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INTRODUCTION

This report is Volume II of a two-volume report prepared under Ship
Structure Committee Project SR-237, "Critical Evaluation of Low~
Energy Collision-Damage Theories and Design Methodologies".

The material contained herein is the result of one of the tasks of

the project which called for conducting a literature search and review
of documents relevant to low-energy collision damage. The various
data resources used were identified; the state-of-the-art in ship
collision research was summarized; an annotated bibliography of the
key documents was prepared and a list of references which are con-
sidered to be relevant to the problem was developed.

Volume I contains the actual assessment of the various low-energy
collision-damage theories and design methodologies along with rec-

ommendations for their use and future research.

LITERATURE SEARCH AND REVIEW

A search of the pertinent U. S. and foreign literature resulted in
the development of a bibliography of 428 citations. Copies of 192
documents were obtained for review and possible use as data sources
for the study in question. The methods used in the search have
included:

® Reference citations in technical papers and reports
® Manual search of indexes including
- Government R&D Report Index
- MRIS Index
- Engineering Index
- Oceanic Index
® Computerized search using NTIS, Lockheed DIALOG and ASDMS
(Advanced Ship Data Management) Systems

Over half the citations represent various papers on structural analy-
sis, plastic analysis, limit analysis, etc. which have been referred

to in the various literature on ship structural problems. It became
quite evident from the collected references that there is an abundance
of literature on analytical methods for treating structural components
in the plastic range, however, the literature on the synthesis of these
methods to analyze the overall ship structure is much more limited.
Only a few documents deal with the problem of low-energy collisions.

To suggest the availability of information, a breakdown on the documents
collected is given below:




NUMBER OF  DOCUMENTS

DOCUMENT TOPIC CITATIONS HELD
Structural analysis, theory and experiment 220 93
Collisions, research and design 73 31
Collisions, low-energy analysis 6 6
Collisions, statistics 26 23
Collisions, model tests 18 5
Collisions, vehicles 10 0
Ship Structures, general 43 13
Ship Structures, ice strengthening, ice breakers 13 8
Ship Structures, slamming loads 15 1]
Miscel laneous 4 2

Total 428 192

ro

SUMMARY OF PAST AND CURRENT WORK IN SHIP COLLISION RESEARCH

Recently Professor Jones (34) wrote a survey paper on the colli-
sion protection of ships. Excerpts of this paper are included as
part of this summary followed by an update of such a survey based
on recent and on-going work being conducted by the Maritime Admin-
istration in cooperation with the German Government.

' . . :
Many articles have been published over the past decade on various

aspects of automobile, train and bus collisions, and some of these
(e.g. (55)) have demonstrated clearly the important contributions
which structural plasticity can make to developments in this area.
However, the complexity of an automobile or train collision, which
involves many non-linear effects (e.g. large strains, strain-rate
sensitive material behavior, etc.), is a serious obstacle to the
further development of both theoretical and numerical procedures
(58). Moreover, the response of a structure which is subjected to
dynamic loads can be quite different to the behavior when the

loads are applied statically, as observed in experimental investi-
gations which have been reported in References (33) and (42) on

the longitudinal impact of motor coaches. Thus, the full-scale
testing of automobiles and even aircraft (e.g. (60)) has played an
important role in the prediction and improvement of crashworthiness
characteristics (47, etc). This is somet.mes a very expensive and
time-consuming procedure, a situation that has resulted in recent
studies on the feasibility of scale-model experiments (31, 32) which
are attractive because a systematic variation of the relevant param-
eters can be undertaken. However, caution must be exercised when
scaling the experimental results up to full size, although Holmes
and Sliter (32) did obtain encouraging agreement between the experi-
mental behavior of scaled models and full-sized vehicles. Duffey
(18) has shown that the influence of material strain-rate sensi-
tivity cannot be\proper]y scaled when a model and a prototype are
constructed of identical materials. Further theoretical objections
may well be encountered when attempting to correlate the response

of models and prototypes which involve fracture.




"Lee and Wierzbicki (41) are currently utilizing Martin's theorems
in dynamic plasticity in order to obtain bounds on the response
of certain components in automobiles. These simple methods appear
promising for the preliminary design of bumpers, doors and internal
energy absorbing devices, etc.

