Underground Storage of ANE in Urban Areas: A Risk
Analysis Case Study

Summary

The EET (Explosives Expert Team) was asked to et@laptions for the storage of ANE
near/underneath downtown Stockholm. The standaich®fining Services (OMS) risk
analysis methodologies were inadequate in this. ddss was due to the potential
consequences being so catastrophic (potentiallgreals of fatalities and/or billions of
dollars of liability) that the lowest event frequaes ‘allowed’ by OMS were not low
enough for the potential consequence level to bepable. As well, OMS had no way to
estimate the surface effects in an urban environiwfea large explosion 20 — 30 metres
underground.

The Technology Group in Watkins (Denver), CO usdvhaced modelling tools to
estimate the surface effects of underground btasts developed a novel conversion
technique to translate the complex output of thel@hto Richter scale values. OMS ran
iterative analyses to determine the maximum stogagetity/configuration that would
generate an acceptable Richter scale value atutfecs. This provided the key
consequence factor for the risk matrix.

In parallel, the EET developed seven scenariosiwtiwered the complete process
(transport, storage, transfer and loading) and tfieththe risk level (frequency and
consequences) for each step of every scenarioeVdaation utilized the expanded risk
matrix that the EET had been developing, whichrekeel the standard OMS matrix both
to greater (worse) consequences and to lower fremgege This analysis showed that the
original proposal did not meet OMS risk criteriawever, three of the scenarios did
meet those criteria. The Nordics Business was diveroption of using any of these
scenarios to bid the various subcontracts forghagect.

Background

Underground tunnelling is an important businesdiegion in the Nordics area and is a
growing one in other areas as well. Starting inR@rica Nordics was very interested in
being the explosives subcontractor for the majpaesion of the Stockholm rail/subway
system. Initial product volumes were small but vabreamp up significantly The EET was
asked for permission to store 30 te of ANE direattgler the central rail station in
downtown Stockholm. This proposal met Swedish r&guy requirements.

However, the EET found this proposal to be unaa#ptdue to the potentially
catastrophic consequences in the event of the was& explosion, which were estimated



to be tens or even hundreds of fatalities anddnifliof dollars of liability, as well as the
‘destruction’ of our corporate image and reputatibme issue that the Nordics Business
faced after the initial refusal was that a) whatythad proposed met all regulatory
requirements and b) their competitors were undesuoh corporate constraint. They
would therefore be unable to compete effectivelysfach contracts as Orica was not
allowing the most cost effective approach to sémgsuch work. Therefore the EMEA
(Europe, Middle East and Africa) business, of whiod Nordics area was a part,
appealed to the EET to reconsider the originalgieci— at least to the extent of
determining what would be possible.

The EET, as well as the majority of the other OM®&t Teams/Expert Panels (EP),
was formed after the Lorena accident when it becalovéous that the organization was
failing badly at implementing/following/enforcing@ie systems and values. The initial
remit of the EET was to act as the policeman ferdkplosives business — but a
policeman with the power not only to enforce thiesubut to actually make them. The
original remit has largely been completed, althoafbourse it will never be completed
as the organization will continues to evolve andnsst the rules. During the rule making
phase, the black and white areas were easily sanedjlobal standardization of must
do’s and absolute don’ts implemented (e.g. BasBabéty, Engineering Standards) and
enforced (e.g. audits and action plans). There wweneever, a rather surprising large
number of grey areas.

These grey areas led directly to two initiativeisein by the EET. The first is the Joint
Hazards Program with CERL, which most SAFEX membelisbe familiar with given

the regular publication of results from that woskDr. Phil Lightfoot of CERL in the
SAFEX Newsletter. This initiative was started vepon after Lorena and has been of
great value to OMS and, we hope, the commercidbsies business as a whole. This
relationship with CERL has been augmented by a igi@wn-house hazards R&D
capability. Discussions have also started with laoinajor company in the industry over
the potential to carry out a major joint programpomp safety, which will also be shared
with the industry.

The other initiative that the EET undertook mighkttbr be described as a new direction,
which was to start using risk analysis methodoleggemove some of those grey areas
into the black or white camps. Orica had ‘inherigaime of this capability from ICI and
had strengthened it in parts of the businesstleegAN EP was far advanced of the EET.
The explosives industry has always been a consequmsed one and moving towards a
risk based one was a big step.

