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1.0 INTRODUCTION :

The bulk of the past and current research work in the field of ship
collision damage and protection has been devoted to the design of

the reactor and nuclear spaces of nuclear powered ships. On the other
hand relatively little attention has been paid to the development of
methodologies for designing hull structures which can sustain the
impact induced by a striking vessel without rupturing. This is par-
ticularly important in the case of o0il tankers, LNG and LPG carriers
or other similar types of ships.

The problem, of course, is not a simple one. In the case of a nuclear
ship the concern is to protect the nuclear reactor while a LNG carrier
needs similar protection for its cargo tanks. In both cases the
requirement for structural design criteria is of a local nature. If
on the other hand the goal is to provide collision protection to an
0il tanker then one must do so for the entire length of the hull.
Clearly this requirement restricts the feasibility of providing pro-

¢ tection to the case of low-energy collisions. These are collisions
which take place at relatively low speeds where the shell of the struck
ship is deformed but not ruptured. High-energy collisions, on the other
hand, are associated with high impact speeds and tend to cause rupture.
The latter type calls for structural protection for selected portions
or spaces within the hull which require massive or highly complex and
expensive structures to design and build. This is the case of the so
called impenetrable barrier which has been developed in Germany for use
in the design of nuclear powered vessels.

Research work in the area of low and high-energy collisions has been
conducted in Germany, Japan, Italy and in the United States. These |
efforts have included both analytical and experimental studies on model |
and full-scale structural members. In practically all cases simplify-
ing assumptions have been made which limit the range of validity of
the results to specific conditions of collision and/or structural
designs. These assumptions have been necessary if one is to tackle
the highly complicated structural loading and response problem which
is created by the collision of a ship against another stationary or
moving ship. Such problems are associated, among other things, with
attempting to define the added mass coefficient for the struck ship;
calculating the degree of energy absorption due to the rigid body
translation and rotation of the colliding ships; or deriving valid
scaling laws for extrapolating model-scale experimental collision data
to full-scale design conditions.

In view of the above comments and the current status of ship collision
research work, the Ship Structure Committee has recognized that while
the protection of the reactor space of a nuclear powered vessel against
high-energy type collisions appears to be near solution, the protection
of hazardous and possible polluting cargoes now emerges as a structural
problem of major importance. The major concern is with LNG and LPG
carriers. A comprehensive collision and stranding research program
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carried out with these carriers in mind may be expected to produce
information applicable to ships in general.

The work described herein constitutes the first step towards the
development of reliable methods for designing hull structures to
resist low-energy collisions. The state-of-the-art is defined and

the available methodologies are assessed with respect to their assump-
tions and limitations. The study concludes with a set of recommenda-
tions for improving and/or extending the range of validity of these
methodologies.

SCOPE AND OBJECTIVES

The Ship Structure Committee long-range collision/stranding plan is
shown in Figure 1. 1In developing the plan, the SSC has classified ship
collisions as being of low and high-energy types,whereby the latter
causes a rupture of the shell and the former deforms it without rupture.

The overall objective of the study described in this report was to
conduct a critical evaluation of all prior low-energy collision work
and the determination, in each case, of its validity and range of
application. Deficiencies associated with analytical methods and
theories were to be identified wherever they may exist. In the experi-
mental arena all tests conducted up to the present time were to be
closely checked for relevance and completeness. The ultimate objec-
tive was to determine whether or not one of the existing methods or a
combination of methods can be used with confidence as the basis of a
design methodology for minimizing collision damage and providing pro-
tection to the ship's cargo.

Although the main thrust of this study was aimed at the low-energy
collision work it was decided that it would be to the advantage of

the project to pay some attention to the work conducted in the high-
energy collision domain since it is the natural extension of the low-
energy collision phenomenon. The rationale here was that the mechan-
isms of collision as well as the assumptions and simplifications made

in the low and high-energy collision analytical and experimental efforts
could have a few things in common.

Three tasks were carried out in this project. These were:

TASK I - LITERATURE SEARCH AND REVIEW

The pertinent literature published both in the U. S. and abroad was
reviewed. The existing methods of structural analysis applicable to
the development of low-energy collision damage methodologies were
critically reviewed. Postulated mechanisms for transferring and
dissipating collision energy were identified and ranked. Volume II

of this report presents the results of the literature search including
an annotated bibliography and list of references.

—————
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Figure 1 (cont.)

10.

DESCRIPTION OF ITEMS SHOWN IN FLOW DIAGRAM FOR
LONG-RANGE COLLISION/STRANDING RESEARCH PLAN

Mathematical modeling of Collision or Stranding involving high
energy (rupture of shell) or low energy (shell deforms but remains
intact). Projects to include application of loads, rigid body
mechanics, hydrodynamic response including added mass and hull
static and dynamic response (deflections, vibration, fracture),
structural framing systems, materials (steel, concrete, aluminum,
and hybrid combinations), absolute and relative motions of impact-
ing vessels (or grounding surfaces), typical grounding surfaces.

Model and Prototype experiments for high and low-energy collisions
or strandings. Testing parameters for prototype and model test-
ing to include critical examination of effects of scaling, model
fabrication techniques, model materials, entrained water, relative
motions, time durations, ideal versus available testing facilities,
and environmental considerations when testing in prototype scale.

Engineering Analysis of Representative Casualties involving high
and low-energy collisions and strandings with particular emphasis
on compiling data needed to analyze the mechanics of the structural
response and failure.