"The foregoing comments are intended to provide a very brief over-
view of the many experimental and theoretical investigations which
have been conducted into the crashworthiness of various land-based
vehicles.

"The ship collision problem is more complicated than the automobile
collision problem for a number of reasons, not least of which is

the enormous amount of kinetic energy possessed by some ships on

the high seas. Thus, the majority of investigations which have been
published in this area were conducted on experimental models. The
limitations on scaling referred to in a previous section acutely
apply when scaling up the experimental results on models in order
U to predict the behavior of full-sized ships due in part to hydro-
dynamic interactions which strongly affect the end result.

"Akita and Kitamura ( 3) observed that the bow structure of a strik-
ing ship plays a very important role during a collision between two
ships. The included stem angle, rake and framing of a bow clearly
are important, but the ratio between the strength of the bow of a
striking ship and the strength of the side of a struck ship has a
major influence on the partition of energy exchange between the two
ships. Generally speaking, a stiff bow (e.g. icebreaker) would
absorb very little energy so that most of the kinetic energy lost
during impact must be absorbed by the side of the struck ship. On
the other hand, a weak bow may absorb most of the kinetic energy
lost during a collision leaving the side of the struck ship essen-
tially undamaged. Incidentally, Cheung has suggested a design for
a soft bow in Reference (14).

| "Despite the great deal of care and attention that authors have

H devoted to the experimental work performed in Italy (10,63), Western
Germany (67 to 85 ), United Kingdom (96), and Japan (1-3,5-7 ), it
was nevertheless necessary to make compromises. Some experiments
have been conducted statically, or with rigid bows, while others
have utilized a primitive structure for the side of a struck ship.
As far as we know, all experimental investigations have examined
the symmetrical case in which the striking ship impacts at right
angles in the central region between two adjacent transverse bulk-
heads in the mid-ship section. Incidentally, Akita, et al ( 8) use
theoretical arguments to show that this case is more severe than
either eccentric or oblique collisions. However, this is not always
true because McDermott, et al (46) have shown that less energy is
absorbed before hull rupture when a vessel strikes near the trans-
verse bulkhead of an oil tanker. Another aspect which has not
received too much attention is the influence of added mass. Minorsky
(48) assumed that the virtual increase in mass of the struck ship

l




due to entrained water was 0.4 times the mass of the struck ship,
since previous studies on the transverse vibrations of hulls in
deep water indicated that the liquid added mass was approximately |
this value. In fact, the theoretical results which are presented ¢
in Figure 1 of Reference (48) show that the kinetic energy lost

during a collision is relatively insensitive to the actual value

of the virtual mass. The largest discrepancy according to Minorsky's

theory occurs when the mass of the striking ship is larger than

the mass of the struck ship. For example, when the mass of the

striking ship is double the mass of the struck ship, then the kin-

etic energy lost during a collision when the added mass is neglected

is two-thirds of the value when the added mass equals the mass of

the struck ship. The theoretical results for the amount of added

! mass recommended by Minorsky lie about mid-way between these two

calculations. More recently, Akita, et al (2) conducted some |
experimental tests on a ship model and obtained good agreement
with a simple theoretical approach which predicts the added mass
during a right-angled collision. It turns out that the added mass
" of the model is about 40 percent of its mass when the duration of
impact is short. However, the actual value of added mass depends ‘
on the duration of impact and on the functional form of the external
force. 1In order to provide some guidelines on how short the dura-
tion of a typical collision must be in order that an added mass of
40 percent of the mass of a struck ship is appropriate, it would

be worthwhile to conduct some additional tests and to properly scale
them up to typical full-sized ships.

"The protective structural arrangements which have been examined in
all the studies on nuclear powered ships, oil tankers and the single
study on a L.N.G. (liquified natural gas) carrier (12) are similar
and utilize either the normal structural designs for these vessels
or a slight, modification which includes additional decks specific~
ally designed to absorb the kinetic energy lost during a collision.
However, it is clear that the design requirements for these various

i ships are different. Clearly, the bcw of a striking ship must not
’ be allowed to penetrate the containment vessel of a nuclear-powered
ship. Presumably a similar design requirement would be used for a
LNG carrier, except that a number of cargo tanks would require
protection. The entire length of an oil tanker requires protection
so that it is only feasible in this case to provide protection for
| minor collisions.