The basic change in the industry that allows theenent from consequence based to
risk based is the much lower sensitivity of modeutk explosives/ANEs. It is accepted
that a dynamite plant can blow up, essentially réigas of the standard to which it is
run. That explosion will be without warning and thdy way to protect personnel, other
inventories and other buildings is through distarfidee same is generally not true for
ANE inventories, especially after the manufactugingcess. It is not that they won't/
can’'t explode in some scenarios (e.g. fire engutinét is that there will be a warning



and time can be used instead of distance to prpegsbnnel. Nor is an explosion certain
or even the most likely outcome, which is the otfignificant enabler for moving from a
consequence only to a risk based approach. Thareesy large drop in frequency for
accidental explosions of Class 1.5 and Class 5 Ad¢spared to Class 1.1 explosives.
This approach was first formalized in the AEMSC €odhere credible evacuation was
accepted as an alternative to full Q/D. Orica rdipged this approach globally, even
where there is no formal requirement to have ary bund ANEs. The exception is
countries, e.g. Canada, where ANEs are classieldmexplosives and full Q/D is
therefore required.

Therefore the EET had evolved to the point whetiskabased approach to the storage of

ANESs could be considered. The issue was that wethmany of the tools to do a
guantitative risk analysis (QRA) rigorously.

Quantitative Risk Analysis

Orica has many risk assessment tools: the hazadgt ptocess inherited from IClI, the
HERC process developed by CIL, HIRACS, fault trealgses, LOPA, etc. We also have
risk targets for both internal and external conseges, especially fatalities. These
methodologies/tools provide outputs on frequenaresconsequences which are plotted
on a risk matrix (see Fig 1). The first issue wewas that this matrix is a) more geared
towards internal events in some of the risk catiegoparticularly injuries and fatalities
and b) does not cover the type of potentially cedasic consequences possible with
transporting/storing large quantities of ANEs umgith major capital cities. Orica
follows the general UK (and widely accepted) pubb& target of 1E-06, with the
additional proviso that as the consequence incsdagan order of magnitude, the
frequency must drop by the same amount. Thus adeattchat is capable of killing
hundreds or a thousand members of the public {samhcceptable risk if the frequency
is very low and may be deemed to be unacceptalaeyafrequency. The consequence or
frequency axes of the standard Orica Risk Matadly do not extend far enough for an
event such as this. Fortunately, the EET had afreacbgnized this limitation and had
started the development of an expanded risk mégeg Fig. 2).

The standard risk matrix has the lowest frequeneyas << E-06. The issues with this
are a) where does << E-06 start and b) how doesreaeanything between E-06 and <<
E-06. This lower limit was placed because it wdtstfat historical data would not
support lower frequencies. Certainly this is troedome events but there are many
events, e.g. cartridges clipped, prills augeredypuotations where the historical data
would allow much lower frequencies to be calculai@te consequence column only
goes to category 4.2, e.g., ‘multiple’ fatalities this is a recent change from 2-3
fatalities) or >$50M in business liability. The patial consequences of a major
explosion below Stockholm (or any urban environmeatld be two orders of
magnitude or greater worse for both fatalities katuility. Four fatalities and $60M in
liability are not equivalent to 800 fatalities ad8,000M in liability.



Calculation Summary
{Click above for summary}

Figure 1: Standard Orica Risk Matrix
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Corporate Issue 1 Cat 2 Significant 32 Serious Cat 4.2
Cat 3.1 ’ Cat 4.1 ’
1 Minor Single Single LWC Permanent Single Multiple
Safety & Health - {S} Injury MTI or Dis_ability or Fatality Fatality
Multiple MTI Multiple LWC
Very Minor Evident Significant Major Extremely
Environment - {E} minor local Pollution local local severe
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Corporate Reputation and 1 10 100 or state media corporate
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Likely Likely to occur at least once during the operating life of the facility/business 10? to 10
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* Likelihood = Event initiation frequency X Probability of impact being realised




Figure2: The Expanded EET Risk Matrix
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The expanded Risk Matrix has added five rows, rtekiwer frequencies but some
added definition to the standard matrix as well timde columns, all for more severe
consequences. This remains a draft document andithes for the additional three

consequence columns have not been finalized. Thstweent was assigned the draft
values of 100+ fatalities, $2,000,000,000+ liapiind potentially irreversible damage to

the corporate reputation. These were the onlya@&gories that could have worse

consequences than the standard 4.2 limit, givece@rscope of operations. For the draft
version, 4.3 was considered to be roughly threedimorse, 5.1 ten times worse and 5.2

forty times worse, all compared to 4.2.

