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Abstract

Pipelines are commonly considered a safe altemé#&bivthe transportation of hazardous materials.
However, in case of failure, pipelines still posajon risks to the environment and to the population
potentially exposed. The aim of the present wotk igrovide occurrence probabilities of the
intermediate and final events following the accidérelease of hazardous materials from pipelines.
A collection of incidents and accidents occurredldwide in connection with the use of onshore
long-distance pipeline networks, has been gatherethke up a specific database for the analysis
of incidents in pipelines. A qualitative and qu#ative analysis of the data has allowed to develop
detailed event trees for the different classesaablhdous materials, and to calculate the probwbilit
of occurrence of the final outcomes. The investigahas also aimed at identifying, for each type
of release, the relationship between the final svand the causes of the pipeline failure. The
results obtained represent a useful and needdohgtpoint in Quantitative Risk Analysis of
hazardous materials transportation via pipelines.
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1. Introduction

Pipeline transportation is commonly regarded aafer @lternative compared to other transportation
modes, such as road and rail, based on the loweatddrequency and the generally limited number
of fatalities historically registered (Papadaki@992). Nonetheless, due to the continually increpsin
extension of their network, pipelines often croggly populated and industrialized areas, so that i
case of a loss of containment involving a hazarduoibstance, significant damages can affect a
large number of people. At the same time, giverctbgse interaction between the pipeline and
human activities, the frequency of occurrence éifes can become significant. When crossing
rural areas, despite the low number of people pbssivolved, environmental impact and

pollution can result. As a matter of fact, a numtierecent accidents, such as the one occurred in
Ghislenghien, Belgium, on July 30, 2004, wherertlgure of a high pressure natural gas pipeline
and the subsequent large fire caused 23 casuaittcearound 150 hospitalized (ARIA, 2009), or the
one occurred in Marshall, Michigan (NTSB, 2012)thnan important pollution on a wetland and
two rivers, confirm this concern.

Consequently, an increasing attention has beene@wo recent years to the quantification of the
risk associated with this transportation mode basethe well-known techniques of Quantitative
Risk Analysis (QRA) (Jo and Ahn, 2005; Dziubinskaé, 2006; Jo and Crowl, 2008; Casal, 2008;
Han and Weng, 2010). This methodology consistsstepwise procedure where the following
main phases are carried out: identification ofdbeident scenarios, calculation of their
consequences in terms of damaged areas and peepleed, estimation of their frequency of
occurrence and, finally, quantification of the alerisk (CCPS, 2000; CCPS, 2008). Each of these

Page 1 of 24



steps entails specific difficulties and uncertastibut the step usually most affected by a higher
level of uncertainty is the frequency estimatioheTrequency of occurrence of the identified
events can be estimated either by a statisticdysinaf historical data, which, whenever
applicable, is the most reliable methodology, ontBans of some theoretical models, such as Fault
Tree Analysis (FTA) and Event Tree Analysis (ETBWnfortunately, historical data are often
lacking, and therefore the application of the latéehniques becomes necessary, which in turn
require specialized and experienced personnel pydyerly carried out. Even in this case, a rather
high level of uncertainty remains when the systewen investigation is not simple enough and
clearly defined, and when not all the needed igjata are known. This is the case of pipeline
transportation, where a high variability of the i@dweristics of the territories crossed by the line
and a wide range of unpredictable possible eventsasent (Dziubinsket al., 2006).

Both approaches have been adopted in the literanaimly devoted at identifying the frequency of
occurrence of a release (Henselwood and Phillp@62Han and Weng, 2010) rather than at
calculating the probability of the different podsilevents following a release (Rehal., 2000;
Moosemiller, 2011). Overall values of the accideartd release frequencies are also available in the
generic literature (De Haag and Ale, 1999; Lee®p2&GIG, 2008; PHMSA, 2016).

Based on the above considerations, and with theo&improving the knowledge of the data
required to carry out a QRA, in this paper a diaisanalysis of historical data on accidents
involving pipelines occurred all over the world Heeen carried out. No consideration has been
given here to the magnitude of the consequenc®okleases. A preliminary analysis of data
collected from sources of specialized informatias hlready been presented (Ramirez-Cameicho
al., 2016), with particular emphasis on issues relaaddnd-use planning. In the present paper the
gathered historical data has been properly prodemse a more detailed analysis of the historical
data has been carried out to provide a useful l@sestimating the conditional probabilities oéth
different events that can occur following the aeci@l release of hazardous materials from
pipelines. In fact, the release of a flammable antbxic material may evolve in different ways,
depending on a number of factors, such as the @bgfsemical properties of the transported
material, the type of release (puncture, leak,staiphic) and its duration, the mass released, the
outside environmental conditions, the time anducnistances of the ignition and many others.
Consequently, dedicated event trees have beenapexkefor the different substance categories
identified, and the statistical analysis of theidrisal records has made it possible to estimate th
conditional probabilities for each specific releasguence. These probabilities represent
fundamental parameters to be used in QRA, whengskegenerated by the presence of a pipeline
transporting hazardous materials on the potent&posed population has to be assessed.

