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Abstract

In many military operations, weapons safety is campsed by ‘degraded modes of operation'. Thessitrations
in which personnel must find ‘work arounds' for thany different routine failures that complicatditaiy life. In
most cases, these ad hoc adaptations do not threafety. However, if these failures are not assld they can
gradually erode the barriers and other defensivasores that prevent casualties from occurring.is Plaper
analyses a recent accident that led to the dedttveoomembers of the UK Royal Navy on-board a sutimeathat
was participating in under-ice training and tadteaaluations with the US military. We show thagdaded modes
of operation not only contributed to the causehig ficcident but also complicated the responske@mergency.
The key insight from this study is to reduce thier@ance to routine operational failures in manyitany operations
so that personnel are more likely to rectify protderather than resort to ‘work arounds' that jediparsafety.

Introduction

Many safety-critical subsystems have a mean timé&itare that it less than the intended operatidifal of the
applications that they support. In such circunstan designers and operators must work togethengare that
maintenance intervals are scheduled so that drit@aponents are repaired or replaced before thiey However,
the shorter the maintenance intervals then theehitite costs will be. There is an incentive tagéntervention as
late as possible without jeopardizing safety. Omseib-system has failed, the same financial pressan persuade
managers to find ‘work arounds’ or ad hoc patchet €nable operations to continue. In other woogerators
learn to maintain system functionality under ‘detge modes of operation’ (Ref. 1, 2, 3).

In military systems, these pressures are consitierabre complex. For example, operational constsacan
prevent personnel from replacing failed compon#ms must be delivered along extended supply chaifkis is a
particular problem in naval operations in remotgans where it may not be possible to source reptent parts for
weeks or months at a time. The pressure to maifitactionality in the face of sub-system failurean also be
exacerbated by operational requirements in thd.fiflhe risk of working without any ground to aiissile systems
might, therefore, justify the continued operatidran application even though there may be well-kmdawults with

that platform (Ref. 4). Partly in consequence, ynanilitary organizations rely on training and daogr to help

personnel find ways of working around design fldahat were not adequately addressed during the pFomnt of
complex systems (Ref. 5).

Summary of the Case Study: This paper uses a recent case study to illustfeteinipact of degraded modes on
military operations. In particular, it focuses affiatal incident involving Her Majesty’s Ship (HMSireless while
the submarine was on deployment (Ref. 6). Two neembf the crew were killed and others were injire@ihe
incident occurred while Tireless was taking paraimunder-ice training and tactical evaluation eiserclose to the
US Applied Physics Laboratory Ice Station in thertN@f Alaska. At the time of the accident, thdmiarine was
following Standard operating Procedures (SOPs)guSelf Contained Oxygen Generators (SCOGS) to wuairihe
oxygen level in the vessel. SCOGs contain a migaafium chlorate and iron powder or of potassiuih lghium
chlorate. When ignited, the mixture smolders atuali®0 °C to produce sodium chloride, iron oxide amxygen.
Given the temperatures involved, SCOGs must beldtesi to maintain the reaction temperature andratept
surrounding equipment. Tireless was using thesi&ee because the primary oxygen supply reliedoandressure
electrolysers that were liable to trip if ice forni@ the hydrogen discharge piping. The two cremimers who were
killed in the incident had been qualified to opertitese SCOGs having conducted maintenance presedomany

! The number of injured and the nature of their rieisi was redacted from the published findings ef Board of
Enquiry for reasons of confidentiality and security



occasions. They were responsible for training otheembers of the crew on their operation. At 19:56
approximately an hour before the watch was dueéhtmge, these was a loud bang heard throughoutibreasine
(Ref. 6). The forward end of the vessel filledhnsmoke. This triggered both a fire alarm. Tled alarm was
also raised because the explosion was sufficiemntefiress the manual flood alarm button in the Fadvigscape
Compartment (FEC). From this point on it took 4ihutes for personnel to regain entry to the FECreftiee two
victims had been working. The hatch doors leadiogn the forward bunk space to the FEC were blahat
causing them to buckle and to jam in place. S#vemall fires were started, probably from poolssoflium
chlorate and iron fillings that were scattered witlem SCOG exploded. A far more serious incidenticdave
occurred if other members of the crew had not tgdtempt action to extinguish these fires.