Statistical Analysis of Collision and Stranding Casualties - World-
wide statistical survey to provide estimates of risk of collision
and stranding based on service, route, season, and such other
factors that are deemed appropriate.

World Fleet Projections Based on probable Collision Energy
(Displacement Tonnage and Design Speed) and Bow Configurations.

Compare and Modify Theory or Experiments for Collision or Stranding
(High or Low energy). Evaluate errors in each, estimate validity,
and suggest changes to improve either theory or experimental
techniques.

Data Analysis for Energy Absorption Criteria - Develop energy-
absorption criteria for various ship types so that the ship can
expect to have the critical barrier remain intact in -- % of the
expected collisions/groundings.

General Analytic Procedure based on Theoretical Studies as modi-
fied by Experimental Studies.

Specific Design Studies incorporating various structural configu-
rations, differences based on ship types, and new design applica-
tions such as frangible bows, protective barriers, etc.

Generalized Design Criteria - combine results from the various
prerequisite studies to define design criteria, including con-
sideration of geometry and structural design, for low- and high-
energy casualty and stranding protection.
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TASK IT - ASSESSMENT OF THE ADEQUACY AND VALTDITY OF THE EXISTING
LOW-ENERGY COLLISION DAMAGE THEORIES AND DESIGN METHODOLOGIES

The {nitial conditions of the collisions postulated by the previous
investigators and the valid ranges of the parameters of these colli-
sions were determined.

TASK IIT - RECOMMENDATIONS REGARDING THE USE OF EXISTING METHODS AND
FUTURE RESEARCH

Recommendations are made regarding the use and limitations of the
reviewed methods in the structural design of ship hulls. It is indi-

cated how these methods may be improved and their ranges of validity
i extended. A plan to accomplish these objectives has been prepared.
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3.0 REVIEW OF PAST AND CURRENT WORK IN LOW-ENERGY SHIP COLLISION DAMAGE

3.1 GENERAL

. Volume II of this report contains an overall statement of the state-of-the-

1 art in ship collision work in general. Also an annotated bibliography and
an extensive list of references are also included in the same volume. In

S this section close attention is paid to the work which is of specific inter-
est to the objective of this project, that i{s, to critically evaluate exist-
ing methods of structural analyses applicable to the development of low-
energy collision damage theories and design methodologies.

3.2 SUMMARY OF EXPERIMENTAL AND FULL-SCALE LOW-ENERGY SHIP COLLISION DATA

A. Experimental Data

The experimental work on models of structural members and/or sections of
T different types of hulls comes basically from four sources. These are:

1. Tests conducted by U. S. Steel Research Laboratory in coopera-
tion with M. Rosenblatt & Son, Inc., under the sponsorship of
the U. S. Coast Guard. Ten tests were conducted, each consist-
ing of the application of a concentrated static lateral load on
a reduced scale model (approximately 1:5 scale) of a representa-
tive portior of the side of a typical longitudinally framed
tanker. Descriptions of these tests and results are presented
in References (1) and (2).

2. Tests conducted in Japan and presented by Akita, et al, (3).
A summary of these tests in given in Table 1.

Table 1 - Summary of Japanese Experiments

Type of Test Performing Organization

Wedge load tests of flat plates University of Tokyo

Model tests of explosion protective Mitsubishi Heavy Industries, Ltd.
structures

Tests on the effects of stem angle Hitachi Shipbuilding & Engineering

Co. 5 Litd.
Experiments on oblique collision Kawasaki Heavy Industries, Ltd. and
Mitsui Shipbuilding & Engineering
€0 5 Ltd.
Tests on the effects of stem Ishikawajima-Harima Heavy Industries |
stiffness of striking vessels Co., Ltd.
Dynamic fracture tests Ship Research Institute

|
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3. Tests conducted in Italy under the direction of Professor
F. Spinelli of the University of Naples. A total of 24
tests were conducted on collisions of various configura-
tions. The results are reported by Belli (4).

4. Tests conducted in Germany under the supervision of GKSS,
at a test facility constructed at the Deutsche Werft Ship-
yard in Hamburg. Although these tests were aimed mainly
at the high-energy collision problem it is of interest to
describe them here in that some of the experimental obser-
vations could be helpful to the analysis of low-energy
collisions.

The GKSS tests consisted of releasing a ship-bow model on a
carriage to roll down a ramp and impact against a side model
mounted on a long restrained beam simulating the ship's hull
girder. From 1967 to 1975 twelve tests were conducted. The
first three of these tests were on energy absorbing barriers
for the reactor compartment of the nuclear ship OTTO HAHN.

The remaining tests were on a barrier of the energy resisting
type designed for a second generation of nuclear ships. The
barrier consists of an "egg crate' grillage of horizontal and
vertical webs. In general the tests successrully demonstrated
the ability of this type of structure to avoid rupture and
penetration of the nuclear compartment by the various types of
bows tested. The chief limitation is the added weight and cost
penalty. A thirteenth test using an icebreaker bow was not
conducted due to lack of funds. The shipyard has subsequently
been sold and converted to other service, although the facility
could still be made available if new funding became available.