2. Datagathering and filtering

An historical data collection has been carriedioutrder to gather as much information as possible
about the events that take place after a lossr@haument from onshore pipelines transporting
hazardous materials. The survey has been perfdognednsulting accident databases and other
open sources of information such as accident reord technical reports covering pipeline
incidents. The main consulted sources were:

. The Analysis, Research and Information on Acdsl@latabase (ARIA, 2014)
. The Federal Institute for Materials Research Besting of Germany (BAM, 2009)
. The Major Hazard Incident Data Service datab®HeIDAS, 2007)
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. The Transportation Safety Board of Canada (TSBA42

. The U.K. Health and Safety Executive (HSE, 2000)2)

. The U.S. Department of Transportation, Pipeliné Blazardous Materials Safety
Administration (DOT-PHMSA, 2014).

. The U.S. National Transportation Safety Board §8T2014).

. The Oil Companies European Organization for Eonwinent, Health and Safety
(CONCAWE, 2013).

The MHIDAS database (November 2007 version, comtgif4,168 records), which has been used
as the main source of information, is managed byuK Health and Safety Executive; it includes
incidents that have occurred during the transpodgessing or storage of hazardous materials,
which resulted in or had the potential to causefésite impact. This database stores each incident
in individual fields {.e., date, location, incident type, origin, cause ti@ts$, deaths, injuries, among
others); these same fields were used in this stddyeover, for each incident more information

was drawn up and placed in new additional fieldst pf system involved, system type, pipeline
diameter, operating pressure, environmental damages

In order to identify the records of interest, affifiltering operation was conducted on the MHIDAS
database, based on the fields "general origin"™'specific origin". Among the general origins, the
transport activity was selected. Concerning “spedaifigin”, the incidents in onshore pipelines
were filtered. Later on, the “Abstract” field dii¢ incidents -one by one- was analysed in order to
double-check that accidents were correctly sele&edidents occurring in offshore pipelines,
those caused by sabotage or from short-distanedimag (i.e. transfer pipelines, gas service lines
or LNG pipelines) were not considered in this stulyogical sequence of the steps adopted in the
selection procedure is reported in Fig. 1.

After applying this extraction process, a collectaf 639 accidents was considered. Subsequently,
a parallel research by consulting freely accessiftgmation on official sources was conducted.
The goal was to complement the missing informaitiotne selected records of MHIDAS.
Simultaneously, the space-time search intervak® @914 were extended. As a result, a total of
542 additional accidents was included. Finally,aahing procedure between both sets of data was
performed, with the aim of finding matching recor@iee “Date of incident” and “Location” fields
were used as initial references for this purposslly, after this procedure, a collection of 1063
accidents was obtained (for further details seeiRemCamachet al., 2016).

3. Information processing

The types of events occurring after the loss otaioment of a hazardous material depend on a
range of factors, either linked with the materisélf (physical properties, hazardous properties,
etc.) and/or with the internal and external pipeloonditions: physical state, pressure and
temperature inside the pipeline, release rate amwlat of material released, weather conditions
(e.g., wind velocity, atmospheric stability class), sumding territory characteristics (flat/hilly,
rural/urban), population distribution, etc. All #eeparameters can influence the evolution of the
accident following the release, either by genegafomomoting or hampering the occurrence of the
possible intermediate and final events. Based esetlzonsiderations, the collected information has
been analysed in order to estimate the probalofipccurrence of each of the events identified.
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3.1. Hazardous materials involved

The properties of the substances involved haveredanfluence on the consequences of the
release. If the released fluid is a gas and tlseimediate ignition, a jet fire will occur; if theeis

no immediate ignition, a flash fire or a cloud eogbn is still possible (delayed ignition),
depending on the environmental conditions andefekplosive air/gas mixture is between its
flammable limits. Conversely, a liquid spill wilkap on the ground, forming a pool, which can be
ignited, giving rise to a pool fire, or can evagergenerating a cloud subject to the same evolution
as for a gaseous release. A pressure-liquefiedagabehave in either or both ways depending on
its physical properties and transport conditions.

A number of different substances were identifiealyvaver, they were grouped into a few categories
for estimating the corresponding probabilities.

Gases are usually transported at relatively higissure and can represent a single class of
substances. Concerning liquids, since in the vagomty of the cases the liquids involved were
flammable, they have been grouped into two distifaises, based on their flash poin}.(Finally,
pressure liguefied gases represent another spgoifiip of materials, so that the following four
groups of substances were finally identified:

» Compressed gases,

* Pressure liquefied gases,

» Volatile liquids (with <21° C),

* Liquids with low volatility (with Tr>21" C).

According to the materials involved, and basedhenabove classification, the distribution of
historical accidents reported in Table 1 was oletgirt is important to mention that 14 events
involved more than one material, however, onlyfitet material of the events has been considered
here.

It can be seen that the following distribution amdime defined classes is obtained: compressed gas
27.4% (291 entries); pressure-liquefied gases 4(30entries), volatile liquids 57.2% (608

entries); low volatility liquids 10.73% (114 entsje More in details, most of the accidents included
in the group of compressed gases involved natas{igore than 99% of the entries), while LPG
represented more than 68% of the cases with peefiguefied gases; in the case of volatile liquids,
crude oil (47.2%), and gasoline (about 50%) weeertiain items, while jet fuel (42.1%), diesel
(27.2%) and kerosene (12.3%), summed up to 80%eadiiv volatile liquid cases.