Immediate Causes of the Accident On-board HMS &a=l

A number of theories were put forward to describe ¢ausal mechanisms that might have led to thielexcon
HMS Tireless. One suggestion was that the exptosartridge, which is used to initiate the SCOQGtiea, could
itself have ruptured the canister. However, tgstihowed that the blast generated by these dew@agsnsufficient
to cause such a failure. Water contamination Wss discounted. Water ingress might have causpdtential
accident through over-pressurization from the fdiomaof steam as the SCOG reaction continued. Mewehe
Board concluded that this could not result in thplesive fracture that was seen in the Tirelessdact. Blocked
vents might also have led to the rupture of thestanfrom a buildup of internal pressure. Howevkis also would
not have had the force witnessed in the ForwardaEscCompartment. Physical damage to the sodiunrathl
block and manufacturing defects, including an iasesl concentration of iron filings, would not hawvereased the
stored energy in the SCOGs to the point where #madie would be consistent with that witnessed oeldss. It
was concluded that the only ‘plausable’ cause weasarnination of the sodium chlorate block by anaoig liquid.
In particular, oil contamination might have occuarmehile it was stored on a submarine. Unfortunatiélwas not
possible to be more precise about the source df aygroblem; “due to the patterns of logistic mamagnt of...
SCOGs, the SCOG that exploded may have been entbankkdisembarked from many different submarinésrbe
its use in Tireless” (Ref. 6). Contributory factoincluded potential cracks in the sodium chloralieck and
‘constraints’ imposed by the location of the SCO@der. These physical issues were, in part, gsult of
deficiencies in the ‘acquisition, manufacture, s@ort, storage, stowage and logistics managemethteocSCOGS’
(Ref. 6). Hence this incident provides many lesdtiat can be learned about the contexts in wheginadied modes
of operation can gradually erode the safety oftariji operations.

SCOG Procurement, Degraded Modes and Risk Assessmen

In the late 1980s the UK Ministry of Defense formibd Submarine Secondary Improvement programmectease
the 3.5days of emergency oxygen that could be gdeavby existing oxygen candles. It was recognthetl some
rescue scenarios might require up to 7 days of@xydn consequence, a revised design was subruttiéeg MOD
for a Self Contained Oxygen Canister producing axiprately 30% more oxygen than the candles. Howehe
evaluation trial led to two incidents in which afmtype SCOGs caught fire and another ruptured &dmild-up of
internal pressure. In the mid-1990s, a revisedgdesas submitted and this successfully passe@dsbeciated test
programme. This was designed under the requirenoértsint Service Publication 430, a standard desg Ship
Safety Management for the UK Ministry of Defengesafety case was, therefore, developed from aerafiazard
review meetings and workshops. The subsequentdBoflnquiry describes how the safety case asdetse
contamination of a SCOG as “non credible due tagte@non credible’ is described as ‘extremely kgly to occur
during the operational life of the unit’)” (Ref. .6)It did not consider the possibility of contantioa during
transport, handling and storage. However, docuatiemt produced after the Safety Case did explicitlyrn
personnel of the potential hazards of contaminatinoluding the operating document BR1326 Submadire
Purification Manual and in Planned Maintenance Doentation. The safety case did not consider thenpial
consequences should a SCOG explode during operati@onsultations took place during procurementuabo
whether the materials in these devices could domstan ‘explosive store’ on board a submarine.wéier, the
Defence Ordnance Safety Group rejected this byirgagihat the Mk V oxygen candle, which it replace@s not
classified as an explosive. Self Contained Oxy@enerators were introduced on UK submarines ir82®imilar
devices have been supplied to Australian, Frendh . naval forces.



