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-majority of Instances it is non contact underwater explosions which cause

_ receives the predominant design effort.

OBSERVATIONS FROM THE SHOCK TRIALS OF THE INSHORE MINEHUNTERS.

The careful textbooks measure,
{Let allwho build beware)
The load, the shock, the pressure,
Material can bear,
30 when the buckled girder,
Lets down the grinding span,
The blame of loss or murder
Is laid upon the man,
Not on the stuff - the mwan. a

RUDYARD KIPLING 1935 (courtesy RN Shock Manual)
INTRODUCTION.

The Inshore Minehunter (MHIV HMAS Shoalwater is the first fand =0 far
only) naval vessel to be shock trialled within Australia. The conduct ol
this trial, where the fully crewed and operational vessel was exposed to
severe underwater explosions, was the outcome of many years planning within
the RAN Design Branch. The first part of the paper gives an overview of
the the phenomena of underwater shock and the work which goes
into designing a naval vessel to it. Mention will then be made
to the way these rules were applied during the design of the
MHI. The second part of the paper will then review the process oI shock

testing which was applied to the MHI to ensure that the vessel met its
specified shock requirements.

PART ONE. - SHOCK DESIGN AND PHENOMENA.
SHOCK DESIGN.

1. The ideas outlined below are only a very brief overview of design
underwater shock but it is hoped they will give the reader a general
feeling for the importance and complexity of a subject about which there is
a dearth of easily available published information.

2. The first question to ask is what is a shock? Shock is a phenomena .- - —r e
characterised by energy release over a short duration and of sudden

occurence. More formdlly “a simple shock may be defined as a transmission

of kinetic energy to a system which takes place in arelatively short time

compared with the natural period of oscillation of the system while

transient phenomena (dlso termed complex shocks) may last for several

periods of oscillation of the system".

3. The next question to ask is why design a ship for shock? The answer

is the primary aim of control of shock in ships is to allow the vessel to
meet its operational requirements. The level to be designed for depends on
the vessels intended use. For combatant naval vessels the need for shock
design will normally be extensive. The actual level of shock to be
designed for is dependant on operational requirements and is often defined
by means of standard m111tary specif1cat10ns (eg in the US M11—Specs and
in the UK DefStans). :

4. Wartime experience and,eiéerimental work has showh in the vast

the~greatest.shock damage. Therefore it is normally.this case which.- .
However the other causes of shock
such ag air blast from incoming weapons or from discharge of ones own
weapons should not be ignored because they may be‘gf prlmary cause of S "
concern in specxflc c1rcumstance§




HISTORY

S. the potential for underwater explosions to damage a ship has been
recognised from at least the late nineteenth century. however it was
world War II (WwII) where the damaging potential of non contact explosions
and the resultant shock pulse was first fully appreciated.

6. In the UK this lesson was sharply taught by damage to the cruiser

HMAS Belfast. A non contact explosion caused only minor hull flooding of
the ship but she became immobile and inoperable due to major equipment
damage. As a result of this experience the British undertook urgent
research into the problem and a number of adhoc design methods and
solutions were developed. These included the development of the first
shock test machines (with parts reputedly scrounged from local scrapyards)
which created their shock pulse by swinging a large hammer against an anvil
onto which was mounted the equipment under test. It is interesting to note
with limited further development these machines are still used for the most
commonly quoted equipment shock test US Mil Spec 901.

7. Post war much research continued and immediately post war a large
number of full scale trials were conducted using the abundant supply of
spare vessels. A major topic of research in the immediate post war period
was the extension of knowledge gained of the shock effects from
conventional explosives out to the nuclear case.

8. At the present time research continues and much effort is now put
into developing effective scientifically rather than empirically based
design tools. An important factor which is now given major consideration
is the "probabilistic" nature of shock problems which arises from the
. infinite number of attack geometries which can arise and the large variety
.~ ways which details in a structure effect its shock response. The
probabilistic nature of the problem means that it is important that design
- methods adopted do not overmatch the design analysis procedures to the
available database.

PHENOMENA OF UNDERWATER SHOCK.