3.2. Types of release

The magnitude of the consequences of an accidemdalpends on the amount of material released,
which in turn depends on the extension of the pipedlamage, the detection time, the time required
to stop the flow through the pipe (via pumps andéte valves), etc. Similar to the procedure
adopted for the type of material described abdwegt different release modalities were identified
and defined as follows:
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* Release from a hole: it refers to a hole of smaé & fraction of the pipe diameter), for which
the detection time ranges between 20 s and 24 inljdzki et al., 2006). A long duration
release from a hole is often referred also asak™jea short duration release as a "spill".

* Full bore rupture: when the extension of the dardagea of the pipe is equal to, or larger than,
its diameter.

» Catastrophic rupture: a sudden rupture that ingévsignificant section of the pipeline. When
the substances involved are compressed gasesiefiéid gases, this might generate a physical
explosion.

3.3. Incident outcomes

Following an accidental loss of containment, a nendd intermediate and final events, either
alternative or coexisting, may happen, whose prtibabf occurrence depend on the combination
of many factors, as explained before (materialp@ries, environmental conditions, etc.).

A general description will follow here, to qualitaly introduce and to account for the structure of
the event trees set up for the different matedksses. The corresponding quantitative values
obtained from the database analysis will be disligs Section 4.

3.3.1. Fires

The ignition of a flammable substance can givetasaifferent types of fire, depending on the fuel
properties and on the environmental conditionbatime of the ignition. A jet fire results frometh
immediate ignition of a turbulent jet of a flammalgjas, vapour or liquid, which is usually
associated with pressure releases. When the imtaedration involves a large mass of flammable
vapours (often derived from the catastrophic ruptfra large vessel or pipe), a fireball is
generated; this is typical of releases involvingdily a gas or a pressure liquefied gas withgelar
flash fraction. Alternatively, if a relatively laggnass of flammable material first disperses and
mixes with ambient air, and subsequently the geeérael-air mixture is ignited, a very fast
combustion of the cloud occurs (flash fire). Thas de characteristic of many accidental scenarios
such as a gas release, as well as after the eviapaf@ither immediate or continuous) of a liquid.

The ignition of the vapours generated by a liquadlwill cause a pool fire. However, different
types of pool fires can follow a given initial rake: the locali ., close to the release site) ignition
of the pool, either immediate or delayed, will gexte a pool fire in the area of the spill; if the
liquid moves away from the location of the releas®] finally finds an ignition source, a pool fire
away from the accident location will occur (thissavwill be hereafter addressed as a “fire on
migrating liquid surface”). When the evaporatioonfr the pool is capable of generating a
flammable cloud “connected” with the pool itselidi@layed ignition of the cloud can also trigger
the fire on the pool, so that more than one sidglegerous event is produced. Pool fires are typical
both of high and low volatility liquids, as well aé pressure liquefied gases; however, sometimes
the delayed ignition is not considered for liqudh low volatility because it is believed that
vapour clouds at concentrations within the flamritgddimits are not generated (Ronegal .,

2007).
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In addition to that, in the case of a turbulentr@géase, a delayed ignition can give rise to rpldti
outcomes: a local ignition will directly and simautteously generate the combustion of the cloud
(flash fire or vapour cloud explosion, dependingtma environmental conditions) and the jet fire,
while a remote ignition will first start the clowdmbustion and subsequently cause the jet fire.

3.3.2. Explosions

The failure of a high-pressure pipeline, such aséhcontaining high-pressure gases or pressure-
liquefied gases, can theoretically give rise tdestovave, as in the case of storage/process gessel
Nonetheless, as can be seen in the next secti@pauific reference was found in the accident
reports used in the present investigation. It eaa matter of discussion whether this is because of
lack of information or because they actually nevagspened; however, based on this experimental
evidence, the physical explosion has not been deresil here in setting up the event trees.

Alternatively, when a large mass of flammable matés released and dispersed in the
environment, in case of delayed ignition, besidéash fire, a vapour cloud explosion (VCE) can
occur. This occurs when the combustion rate maykedteases and the flame front is strongly
accelerated, which usually happens in the preseintcebulence, and some level of confinement.

3.3.3. Vapour clouds and/or liquids dispersion

Besides the above considerations connected witfiaimenability characteristics of the released
substance, other possible dangerous events héeetéken into account, depending on the
substance properties. Following the loss of contaimt, a vapour cloud and/or a liquid pool will
disperse into the environment. If the vapour isapa very dangerous toxic cloud can affect the
population in the surroundings of the accident, sitel this often represents a serious possible
consequence of a hazardous substance loss ofrumetat; furthermore, even if the material is not
toxic, the risk of asphyxiation at high concentrat is present, especially in partially confined or
even enclosed areas (Bubbgtal., 2014). Similar considerations apply to a liquidiy@nt, which
can disperse generating severe consequencesdowinenment and/or the population.