A limitation of the Deutsche Werft tests is that they were
conducted by shipyard personnel and were generally inadequately
instrumented. While the gross effects were well documented
histories of impact force, local strain and deformations were

not obtained. This makes correlation with analytical models
difficult. A further limitation is that the rigid attachment

of the supporting beam precluded the reflection of time-dependent
added mass effects in the collision interaction.
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GKSS has also sponsored impact tests on models of various scales

of simple beams, plates, and plate-frame combinations carried out

at the University of Hamburg to determine scale effects in im- :
pact testing. Woisin of GKSS has reported the results in refer-

ences (5), (6), and (7). Figure 1 shows photographs of the test

setup before and after a collision test.

The German tests represent the most complete body of experimental
information available. Whether the unfortunate lack of load data
will preclude its use for low-energy collision work remains to

be seen. A comprehensive summary of the German work has been
included as Appendix A to this volume of the report.

Other experimental work of interest to the problem of low-energy
collisions are the numerous tests of dynamically loaded structural
members conducted at institutions such as M.I.T. and Brown Univer-
sity. The results of these tests have been used to develop plastic
theories for the prediction of permanent damage induced on struc-

( tures due to impulsive loads. This work has been summarized
recently for ship structural design applications by Jones (8).
Another recent set of tests conducted on scale models of ships
colliding are those sponsored by NMRC and conducted at the Uni-~
versity of Rhode Island, Department of Ocean Engineering. Results
of these tests are reported in reference (9).

B. Full-Scale Data

The full-scale data available on ship collision damage comes as a
result of actual collisions at sea. The sources of data are U.S.
Coast Guard ship casualty reports and/or inspection reports pre-
pared by various groups who have been funded to study the ship
collision problem. The following is a summary of the principal
efforts which have been conducted up to date in an attempt to
develop useful ship collision data banks.

1. In 1961 Gibbs & Cox, Inc., published a design criteria
manual (10). The manual includes the results of a sta-
tistical analysis of a large number of collisions of
1950's vintage. Eight cases of ship damage were analyzed
based on photographic evidence and U. S. Salvage Associa-
tion Surveyor's reports. Most of the collisions considered
are of the high-energy type.

2. The classical paper by Minorsky (11) gives relevant data
on ship collisions used for his analysis. Data were
provided for 50 collisions by the U. S. Goast Guard. The
data included speeds, angle of encounter, displacements,
drafts, and extent and location of damage. To these
were added the particulars of the STOCKHOLM-ANDREA DORIA
collision and those of two other collisions where in each
case a tanker was struck by a passenger ship at high
speed. A total of 18 low.energy collision cases were
identified.
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3
Figure 1(a)
Models of Striking Bow
and the Barrier of a Struck
! Ship Before a GKSS Collision
Test
{

iT (h) Models of Striking Bow and the Barrier
f a Struck Ship After a GKSS Collision Test
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3. In 1973, a U. S. Coast Guard report (12) published a re-
report on tanker groundings and collisions. Casualty data
were taken from two sources: IMCO Damage Cards submitted
by fourteen countries from 1964 to 1966 and U. S. Coast
Guard data dated April 1958. Of the over one thousand
cases of groundings and coliisions 51 collision cases and

] 13 groundings were found to be amenable to analysis. The

criteria used for selection were as follows:

(a) The struck vessel was a tanker.

(b) The casualty was a two-ship collision or a vessel
grounding.

(c) Details of the casualty—depth of penetration, geo-
graphical location, angle of collision, speeds of all
vessels involved--were stated.

(d) Details of the vessels—length, beam, draft—were
stated.

: 4. 1In 1975, George G. Sharp, Inc., published a report (13) on
ship casualties based on 127 monthly casualty return sheets
for the period 1964~1974 from the Liverpool Underwriters
Association. Ships over 2,000 gross tons world wide were
considered with special interest in casualties derived

from collisions and more specifically for three proposed
nuclear ship routes. During the period there were 831
ships involved in collisions and 850 in groundings.

5. Also in 1975, M. Rosenblatt, Inc., prepared a report for
the U. S. Coast Guard (2) which presents the results of
collision inspections for six cases. None of the cases
involved an ocean tanker with minor or moderate damage
and none included damage of horizontally stiffened web
frames which were of particular interest to their work.
The following are the six collision cases reported on
with an indication given in each case as to whether or not
rupture of the shell took place.

Struck Ship Rupture?

1. Longitudinally frames single hull barge (struck concrete Yes
dolphin)

2. Longitudinally framed double-hull barge (struck piers on dam) Yes

3, Transversely framed cargo ship(AEGEAN SEA struck by cargo Yes
ship C. E. DANT)

4. Longitudinally framed single-hull barge (struck by tug boat) No

5. Longitudinally framed double-hull barge (struck pier of bridge) No

6. Longitudinally framed oil tanker (ESSO BRUSSELS struck by Yes

containership C. V. SEAWITCH)
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Analyses of the results of the six ships' collision in-
spection cases led to the following generalized conclu-
sions (2):

(1) The bow of the striking ship distorts significantly
only if it encounters relatively stiff horizontal
resistance at a deck or bilge.

(2) The longitudinal extent of damage is the same for
the deck, shell plate, and all damaged longitudinals.

(3) The energy-absorption capacity of a longitudinally
framed ship is generally greater than that of a
comparable transversely framed ship.

(4) The longitudinal extent of damage is likely to be
restricted between the transverse bulkheads and/or
strong web frames.

(5) The deck and bilge area are 'hard points" in resist-
ing side incursion unless the striking bow directly
bears against them.

(6) The relative location of strike to a transverse
bulkhead has a significant effect on energy absorp-
tion.