"The simple semi-analyvtical formula of Minorsky (48) was developed

by neglecting the influence of those members which have little depth

in the direction of penetration. For example, Minorsky retained the

influence of decks and transverse bulkheads in the struck vessel, and

decks, longitudinal bulkheads and a portion of the shell plating in

the striking vessel. However, the actual energy absorbed by the struck
{ and the striking ships was not calculated, presumably because of the

difficulty in estimating the failure loads of the various structural

members involved in a collision. 1In order to circumvent this diffi-

culty, Minorsky introduced a resistance factor which is related to

1 4




the volume of material located in the damaged portions of the
striking and struck ships. Minorsky plotted this resistance factor
against the kinetic energy lost during a collision and observed that
the data from a number of actual ship collisions essentially col-
lapsed onto a straight line. The design formula developed by
Minorsky (48) is in fact the equation of this straight line.

The simple theoretical method of the Naval Construction Research
Establishment (N.C.R.E.) (96) was developed for a rigid bow and
only considered the influence of the deck plates and bottom of a
struck ship, which were assumed to have crippling stresses which
were 90 percent of the corresponding 0.3 percent proof stress.
Nevertheless, Belli (10) has recently summarized the experimental
work which has been conducted in Naples since 1961 and found that
the N.C.R.E. method gave good predictions provided appropriate
allowance was made for the rigid bow approximation.

"The design procedures due to Minorsky (48) and N.C.R.E. (96)

neglect the influence of the shell plating in the struck ship

and are therefore expected to be more appropriate for major colli-
sions. In this connection it should be remarked that essentially
only bending energy would be absorbed by a flat plate when it is
perforated by a rigid wedge which has the same assumptions and

the simple theoretical procedure given in Reference (109 for a

thin plate perforated by a circular drift. However, it is quite
clear that the behavior of the shell plating of oil tankers assumes
vital importance during collisions if the cargo is to be contained
(i.e., perforation prevented). McDermott, et al (46) have developed
a structural analysis for minor tanker collisions which focuses on
the behavior of the shell plating in the struck ship. It turns out
that typically between 2/3 and 9/10 of the total energy absorbed
during a minor collision is absorbed as membrane tension in the
stiffened hull plating. However, it is remarked in Reference (105)
that the strength of beams and rectangular plates are very sensi-
tive to the magnitude of the in-plane displacements at the supports
and some specific expressions are derived in Reference (35) which
could be developed further to assess the importance of in-plane
displacement in tanker collisions.

Akita, et al ( 2) observed that there were two major types of
failure in transversely framed side structures which were penetrated
statically with rigid bows. A deformation type of failure occurred
when the strain directly below the bow was less than about 0.3,
while crack-type failures were associated with larger strains. It
appears from some dynamic tests on similar structural arrangements,
which were reported by Akita, et al ( 2), that the energy absorb-
ing mechanisms and fracture types were similar to those observed

in the corresponding static tests. However, the energy absorbed

in a dynamic test was larger than that which was absorbed in the
corresponding static tests, a circumstance which was attributed

to the influence of material strain-rate sensitivity. It should

be remarked that this increase in capacity might not be realized

in a ship during a collision because this is a highly nonlinear
phenomenon which is very sensitive to size. Moreover, the

5
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influence of material strain-rate sensitivity cannot be properly
scaled up from a model to a full-sized structure which is made
from the same material (18). Furthermore, it appears that no
investigations, except Reference (35), have been undertaken to
examine whether the structural response of ships may be considered
to be static, or whether it is necessary to retain the influence
of inertia forces. It was suggested in Reference (106) that the
structural response of a panel in a marine vehicle during a severe
slam could be accurately predicted with a static analysis, pro-
vided the duration of the pressure pulse is longer than the funda-
mental period of elastic vibration. Indeed, encouraging agreement
was obtained between the theoretical predictions according to a
static analysis and some experimental results which were recorded
on a one-quarter scale model of a section of the bottom of a U. S.
Coast Guard cutter. However, the inertia terms must be retained
when the duration of a pressure pulse is short. It was shown in
Reference (35) that the structural response of the shell plating
of the particular tanker design considered in Reference (46) could
be predicted with sufficient accuracy using a static analysis.