Since flammable materials have been involved ithallcases considered in the present analysis,
and no, or very little, information was providecdabthe other possible effects, the above
damaging events have not been included in the el@wsent trees. As a result, in the absence of
combustion, the terms “no consequences” and “mdefiplosion”, adopted in the following event
trees, have here the same meaning. Nonethelesssitbe observed that in the case of toxic or
polluting substances, these final outcomes shoellprbperly considered, otherwise severe
consequences might be neglected and the ovetalivasld be finally underestimated.

3.4. Generic and specific failure causes
The causes originating the analysed accidents agsigned to a limited number of generic classes,
and for each of them additional subclasses, cavrefipg to the specific cause of failure, were

identified (see Table 2). This classification hlksady been discussed with reference to land-use
planning (Ramirez-Camaclebal., 2016).

Page 6 of 24



Third party activity represents any external meatannterference caused by third party operators
unaware of the presence of the pipeline. In theéquéar case of buried pipelines, specific causes
are related to excavators, construction compamiether equipment used in excavation activities
or farmlands, etc. Pipelines crossing other utgiyvice lines€g., water/gas mains, phone lines,
etc.) have an increased potential for third partydents. Generally, mechanical interference leads
to a puncture, a crack or to a gouge that reddnewall thickness of the pipe; depending on these
factors, the pipe failure can be immediate or maguo sometime later by fatigue or corrosion. On
the contrary, when the pipeline company causeddh®age to the pipe during operations of
maintenance, repair/replace, start-up, etc., therésorigin is classified as operational/human
errors.

It is important to stress that only the initial salof the pipe failure has been kept here intowatco

4. Results and discussion

An accurate analysis of the accident reports wasedsout, and dedicated event trees were
developed for each category of substances ideniifi@able 1. These instruments of quantitative
analysis, reported in Figs. 2-5, allowed obtairfregiuencies of occurrence of the different types of
final events, following the initial release (“losEcontainment”), either for each class of substanc
and for each type of release.

In the event trees of Figs. 2-5, along with thedibonal probabilities, the absolute number of the
accidents corresponding to each branch has alsoibeleded. This has been done to provide
thorough information and to highlight the statiatisignificance of the calculations. As a final
remark it must be stressed that all the followingb@ability values might be somewhat
overestimated, since it is expected that an unknownber of accidental releases from pipelines
characterized by minor or no damages have not biierally reported.

4.1. Compressed gases

As already mentioned, among the 291 scenariosdimgjucompressed gases, 2 cases involved
hydrogen and 289 cases(, almost the totality of accidents) natural gas (Ealele 1), so that we
could actually say that the considerations beloseetally apply to natural gas.

From the event tree set up for this class of actgl@-ig. 2), it can be seen that the most frequent
types of release are the "full bore rupture” ared“telease from hole”, with 40.5% and 36.4%
probability (118 and 106 entries), respectivelye Tbatastrophic rupture” (49 cases), corresponds
to 16.8%, while only for 18 accidents (6.2%) it we possible to specify the type of release. The
immediate ignition is not very likely for the twoast common release types, showing a probability
of 0.24 for the full bore rupture and only 0.06 foe release from a hole. Moosemiller (2011)
provides an average value of 0.15 for the immedgatigéion probability, independent of the type of
flammable released and the magnitude and durafitreaelease (however, the study does not cite
the origin of this value). The averaged value efithmediate ignition probability obtained from the
present data, with the weights being the fractibcages of small and full bore ruptures releases, i
found to be 0.157, thus perfectly matching the edbund in the literature.
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For releases from holes, when the cloud dispeiisiaimost certain (92 cases out of 98
characterized by the “no immediate ignition” opdioa higher delayed ignition probability is
observed with respect to the full bore rupture §8®@and 46.4%, respectively); furthermore, the
probability of flame front acceleration is higher & release from a hole rather than from a fulebo
rupture, with 89.3% and 64.1%, respectively. Bpparent that, conversely to the case of the
immediate ignition probability, the obtained prolbi#ies for delayed ignition and explosion found
based on the reported data are much higher (maredbuble) than those cited by Moosemiller
(2011),i.e, 0.3 and 0.2, respectively.

Table 3 reports the probabilities of occurrencéhefpossible final events occurring after the retea
of a compressed gas (VCE, flash fire, etc.): infifs¢ four columns the probabilities associated
with each type of release are reported (release frale, full bore rupture, etc.), while in the last
column the overall probabilities, for all compregsgms releases independently of the type, are
shown. It must be observed that since some ofitla¢ dccidents can happen simultaneously, the
probabilities of each column can amount to more tha

The combination of all conditional probabilitiegpoeted above provides a final probability of a
vapour cloud explosion (with or without a simultaos jet fire) of 0.51 in the case of release from a
hole, and 0.225 for a full bore rupture (see T@&le&siven the larger size of the release sectiomfo
full bore rupture with respect to smaller holess tiesult looks rather strange and in contrast with
the suggestion by Cox et al. (1990), who statetti@tgnition probability increases with the rekeas
flow rate. A possible explanation of the presestiemight be the longer detection times, usually
required in case of smaller releases, comparedmaite serious accidents, which in turn can
finally give rise to a larger amount of flammabkesgn the dispersed cloud. Since the amount of
flammable material in the cloud is recognized as ointhe main conditions required for the
occurrence of a cloud explosion, this can explagresults obtained. Differently, in the case of a
catastrophic rupture, the immediate ignition, vathbsequent fireball, is quite likely (0.61), whitte
the case of no immediate ignition a safe dispersambe expected (0.39 probability).

