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An Independent Assessment of the Sinking
of the MV DERBYSHIRE

Douglas Faulkner, Fellow, Emeritus Professor of Naval Architecture, University of Glasgow, Scotland

The author was appointed by the UK Department of Transport as a fellow Assessor with R.A. Williams
during Lord Donaldson’s Assessment (1995) of the loss of the OBO ship DERBYSHIRE and throughout
the planning and conduct of the nwo final surveys of the wreck. This paper is drawn from the independ-
ent report (Faulkner, 1998a) and may be considered complementary to those of the UK and EC Asses-
sors (Williams and Torchio, 1998a and 1998b). The paper deals with the history and loss of the ship, in-
cluding the concept developed in 1995 of 13 possible loss scenarios in a formal safety Risk Matrix of
probability and seriousness. It analyses abnormal wave effects on hatch cover collapse, on ship bending,
and on flooding of bow spaces and no. I hold. The implosion-explosion mechanics during sinking is out-
lined to explain the devastation of the wreck. The 1996 and 1997 underwater survevs are outlined as are
the findings of fact. Each of the final 14 loss scenarios is analysed in the light of the firm and circum-
stantial survey evidence, plus many other factors of service experience, analvses and experiments. The

updated Risk Matrix speaks for itself and leads to the prime conclusions and major recommendations.

Nomenclature

1. INTRODUCTION

“I can command men and ships, but I cannot command the
wind and sea.” —Admiral Lord Nelson

1.1 The Ship

The LIVERPOOL BRIDGE (later renamed DERBYSHIRE)
was ship no. 57, the last of a class of six OBO carriers de-
signed by Swan Hunter at their Wallsend Yard in 1969 and
built in the period 1970-76 at the Haverton Hill Shipyard on
the river Tees, which Swan Hunter acquired from the Fur-
ness Shipbuilding Company in 1968. She was classed with
Lloyd’s Register and delivered to Bibby Bros.. Liverpool, in
1976. Her relevant principal particulars were:

L 28194 m Service draught 17.04 m
B 4420 m Summer draught 18.46 m
D 2499 m max. A 203,800 te
Cyp 0.84 max. DWT 173.200 te

On her last voyage from Sept Isles, Canada. to Yokohama
she was carrying about 158,000 te (tonnes) of ore concentrates
distributed in 7 of the 9 holds, as shown in Fig. 1 (Lloyd’s

! Nomenclature used in this paper can be found in Appendix B.
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Register, 1987) which also depicts the oil fuel, fresh water and
minimal ballast water distribution. Her estimated displacement
as she approached Japan was about A = 194,000 te and hence
mean draught T = 18.0 m and F= 7.0 m.

The class was of double hull construction, with double skin
sides and transverse bulkheads between holds. double skin
cofferdams in the aft section and between hold no. | and the
internal spaces at the fore peak stores deck level. The only
major subdivision structure that was single skin was the trans-
verse collision bulkhcad 339, as can be seen in Fig. 1.

The first ship of the class FURNESS BRIDGE, completed
in 1971 had the thick hatch side girders (which formed the
internal longitudinal boundaries of the topsides WBTs) con-
tinued from hold no. 9 through bulkheads 65 and 64 and scarfed
and butt welded to the thinner longitudinal machinery space
bulkhead in the same plane. This design was modified for later
ships so that a cofferdam 64/65 between the hold 9 and the
port and starboard slop tanks could be constructed as a unit.

As a result, the 5 later ships of the class ended these hatch
side girders at bulkhead 65 with partial penetration welds
forming a cruciform connection, as had been previous prac-
tice in the VLCCs which the firm had built. Although this
was an approved modification, it was later to be a major cause
for concern to the DFA.

The final important design and operation feature to note
is that these Type B cargo ships were categorised as B-60 ships
under the 1966 ICLL regulations (Murray-Smith, 1969). This
relaxed (reduced) the freeboard requirements providing that
a one compartment flooding standard was met when fully
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Fig. 1 Last known loading condition of M.V. DERBYSHIRE

laden. This gave a minimum summer load F = 6.5 m for the
class. This requirement could be met by DERBYSHIRE but
many B-60 ships cannot (Lloyd’s List, 1996).

1.2 The Loss and Events up to 1986

On or about the 9th of September 1980 when the vessel
was hove to in the most dangerous semi-circle of Typhoon
ORCHID, the ship was lost with all hands (44, including 2
wives) at about 25.86° N and 133.53° E on the northern flank
of the Daito Ridge, some 400 miles South of Shikoku Island,
Japan. There was no distress signal and only two sightings
of oil upwellings seen some days later gave a clue to the po-
sition of the sinking. A lifeboat from the ship was sighted
but this was not recovered and subsequently sank.

As there was no available evidence, nor any established ev-
idence of structural or other weaknesses in the six ships, the
Government decided not to hold a formal investigation into
the casualty. Then, 18 months later in March 1982 the TYNE
BRIDGE experienced severe brittle fractures in the upper deck
when in ballast in the North Sea. A 2.8 m crack propagated
away from the port aft corner of no. 9 hatch opening, and a
4.7 m crack propagating from a weld burn aft of frame 65
but travelled inboard and forward to cross frame 65. The in-
ternal structure was subsequently modified.

This casualty led to much speculation, especially as the
DFA were gathering information regarding cracking in the
vicinity of frame 65 in several ships of the class. Evidence
was mounting of bad alignment and workmanship either as-
built or as-repaired. The DoT therefore initiated studies, in-
cluding one with Bishop, Price and Partners (eventually ex-
tended and published with Temarel, 1991) and the results were
incorporated in a report (DoT, 1986). Opinions on five most
likely causes of the loss of the ship were offered:

« Explosion—Iess likely because she had not carried oil cargo
since October 79 and had been tank cleaned

« Shift of Cargo—could result from an ingress of water into
holds thereby causing liquifaction of the cargo

 Failure of Hatch Covers—deck flexing could “spring” the
covers followed by water entry and rapid flooding and
foundering

» External Hull Damage—ship struck by submerged or par-
tially submerged object

» Structural Hull Failure—{failure of part of the hull could
lead to water ingress, etc.

This report pointed out that some of these scenarios would
be apparent to the crew, and a ship message would be likely.
Other points made were:

* Any misalignment at bulkhead 65 is significant only for
local strength aspects; nevertheless, more consideration
should be given to the alignment of this intersection

» The series of assumptions and events which would lead to
a massive hull failure at or about frame 65 are contentions
(and not considered further)

» Four of the five sister ships had not (as of 1986) suffered
any major structural distress; the fifth, TYNE BRIDGE, also
survived and its brittle cracking in 1982 in the upper deck
is not considered to be relevant to the loss of the DER-
BYSHIRE.

The report ended “in the last analysis the cause of the loss of
the DERBYSHIRE is. and will almost certainly remain, a mat-
ter of speculation”.

This final DoT report was substantially different form an
earlier draft version in July 1985 which concluded that the
most likely cause was “‘total structural failure” resulting from
defective design and/or construction at the frame 65 connec-
tion. It was unfortunate that this report was not captioned
“draft”, was first ieaked to the Press, then released by the
Department and attracted very wide media attention. The
builders and LR had not at that stage been consulted and the
report was in fact seriously in error on several counts. This
bad management by the DoT led to allegations of “cover up”
and the DFA were outraged.

Shortly after in November 1986, the KOWLOON BRIDGE
came to grief with no. 3 hold perched on the Stag Rocks off
Bantry Bay following steering gear failure. There had been
deck cracking aft, which had been temporarily reinforced to
allow the ship to complete her voyage. Nevertheless, the stern
eventually also broke off near to frame 65. As a result of this,
and no doubt fuelled by the media and the pressure from the
DFA, the Government ordered a FI into the loss of the DER-
BYSHIRE. It was incvitably biased toward a fuller assess-
ment of the frame 65 loss scenario.
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1.3 The FI and Events up to 1994

The Decision of the Wreck Commissioner and his three
Assessors was “the Court finds that the DERBYSHIRE was
probably overwhelmed by the forces of nature in Typhoon OR-
CHID, possibly after getting beam on to the wind and sea.....”.
The “Summary of Conclusions” of the Court (DoT, 1989) are:

1. the DERBYSHIRE was properly designed, properly built
and constructed from material of approved standard

2. no inference can safely be drawn from the absence of
any distress signal

3. the condition of the cargo when loaded and its loading
were within the existing recommended parameters

4. the DERBYSHIRE was caught in the worst part of typhoon
ORCHID and may have encountered local freak weather
beyond what can be hindcast

5. the actions of her Master were not unreasonable

6. the possibility that the ship was lost as a result of torsional
weakness in her hull is extremely low

7. the combination of circumstances necessary to postulate
separation of the hull at frame no. 65 is very unlikely,
though some element of doubt must remain

8. it is improbable that immediate or even sudden structural
failure of the forward hatch covers caused rapid sinking

9. sequential flooding of holds is a possible cause of loss
but not thought probable

10. if cargo liquifaction did occur, which is doubtful, it still
cannot be concluded that it was the prime cause of the loss

11. if the ship got beam-on to the weather, structural failure
and/or cargo shift would have become much more likely;
it s quite possible that that happened, but it cannot be
proved.

Again, the DFA were outraged by the lack of a firm conclu-
sion regarding frame 65. Nevertheless, the subject had occu-
pied about 40% of the proceedings.

The 1990 presentation and discussion in the RINA of the
paper “A theory for the loss of the M.V. DERBYSHIRE"“
(Bishop, Price and Temarel, 1991) was valuable in bringing
many facts together and in leading to a vigorous and benefi-
cial discussion. The paper included a number of factual in-
accuracies, and whilst the theory itself was not criticised, its
application and inferences certainly were. A later debate goes
into this more fully (Grigson, 1997). The charisma of Prof.
Bishop in particular, had a profound effect on the DFA. They
then believed absolutely that this apparent combination of poor
construction and “horns of high stress” at the frame 65 con-
nections was the final proof beyond any doubt that this was
the cause of the loss. In fact these stresses were unremark-
able and mainly still water cargo loading effects.

By 1994 DFA had raised sufficient funds through the ITF
to mount a survey to find and examine the wreckage. This they
did in May and June 1994 (ITF, 1994; Mearns, 1995). Al-
though the emphasis and conclusions were overly subjective
and extremely biased, the mission did correctly conclude that
whatever happened the loss was sudden and catastrophic.

The survey was valuable in identifying and locating the
bow section and in suggesting the extent of the wreck field.
Evidence of unexpected and extensive fragmentation and some
brittle fracture of the hull was thought to be due to substan-
tial implosion-explosion actions during sinking (now con-
firmed). There was speculative evidence of excessive corro-
sion of the fore deck plating (later disproved) and for the
possible location of the stern section as Target 9 some 600 m
from the bow (later confirmed).

1.4 Lord Donaldson’s Assessment 1995

The ITF survey did provide sufficient new evidence to re-
quire further formal action. The starting point was Lord Don-
aldson’s Assessment (DERBYSHIRE) in 1995 whose Terms of
Reference in essence were:

« to assess what further work is needed to learn more of and.
if possible, make a judgement about the cause of the loss

» for each option determine the likely costs, the probability
of success and the benefits to ships’ safety.

The two Technical Assessors appointed to assist Lord Don-
aldson were Professor D. Faulkner and Mr. R.A. Williams.

The lucid report speaks for itself (Dornaldson, 1995) so only
the FSA aspects will be mentioned. Lord Donaldson concluded
that only a further, more extensive, but final examination of
the wreck site would satisfactorily resolve the mystery. He
considered the likely cost of about £2M to be fully justified
because of the potential benefit to ship safety.

If it were not possible to determine the reason for the loss
with a reasonable degree of certainty, the secondary objec-
tive was to learn more with a view to narrowing the field of
possible causes. Lord Donaldson also recommended that pos-
sible abnormal wave actions should also be considered, based
on the evidence and analyses presented in his Annex (Faulkner,
1995b).

1.5 Risk Assessment of Loss Scenarios

A FSA in reverse so to speak was used when assisting Lord
Donaldson (Faulkner and Williams, 1996a and 1997). This de-
termined and ranked in relative terms the possible initiating
causes for the loss. A review was therefore made of service
experience for the class and of casualty data for ships gener-
ally (Faulkner, 1995a and 1995c¢) and specifically for bulkers
(Intercargo, 1995; Jones and Roe, 1991, etc.). Discussion with
those familiar with bulker operations (Spyrou, 1997, etc.) tar-
geted reading (Ramwell and Madge. 1992; Isbester, 1993;
Jubb, 1995) also helped to formulate the judgements made.
For example, Table 1 (Faulkner and Williams 1996b) sum-
marises the percentages of total loss causes of bulk carriers,
excluding war losses, in the calendar years 1960-94 (LR, 1995)
and 1990-94 (Burcau Veritas, 1995).

An interpretation of this data suggests that cargo shift and
capsize is very rare in big ships and that 30-35% of losses
are likely to be due to inadequate structure. In this period no
bulkers have broken in two at sea, although at least one lost
its bow. Although none have lost their stern, serious cracking
at the bridge front has occurred. Table 1 also suggests that
navigational errors account for about 35% of losses. and fire

Table 1 Breakdown percentages of loss causes
for bulk carriers

Attributed causes 1960--94 1990-94
Possible hull damage 299 28.6
Wrecked or stranded 28.3 24.1
Fire and/or explosion 18.6 20.5
Collision 9.6 8.9
Missing unexplained 45 9.8
Machinery damage 39 3.6
Engine room flooding 34 4.5
Cargo shift 1.1 -
Total 100% 100%
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and/or explosion accounts for about 20%. More than 75% of
marine casualties are attributed to human error.

From all this, two indices were judged on a scale of | to
5. These were the notional probability of an initiating event
(P;) and its seriousness (S.) in terms of subsequent conse-
quences. They were combined as a product to define a no-
tional Risk Numeral for each of the 13 loss scenarios:

R,=P,x S,

for both Normal wave actions, which correspond to normal
design, and for Abnormal wave actions, which would corre-
spond to rare “Survival Design” (Faulkner, 1997a; Faulkner
and Buckley, 1997). The latter are given in Table 2.

The 13 loss scenarios are in three groups, the last group
has three scenarios (C9, C10, C11) where the ship would be
stationary, and for each the serious consequence numeral S,
=5 (the highest level) in abnormal seas because the ship would
become beam-on to the weather. As such, she would be very
vulnerable to roll-induced damage to hatch covers leading to
water ingress and foundering (Faulkner and Williams, 1996b).
Capsize is not likely because of the very high transverse sta-
bility.

The highest Risk Numeral was 20 for Hatch Cover Col-
lapse (C4) and this would now be 25 (with S. = 5 instead of
4) as it has subsequently been found from dynamic calcula-
tions that DERBYSHIRE could not survive the two forward
holds flooded in these seas.

The second highest risk numeral was for loss scenario Cl
deck cracking at Frame 65, leading to separation of the aft
end and supposed rapid sinking. For this R;, = 12 which is close
to the assumed “intolerable” risk level of about 16 and is cer-
tainly higher than could reasonably be implied from the FI con-
clusions. This increase arose from the results of the abnormal
wave time stepping simulations (Faulkner, 1995b) which sug-
gested that part at least of the stern might come out of the
water, as has also been experienced in similar ships—see, for
example, the RINA Colloquium discussion. This then would
induce a high tensile stress at Frame 65 where any overloaded
poorly constructed weld connection might crack and provide
the dynamic load trigger to reduce toughness and initiate a brit-
tle fracture in the hull girder. Even then, the risk of continu-
ous propagation can be shown to be small.

Perhaps the only loss scenarios which would not in all like-
lihood allow time to launch lifeboats and/or 1o send a dis-
tress signal are C1, C4 and perhaps C7, C13.

An « priori Risk Matrix for the loss scenarios is given in
Fig. 2. Those scenarios in the top right corner are considered
to be “intolerable” and something needs to be done about these
whatever happens. There is only one in that category, which
is hatch cover collapse (C4), and for this reason papers were
published (Faulkner, Corlett and Romeling, 1996 and Faulkner,
1997b) without prejudice to the outcome of the DERBYSHIRE
investigation. Whatever the final outcome, hatch cover vul-
nerability must be regarded as a “near miss” for several B-60
bulk carriers. Figure 2 contains some downward pointing ar-
rows which will be explained later as a postreriori adjust-
ments to R, arising from updated information from the Phase
1 survey of the wreck.

1.6 Ship Communications

The important messages to and from the DERBYSHIRFE are
presented in the FI report (1989). The last position report from
the ship on 9th September at 0300Z was “vessel hove to vi-
olent storm force 11 wind NE x E seas approx 30 feet over-

Table 2 Risk numeral components

Abnormal Wave

Loss Scenarios P; Se R,

Primary Structure

C1 Deck cracking Frame 65 3 4 12
C2 Deck cracking mid-sections 2 3 6
C3 Torsional weakness 2 1 2
Fore End Vulnerability

C4 Hatch cover collapse 5 4 20
CS Hatch attachment failures 3 2 6
C6 Fore deck collapse (corrosion) 3 3 9
C7 Fore peak flooding 2 4 8
Other Scenarios

C8 Cargo shift/liquifaction 1 2 2
C9 Propulsion loss 2 5 10
C10 Rudder loss/steering failure 2 5 10
CI11 Explosion/Fire in E.R. 2 5 10
C12 Pooping—from forward waves 2 2 4
C13 Pooping—running with the sea 3 2 6

C147 The unforeseen scenario—
the sea often springs surprises

cast continuous rain pressure 995 mb”. In contrast, the M.V.
ALRAI at about the same time and approx. 80 miles (north?)
of the DERBYSHIRE reported “60-100 ft waves with wind
force 12 and visibility nil . . . and 962 mb”.

The plot of the track of typhoon ORCHID by Ocean
Routes, the weather routeing agency for DERBYSHIRE, can
be deduced from the FI report and compared with the very
consistent tracks shown in its Appendix II from Tokyo, Guam
and Hong Kong. In the period leading up the 8th September
the Oceanroutes track was several hundred miles different from
these, and might possibly have left Captain Underhill in a
dilemma.

Mariners remarks at the RINA Colloquium (1996), at a
recent RINA Conference (Evans et al, 1995) and from other
sources do seem to suggest that weather routeing may not al-
ways act in the best interests of ship safety due to economic
emphasis on meeting charter dates and minimising fuel used.

2. FORENSIC ANALYSES FOR FREAK WAVE
ACTIONS ,

2.1 Lateral Thinking

In 1995 the author was puzzled as to why, after so many
man-years of intelligent effort, no loss scenario, including
Frame 65, stood out as being likely. He wondered if previ-
ous investigators were restricted by applying conventional
tools and thinking to explain the loss. By any standards the
loss was extraordinary for a well found ship only four years
old under the command of an experienced master.

The author’s starting point therefore was to look for an
extraordinary cause. He reasoned that nothing could be more
extraordinary than the violence of a fully arisen and chaotic
storm tossed sea. He therefore studied the meteorology of re-
volving tropical storms and freak waves (Coles, 1991; van
Dorn, 1993 and Draper, 1964) and found that steep elevated
waves of 25 m to 30 m or more were quite likely to have oc-
curred during typhoon ORCHID (Faulkner, 1995b).
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Fig. 2 Risk matrix for abnormal waves (1986)

N

Later on it was found that DERBYSHIRE was not only
trapped at about the very worst radius of the dangerous semi-
circle of the typhoon, but that starting just three hours after
her last message typhoon ORCHID executed three high-speed
conditionally unstable cyclonic loops with increasing forward
speed up to 30 knots toward the NW and North with rotational
steady wind intensities reaching 75-80 knots (Cardone, 1987).
This is illustrated in Fig. 3 which shows the envelope of high-
est rotational wind speeds and the last known and final wreck
positions of the DERBYSHIRE.

It was therefore recognised that quite novel analyses would
have to be undertaken to establish possible characteristics of
the seas to which the ship might well have been subjected
and then to examine the response of the ship to these seas so
that the risks associated with the previously described loss sce-
narios could be better established.

2.2 Survival Waves

When working for the US Navy’s Model Basin twenty
years ago, Buckley first advocated new loading conditions
for the primary structural design of ships (Buckley, 1978). This
was followed by work for the Ship Structure Committee
(Buckley, 1988) which advocated extreme climatic wave spec-
tra for more general structural design, including wave impact
design. In parallel, the 1979 ISSC Environmental Conditions
Committee 1.1 defined very similar waves of limiting steep-
ness by:
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Fig. 3 Typhoon ORCHID track and last known position of MV DERBYSHIRE.
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! -58 ft (17.7 m)

Fig. 5 Steep elevated wave record, and a ship
encountering one

T, = 3.6/H, (1)

This was based on the steepest boundaries of global wave scat-
ter diagrams and is very close to Hogben’s contemporary work
(see Hogben et al 1986, and Hogben 1990). Following the
work for Lord Donaldson these two independent pieces of
work were brought together (Faulkner and Buckley, 1997) and
survivability and operability design wave envelopes of H vs
T, were presented—see Fig. 4.

To define the abnormal waves to be used for Lord Don-
aldson’s Assessment (Faulkner, 1995b) H, = 14 m was as-
sumed based on FI data for typhoon ORCHID during the 24
hours following the ship’s last message. For primary bending
studies eq(1) was used for defining T,, but for roll-induced
actions:

T.= 330 2

was used based on contemporary conditional probability data
(Dahle and Myrhaug, 1995). The range of wave lengths con-
sidered for use with these wave periods was:

16 Hy < X < 20 H; (3)

The low probability extreme wave height for survival design
(Hy) and the asymmetry parameters which are important for
ship damage and flooding are:

Hy=25H.225m “)
o=0.65, m¢=0.6and m, = 04 (5)

These parameters were based on wave profile data measured
during hurricane CAMILLE in 1969 (Buckley, 1983 and 1991)
and have recently been supported by numerical simulations
(Drake, 1997) and experimentally (Clauss, 1998) where H,,
= 2.56 H,, very close to eq(4). See also Kjeldsen (1984),
Myrhaug and Kjeldsen (1986), and Gaythwaite (1981) who
explains why young RTS waves become so steep. Figure 5
shows a TS from a steep, elevated wave record and a ship
encountering one (Buckley, 1983). Currents which oppose
waves also steepen them. Mariners frequently referred to such
waves as “walls of water”.

Pyramidal waves are a feature of cyclonic RTS storms.
These migrate away from the tropics, sometimes drawing in
further energy from other nearby depressions. The fore deck
damage to QE2 in September 1995 is an excellent example
arising from hurricane LUIS moving NE off Newfoundland’s
Grand Banks (Lloyd’s List, 1995). A wave height of nearly
30 m has been confirmed (MAIB, 1997). Eilersen et al (1989)
point out that the spilling breaking limit is H = 2.9 H,. This
is a vital subject related to weather deck impact damage, as
shown in Appendix A.

The above wave heights and asymmetry parameters were
provisionally suggested as being appropriate for survival de-
sign of ships having L > 150 m say. However, casualty data
and logic suggest that smaller ships are likely to be troubled
by lower height waves which occur more often. Taking note
of an excellent report by Bales (1982) on designing for the
(extreme) environment it is provisionally suggested that the
above equations are considered when examining critical sur-
vival design conditions but where H; is chosen as a function
of ship length (m):

H; = 15 - (3 — L/100)?? (6)

Assessment of MV DERBYSHIRE Sinking



p(H)
1.0 44—~
0.9 1
0.8 -
0.7 -
0.6
0.5 -
0.4 4
0.3 1
0.2 4
0.1 .
0 T ' T T T !
24 26 28 30 32 34 36

pe(H) = 63.2%

H,=28.1m
f(H) = 0.211 max

pe(H) , f(H) < 1%

H(m)

Fig. 6 Probability density and exceedence plots

Over the range 75 m < L £ 300 m H varies from L/10 to L/20.
For smaller vessels H; = L/10 is suggested—a little more se-
vere than L/12 (Spencer, 1975). For larger trading ships or
moored FPSOs higher values of H, than 15 m, may need to
be considered and Fig. 4 may be used as guidance. For ex-
ample, for designs West of Shetland one oil company is pro-
posing H, = 18 m.

Probabilities

Assuming that individual wave heights in each sea state
follow a Rayleigh distribution, and noting that extreme storms
are reasonably narrow-banded, Longuet-Higgins (1952) de-
rived a time dependent probability distribution for maximum
wave heights in a short term stationary storm for which:

H,, = H, [0.5 InN1%3 7
H, = H, [0.5(InN—-In{-In(1-p,)))]*3 )

For D = 12 hours. H; = 14 m and T, = 13.5 s this gives the
most probable extreme wave height H,, = 28.1 m with a 63.2%
probability of being exceeded . Ochi recommends a value of
pe = 1% for design, which in this survival extreme case is Hy
= 2.52 H which is virtually the same as eq(4). Low proba-
bility values are:

pe=p.H) % 25 10 5 3 1
H. m 302 31.8 329 337 35.2

It can be argued that equations (7) and (8) may not be ap-
propriate for RTS waves because they are not narrow banded.
However, until € exceeds 0.9 for very wide banded processes
the differences are no more than 5% using Ochi’s band width
dependent equations (1990). Moreover, as he points out. for
a given period D the number of peaks for a non-narrow-banded
spectrum 1s much larger than for a narrow-banded one. Over-

Fig. 7 FPSO maximum sagging in non-linear waves
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Fig. 8 M.V. DERBYSHIRE encountering a 30 m X 260 m
steep elevated wave

all. it is therefore felt that eq(8) can be used unmodified, and
this was supported by Hogben (1997) who also provided ev-
idence to support the use of eq(4) for design.