While the EET now possessed the necessary todterdine the acceptability of the

risk, neither the frequency nor consequence dassawailable for making that

determination. For the frequency side, the EET easident that the necessary data

could be generated, building on previous work. ERS was also confident that some of




the consequence data was known and most of theaelst be generated. The exception
was critical: we did not know how to evaluate tlh@gequences of a large blast just
below the surface of an urban area. FortunateligaQrossesses some very clever\
modellers who were able to do just that for use@n was formed to carry out a QRA for
this process and provide OMS with recommendationsaw such a project could be
carried out an unacceptable risk to the local pafmrt.
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This team, assisted by the detailed current anpdgsed operating procedures provided
by the Nordics business, put together seven saeneovering possible ways of
supplying this type of market. Each scenario codér@nsportation from the initial
factory or magazine site, transfer operations,aaéfind/or underground storage, and
loading.

Scenario Descriptions

Keys: Gyt = Gyttorp, main plant/magazine compleSimeden

UV = Uplands Vasby, magazine complex ugside Stockholm

NCC = Job Site
Scenario 1. Packaged products, Gyt to UV to NO@ local surface or u/g storage at NCC
Scenario 2: ANE, Gyt to NCC, surface storage (7 tonne pla®iCd) and transfer to mini-SSEs

Scenario 3: As Scenario 2, 2 x 8 tonne storage in aluminiunkgan

Scenario 4: ANE, Gyt to NCC, u/g storage (3 x 5.6 tonne sepatatores in aluminium) and
transfer to mini-SSEs

Scenario 5: As Scenario 4, storage in plastic bins
Scenario 6: As Scenario 5, u/g transportation and storagedstial

Scenario 7: Original scenario (as Scenario 4 but 30 tonne gena single aluminium tank u/g)



Bulk is shipped from Gyttorp in 11 tonne tankeransportation risk is broken into rural,
suburban and urban components (evacuation prohaiseible and impossible respectively).
These tankers will go u/g to transfer product s dtorage bins. The analysis assumes that the
maximum quantity between the tank being filled #mltanker is 11.5 tonne. Transport of PE is
by 1 te pallets (single pallet loads), taken dlyeitt the face and manually loaded.

Hazar ds Description

Risk requires both a frequency and consequenceateaton-negligible. In this case,
most people would accept that a large explosiongeseath a major city would be likely
to have potentially catastrophic consequences. wassin fact borne out by the
modelling results which are discussed in the negtien. The discussion for this analysis
centred on the frequency side. As this practi@l@ved in the Nordics business area,
one can assume that the regulators believe thisipeao be adequately safe. Orica did
not necessarily share that view and operates uhdeyhilosophy that Orica will operate
to the higher of the Orica and regulatory standa@B@sause of the potentially
catastrophic consequences should there be a laptesen under Stockholm, Orica was
unwilling to proceed without carrying our a compl€RA to measure the various
scenarios against OMS risk criteria and standamdsaapuld allow only those practices
that met our internal standards (given the neaeradesof regulatory restrictions for this
practice, anything meeting OMS standards wouldrballawed practice in the Nordics
area). What were the hazards that OMS was concaivmat:

Transportation: vehicle fires from accidents/roos, tire fires, electrical fires, engine
fires leading to an explosion on the vehicle. Tikia hazard recognized by regulatory
agencies, although, as far as OMS can determihasihever occurred with ANEs. In the
Nordics area, transportation in aluminium tanks\emdated as the authorities believe
that aluminium tanks greatly decreases (potentaliyinates) the possibility of an
explosion in a fire scenario. OMS accepts thatehal be a significant reduction in the
risk but does not believe this is an intrinsicalife option. The reason for this is quite
simple, while the melting point of aluminium is Weklow that of steel, it is also
hundreds of degrees above the autodecompositioawnéxplosion temperatures of AN
and AN based products. While the testing to dagsdtow an improvement with
aluminium, the number of tests is far too low toy# intrinsic safety. OMS does accept
that the use of low melting plastics for the steragd/or transportation of ANEs is
probably intrinsically safe and plans to carry auést program to demonstrate this.