9. Before we can effectively design for underwater shock we need to have
. an appreciation of the phenomena involved. Over the last 70 - 80 years
(and especially during WwII) much research has been conducted into what
physically occurs during an underwater explosion. The process of

underwater explosions can be loosely summarised as follows:

-

p (1) The explosive initially exists as a solid in the body of water.

(ii) On detonation (approximately 1/20,000 second) the explosive becomes
a gas bubble at a very high pressure (typically in the order of 1 million
: PSI) occupying the same volume as the original solid explosive.

(iii) Because this gas bubble is instantaneously at a very high pressure
with respect to the surrounding water a shock wave is passed out into the
water in the form of a spherically spreading compression wave. This wave
spreads out from the site of detonation initially at very high velocity but
then falling to the speed of sound in water (1530 m/sec) within a few
charge diameters. The spreading then continues at this velocity.

- -(iv} The pressure in this shock pulse rises almost.instantaneously.(l ... ... .
ten-millionth of a second) to a maximum and then Qecays exponentially with
‘time. Due to the spherical spreading of this shock pulse the peak’pressure
-seen at a distance from.the charge will not be the same as close ¥G the
charge but will be reduced by a factor approximately proportional to the -
o e inverse to-the distance-from the charge. »éms =t meammeonmn. e
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(v) This shock pulse obviously has energy and as it moves

outwards this imparts a velocity to the water

particles it passes through of approximately 1.5 ft per second per 100PSI
of peak pressure (typical peak pressures are in the range of 1000 to
10,000 PSI). The water therefore gains considerable momentum.

(vi) As the shock pulse moves outwards the gas bubble which initiated
begins to expand since it is at a very much higher pressure than the water
surrounding it. This expansion initially starts slowly but then gains
velocity until it is moving so fast that the water at the interface with
the bubble has so much momentum it causes the bubble to overshoot the
equilibrium position. This in turn leads to the pressure within the bubble
falling below hydrostatic .

(vii) The increasing negative pressure eventually halts the expansion and
Che bubble begins to contract. Again the water gains a meomentum and again
the bupbble will cvershoot the equilibrium pesition and contract until the
gas pressure within it is very hlgh again. This high pressure then causes
a secondary pressure pulse to be transmitted through the water. This
secondary pulse will typically have a peak pressure of 10-15% of the
initial pulse but it can be very important in damage mechanisms.

(viii) During the above expansion contraction process the bubble will
usually be rising towards the water surface.

(ix) The gas bubble oscillations continue until all the energy available
within the bubble (Approximately 50% of the total) is used up or the bubble
breaks the through the water surface.

(x) The proximity of a water surface has a major influence on the shock
pulse. When the pulse hits the water surface it is reflected as a tension
pulse. This reflected tension pulse will then interact with the original
compression wave causing cancellation of that wave in certa1n regions.

10. The actual pressure pulse seen at the ship will be an amalgam of the
main pressure pulse and the surface cut off effect plus any bubble pulses.
It may also contain elements due to other phenomena such as ground shock,
bottom reflected pulse and bulk cavitation at the ships structure as it
reacts to the shock load. The intrusion of these additional phenomena mean
that the actual pressure pulse seen at the ship will be, very complex in
shape.

11. The sub surface phenomena described above lead to a number of effects
being visible on the water surface:

(i) As noted above, when the pressure pulse strikes the water surface it is
reflected as a tension wave. The passage of the shock at the water surface
has given the water particles a velocity.- Since water can only withstand a
limited amount of tension the water at the surface is thrown upwards whilst
the water just below the surface forms a bulk cavitation region. These
effects are greatest immediately over the centre of the charge where the
peak pressure at the surface will be a maximum and then falls of as you
move outwards. The result of this act1v1ty is the white spray dome Seen
over underwater explosions. ‘

(ii) As noted above¢the gas bubble tends to migrate towards the water
surface. This occurs\at considerable velocity and if breaks the surface .
before all its energy £S'expended'it wiII throw ‘Spectacular plumeé of water
through the air. 3 :

' “the spray dome but€an occur;ie;;
some time after 1t.depend1ng on the partxcular charge geometry used
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12. The below can only be considered a very brief and simplified summary
of ship response to underwater explosions.