Previous SCOG Incidents and Tolerance for Degradiedes of Operation

There is a long history of incidents involving deag similar to those involved in this accident.tHa 1980s, the US
Navy suffered two ‘oxygen candle furnace fires’ @opanied by explosions that were ascribed to hyttmm
contamination of the devices. The Mir Space 8ta#ilso suffered significant damage from the coirtation of an
oxygen generator; part of a latex glove was leftda the device during manufacture. However, digtanodes of
operation are often characterized by a willingrtessiaintain levels of service even though crewmesiaee aware
of continuing problems with the systems that thpgrate. The Naval Board of Enquiry found evideofta number
of previous incidents involving the Self Contain@dygen Generators on Tireless even during the gemat in
which the accident occurred. These included adirgng which a continuous 4 inch flame came fréma outlet
ports shortly before the device was successfulijteg. The crew tipped the SCOG into a bucket afewuntil it
was extinguished. 7 of the canisters misfired watk subsequently reignited. Another device oot to ‘rattle’
in its holder after being ignited.

An examination of the Navy's S2022 reporting systdound several incidents in which SCOGs had faiteignite;
recommendations focused on reducing the shelbfifine cartridges that were used to trigger thersbal reaction.
The reporting systems also provided informationualmore serious incidents. These included firesibMts Superb
(January 2006) and two incidents on HMS Trafalgact¢ber 2004). The first fire on Trafalgar was exsally
serious because the canister became so distorédt thould not be removed from its holder. Thapered
attempts to extinguish the flames. In the secaowident during October 2004, molten materials betgadrip
through holes on another of the SCOG canistersoamndbTrafalgar. These incidents are significatause they
show that crewmembers continue to entrust thedslito devices which have already failed. It dlsstrates how
multiple incidents can stem from problems that @pge be common across a batch of canisters. Tmelfanzturer
identified flaws in their production processes aedalled 294 SCOGs from four different productiong. All of
these canisters were found on board the Trafalyarhad already been used. The submarine wasearttetand all
of these suspect SCOGS on return to the UK sahlegtcould be withdrawn from service.

Following the incident on the Tireless, attemptsev@ade to ensure that the SCOGs from these faatthes had
been destroyed. 103 were found in stored at Dewdmaval base, 49 were still on the Trafalgawak on HMS
Vanguard, 2 remained on HMS Tubulent, 1 was founa dangerous waste store and 48 remained unaecofant
The investigation also heard that around 1,000stars previously been sent back to the HazardousteABtore as
being unfit for purpose. However, in November 2@0® majority had then being returned to the suppbin. This
had taken some 6 months before the incident orléBse The decision to mark these SCOGs as sebliceas
made following a visual inspection. These canssigere supposed to have a shelf life of 10 yearbaard a
submarine and most were no more than 5 years hleisé events serve to demonstrate that the logis@magement
of SCOGs has been poor. It is possible, but cabegiroved, that a number of the unserviceable SC@EGalled
following the Trafalgar incidents were amongst 550 ... received by Tireless off Hebruary 2007 prior to sailing
for the ICEX” (Ref. 6).

There was also evidence that a number of previQ@&incidents had gone unreported. This is sicguifi because
one of the critical problems in combating ‘degradeddes’ of operation is that operators may not tstdad the
risks posed by equipment failures. They may bacsmstomed to using ‘work arounds’ and other foofnsoping
strategy that they do not file incident reporta. cbnsequence, higher levels of command may htileitiea of the
problems that occur during operational servicegetisely why submarine personnel are under-reporsirgmatter
of conjecture but it is the opinion of the Boardattlthe S2022 reporting system has its shortcomi(gef. 6).
Disillusionment and under reporting are charadierisf adverse event monitoring systems when sedéive little
feedback or suffer long delays before their coneane addressed.