Transfer: vehicle fires (same causes) or transferpexplosions which propagate to
large inventories (vehicle and/or storage tankk ¢hoice of pump will critically effect
(or eliminate) the frequency of the latter cause.

Storage: fires in the storage area. All the argumen container type covered in
‘Transportation’ apply here as well.

Loading: the loading of packaged product in thigligation can be considered to be
intrinsically safe from the perspective of surfadkects. The largest potential event will



not be noticed on the surface. For the loadingutif products, vehicle fires (standard
causes) and pump explosions are the key risks.

Development of the Surface Damage M odel

Dale Preece and Ayman Tawadrous were approachedsdsether they could use one of
Orica’s computer models to predict the surface agarieom a shallow underground

blast. Their response was that this could readilgdne. Readily in the sense that they
had a standard 2D model that could be used foappsication. Not readily in the sense
that the data would be easy to generate usingatte. Setting it up for each run was time
consuming, the actual runs required roughly a ddygh end computer time and the data
then had to be analysed and converted to a fotmaatrte could understand and use.

The first run was for the initial 30 te proposaheToutput indicated that although the
blast would not quite reach the surface, it wowdhe close enough to breach the
basements/parking garages of the high rise busdivithin 50 metres of the epicentre.
The expert opinion was that this was likely to coompise foundation stability enough
that some of those buildings would likely collapSegnificant vibration damage would
extend at least another 50 metres, probably regulti, e.g., breakage of many windows,
with glass fragments falling into the streets beldWwe EET felt that such catastrophic
damage was unacceptable at any frequency and tedudagher modelling be done to
determine whether there was an amount that coutddsed underground which was
small enough to do an acceptable level of damadebow the Nordics business to be
competitive in this market.

The Nordics business was able to provide all theired data on rock type and
properties, as well as data on where emulsion doellstored. This allowed the modellers
to maximize the accuracy of their predictions. T¥seie for most of the team was that the
output of the model did not lend itself to easiptetation of what the effects on
Stockholm would be. The second breakthrough theattbdellers made was to convert
the output to a Richter Scale value. Vibration frexcies, amplitudes and durations are
all very different between a small underground egjn and an earthquake. Therefore
this is not an exact equivalent to the Richter &bait it should be an accurate predictor
of damage levels equivalent to that Richter Scalae: The major difference is that
earthquakes can cause major damage over very vads whereas the decay rate for
shallow underground explosions is much faster.

The team decided that given the uncertaintiesemibdel’s predictions and non-exact
conversion to a Richter Scale value, a conservati@mum Richter Scale Value would
be chosen. Therefore a maximum value of Richtewé&$ chosen for ‘permanent risks’,
e.g. storage and Richter 4.5 for transient risks, teansfer/refilling operations. The
model was run at various maximum explosion sizég. résults indicated that the 5.6 tes
generated a Richter 4.0 event directly above tipdosion and 11 tes generated a Richter
4.5 event directly above the explosion.



Working with the Nordics business and the contraete were able to find a storage
configuration that allowed three 5.6 te bins tglsred in the designated area with
adequate separation to ensure no propagation betwes Thus roughly 1 tes could be
stored directly below downtown Stockholm with nskrbf a catastrophic event. The
Nordics business also felt that this level of sgerplus the larger amount that could be
brought in to refill bins would allow them to beiefent enough to be competitive in this
market.

OMS will be extending this methodology to develomatrix for maximum quantities
that can be stored underground without the po#silof unacceptable results if the worst
possible event occurs. Rock type/properties anthdsili be the two key parameters
driving the results.

Deter mination of Event Frequencies
1, Deter mination of Transport Event Frequencies

The Event Frequency of interest is an explosiomgdutihe transportation of product from
the originating site (Gyttorp or Uplands Vasby flee scenarios under consideration to
the storage location at the job site. OMS has gath#he best transport data (baseline and
explosives industry) that was available followihg tccident/fire/explosion in Mexico.
The purpose was to determine, as best we couldsuwtent level of risk versus standard
OMS risk targets, as well as determining method®gadicing that risk. Transport
accident frequencies were from UK transportatiota déhis data included baseline
accident rates (per million vehicle-km), broken dowto the three major causes:
accidents/rollovers, tire fires, and mechanicatfieal/engine fires. Data was also
available on how often each of these causes resuli@ major truck fire. Explosives
Industry historical data was used to estimate tbbability of a major fire would result

in an explosion of the load; the probabilities weiféerent for each of the initiating
causes.

