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INTRODUCTION

For surface ship structures, entirely ra-
tional elastic or plastic design procedures
have not yet been achieved, although, since
World War II, research activity has been con-
siderably increased. The underlying reasons
for the present rather empirical methods of
design are to be found in the considerable
complexity of the structures and the present
lack of knowledge on loadings at sea. It is
interesting to observe that surface ship struc-
tures are usually far more complex than the
submarine or the aircraft, and this complexity
results in a requirement for appreciable in-
genuity to reduce theoretical analyses to man-
ageable proportions. On the other hand, the
comparative Tack of knowledge on surface ship
structures is not particularly critical, since
the design of structures has evolved quite
slowly, being based mainly on previous experi-
ence, and the safety of the ship and personnel
is seldom called into question. New develop-
ments such as the introduction of more brittle
or fatigue sensitive materials, including the
high-strength steels, aluminium alloys or
glass-reinforced plastics, may alter this sit-
uation and lead to a more pressing requirement
for rational treatment.

The present author has been working at
the Naval Construction Research Establishment
(N.C.R.E.) Dunfermline, Scotland, during the
past 15 years, mainly in the field of surface
ship structures. This period has seen. con-
siderable advances and development hoth in the
understanding of the mechanics of ship struc-
tures and in the application of digital comput-
ers to ship problems. A number of long-term
projects have been initiated to measure the
strains experienced at sea. Although the work
familiar to the author has been mainly con-
cerned with warship structures, much of it 1is
potentially applicable to surface ship struc-
tures generally. The present review is an at-
tempt to highlight some of the more significant
advances.

MEASUREMENT OF SERVICE STRESSES

There is considerable agreement that the
present lack of knowledge of the Toading on
surface ships constitutes the largest unknown
affecting the structural design of surface
ships, and N.C.R.E. is now devoting quite a
significant effort towards the measurement of
loads at sea, using statistical strain gauges.
It is widely recognized that loadings may be
most conveniently measured using strain gauges
placed on the ship's deck or bottom structure
at positions unaffected by stress concentra-
tions. The work at N.C.R.E. has been reviewed
in a recent paper by Smith.l

It is considered that the measurement of
service stresses should be directed towards two
objectives. The Tirst requirement is to obtain
information on the extreme values of stress ex-
perienced at sea, while the second is to obtain
histograms of stress reversals. It is by no
means clear that the same instrument would be
equally suitable for both these purposes.

More realistic information on extremes of
stress is required for placing the Tongitudinal
strength calculation on a sound basis, and
Yuille? first proposed using a very simple
maximum-reading strain gauge which has subse-
quently been adopted for extensive measurements
by N.C.R.E. (Fig. 1). The instrument is pure-
1y mechanical in action and requires no power
supply. When in operation the gauge is bolted
in position by bearing against the surface of
the test structure on two pairs of hardened
conical studs which give an effective base
length of 10 in. Any change in the separation
of these bearing points is magnified by a sim-
ple lever system and is marked by a recording
pen on a stationary reel of recording paper.
The magnification factor is about 100, so that
a Tine 1 in. long on the recording paper cor-
responds to a strain variation of about 0.001
or a stress change in steel of about 13 ton/
in.2, The reel of paper is moved forward man-
ually at fixed time intervals leaving a series
of lines on the paper each of which corres-
ponds to the maximum strain variation during
one interval. The gauge is designed so that
by simple modification its base length can be
increased to any required span. The short 10-
in. base length has however proved sufficient-
ly accurate and has in any case proved neces-
sary because of the restricted space available
for fitting of the gauges in warships.

Twenty-five maximum reading gauges have
now been operated for some time, and records
have been obtained from more than forty
British warships of various classes including
frigates, destroyers, cruisers and an aircraft
carrier. An improved production version of
the gauge has recently been developed, and a
further fifty of these instruments are now
coming into use. It is intended, ultimately,
that every operative ship in the Navy should
be fitted with one of these gauges. The
gauges are normally positioned on the web of
a longitudinal stiffener under the strength
deck, well away from positions of stress
concentration.