From eq(8) it is useful to derive p, in terms of any H and N:

p(H) = 1 — exp(—exp ¥) where ¥ = InN — 2(H/H,)?> (9)

The probability density function of the extreme process can
then be derived by differentiating F(H) = 1-p.(H):

f(H) = (4 H eVHy) (1-pe(H) (10)

This is shown with p. in Fig. 6 for N = 800 (D = 3 hours)
and H; = 14m. These equations are now used where appro-
priate to assist the assessment of loss scenarios C2, C4, C7
and C8-Cl1.

2.3 Ship Bending (C2)

Frieze et al (1991) presented a comprehensive, informa-
tive and important case study of the structural reliability of
the ultimate and fatigue strengths of a FPSO having L = 194.2
m, B=320m, C, =0.81 and A = 51,430 te over 1, 20 and
100 year exposures in the northern N. Sca. Short term storm
data was used in which Hy = 15 m and T, = 12s. Assuming
T,=1.4T, =168 s this lies close to the left hand boundary
of Fig. 4 which corresponds to survival waves of limiting
steepness given by eq(1).

TS simulations of the wave data derived long-crested wave
profiles as the sum of 100 regular wave components having
statistically independent phases. Using a non-linear strip the-
ory and taking added mass and damping at a 12s wave pe-
riod to correspond to wave lengths about the length of the ship
where maximum response could be expected, a time domain
simulation was performed 30 times, each covering 5 minutes
= 25 wave passages. Figure 7 represents the simulated wave
profile and ship position at the instant of maximum sagging
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moment. The wave height for maximum sagging is H = 15.8
m approximately. The results were converted to long term most
probable sagging and hogging bending moments which com-
pared well with extensive full scale measurements.

These moments have been compared (Faulkner, 1998b) with
the unified IACS S11 requirements for wave-induced bending
moments (Nitta et al, 1992) which are 1937 MNm in sag and
1795 MNm in hog. Over 2 storm durations of 18 minutes (90
maxima) and 3 hours (900 maxima) the ratios of the derived
wave bending moments to the IACS standard values were:

Duration 18 mins 3 hours
M sag / IACS 1.3(1.2) 1.8 (1.5)
M hog / IACS 1.1(1.3) 1.4 (1.6)

The values in brackets are those derived using linear strip
theory transfer functions. Values such as 1.8 and 1.4 must
surely be of interest if not concern.

Similar, but necessarily much more approximate extended
static balance (Thomas, 1968) analyses of the M.V. DER-
BYSHIRE encountering a steep elevated wave 30 m high x
260 m long were undertaken (Faulkner, 1995b). Figure 8
shows three time-steps of the vessel, the second and third steps
showing approximately the worst sagging and hogging wave-
induced moments of the ship. These were judged to be more
than twice the IACS standard of 6,353 MNm sag and 5,985
MNm hog values and were reported (Faulkner and Williams,
1996b) where C = 10.67 m. IACS Z min = 57.75 m3 whereas
for the ship Z deck = 58.34 m3 and Z keel = 84.65 m3 amid-
ships. The pitch attitude of the ship corresponded reasonably
well with observations made during tests on a 1/50 scale model
(DMLI, 1985).

Some surprise was expressed in discussion (Rainey, 1997),
so a slightly more sophisticated approach covering three wave
lengths 0.9L, 1.0L and 1.1L was undertaken. This gave a max-
imum wave-induced sagging moment = 1.8 x JACS standard
and a value 1.4 for hogging, which fortuitously corresponds
exactly with those presented above. All that is suggested is
that these type of TS studies should be undertaken more rig-
orously as the results are potentially important for survival
analyses of ships.

2.4 Hatch Covers (C4)

General Features

Figure 9 from Faulkner (1997d) shows the plan view of a
typical pair of hatch covers and main fittings. Most covers
were 14.95m long x 11.0 m wide. The ten dotted lines par-
allel to the X (ship) axis are fabricated longitudinal Tee beams
spaced 994 mm apart with maximum depth 635 mm at mid-
length and tapered to 483 mm at the fore and aft ends for
drainage and flanges 280 mm X 25 mm. They are fillet welded
to the web of the centre girder.

The three dotted lines parallel to the Y (transverse) axis
are “girders”. The centre girder is 920 mm deep with a small
75 mm x 25 mm flange on which the drive rack is mounted.
The two side girders are intercostal, of depth 560 mm and
flange 100 mm X 25 mm. All webs and plating are 10.5 mm
thick with fillet weld throat thickness of 3.5 mm. The oil tight
covers are secured to the hatch coamings by 100 cleats, ap-
proximately 0.5 m apart attached to snugs on each fore and
aft side plate. Also shown are several top side and end plate
features to aid recognition between port and starboard cov-
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1. Heavy duty secureing catches (3)
2. Access/Ventilator openings 2)

3. Butterworth openings 3)
4. Openings for heating coils (2)
5. Hatch clamp slot (1)
6. Wheels 4)

7. Emergency towing brackets (2)

Fig. 9 Hatch cover detail and loading patterns

ers. Port covers have sockets for guard rails. Unfortunately the
usual hatch cover identification numbers had been painted
over. The only recognition features were the helicopter
roundels painted on the 2 covers of no. 8 hold and on no. 3
starboard cover. No. 1 hatch covers were 0.23 m shorter than
for those given above for covers 3 to 9; no. 2 covers were
2.29 m shorter (which did aid recognition).

Strength Assessments

Regulation 16 of the 1966 ICLL (Murray-Smith, 1969)
required forward hatch covers (0.25L) to withstand green seas
by designing for:

» uniform pressure (static) not less than 1.75 tonnes/m?
¢ level of stress not to exceed minimum UTS/4.25

Along the rest of the ship the load is reduced to 1.2 tonnes/m>.
A limiting plate thickness for mild steel is b/100 or 6 mm.

For low strain collapse the UTS criterion is quite irrational,
and yet still exists. For mild steel this gives a maximum de-
sign stress of 0.40 ¢,. With s = 1.25 for well designed fabri-
cated Tee sections the plastic collapse load factor for a sim-
ply supported hatch cover (no end continuity of stiffeners) is
then about 1.25/0.4 = 3.1, leading to 2 minimum expected col-
lapse head of p, = 3.1 x 1.71 m = 5.3 m of sea water.

At the time of the FI two estimates were made for the
inelastic collapse head p, of the covers which were both
about 4.1 m. However, the Lord Donaldson work (Faulkner,
1995b) found that, even allowing for the tripping brackets,
the three deep transverse “girders” were essentially ineffec-
tive with M, = 0.2 M, and low bending strength because of
their narrow flanges (face plates). Moreover, because for
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the main longitudinal stiffening A; > bt (= 1.2 bt on aver-
age), the bending induced compression in the thin welded
plating of the covers is substantial and reduces its effec-
tiveness substantially as bending increases to b, = 0.41 b at
collapse. Making a more complete allowance for these ad-
verse features and for welding stresses (Faulkner, 1975) the
lowest plastic collapse load is:

pu = & Mp/L% (11)

which is = 3.7 m with plastic hinge collapse of the lonitudi-
nals at their mid-lengths (centre girder) referred to as Y mode
failure. It is understood that this was later confirmed more rig-
orously from inelastic FE calculations to be 3.8 m sea water
head. The analyses also showed that there were several modes
of plastic collapse quite close to the 3.7 m arising from the
taper in the longitudinals.

Although this is only 0.75 of the strength of a well de-
signed cover (5.1 m as above) this should not be taken as an
indication of bad design 30 years ago. Regrettably, although
much was then known and practised in other disciplines about
compression strength of thin plating and inelastic collapse of
structures, this was not the case in marine design. Moreover,
although the stiffeners in the covers in DERBYSHIRE com-
fortably met the maximum stress requirements of the 1966
ICLL, they were, like many others of their time no doubt, quite
inefficient load bearers. This is a good example of the weak-
ness of working stress design methods which make no refer-
ence to any consideration of real collapse. Maximum stress
is often a very poor indicator of collapse capability, and yet
its influence is still dominant. It is of course vital in fatigue
considerations.

Dynamic Collapse

Six or seven of the 18 wrecked covers showed unexpected
X mode bending or tearing between longitudinals (Williams
and Torchio, 1998a). This may have been caused by plung-
ing green sea wave actions over part of the covers. A neces-
sarily crude elasto-plastic analysis was therefore undertaken
during the final survey assuming three different uniform load
imprints of 30 m? (18%) spread along the central spans of lon-
gitudinals 2, 3 and 6, as illustrated in the port cover of Fig.
9. This gave an average p, = 5.0 m from:

Imprint size (m x m) 15x2 7.5x4 5%6
Pressure head (m) 4.4 49 5.6

But the assumptions made were so approximate that a more
rigorous inelastic FE analysis was recommended with dynamic
load signatures and several imprints, such as the circles shown
in Fig. 9. It is understood this was initiated but the results were
inconclusive.

An unfortunate feature of A grade mild steel is that if the
initial pressure pulse is steep (milliseconds) then brittle frac-
tures are possible. This may arise from the gifle peak associ-
ated with water impact, and there is evidence of such crack-
ing and tearing in the wrecked hatch covers. However, the
implosion-explosion actions during sinking (see later) promote
such fractures and makes interpretation less certain.

Wave Profile Loads

The first TS step in Fig. 8 shows the fore end of the ship
about to be swamped by a simulated steep elevated wave.
Figure 10 shows the quasi-static wave profile loading on the

forward hatch covers. No allowance is made for the usual bows
down attitude induced by the long troughs which leads heav-
ily laden large low freeboard ships to plunge into the oncoming
steep crests rather than rising to the sea. Nor is the dynam-
ics of sea waves considered (see Appendix). With these non-
conservative assumptions a simple model for the peak and
average pressure heads are:

h=aH-F+Q) (12)
hy = h[l — mL/4h] , L <2 b/m (13)

where o0 = 0.5, m = 0 for linear waves and o = 0.65, m = 0.5
was assumed for the steep elevated waves of typhoon OR-
CHID, and is the mean of the crest face and back slopes. F
= 6.9 m and average C = 2 m. Surprisingly good agreement
was found for waves up to 25 m high between eq(12) and
hatch cover the mean peak pressure measurements on a 1/50
scale model of the DERBYSHIRE during seakeeping tests
(DML, 1985 and Faulkner, Corlett and Romeling, 1996).

We are now in a position to evaluate peak and average pres-
sure heads acting on no. 1 hatch cover which has L = 14.72
m. These are shown for a range of wave heights together with
the probabilities of exceedence for D = 1 hour, 3, 6 and 12
hours in Table 3.

Beam Sea Risks

Loss scenarios C8 to C13 in table 2 all lead to loss of
propulsion or steering and the ship falling beam on to the
sea. The laden DERBYSHIRE was very stable with GM = 8§
m and a natural roll period of about 11 s. With Hy = 14 m
eq(2) gives a steep fronted wave period ¢f T = 12.0 s. Al-
though the capsize risks are small, these figures do suggest
that vigorous rolling might well occur in beam seas, especially
with the possibility of tandem waves.

The more serious risks then for low freeboard stable cargo
carriers are likely to be the effects of steep, elevated break-
ing or near-breaking waves on the side structure, deck and
hatches (see Appendix A). For DERBYSHIRE, the sides are

Table 3 Hatch cover pressures and probabilities

H (m) 20 22 24 26 28 30

Linear waves:
h=h, (m) 1.1 2.1 3.1 4.1 5.1 6.1

Non-linear waves:
h (m) 4.1 54 6.7 8.0 93 10.6
hy (m) 23 3.6 4.9 6.2 7.5 8.8

Probabilities p,

D= thr 099 085 053 023 009 003
3hrs 100 1.00 089 055 024 008
6hrs 1.00 1.00 099 080 042 0.15
12hrs  1.00  1.00 1.00 096 066 0.28

Notes:

1. mean pressures above p, ( 4 m are underlined

2. for non-linear wave H = 227 m, h, =4 m

3. in practice the waves will be a mix of nearly linear and clearly
non-linear form. On advice for RTS storms the probabilities should
be biased toward the non-linear values. A bias of 75:25 is sug-
gested.

4. for H =35 m p, = 1% over 12 hours and hy = 8.6 m for linear
waves and 12.0 m for non-linear waves.
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of double skin and the deck strength varies from about 40 m
to about 80 m sea water head. However, as we have seen,
and in complete contrast, a 4 m pressure head would burst
the hatch covers. It is therefore recommended that apart from
the forward hatch covers, those along the length of the ship
should be designed to a substantially higher uniform sea wa-
ter pressure head of say 3.0 m, not the 1.2 m as at present.
This suggestion is supported by many mariners.

Hatch Coaming Risks

Green sea impact on flat vertical structure is a subject badly
in need of more research (Meyerhoff et al, 1994). Damage to
bridge fronts, bulwarks, coamings, seals, etc. continues to oc-
cur. Faulkner and Buckley (1997) reviewed earlier Japanese
research (Kawakami, 1969; Suhara et al, 1973), more recent
model tests (Graham, 1988: Zhu, 1995) and theoretical re-
search (Korobkin, A, 1994; Buchner, B., 1995) and for the
present favour for design pressure (py) the results of reputable
experiments represented by:

Py=C, 0.5 p v (14)

where v is the relative velocity. For the gifle peak pressures
which typically have a 2 to 10 millisecond rise time, the re-
sults from essentially normal flat impacts provide C, values
from about 10 to nearly 400, with 65 perhaps being a rea-
sonable average. This phase of the impact is certainly rele-
vant for brittle materials. However, it is the longer follow on
bourage or momentum transfer phase which is more relevant
for structural damage in ductile materials and mean C, val-
ues are lower, varying from about 1 to 10. See Fig. 14b. Pre-
sent provisional recommendations are:

* C, =9 for normal plating design where plate widths b are
around 1 m, or a 5% upper bound value of C, = 15 could
be considered for plastic hinge collapse design with a low
safety factor

» C,= 3 for stiffened panel design loads

+ Higher values of both are expected close to bulwarks and
other re-entrant corners.

Recent Norwegian research (Kvalsvold et al, 1997) provides
a somewhat different more analytical approach which looks
promising for predicting peak stresses in stiffeners.

The C,, approach was used for predicting the pressures on
coamings where v = 1.2 ¢ + ship speed. The 1.2 is to allow
for low augment from wind and channelling. Average derived
values for the waves used in the DMI tests on the stationary
DERBYSHIRE model were 226 kN/m? which agreed reason-
ably well with the 203 kN/m? measured, but only when Cp =1,

The maximum pressures estimated for the DERBYSHIRE
were 327 kN/m? = 32.5 m head. This is very close to the coam-
ing plate plastic hinge collapse between stiffeners as estimated
by LR. The stiffeners themselves are also vulnerable, so there
is a real risk of substantial deformation of the coamings in such
storms, especially from breaking waves (see Appendix A).

Casualty Evidence

Some evidence, mainly from LR casualty reports, of hatch
cover weaknesses was presented at the FI and later by Byrne
(1995). It can be seen from Table 1 of the Faulkner, Corlett
and Romeling reference (1996) that in the period 1969-87:

+ 8 OBO and bulk carriers were almost certainly lost directly
due to heavy weather breaching the hatch covers and/or

coamings, or possibly to the loss of the covers

* 12 other vessels were lost by mostly forward flooding in
heavy weather, caused potentially by, or by contribution
of, the breach or loss of hatch covers

* 6 of these 20 ships were lost in the W. Pacific in the win-
ter 1980/81

* the average age of these 20 bulk carriers was about 14 years,
their averaged deadweight was 35,700 t. and average lives
lost 23

+ these 20 ships represent 16% of the 128 bulk carriers lost
over the period.

It must be stressed that the evidence is far from complete. Two
cases of coaming failure are cited in the Table. It is of inter-
est to note that from the wreck of the KOWLOON BRIDGE,
sister ship of the DERBYSHIRE, it seems that coaming fail-
ure also occurred, which could perhaps explain her notice-
able trim down at the bow on completion of her Atlantic cross-
ing.

Over the last eight years 108 bulk carriers and combina-
tion carriers of average age 19.2 years have been lost (LR,
1998). Nearly 30% of 87,500 DWT average were in iron ore
and sank in heavy weather and 11% of 94,375 DWT average
sank with no details, as with the DERBYSHIRE. These losses
continue at an intolerable rate.

It is quite possible that some of the many unexplained
heavy weather losses may have been caused by hatch cover
or coaming failures because fore end plunging due to flood-
ing of large holds can be rapid (Brown, 1997). Jones and Roe
(1991) claim that 70% of bulkers are lost in very heavy
weather.

To these losses would have to be added the well docu-
mented loss of the CHRISTINAKI in 1994, and perhaps the
DERBYSHIRE and LEROS STRENGTH when their formal
investigations are complete (Aftenposten, 1997).

Improved Design of Covers

The simple beam equation (11) is unusual for a grillage
and arises because the three cross girders are ineffective. It
is then much more efficient to place the load bearing stiffen-
ers across the shorter span. By eliminating all three girders
and replacing the 10 longitudinals by 14 similar cross-sec-
tion transverse beams it can be shown that this simpler struc-
ture is slightly lighter, certainly cheaper to construct, and yet
is 85% stronger. The collapse head is then p, = 7.0 m which
is 33% better than the minimum (5.3 m) which could rea-
sonably be expected from the ICLL requirements!

However much of an improvement this may seem, it still
leaves an inefficient stiffener-plate cross-section. Taking p, =
12 m as the minimum collapse head recommended for no. 1
hatch cover, a much more efficient design has been gener-
ated which is about 12% heavier than the original but is sig-
nificantly cheaper to construct because it is a beams only de-
sign. The weight estimate applies only to the top plate and
its stiffeners. The weight of the four end plates and associ-
ated stiffening could remain unchanged.

This design has 15 mm plating and nine beams, eight of
680 mm total depth and the centre one incorporating the drive
rack would be deeper to provide the drainage taper. Because
of the uncertainty as to where a plunging breaker might act,
a simple beams only design would appear to be attractive.

New Strength Criterion
Table 3 data and casualty evidence provide a compelling
case to make hatch covers much stronger, and it is gratifying
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to note that some class societies have offered increased re-
quirements. Following a more complete review (Faulkner, Cor-
lett and Romeling, 1996) it was recommended that with the
existing stress-based criterion, hatch covers for nos. 1, 2 and
3 holds should be designed for sea water heads of 4.5 m, 4
m and 3.5 m respectively.

It is demonstrably more rational to base the pressure de-
sign criterion on an ultimate collapse approach which should
be demonstrated for approval. On this basis it is now provi-
sionally suggested that with a load factor against collapse of
1.5 the design heads of sea water for hatch covers 1 and 2
are set at 9m and 7.5m, and at 6m for no. 3 and all other cov-
ers. These requirements should be mandatory and not optional.

These values imply less than 1% probability of collapse
during a 12 hour exposure to the dangerous semi-circle of a
severe typhoon like ORCHID, but includes some allowance
for in-service corrosion.

2.5 Fore End Flooding (C7)

The SIR ALEXANDER GLEN, a sister ship, experienced
severe weather damage to fore deck fittings and moderate
flooding of fore peak spaces. DERBYSHIRE herself had lost
one ventilator head. The RINA Colloquium discussion brought
to light several other similar cases for other ships. Statistics
also show that by the middle 80s the annual incidence of heavy
weather damage forward to bulk carriers had increased ten-
fold as compared with the incidence immediately following
the 1966 ICLL when freeboard was reduced.

Because of all this a middle level risk numeral R, = 8 was
allocated to C7 loss scenario for the DERBYSHIRE as an ini-
tiating event. The final survey found that 3 or 4 of the 0.5 m
diameter mushroom vents (MVs) to some of the fore peak bal-
last tanks (2,869 m? total) were damaged and open to green
seas. The 0.9 m x 1.2 m hatch cover giving access to the Bo-
sun’s store (686 m?) is missing. The official report refers to
the possibility of an engineers’ store having a damaged ven-
tilator. It is quite trivial (170 m?) but is included.

Philosophy

Figure 11 shows a quasi-static conservative idealisation
of a sinusoidal wave passing over an orifice on the fore deck.
This is similar to the Fig. 10 approach adopted for hatch
cover pressures. Most important, it uses a similar pressure head
and probability modelling so that the results may be compared
even though one may argue over the numbers. Non-linear
waves are also considered to provide a weighted probability
solution (Faulkner, 1997e).

The second important point to note is the fundamental dif-
ference between the two events. The first is the bursting of
the hatch covers by the first occurrence of a single sufficiently
high almost certainly non-linear wave, and the second event
is the slow ingress of water from hundreds of linear and non—
linear waves passing along the ship at about 267 per hour (1
hour/T},). In reliability theory the first is referred to as a first
passage ot out-crossing from a safe region single event, and
is analogous to ultimate back breaking of a ship. The sec-
ond phenomenon is referred to as up-crossings of a thresh-
old level event, more analogous to fatigue damage. Trunca-
tion at critical wave height threshold levels is then required,
as will be seen. Figure 12 is an attempt to illustrate these
differences.

Moving Wave-Orifice Theory
Orifice theory is surprisingly complex. For small sharp
edged orifices (and there’s the catch) under gravity head flow
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cq 1 usually in the range 0.6 to 0.65 (Massey, 1970). No ex-
perimental data could be found for parallel flow through ver-
tical tubes (MVs) or rectangular (hatch) coamings. Although
it was recognised that at low orifice Reynolds numbers ¢y
would reduce (for a < 5\JA, ? [Marks, 1979]) this was ig-
nored for simplicity and to be conservative and a value ¢, =
0.6 was used. Under gravity flow the mean downward veloc-
ity through the orifice is:

v = cpf22a (15)

where a = { — (F+C) is the time varying water head from the
crest profile over the period t; when water ingress starts to t,
when it finishes. The total volume passing through the ori-
fice during the passage of a single wave crest of peak height
h above the orifice is then:

T
v, = JVA“ dt = c,A g J' N (16)
by
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Linear Waves
For a linear sinusoidal wave of amplitude:

¢ = (H/2)sin@n/Tp) (17

it can be shown from symmetry that eq(16) becomes:
T,/ 4

Vv, = 2ch0\/§§‘[” CCF+0 d (18)

where: |
| = [sin"(%)}%% (19)
C = 1.3 m was taken as the mean height above the deck of

the MV and hatch orifices considered so that F+C = 6.9 +
1.3 = 8.2. The integration of eq(18) was then performed nu-
merically over a truncated wave height range from H, to H,
where:

» H, provides the minimum wave amplitude for steady wa-
ter ingress to take place so Hy = 2 (F+C) + Ah = /8 m

« H, relates to the peak head of water h = 4 m above which
hatch cover no. 1 would certainly burst; from Table 3 for
linear waves an upper threshold of H, = 26 m is taken.

For these extreme waves f(H) is zero at H = 21 and below so
the limits of integration were taken from H = 22 m to 26 m
and the results are:

H (m) 22 23 24 25 26
Integral (Vm's) 2.04 237 267 297 329
Ny=f(H)N 7 36 93 143 153

During any required period D the most probable number of
waves passing along the ship are N = D/T,. For example,
for D = 3 hours N = 800 and if this is multiplied by the
pdf f(H) from eq(10) this provides an estimate of the waves
Ny in each of the 8H = 1 m wave bands as illustrated in the
Table above. The total sum of these waves is 432, a little more
than half, and allowing for round off errors this is reason-
ably consistent with the most probable wave height for D =
3 hours from eq(7) being 25.6 m with a 63.2% probability
of being exceeded. It follows that we can combine the inte-
gration with f(H) to give the total volume of water ingress
from N waves as:

Hy o1 s4
Vo= Y [* E e o)
TR

Then the flow rate V; = V;p/D where D is related to N.

Abnormal Waves

If the crest of pyramidal and other steep, elevated waves
are idealised as a triangle, as in Fig. 10, then local crest am-
plitude a is a linear function of time up to the passage time
t, for the crest to pass over the orifice. The integration of eq(16)
then reduces to a simple closed form:

]
J: Vadt = 3, @
i

where t, = L/c and by geometry L, = h[m}‘+ m;‘], ¢ is wave
celerity gT,/2( and h is given by eq(12) where o = 0.65 and
(F+C) = 8.2 m. Based on Dahle and Myrhaug (1995) an av-

erage value of m = 0.25 is taken for my and my, so L, = 8 h.
Applying all this to eq(16) the volume of water ingress from
one crest is:

C A) 2
Vv, = 47.4# h*/ (22)
P o
Then, summing this ingress for the number of crests in each
SH = 1 m wave height band the total volume entering the

ship in time D = NT,, for each orifice area A, is:

Hy
Vp = 474 %‘%‘gﬂ N (e 23)
p H,

This can be compared with eq(20) for linear waves.