(7) For a longitudinally stiffened hull, the collision
energy is primarily absorbed by membrane tension in
the side shell plate and longitudinal stiffeners.

(8) For a double-skin struck ship, web plates are more
effective than web trusses for causing the two skins
to distort in unison.

(9) In an oblique collision, the angle of collision re-
mains constant throughout the collision.

(10) For oblique collisions, plastic membrane-tension
strains occur in the portion of hull behind the strike.

(11) The damaged deck forms a series of small-pitch
accordian folds extending in the longitudinal direc-
tion.

As part of the project reported here the U. S. Coast Guard
Casualty Records were searched for the period 1972-1976

in order to identify a collision case to test the validity
of the methodologies being evaluated. The sort criteria
inputed into the U.S.C.G. data base computer program was:

(a) Cargo ships and tankers.
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(b) FY 1972-1976.

(c) Collision cases only.

(d) Damage range $5,000-$100,000.
Damage range $100,000-$200,000.

The same data base has been searched previously for the
period 1969-1975 and damage range above $200,000. Most of
these cases involved rupture and were therefore not ap-
propriate for the purposes of this study.

The selection criteria for a suitable case were the follow-
ing:

(a) No rupture in struck ship.

(b) Recent case preferred.

(c) Crossing situation preferred.

(d) Longitudinally framed struck ship.

(2) Good definition of speeds and movements.

(f) Photographs and good damage description needed.
(g) Struck ship should be of U. S. Registry.

The first run ($5K-$100K) produced 583 cases while the
second run ($100K-$200K) yielded 15 cases. The microfilm
records of these casualty reports were then examined to
isolate those candidates which met the selection criteria.
Most cases could be discarded immediately as inappropriate.
A few were identified for further review and are sum-
marized in Table 2. 1In the final analysis there were no
cases which had sufficiently well defined data together
with an indentation large enough to be of interest but
without rupture.

A second collision data search was performed by contacting
the Naval Safety Center in Norfolk, Virginia, where the
records of U. S. Navy ship collisions are kept. Again the
purpose was to identify possible U. S. Navy collisions in
which information exists in sufficient detail to be used
as a basis for comparison of actual energy absorption with
those predicted analytically. Collision reports on 130
collisions involving U. S. Navy ships were obtained and
the result was similar to the case of the U. S. Coast
Guard casualty record search. There were really no cases
which were of sufficient interest to justify the further
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expense of an investigation which would still have a strong
possibility of being fruitless. Three lessons were learned
from this exercise:

(1)
(2)

3)

It should not be done again.

In order to obtain good full-scale collision data it
probably will be necessary to design and conduct a set

of collision experiments between two existing ships.

Such an experiment will be extremely expensive and will
require thorough planning and careful execution to obtain
meaningful results. The possible exception here would be
an on-site inspection of a "clean'" collision as discussed
below.

There is a vast difference between the real collision
world and the world of idealized analytical models.

In addition to the sources of information indicated here there
are other possibilities which could be explored. These are
the following:

(a)

(b)

(c)

(d)

(e)

Under contract with the U. S. Salvage Association the
Coast Guard maintains a computerized data base of that
organization's damage surveys. It is believed that this
data base would contain much useful structural informa-
tion,, but unfortunately this data is held to be proprie-
tary by the Coast Guard and is not available to us.

U. S. Salvage Association and American Bureau of Shipping
survey reports will contain in many cases the information
we need but again the information is held as proprietary
to their clients.

IMCO Damage Cards were submitted by the various members
of IMCO during the period 1964-66 and provide a good
source of statistical information on collisions but
generally inadequate structural information.

Solicitation to individual ship owners could produce
release of survey reports and photographs, if all liti-
gation on the damage has been completed.

On-site inspections of collision damages by an inspection
team specifically oriented to examine the damage from an
analytical point-of-view offers the most economical data
source, but a large element of luck is required to find

a "clean" accurately documented collision.

3.3 CRITICAL REVIEW OF EXISTING METHODS OF ANALYSIS

The state-ofethe-art in ship collision research work has been summarized in
Volume II of this report. Furthermore an annotated bibliography of the key
publications has been included in the same volume along with an extensive
list of other relevant documents.

3-9




-

In order to avoid repetition this section is devoted strictly to
critically reviewed methods and experimental results which are of in-
terest to the low-energy collision problem. In addition, considera-
tion was also given to high energy collision work which could have
applications in the low-energy regime.

3.3.1 M. Rosenblatt & Son, Inc. Work

M. Rosenblatt & Son collaborating with U. S. Steel Corporation
conducted a series of studies during the period 1971-1975
sponsored by the Coast Guard intended to develop a methodology
for the analysis of minor collisions in which a tanker was the
struck ship. Table 3 gives a summary of the studies in
chronological order. The method is summarized in reference

(1) which outlines the theory, contains a computational pro-
cedure primer, applies the method to several collision cases
and to the evaluation of the protective capability of an LNG
carrier and examines the potential of several structural
schemes intended to enhance collision protection. The analyti-
cal procedure is simplistic in its origin but complex in its
application to a given collision situation. An array of assump-
tions are involved, perhaps the most sensitive of which are
that the bow of the striking ship is rigid, that the bottom

of the ship, the bilge strake, and the transverse bulkheads do
not buckle, yield, or rupture, and that the bow of the striking
ship does not produce tearing, cutting or punch shearing in the
side of the struck ship. The Rosenblatt work is the most direct-
ly relevant work on the low-energy collision problem but the
impact of the assumptions and the suitability of the overall
procedure will be evaluated in subsequent sections.

