B a° a load greater than 5 and
never arrives at iocation A. On the loaded surface yielding

occurs at location A at a nondimensional load, q/g- = 0.6 and

moves to location E at a load ..+ aroat 5.5 and never gets to

~
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leeations F oor . 0On the free side, yielding occurs at mid-
width, location G, at a load of about 1.1 and progresses to
locat ion B at o load of about 5.2 but never reaches A. In
the cent ral portion where inelastic membrane act.lon occurs,
although at some locations not through the entire thickness,
the strains on the free surface are greater than those on the
ioaded surface. The variation i the difference in strains
hoetween the two surfaces at different locastions suggest that
significant bending still exisrs, all the while recognizing

the discontinuous yielding process.

7.4 Strains Acroés The Width At Mid-Length

In this section the strain distribution across the half
width at mid-length at four different load levels is
presented. Some information presented previously is
reiterated.

The measured strain distribution is plotted for the
four tests at four different load levels in Figs. 5.20 to
5.35. Strains, as deduced using the ADINA finite element
owdel, are plotted in the figures for tests P6-2 and P12. 1In
examining these strains, it is again emphasized that measured
strains in the yield plateau because of discontinuous
vielding may vary between the yield strain and the strain
hardening strain and still represent the same stress level.
Because the ADINA model ra2quires a finite slope in the region
between vielding and strain hardening, model strains vary

continuously.



In Fig. 5.21 for rtest P6-2 at a nondimensional Lo ot
about 1.0 the behavicur 1 essentially elastic witlt bhonding
strains at the fixed edges and a point of Zevro curvature at
aboqt 190 mm from the tce of the weld. The model strains are
in good agreement with the measured straruns.  Close sorutiny

reveals that the average strain 1s tensile, indicat ive ot a

limited amount of membrane behaviour. PFigure 95.270 for test
P12 at the same load level exhibits very o.milar bhehaviour

with bending at the edge and a point of zero curvature again
190 mm from the toe of the weld. The experimental results
are in good agreement with the model values and show on the
avoerage a small tensile strain. Some inelastic bending, as
would be expected, occurs near the edge of the plate.

Figures 5.25 and 5.26 compare the ADINA mode! results
to the measured strains at loads approaching failure, g/
17.9 for test P6-2 and q/ge = 6.6 for test Pl.. The strains
in the former case are of course considerably larger.

From Fig. 5.25, both the measured and model strains
indicate significant bending at the edge of the plate. ADINA
predicts the point of zero curvature to be at 40 mm from the
edge. The point of zero curvature has therefore migrated
substantially towards the edge from its position of 190 mm at
a normalized loact of 1.0. Beyond the point of zZero curvature
where the plate acts 3 a membrane both the model and
measured strair s are on the tensile yield plateau. ‘The model
strains are higher near the hinge and reduce towards the mid-

width. As discussed previously, this variation is attributed
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re, the: fact that significant bending is required at the edges
0, develop mombrane action there but not at the mid-width.

For test P12 bending again is found to exist at the
edrge of the plate and the point of zero curvature at d/de =
£.6 i3 only about 80 mm from the edge as compared to 190 mm
a4t /ge = 1.0. Both the test results and the ADINA values
show that the vast central portion of the plate is acting as
a memprane with the strains on the free surface in the
inelastic region and strains on the loaded surface in the
elastic region. The difference in strains on the two
surfaces 1s a measure of the membrane curvature.

Figures 5.29 and 5.30 for test P6-2 at g/gc = 5.36 and
test P12 at q/ge = 3.03 respectively were drawn for the case
when the average membrane strain at the point of zero
curvature was about egual to the yield strain. It is noted
that points of zero curvature at 70 mm and 100 mm from the
edge for tests P6-2 and P12, respectively, are intermediate
to their previous positions for higher and lower load levels.
In the elastic region the test results (associated with the
loaded surface) are 1in good agreement with the ADINA model
strains. On the free surface the model strains are just
within the inelastic range with measured strains above and

below these values.

Figures 5.33 and 5.34, for tests P6-2 at q/qc = 10.9
and test P12 at q/qc = 5.1 respectively, both represent the
case when significant inelastic membrane action exists.

Bending still exists at the edges and the points of zero
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curvature are found at intermediate points to those for

higﬁer and lower loads, as should be the case. With some
scatter, the experimental values are in reasonable agreement
with the model results. In the central portion inelastic
straining exists. For tests PE-2 this extends through the
thickness of the plate except fovr a limited elastic zone on
the loaded surface near the mid-width. For test specimen
P12, Fig. .34, the free surface has inelastic strains while
the loaded surface, where the model and measured strains are
in good anreement, remains elastic.