Mixed Wave Calculations
For D = 3 hours (N = 800) equations (20) and (23) lead
to water ingress rates of V; = V;p/D of:

V; = 1802 A, m3hr for Linear waves
= 164 A, m>/hr for Abnormal waves

The much higher V, values for normal linear waves than for
abnormal waves is due to two factors. For example, for H =
25 m:

« the longer flatter crest gives an area over the orifices 3.0
times greater

+ the area under the pdf(H) from H= 21 mto H =26 m is
nearly 17 times greater, as can be appreciated from Fig. 6.

The decision for a 75:25 probability mix of abnormal and nor-
mal waves is because for non-narrow-banded spectra, such
as occur in RTS storms, the number of elevated peaks (max-
ima) is much larger than for narrow-band spectra (Ochi, 1990).
One other justification is mentioned later. With this 75:25 mix:

V, = 574 A, m3hr (24)

It is important to understand that since f(H) varies with the
number of waves considered then V, will also vary with D
the time considered. Table 4 illustrates the filling rates and
times (T;) for each of the three fore peak spaces considered
and the resulting loss of freeboard (8F) at no. 1 hatch cover
given by:

8F = m[Tpc™ + (L/L)Ly Mct™] (25)

Table 4 Flooding of fore peak spaces (D = 3 hrs)

Ballast Bosun’s Engineers’
Spaces, etc. Tanks Store Store
Volume (m3) 2869 686 170
Orifice type 4 MVs hatch 1 MV
A, orifice (m?) 0.8 1.08 0.2
V; (m?/hr) 459 620 115
Ty (hours) 6.3 1.1 1.5
% full in 3 hours 48 100 100
OF when full (cm) 90.6 21.5 5.3
SF in 3 hours (cm) 43.5 21.5 5.3
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where m is the flooded mass in tonnes and for T = 18 m level
draught Tpe = 116 te and Mct = 2330 te m.

It follows that in 3 hours the loss of freeboard is about 70
cm if all three spaces are open to the sea, and 65 cm if the
engineers’ store is ignored. In terms of the already very high
hatch cover collapse risks (Table 3) such effects are quite
secondary, and are certainly not essential to cause no. 1 hatch
cover to collapse.

Truncation Effects

The upper truncations of H, = 26 m and 23 m adopted in
these analyses are somewhat artificial because they ignore
the possibility of higher waves which would certainly breach
no. 1 hatch cover. Nevertheless, their probabilities of occur-
rence (= p.) are quite real and unacceptable as can be seen
from the lower part of Table 3. The situation is even worse
because the quasi-static approach adopted completely ignores
the adverse effecis on hatch cover loads of ship motion and
the dynamics of plunging waves and other green sea effects.

Flooding the Forward Fuel Tank

Section 4 of the official report makes much of the almost
total lack of implosion effects in the bow section. In 4.58 it
therefore presumes that the bow became almost full at the time
the ship sank. This is followed by much unsupported specu-
lation which attempts to explain how the necessary flooding
could have happened. In this assessor’s judgement, the most
unconvincing of these speculations relates to the filling of
the deep fuel oil tank in the bow, which is discussed more
realistically in section 2.7.

The official report gave a fore perpendicular (FP) trim of
2.5 m from bow flooding, but this has been criticised, no doubt
because it is badly defined. It is now checked. Taking the As-
sessors’ judgement that about 2000 tonnes of fuel oil remained

in the forward tank this would lead to a maximum water en-
try mass of 3240 tonnes. Using eq(25) this leads to a reduc-
tion AT at the FP of /.75 m. Adding this to the summation
from complete flocding of the 3 fore peak spaces (mentioned
in Table 4) gives a total reduction of bow freeboard of 2.5 m
which agrees with the Assessors’ value. This draught reduc-
tion would be 2.1 m at no. 1 hold.

Ship Motion Effects

The effects of water ingress at the bow on ship motions
was briefly investigated. The total volume of water ingress into
the three fore peak spaces in three hours is estimated from
Table 4 to be about 1560 tonnes. This increases I by about
3.4% which would reduce the maximum pitch motions by less
than 2%, equivalent to a reduction in pitch induced-bow trim
of about 10 c¢m for a + 2.5° normal pitch. This would change
to about 26 cm reduction if all three spaces were completely
filled and 42 cm if the deep fuel oil tank was also flooded.

Because of their high inertias and natural pitch periods, these
large ships do not rise to the waves, as appropriately experi-
enced masters have confirmed. They tend to bury into them.

2.6 Cargo Shift (C8)
Table 2 shows a very low risk numeral of 2 for cargo shift
because:

« there was negligible supporting evidence

« the ship was very stable with very low likelihood of cap-
size

+ the FI considered a 6° list from progressive movement of
moist ore to be doubtful and not likely to be the prime cause
of the loss

* any significant cargo shift would have taken time and would
almost certainly have been reported in the circumstances.

Horizontal

crack in
BKD 339

Fig. 13 Sketch of the bow
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To support the first point, Table 1 shows about 1% loss in 35
years. In support of the last point, four ships reported cargo
shift in the years 1978-87 and sent distress messages. Three
were lost, one was successfully towed into harbour, and all
crew on all ships were safely evacuated (Faulkner and
Williams, 1996a).

During the Lord Donaldson work it was postulated that
through damaged coamings and or seals it was possible that
the top layer of ore in the hold could become saturated and
mobile. Assuming an ore density of 5,100 kg/m? and a + 20°
harmonic roll at 11 and 12 s periods side impact “punching
through” calculations based on eq(14) and C, = 3 gave rise
to a side pressure of 122 kN/m? which was no danger to the
double skin DERBYSHIRE. Older, single hull vessels would
be vulnerable to this type of loading which should be inves-
tigated.

Later, progressive cargo shift calculations based on ear-
lier work by Skinner (1987) showed that for untrimmed car-
goes in partly loaded hulls, a list of 8° or a little more might
develop. Again, in discussion with mariners, it was felt that
such lists would have been reported. A review of the UK re-
search on the topic (summarised for the IMO by Kruzewski,
1992) was undertaken for the DoT (Faulkner, 1997c¢).

It would appear from these calculations that the current
trend toward homogeneous loading of less height cargo in
all holds could lead to a greater chance of cargo shift. This
would be aided also by creating even stiffer ships as a result
of the lower cargo heights, and hence brisker rolling. Using
high WBTs to lower GM reduces available deadweight which
would be unpopular.

2.7 Sinking Actions

Following the most likely loss scenario C4 of breaching
of no. 1 hold and plunging by the bow, there are four actions
which require some examination. Chronologically they are
taken in order here.

Cargo Shift Actions in No. | Hold

Figure 13 shows a sketch by Robin Williams of the bow,
but modified for the 20°-30° tilt to port. There is a very long
horizontal split in the single skin collision bulkhead about
8m above the hold floor level which follows a butt weld right
across the ship. Unfortunately, it was not possible to exam-
ine the fracture surfaces in any detail. But it is a straight line
fracture and is likely to be brittle in parts at least. Bulkhead
339 is “substantially bowed inward” toward the deep fuel tank
in places and above this fracture.

A likely explanation for this, which could also go a long
way toward explaining why the forward deep fuel oil tank
has not imploded, is associated with a ship motion-induced
dynamic slide forward of saturated ore concentrate following
the collapse of no. 1 hatch cover. The possible collapse of
the forward hatch coaming, as described in C147 and in Ap-
pendix A, could also lead to ore mobility. The resulting dy-
namic impact could well cause the straight line fracture, es-
pecially if, as is likely, the stress front has a sharp rise.

Figure 14(a) shows diagrammatically an idealisation of a
layer of ore sliding in slurry form down the untrimmed for-
ward slope of partially saturated ore during the first few min-
utes of flooding of hold no. 1. Trimming of ore was not widely
practised in 1980. Calculation assumptions are:

« initial forward acceleration at the top of the slope f = 2.5
m/s? taken from published data on storm induced pitch and
surge motions
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Fig. 14a Sketch of No. 1 hold and ore slide
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Fig. 14b Pressure vs. time loading

* this acceleration of about 0.25g is maintained by the ore
slurry on the downslope which is taken as 33° and s =5 m
for the slope length

« the initial velocity at the top of the slope is zero, the final
impact velocity is v

* bulk ore mass density p = 5,100 kg/m> and eq(14) is as-
sumed to apply.

From Newton v = m =5 m/s, and from eq(14) assuming
Cp = 3 the mean structural impact pressure is p; = 191 kN/m?
equivalent to a 19 m head of sea water. Local peak pressures
would be much higher.

The two modes of static failure considered for plating were
three-hinge plastic collapse (p,) and edge shear yield (p,).
Assuming 1, = 0,/V3 these pressures for mild steel having
G, = 235 N/mm? are respectively:

Py = 4.50,(Ub)? = 200 kN/m?
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pe = 27,(t/b) = 3730 kN/m?

whilst there is clearly no danger of shear yielding, the ide-
alised local impact load could be on the verge of deforming
the plate. No such deformation was seen, but in view of the
uncertainties no conclusion can be drawn.

However, and potentially far more damaging, is the initial
gifle pressure spike (see Fig. 14b). Even taking C, = 15, this
gives p; = 956 kN/m? and this could be much higher. Such
impacts would, beyond any reasonable doubt, induce a brit-
tle fracture in A grade mild steel, particularly along a weld
run. The evidence shows this would cause rapid flooding of
the FO tank. This could also explain the plating “blow out”
as seen toward the top of bulkhead 339 in Fig. 13.

In summary, whilst this hypothesis is uncertain, it does have
two circumstancial evidences plus analysis to support it. Also,
no other plausible explanation has been advanced.

Bow Flooding During Sinking

Once no. 1 hold starts flooding and the fore deck becomes
permanently immersed, then the rate of water ingress through
all orifices becomes:

V, = ¢, A +/2ga (26)
where ¢4 may be taken as 0.6 on average and a is the time
varying local head of water which naturally increases as the
bow trim continuously increases. Beyond a, = 25 m implo-
sion actions would probably have started in any bow space
still at atmospheric pressure by then. As a first, probably con-
servative approximation, assume that (a) increases linearly
with time (t) until a = a, when the implosion depth is reached
in time T,. Then, a time integration of eq(26) leads to V1 the
volume entered in any compartment over time T as:

V, = (2/3)c, An2ga, /T, T2 (27

Or, in metric units, when a, = 25 m, the time to fill a com-
partment of volume V is:

T((vy/T;) /886 AO)M (28)

This then leads to Table 5 which shows the flooding time in
minutes to completely fill the 3 fore peak spaces of Table 4
for a credible range of times T, for the ship’s deck to reach
its first bow implosion depth of 25 m.

The Table verifies that, even if the two store spaces were
not previously filled, there would be no danger of them im-
ploding during sinking because T < T,,.

The fore peak ballast tanks on the other hand would re-
quire more than the minimum credible T, = 4 minutes to be
sure they would not implode. Assuming they were already
20% full (see earlier) they would require T, = 5.4 mins. to

Table S Filling times (minutes) for the fore peak spaces for a
range of times to implode

T, (mins) 4 6 8 10
Ballast Tanks 5.7 6.5 7.1 7.7
0.8 x Ballast Tanks 49 5.6 6.2 6.6
Bosun’s Store 1.8 2.1 2.3 24
Engineers’ Store 2.2 25 2.7 3.0

become full. If T, = 4 mins. was a possible time from irre-
versible plunging (requiring no. 2 hold to become full) to the
fore deck being 25 m or more under water, these tanks would
be about 74% full. Even then, there really would be no risk
of damaging implosion occurring because:

« the maximum possible implosion-explosion potential en-
ergy from the remaining 750 m? of air is less than 300 kJ
or about 100 kg of TNT (see later); but, more importantly,

« this energy could not in any case be mobilised because there
would in fact be insufficient pressure difference between the
pressure inside and outside of these tanks.

The reason for this last unequivocal statement follows from
the fact that once continuous filling starts as deck submer-
gence increases the air within the tanks either finds a way to
escape, probably mainly through the least pressurised of the
four MVs, or it rernains in the compartment with increasing
pressure from compression which approaches that of the out-
side sea pressure entering the compartment through the ori-
fices.

Therefore, it is only necessary to explain why the fuel oil
tank did not implode. The Assessors suggest (in 4.74 of their
main report page 1:109), the tank was being ventilated prior
to arrival in port and the manhole covers had been removed
to effect this, thus allowing down flooding from the stores
space above. The argument just given above would then be
essentially relevant and the fuel tank would not implode. How-
ever, removing manhole covers into a confined space seems
dangerous and very unlikely, especially as the 3 floating ball
air pipes are there to do just that. The previous section offers
what seems 1o be a more plausible explanation which is backed
up by evidence.

Ship Bending During Plunging

The recent forensic investigations into the loss of the 71/-
TANIC (Garzke et al, 1996; Hacket and Bedford, 1996) have
aroused great interest. The finding that the T/ITANIC started
to break her back when the stern was out of the water and
completed the process during sinking was approximately ex-
amined for the DERBYSHIRE during the final survey. The
most severe bending moment would appear to be more than
twice that to cause deck yield (about 15 GNm) probably to-
ward the end of no. 6 hold. This has not been confirmed,
but it does suggest that excessive yielding and crack exten-
sions in the upper deck and side structure could well have
initiated. But. the sequence of sinking at that stage would
have been very quick and final separation of this (and other)
sections is then much more likely to have been caused by
the numerous implosion-explosion actions around the cross-
section.

It is interesting here to refiect on Fig. 15 which shows the
remains of the inboard section of the starboard WBT which
runs through holds § and 9. It is substantially intact but folded
and twisted at its centre. Because of the absence of any sig-
nificant implosion-explosion actions (see next section), this
assessor first wondered if the fore end fracture (at about frame
124 fore end of no. 8 hold) was initiated by an overload tear-
ing of the deck as the stern lifts further out of the water. As
the vessel then plunged the water would enter the WBT
through these splits, thus reducing any implosion effects. This
must remain as a speculative possibility. the UK/EC Asses-
sors’ report examines this target C230 in detail and decides
(from video stills 265-267) that the fracture at about frame
124 is “exploded and ragged”.
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Fig. 15 The remains of the inboard section of the wing ballast tanks for holds 8 to 9 starboard (target C230)

Implosion-Explosion Actions

This phenomenon has recently been discussed for the 7J-
TANIC, LUSITANIA (Garzke et al, 1996) and other ships, but
is not widely expected and therefore understood. The me-
chanics have been explained (Faulkner, 1997c—now in
Williams and Torchio, 1998a) and so only the essentials are
summarised.

Description Like all double skin OBO ships DERBYSHIRE
had many empty void spaces (see Fig. 16). Her hatch covers

would burst at the very early stage of sinking and the void
spaces would be squeezed until at pressure (p,) their weak-
est surface would collapse inward compressing the air to some
higher pressure (p.) like a spring. This internal air then ex-
plodes outward causing the devastation seen in the wreck-
age. This outward shock wave type pressure pulse has a steep
rise like the gifle phase of water impact in Fig. 14b. This ex-
plains why many of the fractures are brittle because grade A
mild steel quickly loses what little notch toughness it has in
the presence of such dynamic loads.
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Fig. 16 Cargo space voids and estimated implosion
pressure heads p, (m) of seawater

The second bubble migration phase immediately follows
in which the expanding air escapes as a bubble or bubbles
which in bursting out will oscillate in volume and then con-
tinue the damaging process. Any structure in its way, or to
which it is attracted, can receive successive expanding bub-
ble pressure “thumps” which have been known to permanently
deform the shell plating of submarines, for example. This
phase therefore continues to tear open the structure in a more
ductile manner.

Mechanics Void spaces are complex but, as a first approx-
imation, the compression actions of the weakest boundary is
treated as a constant load (p,) piston compressing air in a
cylinder till it reaches a highest maximum pressure (p.) al-
lowing for spring overshoot.

By making various assumptions it is shown that the max-
imum potential energy (PE) that could be released is:

PE = k V, (py + po) (29)

where p, is the atmospheric pressure, V,, is the initial void vol-
ume and k < 1 is a function of y in pVY = constant which
controls the implosion characteristics.

Potential Energy Table 1 in Faulkner (1997c¢) shows the de-
tails for all cargo space holds from which the total available
potential energy from all of these cargo space voids assum-
ing a value of k = 0.9 is:

PE = 47.9 GJ = 16.0 tons TNT

This assumes 1 giga joule is equivalent to 340 kg of TNT, or

about 1000 sticks of dynamite. Not all of this potential was
released as the wreckage shows that most transverse hold bulk-
heads and double bottoms are mainly un-imploded.

This is thought to be due to their high implosion pres-
sures approaching 100 m head and to their unit type con-
struction. For example, the PE from the connected WBTs,
sides and hopper tanks alone are 49% of the total, and their
implosion pressures average around 50 m head. Such energy
would break the connecting fillet welds of the double skin
transverse bulkheads exposing their open ends to an in-rush
of lowish pressure water broken up by their internal egg-box
construction. The air would therefore mostly escape before
their side skins could implode at the greater depth.

However, on top of the PE calculated for the initiating im-
plosion-explosion would have to be added the energies from
the follow on bubble phase. A calculation of this for one WBT
alone shows that the first bubble maximum radius would be
about 6.4 m pulsating at a 0.6s period (Kendrick) and releasing
in total an energy = 640 MJ = 218 kg TNT. It is now obvi-
ous that even allowing for partial implosions the total process
energy release is substantial.

Kendrick’s assessment of the initial blast energy and first
bubble radius and periods for the hold void spaces is sum-
marised in a table at page 1:197 of Appendix 9 of Williams
and Torchio (1998a). However, it is pointed out that Kendrick’s
energy equivalence is 1 GJ = 238 kg TNT, 30% lower than
that above. Moreover, his table omits to include p, = 10 m
which is required using his equation. When these two ad-
justments are made, Kendrick’s energy results agree within
about 10% with those obtained from eq(29).

Prediction of Collapse Pressures (p,) Because of the ex-
tensive use of strong deep frames the implosion pressures were
largely determined by three-hinge collapse of the rolled or fab-
ricated continuous longitudinals given by:

kl6c A(z +1/2)

= S0 T LS (30)

P = 50— 17 2002

where A, < bet and k is an arbitrary factor set at 1.2 to allow for
some measure of large deflection membrane actions. For heavy
stiffeners where A, > bet then the plastic moment is approximately
0,Z. The bracket term in the denominator of eq(30) allows for
load shedding to the transverse boundaries. Shear strengths at
grillage boundaries were examined, but were never the weak link.
Plating seldom fails before stiffeners because its continu-
ous nature allows excessive membrane actions to develop at
increasing pressures. However, the following failure criteria
was developed based on the long-plate plastic membrane ap-
proach and a limiting central deformation w = b/8 which ap-
proximately corresponds to shear yield at the boundaries:

Pu = kika80(t/b) €1y

where k, is a plate slenderness parameter to bridge the stocky
3-hinge collapse criterion to the slender membrane yield at
about = 2.5, kj is to allow for the substantial membrane
“shape hardening” effects for plate aspect ratios o < 3.0 say.

Finally, the lateral plate implosion-explosion pressure to
cause weld pull-out by shear yield in the fillet welds of leg
length £ is p, = 2 1, (¢/b). But this was reduced by 0.5 for
low penetration welds. Taking £ = 0.6 t,, and 1, = 00/\/3 then
gives:

P = 0.35 6,(tw/b) (32)
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These varied between about 2 to 4 times the predicted col-
lapse pressure p, and a lot of weld pull-outs were seen. This
is not to be taken as evidence of bad workmanship as such
connections are not designed to withstand implosion-explo-
sion actions.

3. PHASE 1 SURVEY

The final survey was split into two; phase | in July 1996
and phase 2 in March and April 1997. Phase 1 was a limited
budget reconnaissance “survey of opportunity” undertaken
by Oceaneering Technologies Inc (OTECH) of Maryland op-
erating out of Okinawa. The firm had undertaken the 1994 ITF
survey and were very keen to please.

3.1 Aims of Survey
In order of priority the objectives were to:

« find and identify Target 9 (supposed stern)

« if this is not the stern, extend the sonar survey until it is
located

« visually check the status of the stern spaces, propeller, rud-
der, the frame 65 region

« re-confirm that Target 63 was the bow and check its status,
deck fittings, etc.

 time permitting, investigate other major targets

» determine the water clarity.

3.2 Equipment and Conduct

OTECH’s survey vessel the PERFORMER was 5,575 ton
displacement 10 knot, dynamically positioned, DSV. It was
equipped with LBL acoustic transponders for the seabed, side
scan sonar and the MAGELLAN 725 ROV using differential
GPS for accurate positioning and Mesotech forward looking
scanning sonar for navigating. Camera equipment was:

» a wide angle SIT zoom video of range about 30 m

« high resolution CCD camera with about 10m range

« 35 mm still color camera with 750 frame capacity and 300
watt dual head strobes.

Lighting was by a 400 watt HMI gas arc system, and all im-
ages, except the 35 mm stills, were relayed in real time to
the control van and to the three Assessors in the conference
room (2 UK and 1 EC Assessor).

With an intensifying tropical storm HERB approaching,
the underwater survey was limited to about 10 hours. After
some 1% hours the ROV found the bow, but it took much
longer to find Target 9, which was the stern. The remaining
1% hours was spent slowly surveying it before hastily retrieving
the equipment and heading back to Okinawa.

3.3 Main Findings

The Stern

+ is about 600 m from the bow at a bearing of 310° and lies
at perhaps 60°-70° to starboard

 considerable implosion-explosion damage

« very little of the superstructure remains in way of the bridge
and accommodation

* bulkhead 65 is missing

« rudder is in place and secured to the palm plates

« engine room is lying open with little signs of equipment,
fire or explosion

+ a suggestion that the propeller is in place was the “scroli-
ing” of the seabed around the stern frame

« transom deck has extensive damage, including to some ven-
tilators.

The Bow

* has few signs of implosion-explosion and lies at 20°-30°
1o port

« the deck is fractured over the whole width just aft of the
collision bulkhead 339; it is mainly ductile but with some
signs of straight line brittle fracture

* the supposed excessive corrosion (C6) is not confirmed

* the starboard windlass is missing and other equipment is
damaged.

More Generally

+ only incomplete views of two hatch covers were seen, one
broken in two; no ID markings or numbers were seen

« widespread devastation of the wreckage, with evidence of
fillet welds “unplugged”

* iron ore appears to be widely distributed

» seabed penetration is light

* the seabed slopes down about 16° to N x NE and is of av-
erage depth 4250 m

« water clarity is excellent

+ video quality is generally very good, but more lighting is
needed for still photographs.

3.4 Loss Scenario Deductions

C1 Deck cracking Frame 65: positional evidence goes
strongly against this scenario, as do some of the fracture
lines; P; reduced from 3 to |

C2 Deck cracking elsewhere: no evidence, no change

C3 Torsional weakness: no evidence, no change

C4 Hatch cover collapse: no evidence (but revised casualty
and survivability analyses suggests S. should increase
from 4 to 5)

CS5 Hatch attachments: no conclusions can be drawn

C6 Fore deck corrosion: nil, so C6 ruled out

C7 Fore peak flooding: no implosion might suggest bow was
flooded before sinking; inconclusive; perhaps increase
P; because of deck damage

C8 Cuargo shifi/liquifaction: no evidence, no change

C9 Propulsion loss: propeller very probably in place; re-
duce P; from 2 to 1

C10 Rudder loss/steering failure: rudder is in place, reduce
P; from 2 to 1

C11 Explosion/fire in ER: no sign of charring, but evidence
is inconclusive so no change

C12 Pooping—from forward waves: evidence is inconclusive
so no change

C13 Pooping—running with the sea: inconclusive, no change.

3.5 A Posteriori Updating

From above, each of the loss scenarios C1, C9 and C10
have been reduced to 1 and C6 is reduced to zero. For C4 it
is suggested S, increases to 5, for C7 P, might perhaps be in-
creased. There changes are shown as dotted lines in Fig. 2
(Faulkner and Williams, 1997).

In spite of the typhoon, the survey was regarded as being
successful, and well worth the small outlay.

4. PHASE 2 SURVEY
4.1 Overview Summary
This overview summarises the choice of contractor, the sur-
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vey objectives, statistical information and the scope of sec-
tions 4 and 5 of this paper.

Contractor

The two UK Assessors advised the DoT that the Deep Sub-
mergence Laboratory (DSL) of the Woods Hole Oceano-
graphic Institution (WHOI). Cape Cod, be engaged for the
task. The three main advantages over a commercial contrac-
tor were:

« quality of equipment, staff and archiving
« the scientific non-commercial approach
e experience with TITANIC, BISMARK, etc.

There were also technology transfer benefits in the final Mem-
orandum of Agreement between the UK DoT and the US NSF.