In the analysis of results, hogging and
sagging stresses are separated. This is ac-
complished by marking still water datums im-
mediately before and after each voyage. Low
amplitude strain variations corresponding to
periods of calm weather are also used, to fix
intermediate datums, and these are connected
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by a datum line. Most of the maximum strain
readings so far have corresponded to 24-hour
periods at sea. With the object of represent-
ing accumulated data in a concise form, allow-
ing interpolation between the results for ships
of different types and possibly allowing ex-
trapolation beyond the observed ranges of
strain, the daily maxima have been analysed

and plotted using an extreme-value statistical
theory described by Gumbel.® In this analysis,
the cumulative frequency of the observed ex-

treme values is represented by a series of
points plotted on a special probability paper.
An extreme-value probability function, which
appears as a straight line on the probability
paper, is fitted to the observed data by a
least squares method, together with control
curves which define Timits within which a
specified propaortion of the data should lie.
A typical probability paper, showing the re-
sults from a group of four ships of the same
class, is shown in Fig. 2. It may be seen
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that the measured stresses bear Tittle relation
to those predicted by the standard L/20 static
wave calculation, and also that the sagging
stresses are appreciably higher than the hog-
ging stresses, possibly due to the effects of
slamming. It has been found that extrapola-
tion to longer periods using the Gumbel plot
produces results which are not generally con-
firmed by subsequent measurements. Often the
extrapolation predicts extremes which are too
high, and for this reason it has been decided
to measure extremes for very long periods of
time, possibly for ten years or more on each
ship. Until more data are obtained, it will
not be possible to establish any statistical
pattern of the extremes.

The main reason for investigating cyclic
leading as distinct from maximum leads is to
provide a means of ensuring that new ships will
not run unacceptable risks of fatigue failure.
In existing ships, the problem of fatigue has
not proved critical, and minor fatigue cracks
have been troublesome rather than catastrophic.
In future, the possible use of fatigue-
sensitive materials such as high-yield steel,
aluminium and glass-reinforced plastics, may
lTead to more severe fatigue problems. In mild-
steel ships, any increase in the acceptable
general stress level must be accompanied by
improved fatigue strength of structural com-
ponents. It is also possible that major struc-
tural discontinuities of an unfamiliar type
may occur, inevitably causing stress concen-
trations and requiring an estimate of Tocal
fatigue strength.

It is considered that the existing theo-
ries of cumulative damage such as Miner's Law
are not fully satisfactory, and future improve-
ments may be expected. Equally, it is con-
sidered desirable to be able to separate vibra-
tory stresses in order to indentify the effects
of slamming and bow flare immersion. A sample
of a continuous strain curve is shown in Fig. 3,
and it is clear that a simple counting gauge
would be rather unsuitable, the resulting his-
togram being dependent on the particular method
of counting. At N.C.R.E., a strain-recorder de-
sign is being sponsored, which will supply the
equivalent of a continuous strain record in a
form suitable for interpretation and analysis
by a digital computer. The instrument will
record the amplitudes of maximum and minimum
points on the strain curve relative to an ar-
bitrary fixed datum which will subsequently be
corrected to the still water datum. Special
provision will be made to identify vibratory
strains with a period of less than two seconds.
Minor strain variations less than a specified
amount ¢ will be surpressed, and & may be ad-
justed in the range 0.00002 to 0.0002 (0.27 to
2.7 tons/in.2 for steel). The length of the
digitized record will depend quite critically
on the value of &.

Two possible systems have been considered,
the first based on a ship-borne slow magnetic-
tape recorder in conjunction with a shore-based
analogue to digital converter and data-process-
ing unit. The second consists of a self-
contained ship-borne digital recorder incorpor-
ating analogue~digital conversion and a data



processing unit employing micro-Togic cir-
cuits. In each case the analogue strain
signal would be obtained using electrical
resistance strain gauges. At the present
time, the second type of system is favoured,
since it reduces the effort in data process-
ing, is more compact, and is thought to be
potentially more reliable. A design has been
produced by Plessey Limited, and it is Tikely
that two prototype units will be ordered 1in
the near future.

ELASTIC ANALYSIS

Most of the recent work in this field has
been concerned with transverse strength,
though, with the second generation of digital
computers now becoming available, complete
structural analysis including interaction be-
tween Tongitudinal and transverse loadings
may shortly become feasible. Although trans-
verse strength analysis has been traditionally
based on treatment of a single ring frame, the
subject is more correctly concerned with the
analysis of flat or curved plated grillages.
Until the advent of the digital computer,
grillage analysis was restricted to very sim-
ple cases, and much effort was devoted to
finding short cuts to the very heavy arithme-
tic involved. Nowadays, straightforward
grillage analysis is quite commonplace. A
text reviewing elastic grillage analysis ap-
plied to ship structures has recently been
published by the present author."