The ave:age (membrane) strains of the 6 mm plate are
greater than those of the 12 mm plate. But :n the other hand
because of its greater thickness, the strain variation
through the thickness of the 12 mm plate is greater than that
for the 6 mm plate.

For bo*h specimens, bending strains at the edge
increase with increasing ~Jads. The point of zero curvature
migrates tow- !5 the edge with increasing loads. Tensile
membrane stra.us, tending to be higher near the hinge than at
mid-width are first relatively small, reach the yield strain
and then progress into inelastic strain hardening. The free
surface membrane strains are greater than the loaded surface
membrane strains to accommodate the curvature of the membrane

as discussed previously.

7.5 Membrane Behaviour
Figures 5.20 to 5.35 give strains across the width at

four different load levels for the four tests. The strains
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crtained from the ADINA models are shown on figures drawn for
bests P6-2 and P12.  Ar lower load levels (see Figs. 5.20 to
5.23) the strains away from the edges and between points of
sero curveture on both the loaded and free surfaces are in
the elastic range of behaviour. Figures 5.24 to 5.35 that
are drawn for higher load . .els show that the points of zero
curvature move toward the edges as the load is increased.
Between points of zero curvature and with higher load levels
the strains on both surfaces of the plate beacome tensile,
increase in magnitude, and eventually become inelastic. The
free surface strains increase at a higher rate than do the
strains on the loaded surface as the curvature of the
membrane increases with increasing load.

A plate acting as an inelastic membrane and subject to
fluid pressure loading, has a mean tensile strain that, for
any given load, is the same at all locations across its
width. Hence, the average tensile stress and curvature of
such a plate is constant from edge to edge and the deformed
shape is circular. The load-deflection behaviour of a plate
subjected to fluid pressure loading and acting as an
inelastic membrane from edge to edge is given by Ratzlaff and
Keninedy (1985, 1986), hereafter referred to as the Ratzlaff-
Kennedy model. Curves Mi, N and N' in Figs. 7.1 to 7.4 are
derived from their analysis. In these figures the test
results follow curve N' closely as discussed previously in
Section 7.2 and indicate that, at the higher loads, the

plates act predominantly as inelastic membranes. The basic
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reason for the siight differences between the load-deflection

behaviour of the test plates and that given bv Ratzlaff-
Kennedy model is that the test plates with significant
thickness do not form line hinges at the edge (i.e. hinges ot
no lateral extent). As discussed in Section 7.3 the plates
first of all, at very small deflections, behave as flexural
members. With increasing deflections elastic membrane action
asserts itself and eventually becomes inelastic in nature.
The initial deflected shape is dissimilar to the final
deflected shape which gradually approaches that of a circular
arc with divergences from this shape representing bending at
the edges. More straining is required to approach the
circular shape near the edges where the initial curvature is
in the opposite direction. The result, therefore, 1s that
the final membrane shape approaches closely that of a circle
over the central portion where inelastic straining occurs,
but at the so-called points of zero curvature, which will be
subject to significant straining and bendiig to maintain
equilibrium, the resulting curvature is zero. From the edges
to the point of zero curvature the plate acts primarily
flexurally. It follows therefore that while in most of this
central portion the curvature is sensibly constant, within a
short distance of the point of zero curvature the curvature
changes rapidly to zero. The deflected membrane shape is
therefore not exactly circular.

Figures 5.24 for test P6-1 and £.25 for test P6-2 show

that the measured and model strains across the width from a



point within about 40 mm of the edge are in the inelastic
region.  The model strains show a variation from a maximum
value near the point of zero curvature to the mid-width, as

dis~ussed previously, and show a strain gradient consistent

C

with a membrane approaching constant curvature in this
region. All of these strains therefore reflect stresses in
the yield plateau. It follows that within this strain range
any increase in load carrying ability of the membrane must
arice simply trom increased curvature, .increased deflections,
and increased inclination of the member near its edges.
Figure 5.26 gives the measured and model strains for
test P12 and Fig. 5.27 the measured strains for test Ple, at
their failure loads. For both tests the free surface strains
are inelastic while the loaded surface strains tend to lie in
the elastic region. Therefore for these thicker plates full
inelastic membrane behaviour had noct developed at failure.
The ADINA strains for test P12 show a constant difference
between the free and loaded surface strains over most of the
width where membrane action is occurring indicating that the

deflected shape of the plate is circular.