Objectives

The stated single objective was *‘to investigate the 13 loss
scenarios identified in Lord Donaldson’s Assessment”—with
a view to determining the cause or the most probable cause
of the loss of the M.V. DERBYSHIRE insofar as this was pos-
sible. If this was not possible then it is important to avoid
yet more speculation by demonstrating that there is nothing
more which could reasonably be done to establish the causc.
A secondary unstated objective was to demonstrate that the
technology now exists to successfully undertake a mission of
this complexity for future important losses.

Statistics
These are drawn from the main report:

+ 43 days were spent on site, 6 days mainly evading super
typhoon ISA and 6 days in transit from Guam to wreck
site to Yokohama; some days were lost replacing from
WHOI the P-code navigation system which failed

» over 137,000 Electronic Still Camera images were cap-
tured digitally on tapes and disks

= from these 119 major contacts werc mosaiced

¢ over 2500 contacts were classified by DERBYSHIRE hull
location in a data base

+ over 1800 hours of video recordings were made.

Scope

It is not intended here to dwell in detail on the objectives,
planning, equipment, conduct of the survey or its many find-
ings of fact. They are covered in great detail elsewhere
(Williams and Torchio, 1998a) and many of the findings have
more to do with the imploded-exploded wreckage than with
the loss. Section 5 will mention the more important findings
which are possibly related to the 13 loss scenarios when de-
ductions are drawn for each of them.

4.2 Equipment, Team and Organisation

Equipment

The R/V THOMAS G. THOMSON (AGOR-23) was avail-
able for the survey. She is 83.5 m long survey vessel, displaces
over 3000 tonnes, has a transit speed of about 15 knots, has
high accuracy GPS (P-code) navigation and excellent station
keeping with Z-drive propulsion and a bow thruster. The un-
derwater vehicles deployed were:

» DSL-120 kHz split-beam high resolution SWATH bathy-
metric towed sonar

* ARGO II towed platform with heading control propulsors
* JASON and MEDEA self propelled ROV platform system
with a 5 dof manipulator

and each has a 6000 m depth capability. ARGO II had an ar-
ray of advanced imaging sensors configured specifically for
photo-mosaicing of the wreck ficld in parallel 5 m to 7 m track
intervals to give 30-50% overlap. MEDEA serves as a tran-
sition point from the main tow cable via a neutral 30 m um-
bilical to the self propelled ROV JASON. It provides an “eye
in the sky” with 11s own lighting and SIT video camera to
help guide JASON to targets of interest. JASON is specifically
designed to support a wide variety of science operations with
a variety of cameras and sensors. With its 7 thrusters it has
fine positioning control with 3 dimensional speed capabili-
tics of about 1 knot. A hydraulic drive rotary metal sample
cutter and a coring tool were deployed.

A dazzling array of high resolution and high definition
video and still cameras (including stereo for target depth def-
inition) were deployed on ARGO II and JASON. Some were
forward looking, some downward looking, and some with
zoom and 50 magnification macro capability. A bank of pow-
erful HMI, incandescent and strobe lights, both forward and
down looking, ensured that excellent photo images were ob-
tained, including high quality mosaics of important wreck-
age features.

The Team and Organisation

Andy Bowen, Senior Engineer of the DSL, was the
NSF/WHOI Expedition Leader. 11 other WHOI staff included
pilots, navigators and engincers for sonar, imaging. instru-
ments and data handling. Robin Williams, UK Assessor, was
nominated by the DoT as Chief Scientist to “decide any ques-
tions related to the survey plan and specifications in consul-
tation with the NSF/WHOI Expedition Leader”.

The UK/EC team of fifteen on board were grouped:

¢ 3 Assessors: Williams and Faulkner (UK) and Torchio (EC)

1 medical doctor from the MOD

4 Interpretation Group of 1 Master, | Chief Engineer and

1 Second Engineer who had served on sister ships and a

Master Mariner from MOD Salvage who co-ordinated the

group

* 4 Oceanographic/Survey experts, 2 from SOC Southamp-
ton and 2 from IFREMER France (the Institut Francais de
Recherche pour I’Exploitation de la Mer).

« 3 PhD students, naval architect, sonar imaging, marine bi-
ology, to assist with data processing

The Assessors were to direct the investigative aspects of the
survey. The Chief Scientist was empowered to “decide any
questions related to the survey plan and specifications in con-
sultation with the NSF/WHOI Expedition Leader”. He also
reported progress on a regular basis to the DoT.

All of the team. except the doctor and the EC Assessor,
undertook watchkeeping groups in the control van on the tran-
som deck on a daily 2 x 4 hours basis. The team also put in
substantial additional hours each day on data processing, in-
strumentation, reviewing and interpreting data. Faulkner un-
dertook the necessary analytical work in relation to the loss
scenarios.

Main Technical Activities
The five main activities of Phase 2 (Williams and Torchio,
1998a; Faulkner, 1998a) were to establish:
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* via a high resolution sonar survey of the site a “road map”
of the area for later imaging

« a photo-mosaic survey of the whole wreck field, with later
processing of key wreckage targets for photo-mosaic im-
ages

« close up pictures at several angles of key targets using color
cameras

» macro-photographs of key fracture edges at high resolu-
tion for failure to be defined

 cutting some metal samples to validate conclusions from
the macro-photographs.

All but the last were undertaken, plus some seabed/iron ore
coring. The navigation repeatability is said to be better than
5 m, but this was never tested.

The macro-photography was primarily to aid the investi-
gation of the Cl1 scenario (which over influenced the survey)
and was limited in time as the end of the survey was ap-
proached. No macro-photographs were taken of the fractures
in the hatch covers. These were potentially more interesting
because some, at least, may have occurred while the ship was
fighting the storm. Metal cutting was programmed for the
last day or two of the survey and was aborted because of
technical difficulties.

5. EVIDENCE AND DEDUCTIONS

As stated earlier, in making deductions this vital section
draws only from the important and relevant evidence from
the findings of fact, together with other external evidence and
analyses. This itself requires judgement, and so some guide-
lines are first offered.

5.1 Whatis Truth?

Scientific truth does not depend on human opinion. How-
ever, with marine casualties there is usually no absolute cer-
tainty and this applies to the DERBYSHIRE. This assessment
relies on combined intelligence and wisdom to perceive the
most probable truth beyond any reasonable doubt. This re-
quired an assessment of external information from various
sources, as outlined earlier in Sections 1 and 2. In some cases
this is augmented by further information not already given
where this is judged to be possibly relevant.

Circumstantial Evidence

Much of the evidence from the survey findings of fact when
used in arguing for or against establishing any particular pos-
sible cause or causes of the loss of the DERBYSHIRE is cir-
cumstantial. In law this means it does not bear directly on
the fact in dispute, but on various attendant circumstances from
which the judge or jury might infer the occurrence of a fact
in dispute. The interpretation used here is similar.

The strength of such circumstantial evidence is its con-
tributory potential. That is, whilst each piece of evidence is
inconclusive by itself, collectively with other such facts or
external data it may lead to a most probable result beyond
any reasonable doubt. It is recognised that some circumstan-
tial evidence may work for and some may work against any
particular loss scenario.

One item of circumstantial evidence which has been widely
used, and will be used here, is the absence of a distress mes-
sage. However, the fact that none was received (by the Own-
ers at least) is not a proof that none were sent. The FI out-
lined the radio transmission difficulties which can arise in

such extreme weather conditions. The absence of any 3 hourly
weather reports required by SOLAS is very apparent, and may
indicate that DERBYSHIRE was experiencing such difficulties.

Basic Premises

Since implosion-explosion actions have affected the wreck-
age so much, it is important to state the three basic proposi-
tions which relate to structural failure:

e Lemma 1:
Any compartment which has imploded must of necessity
have been intact at the time of sinking

e Lemma 2:

Conversely any compartment found fairly intact will have
been completely, or nearly completely, flooded before sink-
ing, or will have been flooded in the early stages of sinking
before reaching its implosion depth.

If an incomplete compartment has more or less kept its
shape, then there must have been a rent or break in the struc-
ture which has permitted flooding at depths less than implo-
sion depth

* Lemma 3:

If a hull has separated into two parts before sinking, it is
most unlikely that the two parts will then sink simultane-
ously. Therefore, it is nearly certain that the two parts will
lie far apart on the seabed.

There is then a less certain expectation that the time needed
for the sea to destroy watertight integrity will allow partial
flooding above implosion depth, and consequently to less ex-
tensive implosion-explosion damage of the wreck.

It will be seen that these premises are important for loss
scenarios C1, C2, C3 and C7.

The Logic of Formal Safety Assessment

Section 1.5 outlined the FSA logic adopted in this inves-
tigation. A fourth basic premise is offered here because it is
important and has been disregarded in the official reports:

* Lemma 4:

FSA logic requires that all possible scenarios be consid-
ered in the final assessment, unless there is direct evidence
which proves that a particular scenario was the unique cause
of the loss.

It therefore follows that for those scenarios which cannot
be ruled out beyond reasonable doubt, the three considerations
that need to be considered for each are relevant: Survey Ev-
idence; Casualty and Service data; and, Theory and/or Test
data. See 5.5 for Lemma 5.

The logical approach adopted to bring these final judge-
ments together is the updated Risk Matrix. It is hoped that this
will reduce further speculation to those “near miss” scenar-
ios having risk numerals higher than 8 say, out of a possible
25. It is suggested that the recommendations should also be
guided by this approach.

5.2 Main General Survey Evidence

Just a few of the more interesting general findings which
have no bearing on the loss are mentioned here, with addi-
tional clarifying comments as necessary:

¢ correcting longitude, the wreck of the DERBYSHIRE is
about 34 nautical miles from her last known position and
at a bearing of about 24° from it (NE x N)
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all but one piece of the wreckage lies within a rectangle
1200 m x 833 m = 1km? oriented with its main axis SE to
NW, as is the orientation of the bow to stern whose cen-
tres are 620 m apart

about 70% of the wreckage lies NE of the bow to stern
axis and 30% SW; which may be due to the influence of
the local Kuro Siwo current

the one piece outside this wreckage rectangle is 880 m SW
x W from its centre, and is a double skin ship side unit;
some of the other hydrodynamically slender foil type struc-
tures have also glided to the remoter parts of the wreck field
other similar double skin units, such as transverse hold bulk-
heads, cofferdams and double bottom units, are reasonably
intact with implosion-explosion induced separation at their
boundaries with other structure; some are bent, probably
by bubble forces

most of the remaining structure is severely mangled; the su-
perstructure from about the second level upwards, includ-
ing the wheelhouse, top mast and funnel, is upside down
and severely crushed

some quite dense items of main and auxiliary machinery
were more widely dispersed from their source than, e.g.,
were lighter wreckage items like hatch covers; this may be
due to the implosion-explosion of the two large air reser-
voirs in the engine room which are estimated to generate
at least 486 MJ of energy, equivalent to 165 kg of TNT
the main engine itself was not seen but could be hidden in a
hollow below the upturned aft end double bottom structure
about 100% of the double bottom structures, and 80% to
85% of the ship deck and sides were identified

there are no clues from the wreckage as to the specific time
of the sinking; this will be discussed again in relation to
loss scenario C13

the findings from phase 1 are confirmed, except the loca-
tion of the bow and hence the wreck field (about 500 m
difference).

5.3 Main Relevant Evidence and Deductions

The important factual findings from both surveys are dis-

cussed in relation to the loss scenarios. Where scenarios are
absolutely ruled out, the more important circumstantial evi-
dence, external data and arguments which also support this
deduction are nevertheless identified. References to the “of-
ficial report” are to (Williams & Torchio, 1998a).

C

c2

7 Deck Cracking Frame 65

Port and starboard slop tanks aft of bulkhead 65 imploded-
exploded, as did the wing and hopper tanks froward of bkd
65 in no. 9 hold. By Lemma I, the ship must have been in-
tact in this region at the time of sinking. This scenario is
therefore ruled out.

Other arguments: complex deck fracture path which me-
anders across the ship and fore and aft of Fr.65; no casu-
alty support; fracture mechanics considerations; wind and
sea would have driven the wreck SW of the stern; Lemma
3 applies.

A further probability based argument which is also rele-
vant to C2 and C3 is that none of the hatch covers are es-
sentially intact and attached to their coamings, as they prob-
ably would be if the ship had broken in two at any
Cross-section.

Deck Cracking Elsewhere
This scenario is only fatal if it leads to extensive deck crack-
ing and hull separation. Most of the structure of the hold
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compartments has been severely damaged, and no wing or
hopper tanks remain intact. By Lemma [ this scenario is
ruled out. Lemma 3 also strongly supports this.

Other arguments: no life saving equipment was launched
(see later), no distress message was received, no hatches
intact and very low incidence of such losses.

C3 Torsional Weakness

c4

This manifests itself as sprung hatch covers or fatigue cracks
at hatch corners, which, if they extend beyond the coam-
ing into the deck, can lead to very minor water ingress, or
eventually to unstable crack extension across the deck and
a C2 type scenario. All hatch covers were found close by;
there were fatigue cracks, but they did not extend into the
deck. By Lemmas | and 3 this scenario is ruled out.
Other argumenis: as for C2, but in addition double skin
ships are torsionally very strong.

Hatch Cover Collapse-—Evidence with Comments:
All 18 hatch covers can be shown to be in the wreck field,
based on 13 complete covers and 10 part covers to make
up the remaining 5 (Faulkner, 1997d); the official report
uses 13 or 14 complete and 7 part covers (see sketch 26
page 2:66).

Only for 3 of the complete covers can their [ocation in the
ship be established for certain (see 2.4 re identification
clues); using the main report notation these are HS as no.
2 port cover, HI as stbd no. 2 and HE/AD as port no. 3;
complete cover HO is either stbd 3 or stbd 8 and port cov-
ers HAE and HMG taken together would be about 80% of
the companion cover to HO; the official report gives other
possible allocations, including HR as starboard no. 1 cover
(see below).

All covers suffered external pressure as their initial or pri-
mary failure mode, but 3 for certain and 3 less certain had
evidence of subsequently being blown outward; Figure 17
shows HD, half of a hatch cover which has split between
centre longitudinals and shows it has been bent diagonally
outward.

Y type bending or tearing primary failures across the cen-
tres of the longitudinals were seen in 7 of the 13 complete
covers, and X type bending or tearing occurs in the re-
maining 6 (see 2.4); in some cases there is a mix of both
types of failure, again some being outward failures.

A few of the Y bend failures are located about 0.35L to 0.4L
from the fore end of the cover, rather than at the centre of
the longitudinals; in two or three cases the bends are bulges
rather than straight hinges, and some of the hinges are
skewed across the longitudinals.

About half of the covers were badly distorted, some with
extensive tearing; most had heavily distorted and torn end
plates.

About half the covers were upside down; of those that could
be seen, 14 had access/ventilator opening lids missing, and
there is evidence of 5 covers with one or more of their
three heavy duty securing catches being left in the open
position (refer to Fig. 9).

Assessors’ Deductions with Comments:

.

The evidence of inward hinge lines and bulges being about
0.6L to 0.65L from the aft ends of covers led the Asses-
sors to suggest this may be evidence of wave actions in
the process of sinking by the bow. On this evidence they
show a possible layout of the covers, referred to earlier,
and a sequential description of hatch failure.
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Fig. 17 Half of a hatch cover HD and adjacent part of coaming

For the static component of pressure, simple beam theory
shows that for a plunging ship at inclination ( the linearly
diminishing load leads to the maximum bending moment
occurring at (L from the least loaded end where:

a:(\/(t3/3)+t+l —1) t

where t = tan 0. For 6 = 15°, 30° and 45° this defines the
position of the plastic collapse hinge as ( = 0.51, 0.52 and
0.53 respectively. This is so near the centre as to make no
difference to the collapse position or pressure. The predicted
“55-65% of the length” put forward by the Assessors to
support their contention is pure guesswork (in 3.732 page
1:93). Nor would the taper of the beams help their asser-
tion.

(33)

sinks, but the probabilities of a hit at any particular posi-
tion are out of anyone’s control in the cauldron of typhoon
ORCHID.

A potentially more important deduction from the Asses-
sors is their firm assertion that hatch cover HR is no. 1
starboard, and that “it was initially destroyed by the dy-
namic pressure loading of a plunging wave”. They have
attempted to seek support for this from two eminent met-
allurgists, even though there are no macro photographs of
the fractured surfaces. This assessor would like to believe
the assertion, but feels that there is no firm evidence to
support such speculation.

For example, it is noted that the Y mode of failure for cover
HR at midlength is as expected from uniform pressure. Be-
cause these longitudinals are fillet welded to the central

* There is the possible action of breaking waves as the ship girder at that position some may have “pulled out” as bend-
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ing approaches the collapse level. In so doing their release
of energy would also be dynamic and could fracture the
plating exactly as seen. Several of the hatch covers have
similar fractures to that on cover HR. The other complica-
tion is the unknown effects on any cover of the subsequent
implosion-explosion actions from within the hold.

¢ The Assessors’ emphatic, but nevertheless specious state-
ment (in 5.9 page 1:120) ruling out hatch cover weakness
as the primary initiating cause of the loss (and indeed rul-
ing out the six scenarios C8-C13 in the process) will be
dealt with in C7.

» The Assessors in 3.732 page 1:93 refer to static and dynamic
inelastic finite element (FE) calculations and they deduce:

a) The impact from a plunging wave could fracture a cover
in half at the 3.5 mm fillet weld connections of the lon-
gitudinals to the centre transverse girder. The Assessors
apply this only to cover HR (which they claim is no. 1
stbd) and conclude that it “was initially destroyed by
the dynamic pressure of loading of a plunging wave”
(4.133 page 1:114).

b) Under a static uniform pressure, plasticity starts at 3.8
m head and would collapse the cover at about 4.8 m
head, thus confirming “that the design was in accordance
with the ICLL 1966 which required the covers to with-
stand only 1.75 m.”

Author's Deductions:
» Regarding the Assessors’ deductions (a) and (b):

a) As mentioned above, several other covers fractured com-
pletely or partly along the centre transverse girder. If
the Assessors’ deduction is correct, then one must as-
sume that these covers were also struck and breached
by plunging waves, and this has been ignored. Two more
serious criticisms arise directly from the evidence. Many
of these Jongitudinals in other covers carried the full plas-
tic moment at or near these 3.5 mm fillet welds well
into the plastic stretching regime. This hardly seems con-
sistent with the implied weak fillets. Secondly, the As-
sessors have also ignored the 6 covers which failed
through X type bending berween longitudinals. It was
this difficult to explain behaviour which gave rise to the
need for FE calculations in the first place.

So there are several reasons why the Assessors’ de-
duction is incomplete and unconvincing.

b) Deduction (b) of the Assessors is demonstrably absurd.
It implies that their interpretation of the 1966 ICLL is
that covers are only required to withstand 1.75 m of sea
water head. It will be seen from 2.4 Strength Assess-
ments that in a well designed mild steel cover, stiffener
yielding should start at about 4.3 m head, and plastic
collapse at about 5.1 m—not 1.75 m. The Assessors have
overlooked the safety factor!

Incidentally, in the absence of stated assumptions re-
garding effective plate widths and boundary restraints,
both of which are critical, the two pressure heads quoted
by the Assessors in (b) are meaningless. The severe weld
pull outs, tearing and distortion of the end plates suggests
there was little restraint at the hatch cover boundaries.

From these observations it would appear that the FE cal-
culations and the Assessors’ interpretations are open to seri-

ous questions and are unconvincing and inconclusive.

» The evidence of X type failures, local bending and some
straight line fractures, does suggest that at least 6 of the
18 hatch covers failed due to dynamic wave actions as there
really is no other explanation.

« It is ironic that no firm deductions can be made from the
survey evidence for this most likely of all the loss scenar-
10s, and indeed as the final event for loss scenarios C8 to
C13 as will be seen.

» Recourse to other external arguments and data is therefore
essential.

Other Arguments:
Most of the other arguments have already been made in sec-
tion 2.4 but are summarized here:

+ Model tests at DMI measured pressure on hatch covers and
coamings. Even for simulated steep elevated waves no more
than 26 m high, these pressures correlated well with the the-
ory advanced for predicting them in the Annex to Lord Don-
aldson’s report. This theory ignores wave and ship dynam-
ics and is expected to become more non-conservative with
higher waves.

» In the hove-to position the DERBYSHIRE only requires
one steep elevated wave of 23m height or more to collapse
no.1 hatch cover, or one linear wave higher than about 26
m to do so. The notional probability of exceeding these
values has been estimated for the sea conditions prevailing
up to the early morning of the 9th September 1980, and
are given in Table 3. They are high and Fig. 5 shows one
such wave.

« Bow flooding reduces freeboard in way of no. 1 hold and
inevitably increases the probability of hatch cover collapse.
This was examined in 2.5 for realistic and unrealistic de-
grees of bow flooding and found to be negligible compared
with the probability of collapse with no bow flooding.

« These probabilities are unacceptably high, and would have
become higher during the afternoon and the night of 9th
September and into the 10th when typhoon ORCHID exe-
cuted three high-speed conditionally unstable cyclonic
loops, with intensifying winds, as described in 2.1. The con-
ditions would be ferocious.

+ Casualty data (in 2.4) suggests that every third month a bulk
carrier in dense ore is lost in rough weather and that every
eighth month the loss is likely to have been due to breach-
ing the forward hatch covers.

« Some Classification Societies have already implemented
substantial increases in hatch cover strength. There can now
be no doubt that the 1996 ICLL requirements are totally
inadequate as regards hatch cover strength, especially so for
heavily laden B-60 bulkers where buoyancy loss is great-
est due to flooding.

Conclusions (C4):

» This scenario cannot be proved absolutely. But, on the col-
lective basis of limited circumstantial evidence, experiments,
theory and casualty data. it must be put at R, = 25 in the
extreme corner of the “intolerable” zone of the FSA risk
matrix.

« It is also reiterated that it is not just no. 1 hatch cover which

is vulnerable, they all are, and failure of covers anywhere
along the ship’s length is the likely end event for all of the
other loss scenarios.
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C5 Hatch Artachments

« The evidence shows that all 18 hatch covers are within a
closely defined area of the wreckage field and were driven
into the holds by sea actions. None were lost, so this sce-
nario is ruled out.

« It is interesting to note in passing that one bulker of the
108 lost in the last eight years (LR, 1998) “sank after loss
of hatch cover”.

c6 Fore Deck Corrosion
This was previously ruled out.

Cc7 Fore Peak Flooding—Evidence at the Bow:

 The alignment from the bow to the stern is SE to NW and
the bow is inclined to port by about 25°.

< The bow has suffered only minor implosion-explosion ac-
tions and appears to be attached to the remaining lower
levels of no. 1 hold structure and below the mud line.

 Four broken ventilators are missing on the fore deck, as is
the cover for the access hatch to the Bosun’s Store (both
assessed in 2.5).

» The aft coaming to the stores hatch is stove in with verti-
cal splits along its edge which are also bent inward (video
still 77) and the hinge pins are missing. In contrast, the
side coamings are only slightly distorted at their aft corners.

+ The starboard windlass, mast and other heavy fittings are
missing and considerable bodily impact damage exists on
the fore deck (Richardson, 1998)

« Collision bulkhead 339 has a major split across the ship at
a weld line about 8 m above the hold floor. This was de-
scribed in 2.7. Para 3.40, page 1:48 of the UK/EC Asses-
sors’ report suggests that the top and bottom edges are bent
outward indicating “internal pressure”. This is not agreed
and conflicts with the very clear video stills 12 and 13 of
the report, and with the Assessors’ own statement in 4.74
page 1:109 “The section of bulkhead 339 in way of the fuel
tank was substantially bowed inward by external pressure
on the hold side indicating that this tank was not completely
filled with fluid during the initial stages of sinking”.

* The port side shell has a crack and bulge below the ship’s
name running downward at about 45° from aft to forward;
other lesser cracks are reported port and starboard.

Deductions From Evidence
Sections 2.5 and 2.7 address the more important possibilities
quite fully and are summarised:

* From Lemma 2 the absence of major implosion-explosion
means the bow was mainly flooded before the external to
internal pressure difference on any of its boundaries reached
their implosion level (of about 45 m). The alternative ex-
planation that the bow broke away from the vessel and was
eventually breached by the sea and sank is untenable in
the light of evidence just described.

* There can be little doubt that some level of green sea flood-
ing would have occurred through damaged openings be-
fore sinking actions started. But, there is no evidence what-
ever of this or of the extent of the flooding.

+ It certainly does not follow from lack of implosion-explo-
sion damage that major flooding took place before the ship
started to sink. As the conservative calculations in 2.7 and
Table 5 show, after the filling of no. 1 hold, the time to flood
ballast spaces and stores in the bow is a matter of minutes.

» Even then, irrespective of any doubt about the calculations,
the logical arguments which follow these calculations show
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that there would really be no risk of damaging implosions
anyway. This is because there would be insufficient differ-
ence between the water and air pressure inside ballast tanks
and the sea outside, for the reasons given in 2.7.

+ The explanation offered by the Assessors as to why the deep
fuel oil tank in the centre of the bow is intact is that the
manhole access covers at the top had been left open to ven-
tilate the tank before reaching port. This is quite contrary
to normal practice since the fuel tank has several permanent
vents. If this fuel tank was fairly intact this would be ex-
plained by Lemma 2 and by the arguments in 2.5 and 2.7
in Cargo Shift Actions in No. 1 Hold which is supported
by evidence.