The EET Transport Subgroup identified twenty plastdrs that could reduce the
frequency/probability of a catastrophic acciderte3e factors could work at any step, i.e.
prevention of the initial event (e.g. accident fire,...), prevention or mitigation of
fire/fire effects, prevention/reduction of the patiility of a significant fire causing an
explosion and elimination/reduction of fatalitiésin explosion did occur. In the original
analysis, the Transport Subgroup differentiategelfactors by four levels of
implementation: baseline, current OMS (somewhatbéban baseline), OMS BoS level
(determined at the end of the analysis), full imptatation of all factors. Each of the
factors was also assigned an effectiveness ratihigh also varied across the four
implementation levels (baseline was defined askaraduction factor of ‘0’). The

hazards levels calculated from this analysis atelimectly comparable to the standard
OMS values but they can be modified to make a spraititative comparison. For
explosives, both the baseline and current OMS stédiled’ this comparison and a
number of cost effective changes were mandated. @dgsame the BoS level and is being



implemented globally — or at least in those arelasresr OMS is able to exercise some
control/ influence.

This analysis was then extended to the transpontati Class 5.1 materials (AN, ANS,
ANES). Both ANS and ANEs were assigned much lowgitasion probabilities (there
were no identified occurrences in countries whel#Sould be relatively sure of both
the standards and reporting accuracy); AN and exs turn out to have similar
frequencies. The same modifying factors were camsiiand the same four levels
identified. The evaluation indicates that the tpans of ANE meets OMS requirements
with little improvement from the baseline case. O 8urrently developing the BoS for
the transportation of these materials which, follmpthe ALARP approach, will have
mandated cost effective improvements comparedetbdiseline case.

For this analysis, the accident/fire causes arensenimand transition to explosion factors
are weighted average of the transition factorgHerthree causes. The modifying factors
weighting reflect current norms (good) in the Nosdarea and there is one additional
factor applied, as was discussed previously. Tramation (and storage) in aluminium
tanks provides a 75% reduction in the probabilitgm explosion; the use of plastic
provides a 90% reduction.

Previous analyses have all been completing geriaribjs case we have seven specific
scenarios. Therefore one more level was addecetarthlysis: rural, suburban and urban
transportation routes. The frequency data doeds@mmbnstrate any difference in the
event frequencies down to this level but the consrges could differ immensely. The
number of people at risk in a fire -> explosionrsare depends on a) getting nearby
people away and b) preventing others from gettlogec All historical data indicates a
window of 30-45 minutes to accomplish this. Thisighly credible in low population
and traffic density areas where there are good ggney response capabilities. This has
been demonstrated in, e.g., Canada and Australsore population/traffic density, a
full evacuation in this scenario is not credibleayi the limited timeframe. The analysis
uses the simple assumption that the rural/subunbaem risk levels (frequency) would be
proportional to the relative distance travelledtigh each.

2. Determination of Transfer Explosion Frequencies

Transfer accident rates are strongly pump depentiidens are considered to be
intrinsically safe whereas PC pumps have a recedrptential for explosions resulting
from no flow pumping events. The analysis assumestandard OMS pump protection
system for PC pumps, which will reduce the basetméow events by up to three orders
of magnitude. A pump explosion by itself is notazard to people as the quantities are so
(relatively) small. As the products in this anatyare unsensitized, it is relatively easy to
minimize the probability of a knock on event toexxial inventories by using small
diameter hoses (below the critical diameter) angimmzing direct line of site. Direct
propagation to the inventory being transferrednfraannot be eliminated, although it is
not certain, and this is the event that is evatliaighe QRA.



3. Deter mination of Storage Event Frequencies

The best public storage event frequency data céroesthe IME. This data was used,
unmodified, for the baseline event frequenciessWill probably be conservative as
some event initiating mechanisms, e.g. lightnimidkas, are not possible for underground
storage site. The event of concern is fire engutiinteading to an explosion. OMS
believes that outside of a vessel, i.e. on thergipthere is no risk of an ANE exploding.
Therefore, if the vessel under fire engulfment éasstructural integrity, the risk of an
explosion becomes zero. As has been previouslysisd, OMS has assigned different
probabilities that this will happen for steel, alalam and plastic vessels (0, 75% and
90% reduction respectively).