It would therefore appear worthwhile to develop further these
simple ideas in order to provide guidelines which indicate when
static analysis could be used with no sacrifice in accuracy,
although it is likely that the retention of inertia terms would

be unavoidable when analyzing even minor collisions of high-speed
marine vehicles.

"Akita, et al (2 ) and Arita (7 ) have developed approximate theo-
retical procedures which consider the energy absorbed in the shell
plating, as well as various other members for both the deformation
and crack failure modes which occur during ship collisions. These
theoretical predictions agree reasonably well with some experi-
mental results recorded on idealized models which are reported in
Reference ( 2) and are further discussed in References (12) and
(95). It appears that these theoretical analyses should bridge
the gap between the analysis of McDermott, et al (46) for minor
collisions in which the membrane energy of the shell plating is
dominant and the analyses of Minorsky (48) and N.C.R.E. (96) for
major collisions in which the membrane tension in the shell plat-
ing of the struck ship is neglected. However, there are a large
number of different assumptions in these various analyses so that
the theoretical methods in References (2 ) and (7 ) do not agree
with each other and appear to neither reduce to Reference (46)
for minor collisions nor to References (48) or (96) for major
collisions.

"It should be remarked at this juncture that relatively little is
known about the fracture of structural members which are subjected
to large dynamic loads. Apparently, the onlv investigation which
is relevant to ship collisions, is the experimental study on
beams by Menkes and Opat (107) and the subsequent theoretical
analysis of the same problem which appears in Reference (108).

It is clear that much further work is required on the fracture
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of rectangular plates and grillages as well as in the effects of
size before the theoretical procedures of References (2 ) and

( 7) and others can be used with confidence for parameters which
do not lie within those of the experimental tests. Indeed, it is
not anticipated that a theoretical method will be developed in
the near future which can predict accurately the structural
response during a collision between two ships. The chief virtue
of the various available theoretical methods is that they allow

a comparison of various designs and suggest the most favorable
collision protection arrangements."

Current work in structural response of colliding ships is being
conducted by Genalis, Minorsky, and through a contract, by Hydro-
nautics senior analysts. Of primary concern is the estimation of
loads which occur at impact, their duration, their magnitude,
distribution and area of application. Previous work is being
evaluated and new techniques are being considered. For example,
Faulkner's work (22) is being applied. These loads will then be
utilized in the numerical analysis of several structural configu-
rations using sophisticated finite-element computer programs
Partially due to high cost of such analvses, a comprehensive
study of available numerical analvses techniques is being carried
out to establish the most suitable one.

Simultaneously, a longer range plan is pursued where a collision
synthesis model will be produced based on the individual behavior
of structural components and the statistics of overall structure
behavior.

o
ra

U. S. AND FOREIGN DATA SOURCES

2:2:1 “,n_",t.},',dA States

A. M. Rosemblatt & Son/U. S. Steel (1971-1975)

A series of studies were conducted, sponsored by the
U. S. Coast Guard intended to develop a methodology
for the analysis of minor collisions. In addition a
number of collision inspection reports are available.
See References 46, 102, 103.

B. MARAD (Current)

Under MARAD sponsorship George G. Sharp, Inc. is using
methods developed by Professor Reckling (University of
Berlin) to predict forces observed in CGKSS collision
experiments. In a parallel MARAD funded effort, Hydro-
: nautics, Inc. has developed a finite-element model of
the GKSS energy resisting barrier to predict the elas-
toplastic response to "known'" input dynamic loads. See
References 49 thru 53.
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At the time of the design of the N. S. SAVANNAH in

the late 1950's by George G. Sharp, Inc. an independ- .
ent study at Gibbs & Cox, Inc. was funded by MARAD.

The product of this study was a design criteria manual

for nuclear-powered ships. See Reference 109.

D. U. S. Coast Guard Casualty Reports

These are reports of all collisions which either
involve vessels of U, S. registry or occur in U. S.
water. The reports are maintained by the U. S. Coast
Guard Office of Merchant Marine Safety.

E. U. S. Naval Safety Center (Norfolk, Virginia)

This office maintains records of all collisions

involving U. S. Navy vessels.