* The physical damage to the aft coaming of the Stores hatch
has almost certainly been caused by the unseated windlass
or other heavy object. In doing so, this would certainly have
distorted, and very probably sprung loose any cover from its
butterfly clips and sheared the hinge pins (see Richardson,
1998). Down flooding to the Bosun’s store would start and
the reduction in freeboard when full is 21 cm at no. 1 hold.

* In 3.71 page 1:50 the two Assessors refer to the two tog-
gles each side of the aft port corner of the coamings being
tightly roped together around their threaded shanks and
this prevented the proper use of the wing nuts in securing
the hatch (video still 75). They then refer to this “unse-
cured fore deck hatch” in the second of their four conclu-
sions. This implication of crew negligence has been chal-
lenged on the basis of the Summary report (1998b), notably
by Grigson (1998) and by Richardson (1998). It is also un-
derstood that P&O have issued instructions for butterfly nuts
to access hatches to be lashed together with cord for greater
security when the hatch is closed.

« This assessor suggests that because the side coamings of
the stores hatch are essentially straight and upright, with
just local bending at the two corners, the hatch lid must have
been in place and secure at the time it was unseated. The
reason for this is that the gross inward bulge of the aft coam-
ing with vertical splits along its top edge, indicates large
horizontal membrane stretching actions and these could
not develop unless such forces can be reacted. The two
side coamings are not strong enough to do this and would
bend inward if no lid was present to resist this. On the
other hand, the lid and its own inside coaming would ini-
tially be strong enough to resist these membrane actions.

 This lends strong support to Captain Richardson’s belief

that the aft end of the hatch was probably struck by the freed
windlass behind it, distorting the coaming and lid, shear-
ing the hinge pins and springing the lid free from its but-
terflies.

« No significance is attached to the splits in the side shell of
the bow. They are unlikely to have been caused by hitting a
semi-submerged object, for the reasons given earlier and later
in Cl4. They are more likely to have been caused by bot-
tom impact, for which there is evidence. The 45( bulge crack
port side is oriented as for shear from a forward impact.

+ The bow to stern orientation aligns approximately with the
likely orientation of a ship hove to at that time in typhoon
ORCHID. This evidence is not conclusive, but it is backed
up by evidence from other wrecks and suggests that the ves-
sel at the time of the loss was more probably hove to than
beam-on.

Other Arguments
e The “GLEN" and other ships have experienced bow flood-
ing from broken ventilators, air pipes, etc. But, this appears
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not to have led to any serious consequénces.

In effect the Assessors argue that the collapse of no. | hatch
cover would only occur if the bow spaces were flooded.
This assessor regards the likely extent of bow flooding to
be a quite secondary effect and is not essential to cause
no. 1 hatch cover to be breached by rthe sea. Both issues
are of course linked by seas over the bow actions.
Sections 2.4 and 2.5 go into both topics in some detail,
which is not repeated here. In essence, these argue from
analyses and notional probabilities, that the ship would not
survive long enough for the fore peak spaces to fill before
no. 1 hatch cover, or some others, first failed from the dy-
namic actions of a single high wave. Using the same no-
tional probabitity modelling for both events, the risk of hatch
cover collapse is a higher order of magnitude. even if one
were to allow for unlikely flooding of the fore peak spaces.
The reduction in freeboard is trivial in the context of gross
hatch cover overloads from just one wave of 26 m or more
(or a 23 m non-linear wave).

It will no doubt be argued that for the flooding cases ex-
amined in 2.5 the 75:25 probability mix is arbitrary and
biased toward slow fore peak flooding. This is agreed. But,
as well as Ochi’s reasoning, there is another physical fac-
tor to justify this judgement. Extremely ferocious, turbu-
lent and highly elevated seas, which would prevail at the
time, are less likely to fill openings than are more stable
green seas. As an added comment, they are also much more
damaging to structure as the Appendix shows.

Conclusions (C7):

This assessor concludes unequivocally that the breaching of
no. 1 hatch cover to flood the hold does nor depend on the
prior flooding of the fore peak spaces in the context of ty-
phoon ORCHID (see 2.5).

It follows that, whilst fore end flooding does occur and
should be prevented. it is a secondary factor in the context
of the loss of the M.V. DERBYSHIRE. It is not an essen-
tial initiating event.

This conclusion applies to the grossly weak hatches de-
signed to ICLL 1966, and would also apply to properly
designed hatches 2.5 to 3 times stronger than this present
requirement. Paradoxically, for intermediate strength
hatches (say 50:50 chance of no. 1 hatch cover surviving
typhoon ORCHID), the Assessors’ conclusion would be-
come more valid; that is, extensive fore end flooding could
then be the last straw.

Because of the evidence, analyses, and other arguments
made, the risk matrix notional probability of this initiating
event occurring is increased from P; = 2 to 4 (high proba-
bility). But because the trim consequences are less serious
than first thought S, is reduced from 4 to 2. Then R, = 8
which 1s on the middle line of the ALARP zone, and sug-
gests that safety related improvements should be made.

Other Loss Scenarios CS8 to C13

Two general points are stressed to save repetition before

considering this last group of six possible loss causes:

Based on the supposed “slow filling of the bow prior to
sinking™ the two Assessors have ruled out all of these six
other scenarios (but strangely, not any of the remaining sce-
narios). Under Lemma 4 this would require the slow fill-
ing of the bow to be proven absolutely. Demonstrably this
is not the case. nor is there any evidence for slow filling
(over many hours). The circumstantial evidence of dam-

aged ventilators and the missing stores hatch merely sug-
gests that some unspecified water ingress is likely to have
occurred. The Assessors dismissal of the remaining six sce-
narios is therefore quite invalid. Rather strangely, the As-
sessors seem to have had rapid capsize in mind for these
other loss scenarios (see 4.162 page 1:117) rather than
hatch cover damage.

Section 1.5 pointed out that all of these six scenarios would
result in the ship becoming beam-on to the weather, three
of them with the ship stationary (C9, C10 and CI1). Whilst
it is conceivable that the final loss event for C8 could in-
clude capsize, because of DERBYSHIRE’s high stability it
is considered that by far the most likely terminating event
for all six scenarios is brisk rolling leading to collapse of
any or several of the eighteen hatch covers. They occupy
about 30% of the cargo deck area and are an order of mag-
nitude weaker than the rest of the deck or the ship sides.

It follows from these points that all of these six scenarios
will be considered here, and should any remain as a non tem-
porary scenario their seriousness of consequence indices S¢
must be high. and 5 is suggested if the ship is stationary.

It also follows that evidence of storm-induced hatch cover

failures cannot help to distinguish which of these six other
loss scenarios is most likely.

C8

Cargo Shifi/Liquifaction—Evidence and
Deductions:

This scenario has two possible end events under beam seas:
capsize or hatch cover failure. If the vessel had capsized
all of the 14 hatch covers over the 7 laden holds (all ex-
cept holds 2 and 6) would have been forced outward by
the ore, and they would be easily recognised. Therefore,
the positive evidence of inward initial failure of all hatch
covers (para 5.8 page 1:120 of the main report) rules out
capsize.

No further deductions can be made from the survey evi-
dence

Other Arguments:

.

This scenario shows a very low incidence in casualty data
over many years for bulkers over 20,000 DWT (see Table
1 in section 1.5). Of 4 that reported cargo shift, all sent
distress messages, 3 were lost, 1 towed to harbour and all
4 crews werce safely evacuated. This is mentioned in sec-
tion 2.6 which reviewed the whole topic. The fact that no
distress message was received or lifeboats launched is cir-
cumstantial cvidence against this scenario.

Conclusion (C8):

c9

Ccilo

The scenario cannot be absolutely ruled out, so must remain
at the lowest probability P; = 1; because of the severity of
typhoon ORCHID S, is increased from 2 to 3.

Propulsion Loss

The engine and tail shaft could not be examined. No
lifeboats were launched or distress message received, so
with no new evidence Phase 1 conclusion remains at P; =
I,S.=5.

Rudder Loss/Steering Gear Failure

The stecring gear could not be seen but their high redun-
dancy and reliability makes failure very unlikely. Also, no
new evidence, no lifeboats launched or distress message
reccived.
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¢ Because the scenario cannot be absolutely ruled out Phase
1 conclusion remains at P,= 1, S, = 5.

Ccil Explosion/Fire in Engine Room

e The machinery items mentioned in section 5.2 showed no
signs of being damaged by explosion, fire or smoke. This
is not conclusive, as the absence of charring after 17 years
could be due to the actions of current, or even marine life.

» The possibility of nearly simultaneous explosions from hy-
drocarbon residues in the two slop tanks was ruled out on
grounds of very low probability and no scorch or burn
marks.

* No lifeboats launched or distress message received so P; is
reduced from 2 to 1, and S, remains at 5.

Ci2 Pooping Actions from Forward Waves

» There is some evidence of pooping damage but not from
forward waves. Retaining this always very improbable sce-
nario is therefore unjustified and it is ruled out.

Ci3 Pooping Actions

As a preliminary comment, the official report seems to have
limited its definition of Pooping to damage to the Winnel
ventilators allowing water to enter and contaminate the fuel
tanks and causing engine stoppage (BRAER type). This pa-
per considers all damage from being pooped (waves over the
stern) so the title of C13 has been generalised. It is assumed
that, in the prevailing very confused multi-directional sea con-
ditions, being pooped is not limited to running with the sea
or to the associated involuntary course changes.

Evidence with Comments:

¢ The main deck plating between frames 15 to 40 over the
port fuel tank is severely collapsed downwards showing
clear upstanding ridges over the underdeck longitudinals,
which are also bent downwards.

< A long split exists in the nearby shear strake which is bent
inward at 3 deck level; its straightish line suggests brittle
fracture.

* The transom deck aft of frame 23 is severely collapsed
downward at the centre with diagonal hinges leading to
the transom corners; bollard tops are missing (probably
imploded) and one circular manhole cover (or 500 mm
MV?) is missing

+ The port corner of the transom is severely damaged and
the deck roller fairleader is bent inboard.

e The Winnel vents to the fuel tanks appear to be undam-
aged, at frames 17 and 26.

 Various ventilators on the aft deck quarters are missing their
mushroom heads; one (at least) has a wad of material pushed
inside it as if to prevent water ingress (video still 131).

¢ All guard rails at the stern are missing.

Deductions from Evidence:

» The damage to fittings on the transom and port side deck
and the two depressions in the deck suggest damage either
from pooping or from the early stages of implosion ar-
rested from flooding elsewhere.

¢ The Assessors also suggested the deck depression on the
transom may have been caused by inertia forces as the stern
struck the bottom, but this is not agreed as the safety fac-
tor should cope with 3 or 4 g forces which are inconceiv-
able in the likely bottom contact circumstances.

« The extensive split and inward depression of the port side
shear strake appears more likely to be caused by pooping

wave actions (see the Appendix) which could also account
for the damage to the fairleader and structure at the aft port
corner of the transom.

« Any ventilators stuffed with wadding suggest damage from
earlier pooping actions.

* The missing guard rails are likely to have been swept over-
board at sea, or dislodged by shock loads from the various
implosion-explosion actions on sinking.

Other Arguments and Data:

* The probability that some of the loss of watertight integrity
damage seen could be due to pooping would imply that
water ingress occurred into the space below the transom.

* A lifeboat was sighted shortly after the loss. It is thought
to have come from the ship’s starboard side and could have
been lost as the Master attempted to alter course to port,
the obvious way. The predominant sea would then have been
on the ship’s starboard side. The starboard lifeboat, only
one deck up, would then be very vulnerable to the moun-
tainous seas and might have been torn from its davits. It is
very unlikely that it was lost before the last message re-
ceived from the ship because this would surely have been
reported then. This is, of course, speculative and circum-
stantial.

» It would also be very difficult to maintain a hove-to head-
ing in the conditions prevailing and the ship could have
fallen off wind and ended up more or less beam-on (FI,
1989). She would then certainly have been in very serious
difficulty, with a greater risk of being pooped.

* At the time of DERBYSHIRE’s last position report
(0300Z/9/80) the Chief Officer of the M.V. ALRAI sent a
message (referred to in 1.6) in which he felt “that it should
not be ruled out that the DERBYSHIRE broke down and
broached to”. The cause and need for this speculation is per-
haps surprising and implies that the DERBYSHIRE might
have been in following or quartering seas and in some dif-
ficulty. The FI appear to have ignored this strange mes-
sage. Nor did they consider why the ship reduced speed
on the 8th of September.

« The FI report (1989) points out that a later coded message
(2000/9/80) was sent and received. The time was probably
local time as the message refers to Tokyo, in which case
this is 8 hours after DERBYSHIRE's last position report. It
would then just about coincide with the beginning of the
first of the three conditionally unstable cyclonic loops (see
2.1 and Fig. 3). These intensifying conditions persisted over
the next 24 hours as typhoon ORCHID recurved northwards.

* The wreck of the DERBYSHIRE, allowing for the earth’s
curvature, is estimated to be about 34 nautical miles (nm)
NE x N from her last known position, at 0300Z Assuming
a linear progression of the ship between these two positions,
her tracks over 9 and 18 hour periods were plotted. These
were then compared with a median plot of typhoon OR-
CHID’s progress over the same 18 hour period, as reported
from Guam, Tokyo and Hong Kong. Within an accuracy
of (10 nm it was found that initially the DERBYSHIRE was
about 100 nm from the typhoon’s instantaneous position
and after 18 hours about 135 nm from it.

* This assessor’s approximate estimate of the radius of max-
imum rotating wind speed at that time was about 100 nm
which agreed surprisingly well with an earlier DMI value
of about 110 nm radius (Faulkner and Williams, 1996b). It
therefore follows when these two sets of calculations are
put together that the DERBYSHIRE during her last hours
was very close to the most damaging radius of the dangerous
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semi-circle as it progressed along the track of the typhoon,
as Fig. 3 demonstrates.

e It is noted that because of low freeboard the life saving
equipment on the DERBYSHIRE was extremely vulnera-
ble to boarding seas. In particular, Richardson (1998) sug-
gests such seas would trip the hydraulic releases of the lif-
erafts which would be washed overboard.

« Among her many problems KOWLOON BRIDGE suffered
pooping damage.

Conclusions (C13):

* The evidence suggests the likelihood of pooping damage,
but is inconclusive.

» However, taken together with the external factors just men-
tioned, and noting the potential forces involved from Appen-
dix A, it would seem probable rather than possible that poop-
ing occurred and caused at least some of the damage seen.
What cannot be said is that this was a consequence of the
Master attempting to run with the sea or to veer away from
the typhoon track. These must remain only as possibilities.

* As a consequence of all these considerations, P; might rea-
sonably be increased, and an increase in S, might be con-
sidered due to the possibility of water ingress into the steer-
ing flat. However, the evidence is not firm so no change is
proposed.

Ccl4 Hatch Coaming Collapse

C147 was retained as an “unforeseen” scenario following
the Lord Donaldson work because the sea often springs sur-
prises. Three were considered, but only one retained for se-
rious consideration. The other two were:

+ Striking a semi-submerged object like a container. This had
previously been suggested (DoT, 1986) and was re-exam-
ined because of the splits found in the sides of the bow.
However, these splits were not felt to be consistent with
striking a container. Moreover, such a container would
surely have been smashed by the turbulent waves in typhoon
ORCHID.

* A huge wave or sequence of waves, sweeping away the
accommodation and bridge super-structure. This was sug-
gested by the DoT because after Phase 1 very little super-
structure could be seen on the stern. However, there is no
casualty data on such an event, and calculations showed that
although the accommodation block walls might be badly
deformed. there is massive shear strength in the internal
transverse bulkheads and deep frames to resist this scenario.

However, hatch coaming collapse remains even though there
is no direct evidence for it from the surveys. Specifically, no.
] hatch coaming is regarded as the most vulnerable and the
consequence is certainly serious and is nct adequately con-
sidered in design.

Other considerations:

* The casualty data mentioned in 2.4 under Hatch Coamings
does suggest that coaming damage does occur, and this
would lead to water ingress into the hold.

« It has been suggested (Richardson, 1998) that the dislodged
starboard windlass could have been swept aft at some stage
before it left the ship, and hit the forward coaming of no.
I hatch severely damaging it.

* A more likely source of extensive damage and substantial
water ingress is from a spilling breaking wave, as described
in the Appendix. Calculations in 2.4 show that this coam-

ing would be vulnerable even to high normal waves sweep-
ing over the bow. But a spilling breaker, or a near-break-
ing steep elevated wave crest, has about 2.5 to 10 times
more damaging potential, as eq(vi) in Appendix A demon-
strates.

+ Using an exceedance probability reduction factor of 0.4 as
suggested by recent data (Eilersen et al, 1989) and applying
the equations of 2.2, it can be shown that over a 12 hour pe-
riod of typhoon ORCHID the notional probability of a spilling
breaker occurring for different wave heights is:

H (m) 25 27.5 30
p (%) 40 30 11

The crest tops of lower or higher waves would miss the
coaming. Although the results are notional and untested,
they do indicate significant possibilities of a breaking or
near-breaking wave sweeping over the windlasses and on
to no. | hatch coaming.

» The sequence of events would then be a steady and sub-
stantial increase in bow trim as no. 1 hold filled up. fol-
lowed by the collapse of the hatch covers for holds 1 and
2 and plunging by the bow.

» It is a scenario that can arise from head or beam seas, and
is potentially terminal because of flooding which could
worsen subsequently if the damaged hatch cover is lifted
by continuing sea actions.

¢ The 1966 ICLL makes no provision for hatch coaming
strength, and the classification society rules are also quite
inadequate.

Conclusion (Cl4):

+ In the absence of corroborative data a risk numeral 6 is
suggested made up of P; = 2 and S_ = 3. This new scenario
is in the “ALARP” zone of the risk matrix and clearly needs
to be examined further (Appendix A) as Rn could increase.

5.4 Updated Risk Matrix with Comments

Figure 18 shows the final risk matrix for the seven re-
maining loss scenarios C4, C7, C8, C9, C10, C11 and C13,
the dotted lines showing their changes from the initial 1996
risk matrix. Also shown is the additional possible scenario C14
hatch coaming collapse.

The six scenarios which have been removed on the basis
of evidence and/or other arguments and data are shown in
the bottom left corner of their original position.. The cluster
of C9, C10 and CI11 in the right hand bottom corner very
nearly also came into the ruled out category because they are
extremely unlikely. But they are retained because of their max-
imum seriousness of consequence rating S. = 5 as the ship
would be stationary and very vulnerable if any of these events
did occur.

This assessor has found this novel approach to evaluating
risks to be very helpful for assessing and comparing the var-
ious loss possibilities. The numbers of course are notional,
and other assessors will doubtless have different views. This
does not really matter. What does matter is establishing the
most probable cause for the loss (C4)and doing something
about it and the “near miss” scenarios C7 and C13 which
certainly require attention.

Although CI1 has been ruled out, it initially had the sec-
ond highest risk numeral. Improvements in the structural de-
sign of such connections should therefore be considered, as
they also should be for hatch coamings (C14).
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5.5 Initiating and Terminal Events

As the conclusions are approached it is appropriate to clar-
ify a common confusion which often distracts attention from
the true cause of ship losses, as it does in the official report.
The recent LR update (1998) has several examples.

* Lemma 5—The true cause of the loss of a ship is not nec-
essarily or even usually the initiating event in a chain of
events. The true cause may be a serious defect which the
chain of events revealed. The initiating chain of circum-
stances exposed the defect to a dangerous test, but it is the
defect which is the cause of the loss.

An example is a large B-60 OBO ship in dense ore lost in a
severe storm. The initiating event might have been shearing
of vents to the fuel day tank, leading to salt-water in the fuel,
causing main engine stoppage, leading to the ship coming
beam-on to abnormal waves, which caused weak hatch cov-
ers to collapse, which led to loss of buoyancy and founder-
ing. The true cause of the loss is not loss of vents, nor loss
of power, but the deficiency in the hatch cover strength.

Of the 14 loss scenarios considered here for the M.V. DER-
BYSHIRE, 9 are initiating events only, and the remaining 5
are terminal events because their initiating event is inevitably
final. That is, there are no other necessary ship events in the
chain before the ship is lost. These 5 are 2 primary structure
scenarios C1 and C2, and the 3 hatch related ones C4, CS
and C14.

6. CONCLUSIONS

One can be certain beyond reasonable doubt that the M. V.
DFERBYSHIRE was finally overwhelmed by typhoon ORCHID
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OTHER SCENARIOS:
C8 Cargo Shift/Liquifaction 1x3= 3
C9 Propulsion Loss Ix5=5
C10 Rudder Loss/Steering Gear Failure 1x5= 5
C11 Explosion/Fire in Engine Room Ix5= 5
C13 Pooping Actions 3x2=6
C14 Hatch Coaming Failure 2x3= 6

Fig. 18 Final risk matrix for M.V. DERBYSHIRFE

during the night or early morning of 9th/10th September 1980.
To determine what event, or combination of events which,
beyond reasonable doubt, caused her to sink, we turn first to
the survey evidence.

6.1 Deductions from the Underwater Survey

The survey eliminates some scenarios: the three Primary
Structure ones C1, C2 and C3 and two of the four Fore End
Vulnerability scenarios C5 and C6. Of the remaining Other
scenarios C9, C10 and C11 have had their notional probabil-
ities reduced to P; = 1 and are discounted. So also is C8 (P; =
1 throughout). The improbable scenario C12 is subsumed in
C13. These are major achievements.

Does the survey evidence lead to changes in the risk nu-
merals? The consequence seriousness index is not influenced
by the evidence, so only possible revisions to P; are consid-
ered:

c4 Hatch Cover Collapse:

The survey leads to no firm conclusion but a P; = 3 is sug-
gested (medium likelihood) because the mosaic images show
different failure modes, some of which may be caused by wave
actions.

Cc7 Fore Peak Flooding:

Video images show damage to vents and the stores hatch
which would cause slow flooding. P; is raised from 2 to 4,
but certainly no more as there is no evidence for the extent
of flooding.

Ccl3 Pooping Actions:

Circumstantial evidence suggests the likelihood that some
transom deck and side damage was caused by pooping ac-
tions, but the evidence is inconclusive so P; remains at 3.

It follows that the underwater survey does not by itself re-
veal the sequence of key events in the loss and hence it does
not explain the loss with a reasonable level of certainty. Nev-
ertheless, the two Assessors attempted to do so, but their de-
scription of the series of events is unproven and speculative.
Note that the official report contains little numerical data, no
relevant quantitative analysis, nor does it use FSA logic.

6.2 Deductions Based on Facts and Analyses

Since the seabed evidence is inconclusive, it is essential
to consult other evidence and analyses. For this reason these
independent factors govern this assessment. The final values
of P, and S, are given below and shown in Fig. 18.

Cc4 Hatch Cover Collapse:

Analyses of wave heights during typhoon ORCHID show,
beyond reasonable doubt, that waves able to collapse the for-
ward covers pass over the bow section of the ship. This is
shown without including the effects of downward pitching into
the oncoming waves. Pressure measurements at the DMI also
confirm that a single steep elevated wave of height 23 m would
burst no. 1 hatch cover. Casualty data for laden bulkers sup-
ports this scenario. P; therefore remains at its original 5 and
Scis set at 5, so R, = 25.

c7 Fore Peak Flooding:
C7 is linked to C4 because the same waves do the dam-
age to both. However, there is a fundamental difference which
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is ignored by the two Assessors. In C4 a single elevated wave
above 23 m high is terminal; in C7 about 2,000 wave passages
are required to fill the fore peak ballast ranks and stores. In
fact, C4 and C7 are in effect mutually exclusive because analy-
sis of typhoon ORCHID’s waves shows that C4 will happen
long before C7 has lead to significant flooding. The proba-
bilities for this are intolerably high. The Assessors’ sugges-
tion of flooding into the forward fuel oil tanks is dismissed
(See 2.7 and 5.3).

Hence, it is concluded that the breaching of no. 1 hatch
cover(s) does not depend on the prior flooding of fore peak
spaces. P; remains at 4 from the survey evidence but S, is re-
duced from 4 to 2 because of the limited flooding.

Cl3 Pooping Actions:

The very confused, steep elevated 3-dimensional waves
of typhoon ORCHID might suggest that S,. be increased from
2 to 3 because of the possibility of significant water ingress.
However, it is left at 2 with a question mark, mainly because
it is an initiating event, not a terminal one.

Cl4 Hatch Coaming Collapse:

This cause of loss was introduced because of suspected
weakness of the hatch coamings (section 2.4) and because
the analysis in Appendix A now quantifics the large forces
caused by breaking waves over the bow or from the beam. It
is also potentially terminal due to substantial water ingress
which could worsen if the damaged hatch cover was also lifted
or detached by the continuing sea actions. A cautious P; = 2
and S, = 3 is judged, but both could increase.