If the overall probabilities are taken into consat®ns (fifth column in Table 3), some other
interesting conclusions can be drawn. In more thanthird of all the cases (specifically 38%)
there were no dangerous consequences. This isealgwi value if compared to previous analyses
(Wang and Duncan, 2014 and EGIG, 2015), where aratiignition probability between 2% and
18% was obtained, depending on a number of fatk@ pipeline diameter, release magnitude, etc.

Among all the dangerous events, the jet fire isnlost likely (41% of occurrence, compared to
31.4% occurrence of a VCE or a 7.4% occurrencefiafsa fire), deriving either from an
immediate ignition of the release, or generatedrmther preceding dangerous event like a cloud
fire or a VCE. The relatively high probability oMCE is in contrast with previous statements (Jo
and Ahn, 2005), whereas similar considerations thaen reported for jet fires.

If the catastrophic rupture of the pipeline is tak&o consideration, which occurs in about 17% of
the cases, another interesting result is foundl&\ém immediate ignition with subsequent fireball
and jet fire is the most likely evolution followirtge release, with more than 60% probability, & th
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remaining 19 cases, no delayed ignition has beesareed, a safe dispersion of the cloud being
registered in all cases. In other words, in caseadtastrophic rupture, if an immediate firebsll i
not generated, it seems that a safe dispersidreaktleased gas can unexpectedly be trusted.
According to the above figures, a fireball is netywcommon (0.11 probability), being associated
only with the immediate ignition of a catastroptetease.

Finally, it can be observed from Fig. 2 that thaditonal probabilities of the events along the
branches corresponding to the unknown release #@ypejery close to those characterizing the
release from a hole; this consideration, along withfact that the size of the release have not bee
explicitly mentioned in the accident reports, wosldygest that these cases might be associated
with the “release from a hole” class. Similarhythat class, even in these cases, the probability of
VCE is very high (10 cases out of 13 for which final consequences are known).

As far as the exclusive causes of the releaseomieemed, it can be seen from Table 4 that in more
than one third of the examined cases, it was nssipte to identify the immediate cause of the loss
of containment, independently of its severity.Ha tase of release from full bore rupture and from
a hole, nearly one third of the incidents had gereeric cause third party activity (30.5% and
32.1%, respectively), with excavation machineryerow the great majority of the cases (72.2%
for full bore ruptures and 85.3% for releases flwtes), thus representing in absolute the main
cause of release (more than 0.22 and 0.27 abgwhitability, respectively). This result is in line
with previous literature reports (Hansktral., 2011; EGIG, 2015); mainly based on data from
EGIG and BG Transco, Jo and Ahn (2005) claimedreatenterference as the main cause of
release for more than 50% of the cases.

The remaining 1/3 of the accidents investigate@ mesre originated by causes more or less equally
distributed among the other generic classes, partpntrast with Jo and Ahn where a larger
influence of mechanical failures and corrosion veamd. Similarly, Wang and Duncan (2014)
identified construction and material defects asiaen cause of failure for small releases
(leakages); while external forces and construatiatérial defects have almost the same probability
for all other failure types. Even though no speatfistinction has been made in the latter work
among the outside forcesg, whether natural or anthropogenic) if the causee@ated with

human activity are taken preferentially into acdpone of the possible reasons of the partial
discrepancy between the present results and tkpseted by the previous authors may be found in
the comment already highlighted by Wang and Dur§2@a4),i.e., “transmission pipelines in

Europe transverse a much more urbanized and deceteprain than is found in the United States”;
for the sake of truth this statement was originedhgrred to the difference in failures rates betwe
Europe and US, but it is believed that it can beadly applied to the root causes of pipeline ldss o
containment.

A catastrophic rupture caused by third party aiéigi(16.3%) is less common compared to
corrosion (28.57%), particularly by external coroms(57.14% of the whole corrosion types) and
stress corrosion cracking (35.7%); mechanical faillso plays a significant role (14.29%)
comparable to that of third party activities, andriost of the cases is associated with the
generation of internal overpressure (57% of thehaercal failures).
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Finally, it has to be highlighted that operatiohaiman errors, which are often and sometimes
harshly accused of being responsible of the ragdtaccidents, do not exceed 10% of the analysed
records of small hole releases, with most of tledants occurring during repair/replacement or
maintenance operations. Conversely, a catastropptare seems to be rarely caused by
operational human errors (2 cases out of 49).

4.2. Pressure liquefied gases

According to Fig. 3, in almost 90% of the cases,rlease of a pressure-liquefied gas (PLG)
occurs from a hole or from a full bore rupture (68nd 34.7 %, respectively). A catastrophic
rupture has been recorded only in two cases.