F. Massachusetts Institute of Technology, Department of
Ocean Engineering

At the present time the Department of Ocean Engineering
of M.I.T. has a contract from the Ship Structure Com- |
mittee to gather and monitor R&D work in the area of

ship collision damage both in the U. S. and abroad.

The SSC project title is "Surveillance of Ship Collision/
Stranding Research Studies'" (SR-1246). The Principal
Investigator is Professor Norman Jones.

G. University of RhoqﬁLMEiEyY{L pcpaqﬁpcqiupf Ocean

Engineering

N.M.R.C. sponsored a graduate research project at the
Department of Ocean Engineering of the Universitv of
Rhode Island. Model tests simulating ship collisions
were conducted in the elastic range. Accelerations
and velocities were measured at two points. Impact
occurred on transverse steel bulkhead. An added mass
coefficient of 0.39 was inferred. See Reference 110. :

2.2.2 Germany

Under the supervision of the Geselischaft fur Kernenergigiever
| Wertung in Schiffbau und Schiffahrt (GKSS), Geesthacht-
Tesperhude, a series of dynamic collision tests were con-
ducted from 1967 to 1975. Three of the tests were conducted
with absorption barriers of the OTTO HAHN type, nine tests
with resistant barriers with various bow configuracions.

The latter fall within the low-energy collision definition
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(no shell rupture). Investigators in these efforts are

Mr. G. Woisin and Dr. Letnin of GKSS and Professor

Reckling of the University of Berlin. See References

67 through 86. ¥

(o%]
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Japan

Dr. Y. Akita of the Japanese Classification Society has
reported on collision research in Japan. Interest in the
problem, as in the case of GKSS, stemmed from interest in
nuclear powered ships as far back as 1958. Experiments
were conducted as early as 1963 with the greatest activity
occurring during the 1966-1969 time frame. See References
1=3, 3=7; 54, 359, B6.

3%
o

-4 Italy

{ During the mid 1960's the Italians, principally under the
direction of Professor F. Spinelli of the University of
Naples conducted a total of 24 tests on collisions of

various configurations. Test results have been reported |
together with an analytical treatment. See References %
10, 61-65.

2.3 ANNOTATED BIBLIOGRAPHY

This section gives brief summaries of those documents which were
considered to be key sources of information for the study on low-
energy collisions. A number of the summaries presented are based

on those given in the following two reports which describe the state-
of-the-art up to the time they were written. These are:

(a) "Tanker Structural Evaluation," M. Rosenblatt & Son, Inc.,
Report No. 2087 prepared for the Department of Transportation,
U. S. Coast Guard under Contract DOT-CG-10,605A, April 1972.
! (b) "Report on Ship Collision Study, Present Situation Survey,"
George G. Sharp, Inc., Report 5516 prepared for Babcock &
Wilcox Company and the U. S. Maritime Administration, November
1975.

Additional summaries are presented to cover key publications written
since the time the above two documents were published and to include
other older documents which are relevant.

1. Preliminary Analysis of Tanker Collisions and Groundings
U.S.C.G. Office of Research & Development -~ Project 713112,
by David M. Bovet, January 1973.

This report presents the results (of 51 collisions and 13
groundings) of a preliminary analysis of tanker collision and
grounding data. Statistics are presented for the geographical
location of collision. Collisions are analyzed in terms of




vessel size, vessel speed at time of occurrence, angle of
collision, depth of penetration and geographical location.
Correlations of penetration depth with striking ship speed,
momentum, and energy are attempted. A brief analysis of
tanker groundings is presented. Diagrams are given, and a
computer analysis program is exhibited.

The sample used is small and the size of struck vessels is
also limited. A large percentage were struck beam on and a
high percentage of collisions were in harbors or approaches.
The method needs extension with more data and a broader
range of vessels.

qukiymgquliﬂlg_j!nﬂvﬁjﬁNigr Minor Collision, by J.
McDermott, R. Kline, L. Jones, N. Maniar and W. P. Chiang,

SNAME, 1974.

Mathematical models and experiments were studied for bending
and buckling followed by membrane stretching with and without
web frame failure up to hull rupture. Both single an? double
skinned ships are studied.

It is shown that for minor collisions membrane tension provides
a large part of the energyv absorption. Comparative values are
given in tabular form for impacts at different points of the
span between web frames.