3. The shock pnlzz az we have seen inini:
nstantaneously rize in pressure. when
ship it very abrumtlv imparts a wotion to
motion is essentially caused by the plating being pushed by the water which
has gained a significant velocity due to the pressure pulse. The pressure
pulse however decays very quickly so soon after the initial motion of the
plating has occurred the plating starts to outrun the water. As water
cannot withstand rension bulk cavitation behind the plate occurz. The
plate eventually stops moving inwards slows to 3 halt and then begins to
return. AT some polnt during this process the plating will come inte
contact with the afterflow of the original pressure pulse which will then
reload the plate. Additionally some t1mn afrer the initial motions have
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the process. Depending on the queIIC] of the shock puises the plate may
remain in the elastic region during this motion, it may move into the

plastic region leading to permanent deformations or it may fail.

14. Where a small explosive charge is detonated close to the ship the
effect will be localised plating damage along the lines described in the
paradrach above. However whers 3 larger charge aft a greater distance from
the hull is detonated the whole ship hull ﬁlrder will be excited. In this
case the length of the ship will see different peak velocities dependant on
the distance frow the explosion and the angle of attack. This variartion
combined with the varying section area of the ship over its length will
lead to bending of the hull girder. It will also obviously lead to pitch
and heaving of the hull. Bending of the hull and its response will be.
further affected by the later arrival of the bubble pulses. If the
stresses due to this hull bending become excessive the ship will break its
back.

15. The shock motion of the ship structure is obviously imparted to the
internal structure of the vessel and to equipment attached to this
structure. This is the cause of equipment damage. By nature of the
loading motions are normally severest in the vertical plane and then
followed by athwartships and finally fore and aft.

16. As may be expected as the shock pulse is transmitted through the ship
it is attenuated. Therefore shock accelerations seen by equipment mounted
high above the water line or inboard in a ship will obviously be less than
for those equipwents mounted on the shell.

DESIGN PROCEDURES.

17. When designing a vessel to survive shock it is neither necessary or
sensible to design everything to survive the same shock levels. RAN
philosophy as used on the MHI, and in line with overseas navies procedures,
usually specifies three increasingly severe shock levels:

(i) Operational capability — Up to a specified shock level the vessel must
be capable of undertaking its design role. Note it is usually acceptable
for purely domestic equipment to fail, at some lower level as long as it
does not become a danger at this level.

(ii) Propulsion and Control -Up to a higher level the vessel may not be

able to undertake its role but it is capable of returning to port under its
own power.
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(iv}) Hull Lethality - Below this level the ship must stay afloat. Beyond
this level loss of the ship is accepted.

18. The actual shock levels specified for each of these leavels may vary
from class of ship o class of ship and will be dependant on the vesszels

comzat loporcance
r

19. Design methods adopted to ensure equipment and structure can survive
the shock loads generally fall into 1 of 3 camps namely:

(i} Quasi Static - that i3 designing equipment to an equivalent static
acceleration level. This is the earliest, and still most commonly used,
shock design methed. Wwhen using it the following should be borne in mind.
Firstly the equivalent static acceleration used has llttle connection with
the actual accelerations seen under shock it is simply a number which
practical experience has shown gives adequate shock protection to most
equipment. Secondly that ideally these methods should nor he used for
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characteristics of the mount Lpractluallty often means this requirement is
often not possible to achieve).

(i1) Quasi Dynamic — here strain energy in a structure is equated to
maximum kinetic enerqgy input into the structure. This method assumes a
knowledage of approoriate velocity levels.

tiiiy) Fully Dynamic — here the tull acceleration time history for a
structure is used in the design process. Requires a detailed knowledge of
the likely shock input and also design methods teg finite element or
similar) capable of accepting a dynamic input when analysing a structure.
20. When designing for shock the following general considerations should
be borne in mind:

(1) Materials ,— should be ductile. T

(i) weight — where possible should be minimised.

(iii)  Stress Concentrations - to be avoided.

(iv) Unsupported Masses - Avoid cantilevers.

21. Some specific considerations to be borne in mind when designing hulls
are as follows: '

(i) Design to minimise the target area. — eg shallow draft

(ii) Avoid discontinuities in the structure eg big changes of the second
moment of area of a hull girder.