Ideally, each plate panel of a grillage
should be analysed by the well-known Tinear
plate theory equations,

0 (1)
q/D (2)

where ¢ is the Airy stress function, w is the
bending deflection q is the lateral pressure
and D = Eh3/12(1-u2). The beams may be an-
alysed by the usual Euler-Bernoulli theory,
and the boundary conditions for equations (1)
and (2) are obtained by specifying equilibrium
and compatibility at each beam position. This
approach was adopted by the present author to
analyse a simply supported panel stiffened in
one direction only, under a single concentrat-
ed Toad.5 The analysis has been generalised
more recently by Smith® to apply to a very
wide variety of interconnected systems of
rectangular plates and parallel beams in one
direction, simply supported at the ends.
Structures which can be analysed include un-
symmetrical or skew stiffeners, swedged or
corrugated plating, box beams or the Vee bot-
tom region of a frigate with a rise of floor,
as shown in Fig. 4. A rather similar ana-
lysis for orthogonally intersecting beam gril-
lages was attempted about 10 years ago by

AT

viw

Kendrick’” who assumed that the orthogonal com-
ponents of the in-plane displacement could be
considered separately, the only interaction
arising from the vertical shear forces at the
stiffener intersections. Kendrick's work in-
dicated that very accurate results could be
obtained by treating the stiffeners alone using
beam theory and including the plating as an ef-
fective flange to the longitudinal and trans-
verse bars. The effective breadth of plating
was taken in this instance as the full stiff-
ener spacing. In practice, the plate panels of
warship grillages are seldom perfectly flat,
and there may be permanent set up to about a
plate thickness deep caused either by welding
distortions or early loadings on the structure.
This has the effect of rendering the simple
lTinear plate equations invalid, and, in view
of the complexity of the problem, the practice
at N.C.R.E. is to establish methods of choosing
structural idealisations by comparison with
experiment.

Nowadays, transverse strength and griliage
analysis is based on finite element idealisa-
tions with the problems being solved numerical-
ly on a digital computer. Until recently, a
comparatively small first generation computer,
the Ferranti Pegasus, has been used at N.C.R.E.
Initially there was a 4096 word high-speed
store which has now been increased to 7168
words. General structural analysis programs
have been developed for this computer, includ-
ing a plane frame program® suitable for the
traditional transverse strength calculation.
This program will treat any rigid-jointed multi-
connected frame up to about 20 intersections.

A facility exists for treating more intersec-
tions by partitioning, and shear deflections
can be included. Two programs have been written
for flat grillages.?” 10 The first is very gen-
eral and will treat any network of straight
elements, not necessarily orthogonal, up to
about 20 intersections, including both shear
and torsion. The second is Timited to ortho-
gonal grillages with a rectangular boundary
ignoring torsion, but it can tackle up to 72
intersections. At the present time programs
are being written for the English Electric KDF
9 computer which will treat grillages with up
to about 200 intersections. The plane frame
and grillage programs consider the plating to
be represented as an effective flange to the
beam elements. A program has also been written
to analyse the transverse strength of a com-
plete midship compartment of a ship's hull.11-12
This program includes shear panel elements, in
addition to the beam elements, to allow for
transfer of in-plane forces between adjacent
frames. Due to the large number of unknowns
and the Timited size of computer, the analysis
is restricted to cylindrical compartments iden-
tical though not necessarily evenly spaced
frames, and longitudinals uniform along their
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Tength though not equal in size.

Throughout the grillage and transverse
strength investigations, experimental work has
been carried out often at full scale on typi-
cal steel structures, to assist in formulating
structural idealisations, in particular, the
choice of an effective breadth of plating and
on effective rigidity of shear panels. The
procedure has usually been to carry out cal-
culations for a whole range of assumed values
for these parameters, and choose the vdlues
giving the best agreement. Generally, for flat
grillages, the assumption that effective
breadth is equal to half the beam spacing
gives results which are sufficiently accurate
for design purposes, and some typical results
for a grillage under uniform pressure are
shown jn Fig. 5. This graph is particularly
interesting as it illustrates the pronounced
effect of local bending between the intersec-
tions in a grillage having widely different
longitudinal and transverse members. The
choice of idealisation for transverse strength
curved grillage calculations has been supparted
by experiments both on small-scale models in
xylonite (a plastic material) and on a near
full-scale steel model of a frigate section.!®
This model is illustrated in Fig. &, and the
results form some trial calculations for a
Toad at the keel, using various effective
breadths (P_ and P1) and shear rigidities (G),
are shown in Fig. 7. It was found that calcu-
lation 2, shown as the full-line curves, gave
the best overall agreement with experiment.

GRILLAGE_No.3- STRESSES ON TABLES OF
OUTER LONGITUDINAL BEAMS.

o EXFERIMENTAL POINTE., TOP GRILLAGE LOAPED ON PLATING SI1DE,
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The structural idealisation closely followed
the shape of the frame and included all the
longitudinals in the region of the applied
load at the keel, but a more approximate ide-
alisation was adequate elsewhere.