Even though the paper attempts to simplify the problem by hedg-
ing it in by numerous assumptions, one gets the definite
impression that it is difficult to contain the problem within
bounds: the degree of restraint exerted by web frames on the
supported panel is not obvious, the support provided by the
inner hull of a double hull ship would seem to depend on web
spacing, depth of cofferdam and waterplane angle of striking
bow, which is not brought out. The allowable penetration and
effective resistance to rupture is a function of strike loca-
tion in the plan view (with respect to webs) and in elevation
(with respect to decks); this is not very clearly brought out.
The authors conclude that the method followed does not lend
itself to becoming a design tool. The paper treats only the
first instant of a major collision.

Ship Collisions at Varying Angles of Incidence, Report No.
N.C.R.C./N. 163, by F. H. Haywood, Naval Construction Research
Establishment, St. Leonard's Hill, Dunfermline, Fife, February

1964 .

The paper presents the results of a mathematical analysis of
the energy absorbed in an inelastic collision for given initial
velocities and masses at varijous angles of collision. The
formulae used are developed and discussed. The results are
presented in graphical form and indicate that:
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A. For collisions amidship, and if the displacements of the
two ships are nearly equal, maximum energy absorption |
occurs at a collision angle of: 1

(i) 90° when the struck ship has zero initial velocity.
(ii) 160° to 180° when the struck ship has an initial

4 velocity in the range of one half to double the velo-
city of the striking ship. {

B. For collisions at bow or stern of struck ship, if the dis-
placements of the two ships are nearly equal, the maximum
energy absorption occurs at a collision angle of approxi-
mately 180° regardless of the relative masses of the two
ships.

C. For collisions at bow or stern of the struck ship, the
maximum values of rotational energy absorption for all
combinations of ship speeds occur at collision angles
ranging between 70° and 90° and is at the maximum when
the struck ship has zero initial speed.

D. For amidship collisions, the energy absqrhed is gaximum
. . . C
at collision angles ranging between 160 and 180 and
increases with velocity of the struck ship.

This paper presents a convenient tool for evaluating the rela-
tive energy in ship collisions for various combinations of ship
weight, collision course and point of impact on the struck ship.
Assuming the mathematical method of analysis presented can be
verified by spot check experimental results, this paper offers
a simple inexpensive method of establishing an optimum model
test program.

After completion of the model tests the formulae presented
in this paper could be calibrated to provide a convenient
method of comparing and evaluating intermediate combinations
of ship weights, collision courses and relative velocities
not covered by the model tests.

4. A Theoretical Note on Ships Collisions, by J. H. Haywood,
| Report No. R.445, Naval Research Establishment, St. Leonard's ]
Hill, Dunfermline, Fife, February 1961.

A ship collision is analyzed theoretically in the case of a
ship striking a stationary ship amidship and at right angles.
Calculations are carried out assuming the collision force is
either constant or varies linearly with depth of penetration.
The total work done, collision force, penetration, duration of
collision, and energy partition are examined including the
energy absorbed by transverse vibration of the ship as a beam.




This paper may be the only one trying to solve the equations
of motions, which are greatly simplified by limiting the solu-
tion to a particular case. The solution and the conclusions
from the investigation is applicable only to the cases of
direct, central, and symmetrical impact. Since the reactor
compartment is usually near the stern, some of the conclusions
do not apply. Also treating the ship's hull as a uniform beam
is not realistic. Even though this paper is still tco simple
to be practical, it is much better than the approach by
Castagneto and the others.

Haywood's conclusion about zero collision force and zero work
done is not practical. This conclusion is obtained only
because he has used the constant force assumption. According
to all experiments the force at small duration is mostly
linear and then becomes more or less constant. Practically,
ships involved in collisions never behave like perfectly
elastic rigid bodies.

An Analysis of Ship Collisions with Reference to Protection

of Nuclear Power Plants, by V. U. Minorsky, Journal of Ship

Research, October 1959.

Ship collisions are assumed to be almost wholly inelastic. A
relationship for kinetic energy lost in the collision is
developed based on ship displacements, speed V_ of striking
ship and "added mass of water" assumed to be .§0 that of
struck ship.