6.3 The Cause of the Loss

» Beyond any reasonable doubt, the direct cause of the loss
of the M.V. DERBYSHIRE was the quite inadequate strength
of her cargo hatch covers to withstand the forces of typhoon
ORCHID. This weakness to resist substantial water ingress
is gross when compared with other major elements of the
watertight boundaries of the ship’s hull.

« These hatch covers did meet the acceptable stress criterion
of the 1966 ICLL. It then follows that the fundamental
fault and cause of this tragic loss lies fairly and squarely
in the altogether inadequate value and inappropriate nature
of the loading and safety factor implicit in these Rules.

« It is not possible to say which of the eighteen covers failed
first, or from which direction the waves came; but evidence
and other arguments suggest that the no. 1 hatch covers were
probably the first to yield. probably from waves over the
bow with the ship hove-to.

» The prime conclusion does not depend on the likely extent
of flooding of the bow spaces through damaged openings
or the missing cover stores hatch cover.

6.4 Other Important Conclusions

It will be apparent that this assessment differs in many de-
tails and in its prime conclusion from Williams and Tor-
chio’s official assessment. Their most likely cause of the
loss (in Chapter 6) is almost pure fiction in places, full of
assertions which are seldom backed by evidence and never
by appropriate analyses. Most assertions are non sequitors.
This is the clue to the fundamental difference between the
two assessments.

« Nevertheless, this assessor agrees totally with their most
sensible paragraph in the whole report (8.69 page 1:142):
“Regardless of the actual initiating event, the DERBYSHIRE
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case tllustrates quite clearly how the hatch covers are a
front line of defence against water ingress. Their failure
inevitably would lead to the loss of such vessels and must
be treated in the same manner as the main fabric of the
hull structure”.

* However, and with respect, it should be understood that
the hatch cover survey evidence is inconclusive, with a
medium rating. It is only the quality of the DMI test data
of 1986 and the conservative theory advanced in 1995 for
Lord Donaldson’s Assessment which, when matched to-
gether (Faulkner, Corlett and Romeling, 1996), provide the
real justification and confidence for such statements which
were made very clearly at the time.

+ This is stressed simply to emphasise that advanced analyt-
ical thinking is an essential prerequisite for complex en-
deavours of this nature if a beyond reasonable doubt con-
clusion is to be reached. The independence of the survey
and its deductions from sponsor interests is also vital once
the objectives have been set.

» The question has been asked (Williams and Torchio,
1998a): “Why did the DERBYSHIRE find herself in the
most dangerous sector of typhoon ORCHID?” The last
para. In 1.6 touched on a common theme among master
mariners who generally have little confidence in the safety
aspects of weather routeing. It is also very clear from Ap-
pendix II of the FI report that Ocean Routes got it wrong
as far as the plot of typhoon ORCHID was concerned.
Had that been accurate Captain Underhill would have in-
curred little risk in attempting, as he did, to run ahead of
the storm. But, had he been more influenced by the con-
sistent median plot from Tokyo, Guam and Hong Kong,
and allowed for the well known vagaries of typhoons and
taken the approved avoidance action (The Mariners’ Hand-
book, 1979), he would not have put his ship at such risk.
But, he would also have been anxious to meet the Char-
ter arrangements and would, no doubt, have confidence in
the size and capability of his nearly new ship, especially
before the more recent spate of bulk carrier losses were
known.

» Section 2.3 describes TS simulations which suggest that
high non-linear waves can give rise to wave induced bend-
ing moments which may be about 80% higher in sag than
those given by the unified IACS standard (Nitta et al, 1992).
This requires fuller investigations.

» The three remaining loss scenarios C7, C13 and C14 all
have high enough risk numerals to suggest that they should
be treated as “near misses,” and methods to reduce these
risks should be devised.

» Freak or abnormal waves do occur and have sunk many ships.
They are not curious and unexplained quirks of nature. This
assessment suggests that their occurrence can be predicted
with sufficient accuracy for survival design as advocated re-
cently by Faulkner and Buckley (1997) and others.

» The underwater technology now exists such that no ship
need now remain unlocated or its loss not investigated if the
will to look for it exists and the necessary resources are
made available (Lang, 1998).

7. RECOMMENDATIONS

We should not only react to disasters, but design and oper-
ate to prevent them. The Assessors’ recommendations, like their
conclusions, cloud rather than clarify the main issues. Most have
little if any link with the underwater survey evidence.
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7.1 Prime Recommendations

Revise substantially the 1966 Loadline Convention re-
quirements as regards hatch cover strength for all covers.
Detailed suggestions for this are given in the last two sec-
tions of 2.4 which also show the weight and cost penalties
can be small. The analysis there also shows how important
it is to abandon the present archaic allowable stress crite-
rion based on ultimate stress. It should be replaced with a
more logical and safer ultimate strength criterion as sug-
gested.

All Type B freeboard ships should have a raised forecastle
head with high bulwarks and a substantial breakwater to
protect the forward hatches and deck machinery and fittings.
Consider an increase in freeboard and/or deck sheer for-
ward. This is not necessary if the first two recommenda-
tions are adopted.

Existing ships should have their covers replaced now. This
breaks with tradition but the situation in lost lives is far
too serious to delay.

Review the present status and effectiveness of the ship safety
aspects of weather routeing.

7.2 Other Recommendations

The following recommendations arise specifically from

DERBYSHIRE related investigations, but are also thought to
be important to consider for other ships.

.
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Designs for “near miss” scenarios C7, C13 and C14 should
be improved. No rules exist for coamings and their col-
lapse (C14) is terminal.

The Frame 65 scenario (C1) initially had a high risk nu-
meral. The design of such connections can and should be
improved to eliminate cruciform “through the thickness”
loading and alignment problems, and to reduce the direct
and shear transfer loads.

A Survival Wave approach to design (Faulkner and Buck-
ley, 1997) should now be considered seriously as an addi-
tion to the normal design process. Section 2.2 introduces
the topic and loss scenario C14 would be an excellent one
for testing the method and to illustrate the first principles
approach required. Also see Appendix A.

The suggestion that ship bending moments from abnormal
waves may substantially exceed the present IACS unified
standard should be examined.

The inelastic finite element calculations of partially loaded
hatch cover responses to dynamic waves are worth repeat-
ing to see if failure modes corresponding to those seen in
the survey can be explained. It would need an interactive
well specified and monitored contract.

The use of grade A mild steel clearly does promote brittle
type fractures in structure and fittings under dynamic wave
actions. Previous proposals that its use be abandoned for
all hull and weather deck structures and fittings (Jubb, 1995)
are suported.

Dynamic impact of side shell from the mobility of saturated
ore cargoes in holds should be considered in design of sin-
gle hull bulkers.

Because it is now evident that even large ships can sink very
rapidly, the wider use of ramp mounted gravity launched
lifeboats should be considered. Life saving equipment
should not be vulnerable to pooping wave actions.

The cargo hold flooding dangers are notably higher for ships
laden in dense ore. This suggests that Floodability re-
quirements may need to be revised.

Fore peak spaces should be capable of being pumped out

with controls operated from the Engine Room or Pump
Room.

The design and protection of weather deck ventilators and
access hatch covers must be improved.

The FSA approach should be beneficial when considering
design and operational improvements.

Guiding principles and practices for forensic analyses of
shipwrecks should now be established. This must include
other evidence and analyses.

Several more detailed recommendations arising from the DER-
BYSHIRE work can be found in Faulkner and Williams (1996a
and b), in Faulkner and Buckley (1997) and in Faulkner
(1998). These deal with environmental and oceanographic
needs, design, construction and operation, and feedback of
service experience.
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APPENDIX A

BREAKING WAVE IMPACT FORCES IN WIND
DRIVEN SEAS

Adlard Coles (1991) describes the “supreme violence of
breaking waves”. These are not confined to shallow waters
or shelving beaches. In open ocean extreme conditions, if the
wind rapidly intensifies, younger steeper waves are gener-
ated (see Fig. 6 of Faulkner and Buckley, 1997). In the over-
shoot phase of wind wave growth some of these waves be-
come oversteep (crest peak slopes m > 0.58) or unstable and
their crest particle velocity (u,) exceeds their celerity (c¢) and
they dissipate their excess energy into breaking waves. There
are two forms (Bacon, 1991):

» Spilling Breakers occur when the crest “topples” down the
front face of the wave. It is assumed that the maximum
impact velocities are at about v = 2¢ = 2A/T and that the
maximum incident wave heights cannot exceed H = 2.9 H;
(Eilersen et al, 1989)

* Plunging Breakers are less common in open oceans, but
they can occur when the wind wave growth has been so
rapid that the overshoot energy is unusually high from fe-
rocious winds, or, in multi-directional intensifying wind
conditions which create 3-dimensional seas of pyramidal
form whose crests can interact with each other creating what
Adlard-Coles described as the “seething sea like a bub-
bling cauldron”.

The energy from spilling breaker wave fronts has destroyed
sea walls and dislodged and moved breakwaters. Figure 5
shows an elevated wave crest recorded during hurricane
CAMILLE. Such waves are clearly important when consid-
ering wave forces sweeping along the upper deck of ships,
or, even impacting on the topsides of ships holds. Present ad-
vice for vertical hatch coamings (Faulkner, 1995b) of taking
relative impact velocity v; = (1.2¢ + ship speed v) when hove
to, as in 2.4, should be reconsidered for a higher value for
spilling breakers:

viz=2c+ v (1)

used in conjunction with design pressures defined by eq(14)
in section 2.4,

However, although rarer in deep water. the horizontal forces
that can arise from the plunging breaker can be significantly
higher. A plunging jer of water forms in front of the wave crest
whose velocity can reach up to 3 or 4 times the wave speed
(Bacon, 1991). This is thought to be due to the presence of air
trapped under the curl of a plunging breaker (Bagnold, 1939).
The initial relative horizontal water velocity would then be:

vi=kc+vceosa,3<k<4 (i)

where v is ship speed and « is heading angle relative to the
predominant waves. Assuming a gravitational fall of the ini-
tially horizontal jet, and that v, remains unchanged during
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the second or so before impact, it follows that for an initial
height (h) of the jet above the impacted structure:

t=2h/g (iii)
0 = ~/V2+2gh (iv)

tan“(vll) = tan"[ —2%1]

where u is the vertical component of v;g the impact velocity,
whose direction is angle 8 to the horizon, and t is the fall time.
For example, with T, = 13 s, A = 260 m, ¢ = 20 m/s to cor-
respond with the H = 30 m wave shown for the DERBYSHIRE
in Fig. 8, and assuming v = 0, equations (ii) to (v) with k =
4 and (14) with C, = 1 have been evaluated for varying heights
(h) of the plunging breaker above the deck to derive p;; the
reflected wave impact pressure head of sea water acting on a
flat surface normal to the jet (90° — 6 to the deck):

u=.2gh |

<
I

D
1
—~

v)

h (m) 0 5 10 15

u (m/s) 0 9.90 14.01 17.15
vig (I/3) 80 80.6 81.2 81.8
9 (deg) 0 7.1 9.8 11.8
pig (=m) 326 331 336 341

The corresponding much lower vertical pressure component
acting on a horizontal surface under these assumptions is
Cp 0.5 pu? = Cyh. However, in section 2.4 the C,, factor was
ignored for green sea pressures on hatch covers.

These nearly horizontal gifle shock impact equivalent pres-
sure heads may seem unbelievably high, but they are of the
same order as those determined experimentally by Denny
(1951):

Pm=28H ., pe=100H

where H is the incident wave height, p,, is the most frequently
occurring instantaneous green sea impact pressure head and
pe is the maximum extreme pressure head. The duration of
these gifle peaks was on the order of 0.01 seconds and these

pressures are local-—see Fig. 14b. Taking H = 30 m as for
the DERBYSHIRE calculations gives:
Pmn=840m , p.=3000m

Dividing by the 0.5 pv? = 326 m for 6 = 0° in the above cal-
culations gives C, values of 2.6 and 9.2 respectively. Although
such comparisons can be fortuitous, it will be seen these val-
ues are very close to the C, = 3 and 9 derived for design from
more recent data in section 2.4 (Faulkner and Buckley, 1997).

For interest, it can be shown that ignoring ship speed the
ratio (R) of the square of the horizontal water speeds at the
crests of breaking and non-breaking waves having the same
celerity ¢ = A/T is approximately:

_ k T -
R_[——MH/],zsksdf (v1)

Taking values of k = 2, for spilling breakers and3 and 4 for
plunging breakers and a limiting steepness of H/A = 0.14 from
the DERBYSHIRE calculations leads respectively to R = 2.7,
6.1 and 10.9. This illustrates how much more damaging are
the crest-induced forces from breaking waves than from lin-
ear waves. R values greater than 5 have been confirmed from
water tank experiments on vertical piles (Kjeldsen et al, 1986).

In passing, it can be noted that whereas water particle mo-
tions execute oscillatory closed loops in linear waves, in higher
order deep water waves they are rranslatory or progressive
in nature and have higher forward particle velocities.

It is suggested that naval architects should design vertical
surfaces and fittings to withstand breaking or near-breaking
actions from spilling breakers, and leave the plunging break-
ers to coastal engineers. Load criteria should be derived us-
ing Buckley’s First Principles Methodology (outlined in Buck-
ley, 1997). Data from Eilersen et al (1989) suggests that the
probability of encountering these breaking waves might be
taken as 0.4 p.(H) as derived, for example, in eq(9).

Further work is required. A good starting point for re-
searchers is the following references: Longuet-Higgins (1974,
1982) and Dommermuth et al (1988) based on two excellent
doctoral theses from MIT (Chan, 1985 and Rapp, 1986). For
aerated seawater, density is less and the gifle decay is longer.

APPENDIX B
NOMENCLATURE Mct = moment to change trim one centimetre (tonnes
metres)
Ship dimensions, etc.: Tpc = tonnes per centimetre immersion
B = maximum beam T = mean draught
C = coaming or opening height above deck t = change in trim
C, = block coefficient V. = compartment volume
D = moulded depth A = displacement
F = freeboard approx. 6.9 m () = parallel sinkage
GM = transverse metacentric height p = sea water density
Iy = longitudinal mass moment of inertial of ship and
cargo Structural strength:
L = length between perpendiculars A; = stiffener cross-section area
L, Li= mass, trim point distance to LCF a = spacing of transverse stiffeners
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spacing of longitudinal stiffeners
water impact coefficient

Young’s modulus

length of panel, hatch cover

plastic., ultimate bending moment
tripping moment of stiffencr
wave-induced bending moment
design, water impact pressures
ultimate pressure load

plastic shape factor

plate thickness

width of panel, hatch cover
permanent deflection at plate centre
stiffener, ship minimum section modulus
stiffener centroid above plate

a/b plate element aspect ratio
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orifice (opening) area

time varying water head above orifice
discharge coefficient = 0.6 assumed

mean downward velocity of water column
entering the orifice

total volume of water entering orifice during
passage of wave crest of local peak height h
total ingress volume during period D

Vip/D ingress flow rate appropriate to D
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Discussion

Neil Hogben, Consuitant, British Maritime Technology, Ltd.

This paper 1s the latest in a series of outstanding contribu-
tions by Prof. Faulkner to the investigation of the loss of the
Derbyshire. 1 am honored that my involvement in reviewing
an earlier paper is acknowledged and pleased to note a num-
ber of citations of my work in support of the arguments, on
which I now offer some comments.

Particular mention is made on page 6 of the bringing to-
gether of independently derived wave data reported in Faulkner
and Buckley (1997) forming the basis for the survivability and
operability envelopes plotted in Fig. 4 of the present paper.
The relevant section (pp. 9 and 10 of the above reference) con-
tains a distillation of material from correspondence I had with
Bill Buckley.

This showed that the lower part of the operability envelopes
in Fig. 4 (H < 10m) are in remarkably close agreement with
formulae on page 303 of the paper cited as Hogben (1990). It
also noted the consensus of support for Equation (1) which is
the basis for the lower part of the survivability envelope (H, <
14m). It may be of interest to add here that, as mentioned in
my correspondence with Bill Buckley and also noted on p. 317
of Hogben (1990), the steepness limit defined by Equation (1)
corresponds closely to the condition

H/A, < 0.05

where A = (g/2m)T,%. T,? is the length of a wave with period
T,. Furthermore, using the common assumption that T, is re-
lated to zero crossing period T, by

T, = 1.4 T, (open ocean)

so that the corresponding wavelength A, = %A, the condition
may be expressed as:

H,/A, < 0.1

This relation is widely accepted as defining an upper bound-
ary for measured populations of H, and T,.

Regarding the upper part of Fig. 4, mention is made in
Faulkner and Buckley (1997) of data from an extreme North
Sea storm cited in Hogben and Tucker (1994) for which H, =
13.6m and T, = 13.44s (derived from T, = 10.5s using limited
fetch relation T, = 1.28 T,). This storm is thought to be the
severest ever recorded in the North Sea and it will be found
that the above H; and T, values plot exactly on the survivabil-
ity envelope at the point marked (a).

My final comment concerns the mention on page 7 of my
support for Equation (4) of the present paper in my discussion
of an earlier paper (cited here as Hogben 1997). In fact I of-
fered support for the more general formula Equation (8) (Equa-
tion (15) of Hogben 1997) which as noted leads to Equation
(4) when P, = 1%. To avoid confusion, however, I should men-
tion that due to a printing error my support was wrongly at-
tributed to the formula, Equation (7) (Equation (14) of Hog-
ben 1997).

Additional reference

Hogben, N. and Tucker, M.J. 1994. Sea State Development During
Severe Storms: Assessment of Data and Case Histories. Underwater Tech-
nology, Vol. 20, No. 3.

John B. Caldwell, Member

This is a fascinating account of a remarkable piece of post
mortem naval architecture. It reinforces the writer’s view that
more can be learned about safety through detailed studies of
individual failures, than by the mere compilation of casualty
statistics. It is only by identifying that chain of events which
culminated in failure that remedies can be properly directed to
the defective links, whether they be in design, construction,
operation or management.

It is unfortunate that the three assessors could not finally
agree on the event chain in this case, despite the formidable
arguments and analyses presented by the author. The case for
suspecting that overloading of the hatch covers led to the fatal
flooding was first put forward, very convincingly, by Dr. E. Cor-
lett about 13 years ago; but the obsession then with alleged
structural weakness at frame 65, together with persuasive ad-
vocacy of other possible scenarios, seems to have distracted
attention from the hatch problem. This paper has not only laid
to rest many of these alternative speculations, but has refocused
attention on a serious weakness in ship design.

In so doing, the author has also shown the futility of rely-
ing on acceptable stress (especially if related to UTS) as the cri-
terion of structural acceptability. Our codes of practice must
now recognize the superiority of limit state design, and the au-
thor shows well how this can be applied to hatch cover de-
sign. Such procedures must be adopted as a matter of urgency.

Classification societies may be less easily persuaded to the
author’s views on overall longitudinal strength, despite the
rather alarming findings in Section 2.3 of this paper. The IACS
standard S11 purports to take account, in its formulations of de-
sign conditions, of dynamic nonlinear response to waves of very
low (10E-8) frequency. Moreover, because ship failures due
to defective longitudinal strength appear to be so rare (as noted
in Section 1.5 for bulkers), current standards do not appear un-
duly suspect. Had they been even 40%—1let alone 80%—too
low in their requirements for the section moduli of hulls, hav-
ing shape factors rarely exceeding 1.4, there would surely have
been more incidents of overall hull failure. Perhaps the author
could elaborate his beliefs in this regard?

Space limits prevent further comment on this admirable pa-
per, which, as a major contribution to safety at sea, will surely
be much in demand. A long print run is recommended!

William H. Garzke, Jr., Member

We on the Marine Forensics Panel would like to commend
Doug Faulkner for this paper on a very controversial subject
because we know that assessing a ship loss is not an easy as-
signment. It takes many hours of painstaking research, exam-
ination of evidence and tests to determine the sequence of events
that caused a vessel casualty. In this discussion, I would like
to comment on those procedures and the brittle fracture refer-
ences made by the author.

The analysis of a ship loss can be likened to the ship de-
sign spiral. One will close slowly toward the solution, bur never
actually have all the pieces of the puzzle because you are deal-
ing with an indeterminate problem. Much of the evidence is cir-
cumstantial and needs confirmation as the pieces of the puzzle
are slowly put together.

In many cases, particularly the current one, the three basic
premises that the author outlines on page 21 of the paper are
sound principles that govern a marine forensic analysis. Lemma
one and two are most important and are clearly seen in the
wreckages of the Titanic and the German battleship Bismarck.
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The bow portion of the Tiranic wreck looks like a ship be-
cause that portion of the ship took two hours and 40 minutes
to fill with water. This is an example of Lemma one. The stern,
on the other hand, had compartments that were tightly sealed
and intact. When the stern was pulled under quickly these com-
partments sustained heavy implosion/explosion damage. The
stern of the Tiranic has the outline of a ship, but it resembles
a junkpile to the observer. The latter is an example of Lemma
two. The Bismarck wreck shows little explosion/implosion dam-
age because the hull was almost filled with water before she
made her final plunge to the bottom.

The analysis to date regarding Lemma three indicates that
the bow and stern portions of the Titanic arrived on the seabed
at different times due to dissimilar terminal velocities. The lat-
ter is important because little is known in naval architecture
about terminal velocity of ship wrecks arriving at the seabed.
Knowing the terminal velocity is important in separating the
damage that caused the ship to sink from that caused by the
sinking process. The only tests done on terminal velocity were
accomplished in Germany in 1969-1970 when the German de-
signers were concerned what would happen to the reactor ves-
sel if the nuclear cargo ship Orto Hahn sank. This points to
more testing of ship sinkings to determine the attitudes that a
sinking ship may go through so there is a better understanding
of the forces involved in the sinking process. However, all of
this points out how a ship sinking of 86 years ago can be of
assistance in understanding one that took place 68 years later.

The condition of the bow of the Derbyshire would indicate
that it had filled with water before the ship sank because it shows
no sign of explosion/implosion damage. The author proposes
a different scenario of how the bow flooded than did the offi-
cial assessor report. However, who is right? This is a dilemma
faced by a marine forensics investigator. Several theories are
plausible and the correct one, that is the actual sinking, cannot
be seen. This leads to speculations that must be gleaned from
a survey of the evidence, casualty and service data of the ship,
and the application of theory and/or test data. This leads me to
a question on simulations. Recently a large amplitude motions
program has been developed to better assess ship loads and mo-
tions. In the author’s opinion, would this have produced a bet-
ter simulation of the ship responses than the use of the pro-
gram SCORES?

Sinking of ships in waters less than 400 ft exhibit different
properties than those in the deep oceans. The bows of the Lusi-
tania and Britannic show heavy damage from a pivoting ac-
tion on the seabed. They sank in 300 and 400 ft of water and
were vessels larger than the depth of water in which they sank.
Although the 500-ft cruise liner Oceanos that sank off East
Africa in 1994 has yet to be examined, it is speculated that her
bow sustained damage from the sinking process. She sank in
300 ft of water. The wreck of the Edmund Fitzgerald poses a
challenge to a marine forensic analysis. The bow is upright
and in good condition on the seabed, while the stern is upside
down and intact. The center section shows extensive implo-
sion/explosion damage. What could have happened? It appears
that the stern section capsized during the sinking process due
to the fact that 75 ft of her Spar Deck was still attached. The
wreckage of the Derbyshire offers us xnother look at the loss
of the Edmund Fitzgerald and what her last moments above
the surface might have been.

Prof. Faulkner makes a very important recommendation in
his paper concerning limit state design. Hatch covers are crit-
ical for the integrity of a ship, yet differ significantly from
most other ship structure in that they are not part of a contin-
uous redundant structure where failure of one member can be
compensated for by neighboring members. Furthermore, the
lack of continuity at the edges precludes the structure from de-

veloping an overload capability that membrane action provides
to other structures, particularly bulkheads. The nominal design
head of water used for hatch covers can be easily exceeded as
Prof. Faulkner has demonstrated, but the designer should not
rely on the use of conventional factors of safety to ensure struc-
tural integrity. The limit load should be determined for the ac-
tual structure and the design then based on an assessment of
structural reliability.

Extensive use of structural reliability methods for the de-
sign of ship structure has been hampered by the lack of a re-
liability goal for overall ship structure. In the case of an iso-
lated structure such as a hatch cover, there should not be such
an impediment for several reasons.

* A little judgement on the consequences of failure should
be able to produce reasonable target reliability. I would
think that for an independent structure with high conse-
quences of failure such as a hatch cover, a probability of
failure of at least 1077 should be achieved.

* The weight of major members should be relatively insen-
sitive to the target reliability, if a reasonable level is
reached.

» The instances of high loading on hatch covers are rare in
the lifetime of a ship, and are therefore more amenable to
reliability analysis than hull girder bending, which occurs
continuously during ship operations.

An estimate of conditional probability of failure for re-
designed hatch covers of 1072 is given in the paper. This seems
high, even considering 12 hours of storm loading is an extreme
event. What would the impact be of a lower probability of fail-
ure, say 1073 or 1074?