December 1975, "Tanker Structural Analysis for Minor Collisions,'" USCG
Rept, CG-D-72-76, includes:

Part I - Tanker Structural Analysis for Minor Collisions

Part II - Tanker Structural Analysis Procedure Primer

Part III - Tanker Structural Analysis Collision Reports

Part IV - Evaluation of LNG Ship Structure in Collision

Part V - Non-Standard Structural Schemes for Increased Colli-

son Resistance of Tankers

November 1974, "Tanker Structural Analysis for Minor Collisions," J. F.
McDermott, R. G. Kline, E. L. Jones, Jr., N. M. Maniar,
W. P. Chiang, SNAME 1974

November 1973, "Evaluation of Tanker Structure in Collision," (with
U. S. Steel Corp.) Rpt. 2087-15.

April 1972," Tanker Structural Evaluation," (with U. S. Steel Corp.)
Rpt. 2087-15.
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3.3.3

3.3.4

Hydronautics, Inc. Work

Dr. Pin Yu Chang of Hydronautics, Inc., in collaboration with

Dr. Paris Cenalis, has developed a finite-element model for an
energy-resisting barrier developed by GKSS to predict the elasto-
plastic response to "known" input dynamic loads. Since loading
pressures were not measured in the GKSS tests the input loads used
in the program are based on estimates which make firm correlation
with GKSS data difficult.

Professor Reckling of the University of Berlin had developed but
not perfected a method for predicting the loads induced on a GKSS-

type barrier in a collision with a cylindrical blunt bow. Dr. Genalis,

as a consultant to G. G. Sharp under MarAd sponsorship, reanalyzed
and expanded this method. V. U. Minorsky of G. G. Sharp then applied
this method to predict the loads for one GKSS test. The predicted
loads agree within 157 with rough values inferred from GKSS measure-
ments. An alternative method for load prediction is also under
investigation. It is expected that when the load-prediction method
is finalized the finite-element response model will be re-run with a
new set of loads.

Potentially the finite-element approach is a much more powerful and
flexible tool than the method used in the Rosenblatt series, but due
to the complexity the cost is high. It will not be suitable for use
as a routine design tool whereas the Rosenblatt method, perhaps at a
later stage of evolution, would. The finite-element model could be
used for parametric studies to develop design criteria, or perhaps
in the design of special structures such as nuclear plant barriers.
A full report on the status of this tool is contained in Appendix B
of this volume.

Japanese Work

Akita, et al, Reference (3), have 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. Experi-
ments were conducted as early as 1963 with the greatest activity
occuring during the 1966-1969 time frame. Both static and dynamic
tests were conducted on small, simplified, transversely framed box-
like structures. Based on the experiments various relations were
developed which described the dynamics of the collision process.
Although the conclusions drawn from these studies are of interest

the data are suspect due to the size of the models used. On this
basis, further exploration of this data source will not be pursued.

Italian Work

During the mid-sixties the Italians, principally under the direc-
tion of Professor F. Spinelli of the University of Naples,
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conducted a total of 24 tests on collisions of various configura-
tions. Results are reported by Belli, reference (4) (in

Italian), together with an analytical treatment. The experi-
ments dealt with high-energy collisions on energy absorbing
barriers. Hydrodynamic added mass effects were simulated by
attaching a longitudinal flat plate to the keel of the struck
model and immersing this plate in a small basin of water. The
test technique has been much criticized and the data are generally
regarded as not suitable for making full-scale inferences. Again,
the Italian work, although it makes interesting background read-
ing, does not appear suitable for application to low-energy
analysis.

3.3.5 German Work

The work which has been conducted in Germany, mainly at GK3SS, is
in high-energy collisions. The tests which have been conducted
up to the present time have been described earlier in this sec-
tion. Current work including analysis and experimentation is
discussed and reviewed in detail in Appendix A of this volume.

3.3.6 Gibbs & Cox Design Manual

At the time of the design of the N. S. SAVANNAH in the late

fifties by G. G. Sharp, Inc., an independent study at Gibbs &

Cox was funded by MarAd. The product of this study was a design

criteria manual for nuclear~powered ships, reference (10). The

study, which dealt with a variety of aspects of nuclear ship

design also treated the collision barrier problem. Both absorbent

and resistant barriers were discussed. A statistical analysis

of a large number of collisions of 1950's vintage was made.

Eight cases of ship damage were analyzed based on photographic

evidence and U. S. Salvage Association Surveyors' Reports. Based

on these analyses the report concludes that for conventional

ship structures about 75% of the total energy transfer in a col-

lision goes into struck ship damage and about 25% goes into

! damaging the bow of the striking ship. The best correlation for

| energy absorption was found to be based on the volume of steel
structure demolished. No rules were proposed for the design of
either absorbent or resistant barriers.

This comprehensive but generally overlooked work contains many
interesting features but since it deals with high-energy colli-
=ions here again there appears to be little infermation that we
can use directly.