An empirical linear relationship was found to exist for high-
energy collisions between lost kinetic energy and a ''resist-
ance factor" R_ which includes the volume of structural mem-
bers which are edge-on to direction of collision, such as
decks, flats, etc. in both ships, longitudinal bulkheals of
striking vessel, and a component of striking vessel shell
taken at .70 of sheli area 5 ft. deep in way of deck.

An allowance of one-third increase in RT is made for the
forward speed of struck vessel.

The method allows an approximate calculation of depth of
penetration into ships of conventional design, or of the
"critical speed" for which a known bow will reach a certain
penetration into a given ship side.

It is implicit that the collision occurs approximately at
midships where the energy spent in the collision and hence
the penetration are at a maximum value.

This easily applied approximate method is useful in the case
of collisions involving conventional ships where collision
protection is of the absorbent type.
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Collision Problems for Nuclear Ships, by G. Woisin, Hansa
1964, No. 10.

This paper is a review of the state of knowledge of the sub-
ject (1964) covering the dynamics of collision including
research on added mass, a discussion of the SAVANNAH colli-
sion analysis and the energy spent in elastic deformation.

A review is made of all of the experimental work and of the
various collision protections schemes. Much of this material
is covered in other papers by the same author.

There is little that is new in this paper but it has value as
an overview of the subject at the time it was written.

Collision Considerations in the Design and Construction of

the '"SAVANNAH", by J. A. Dodd & S. MacDonald, Motor Ship,
November 1960.

The paper reviews the SAVANNAH's characteristics, containment
vessel support and scantlings, shielding and collision pro-
tection including the method of calculating critical speed.

The paper is a convenient summary but does not add anything new.

Estimating the Decelerations Sustained in Ship Collisions, by
G. Woisin, Schiff und Hafen 13 (1961) November.

The author discusses the importance of establishing the deceleration
(also acceleration) of ships in a collision and indicates it can be
calculated simply if the total penetration is known from the speeds and
masses using the relationship established in the SAVANNAH study, with
and without the resistance of the water. He also examines the extreme
case of a ship ramming a rigid quay wall. Finally, he calculates the
duration of the deceleration using a graphical method.

The author states that the calculated decelerations are too
high, approximate and uncertain. It would appear that rela-
tionships between penetration and time for given vessels would
be better obtained from tests.

Research on the Collision Resisting Construction of the Sides
of a Nuclear-Powered Ship, (Report No. 3) by H. 01, T. Harima,
H. Tizuka and G. Kataoka, Mitsubishi Nippon Heavy Industries
Tech. Review .4 (1963).

Loads were applied by a swinging weight, also statically by a
screw jack to ship side models built to a 1/15 scale. Models
were of two types, S1 with 3 decks and transverse framing, and
S2 with 2 decks and additional frames and longitudinal stringers.
Several types of bows were used including Bl simulating a rigid
bow. In some experiments (Group 1) only the side model was
deformed; in others (Group 2) only the bow, and in Group 3

13




PUSSN

10.

both bow and side models were deformed. Relationships were
developed between energy absorption and structural deforma-
tion. The following were measured or investigated:

. Velocity of bow model and deformation of side model.
Load

Local strains (by means of strain gage)

High-speed camera pictures of destructive process.

. Final configurations of models after experiments were
completed. (Extent of damage).

.

(U P UL I S
.

The results were:

1. 1If both bow and side are destructible, the load - deforma-
‘tion relation for each is almost the same as for collision
of bow with a rigid wall or of the side with a rigid bow.

2. The maximum load on a bow colliding with a rigid wall is
the maximum load on the bow shell panel forward enclosed
by decks and frames.

3. There is an optimum thickness for shell plating which
depends on several variables.

4. When bow is stronger than side shell, the energy is absorbed
almost entirely by the side structure.

The derivation of equations is not obvious and the theory
does not seem easy to apply, but useful work is reported.

Research on the Collision - Resisting Construction of the Sides
of a Nuclear - Powered Ship, Report No. 2 bv T. Harima, S.

Yamada and Y. Tokuda, Mitsubishi Nippon Heavy Industries Tech-
nical Review 2, 1961.

The paper gives test results for the impact resistance of beams,
flat plates and stiffened plates. The effects of strain hard-

ening, strain speed and variation in yield stress are studied.