7.6 Longitudinal Strains

For a plate acting as a membrane in a state of plane
strain, the longitudinal strains at any location would be
expected to be zero. Figures 5.36 through 5.39 that give
measured longitudinal strains across the width at mid-length
for tests P6-1, P6-2, P12, and P16 respectively, at four

different load levels, show that these strains approach zero
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along the long sides. However, the strains, at loads near
failure, approach vield levels (about 1500 pe) near mid-width
for the two thinner plates and about ocne-third of the yield
strain values for the two thicker plates. The greater
longitudinal strains at mid-width for the thinner plates are
attributed to the relatively larger deflections of the
thinner plates as compared to the thicker plates as shown in
Fig. 5.19 for plates P6-2 and Pl6.

The near-zero longitudinal strains along the long edges
for all plates is simply due to the restraint provided by the
stiff reaction plate to which the test plates were welded.
The condition of straining therefore deviates from that
approaching plane strain along the long sides to a triaxial

strain condition that increased to a maximum at mid-width.

7.7 Behaviour At.Edges

' Sections through the thickness and across the width at
mid-length of the plate specimens taken airter failure
indicated that considerable bending had occurred at edge
locations. The geometry at the edges was similar to that
obtained from the ADINA analysis as shown in Figs. 6.7 and
6.8 for Model 1 and Model 2 (specimens P6-2 and P1l2),
respectively. A considerable amount of inelastic deformation
occurred within the region along the edges as was evident
from small samples taken there that retained their deformed
geometry after being isolated from the remainder of the

specimen.
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Az discussed in Chapter 5, failure for all four
specimens was observed to it ite within .he HAZ near the
for: of the weld and along the edges at mid-length. After
initiation, separation or rupture of the steel plate
progressed through the plate thickness to the unloaded
surface as shown in Figs. 5.9 and 5.10. In some cases,
rupture was observed to have began but not propagated through
the plate thickness at locations along the long edge opposite

to the actual failure.

7.8‘Fai1ure Loads And Dexrlected Shapes

Ratzlaff and Kennedy (1986) proposed relationships for
a membrane subject to fluid pressure, relating the membrane
deflection, the maximum membrane stress and strain, and the
membrane cdge inclination tc the fluid pressure and the

material properties as follows.

[7.1] sin@ _ iy

9 180 (1+&)

o:h sinB
(L/2 - d sin@) (1-v3)

[7.3] Wm = (L/2 - @& sine)@——
V1+cos0

[7.2] q =

where d sin@is the distance from the edge of the plate to
the point of zerc curvature. These equations are derived in
Appendix A. Also derived in Appendix A is the relationship

relating the maximum membrane stress, the fluid pressure, and
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the membrane edge inclination, based on the material
properties and a’'so based on full plastification of the cross
section in tension and bending at the support. This

relationship is

4] rgs_] 4 sin’0 (1 + &) {1 - v
o'u 3 COSG (8“ - Ep) (l - V‘)

In the latter derivation (See Appendix A) it is assumed that
the strain distribution at the edge is linear with the
maximum tensile strain on the concave side set equal to Oy.

From the test (measured) gecometry at failure (Wp and d
sinB) and the stress-strain curves for the tensile coupons,
the loads corresponding to failure were predicted from the
Ratzlaff-Kennedy equations [7.31, [7.1], and [7.2] (in this
order) and are given in Table 7.3 together with the test
failure loads. The test/predicted values are in excellent
agreement ranging from 0.965 to 1.002. The maximum strain on
the loaded side at the very edge of the plate, €y, predicted
from [7.4] i1s also given in the table.

At the test failure loads, the maximum deflection and
other quantities were determined from the ADINA models 1 and
2 for tests P6-2 and P12, respectively, as given in
Table 7.4. Equations [7.1] through [7.4] can again he used
together with the stress-strain curves as modelled by ADINA

and the ADINA geometry,to predict the failure loads (This
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parallels the calculations given in Table 7.3 based on the
measurcd geometry).  In making these predictions the test
values for the inelastic strain ratio were used. These
calculations lead to test/predicted ratios of 1.022 and
0.954, respectively, as shown in Table 7.4. Had the
inelastic strain ratio been taken equal to 0.50 (no volume
change as used in the ADINA models) the predicted failure
loads from equations {7.1] to [7.3] would have increased
substantially resuliting in test/predicted ratios of 0.86 and
.78, respectively. These data therefore establish that the
simple model for the circular deflected shape between points
of .ro curvature is consistent with the loads required to
deform the membrane into that shape. Implicit in this is the
facp that inelastic strain ratio is significantly different
frcem 0.50.