The very significant advance using gril-
lage analysis, over the old single-ring frame
calculations, can be seen in Fig. 8 for a con-
centrated keel load and Fig. 9 for a hydrosta-
tic water pressure loading extending to 28 ft
above the keel. These results are for a com-
paratively short compartment measuring 13% ft
long by 24-3/4 ft wide. The curved grillage
transverse strength analysis agrees very well
with the measurements in both cases, whereas
the ring frame calculation is out by factors
from 5 to 25, and bears little or no relation
to the actual behaviour. For a Tonger com-
partment or a structure only transversely
framed, the agreement using the single ring
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Now that considerably larger and faster
computers of the second generation are becoming
available, general structural analysis programs
are being developed for three-dimensional struc-
tures composed of stiffened plate panels or
plated grillages. One such program is being
written by the English Electric Company, Ltd.
at Kidsgrove, England. Using this type of pro-
gram, it should be possible to examine the in-
teraction between longitudinal and transverse
loading, and also any effect due to taper of
the ship section. Equally well, general struc-
tural analysis programs are applicable to prob-
lems more concerned with longitudinal strength
such as the break of forecastle in destroyers
and frigates, the effect of superstructures,
and the analysis ir way of large hatches and
openings such as the side 1ift openings in air-
craft carriers. At the present time, the
English Electric (Kidsgrove) program is being
evaluated at N.C.R.E. for the type of problems
which arise in ship structures. As yet, it is
not clear that the general analysis program re-
ferred to is ideally suited to all problems,
and it is quite possible that programs for par-
ticular types of problem will still be re-
quired. 1In view of the considerable recent de-
velopments in the computer analysis of ship
structures, particularly in regard to transverse
strength, the committee of the International
Ship Structures Congress dealing with stiffened
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plate panels in three-dimensional structures is
sponsoring an enquiry regarding computer pro-
grams in various countries.

To conclude this section on elastic analy-
sis, I would 1ike to refer to the analysis of a
ship in a floating dock by Vaughan.!5 In this
analysis, the ship is represented as a beam
consisting of a number of finite elements, each
of which 1is reacted by a dock block regarded as
an elastic spring resting on the dock floor,
itself a grillage. The complete system is re-
acted by buoyancy forces, and initial lack of
fit between the dock blocks and floor is in-
cluded. This is a very useful example of a
particular problem which could not be tackled
using one of the standard computer programs.
Nevertheless, realistic analysis could not have
been accompiished at all without a computer. In
a previous analysis, Amerikianlé assumed that
the floor of the dock was rigid and that the
ship had uniform rigidity and was supported by
uniform dock blocks, in order to be able to
calculate the dock block loads. In due course,
it is intended to carry out parametric numeri-
cal studies using the N.C.R.E. computer program
to examine more widely the effect of lack of
fit and non-uniformity of the dock blocks which
are imponderables affecting the practical
problem.

PLASTIC COLLAPSE

The most important potential application
of plastic collapse theory to .ships' structures
i5 in longitudinal strength, where the moment
to break the back of the ship is equal to the
fully plastic moment of the ship's cross-
section. This "strength" approach to longitu-
dinal bending has been proposed in a recent
paper by Caldwell.l7?

In almost all other ship structural prob-
Tems, the methods of bending collapse analysis
are not so obviously applicable. This is be-
cause a stiffened panel supported along all its
edges cannot be laterally deformed without de-
flections which have curvature in two direc-
tions, and this in turn leads to a significant
membrane stretching action, once the deflec-
tions become "large". For a single plate
panel between stiffeners, "large" deflections
imply a magnitude from about one plate thick-
ness, say half an inch in the case of a war-
ship. Membrane stretching arises even if the
supporting structure at the edges cannot pro-
vide any membrane restraint, and the action
inside the grillage is then one of membrane
fension around the centre and tangential com-
pression at the edges. The plating of ship
grillages adds appreciably to the membrane
strength of these structures. Long after the
structure has exhausted its bending strength,
the structure will deform as a membrane, and
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the final failure would usually be expected at
some weak point in the details of the connec-

tions. It would be difficult to predict whe-

ther gross plastic deformation would occur be-
fore any local failures.

ATthough the simple collapse theory is not
considered to be particularly relevant to ship
structures, the present lack of knowledge on
strength and collapse behaviour makes it almost
mandatory to load all experimental or model
structures to collapse, and this policy has been
invariably followed at N.C.R.E.

Three flat grillages were tested to col-
lapse under concentrated Toads, the grillages
being supported only at the corners for experi-
mental convenience.!® Two of the grillages
failed in a simple mechanism involving only
bending action, generally confirming the simple
plastic theory, but the deformations of the
other grillage involved membrane action. The
load-deflection curve for this latter grillage
is shown in Fig. 10, and it can be seen that
there is no indication of any collapse around
the theoretical bending theory value of 47.5
tons. Final failure occurred due to fracture
of a weld at an intersection joint. Single-
direction stiffened panels have also been
tested to collapse under concentrated loadingl?
and fairly considerable strength due to mem-
brane action was indicated, which would be ex-
pected in the absence of any intersection
Joints. Some flat grillages have also been
loaded to collapse under uniform pressure.20
In one case, collapse was by plastic Tateral
instability of the heavy transverse beams, as
shown in Fig. 11, at a load higher than the
theoretical bending collapse pressure.