Some of the results are:

—
.

Absorbed energy = Plastic moment x Bend angle

2. Load-~deflection relationship for simple plate fixed at
both ends can be calculated considering tensile stress
only in the axial direction; with stiffened plate the
calculation must include the bending stress too.

3. The load deflection relationship can be calculated taking
the simple square plate as a circular membrane and the
stiffened square plate as a grid.

4. The above calculations must take into consideration, strain
speed and strain hardening as variable coefficients.

5. Absorbed energy per unit deflection favors HT over

MS, but energy to rupture favors MS over HT.
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| 11. Equivalent Added Mass of Ships in Collision, by S. Motora,
‘ M. Fujino, M. Sugiura & M. Sugita, JSNA, December 1969. ‘3

The authors have calculated and verified by experiments that
the added mass of the ship which is .40 at first is not con-
stant but varies during the collision, increasing with duration
of impact. They calculate the acceleration at the end of the
collision dividing the external force by an equivalent added
mass. :

The highest values of added mass are for the case of a soft-
structured ship struck at low speeds with a considerable amount
of penetration. In the case of a ship with strong collision
protection struck at high speed with relatively low penetration,
the added mass is verv close to the .40 assumed for the N.S.
SAVANNAH.

12. Model Testing with Collision Protection Structures in Reactor
Ships, by G. Woisin, Schiff und Hafen, July, 1972.

The author states that he is concerned only with dynamic
tests, with only slightly simplified models. He is not con-
cerned here with the influence of the water surrounding two
ships in collision. The test stand is described, followed by
a discussion of scale effects.

It seems questionable to state that successively greater |
impacts on the same model can be produced without incurring
a strain hardening effect different from that which would be
produced for a maximum impact. There is no clue to the
brittleness scale effect.

13. A Study on Collision of an Elastic Stem with the Side Structure
of a Nuclear Ship, by Yoshio Akita & Katsuhide Kitamura,
B.S.R.A. No. 35300, Soc. of Nav. Arch. in Japan, 1972.

' Collisions test results of 1/10 scale models are compared with
calculated values, using the Minorsky method. Tests of one
model of hull side structure of the struck vessel were made in
conjunction with six (6) bow models of the striking ship fea-
turing variations in framing and scantlings. Two of the bow
models were transversely framed and four (4) were longitudi-
nally framed. The six (6) bows were graded from soft to

hard based on their ability to resist deformation in a colli-
sion. The transversely framed models were on the "soft'" end
of the scale, and the longitudinally framed with heavy scant-
lings was.at the "hard" end.

The portion of the collision energy absorbed by the '"side"
and the "bow'" models is measured and compared with theoretical
values calculated by the Minorsky method.
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This paper presents information on model test results and
concepts having direct application and/or provides guidance
on the design of a suitable protective structure in way of
the reactor.

A Study of Similarity Laws of Impact Damage, in Particular
of Ship Collisions and Collision Model Tests, by G. Woisin,

Schiff und Hafen 20, 1968.

Laws governing similitude are listed and it is brought out
that it is desirable to satisfy Kick's law concerning stresses
and strains as well to have equal strain velocities; at the
same time, if the impact is sudden, there are inertia forces
to consider which introduce a Newtonian dynamic similarity;
however, for the forces exerted on water, the liquid being
the same for ship and model, viscosity forces are the same,
and so are gravity forces. All this leads to the conclusion
that not all conditions can be met by one set of similitude
laws. The author goes on to explain that some of the rela-
tionships can be neglected as being of little significance.
Some of the considerations that cannot be neglected are:

1. Temperature (brittle fracture)
2. Strain hardening
3. Molecular structure

These will introduce scale effects.

Empirical formulae are given that reconcile full-scale results
with model tests to various scales and a corrected "similarity
law" for tests in the dry is developed.

The author proposes that similarity laws be verified comparing
ships, statistically similar cases, and models, so as to
refine the relationship taking into account various scale
effects.

It is pointed out that at small scales more energy must be
applied--as much as 110% more at 1/15 scale than for full
scale--because of strain hardening.

Experimental verification of many of the relationships pre-
sented is missing. It is suggested that well-known case
histories and statistical data be applied to:

1. Actual ships
2. Partly ships, and partly models
3. Model tests
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