As for compressed gases, the immediate ignitidAL& continuous releases is not very likely,
especially for releases from a hole, and the aeevatue for hole releases and full bore ruptures
(0.17) matches the literature average value (Gdther well. If the flammable cloud is dispersed,
the probability of ignition is equal to or high&an that of no ignition, depending on the release
size, and, once ignited, a vapour cloud explossadways more likely than a simple flash fire: 0.6
vs. 0.4, and 0.78s. 0.22, for hole and full bore ruptures, respectivebr the sake of accuracy, it
must be observed that the absolute number of eventghich the final probability estimation is
based is rather low, so that the conclusions shoeilhken with care. This is especially true far th
catastrophic ruptures and for the remaining unkncelease conditions, where only 4 reliable
historical accident reports have been found. Wigsé cautions in mind, as also found for
compressed gases, much higher probabilities ofdélmnition and explosion were found here
with respect to the literature (Moosemiller, 2011).

Table 5 shows the probabilities of the final acotdéevents. It can be seen that an average
probability of 50% of a safe conclusion of the decital loss of containment is calculated.
However, it is worth pointing out that in this cése ignition” does not necessarily mean “no
consequences”, since some of the substances idcludieis class can have also toxic properties
(e.g., ammonia), and therefore in these cases “no igriistands for “toxic cloud dispersion”,
which is usually characterized by even larger inhpaeas than fires and explosions. This was not
the case with compressed gases, in which onlyalagas and hydrogen were involved.

By considering all the possible accident evolutian®ng the dangerous final events, jet fire is by
far the most probable for full bore ruptures (Of@lowed by VCE (around 0.4), while in the case
of releases from holes, they are equally likel2 7). but with a much lower probability with respect
to larger leakages. As observed in the previousase@ more or less complete vaporization of the
released liquid can occur for pressure liquefiesegaconsequently, the local ignition of the redeas
(either immediate or delayed) can give rise to lzofbt fire and a pool fire, depending on the type
of fluid and its transport conditions.

The number of historical cases for catastrophicuarichown releases is quite low to derive
statistically meaningful conclusions, and therefibiey will be ignored here.
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Overall, it can be concluded that in the case e$gure liquefied gas releases, there is a 50%
probability of concluding the accident without dangus events (neglecting possible toxic
dispersion, as already highlighted before) or Wittal damages (jet and pool fires); in addition,
there is also a 30% probability of generating dargmpact VCE.

Even though based on a limited number of reportediants, some general trend related to the
exclusive causes of release, will be highlightect lf&able 6). With reference to the loss of
containment from holes, it was found that the ncosbtmon cause is associated with third party
activity (approximately 23% of the total), partiadly during excavation (2/3 of this generic cause),
but a significant role is also played by mechaniaglires and corrosion (around 15% each). As
already found for compressed gases, the operatimahn error is responsible for a limited
number of the recorded accidents. Excavation isiaba most frequent cause of releases from full
bore ruptures, being responsible of 6 out of 1 P4BBases, with the remaining accidents more or
less equally distributed among the other categafieauses: mechanical failures, natural hazards
and operational human errors.

4.3. Volatile liquids

Volatile liquids represent the class of substantesacterized by the largest number of reported
accidents (608 cases) and the corresponding eeenistshown in Fig. 4. It can be seen that the
branch relative to catastrophic release is notgmteg\Iso, given the very low number of records
with uncertain information (only 7 out of 608), twelease conditions practically cover the whole
range of considered events: releases from a hdatle &probability higher than 0.75) and full bore
ruptures (0.235). Similar to the previous clasdesaterials, the immediate ignition of the release
is quite unlikely, with probabilities always welklow 10%: namely, 0.4% for releases from holes,
and 7.2% for full bore rupture. The average immtedignition probability is now 0.02, much lower
than for the previous classes and also with redpdbie average value of 0.15 sometimes reported
in the literature (Moosemiller, 2011). This suggdsiat this latter value should be better consttlere
as referred to gases and flashing liquids ratheer th liquid fuels. Alternatively, the value of 63
provided by the BEVI manual (RIVM, 2009), refertedCategory 1 substancese(, T<21°), is

much closer to the probability derived here fot bdre rupture (0.072).

A delayed ignition is also unlikely for both cagbsle and full bore rupture), with a “no
fire/explosion” probability of around 0.9 for bothpture types. Overall, a “no outcome” conclusion
of the accident was observed in 88% of all the casalysed (see Table 7). Despite the low
probability of occurrence, a delayed ignition ctilh give rise to serious accidents, and in 30 6f 5
cases where ignition actually occurred a VCE wgsstered (Fig. 4), corresponding to an overall
probability of 5%. As found with compressed gasles,probability of a VCE is higher for releases
from holes (0.062) than for full bore rupture (04pland the same considerations about the
detection time can be done here. As can be seEBahile 7, the overall probabilities of VCEs and
“simple” flash fires are quite similar to each ath@.05 and 0.046, respectively); this can be
explained by the lower amounts of vapours generatadpared with gases and pressure liquefied
gases, which is one of the pre-requisites for #reegation of a vapour cloud explosion.