More recently, the large-scale steel fri-
gate model referred to earlier has been loaded
to collapse under a uniform pressure applied
to the bottom structure.l3 The stress due to
the applied Toad first reached yield locally
in the longitudinals at about 20 1b./in.2, but
there was no sign of failure until 28 1b./in.2
was reached. At this stage, a number of local
buckles and cracks occurred in the main longi-
tudinals and frames. The structure was loaded
several times from zero to 28 1b./in.2, and
the failures became successively more marked.
Eventually, it was only possible to maintain
a pressure of 22 1b./in.2. A general view of
the damage, seen from the inside of the model,
in Fig. 12, shows marked shear buckling of the
frame webs adjacent to the keel in way of scal-
lop holes to take the 2-3/4 in. deep small
longitudinal stiffeners. These webs were some-
what slender being 0.22 in. thick and 9% in.
deep. After the final Toading, the webs
were very badly buckled and fractured, as shown
in Fig. 13. In assessment of the collapse test,
it was concluded that these webs had failed by
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GRILLAGE UNDER CONCENTRATED LOAD.

a combination of plastic instability and frac-
ture caused by high-stress concentrations at
the scallops and intermittent welds between
the web and flange. Other positions of high
stress were on the main logitudinal flanges
adjacent to the end bulkheads. These flanges
buckled plastically in way of gaps in the in-
termittent weld runs, as shown in Fig. 14.
Similar buckles occurred in the transverse
frame flanges at the bilge where there was a
reduction in the section. In addition, there

were a fair number of minor cracks and buckles
throughout the structure.

Although the collapse of the frigate model
took the form of a series of local failures,
a1l of which occurred at approximately the
same pressure, it is of interest to compare the
28 1b/in.2 maximum pressure attained, with the
theoretical mechanism collapse pressure. The
theoretical collapse pressure, in this instance,
was modified to include, very approximately,
the effect of in-plane displacements or mem-
brane action. These calculations indicated
that the true collapse pressure in the absence
of any local instability or fractures, or
failure of the supporting side structure or
bulkheads, would be something like 45 1b/in.2,
and that the mode of collapse would differ
somewhat from that observed. The theoretical
collapse pressure for the observed mode would
be 70 1b/in.2 with all members taking the full
plastic moment, and without allowing for
strength due to a plane action. This result
emphasises that the rather low collapse pres-
sure of the model was entirely caused by in-
adequate detail design.

The importance of rational design of de-
tails, particularly welded connections, has
been recognized at N.C.R.E. for some time past,
and Faulkner2! has presented a review of work
on the static strength of simple welded knee
joints, longitudinal to bulkhead connections,

FIG. 11.

PORTION OF GRILLAGE LOADED TO COLLAPSE UNDER

UNIFORM PRESSURE.



FIG. 12. GENERAL VIEW OF DAMAGE TOQ FRIGATE
"MODEL AFTER COLLAPSE TEST.
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and grillage intersections. The object of this
work was to examine the strength of a number
of simple joint designs and place them into an
order of merit. As a result of this work,
joints of various degrees of sophistication are
now recommended for use in ship design, accord-
ing to the magnitude of loading anticipated.

It is appreciated that the fatigue strength of
connections is also an important issue affect-
ing surface ships and fatigue tests on a num-
ber of grillage intersection joints are planned
for the near future.

STRENGTH OF BOTTOM STRUCTURES

A knowledge of the ultimate strength of
the stiffened plate panels or grillages form-
ing ship's bhottom structures is required to
determine the fully plastic moment to break a
ship's back. This, in conjunction with a
knowledge of the maximum bending moment at sea,
will permit the true margin of safety or load
factor against collapse to be determined. It
is also necessary to understand the behaviour
of the individual plate panels under simul-
taneously applied lateral and end load before
the design of the mid-ship cross-section can
be optimised.