{(iii) Consider transmission paths - stagger bulkheads on successive decks.
(iv) Minimise hull openings.
(v) Avoid overhanging decks.

22. Likewise some specific considerations to be borne in mind for
equipments are:

(i) Inherent Robustness versus Shock mounting (equals weight versus space

considerations)
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(11) where shock mounting is necessary the practicality of rafting large
amounts of equipment together.

(111) likely equipment location - requirements will be less severe if it
can be mounted intecard of the shell and/or high up in the ship.

fiv) Minimize Wweight
(v} Allow adequate clearance for shock deformation.

23. After desianing a piece of equipment for shock it is usual to t
the item to see if it actually achieves the design requirements. This i

called proof testing and is asually done using a shock fest machins or
very large equipments a shocktesr barge.

- Whilst it is possible to shock test all items of equipment going into
ship to prove their shock hardness, and to design a hull along

Lines o that thers = qood oo idence i irs ipkesss
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Vvertio

SErengoi Thiz may not De Suffldient Lo ensure fnat the Tinlshed SN1p meets
its planned shock performance. A ship is a complex assembly of many items
and under shock these items may interact in many unpredictable ways. For
this reason it is normal practice in many navies to conduct ship shock
tests of the first of class of major warships. This shock testing
Invelves subiecting the completed and operational ship to a controllad
explosion of a specified lavel, The shic shock test of the MHI which is
degcribed in the second part of this paper 13 one such zest.
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INTRODUCT {ON

1. The Royal Australian Navy is currently evaluating a new class of
inshore minehunters (MHI) designed by the Naval Engineering Services Rranch.
To  fully evaluate the desiyn of these vessels, two prototypes have bheen
built. One of the major wmilestones of the evalua‘ion period was achieved with
the successful shock trialing of *+he second of the two prototypes, HMAS
SHOALWATER. This trial which took place at Halifax Bay, North Queensland in
November /December 1987.

BACKGROIND

2. Retore discussing the shock trial of HMAS SHOALWATER in detail,
it is intended to give a brief review of the development work which took place
prior to the trial.

3 Ini*ial shock *rial work centred on proving of GRP and foam
sandwich hull materials would meet the RAN's specified shock requirements. To
this end a series of small flat panel shock tests were commenced in 1977. Fig
1 shows typical details of the flat panels and their testing method. 1In all,
33 panels were tested. The initial panels in this series were used ‘o
evaluate different types of materials, and the later panels to investigate
materials from differen manufacturers and construction details. These panel
tests provided useful data at relatively low cost,and in a quick timescale.

4. To gain data which was directly comparable with overseas
results, a large flat panel (3m x 3m) was built of *he MiI's proposed
construction material and sent to AMTE Durfermline UK for underwater shock
testing in 1979. The results from this panel indicated that the GRP foam
sandwich construction technique would give *the required shock resistance.

5. To further wvalidate the proposed materials plus obtain
information on various equipment mounting details, in 1980 a full scale shock
section of the centre portion of one hull was builtx?g his test rig was then
extensively shock tested using explosive charges and proven to meet the RAN's
required shock standard.

6. After the decision fo build the MHI was confirmed, planning for
the ship shock trial began to be developed in earnest. Since this was
Australia's firs+t ship shock *rial, and was being developed from a minimal
base of practical experience, it was decided the trial should be developed in
the following 3 Phases:

Fhase 1: Shock Trial proving of the proposed ship
instrumentation package.

Phase 2: Logistics trial to prove methodology to be used to
support Phase 3.

Phase 3: Ship Shock Trial.

i}’g;;%a%:?y
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7. Phase 1 took place in 1985 and successfully validated the proposed
shipboard instrumentation. This was done by mounting the instruments on the
full scale test section, which had been refurbished for this trial, and *then
extensively shock testing the riqg. This test also provided further
information on the shock performance of the hull materials, construction
details, and also validated proposed hull repair techniques.