Page 11 of 24



Despite the high volatility of the substance, vitgdiquid releases are always characterized by the
presence of the pool and by much smaller amountamdurs immediately generated. As a
consequence, the frequent occurrence of liquid fie;n be expected. Table 7 shows that the pool
fire is the most common accidental event, followamgignition. Furthermore, as already
highlighted in section 2, depending on the releasalitions and the characteristics of the accident
area, the liquid pool can move away from the r@esi® before ignition and subsequently find a
source of ignition giving rise to a fire on a mityng liquid pool; in particular, in Table 7 theseat
conditions have been detailed and it can be sedrihte migrating liquid fire is the most common
outcome (0.039 probability versus 0.019 for a lqudl fire). It is also interesting to observe that
migrating liquid pool fire is always accompanieddnother dangerous event (VCE or flash fire),
confirming the generation by a delayed (or distant)rce of ignition. If the two release conditions
are compared, it can be seen that in the case dfilhbore rupture, all the dangerous outcomes
have a higher probability of occurrence, in accoogawith the large amount of material released.
Finally, due to the small amount of vapours immtalyareleased, the jet fire is now overall the
least frequent accident.

For this class of hazardous materials, differegnids can be observed with regard to the exclusive
causes of release, depending on its size (Tablédicerning releases from holes, third party
activities are still the prevailing causation ewmispecially during excavation works, with slightl
more than 30% of all cases. The second most frégaese is corrosion (nearly 20%), mainly
generated by external agents (more than 50% ajeheric cause). Mechanical failures are most
often associated with materials defects and/or ¥&ldres (57% of the generic cause), while the
remaining causes represent less than 10% eaclerétfy, in the case of the 143 full-bore ruptures
analysed, a rather more uniform distribution of theses was revealed. Neglecting about 1/3 of the
cases where no information was available for teatification of the initiating event, the most
common causes were mechanical failures (20.28%)thard party activities (16.08%), but also
corrosion and natural hazards caused a signifitamier of accidents (12.6 and 10.5%,
respectively). Again, operational human errors ptbio be less frequent than might be expected,
with less than 6% for both release modalities, modt often during repairs/maintenance
operations.

4.4. Liquids with low volatility

Given the physical properties of the substancesnigahg to this class of materials, a significant
amount of vapours capable of generating a dangeneerst like a cloud fire or an explosion,
following an ignition, is not expected even in cention with a long-lasting spill. As a matter of
fact, no cases of vapour cloud explosion or flaghdre reported in the examined databases (Fig.
5). Conversely, a number of fires associated wvigignition of the pool generated by the release,
either in the proximity of the leakage or in a eifint location due to migration of the liquid pool,
are reported. Actually, disregarding the consegegnoossibly associated with these fires in terms
of people injured or structures damaged, their @lodlly of occurrence is very low: on a total of
114 historical accidents investigated, the finarév'no fire” was found to have an overall
probability of nearly 0.94 (Table 9).

However, with reference to this latter scenarimitst be observed that, as already specified above,
the term “no ignition” or “no fire” does not necasty mean “no consequences”: they mean that no
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combustion of the flammable vapours was recordéugrebecause no ignition source was present
during the accident, or because no vapour cloudgeasrated, or, finally, because the vapour
cloud did not reach the flammable limit of the dabse. Yet, depending on the properties of the
particular chemical involved, other consequencesassible, like the dispersion of toxic vapours
or some other kind of environmental pollution: #P8 of the analysed cases environmental
pollution was actually reported, but these areidatthe scope of the present paper and have not
been further investigated here.

As with volatile liquids, no cases of catastroptipture have been reported for liquids with low
volatility, and the release was found to occur fiootes in the 86.8% of the cases (Fig. 5), and from
full bore ruptures with a probability of only 0.13Phe jet fire has a probability of occurrence of
less than 1% overall (occurred in one out of 1leldmnts), while that of a pool fire is higher than
5% (Table 9); compared to volatile liquids, a logabl fire is now more frequent than a migrating
liquid, being associated mainly with the immedigta@tion of the release (4 out of 6 pool fires
registered). The immediate ignition probabilitysoich substances (0.044) is lower than 0.15
(Moosemiller, 2011), but larger than reported i@ BEVI manual (0.01 for Category 2 substances,
see RIVM, 2009).

For this class of substances, similar results atimutauses of release as those found for volatile
liquids have been observed (Table 10). Since tta¢ nomber of full bore rupture was quite low,
only generic indications can be drawn: most ofrdleases were caused by mechanical failures,
mainly associated with internal overpressure anld weother construction defects. In the case of
release from holes (99 cases), more meaningfuldgyoan be derived; third party activity is the
main group of generic causes (33%), with damagesglexcavation works representing the most
frequent specific cause (88% of that class); mechafailure is the second class in terms of
frequency (more than 24% of the total accidentsh wield failures and materials defects being the
most common specific contribution (42% and 29% eesipely). Corrosion also plays a significant
role, with 17% of the total release rupture causesnly due to external origin.