3.3.7 Selected Methods for Further Evaluation

Based on the review of the ship collision work discussed above,
it became quite clear that there are really only two existing
methodologies which are available for low-energy collision
analysis. These are the Rosenblatt method and the finite-
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element method. Both of these are subjects of Section 4.0.
However, as a result of the various works reviewed in this study
the possibility of developing a third method surfaced. This
involves extending the classic work conducted by Minorsky (11)
on high-energy collisions to the low-energy area. This also is
a subject of Section 4.0.
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ASSESSMENT OF ADEQUACY AND VALIDITY OF THE EXISTING LOW-ENERGY COLLISION

DAMAGE THEORIES AND DESIGN METHODOLOGIES

As indicated in Section 3.0 there are really only two existing method-
ologies which are available for low-energy collision analysis. These
are the Rosenblatt method and the finite-element method. A third
possibility which has been initially developed as a result of this study
is the extension of Minorsky's original work.

The Rosenblatt method is structured on very basic concepts of plastic
analysis coupled with a rather clever splicing of empirical and experi-
mental information. It inevitably becomes somewhat complicated in ap-
plication to a given structure, but still, with some experience an
analyst could complete an analysis of the energy a given ship structure
could absorb in a week or two. The method is also suitable for develop-
ment into a computer program although frequent usage would be required
to justify development costs.

Most of the assumptions involved in the method are conservative in
nature. Thus, for a collision that closely approximated the scenario
assumed in the method, the energy absorbed by the structure would prob-
ably be conservatively predicted. The problem is that the likelihood
of encountering departures from such a scenario is quite high. In
particular if tearing or punching through of the side structure is
involved, as it oftentimes is, then some variable amount of membrane-
tension energy-absorption capability included in the methodology would
not, in fact, be available. Thus for most realistic collision cases
the ship side structure cannot be expected to absorb the amount of
energy predicted by the method.

The method is advertised very honestly by its authors as a development
tool which needs further work before application as a design tool. It
appears that the improvements that could be made to the method would
have a minor rather than major effect. In the present study the matter
of wheth~r a criterion could be incorporated that would reflect the
occurrence of dynamic fracture has been examined. Such predictions
require a very detailed knowledge of the state of stress which exists
in the shell plating. Knowledge of such a micro-level state of stress
is precluded by the very nature of the Rosenblatt method and thus in-
clusion of such a tearing criterion would not be possible.

The finite-element method is the other existing methodology which can
be used for low-energy collision analyses. Such work is currently
being carried out by Dr. Pin Yu Chang of Hydronautics, Inc., who has
been working on a hindcast of one of the German GKSS ship-collision
experiments under MarAd sponsorship. While the German tests were a
great success as visual demonstrations, the quality of the instru-
mentation left much to be desired and in particular the loads which
occurred during impact were not well measured but had to be inferred
using acceleration measurements. Using methods proposed by Reckling
aud Girard, Genalis and Minorsky have made hindcasts of the loads im-~
parted to the side shell of the GKSS model by the test bow as it crushed
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during impact. These results have shown encouraging agreement with
the observed data, but in view of the doubtful character of this data,
conclusive validation of Chang's work cannot be expected.

Inherently, the finite-element approach is the most accurate analytical
tool available and is capable cf reflecting dynamic effects, and even
dynamic fracture, if expense is no object. To extend Chang's present
work to a more general case would require analysis of both striking
bow and struck side shell and a method for matching loads and damage
on each. This is an extremely complicated and expensive proposition.
It is not hard to visualize $500K in further development costs to pro-
duce a working product and thereafter perhaps $10K - $20K per applica-
tion.

There is one further possibility which has surfaced during the course
of this study. It is the extension of Minorsky's classic work on
high-energy collisions to the low-energy area. Minorsky found con-
siderable scatter in the low-energy collisions which he studied, but
it is likely that this was due to the quality of his data rather than
the nature of the preocesses involved. As an input to this study,
Professor Norman Jones has looked at the possibility of extending the
Minorsky method to the low-energy region. He examined the plastic
behavior of a fully encastered, centrally-loaded rectangular bar and
by means of a rather clever transformation has converted this to
Minorsky's ET vs. RT format. Jones' analysis shows that the plastic
behavior of this simple model follows a line close to and parallel to
Minorsky's high-energy line. Jones' analysis was then extended to
variable load location. The inference of this is that hope is not
lost for the extension of this simple method into the low-energy region.
Detailed descriptions of these analyses are contained in Appendix C
of this report.

VALIDITY OF THE ASSUMPTIONS MADE IN THE ROSENBLATT METHOD

Figure (2) shows a macro-flow diagram of the method developed by M.
Rosenblatt for analyzing minor or low-energy collisions. The method
incorporates several key assumptions and simplifications whose validity
has been assessed. Comments on each of these assumptions are presented
below.

Assumption: The bow of the striking ship is rigid and infinitely stiff.

Comments: At first glance this sc¢ems to be a conservative assumption
since the energy going into the deformation of the blow is neglected
and, consequently, more energy goes into the side shell and greater
penetration is produced. However, this is not necessarily true. The
deformation of the bow and variations in local contact surfaces may
produce much higher stresses locally (by a factor of two or more) than
the clean imprint assumed. This is particularly true if the bow of

the striking ship has continuous longitudinal girders and rupture or
puncture of the struck vessel's shell may occur. The larger the energy
involved the weaker the infinitely stiff bow assumption is. A frequent
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Ltongltudinal Plastic Beanding
of Stiffened Hull Plates

(1)

(2)
(3)

Options

Rupture of Stiffened Hull Plate
(starting In outer leg of stiffener)

Buckling of a Longitudinal Stiffener

Web Frames Flanking the Strike Yleld
or Buckle

P

{ Option (1)