With regard to the plating of warships,
few quantitative results applicable in de-
sign have yet been obtained, despite a great
deal of work at N.C.R.E. and elsewhere. The
principal achievements so far have been for
the case of lateral pressure alone. A concept

FIG. 13. DAMAGE
TO FRAME WEB
AFTER COLLAPSE
TEST.
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has been advanced of designing to a small but
acceptable permanent set, assuming that the
edges are clamped against rotation but free to
slide inwards.?2 It has recently been es-
tablished that there are some cases where a
compressive stress field in the plating due

to bending of the stiffening members may sig-
nificantly affect the permanent set,20

Experimental work is now in hand in the
Large Testing Frame at N.C.R.E. to study the
behaviour of full-scale welded grillages under
simultaneously applied Tateral pressure and
end load. Five pairs of mild-steel grillages
are being tested initially, each with overall
dimensions of 20 ft by 10 ft, covering a range
of width to thickness ratios for plate panels
between stiffeners from 40 to 100, and a range
of span to radius of gyration ratios for longi-
tudinal girders (between frames) from 20 to 60.
The first grillage of each pair is being tested
to collapse under end Toad only, while the
second will be collapsed under a combination
of lateral and end load. In-plane loading is
applied through six 150-ton hydraulic jacks
acting through load cells and ball caps; later-
al load is applied by a water filled rubber
bag, as shown in Fig. 15. Approximate condi-
tions of simple support are provided by Tight

FIRST GRILLAGE AFTER COLLAPSE UNDER AXIAL LOAD.

flexure plates at the ends of each grillage and
by tie-bars at the sides. The complete test
assembly is shown in Fig. 16, which also ilius-
trates the collapse of the first grillage by
elasto-plastic instability between two adjacent
frames. In parallel with the experimental work,
numerical computer programs have been developed
for the elastic analysis of grillages under com-
bined lateral and in-plane loading, and to cal-
culate the buckling loads and modes. Pregrams
for Pegasus are complete, and programs for the
larger KDF 9 computer are in preparation.

EXPERIMENTAL TECHNIQUES

Even with the large and high-speed digital
computers now available, the complexity of ship
structures 1is such that considerable simplifica-
tion and approximation are usually required be-
fore theoretical analysis is feasible. At
N.C.R.E., all the structural investigations have
included experimental work to assist in formu~
lating idealisations and to check on the accu-
racy of the results. Ideally, large-scale
models using full-scale materials and fabrica-
tion techniques are desirable so that the de-
tails at joints and the welding distortions are
typical of full-scale practice. These distor-
tions have an important bearing on the effec-
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FIg. 17.

tiveness of the plating as stiffener flanges
and under shear. Because of Timitations on
the smallest size of strain gauge available,
large-scale models are also necessary to carry
out detailed strain surveys. Information on
collapse strength can only be obtained from
realistic, preferably large-scale models.

N.C.R.E. is fortunate in having a large
testing frame measuring 69 ft long by 33 ft
wide by 39 ft ft high, capable of withstanding
loads up to 500 tons (or 2,600 tons axjally).23
The frigate model mentioned earlier was tested
in this large testing frame.

Large-scale tests have the unfortunate
disadvantage of proving extremely costly and
difficult to carry out due to the very large
Toads and test rigs required. A Targe number
of small models can be constructed and tested
for the same outlay as one large model, and
small models are usually adopted by N.C.R.E.
whenever it is desired to study the effects
of fairly wide changes of parameters. On the
other hand, small-scale welded steel models
have often suffered from large and completely
unacceptable welding distortions which render
strain measurements in the elastic range of
very limited value. Small-scale steel models
may also be fabricated using silver solder
techniques or by intermittent or spot welding,
but these constructions are seldom sufficient-
1y strong for tests in the plastic range. In
recent years, the dip transfer gas shielded
electrode method of welding has been adopted
for comparatively small-scale steel models.
This process produces very much smaller weld-
ing distortions than the manual processes,

SMALL-SCALE GRILLAGE MODEL AFTER COLLAPSE.

owing to the smaller heat input. Partly as a
test on the dip transfer procedures, two small
grillages have recently been constructed at
N.C.R.E. using material ranging from 0.15 to
0.27 in. thick, which might be regarded as 1/3
or 1/4 of full scale.2* The models incorpor-
ated fillet welds, butt welds in the plating,
and correctly scaled details at the intersec-
tions. Only very small welding distrotions
were obtained which were quite typical of good
full-scale practice. The models were loaded
elastically and then into the plastic range.
The maximum loads applied were above the
theoretical plastic collapse Toads but there
were no cracks or signs of failure. A view

of the first model after testing is shown in
Fig. 17. The presence of butt welds in the
plating did not have any noticeable effect on
either the behaviour of a panel between stiff-
eners under a Tocalized Toading or on the over-
all behaviour up to the maximum Toad applied.
As a result of these developments, it is an-
ticipated that future structural testing may
tend to be carried out more on small-scale
steel models.