In Figs. 7.54 to 7.57 are plotted deflected shapes of
the plate at mid-length across the half width for the failure
load. Each figure has 3 curves: (i) the deflected (test)
shape as measured using the surface level indicator, {(1i) the
shape as deduced from the Ratzlaff-Kennedy equations based on
measured values of Wy, the maximum deflection, and of d sin,
the distance measured from the edge to the point of zero
curvature (i.e.,the geometry at failure} and the stress-
strain curves, by matching membrane deflections at mid-width
to the test deflections, and (iii) the shape as deduced from
the'Ratzlaff—Kennedy equations based on the test (measured)

failure loads and the stress-strain curves (matching failure
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loads). The data for these latter calculations are

summarized in Table 7.5. In this table, using the stress:
strain curves to determine coincident values of o3, ty, and
Vs, as determined from the stress-strain data, values of Wy,
d sinb, 0, €5, and €, are computed iteratively from [7.1}
through [7.4] for the test failure loads. The maximum
strains at the edge based on the ADINA models and the ratio
of these strains to those predicted using equations {7.1]
through [7.4], as discussed subsequently, are also given in
Table 7.5.

Curves (ii), !=2ed on measured values of the maximum
deflection of the membrane portion of the plate (Wm) at mid-
width and the distance to the point of zero curvature
(d sinB) have been plotted through these two points and
extended backward towards the edge based on the Ratzlaff-
Kennedy relationships. 1In the membrane region these curves
and the test curves are in reasonable agreement. The
difference between the two curves arises from the edge
behaviour and the fact that the membrane is not circular over
the entire range bétween points of contraflexure.

~ Curves (iii) have been computed from the Ratzlaff-
Kennedy relationships for the test failure load and have been
drawn with zero deflection at the edge. Again the behaviour
of the plate at the edge and the non-circular shape bhetween
the points of contraflexure accounts for the difference in

the deflecti-ns between curve (1ii) and the test curve. The



point of zero curvature is clecser to the edge than for the
measured (Fest) ocurve.,

It is concluded that both sets of predicted curves, one
matched in terms of deflections and the other in terms of
failure load, are in substantial agreement with the observed

(test) deflections.

7.9 Failure Mechanisms

Four failure mechanisms have been suggested by various
researchers with the first three of these based on previous
work as discussed in Section 2.4.

Ratzlaff and Kennedy (1986) put forward the hypothesis
of a maximum tensile strain criterion which was used in the
ADINA analysis here as aii upper bound. Failure is postulated
to occur when the tensile strain at the edge (on the loaded
surface in these tests) due to combined tension and bending
reaches the true fracture strain.

Ratzlaff and Kennedy, as discussed in Section 2.3,
also postulated a maximum shear stress criterion, based on
failure observations, that failure occurs at the edge when
the average shear stress reaches 0.5776y. This criterion
applied to the one test theyv did that failed in shear gave a
test /predicted ratio of 0.97.

Kennedy and Cheng (1992) proposed the criterion that
failure occurs when, under a state of plane strain, by
extending the von Mises-Huber-Hencky yield criterion to

ultimate the relationship
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7.5 0.75 [ B} 2(L) - 1.0,
[ ] \GnA) G A

where P and V are the tension and shear acting on a unit
length of the plate cross-section through its thickness at
the toe of the weld, A is the cross-secticnal area (1lxh) and
Oy 15 the uniaxial ultimate tensile stress. As the equation
shows, no stresses due to bending are convidered. Because of
the significant bending at the edge where failure occurred in
these tests .his criterion is not further considered.

The fourth criterion developed as a result of these
tests, applicable only when a heat affected zone exists in an
area of large tensile strains, such as existed here at ' ho
edge of the plate, is that failure occurs when the maximum
strain reaches that which causes rupture in the HAZ. The
data obtained in these tests are limited but the results of
the two tests for which ADINA analyses were performed (see
Section 6.2) suggest that failure occurs when the true
strain, under conditions of plane strain that exist at the
edge of the wul~te, reaches the range of 88000 pe to
170000 pe. Even the least of these values exceeds that
proposed by Matic and Jolles (1987) very considerably. The
least value even exceeds that used by Bond (1993) by 1.26
rimes. For this criterion of maximum strain in the HAZ the
ADINA strain of 170000 pe at the failure load in test P6-2
was used to predict the failure load for both tests P6-2 and
P6-1 because the stress-strain curves for the two 6 mm plates

are quite similar, as given in Table 7.6. Of course the
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individual stress-strain data for the respactive test plates
wiire- used.  Similarly the ADINA strain of 88000 pe at the toe
of the weld for test P12 was also used for test P16, again
bocause of the similarity of the stress-strain curves for
these two steels (see Table 7.6) . ‘The Ratzlaff-Kennedy
(1966) model was used to predict the failure load based on
the maximum strain at the toe of ti.e weld, taken to be 170000
ge tor the 6 mm plates and 88000 pe for the 12 and 16 mm
plates. The results of these calculations are summarized in
Table 7.6 and discussed subsequently.