The Logistics and Management of SCOG's in Degrddedes of Operation

Submarines typically carry SCOGs for two differeatposes. They are either stored for escaperdrefady use’.
Escape devices are stored in purpose built seaté@ s in the vessels escape compartments. Theayanormally
taken out except for an independent inspection woted each year as part of the submarine’s esaafie aAfter



the accident, an inspection of these emergency SQGhe Tireless showed that they were intacthaadnot been
damaged. In consequence, attention began to fottlee management of the ‘ready use’ devices. sd here kept
in the engineer’'s store and a forward naval stbe¢ had been fitted with appropriate fixed spragteys. The
‘ready use’ SCOGs were intended for operationalatibns such as under ice exercises. They werstacgd in

purpose built containers. In contrast, the cardibgsackaging was often removed before they wergvexo

Following the incident, it was determined that Fieeless carried more than 700 of these ‘ready dseices. A
sample of 258 were inspected, of which 59 (23%) beeh burned while the remainder had not been uidd.

(57%) had suffered some form of physical damage(2426) were not fully sealed, 71 (28%) showed sighs
corrosion, 27 (11%) had suffered ‘gross contamimativith either oil or grease (Ref. 6). The boaahcluded that
Tireless and a number of other submarines will Haaen using ‘ready use’ SCOGs in a similar condjtjmsing a
considerable risk to continued operations.

The opening sections of this paper argued thatamjlipersonnel continue to exploit ad hoc ‘workuends’ that
enable them to maintain operations in the faceonttioued system failures. In the case of the Selftained
Oxygen Cannister’s, these coping strategies cgmabt@lly explained by the lack of safety warnimgsmany of the
devices. Screen printing techniques had been tasetark the SCOGs. Many of the warnings had babbed off
through contact with other surfaces or with conteamis including water. These problems have bemerknown
to the UK Marine Forces Marine Environment Surviliasband Habitability group (MESH IPT) and remedieere
sought to address the problem on remaining casistéhe subsequent enquiry traced the deliveryGdSs back
into the supply chain. It was found that the N&&#®res at Devonport provided a broadly approprfatility for
housing the devices after they had been delivexad the manufacturer. These were then deliveredesnand to
the submarines in the flotilla that needed theroweler, ‘their dangerous goods classification appé&o have little
or no impact on how they are transported to anchfsabmarines’ (Ref. 6). The subsequent investigetiund that
the canisters for the Tireless had remained uneoven a jetty from the'5until 19" February before being
embarked into the submarine. While those forHIMS Vanguard had remained uncovered at Devonporjufi
under two years before being investigated by Exyéssand Health & Safety Officers.

An important technique for reducing or mitigatirige thazards created by degraded modes of operattorprovide
staff with explicit opportunities to raise conceatsout problems with the systems that they mustatpeHowever,
the only opportunity to reject SCOGs was when tiveye receipted after delivery to the submarine. eNiolence
could be found that this happened across the Navywere personnel trained to identify whether or a@anister
was serviceable. The guidance that was availabteamgbiguous because it did not explicitly statedtiteria for

acceptance/rejection of the devices; “over the smwf the investigation..., the Board has formed viesv that

complacency had set in since the introduction efSICOG in 2003 and personnel were less cautioustitey had
been with the previous Mk V. oxygen candle. Desfitepresence of warnings about the explosivemiskented by
contamination with organic material there was nal experience or understanding within the MOD dft jnow

violently a contaminated sodium chlorate candlddogact” (Ref. 6).

Degraded Modes of Operation, Trust and Redesign

Previous sections have described how SCOGs weyeuseld as a secondary from of oxygen generatitthwas

well known before the mission that the primary sgstwould not work at depths shallower than 150rsdbecause
the electrolyser hydrogen discharge would freezsiog the system to trip. This concern was doctetkim a Fleet
Publication Notice (FPN 27) and partly explains whyeless had loaded additional SCOGs before Igafan

under-ice operations. In other words, the crewdffiders as well as many others in the Navy mansegg structure
understood that their electrolyser system wouldperating in a degraded mode for long periods efrttission.
The Board, therefore, questioned whether modificeticould not have been made to extend the opgnatitge of
the primary oxygen systems. This, in turn, wouddiuce the reliance on these canisters and would freed

additional stowage to improve the care for the mahber of ‘ready use’ SCOGs.