For purely elastic measurements, small-
scale models in a plastic material such as Xy-
Tonite (cellulose nitrate), celastoid (cellulose
acetate), perspex (polymethyl methacrylate), or
vybak (rigid polyvinyl chloride) have many ad-
vantages. Despite their nomenclature as plastic
materials, the mechanical behaviour of these
materials is elastic, obeying Hooke's Law up
to very large strains, say 0.6 to 0.8%, pro-
vided the measurements are taken at a constant
time interval after application of the load to
allow for creep. Of these plastic materials,
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GRILLAGE MODEL IN VYBAK.

FIG. 18.

celastoid can be ruled out since it is very
sensitive to humidity changes, while perspex
is only available for a fairly limited number
of thicknesses. Xylonite is possibly the most
commonly used plastic material for models us-
ing strain gauge techniques. In common with
most plastics, xylonite has the advantages of
a very uniform thickness with smooth surfaces
ready for cementing strain gauges, softness
making it easy to cut and work, and ease of
forming by moulding at about 120°C, somewhat
above its softening point. The Tow Young's
modulus, roughly 1/100 of that of steel, leads
to appreciably smaller test loads and simpli-
fies the problem of providing stiff supporting
structures. Unfortunately, Xylonite has poor
dimensional stability, and the material is
frequently found to warp, distort and contract
over periods of months. Its elastic constants
at any one time are affected by temperature
and humidity changes, and they also vary with
the 1ife of the sheet. Also, the bonds at
connections which are made by wetting with the
solvent acetone or a mixture of acetone and
amyl acetate are not fully reliable and may
"give" or even fail at quite Tow stresses.
Another disadvantage of Xylonite is its in-
flammable nature.

At N.C.R.E., a rigid polyvinyl chloride
material manufactured by Bakelite, Ltd. under
the trade name "Vybak", has been adopted as a
superior replacement to Xylonite, Vybak has
complete dimensional stability; it is not in-
flammable; it's Young's modulus is more uni-
form than Xylonite; and it is not affected by
atmospheric humidity. The rigidity of the
material is affected by temperature, rather
more than Xylonite, so that temperature con-
trol of the laboratory is required. Vybak can
be bonded very easily using the cements Tensol
No. & and Tensol No. 7, manufactured by the
Plastics Division of Imperial Chemical Indus-
tries, Ltd. for use with perspex. Both these
cements are cold setting, Tensol No. 6 is
suitable for shear connections but shrinks on
curing,while cement No. 7 can be used to fill
gaps and will develop almost the full tensile
strength of the vybak. Vybak has been success-
fully used at N.C.R.E. for a number of grillage
and transverse strength experiments, (such as
the aircraft carrier flight deck structure
shown in Fig. 18) and models to investigate
stress concentrations at hatch openings.

A review of model procedures for naval
structures was published by the present author
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in 1962,25 byt this paper was written before
the dip transfer welding was introduced for
small-scale steel models. Another model
technique, currently under development, is to
use vybak models for elastic instability ex-
periments. Due to the very large elastic
range of strain for vybak, buckling analysis
can be checked for realistic full-scale geo-
metries of designs which would fail by yield
when constructed in steel. In this way, the
true margin of safety against buckling may be
determined. Vybak is also very suitable for
instability experiments because it can be
bonded together with only minor distortions,
even when very small thicknesses are used.
This makes it possible to approach the buck-
ling load more closely without large effects
caused by magnification of initial imperfec-
tions.

PROTECTION STRUCTURES FOR MARINE NUCLEAR
REACTORS

N.C.R.E. has made an jmportant contribu-
tion to the design of collision barriers to
protect the reactor of a proposed nuclear
powered ship. The work has been sponsored by
the Ministry of Transport Technical Committee
on the Structural Protection of Marine Nuclear
Reactors and the report of this committee is
now being drafted. Four possible metheds of
providing structural protection have been
considered; namely, a deck system, grillage
system, membrane tension barrier and membrane
compression barrier. Of these, the deck sys-
tem was favoured since, by stiffening to pre-
vent instability, the striking ship would be
resisted by forces near to yield stress
throughout the deck material, and the space
requirements would not be too severe. The
principle of the deck resisting structure is
illustrated in Fig. 19, the striking wedge be-
ing resisted by a direct crippling stress in
the deck, normal to the wedge, and a frictional
force tangential to the wedge. The deck re-
sistance at the leading edge of the bow, and
the bending rigidity and friction from the
outer shell plating were considered to be
secondary terms. With these assumptions, some
very simple expressions were derived for the
penetrating force and work done, and these
were subsequently confirmed by static tests on
a series of models. In order to achieve as
high as possible a value for o, the crippling
stress normal to the wedge, the breadth to
thickness ratio for each plate panel between
stiffeners was Timited to 50, and the effec-~
tive span to radius of gyration ratio for the
stiffeners was limited to 40.