Table 7.7 summarizes the non-dimensional failure loads,
a/de, for the four tests and the predicted failure loads
based on the three crito. i considered to be valid as
discussed previously. The smallest predicted failure loads
are those due to the straining in the HAZ. These loads were
used to determine the test/predicted ratios which vary from
0.69 to 0.80 indicating that the predicted failure loads even
using the HAZ strain limits were too high. This is
attributed to the fact that the strains at the toe of the
weld as shown by the ADINA model (Figs. 6.5 and 6.6) are very
much non-linear and a basic simplifying assumption of the
Ratzlaff-Kennedy model is that the strains vary linearly.
Non-linear straining means that less load can be carried for
the same maximum strain. In particular, examining Table 7.6,
based oi linear straining it is seen that the maximum
deflections are greater than those observed as given in Table

7.3 and those predicted ky "DINA as given in Table 7.4.
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These tables also show that the distances from the codge to
the point of zero curvature, as observoed (Table 7.3) and
calc 'lated by ADINA (Table 7.4), are 1in good agrecment but
are much greater than when the maximum strain in the HAY 1s
used with the assumption that the strain distrvibution is
linear (Table 7.6).

As discussed in Section 7.8 the failure loads in vables
7.3 and 7.4 were determined from measured or computeoed (ADTNA)
deflected shapes of the central portion that acted as a
membrane and gave predicted failure loads in good
correspondence with the test values (test/predicted ratios
range from 0.954 to * 022). The guestion still remains,
however, what maximur t+rains does tne Ratrnlaff-Kennedy model
predict based on the fiilure load and how do thesce compare
with the strains determined from ADINA? Table 7.5 summarizes
the calculations for determining these strains and compares
them to the ADINA strains. The ADINA strains range from 1.4
to 1.8 times the linear strains, suggesting that, within the
beounds of all the assumptions made, that the strain
concern.tration factor at the toe of the weld was about 1.5 on
the average. It is emphasized again that in this comparison
the contributions from the various assumptions both in the
ADINA program and in the Ratzlaff-Kennedy model (particularly
the deformation and straining at the edge) contributed to
this number. It is possible that the strain concentration

factor may even be higher.



196

Tuking the strain concentration factor to be 1.5 and
nsing the maximum linear strain for the 6 mm plates as that

determined by ADINA divided by this factor, i.e.

170660 pe /1.5 = 113000 p and for the 12 mm and 16 mm
plates, 88000 pe /1.5 = 58700 pe , the Ratzlaff-Kennedy model
ran be used to determine the failure loads. The resulting
failure loads, given in Table 7.8, give a mean test/predicted
volue of 1.00 and a coefficient of variation of 0.09. The
lowest of these values was determined tor
test P6-1 for which it is recalled a copper backing bar
was used that resulted in contamination of the weld metal
with copper in the area where fracture initiated.

In the four major tests conducted here it is pointed
out that two factors contributed to the failure at lcads less
than expected based on the shear limit which otherwise would
likely have governed. These are of course the reduced
ductility in the HAZ and the strain concentration due to the
abrupt change in cross-section at this location. Neither of
these factors need be present in a real structure as

discu:ssed subsequently.
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8. SUMMARY, OBSERVATIONS, CONCLUSIONS
AND APPLICATIONS

8.1 Summax

A series of four tests were conducited on transversely
loaded rectangular mild steel plates, about 1000 v wide by
3000 mm long. with thicknesses of 6 mm to 16 mm, f{ixed
agalinst rotation and translation on all four edges.
Therefore, the plates had an aspect ratio of the width
divided by the length of about 0.34.and an effective
width/thickness ratio of between 64 and 154,

The plates were subjected to fluid pressure loading
until failure occurred. Deflecticon and strain measivrement s
were taken at numerous locations across the width and along
the length throughout the loading.

Two models (both based on an aspect ratio of zero,
implying plane strain conditions) were used to predict the
behaviour of the tést plates. The Ratzlaff-Kennedy (1986)
modél taking into account elastic and inelastic material
behaviour and large deformations and hence flexural action
and elastic and inelastic membrane behaviour including
bending at the edges, describes behavioural domains in which
the 1..ponse would be expected to lie. Three fallure mode:s
of excesslve straining in the steel, excessive straining in
the H2Z, or zhear, all at the edge of the plate, have bheen

ident ' fied.
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The: ADINA finite element model, used to predict the

Le-haviour of two of the test plates, takes into account
geonctric nonlinearities due to large displacements and large
strains and, as well, nonlinear material properties.

Strain measurements from uniaxial tensile coupon tests
gave values of Poisson's ratio of about 0.28. Just beyond
the yvield plateau the i1nelastic strain ratio reaches akout
0.4% and then decrease almost linearly to about 0.35 at an

axtal strain of 200000 pe.