8. Phase 2 took place in 1986. It was originally intended that this
would purely be a logistics trial to identify potential problems of condncting
a shock trial at a comparatively remote site. Later an additional purpose was
added, this was ro investigare the characteristics of the seabed explosions at
the trial site,

MHI SHOCK TRIAL

9. After completion of the Phase 2 Shock Trial planning for Phase 13, the
Ship shock Trial, gained momentim. The objectives of Fthis *rial were as
follows:

a. To test the MHI to the requirements of o ®NATC 5 TAND LU
b. To test the MHI to the operational shock level of the RAN's Approved

Ship Characteristics (ASC). MHT specified machinery and eqnipment
necessary for continued minehunting operations will not sustain

damage beyond t+he capabilities of ship sraff to repair within A Setcfe™

TTIME using onboard spares. Purely domestic equipment does not
have to continue to Ffunction but must be restrained so that it does
not become a missile that could cause damage to personnel or
operational equipment.

c. To assess the effect of quartering shots and associated torsional
whipping on the catamaran structure.

Instrumentation

10. To meet the above objectives it was necessary, early in the planning
stages,..to.identify-what instrumentation would be required on the ship. After
extensive discussions between the Directorate of Naval Ship Design (DNSD) and
Material Research Laboratories (MRL) (part of the Defence Science & Technology
Organisation) and after consideration of the space constraints on the MHI the
following package selected:

22 Strain Gauge Channels
10 Accelerometer Channels

3 High-Speed Cine' Cameras

4 Underwater Pressure Gauges
5 Velocity Gauges

11. The selection of instrument positions were based on the following
general criteria:

a. Strain Gauges: Placed in areas predicted to have high strains (eg
turn of cross structure fore and aft, stiffeners and shell below WL) .

b. " Accelerometers: The majority were placed in a vertical line
amidships in order to measure the attenuation of the shock pulse
vertically through the structure. Accelerometers were also placed
fore and aft on 1 deck to measure the varying shock response along
this deck. Additional accelerometer positions were provided to
measure transverse and fore and aft acceleration two locations,
and at various equipment locations. DRA??
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Ce. Pressure Gauges: The four pressure gauges were hung over the ship
side nearest the blast. One gauge was positioned forward, *two
amidships, and one aft. The gauges were hung so that they were
several metres out Ffrom the ship's side (to avoid reflected pulses
over the time of interest) and were at keel level. These were nused
to determine stand-offs and other shock pulse parameters.

d. fligh Speed Cine Cameras: Three of these cameras were available. One
was deployed on a support ship to film the MHI and the explosion
plume. The other two were moved around the MHI to view the motions
of various systems and equipments under shock loading.

e. Velocity Gauges: Although not part of the main instrument package,
five velocity gauges were also fitted Yo the MHI for the duration of
the trial. These were positioned alongside accelerometers and were
fitted to give comparative results and to allow development of
software by MRL for interpreting velocity gauge results.,

Explosive Charges

12. Farly in the planning of the trial considerable atten*tion was given
to selecting the appropriate charge size to be used for the ship shock trial,.
The eventual decision was to test the MHI with two sizes of charge. These
represented the opposite ends of the likely range of threat mine sizes.

Shot Programme

13. The programme for the .shock *trial calied for eight shots to be
achieved (with a possible extra two available if things went ahead of
schedule). This programme was based on working six days out of seven and
achieving one shot per day. It was realised that this programme was very
tight but it was hoped it could have been achieved. In the end ex*ternal
circumstances which delayed the 'start of the trial one week plus some poor
weather during the trial resulted in only six shots being achieved. The
planned and achieved shots are shown in Table l.

14, As was discussed earlier .the objectives of the trial were to tegt the T
ship to NATO STANDA LD and then to prove its ability to withstand repeated

shocks in line with its Approved Ship Characteristics. The Ffirst three shots

(achieved) of the programme met the first requirement, whilst the last three
substantially achieved the second. The last two shots of the trial were

detonated off the ships quarters! instead of abeam in order to investigate

torsional whipping of the catamaran form.

Damage To The Ship

15. The performance of the ship and its systems under shock exceeded
expectations. A detailed list of damage incurred during the trial is included
in Annex A. As can be seen rhis list is quite short. In summary the
following can be said:

a. Structural: To assist location of damage, all GRP surfaces, with the
exception of external surfaces and bulkheads and decks in
accommodation and action areas, had been left unpainted. In the
accommodation and action areas although all bulkhead and decks had
been painted, the connections between them had been left unpainted.