The possibility of carrying out dynamic
tests was considered, but was ruled out due to
difficulties in correctly scaling both the
velocity of Toad application, and inertia ef-

Edge of Deck
Depth of

Penetra tion = x

Crippling Stress
in Deck = ¢
(Taken as 90% of 0.3% Proof Stress)

Frictional Stress = ug

o

Fenetrating Force = 2aA(sin 3 + ucos %) for each deck

= 2kot(tan 3 *+ ulx

where A = effective area of contact on each side of wedge
k = (effective area of contact)/(area of plating) = A/Ap
t ®» thickness of plating
kot (tan g + ot

Work done = [ F ax =

Resulte for 54 in. penetration on Model 2:

k= 4 u F tons| Work Done tons in.
[
1.0 Q.2 105 2840
1.0 0.3 128 3hho
1.8% 0.2 - 2250
Experimental 126.5 3200

FIG. 19. PRINCIPLE OF DECK PROTECTION
STRUCTURE FOR NUCLEAR REACTOR.

fects. It was thought that dynamic effects
would be small in a practical problem invol-
ving gross plastic deformation of many square
feet of material. The tests were therefore
carried out on small-scale models loaded
statically in a 500-ton testing machine. Static
tests also provided a continuous record of the
relation between load and depth of penetration
which would require a large number of models
if determined by dynamic tests. The possibil-
ity of a final dynamic test at full scale was
considered, but has not been followed up due
to the prohibitive costs invoived.

The models were based on a full-scale
barrier depth of 20 ft and deep-frame spacing
of 10 ft. Two designs were considered, one
having a deck plating thickness of 1/2 in. and
the second 1 in. The first model was a 1/8
scale model of 1/2-in. thick deck structure,
constructed in mild steel using a silver sol-
der technique. It was loaded by a rigid wedge
with a 30° included angle and 3/4 in. radius
nose. This test was not fully successful, due
to insufficient end constraint in the test
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ring, and failure of some of the soldered
joints. The second model was 1/4 scale of
welded construction, and this model failed
progressively by local crippling of the stif-
fened deck structure in way of the penetrating
wedge. The results are compared with predic-
tions from the simple theory, for a 54-in.
penetration in Fig, 19.

The third model was similar to the second
but represented a 1-in. thick deck at full
scale, and the model scale was 1/8. This
model was fabricated by welding using the dip
transfer welding procedure. The model was
Toaded by a rigid wedge with a 20° rake and
an included angle of 30°. In this model there
was more prongunced curling of the deck as it
was pushed back by the sides of the wedge, and
the energy absorbed was about 70% of the value
estimated for a vertical wedge, based on the
test of Model 2. The fourth model was identi-
cal to the third, and was loaded by a bow repre-
sentative of the actual structure in a fast car
cargo ship. In this case, the bow was severe-
1y crumpled with Tittle penetration of the bar-
rier decks. This indicates that the types of
deck structure barrier investigated would be
most effective in full-scale collisions, and
that the energy absorbed would be significant-
1y greater than that derived from crippling of
the collision protection structure alone. The
experiments with the raked rigid bow have in-
dicated that,at full scale,the energy which
could be absorbed by the protection structure
would be 32,000 tons ft (or 360,000
tons - knot2) for each deck, and it is con-
sidered that this would be increased by at
Teast 1/3 for any simulated actual bow struc-
ture. Bearing in mind that part of the energy
of any collision will remain as kinetic energy,
it is felt that a satisfactory protection
structure can be based in the N.C.R.E. design
using say six decks, and that this will be
adequate against almost all possible colli-
sions at sea.

CONCLUSIONS

It may be seen that significant progress
has been made in the understanding of ship
structures, particularly by developing methods
of elastic analysis using electronic computers.
Furthermore, research is in progress to obtain
information on loadings at sea, with regard to
both extremes and repeated cyclic loading. It
is considered that the most important outstand-
ing problem affecting surface ship structures
is to formulate rational design criteria.

With more information on the loading becoming
available, the choice of maximum allowable de-
sign stress must be re-examined, for both the
mean field stress, and locally at stress con-
centrations. At the present time there ap-
pears to be some inconsistency in designers'

attitudes to stress concentrations. While
major structural discontinuities such as the
break of forecastle or major hatch openings
receive careful attention, it is quite common
for smaller discontinuities such as scallop
holes, joints and connections ejther to be de-
signed by eye or hardly to be considered at
all. OQur ship designers must also assess
whether minimum weight design, possibly ac-
companied by increased manufacturing costs,

is of interest. Minimum weight and costing
studies are now quite feasible using electron-
ic computers, though difficulties may be ex-
perienced in obtaining data on the breakdown
of manufacturing costs.
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