8.2. Observations

In general, the load-defle:.lon responses were
consistent with analyses that describe a domain of
behaviour. 1Initially, the plates exhibit elastic flexural
membrane action, then elastic membrane behaviour with
inelastic hinges near the supports and mid-width and
finally, inelastic flexural membrane action was observed.

Significant bending of the plate exists in a relatively
narrow region at the edges. With increased loadinyg the
curvature at the edge increases and the width of the region
decreases, the curvature decreasing from a maximum at the
edge to zero at the limit of this region. Between the
bending regions at the edges and between the points of zero
curvature, the plates under the action <t fluid pressure
nearly formed the circuler arc that would be expected.

For the same load levels, the measured deflections are
in excellent agreement with those predicted by the Ratzlaff-

Kennedy (1986) model and those of the ADINA finite element



model.

The pressures at failure for the lo mm, 12 mm, aind {wo
6 mm plates were 2383 kPa, 1909 kPa, 1411 kPFa, and 1152 kba
with corresponding deflections of about 53, 54, 8%, and 71
mm, respectively. The pressures at failure are 5.5, 6.0,
17.9 and 17.6 times the pressure required to develop o
three-hinge collapse mechanism aszuming flexural action
only. The maximum deflections, in the same order, ware 3.2,
4.0, 12.0 and 10.5 times the respective plate thicknesses,

Failure of all four plates occurred along one cdge nea
mid-length. Rupture, initiated in the HAZ at the toe of the
restraining weld, and cracks propagated through the
thickness and aloﬁg the length of the plate.

| Recognizing the discontinuous nature of yielding, the
strains from the ADINA model are in reasonable agreement
with the measured strains.

At the failure loads and within the membrane portion of
the plate, i1.e., between the pecints of zero curvalure, the
thinner plates were fully vielded throughout with larger
tensile strains occurring cn the convex (free) surface than
on the concave (loaded) surface. Even at failure loads, the

thicker 12 mm and 16 mm plates were strained only

elastically on the loaded surface.
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8.3 Conclusions

Because of the inelastic membrane action that develops
an inelastic straining occurs, transversely loaded steel
plates can carry many times the fully plastic flexural
ol lapse mechanism load. The ratio of the inelastic membrane
failure load to the collapse mechanism load increases with
increasing width/thickness ratios or with thinner plates.
soth the maximum deflection at ultimate fallure and the
def lection normalized by dividing by the plate thickness
increase with decreasing plate thickness.

Three failure mechanisms associated with rupture at the
«dge of the plate have been identified that are considered
to be valid when significant bending exists at chat location
or when the transverse shears are large. These are: (1) a
maximum tensile strain criterion where the tensile strains
arising from the tensile forces and bending moments reach
the true ultimate tensile strain of the steel, (ii) a
maximum tensile strain criterion where the tensile strains
occurring from the tensile forces and bending moments at the
cdges reach the ultimate tensile strain of the HAZ (This
conditi~n mey be further exacerbated by introducing a strain
concentratrion at this same location), (iii) a maximum shear
strese criterior when the average shear stress at the edge
reactes 0.5776y, The criterion giving the lowest failure
load in a givoen set of circumstances will govern. Real
structi:~s can be designed to eliminate or at least minimize

the thi:rd criterion. With failure in the HAZ precluded



becéuse of good design .t 1s likely that the shear criterion
would govern.

All four plates achiceved at least partial inelastic
flexur' membra:s= hehaviour but are considered to have
failed premacurely due to rupture of the steel in the HAYZ,

Test /predicted ratios for the 4 tests ranging from 0.69
to 0.80 were obtained based on the failure criterion of
rupture in the HAZ when cae Ratzlaff-Kennedy model was used
to predict the strains and the test strains werce Laken as
the maximum strains computed from the ADIMNA models (strains
could not be measured on the loaded surfa = at the toe ot
the'weld). These test/predicted ratios are considered to be
low becatse the ADINA model shows that the .trains vary non-
linea: 'y chrough the thickness while the Ratzlaff-Kennedy
model assumes a linear distributicn of strain there.