The Board of Inquiry argued that sodium chlorateht®logy continues to provide adequate protectioritfe crew
providing that an assessment is conducted so phapéer risk mitigation to prevent liquid organicntamination is
applied to any future system’. If this is donerttilee board argues that any recurrence of theeBisghcident would
be very unlikely (Ref. 6). They conclude that #héschnologies remain an acceptable secondaryeofimxygen
production for submarine operations; given thatabsociated hazards are no greater than thosentgedey other



equipment on the submarine. However, this formeakoning seems remarkably similar to the argunteatsvere
used in favor of retaining the same explosive diaasion for SCOGs and Mk V Oxygen Candles. ThHe(&ss
were no more dangerous than the candles. As we $@en, however, they exhibited different, morplasive
failure modes during this accident. Further cé&ean be raised about the continued reliance diusochlorate
technology in missions similar to the ICEX. Praisosections have described the limitations of lowsgure
electrolysers. It might, therefore, be argued smatium chlorate technology becomes the primariesysvhen the
electrolysers fall into degraded modes of operation

The investigation report goes on to note that nmrmmariners have become suspicious of SCOGs anhth#haare

now unwilling to light them. In the aftermath difig incident, steps were taken to remove all ofekisting design
and replace them with a revised device. The Ba#sd noted that it will be necessary to ‘undertakall internal

public relations campaign, possibly including arde of name, before a reintroduction into senicednsidered’.
These are significant observations; they reveal dbesequences that arise when crewmembers undérgtan
potential hazards from degraded modes of operatibis regrettable that these dangers are ofteriutly realized

until accidents have jeopardized the lives of madjviduals.

Degraded Modes and Dimensions of Coping

As mentioned in previous sections, there is oftecullure of ‘making do’ within many military orgazations.

Teams are encouraged to use their initiative t ftoping strategies’ that respond in flexible waysinanticipated
systems failures. The key argument in this papehat individuals must be encouraged to raise exmscwhere if
such failures create unnecessary risks that camaitily jeopardize successful operations. The ipusvsections
have focused on problems in the handling and pement of Self Contained Oxygen Generators. Howedkhese

issues cannot be viewed in isolation.  Thisureliof coping extends across multiple platforms systems. For
example, the investigation into the explosion anbsequent fires on Tireless found several othemples of

applications where the crew worked hard to overcdesgn flaws.

Inadequate Emergency Breathing Systems. A number of coping strategies had to be deployedhbycrew in the
immediate aftermath of the incident. In particulab personnel were forced to don breathing appsiit the
Forward Bunk Space as it began to fill with smokd &isibility was reduced to less than half a met€hey could
have chosen to use self-contained Emergency ERra@ag¢hing Devices. These were available and weeeifically
designed to allow escape from a smoke filled cotnpamt. However, the formal investigation notest tteese
devices were relatively complicated and that cremibers has ‘a lack of confidence in it and an immatdi
preference to seek the Emergency Breathing SysEBE)Y. This was a tethered supply that imposedemor
restrictions on crew movements around the nozzlerevthey could access the masks. These observabout
the Emergency Escape Breathing Devices demonstrateéhere are limits to the coping strategies thams will
employ — devices may be so complicated to opehaterather than find was of simplifying their useividuals will
look for alternatives such as the EBS masks.

The Emergency Breathing System masks were storledkers and these had to be emptied out befosediald be
distributed. Not only were there insufficient madkr all of the crew in the bunk space. Thereeasot enough
PCL (Pneumatic Components Limited) couplings faenthto attach their breathing apparatus to the Eamesg
Breathing System. When access to the Forward EsCampartment is closed off there is only accesE3t®CL
couplings for the 35 crew who are located in thevéwd bunk-space beyond the 29 Bulkhead. In apresece,
some of the crew were forced to use a ‘buddy systerthey shared their masks. Others decidedawlaut of the
compartment beneath the smoke. It was fortunae ttie submarine officers determined not to cldse 29
Bulkhead otherwise there might have been greatalittes amongst those who were forced to cope \with
inadequate number of marks and couplings.