D ALY
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After each shot and at the conclusion of the trial all these surfaces
(including the inside of the cross structure) were inspected and no
delaminations to shell or connections were found. Minor
delaminations around 4 or 5 pipe hangers on the underside of 1 deck.
were observed.. These delaminations occured where self tapper screws
went into the GRP. In all cases where this occured the initial
delamination was about 100 cm2 and did not increase on subsecquent
shots.

b. Mechanical: The major problem to occur in the mechanical area was
the shutting down and inability to restart the engines after shot 2.
Subsequent investigation by the Minehunter Support Group identified
the cause as a dropped porting plate in the Propulsion Steering Unit
(PSU). Rectification took only 2 hours and a modification prevented
the problem re-occuring on subsequent shots. For all the subsequent
shots the engines shut down during the shot but could be immediately
restarted Otherwise mechanical systems showed minimal problems which
did not affect ship operahility.

c. Electrical, Communication and Weapons Systems. All these systems
suffered only minor problems throughout the trial. The problems
which did exist were generally caused by poor assembly (ie not using
available locking devices) and were all rectified quickly. Redesign
of some connections and fittings has now been made and will Ffurther
enhance the system shock hardness.,

d. General. Problems occured with some furniture suffering damaqe,
light fittings coming off the deckhead, minor equipment coming off at
fastenings, etc. All these problems had no effect on the ship
operability and were quickly removed or rectified at site. Where
considered desirable these items have now been redesigned to improve
their shock performance.

16. As can be seen from the above the level of damage to the MHI was

minimal, and with the exception of the engine problem at shot 2 (subsequently

cured) none of them would have prevented the MHI continuing *o operate.

_Energy Level In Each Shot

17. The NATO STANDARD  does not require any proof that the shock pulse
from a shot was of the level specified. However, to ensure that the MHI was
tested to the required shock level, pressure traces were taken for each shot.
From these traces the energy in the pulse and hence the shock factor seen by
the ship has been calculated. This has proved that the MHI's shock ‘est was
in excess of the NATO requirements.

CONCLUS IONS

18. Based on site results and pos* trial analysis of the Shock Trial the
following conclusions are drawn:

a. Minor damage did result from some of the shots. The majority of
these did not affect operational capability. Those that did were
either rectified and proven during the trial or, the deficiencies
revealed have been easily correctable to ensure full shock resistance
is achieved. Other minor non-operational type failures can also be
easily rectified, if considered necessary.

DRAFT
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Generally the Shock Trial was most successful and provides excellent
confidence in the MHI's ability to withstand repeated shocks at their
required operational level. Further, from correlation with previons
tests, the MHI structure should be ahle to withstand much greater
shocks (2-3 times testing 1level) before substantial hnll damage
and/or breaching occurs,

(11/12/89) .
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HMAS SHOALWATER - SHOCK TESTING PROGRAMME

PLANNED PROGRAMME ACHIEVED PROGRAMME
SHOT LEVEL CHARGE ASPECT SHOT LEVEL CHARGE ASPECT COMMENTS
SIZE S1ZE
1 1/3 SMALL ABEAM 1 1/3 SMALL ABEAM ) )
)
2 2/3 SMALL ABEAM ) Complies with
2 FULL SMALL ABEAM }ONATO  STANAG L
3 FULL SMALL ABFAM ) Requirements
)
4 FULL SMALL ABEAM 3 FULL  SMALL AREAM )
5 1/3 LARGE ABEAM )
4 1/2 LARGE ABEAM )
6 2/3 ILARGE QUARTERING )
) To assess
7 FULL LARGE OQUARTER- 5 FULL LARGE QUARTER- ) -Large V
ING ING ) Small Charge
(STERN) )} -Quartering
8 FULL LARGE AHEAD/ ) Shocks
ASTERN )
)
9 FULL SMALL OQUARTER- 6 FULL LARGE QUARTER- )
ING ING (BOW))
10 FULL SMALL AHEAD/
ASTERN

NOTES: 1. Level refers to the proportion of the full NATO STANDARS
Requirement.

2. ABEAM shots were alternated from port to starboard.

TABLE 1 PLANNED VERSUS ACHIEVED SHOTS

_4963p/0221P  (11/12/89)
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