The study of reliability-based structural design has centered
on primary hull structure, and little attention has been paid to
secondary structures such as hatch covers. The U.S. Navy is
now embarking on an ambitious multi-year effort to investi-
gate the reliability of structural bulkheads. This is a very much-
ignored subject, yet critical to the survival of a damaged ship.
Can Prof. Faulkner provide any estimate of the probability of
failure to transverse bulkhead 339 from hydrodynamic load-
ing, excluding the possible impact from liquefied iron ore?

The recommendation on changes to sieel selection practices
made by Prof. Faulkner 1s not well supported by either his rea-
soning nor by the evidence presented from the investigation of
this wreck. The principal finding seems to be the occasional ap-
pearance of straightline fractures. Such fracture surfaces can
come from a variety of causes, and in general from any unsta-
ble crack growth. Unstable crack growth will occur in any steel
as long as the material tearing modulus is exceeded by the ap-
plied tearing modulus, no mater how tough the material. The
high stress loads associated with breakup of the ship as well
as collapse of compartments under hydrostatic pressure can eas-
ily lead to rapid fracture that will produce straight crack fronts.

One of the primary points of evidence that Prof. Faulkner
presents as supposed evidence of brittle failure is the horizon-
tal crack in bulkhead 339. Such failure is most likely to occur
from the presence of a stiff supporting member. What is the
structural configuration at this point? Another likely cause of
such a failure can be an improper weld Prof. Faulkner states
that he believes that there is a horizontal weld seam at that point,
but I would ask if the examination of the wreckage has been
in sufficient detail to determine the actual location of the weld
compared to the failure surface? Without the determination of
structural configuration and the location of welds, there can
be no support of any claim to brittle fracture unless the actual
fracture surfaces are examined microscopically, an impossible
task at this time because of corrosion to the fracture surfaces.

Prof. Faulkner should be careful in pointing to the failures
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in the steel plates as brittle fracture. There are tremendous forces
developed in the implosion/explosion process. Further exami-
nation of the Titanic hull has caused a revision of thinking
concerning brittle fracture failures in her plates since the bow
wreck shows much ductile failures in terms of buckling even
at low temperatures. Unless there are tests made to prove con-
clusively that the steel had brittle fracture tendency, we on the
Panel would recommend refraining from such conclusions.

There is a significant difference between the grades of steel
used for commercial and naval ship construction. The U.S. Navy
only uses Grade D plating for hull structure, where IACS per-
mits lower grades. There is even a greater difference in the
toughness of steel selected for crack arrestor strakes; the U.S.
Navy uses nothing other than HY-80 steel, not even permit-
ting the very tough HSLA-80 steel in this critical application.
The reasons for these differences are many, including a his-
torical conservatism on the part of naval authorities. However,
the science of fracture mechanics has not advanced sufficiently
over the past 50 or more years that the Ship Structure Com-
mittee and other agencies have been diligently studying the
problem to permit a true assessment of fracture for the tough
materials used in ship construction. Contrary to Prof. Faulkner’s
contention, Grade A steel has a very high degree of toughness,
so tough that assessment of toughness by such means as a valid
compact tension for the critical stress intensity factor cannot
be made. Could Prof. Faulkner please provide his definition of
what constitutes a brittle material?

There seems to be much confusion in the paper between high
loading rates on a structure and high strain rates of structural
response. It is only high strain rates that can cause a change in
material behavior. Water impact loading will lead to high load-
ing rates, as Prof. Faulkner amply demonstrates, but because
of the short duration of these impulses and their localized na-
ture, they create significantly lower response at a much lower
rate than the pressure pulse alone would imply. Prof. Faulkner
also implies that the same phenomena of high initial pressure
pulse occurs in the liquefaction of iron ore cargo. Can he please
cite any reference to validate this assumption or provide any
other reasons why he believes that a dense slurry would act
the same as a liquid continuum?

The loss of the Derbyshire is an excellent example of the
problems that have befallen bulk carriers in the past 20 years.
During that period over 1500 lives have been lost and this sit-
uation has become so serious that the IMO issued new direc-
tives that took effect in April 1998. With the successive ex-
ploration of the Derbyshire wreck in early 1997 and the analysis
that followed by Robin Williams, R. Torchio, and Doug
Faulkner in separate publications, we are now beginning to
recognize why these ships are being lost or damaged in sig-
nificant numbers—insufficient bow freeboard in heavy seas and
hatch covers that re not designed to take the hydrostatic pres-
sures from boarding seas that result from the low freeboard.

The bulk carrier is a one-compartment ship. If one of their
forward cargo holds that is empty of cargo due to alternate load-
ing becomes flooded, they will be subject to adverse bow trim
that makes boarding sea more likely. In addition, the flooding
water in one of these cargo holds could create hull stresses
that would be abe ¢ their design limits. Computations of a
vessel’s longitudinal strength, involving the flooding water,
are not required by classification societies nor are they routine
calculations in naval ships that are designed to survive dam-
age. The Marine Forensics Panel became aware of the abnor-
mal stresses arising from flooding in our work on the Titanic
that Doug Faulkner has cited credit.

This leads our Panel to a recommendation on bulk carrier
design. We agree with the assessors’ report on the Derbyshire
that these ships be required to have forecastles that will pro-

tect the forward hatches from head seas. We would like to add
that these ships could be two-compartment ships for those ar-
eas around the forecastle to insure survival if the two forward
hatches fail and allow flooding of their cargo holds. We also
recommend that it be required to have the strength of these ships
checked with two-compartment flooding forward to ensure that
the ship will survive from a structural viewpoint. We would
appreciate Prof. Faulkner’s comments on these proposals.

William O. Gray, Member

Prof. Faulkner has given us a classic tale of how to solve a
mystery. It can clearly stand alongside the best work of Sir
Arthur Conan Doyle. Only the Derbyshire tale truly proves
again the old adage that truth is stranger than fiction. To me,
Douglas Faulkner’s paper is extremely important for three rea-
sons:

* It convincingly solves the specific Derbyshire mystery.

« It has direct relevance to the tragic loss of bulkers gener-
ally.

« It argues rationally for improved design criteria for ships
generally because of its convincing treatment of “freak™
or abnormal waves and the extreme “local” pressures they
can cause.

To comment more specifically on the “how to solve a mys-
tery” aspects, one should study carefully Section 1.5 on “Risk
Assessment of Loss Scenarios,” Table 2 and Figs. 2 and 18
presenting preliminary and final risk matrixes. Equally impor-
tant is Prof. Faulkner’s use of “Lemma’s” 1-4 as tests against
which to measure the physical evidence and to make deduc-
tions regarding causes of the various damages observed. Finally
on this aspect of the paper is the distinction drawn in Section
5.5 between “initiating” and “terminal” events (i.e., what is
merely serious and what is truly fatal). I believe Faulkner’s strict
adherence to the combination of these disciplines is the reason
that he concludes that major inadequacy in the design criteria
for Derbyshire’s hatch covers and hatch coamings is the most
likely cause of her loss. It must also be emphasized that the con-
sequence of abnormal waves, as described in this paper and in
the 1996 Faulkner, Corlett and Romeling paper, has been con-
firmed by model tests at the Danish Maritime Institute show-
ing extremely high loadings on hatch covers and especially
hatch coamings. These clearly justify the recommended sev-
eral fold increase in design criteria and use of ultimate strength
analysis as well as prescriptive yield strength design and FEM
analysis. The 1966 ICLL criteria to which the Derbyshire, and
most existing bulkers are designed are clearly inadequate.

By contrast, the other assessors in the final official report
seemed more determined to find an explanation showing that
“the design (of hatch covers) was in accordance with ICLL
1966 (which was true but irrelevant) thus ruling out hatch over
design deficiency. They instead concluded that “the most likely
cause of the loss of the Derbyshire was that the spaces for-
ward of the collision bulkhead . .. became flooded over a pe-
riod of time” . .. and “this flooding resulted in substantial re-
duction of freeboard . .. at the forward end” ... and “As a
consequence ihe fzrward hatch covers were subjected to con-
siderably increased wave heights and dynamic pressures . . .
in excess of design parameters, resulted in failure of the hatch
covers and subsequent foundering of the vessel.” Prof.
Faulkner’s analysis clearly demonstrates that fore end flood-
ing was a secondary factor. It also provides a very plausible
explanation for possible causes of fore end flooding (based on
an anchor windlass being washed away), rather than the un-
supported speculation in the official report regarding possible
lack of good seamanship as regards an undogged stores hatch
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cover and ventilation of forward bunkers through uncovered
manholes. These unsupported assertions by the official report
must be highly offensive to the Derbyshire Families Associa-
tion who lost 44 loved ones in the tragedy.

So what is the relevance of Prof. Faulkner’s findings and
recommendations? I'll only comment on a few of them, but
all recommendations deserve urgent attention particularly by
class societies and IACS. I strongly support that:

1. The criteria for designing hatch covers, and coamings,
must be substantially improved (by several fold). Some points
to note in justifying this are:

 Until this Derbyshire work, hatch covers and coamings
have been paid little or no attention, despite nearly ten years
of study of bulker losses looking at all other parts of their
structure.

« On the positive side IACS has on Sept 11 of this year
submitted proposals to IMO’s MSC on forward hatch cover
strength along Faulkner’s lines, but no mention of coam-
ings is made.

2. Something should be done about hatch covers of exist-
ing ships. As Faulkner has demonstrated, deficient hatch cov-
ers (and/or coamings) may be the leading cause of bulker to-
tal losses and lives in recent years (up to 30-35% and perhaps
more).

3. The marine world as a whole should re-examine the is-
sue of bow height and/or forecastles or raised fore decks. From
my own experience of VLCC’s in the late *60s the reduced free-
board permitted by ICLL 1966 (which produced T/D of
0.79-0.80 for large pre-SBT tankers) was a mistake. We had
ships being swept clean on deck forward in just ordinary heavy
weather without the masters’ being aware of damage while it
occurred. Of course, with SBT increasing tanker freeboard by
about 50%, and with very small deck opening on tankers, this
is much more an issue for bulkers now than tankers. In words
which Faulkner describes as “their most sensible in the whole
report” even the two official assessors said, “Regardless of the
actual inttiating event, the Derbyshire case illustrates quite
clearly how the hatch covers are a front line of defense against
water ingress. Their failure inevitably would lead to the loss
of such vessels and must be treated in the same manner as the
main fabric of the hull structure.”

A closing observation on extreme waves may be in order.
One often hears of ships “designed for this or that specific
trade,” and the LoadLine system assumes some areas are in-
herently more hazardous than others (i.e.. winter North At-
lantic). These are “good generalities, but lousy specifics.” Much
experience has shown that extreme conditions can be encoun-
tered just about anywhere (one of the “Queens” in the North
Atlantic and many tankers/bulkers/liners in the Agulhas cur-
rent off South Africa). The probability of extreme conditions
is no doubt lower in “good weather” areas, but it’s not low
enough to discount the design criteria. And ships being mo-
bile, as all are, seldom spend a lifetime in “the trade for which
they were designed.”

As I’ve watched this tragic Derbyshire story unfold, I was
struck by a number of parallels in recent marine disaster re-
«rts wherein it seems to this outsider that there is a tendency
to fit the data to a preconceived conclusion(s) rather than to
objectively study all the data and only then decide what is the
most plausible explanation. We surely will not improve mat-
ters at all to the extent that we seek mainly to justify existing
practice.

I apologize to the author for neither asking any questions,
or criticizing this work, or bringing any new data to my remarks
as “legtimate” discussers are supposed to. He has covered the
subject so thoroughly that I can only say “well done” and Q.E.D.

I hope many take the time to read, and act, upon Prof. Faulkner’s
work.

C. W. B. Grigson, Visitor

Prof. Faulkner tells part of a singular history: that beyond
reasonable doubt weakness of hatch covers sank the ill-starred
Derbyshire. However, this is not agreed to by the IACS. Lloyd’s
Register (1998) states that research has identified the main prob-
lems and developed remedies for the bulk-carrier casualties; but
that weakness of hatch covers is “speculation.” Of the many
bulkers in class since 1970, only seven cases of hatch damage
out of 249 can be attributed to heavy weather. In the new uni-
fied IACS requirements, considerable reinforcement of bulk-
heads on old vessels is mandated, but their hatch covers need
no strengthening. Nevertheless, Rule URS21 is to be applied
to new bulkers and lays down strength increase for forward
hatch covers by a factor of at least two. Again, the official re-
port on the survey of the wreck (MV Derbyshire Surveys, 1998)
disagrees with Prof. Faulkner. Flooding of tanks in the bow was
the cause of the loss.

There is no analysis in Lloyd’s Register (1998), nothing
about effects of extreme waves. Nor is there any analysis in
MV Derbyshire Surveys (1998), although an account of “the
circumstance of the loss in more descriptive detail” is included.
This is admittedly not fact but fiction. Yet the main author of
that official report, R.A. Williams, wrote with Prof. Faulkner
Design for Abnormal Waves (Faulkner & Williams 1996) in
which our knowledge of structures and of storm weather was
brought together and an analysis of loading caused by extreme
seas is given. The sinking of the Derbyshire was discussed and
already in 1996 it was shown that the cause of the sinking was
collapse of hatches by the force of the waves. The statistics of
storm waves are today well understood, and for the design of
oil platforms the knowledge is accepted and applied. The storm
which sank Derbyshire raged for 36 hours with significant
height of the seas 14 meters. About 9600 waves swept over
the ship; several of these in each hour were tall and heavy
enough to smash the hatch covers, and it only has to be done
once. The ship was in dense ore, % of the volume of the holds
empty. That paper also showed from experiments in the Dan-
ish tank, that designs like Derbyshire do not rise to, but bury
their bows in the oncoming combers. The case for cover weak-
ness as the root of the loss was made beyond reasonable doubt.
Nevertheless, writing the official report in 1998 with R. Tor-
chio, the assessor for the European Union, Mr. Williams has
been persuaded that there was a loss of 7000 m? of buoyancy
in the bow of a ship displacing 200 000 m?, and that this was
the cause of the sinking.

The earlier Faulkner and Williams analysis is so complete
that no underwater survey of the remains was really necessary.
However a scenario due to Bishop et al (1991) took hold.
Founded on linear vibration theory, vast computations seemed
to show that in storms serious weakness existed in parts of the
hull and it was supposed that stern and deckhouse broke from
the main hull at frame 65, and that this caused the sinking. For
good measure, the authors claimed that their result was gen-
~ral and that all large bulkers were dangerously weak in sim-
ilar regions in storms. In the discussion of the paper, Corlett
pointed out that the correct structure of Derbyshire had not been
used in the computations, but a single-skin one and not the much
stronger double-skinned hull of the actual design. Such is the
mesmerizing power of the supercomputer that this overriding
objection to the Bishop et al contention was ignored. No ex-
planation was given (or could be) in the reply to the discus-
sion. Later the Bishop hypothesis was included in Lord Don-
aldson’s Formal Safety Assessment with high probability, even
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though no such break-up of a very large all-aft ship had ever
been recorded.

As Faulkner’s new paper relates, the underwater survey, in
which he himself took a principal part, was most valuable, not
for determining the cause of the loss, but for proving as false
many possible scenarios: for one, the hull did not break at frame
65 before sinking. But the survey could not determine which
of the remaining possibilities was the cause of foundering, be-
cause the sequence of events at the surface which caused the
sinking could not be decided from the shattered remains on
the seabed. To ascertain the reason for the loss of a nearly-
new very-strong double-skinned vessel, one must analyze the
strengths and weaknesses of the design in relation to the forces
in a storm lasting 36 hours with H, = 14 m. If hatches fail un-
der a load of 4 tonnes/m?, and there is no dispute that this was
the collapse load, Faulkner is definitive: no bulkship can re-
main watertight in such extreme conditions.

Faulkner’s Lemma 5 is important, as it brings out a surprising
logical error in the attribution of causes to casualties. In Lloyd’s
Register (1998, Table A4) 109 bulk, ore, O/O and O/B/O ships
are listed which are thought to have suffered serious structural
damage between Feb. 1990 and Feb. 1998. Forty-four of these
were lost, including eight large ships which disappeared. The
table says that in heavy weather one vessel displacing 90 000
tons sank (3, 1990) because a ballast tank flooded; another
displacing 140 000 tons sank (3, 1992) because the engine room
flooded. Williams and Torchio say the Derbyshire sank because
small bow spaces flooded. Yet if the hatch covers had had ad-
equate strength and remained watertight these large vessels
would have been afloat when the sea calmed. The true cause
of the sinking is cover weakness, dictated by the infamous 1966
ILLC Rule, which required elastic support for no more than
1.75Te/m>.

Prof. Faulkner’s independent assessment shows more com-
prehensively than the one in 1996, why, when bulkships in
dense ore sail into a typhoon, the consequences are often ter-
minal. He has done a great public service. Moreover this has
been done in the teeth of an authority determined to silence him.
Because in the words (Hansard 1997) of a Government Min-
ister. Miss Glenda Jackson at the D.E.T.R.: *“... Faulkner’s
active promotion of the theory that the Derbyshire sank when
her hatch covers gave way is a matter of dismay for the De-
partment.”
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Charles V. Betts, Visitor, UK Ministry of Defence

The loss of the Derbyshire has led to a greater level of en-
quiry and controversy in the United Kingdom than any other
cargo ship casualty since 1980, apart from RO/RO ferries. Bulk
carriers continue to be lost regularly and impressive papers such
as this make an essential contribution to overcoming this near-
scandalous situation.

Prof. Faulkner, as an international authority on ship and
offshore structures, was an obvious choice to assist with the for-
mal investigations and it is unfortunate that a difference of view

appears to have arisen between him the UK/EC Assessors. On
the other hand, the debate arising from such differences can
often be productive in arriving at the truth.

I confess that I have not read the assessors’ reports published
this year by the DETR. With that proviso, I must say that I
find the conclusions, and particularly the recommendations,
arrived at by Prof. Faulkner as entirely persuasive. Above all,
the case for a substantial and urgent improvement in hatch cover
strength seems incontestable. Retrofitting of stronger hatch cov-
ers to existing bulk carriers should certainly follow, on moral
as well as overall economic grounds.

As regards the loss of the Derbyshire herself, hatch cover
collapse does appear to be the most probable direct cause. How-
ever, to be “beyond any reasonable doubt” (Section 6.3) is a
very tough criterion. I do not follow the case for entirely “rul-
ing out” cracking at Frame 65. Structural details in that area
seem to have been poorly designed and build and in my view
the analysis of Bishop et al, even if not wholly accurate, did
demonstrate the threat posed to overall strength. The author
argues that no other bulk carriers have broken in two (Section
1.5) yet a significant number have been lost without known
cause. The fact that the bow and stern of the Derbyshire were
found only 600 m apart could imply merely that separation took
place immediately before they sank. The bow would probably
be depressed as the ship broke in two making the hatch cov-
ers even more vulnerable to the sea. Implosion/explosion of
the adjacent tanks (Section 5.3) would depend on how the break-
age occurred: does not the fact that Bulkhead 65 is double-
skinned and missing (Section 3.3) leave this question rather
open? Whatever the answer, I am pleased that the author in-
cludes a recommendation to improve the type of detailed de-
sign found at Frame 65.

H. Inoue, Visitor, Overseas Shipbuilding
Cooperation Centre

I would like to pay my respects to all of the people that
promoted and achieved the investigation into the cause of the
wreck of Derbyshire. Findings obtained in the light of advanced
technologies are amazing. I believe that discussions on the find-
ings will surely contribute to promote safety at sea.

In 1980, a Japanese bulk carrier, Onomichi-maru, also
wrecked in December, about 1000 km off of Nojimazaki. In
this case all the lives were saved fortunately, and the ship was
afloat, though her forebody was lost soon. The Japanese Min-
istry of Transport attached importance to the wreck, and tried
to tug her to Guam. However, she sank a few days before the
date of her arrival, about two months after the wreck.

The Ministry of Transport organized a committee to inves-
tigate the cause. The committee was chaired by Prof. Yoshiyuki
Yamamoto, and I was one of the members.

The first officer, who watched in the bridge, depicted the sit-
uation at the moment of the wreck in detail. Pictures of her fore-
body just after the wreck and many pictures taken during tug-
ging were available. The officer’s witness and many pictures
were our start point.

It was obvious that she encountered an abnormal wave, and
that she slammed to the wave and tie dr -k around No. 1 cargo
hold buckled. The committee worked for about half of a year
from April in such fields as specific feature of the weather in
the region, other cases of ship wreck in the region, wave load,
hull strength, materials, etc. The committee report was pub-
lished in November 1981. Many problems to be investigated
were pointed out for explaining the case.

Many research works were devoted to the problems for the
next five years. The main feature of the research work was the
mechanism of slamming load and fracture mechanism of the
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forebody. Prof. Yamamoto explored a simulation program of
slamming, and experiments on slamming were carried out at
the Ship Research Institute. The mechanism of fracture of the
forebody was investigated experimentally at the Ship Research
Institute.

On the other hand, in the case of Derbyshire, the investi-
gation had to start with circumferential evidences. In spite of
this, it is amazing that 13 loss scenarios were written and one
of them was supported by the findings of the EU/UK expedi-
tion.

In the course of the investigation of the Onomichi-maru case,
I interviewed several masters to ask if they experienced bow
slamming in laden condition. A master told me that he man-
aged to avoid slamming by any means, but there had been a
situation where slamming was unavoidable in passing a straight.
His ship was a bulk carrier of about 50 000 dwt, not as large
as the Derbyshire.

I now understand that the slamming was not the initial event
from the findings by the Phase 2 Survey. However, would you
tell me the reason why you ruled out the “slamming” at an early
stage in writing the scenarios?

Some hatch covers were found folded outward, and that may
be an evidence that the covers were not broken by the waves.
I suspect that the hold might have flooded as the ship dived
deeper, and when the pressure in the hold reached almost to
the external pressure, the air escaped, blowing up the covers.
I will be much obliged if you let me hear your opinion.

Douglas Brown, Visitor, Consultant Naval Architect,
Inverclyde, U.K.

Referring to the underwater investigation, can the author
clarify if any search was undertaken outward of the immedi-
ate wreck field, for instance, back along the probable track of
the Derbyshire from her last reported position?

If so, were there any significant findings of interest?

Carl Arne Carlsen, Det Norske Veritas

[This discussion was prepared with assistance from Dr. H.O. Mad-
sen, Dr. S. Valsgard, Mr. R. Loseth and Mr. W. Magelssen, all
of DNV ]

We wish to commend Prof. Faulkner for a thorough study
that promotes safer ships. The studies performed in the after-
math of the Derbyshire sinking and the site survey have cre-
ated new knowledge, which no doubt will be implemented in
international rules. The discussion is organized according to the
recommendations offered in the paper.

The prime recommendation in the paper is a substantial re-
vision of the 1966 International Load Line Convention (ILLC)
requirements as regards hatch cover strength for all covers.
We agree that hatch cover loads based on the ILLC leads to
too weak designs. The consequence of this has been included
in DNV rules already and later in unified IACS requirements.
Following two tragic ship accidents in the 1970’s, DNV, in
1976, introduced external hatch cover loads varying over the
length of the ship andsignificantly increased requirements com-
pared to the ILLC requirement, in particular, for the forward
hatches. In its work for improved bulk carrier safety, IACS
has introduced new unified requirements for hatch cover loads,
which have been applied by IACS members since 1 July 1998
to new bulk carriers.

Following the studies by Prof. Faulkner about typhoon con-
dition loads and abnormal waves, a working group in IACS
has performed a careful comparison between such loads and the
normal design loads based on North Atlantic conditions. This

work was submitted to IMO, IACS (1998), and concludes that
green sea effects from the North Atlantic design conditions are
at least as severe as from the typhoon condition based on avail-
able data from the Typhoon Orchid. More work on this issue
is in progress in IACS and DNV. The DNV work applies the
SWAN programs, which at present are the most advanced non-
linear load programs available. In addition to evaluation of non-
linearities, the SWAN analyses also provide a full picture of
the pressure distribution over the hull. The effect of weather
routing and the status and effectiveness of weather routing sys-
tems is an important but difficult part to include in these stud-
ies.

The paper suggests that an allowable stress criterion does
not represent a logical ultimate strength criterion. We agree to
this, and in 1967 DNV therefore introduced buckling require-
ments to hatch cover plates. Neither IACS nor DNV has yet
introduced a more complete ultimate strength criterion for hatch
cover strength. Dynamic analysis to account for the time vary-
ing pressure can be performed, but elasto-plastic analysis will
probably be sufficient for practical purposes.

The cost of increasing hatch cover strength is relatively small
as also observed by Prof. Faulkner. A cost benefit analysis is
appropriate to compare the additional cost of even stricter
strength requirements versus the expected reduced losses from
hatch cover failures. Different conclusions may be arrived at
for new designs and existing ships.

The paper suggests that all Type B freeboard ships should
have a raised forecastle head with high bulwarks and a sub-
stantial breakwater. This recommendation is under evaluation
by IACS as part of a Failure Mode Effect Analysis of the wa-
tertight integrity of the fore end of bulk carriers.