A comparison of the ADINA strains at the failure loads
with those computed from the Ratzlaff-Kennedy model suggest:
that the strain concentration factor at the toe of the weld
was in the order of 1.5. When this factor is applied te the
maximum tensile strains in the Ratzlaff-Kennedy model the
test/predicted ratios range from 0.86 to 1.05% with a mean

value of 1.00,

8.4 Applications

The highly predictable inelastic memhrane hehaviour,
demonstrated by these large-ccale tests, that results in
transverse load carrying resistances of stecl plates iuany

times that based cn fully plastic flexural collapse
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mechanicms, suggests a completely different limit states

Ao ign approach for those structures in which the

detormat ions associated with inelastic membrane action are of
little consequence. Obviously, for membrane acticil to
develop, the remote edges of the plate must be anchored
against transletion. For any postulated loading condition,
whether diztributed over the entire plate or a portion

t hereof, the inelastic membrane behaviour a. the factored
lead level can be established eithevr using the Ratzlafi-
Fennedy nodel or an inelastic finite element anal), i3 using a
program such as ADINA.  Points of maximum tensile straining
and maximum shear, whether at supports or under load points,
arc identified. The values of the tensile strain and shear
at these locations are compared to the limiting values to
catisly the ultimate limit states criteria. It is suggested
that the nominal shear resistance for the plate material is
0.5776u and the nominal maximum strain is the ultimate true
strain (this presumes that the failure mode associated with
high tensile straining in the HAZ has been obviated by good
detailing). Resistance factors and load factors are
established consistent with the desired reliability of the
structure.

Based on analyses to date it 1s expected that the shear
criterien would govern and that the postulat=d failure loads
would be in the order of 25 to 50 times the fully plastic
flexural collapse mechanism loads and increase with

decreasing plate thickness. The membrane deflections also,
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of course, increase as the thickness 13 decreased.

Twe classes of astructures tor which 1t 13 suggentod thoa
local deformations, so long as fracture does not occur, cause
little more than cosmetic damage, arve arctic calsson-typoe
structures used for petroleum exploration and product ton and
the hulls of ice-breaker.. Both of these structures are
likely to be subject to large ice loads and deformat ions ave
not a serviceability issue. Therefore such structures can be
designed utilizing the membrane action to the {ullest,

Figure 8.1 shows that the deflected shape ot omn
individual plate panel 1s directly related to the
distribution of loads to which it has been subject ed.
Ratzlaff and Kennedy (1986) state, therefora, that 1f & panel

is subjected to a loading pattern different firom that which

first occurred, then a tic deflected chape would be
developed as shown * £ oal. (1974) provided the
second load becor Large. The pane! simply
adapts to the r 43. The variation in
loading on a pa: 1 not: to be a problem. A
a matter of fact, oo Aeformation.: that hawve

occurred can be usea airectly to determine the intensity of
the forces to which plate panels of the structure have been
subjected. The structure itself becomes a conglomeration of
virtually indestructabie locad measuring devices. The
deflected shapes could be recorded and would thercby provide:
a significant clue to the distribution of load. Yearly

observations would enable the operator toc catalogue thre:
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forces to which the structure has been subiected, thus
accumulating a body of statistical data.

Consider the load-detormation response of plate PL2 ot
Fig. 5.1. On unloading and reloading, the path 18 retraced.
If a certain load has been reached and then removecd, turther

cycles of loading to the same or a lesser level would simply

cause elastic cycling. If on the other hand the maximum load
on a subsequent cycle is greater, cycling would occur throngh
this point on another line, elastically. It i1s anticipated

that a significant number of cycles of loading dispiraying
this essentially elastic behaviour could be withstood hefore
fatigue cracking would ensue.

For design, to minimize cverall costs, paramctric
studies should be carried cut to determine the bhest
distribution of steel between the face plate subject to the
heavy loads and the supporting members. It is envisaded
that the optimum structure for a given plate thickness would
have a minimum number of supporting bulkheads. In no case
should a large number of intermediate stiffeners he used.
These are unlikely to be able to accommodate the
deformations associated with the development of inelastic
membrane action without failing themselves. They theretore
are ineffective. The volume of steel in such stiffeners, it
is suggested, based on the behaviour observed here, 13
better placed in the membrane plate or its major supporting
members. It i1s further suggested that satisfactory

performance can be obtained when one-way membrane action 13



dizsecloperd. There is no real need for two-way action. The
de:sign concept is fundamentally to reduce the number of
pieces incorporated in the structure. Of course, at the
crids of the structure, provision must be made to anchor the
meembrane f{orce in the original plane of the membrane.

A double-hulled approach appears to be desirable, with
4 second membrane behind the surface membrane at such a
listance to allow full membrane action of the surface
membrane to be developed without impinging on it. Should
rupture of the surface membrane ocur, fluids would be
ret ained within the ruptured cell. Of course, once the
surface membrane is deformed and unloaded, on reloading 1t
deforms elastically until the previous maximum load is
approached. Figure 8.1 shows a possible cross-section of
the geometry for a structure designed in accordance with
these principles.