This incident also revealed further problems witea Emergency Breathing System couplings. Theseetns are
important because they illustrate how degraded mofl®@peration may only be identified for some egs during
extreme situations in which the crews are leaspamedd to devise coping strategies. There weredifferent
designs for the PCL couplings. A more modern wersequired both hands to plug or unplug the useBsk.
However, the older design only required one handhadke the connection. These differences werdcpéatly
exposed when personnel moved rapidly from one iposib another in the vessel. In many situatiomgividuals



who were carrying critical equipment had to puddivn to disconnect the hose, move to their newtiocaput the
equipment down and then reconnect before pickinghepequipment again so that it could be operateld.is
difficult to underestimate the additional workloddat this created in cramped conditions with lowihility,

especially when crewmembers had built up experiém¢be ‘fleeting’ one-handed operation of the oldeupling
devices.

Interactions between Degraded Modes and Training: The difficulty in connecting and reconnecting toe th
Emergency Breathing System were compounded bykadbeappropriate training. The detonation of 8€0G
created a situation in which smoke rapidly accumeglan several areas of the submarine. The suksé@nquiry
notes that “neither the pre-deployment trainingkpge nor general ...safety training exercises a siendereby
such a large volume of the submarine atmospheoaiti®f specification from the onset” (Ref. 6). Jhireated a
mismatch between the conditions that the crew bagk$pond to and their previous training — in otlwerds the
environment following the incident itself createddegraded mode’ of operation that forced a ranfyeoping
strategies that had not been considered in trainiRgr instance, standard emergency station acfmrssed on
getting dressed and stowing loose gear. Thesenaatere inappropriate, if not impossible, withfitgt obtaining
and then connecting their Emergency Breathing Gystasks.

Improvised Emergency Egress/ingress Equipment: Other evidence of degraded modes of operation easebn in
the attempts that the crew made to open the hatohsdo the Forward Escape Compartment (FEC). & hese

buckled by the force of the initial explosion.wlas critical to open these doors as the surviviegeanembers in the
FEC struggled to put out fires that had been stdrtethe material that had been propelled fronrtiptured SCOG.
However, members of the damage control team foudifficult to locate appropriate equipment thaghtibe used
to gain access; “to open the hatch doors to the HiitiZing various pieces of equipment as improgiseols” (Ref.

6). There were insufficient crow bars and hacks#ngsspeed egress from the compartment. One rdasdms is

that the damage control scenarios used in traifingubmarine crews did not make as extensive fitfeese tools
as they did in the surface flotilla. The resceants were forced to remove a ladder so that thel @xcess the
buckled hatch doors. Crewmembers managed to stardtums and peer into the FEC where they coulal§in
assess the extent of the injuries to their colleagand also pass on information about the damagggect by the
SCOG. Some 44 minutes after the initial explosibe, crew managed to force one of the hatcheseirofiposite
direction to the way in which it normally would fewpened and then tore it from its hinges. Theldadvas

replaced and teams finally could enter the FEC.

Problems with Firefighting Equipment: Firefighting efforts were also hampered by equipn@oblems. A Self-
Contained Firefighting Unit (SFU 90) was inadvettgudeployed after the fires had been put out mEEC. The
crew struggled to divert the jet along 2-Deck amehtdirected it into the Junior Ratings bathroofs individuals

worked to stop the unit, the nozzle detached frioenhose allowing water to flow freely. Althouglistimight seem
like a minor issue, it is important to reiteratatttihe crew were working in cramped conditions eathing

apparatus without many of the usual communicatsystems with reduced visibility. The failure b&tnozzle was
also important to the subsequent investigation lm# had already been modified following a simiélure during

a fire on HMCS Chicotimi in 2004 (Ref. 6). Foraialy, several of the crew on Tireless worked togeto

improvise a solution and put a kink into the hosat tcut the flow while their colleagues isolateé gupply on
another deck. Once this was done, the unit wantsdk the senior ratings’ mess so that the missozgle could be
repaired in case the unit was required again.