Deter mination of Consequences

The initial concern for the Risk Assessment Team tha potentially catastrophic event
of a large explosion directly below the middle ad&holm. However, the development
of the surface damage model allowed OMS to defarampeters that ensured that the
worst possible event would not be a catastroph& blowever, surface storage still has
the potential for catastrophic events, as doesrémsportation of Class 1 or Class 5
through built up areas. These events do have soteafal for evacuation and it is very
difficult to work out what the fatality circles wtlibe. Using tools such as IMESAFR
indicates that fatality rates are likely to be #igantly lower than might be expected at
any significant distance from the explosion but dgelevels would still be potentially
catastrophic. After internal discussion, it wasided to largely remove fatalities from
the consequence model and focus on liability amdedge to corporate reputation. While
that may seem to be a flawed choice, it shoulcebeembered that any event that might
kill large numbers of people is certainly goingésult in huge liabilities and damage to
the corporate reputation. The QRA methodology assuimat one will select the risk
category with the highest consequence when analysirevent. Therefore we can use
the consequences of fatalities, the number of wimtirbe difficult or impossible to
estimate, rather than the number of fatalitiesatliye

Therefore for each step in each scenario, the ypostible event was determined. In
every case, this was simply the largest amounkplosives that could explode in an
initial event plus any direct knock on effects. Tdamsequences of each of these events
were then quantified, using whichever risk categogvided the worst result.

QRA Output

The frequencies and consequences were determineddb step of each scenario and
the risk level then determined on both the StandaddExpanded EET Risk Matrices.
Note that not each step will occur in every scendrhe results are shown in summary
form in Figures 3 and 4.



Figure 3: QRA Summary, Standard Risk Matrix
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Figure 4: QRA Summary, EET Expanded Risk Matrix
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The expanded risk matrix did indeed provide ‘higlesolution’ in the QRA. While six of
the seven scenarios passed (i.e. only Level llII¥misks) using the standard risk matrix,
only three passed using the expanded version. Tsé sarprising difference is in the
analysis of the original proposal (30 te beneathrdown Stockholm). In this instance, the
acceptance of this risk was based on the ‘failaféhe consequence axis to cover the
potentially catastrophic results should such aglangentory explode under an urban area.
For many of the ‘points’ on the standard risk mattihe QRA moved the consequence to
the right (worse) when using the expanded matrixalso moved the frequency down
(better). In a very large number of cases, thiglted in the same risk level, even though
the position on the relative positions on the risirices was very different. This will not
always be the case so the EET believes that thiysia actually understates the benefits of
converting to the expanded risk matrix.



Conclusions

The conclusions drawn from the QRA:

1. The expanded risk matrix is a required tool whealidg with low probability/high
consequence events (which is a major part of thmit i&f the Expert Teams in OMS).

2. It was necessary to extend the standard risk m@tbeth worse consequencasd
lower frequencies. Doing only one will result ircarrect rating of risks.

3. For any quantity of explosives or ANEs, undergrostatage and transfer are
preferable to surface storage/transfer in an udmaronment.

4. For some quantity (and less) of underground storthgesurface consequences of the
worst possible event will be acceptable. This idltrue only for very small amounts
of surface storage.

5. The high risks assigned to surface storage andfgmoperations were driven by the
very high consequences. Even with very low freqgient¢hese were marginal or
unacceptable risks.

6. The next highest risk was the transportation os€hand Class 5 through urban
environments. This only met OMS risk criteria besmof the very low event
frequency, which in turn is driven by the very lpwoportion of transport time spent in
urban areas. The BoS for transportation will réiigestandards for OMS and OMS
contractors to further reduce this risk.

7. Three scenarios were identified that fully met OMS criteria (only Level Il and IV
risks). The Nordics business was given the optidsidding contracts using any of
these three scenarios.

8. OMS has used this analysis/methodology to evalotéiter proposals.

9. OMS is using the modelling capability developedinigithis process to underpin a BoS
for the underground storage and handling of expéssand ANEs.
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