(Likely for bar
stlffeners but
unlikely for
angle stiffeners)

I

Optlon (2) Option (3)
(Unlikely)
T
Stiffened Hull Plates With Constant Resistling
Unload In Bending and Forces From Web Frames as
Immediately Reload In They Yield or Buckle,
Plastic Membrane Tenslon Stiffened Hull Plates

Continue to Bend Plastlically

Optlons for Subsequent
Gross Movement

(4) Rupture of Stiffened Hull
Plate (starting In outer
leg of stiffener)

(5) Web Frames Flanking the

Optlons for Subsequent
Gross Movement

(6) Rupture of Stiffened
Hull Plate

(7) Buckling of a

Longltudinal Stiffener

Strike Yield or Buckle

Option (&)

[Loption (6)]

[option (7))

| OEtlon (S)l

With Constant Resistling
Forces From Web Frames
as They Yield or Buckle,
Stiffened Hul) Plates

Plastic Membrane
Tenslon Until

}
|
Contlnue to Straln In Rupture
Plastic Membrane Tension
iﬁ Until Rupture
Spread of Rupture Over Stiffened Hull Plate l
Figure 2 Macro Flow Diagram for Side-Collision Plastic-Energy

Analysis for a Single Shell Ship
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case is that the inner bottom of the struck ship cuts away the bow of the
striking ship.

Assessment: The assumption is good for only very low-energy collisions.
Based on casualty reviews most collisions involve damage to the bow. If
tearing is not involved the assumption will be conservative.

Assumption: Cutting or puncturing of the side shell of the struck ship
does not occur.

Comments: Cutting or puncturing of the side shell has an important effect
on energy-absorption capability of the struck ship. If the side shell is
punctured a tear may spread destroying the capacity of the region to absorb
energy by membrane tension. Thus for larger deformations the energy absorp-
tion capability of the struck ship may be seriously overpredicted while for
small deformations this is not a serious defect.

Assessment: This is an extremely vulnerable and non-conservative assumption

and perhaps the chief limitation to this procedure. The deck of the striking
ship may hole the struck ship releasing membrane-tension resistance and per-

mitting deeper incursion. The deck of the struck ship may slice into the

bow of the striking ship reducing the energy absorption in the deck and per-

mitting deeper incursion.

assumption: The bottom of the ship, bilge strake, and transverse bulkheads
do not buckle, yield, or rupture.

Comments: This assumption is acceptable for very modest "fender benders"

but it is weak for strikes close to a bulkhead. The net effect is conserva-
tive since this means that the energy absorption must be contained between

two consecutive bulkheads. TIf the bulkhead yields and the damage propagates
beyond this boundary it will reduce the energy absorption in the strike region
and less penetration will take place. However, in the case of strikes near

a bulkhead high-stress concentrations may produce failure at smaller pene-
trations than predicted by the method.

Assessment: This assumption is often violated in actual collisions. In the
case of a strike near a bulkhead, by not reflecting the energy absorbed in
deforming the bulkhead, the method will underpredict indentation before rupture
if tearing is not involved. But, in the case of such "hard spots', tearing

is often involved.

Assumption: Rigid body motions not considered.

Comments: Rigid body morions absorb at the most 57%-107% of the collision
energy.
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Assessment: Assumption is satisfactory and conservative.

Assumption: Collision angle remains constant and neither ship rotates
during collision.

Comments; If the impact occurs in a region far removed from the center
of gravity of the struck ship (i.e. at the bow or quarter-length)
significant energy may be absorbed in rigid body rotationms.

Assessment: The assumption is conservative.

Assumption: Collison is an inelastic (plastic) process.

Comments: This is not a bad assumption. The curve of energy absorp-
tion versus time is undoubtedly very erratic during the short time
interval of collision. By assuming completely plastic collision the
result is a smooth curve. In the case of very low energy '"fender
benders" (i.e. a tug bumping a ship during docking and undocking, or
a ship bumping a pier) the elastic energy becomes a more significant
fraction of the total.

Assessment: The overall effect of the assumption is that it under-
predicts the energy absorption so that greater penetration is achieved
for a given level of energy. The assumption is conservative and satis-
factory.

Assumption: A static process is assumed and dynamic effects are
neglected.

Comments: Some strain-rate effects may be present during the first
instants of contact but they are minor. The time interval in which
this effect is significant is on the order of 1/10 to 1/100 to 1/1000
sec, However, the duration of the collision impact is on the order of
1 to 4 seconds so that this assumption is good. Dynamic effects may
offer some increase to the buckling strength of panels in edge com-
pression.

Assessment: The assumption is satisfactory and conservative.

Assumption: Longitudinally stiffened side plates and deck plates act
as independent units, that is, there are no in-plane forces between
them,

Assessment: The assumption is probably satisfactory for a plumb-bow
case while marginal for a raked-bow case.

4=5
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Assumption: If the top of the striking bow is below the deck of the
struck ship the deck does not buckle and the distortion of the shell
plating varies from zero at the deck to a maximum at the bow of the
H striking ship.

e

Comments: For a raked bow this would be a case most sensitive to
tearing or punch shearing.

Assessment: There is probably no feasible alternative to this assump-
tion, but it is vulnerable.

Assumption; Plastic bending and membrane tension effects are consid-
ered separately.

Assessment: This is a satisfactory assumption which is supported by
the results of the U. S. Steel experiments.