Communications Failures: Communications systems are essential in coordipatiy effective response to adverse
events, such as those that affected the TireleSte failure of these applications creates twoeddht sorts of
problem. Firstly, crew members must find improdis®lutions to restore contact with their team mat8econdly,
the lack of efficient communications channels alstays or frustrates attempts to coordinate alflexiesponse to
other systems failures. Both problems are appanethe aftermath of the SCOG incident. Immedjatdter the
explosion, one of the crewmembers who was trappethé Forward Escape Compartment (FEC) heard the
telephone next to the Forward Escape Tower ringinghe handset was missing. He then tried tdlsidandset in
the canteen area at the other end of the FEC Isutvets broken. In such circumstance, sufferingifisorientation
after the blast, injured and still trying to figthte fires, he could not find a suitable ‘work arduto communicate
with other areas of the vessel. Eventually, héizea that there was someone calling to him fromdkher side of
the buckled hatch.



The damage caused by the blast also illustratesr athys in which adverse events create degradedesnofi
communication. One issue was that the ward ralbea fwith smoke and key officers (DCHQ2) had tovado the
Switchboard Room. This created problems for ottrew members who tried to relay information to them
Sometime later, an announcement was made usingahebroadcast pipe that they could be contacteglephone
extension 234 so that a direct line could be eistaddl between the firefighting teams and their dmators. In the
meantime, crewmembers could not brief senior slaffut the problems that they faced in opening #iehes to the
FEC because the APL Cromwell VHF radio was not wayk The Board of Inquiry later concluded that ihedent
demonstrated these devices were not fit for purposethis case, however, they were able to idgraif'work
around’. Rather than using the wireless systbry were able to use the SR Mess DC Net telephygsters while
tethered to the end of a 7.5m breathing hose. Memvether members of the crew continued to try ase the
Cromwell radio system even though it was inopeeati¥urther problems arose because pipes wereiiautle to
the noise created by attempts to open the hatctbyride damage forward of the"28ulkhead. Again, the crew
was forced to improvise communications channelsraagsages were relayed between officers and #aédinting
teams by word of mouth.

These examples show that systems failures canectileatcatalyst or trigger that exposes problemmany other
applications. The damage created by the SCOGsexpbproblems in the storage and provision of enmesge
breathing apparatus. It also revealed the lackppfropriate tools for opening hatches. Theahiixplosion
damaged primary communications systems. In eathest examples, crewmembers found ways to ‘warkrat’
limitations either in the design or provision os®ms or from the damage caused by the incideotwveMer, it is
clear that these ‘ad hoc’, flexible responses nisy have exposed individuals to considerable riskhe decision
had been made to respond to the flood alarm byngjdke 28' Bulkhead then it is likely that more lives woulave
been lose from the lack of masks and couplinggedBmergency Breathing System. If the fire hadetigped then
the lives of the fire fighters might have been @nibfrom the communications problems that chandmtethe passage
of information by ‘word of mouth’ between differet#ams in high-stress situations.

Training Issues: Previous sections have associated degraded modgedtion with the failure of subsystems and
of particular components. However, crewmembemsilitary operations are often forced to find ‘wor&ands’ for
breakdowns and ambiguity in doctrine and the clidicommand. For instance, the Fleet produced aniha
Directive for Under Ice training. This made exieasreferences to a capability training directitatthad not yet
been published. Hence, senior officers had ta iefements of the Pre-Deployment Training scenariédeet also
developed Command Guidance documentation for Ulwdeoperations. This arrived too late for thegFGificer
for Sea Training to use it in helping the crew lué fTireless prepare for their operation. The SubmaaSupport
Integrated Project Team had reviewed previous naddensed to prepare for ice missions. They had aksessed
the previous guidance on environment impact. Hamethere was no coordinated safety review or asgessment
prior to the Under Ice deployment. In consequeitogas difficult for senior officers to determinghether or not
the crew of the Tireless had sufficient training flee range of hazards that they might be facel. wi particular
issue here is the need to maintain under ice e@gpért a crew given that there may be significategrvals between
these missions. Further problems were associatbdive reduction in pre-deployment training frormaximum of
5 days down to 3 so that Tireless could return kN8B Clyde for repairs. In this instance, not onligl system
failures force changes in the operational procesloreboard the submarine. It also forced the Blffiger for Sea
Training to improvise and find ‘work arounds’ indar to complete the necessary Pre-Deployment miguiwithin a
shorter period of time.