The paper suggests that ship bending moments from ab-
normal waves may substantially exceed the present IACS uni-
fied standard. This suggestion is partly based on results of a
study for a FPSO in the North Sea. This study was made by
an ISSC committee as referenced in the paper. It is certainly
the case that the design bending moment requirements for sta-
tionary FPSO’s in the North Sea are stricter than for ships trad-
ing worldwide. A working group in IACS has compared the
bending moment for the Typhoon Orchid condition with the
IACS requirements. The conclusion is that the typhoon condi-
tion gives a smaller bending moment than the JACS North At-
lantic design condition due to the very steep and short extreme
typhoon-generated waves.

Prof. Faulkner rightly points to the need for further studies
of the loads on hatch coamings even though hatch coaming fail-
ure was not the probable cause of the Derbyshire sinking. IACS
has already initiated such work.

We support the recommendation of Prof. Faulkner about
restricted use of grade A mild steel for hull and weather deck
structures and fittings. Indeed, DNV makes a general check of
fracture toughness of grade A mild steel in connection with its
approval of manufacturers, although fracture toughness testing
is not made for each batch.

Prof. Faulkner points to the need for consideration of dy-
namic impact from the mobility of saturated ore cargoes. We
do not have damage experience suggesting this to be a major
problem. We can nevertheless agree to the need for revisiting
the IMO requirement to relative humidity versus the humidity
level, which can cause liquefaction of the upper part of the
cargo, as well as the need for reassessing the test method.

Prof. Faulkner briefly touches upon the possibility to de-
sign new efficient life saving equipment for situations where
sinking takes place very rapidly. Ideas to this effect were pro-
posed following the two accidents in the 1970’s mentioned
earlier. None of these ideas were implemented, but the actions
were concentrated on increasing the design pressure on hatch
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covers. It is certainly worth reconsidering some of the sugges-
tions made at that time—some of which were of completely
novel nature.

Finally, we strongly support Prof. Faulkner in his recom-
mendation of the use of Formal Safety Assessment in the rule-
making process, both for ship design and operation. In the pa-
per Prof. Faulkner has clearly demonstrated some of the benefits
of a FSA not only in identifying the most probable cause of
the Derbyshire sinking, but also in identifying ‘“near misses.”
We also share his opinion that some guiding principles for foren-
sic analysis of shipwrecks should be made in the light of the
tremendous possibilities proved by the new survey methods.

Additional reference

IACS. 1998. “Bulk Carrier Safety,” Comments on the Paper (MSC
69/2/1/Add.5) re Derbyshire as submitted by the United Kingdom to the
69th Session of the Marine Safety Committee. Submitted to IMO Marine
Safety Committee, 70th Session.

Walter M. Maclean, Member

I would like first to thank the author for providing us with
a most thorough and fascinating account of his assessment of
the Derbyshire’s tragic loss. It is not often that such a com-
prehensive survey of a marine loss is undertaken and to have
it assessed and so lucidly presented to our membership is an
even more rare event. Although there are many aspects of this
case that I would like to remark about, time will only permit
me to address a couple of them.

First, I am delighted the author has pointed so clearly to
the inadequacy of design loads and the philosophy for the for-
ward hatch covers. Some months after the Derbyshire loss with
all hands, another vessel was similarly lost in another ocean un-
der Beaufort 11-12 conditions, the forward hatch covers being
overcome by massive green seas. The vessel carried a cargo
of steel resulting in a high hold permeability. With a flooded
hold and fore deck awash, the master skillfully turned his ves-
sel stern to the sea and headed back to port some 300 miles
away. Accompanied by another vessel steaming a mile away,
the vessel, with no more reserve buoyancy forward, plunged
into a wave trough and disappeared in less than a minute, car-
rying all hands with it. No lifeboats were prepared for launch-
ing, no crew members were on deck in life jackets anticipat-
ing the disaster.

Two hatch cover segments, one from the No. 1 hold, floated
ashore and were subjected to inspection, design load testing and
structural analysis. Their condition was generally excellent and
the tested segment sustained the design load with deflections
closely as predicted. I believe the lessons to be learned from
these two losses is not only that the hatch cover design crite-
ria and philosophy were inadequate to the service requirement,
but that the master and his scamen were poorly served by not
being made adequately aware of the seriousness and tenuous
nature of their position when such events occur. Whereas sea-
men are considered to be knowledgable and skilled, that is of-
ten not the case when serious conditions arise. In this later
case, all of the crew came from the same community so their
loss was doubly tragic.

My second aspect of interest has to do with the author’s re-
marks concerning vessel routing services. In my mind, there is
an unfortunate state of affairs in the maritime world, in that
ship and cargo owners insure their risk in the marketplace, while
the mariner insures his risk with his knowledge and skill.
Whereas maritime education and training attempts to lower the
mariner’s level of risk, weather routing can do so as well to a
certain extent while at the same time it is improving the ship
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and cargo owner’s performance potential. During the time of the
Derbyshire tragedy, at sea experiments were ongoing to assess
the validity of weather and sea state forecasting in the Pacific
as well as elsewhere. While major advances were being made
in sea state forecasting, these experiments identified deficien-
cies in forecasting the energy levels and directional distributions.
The propagation of energy, particularly from the southern hemi-
sphere, and modeling limitations used in forecast models tended
to cause underprediction of wave environments, and accordingly
the resulting vessel motions. Over the past |5 years major im-
provements have been made in this field and the technology
for utilization has advanced remarkably. I suggest we all look
at Paper No. 4 to follow in the next session. Even in 1980, we
were able to do a lot better than when I was at sea.

Thirdly, I would like to commend the author for his strong
call for more research into heavy weather operations. He has
done an excellent job in pointing to current inadequacies. One
point that has long bothered me has not been discussed, how-
ever, and I suggest it may be worthy of consideration. That is
the design of dry cargo vessel bulkheads for sustaining slosh-
ing loads as when a hold becomes flooded. Some years ago,
Prof. Yamamoto pointed to the inadequacy of bulkhead design
for dry bulkers that end up having compartment flooding for-
ward. I am unaware that this problem has been adequately
served as yet. I would appreciate the author’s remarks on this
problem area.

Finally, thanks again for giving us such a fine paper on
such an important matter.

Author’s Closure

Dr. Neil Hogben: As the wave definitions and statistics are
so important, Dr. Hogben’s very supportive remarks are much
appreciated, as is the clarification provided in his last paragraph.
The confirmation of the proposed survivability envelope for
future designs is very helpful, as is the additional reference he
provides.

Prof. J. B. Caldwell: Contributions from Prof, Caldwell are
always perceptive, to the point and welcome. However, his first
assumption is understandably wrong. As it has been raised by
others and is crucial to understanding. I will lift the curtain a
little more (see also Dr. Grigson’s last paragraph and my re-
ply). It was because of the curious and badly judged condi-
tions placed on me that there was no opportunity for me to in-
fluence the other two assessors so that the event chain leading
to the loss might be agreed. Williams and Torchio chose to ar-
rive at this from the final survey evidence alone, whereas I be-
lieve this to be quite impossible because of the implosion/ex-
plosion actions and because much of the evidence is
circumstantial.

Sadly, the best example of this relates to hatch cover col-
lapse. It is not possible from the survey evidence to positively
distinguish between those which imploded inwards during sink-
ing and those which may have collapsed from wave actions
before the ship sank. Moreover, it is also impossible from the
wreckage to determine if the hatch covers are inadequately
strong and by how much. Advanced analyses, as have been at-
tempted in this paper, are necessary to support or refute sex-
eral loss scenarios.

In relation to Caldwell’s surprise that the 1987-89 formal in-
vestigation did not pay much more attention to the vulnerabil-
ity of hatch covers, he is correct in referring to the FI's ob-
session with the alleged weakness at frame 65. One of the
investigators on the FI has said this occupied 40% of the time
(and certainly created more than half of the supporting docu-
ments). Ironically, even though the frame 65 scenario could
have been absolutely ruled out from wreckage evidence be-
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fore the final survey was half-way through, it nevertheless con-
tinued to dominate the precious underwater time to the detri-
ment of other likely scenarios.

In relation to the 40% to 80% increase in wave bending,
from approximately ship length waves, Caldwell is correct in
pointing to the low incidence of overall hull failure. However,
I can state that the Derbyshire would have survived an 80%
wave-induced overload with a small margin. I also point out
that IACS S11 implies regular ship length waves no more than
10.75 m high (determined by the factor C and by LST analy-
ses) which can hardly be said to be satisfactory for withstand-
ing extreme cyclonic storms. All that is suggested in Section
2.3 of the paper is that it would seem unwise to ignore the re-
sults of the two sets of TS studies (one by the ISSC). Improved
nonlinear dynamic analysis responses to a range of large am-
plitude asymmetric waves are surely required. Having said that,
my opinion is that present design methods do seem to be ade-
quate, but by an unknown margin. See also Dr. Carlsen’s con-
tribution and my reply.

Willium H. Garzke: 1t is a privilege to have a major contri-
bution presented by Mr. Garzke on behalf of SNAME’s Ma-
rine Forensic Panel which he chairs with such energy and dis-
tinction.

There can be no doubt that validated Jarge amplitude mo-
tions programs would lead to more accurate ship loads and
motions than the SCORES program can (as in my reply to
Caldwell). Every encouragement should be given to their de-
velopment.

Before answering the questions relating to hatch cover re-
liability, the basic assumptions should be understood. Because
the uncertainties in hatch cover collapse are negligible com-
pared with those in wave height prediction, it has been assumed
that the probability of failure is simply the probability of a sin-
gle wave exceeding that required to give an equivalent uni-
form pressure greater than the value p, = 4.0 m required to
collapse no. 1 hatch cover. That is, py is the probability of ex-
ceedance for the corresponding wave height. The notional prob-
ability of failure might in general be a little higher because the
systematic and random uncertainties in hatch cover strength
have been ignored.

With the proposed safety or load factor of 3.0 it can then
be shown that p, is approximately 0.01 using the equations in
the paper. This design level follows the widely accepted ad-
vice from Ochi. Reducing this probability level to 10~ and
10 would increase the wave loadings on no. | hatch cover to
about 3.6 p, and 4.2 p,, respectively. A value of p; = 1077 be-
comes meaningless and is wasteful in material and cost. Pro-
viding relevant survivability conditions are specified (as herein)
the 1072 level suggested is quite adequate for survival. It is ap-
proximately equivalent to the probability of meeting a 35 m
extreme wave in 12 hours during Typhoon Orchid.

No estimate has been made of the probability of ductile col-
lapse of bulkhead 339 under hydrodynamic loading, as this
was not considered to be relevant. Because of the complex
supports and stiffening a reliable estimate would require in-
elastic FE calculations preferably linked to a SORM reliabil-
ity program. Regarding the long horizontal crack, it can defi-
nitely be said that it followed a weld line, and was also in the
vicinity of a horizontal deep web stiffener on the forward side
of the bulkhead.

Several opinions are given and questions raised in relation
to brittle fracture, including challenging my recommendation
to avoid Grade A mild steel. It is possible that our understanding
differs substantially, and in view of the restriction on space to
respond, I merely reiterate:
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« While grade A mild steel has improved in quality in re-
cent years it still has no specification for notch toughness.
Perhaps Garzke is not referring to mild steel as used by
most class societies? Dr. Carlsen’s discussion from DNV
supports my recommendation.

*» Derbyshire’s wreckage provides a lot of evidence of crys-
talline brittle fracture as confirmed by Sumpter and Bur-
dekin from macro-photographs of fracture surfaces.

* Tests reported by Sumpter et al showed the siress peaks
with no more than about 5 millisecond rise time, as would
occur from nearby slamming and other dynamic loads,
can reduce toughness substantially. Much earlier, Pellini
and others showed the same effect with very high strain
rates, as Garzke states.

It would seem that brittle fracture in detail may be a subject
on which views diifer.

I know of no evidence which validates my implied as-
sumptions from Equation (14) regarding the effects of impact
from liquified ore. Although density is clearly important, in-
ternal friction (viscosity) must play a part and may attenuate
the pressure. Because of this Section 2.7 emphasizes the high
level of uncertainty regarding the level of pressure in the hy-
potheses I advanced. Research is suggested.

I must also advise some caution with the statement that the
loss of the Derbyshire is an excellent example of the problems
that have befallen bulk carriers in the past 20 years. Firstly,
the Derbyshire was a double-skinned bulker, whereas the vast
majority have single side shells whose weakness to prevent
water ingress in later life has been conclusively shown to be
the most important initiating cause of the majority of losses.
Calculations and evidence convincingly ruled out this possi-
bility for the Derbyshire. Secondly, the Derbyshire had dou-
ble-skin transverse bulkheads more than strong enough to pre-
vent bulkhead collapse and the progressive flooding which has
so often been the final act in many bulkers. Thirdly, Derbyshire
was only four years old, whereas the majority of bulkers lost
were over 15 years old. However, the lessons from the Der-
byshire of hatch cover weakness and vulnerability to flooding
at the fore end and aft end is transferable to bulker design gen-
erally.

Finally, T agree with the MFP recommendation that these
ships should be able to survive longitudinal bending in the
flooded condition. In the case of the Derbyshire she would have,
but this may not always be so, especially for older corroded
ships.

William O. Gray: Because of their vast and relevant expe-
rience, and to create a more international team, I had hoped to
include William Gray and two retired USCG Admirals, Robert
Price and Eugene Henn, to help in the final survey of the Der-
byshire. Regrettably, this was not approved.

It is therefore particularly pleasing to have such a consid-
ered and supportive contribution from William Gray which
neatly summarizes the main historical design weaknesses and
the shortcomings of the official report. As far as the official
suggestion of crew negligence is concerned, based on the al-
leged “unsecured” stores hatch cover. it is highly offensive
and untrue. The evidence, when properly interpreted, indicates
ingenuity and good seamanship in preparing for rough weather
(see Section 5.3 C7 under Deductions From Evidence Tth in-
dent).

Gray also makes an important general point, with which [
totally agree, that ships should not be designed for a specific
trade and route as they seldom spend their lifetime in it. For
this reason, the survivability and operability envelopes devel-
oped by Buckley (and finalized with him in a joint 1997 pa-
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per) represent global conditions for the design of unrestricted
operation ships.

It is of course flattering to be compared with Conan Doyle.
But Sherlock Holmes was fortunate in creating or finding proof
that did not require long drawn out and adversarial court pro-
ceedings. I fear this may not be so during the next formal in-
vestigation which is expected to start early in 2000. Vested in-
terests may still cloud the truth, as happens so often. However,
I have been told (in July 1999) by the Attorney General’s of-
fice that this paper and its discussion will be important evidence
and that I will be a key witness. So | am now rather more
hopeful.

Dr. C. W. B. Grigson: Christopher Grigson spent much of
his life in the design, operation and service feedback of VLCCs
and other large ships. His perceptive contribution is very rele-
vant. Like that from Gray, it offers no criticism and raises no
questions. But it prompts me to make three comments.

First, Lemma 5 is really not mine but Grigson’s! He sug-
gested it when he read the first draft of my Section 5.5 which
distinguished between initiating and terminal events.

Grigson’s last paragraph refers to a letter read in the House
of Lords from Miss Glenda Jackson, the Shipping Minister,
when the Government changed and the DoT became the DETR.
I wish to record that the article, which is alleged to have given
the DETR such displeasure (Faulkner 1997b), was written be-
fore undertaking the final survey of the Derbyshire and owes
nothing to it. It responded to the tragic loss of the bulker Leros
Strength in February 1997. Moreover, extracts quoted from the
previous Derbyshire experience were from papers by myself
and others published with DoT approval.

Finally, I would not and did not resign because of any dis-
pleasure I may have given to the DETR. The Department had
denied me access to survey photographs and it became clear
that they wanted me out of the way. The real reason for this
became clear later.

Charles V. Beits: As Charles Betts was one of the brightest
students it has been my privilege to teach, I welcome his more
philosophical yet relevant contribution. I have answered his first
point regarding my differing views from the other two asses-
sors in my replies to Caldwell and Grigson.

Betts refers to cracking at frame 65. Pre-existing cracking
was certainly not ruled out and indeed exists in the wreckage,
together with evidence of bad workmanship in the vicinity.
But it is any subsequent separation at frame 65 which Betts
questions, and my brief response related to ruling this out is:

« In 5.3 the first bullet in C1 provides the evidence which,
with Lemma ], absolutely rules out separation before sink-
ing. I am not sure I can explain this more fully, except
perhaps by referring to the contributions by Garzke, Gray
and Grigson.

Betts is correct in supposing that the close proximity of
the stern and bow sections on the seabed would indicate
that both would have sunk more or less simultaneously.
If they were separate there can be little doubt the stern
would have sunk very quickly, but the remaining intact 230
m of the ship would stay afloat much longer before being
overwhelmed, »ven with the modest bow flooding that is
likely to have occurred. The behavior of the stricken sis-
ter ship Kowloon Bridge is an example, and there are oth-
ers (see the Inoue discussion).

Moreover, it would be likely that the bow section would
almost certainly come beam on to the wind and not re-
main in the hove to position seen on the seabed.

Betts is right in saying many ships are lost without known
cause. But, as Caldwell points out, there is very little ev-
idence of primary hull failure being the cause—even less
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for a separation at the stern. The explanation is much more
likely to be rapid sinking once no. 1 hold is breached
through weak hatches or sides.

However, the first reason is also used in the official report and
is now widely regarded as sufficient to rule out the frame 65
scenario. The families appear to have accepted it. Incidentally,
the official report shows that most of bulkhead 65 was found
(about 85%) and that the line of deck fracture fore and aft of
frame 65 jumped all over the place and was consistent with
the sequence of implosion/explosion actions.

Finally, regarding the Bishop et al analysis, the “horns of
stress” toward the ends of the ship have been shown to be al-
most entirely due to still water loading, and are not particu-
larly high. However, as Betts implies, the Bishop et al 1991
RINA paper did demonstrate the threat arising from the likeli-
hood of bad workmanship. Many ships have similar design
faults which must surely be improved.

H. Inoue: Hajime Inoue is a former Director General of the
Ship Research Institute, Tokyo. He provides useful additional
information relating to the loss of the 50 000 dwt bulker
Onomichi-Maru which lost its bow from slamming actions, also
in 1980. The three reasons this scenario was not considered
for the Derbyshire are:

* She was a much heavier fully laden deeper draft ship whose
dynamic response showed very low likelihood of slam-
ming.

» Nevertheless, wave impact calculations were undertaken
during the Lord Donaldson Assessment (1995) which
showed that, even allowing for possible deck corrosion
(scenario C6), there was plenty of reserve strength against
total separation of the bow; it was nevertheless accepted
that local dynamic-induced cracking of shell plating might
occur (and there is some inconclusive evidence for this in
the official report).

« At that time it was already known from the 1994 ITF sur-
vey that the bow was close to a lot of the wreckage plus
strong circumstantial evidence that the stern was only 600
m from the bow.

This last finding would not be expected if the bow broke away;
there would also then be more chance of a distress signal be-
ing sent and received, and for lifeboats and rafts being launched.
I apologize that this was not referred to, mainly because it ap-
pears in a limited distribution report (D. Faulkner and R. A.
Williams, Lord Donaldson’s Assessment (Derbyshire), Report
Findings of the Technical Assessors, September 1995).

Mr. Inoue’s explanation as to why some of the hatch cov-
ers were found folded outward is essentially correct, the large
escape of air from the imploded/exploded compartments would
have blown out any covers which may have been lodged in
the hatch opening. But it does not follow with certainty that
such covers were not broken by the waves, as they too might
have been jammed in the hatch opening.

Douglas Brown: Two related and extremely perceptive ques-
tions are asked. It was not part of the final survey plan to ex-
tend the search back along the probable track of the Derbyshire
from her last reporied position. However, had we not found
all the hatch covers, for example, then a wider search along
such a track would surely have been undertaken.

But, the survey plan did include examination of the “Anom-
alies” to the southwest. Sonar images from the ITF survey sug-
gested that these might have been a small ship or parts of a ship.
In the event these were viewed and found to be volcanic mounds
and pillow lava streams. Fortuitously, the route to the Anom-
alies was more or less back along the probable track of the
Derbyshire.
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A subsequent examination of these particular records re-
vealed a sprocket wheel which is attached to a hatch drive mo-
tor. It was found about 4 km away from the remaining wreck-
age which suggests that it became detached from the ship not
less than 30 minutes and not more than 1 hour before it sank.
This is not mentioned in the official report but is in keeping
with my additional loss scenario C14. It may have been struck
and detached by a breaking wave, or by the loose starboard bow
windlass before it was swept overboard. This chance finding
is regarded as being very significant as it implies substantial
weather or mechanical damage to a hatch coaming.

Dr. Carle Arne Carlsen: Dr. Carlsen’s very supportive and
comprehensive contribution on behalf of his DNV colleagues
is most welcome. It is perhaps the most important of the many
excellent contributions. I am naturally pleased to learn that DNV
in particular, but also IACS, have and are reacting positively
to several of the findings.

The reference he quotes has been followed up. However,
while the pressure heads quoted have been increased from the
ILLC requirements by a factor of about 3 based on tank ex-
periments, the stress based safety factor has been halved! Thus
the hatch cover strengths are only increased by about 50%,
which is far from adequate. This matter will be taken up with
IACS. I would also reiterate my belief that elsewhere along
the length of the ship hatch cover strength should be increased
by a factor of at least 2.5. [ am pleased to note work has started
on hatch coamings.

The studies of ship bending moments from unusual large
typhoon waves are most welcome. It is to be hoped that the IACS
working group results for Typhoon Orchid will be more fully
published than in the reference quoted. I believe that worse wave
bending conditions may well be experienced in northern and
southern latitudes away from the tropics when these cyclones
migrate north and south and can draw in energy from other de-
pressions. Steep, elevated ship length waves can be generated.
The 1995 experience of the QEII is probably a good recent ex-
ample. I agree entirely that more refined analyses are needed.

Support for the FSA risk matrix is welcome, but I am par-
ticularly pleased to find such strong support for formulating
guiding principles for forensic analysis of shipwrecks. The
SNAME Marine Forensic Panel is in a good position to un-
dertake this, and I would gladly help in this.

Walter M. Maclean: Prof. Maclean’s contributions are al-
ways welcome because he quotes relevant service experience,
and has served at sea himself.

Although his first example ended in a loss with all hands I
do believe the master took the right course of action in turn-
ing to run with the sea. The ship’s alarmingly rapid disap-
pearance “in less than a minute” is a characteristic of ships
with serious fore end flooding (Brown, 1997). It is hoped that
IACS and IMO put out a directive for bulk carriers to avotd
serious storms until their hatch covers have been changed or
substantially strengthened.

Walter Maclean’s comments about improved weather fore-
casting are certainly encouraging, but it is the weather routing
advice which may also need to be improved where safety in
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potentially extreme seas is at stake. Emphasis still seems to be
on economics and time.

I do not know the answer to his third question regarding
design of bulkheads to resist sloshing loads. Ten years or more
ago it was not adequately treated in ship rules. The recent IACS
strengthening requirements for bulk carriers may be adequate.

Verbal Discussion: There was unfortunately no time for dis-
cussion of the paper from the floor. In talking to people there
appeared a common wish to see a more direct comparison of
the notional probabilities of fore peak flooding and collapse of
no. 1 hatch cover from bow waves. For the same assumptions
this would provide valid comparisons to illustrate the difference
in emphasis between this paper and the official report. Tables
3 and 4 help, but I now include Table 6 in which I use the
same notional density function and mix of waves for the two
phenomena.

It follows from Table 6 that allowing for trim changes from
fore end flooding only increases the notional p; for no. 1 cover
by less than 5% in 3 hours (from 90% to 95%). For longer peri-
ods py is effectively 100% and bow freeboard reduction due to
possible flooding is limited to 1.2 m, which is barely significant.

Some people do not like the word “Abnormal” applied to
waves. Lord Donaldson disliked the more widely used “freak
wave,” as does W. H. Buckley who prefers Episodic waves.
Several mariners regard such waves in extreme storms as “nor-
mal,” in the sense that they certainly occur! However, I be-
lieve the words “normal” or “operational” are generally accepted
as conditions which ships are presently designed for. My pref-
erence for exceptional seas is to use the words survival waves
which require additional safety checks in design and operation
(Faulkner and Buckley, 1997).

Finally, I thank all the discussers whose contributions have
either provided new data or thoughts or have in other ways
substantially enhanced the paper. The very high measure of sup-
port for its findings is particularly gratifying.

Table 6 Relative Probabilities for Flooding
of Fore Peak Spaces and Collapse of
No. 1 Hatch Cover (p; = p.) for Various Periods

Scenario D=IHr D=3Hr D=6Hr
%Fullness of FP Spaces:
Ballast Tanks 7.4% 48% 100%
Bosun’s Store 40.5% 100% 100%
Engineers’ Store 30.2% 100% 100%
Freeboard Reduction at
No. 1 Harch: 16.8cm  503cm 117 cm
6.6 in 27.7 in 46 in
HC Collapse Probabilities:
Linear Waves Alone 26% 58% 82%
Nonlinear Waves Alone 99% 100% 100%
Mix of Waves 81% 90% 96%
Mix of Waves with Trim 82% 95% 100%
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