Assumption: If the stiffener flange (longitudinal framing) ruptures,
the rupture is assumed to continue through the stiffener and plate.

!
4
|
Assessment: This is a satisfactory assumption which is supported by |
the results of the U. S. Steel experiments. 1

Assumption: If a stiffemer trips it will unload in bending but re-
load immediately in membrane tension.

Assessment: This is a satisfactory assumption which is supported by
the results of the U. S. Steel experiments.

An additional and independent critique and assessment of the assump-~
tions made in the Rosenblatt method was conducted by Professor Norman
Jones. This material has been included in this report as Appendix D.

4.2 APPLICABILITY OF THE LOW-ENERGY COLLISION DAMAGE THEORIES AND DESIGN
METHODOLOGIES

The Rosenblatt method, despite its shortcomings, is available now.

It is suitable in its present form for the analysis of very minor
collisions, say those for which the ratio of the indentation to the
spacing between webs is on the order of 1:10. A good application, for
example, might be a study of damage occurring to ship's side plating
in collisions with piers, camels, etc. during berthing operations. To
press the method to indentation/span ratios of 1:3 or 1:4 would be
pushing the method to a very uncertain limit. One possible way of




using the method in design would be to discount the energy absorption
capability of the structure predicted by the method by some factor. At
present there is no theoretical or experimental basis for the assign-
ment of such a factor. In the future it might be possible to assign
such a factor on the basis of parametric finite-element analyses, large-
scale model test results, or full-scale collision test results.

It can be concluded, therefore, that the Rosenblatt method is good for
small penetrations not close to the bulkheads (as a guess, perhaps
L/10 penetration where L is the damaged span), say, an 18-inch pene-
tration typically. This figure is a guess and it will take much more
experimental evidence than presently available to establish true limit
of validity. As the method is pressed to larger penetrations the
sensitivity to deviations from the assumed conditions becomes greater.
For a collision in which a large penetration without rupture is pre-
dicted the prototype might be able to absorb this much energy or per-
haps slightly more if the collision closely simulated the assumed
scenario, but departures from this scenario could result in significant-
ly less energy-absorption capability--perhaps 50% as a guess--~before
rupture.

The finite-element method, on the other hand, is a more powerful tool
than the Rosenblatt method. It does, however, require that the input

be properly tormulated. Among the most difficult inputs are the
impact load magnitude, distribution and time-history. Characteristical-
ly there is an optimum mesh size which in a collision case would re-
quire considerable operator experience. One must match the load and
deformation of the side shell to the load and deformation of the bow

to get the correct contact area and load distribution. The procedure
must then be repeated for a series of penetrations.

The finite-element approach could handle a much larger variation in
conditions than the Rosenblatt method. This, however, would come at
an extremely high cost and high technical risk of delivering a finish-
ed product for a given number of dollars. One could easily end up in
a bottomless pit situation by refining, debugging and rechecking the
model with the possibility of never achieving a general tool for use
in the field. To be useful, the method would have to be used by one
or two experienced operators to investigate a series of collisions
parametrically. However, the end product would still have to be some-
thing like the output of the Rosenblatt method or Minorsky's classical
analysis (11).
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4.

3 SENSITIVITY AND RANKING OF SHIP-COLLISION ENERGY-ABSORPTION
MECHANISMS

The various energy-absorption mechanisms which play a role in
ship collisions have been described and analyzed at length in
several reports (1, 2, 3, 9, 10, 11). Several of these mechanisms
and their relative importance have been discussed in Section 4.2
with reference to the validity of the assumptions made in the
Rosenblatt method for anmalyzing minor collisions.

Of all the studies reviewed the work reported in the report
"Tanker Structural Analysis for Minor Collisioms," (ref. 2) is
worth summarizing. The ship collision is assumed to consist of
four simultaneous phenomena as shown in Figure (3 ). These are:

(1) Local elastic deformation of the struck ship
(2) Rigid-body motion of the struck ship

(3) Plastic deformation of the struck ship

(4) Overall elastic deformation of the struck ship

Reference (2) goes on and makes the following statement regarding
these phenomena:

"Although these phenomena occur concurrently, it is of
interest to note their cause and relation to the overall
collision. The local elastic deformation of the struck
ship (1) occurs immediately on contact of the struck and
striking ships. This will consist of elastic distortions
in the struck ship structure in the vicinity of the bow of
the striking ship. Also immediately upon contact and
throughout the rest of the collision, the striking ship
applies a force (the striking force) to the struck ship.
Besides causing local structural failure, this force can
induce rigid-body motion (2.), vibration (4.), and an
inelastic bending of the entire hull girder (4.) of the
struck ship. After the local elastic deformation of the
struck ship ends, local plastic deformation (3.) will start
and end with rupture of a cargo tank."

Before proceeding with the ranking of energy-absorption mechanisms
a few comments need to be made based on practical observations
derived from this and other studies regarding the factors which
affect energy absorption. Important factors to consider are:

(a) Scaling

There are severe limitations when scaling up the experimental
results on models in order to predict the behavior of full-
sized ships. 1In general the model structure must be made of
a different material, such as a plastic material, in order to
model dynamic structural effects. If steel is used for the
model then a very large model is required to minimize the
error introduced by ignoring this requirement.
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(’_~\\ LOCAL ELASTIC ENERGY ABSORPTION
DUE TO LOCAL ELASTIC STRUCTURAL
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