Conclusions and Further Work

In many military operations, weapons safety is campsed by 'degraded modes of operation'. Thessifrations
in which personnel are forced to find coping sae that help them deal with the many differenlufas that
complicate military life. In most cases, thesehad adaptations do not threaten safety. Howefi¢gnese failures
are not addressed they can gradually erode théetsaand other defensive measures that preventltiasufrom
occurring. We have illustrated these argumentsdberring to a recent accident that led to thettdeaf two
members of the UK Royal Navy on-board a submariaethe time of the incident they were participatin under-
ice training. The mission formed part of widertteal evaluations with the US military. Degradeadas of
operation not contributed to the cause of thisdemdi. Problems in the handling and storage of Gelitained



Oxygen Canister seem likely to have resulted isignificant liquid organic contamination of the SGGodium
chlorate block due to inadvertent ingress of odlide the SCOG canister’ (Ref. 6). These handlirectres
emerged as a means of coping with the need to foge numbers of SCOG devices for ‘ready use’ wthen
primary because the primary oxygen supply reliedoov pressure electrolysers that were liableimifrice formed
in the hydrogen discharge piping. In other wottig, incident stemmed from a fault in devices thamselves
provided a means of coping with problems in thenariy system for under ice operations.

Degraded modes of operation not only contributethéocause of this accident but also complicatedé¢lponse to
the emergency. Crewmembers were forced to findemaus ways of coping with design flaws in theirdihéng
systems. The Emergency Escape Breathing Devices sgecomplicated and difficult to use that teamefgured to
use the Emergency Breathing System even though tiere insufficient masks. Individuals also tadope with
numerous equipment failures — including the losghef Cromwell VHF and the difficulty of hearing tipéping
system over the background noise in critical acdabe vessel. Further problems stemmed fromdieré of fire
fighting and rescue equipment, most notably when rthzzle of the SFU-90 system broke in a similay ta
previous failures. In all of these instances, cneembers were forced to adopt ad hoc solutions lifited supply
of Emergency Breathing System masks persuaded smwemembers to crawl under the smoke while otbleased
their devices. The failure of communications systdorced teams to rely on word of mouth being @ésdong
chains from command centers to the FEC. Therfaibdi the SFU-90 nozzle was only rectified whenrt@aembers
put a kink in the hose to stop the water from aayfirther damage.

As we have seen, many of these ‘coping strateg@d’to be improvised in cramped conditions, witfhHevels of
noise, low levels of visibility and significant qut#ties of smoke. It can, however, be argued tioatrew will ever
be ready for incidents of this nature. Howeveis iclear that significant steps can be takeretor the lessons
provided by the Tireless incident. Firstly, marfytioe limitations of the equipment mentioned abaere well
known. However, information was not always prodde those who needed it most — for instance aborrect
handling procedures for the SCOG devices. Segptitire were significant weaknesses in pre-depémyrraining
that left the crew unprepared for many aspectdisfincident. These exercises had themselves tigtailed as a
result of systems failures, which forced the sulimeato return to HMNB Clyde. A key insight frorhig study is
that we must reduce our tolerance to routine ojmeralt failures in many military operations so tipgrsonnel are
more likely to rectify problems rather than acctm ‘work arounds' that ultimately jeopardize safethis applies
to problems introduced in the acquisition of mijtaystems, just as it applies to design failingsdling errors and
even the planning of pre-deployment training.
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