The use of the full strength of continuous steel plates
developed with inelastic membrane action has further
arolications in any ci. cumstance where deformations that
covelop are of little consequence. Other applications could
include structures for storing materials such as tanks,

bins, and hoppers.
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APPENDIX A

The. rolationships proposced by Ratzlaff and Kennedy
11996) for a membrane subject tc fluid pressure relating the
memby ane def lection, mawimum stress, strain, the edge
inclination, to the fluid pressure and the material
properities are derived here.

Figure A.l(a) is a free body diagram of the half-width
of a unit length of plate with zero aspect ratio subject to
{luid prossure and agsumed to have constant curvature from
the point of zero curvature, point Z, to the mid-width. The
angle 8 is the membrane edge inclination. Consider Fig.
A.1(h), a free body diagram of the central circuiar portion

from point Z to the mid-width, extending over a horizontal

T

distance of L/2 - d sinB. The strain arising from the

extension of the plate under fluid pressure due to the

membrane force, S, is

(A.1a] e, = b= Lo oo
L,
_OmL. g
[A.1b] g, = 180 sin® . or
L\J
[A. ]P] 85 = __QTt . 1 , or
180 sin®
[A.1d] sin® _ n
0 180 (1 + &)

where g is expressed in degrees. Summing forces in the

vertical direction gives
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fA Ea] q (% - d sin®) Y = Sosin®,  or
[A ob] . _ o.h sind
2 q = I
' (1 - v, )Y f- d sin® )

when § is replaced by osh/ (1-vs9) which takes into account the
state

of plane strain (zero straining in the longitudinal
direction). Summing moments about point ¥ and st rees

in the horizontal direction glve, respoctively,

[a.3] o}

= SW, , and

[A.4] Q-sin(g—)' + S cos® - ¢ =

and combining [A.3] and [A.4] gives

(L ~ @ sinB) (1-cosO)
(a.5] W, = —2 o
sinb

Viicose

NN

Consider the free body diagram of Fig. A.l(c). The
fluid pressure is indicated by its horizontal and vertical
components. Assuming that the strain distribution abL the
cross section through point O and K is linear with an average
axial strain, €, equal to that due to the axial force P when

the maximum strain due to b=nding and axial forces equals €&

at point K, the radius of curvature is



For cimplicity, assuming that the centre line of the
deformed plate shape can be described by a cubic function,
the minimum radius of curvature ¢ responding to the maximu.-
bending strains at the plate odge is found from geometry t o

he

[#.7] P = d cosB

Mchermott et al. (1974) alsc used < cupic function to
describe the geomerry at the plate edge when analyzing huill
damages from ship cellisions. They suggested that it was a
reasonable and simple way in which to approximate the change
in curvature from zero to a maximum value at the edge.

The: eccentricity, e, of the maximum membrane force, S,

can be shown to be

(a.8] e = dsin@

Summing moments about point O and considering centre-line

dimensions, the moment at the edge is
[A.9] M. = Sse

whe.. the contribution to the moment of the fluid pressure 1is
neglectew« (This moment is only of the order of 1% of the
moment Se).

The axial force, Py, is



[a.10] Fo=

6
Q
O
1]
T

when neglecting the horizontal component of the tlurnd

pressure.

Setting Pmin of (A.7] equal to p- of [A. o] givoes

(a.11] 4 - h (1 + &)

cosB (e, - &)

and substituting [A.11] in [A.8]) gives

[a.12] o . 1sin® (1 wg)
3 cosB (g, - &)

By replacing the expression for d of [A.1l] and for ¢ ol

(A.12]) in [A.9], the edge moment becomes

[A.l%] Mo - Sh sin® (1 + g)

3 cos® (g, - &)
For plane strain conditions for a unit length of plate,
the

maximum membrane force corresponding to uniaxial stress:

strain conditions (G,eg) is

{ 1-vi)

Substituting [A.14] in [A.13] gives

[A.lS] M - G::,h Sll’le (l + 8‘/)

3 cos® (g, - g) (1 - v?)

and similarly for [All]

[A.16] b= 6.h ccsB

(1 - v3)
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le,ad and monment at the edge are jiven by

The cocmiot ing il

Pon capration,

7. 1] v (f) -1
" P

plasticity. Because Ll otralns are

Vool v Dbl

cmcept ponad by
for e, 1, oand By are determined using 6, the ultimate tensile

Stpenat by, and oan inelastic stras: rvat 1o L 0.50.
Substituting M. and Py of [A.15] and [A.16], respectively, in

(AL gives

(5. e [9%
..

4 sin'@ (1 + E!)(i - Vf)
3 cosh (e, - &) (1 - vi)

This equation, describing the relationship among the maximum
membrane stress and the edge inclination is based on the

werial properties of the plate, Os, Ou, €u, €p, Vs, and Vp.
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