Conclusions

Even if no consideration has been given in thegaregaper to the magnitude of the possible
consequences of the release of dangerous mateoapipelines, the results here presented are
deemed of great interest for quantifying the risgaiated with the use of such a transportation
mode. In fact, one of the major uncertainties iraQiiative Risk Analysis is the estimation of the
frequency of occurrence of the different outconm®wing an initial dangerous event. In this
paper, the conditional probabilities of the brarscbkthe post-accident event trees associatedawith
range of hazardous substances have been calctriatedhistorical records.

It has been quantitatively confirmed the intuitiwgoothesis of the importance of the substance
volatility: the overall probability of a safe consion of an accidental release, continuously and
markedly increases with decreasing the substaratasliy (namely 38, 49, 88, and 94%, for the
four classes compressed gases, pressure-liquefsad gvolatile liquids and low volatility liquids,
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respectively). At the same time, a catastrophitungpis only possible for high-pressure gases or
pressure liquefied gases (17 and 4%, respectiwehji)e it has been never registered for liquid

fuels. Also, outcomes characterized by large impaeas, such as VCE and, to a lesser extent, flash
fire, are likely for gases and PLG (between 7 abith robability), but very rare for liquids (5%

only for high volatility liquids) except for the sa of environmental impact. For liquids the most
dangerous final event is represented by a poqglbuewith an occurrence probability hardly
exceeding 5%.

Regarding causation events, third party activitvese found to be the most common cause of
damage to pipelines, independently of the releagergy and for all substance categories, with the
vast majority of damage caused during excavatitmiges. This should be properly taken into
consideration since their occurrence might be Saamtly reduced by simple procedural
improvements in work permits and information exg@@among the companies involved. The
second main causes of loss of containment arerbethanical failures and corrosion; in particular,
corrosion was found to be the main cause of caialsic rupture for high-pressure gas pipelines.
Unexpectedly, operational human errors have shomimar influence on the release frequency,
ranging between 4 and 13% for the different clas$essibstances; this might be explained by the
relatively limited involvement of the human factor this kind of transportation, compared with
other transportation modalities, such as road aid r

It is believed that the quantitative results preddn the present paper can be of great help in the
application of the QRA methodology to the transatioh of hazardous materials via pipeline, both
because of the significant amount of historicabdatalysed, and also because of their specific
association with classes of substances insteadinfj lbeferred to generic hazardous materials as a
whole.
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Fig. 1 Methodology of incidents selection.

Fig. 2 Event tree for compressed gases.

Fig. 3 Event tree for pressurized liquefied gases.
Fig. 4 Event tree for volatile liquids.

Fig. 5 Events tree for liquids with low volatility.

Table 1 Summary of substances for each categonyifigel.

Substance Number of entries % of category

Compressed gas
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Substance

Number of entries

% of category

289 99.3
2 0.7
PG 34 68
nhydrous ammonia 7 14
thane 3 6
thylene 2 4
ropylene 2 4
utane 1 2
_ Carbon monoxide 1 2
Volatile liquids (with T;<21 * C)
asoline 303 49.8
rude oil 287 47.2
aphtha 7 1.2
_Other organic products 11 1.8
Liquids with low volatility (with Ti>21 * C)
et fuel 48 42.1
iesel 31 27.2
erosene 14 12.3
iesel fuel or heating oil 9 7.9
uel oil 9 7.9
eating oil 2 1.8
ow-sulphur diesel 1 0.9

Table 2 Generic and specific causes of failure.

Generic cause

Specific cause

Third party activity

Corrosion

Mechanical failure

Operational/human error

Vehicles/other equipment not related to

excavation activity
Excavation machinery
Heavy loads
High-voltage electrical
Shipping traffic in river
Pipe resting on rock
External corrosion
Internal corrosion
Stress corrosion cracking
Aging

Construction defects
Material defects
Overpressure
Supports failure

Weld failure
Decommission
General operations
Hot tapping
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Generic cause

Specific cause

Natural hazard

Equipment failure

Maintenance
Pigging operations
Pressure testing
Repair/replacement
Shutdown

Start-up

Valve operations
Cold weather
Erosion

Floods

Land slides

Heavy rains
Lightning

Buckle in pipe
Control system
Flange

Isolation valves
Pumps/compressor
Relief valves
Rubber gasket
Tap connection
Thread

Valves

Table 3 Total probabilities for each type of fiealent (compressed gases).

Final event Type of release Overall
Full bore rupture Catastrophic Unknown probability
(0.364)  (0.405) rupture (0.168)  type (0.062)

Jet fire 0.357 0.360 0.612 0.462 0.410
Fireball 0 0.612 0 0.111
Cloud fire (flash fire)  0.061 0.126 0 0 0.074
Flame front

acceleration (VCE) 0.510 0.225 0 0.769 0.314
No consequences 0.367 0.405 0.388 0.231 0.380

Table 4 Distribution of generic and specific causefilure, according to the type of release of

compressed gases.

| specific cat

Type of release

Hole Full bore rupture Catastrophic rupture Unknown ty
No. of entries % of No. of % of No. of entries % of No. of
release entries release release entries
category category category
3 2.8 11 9.32 14 28.6 0
osior 1 33.3 5 455 8 57.1 -
‘0Sio 1 33.3 3 27.3 1 7.1 -
)sion cracki 1 33.3 3 27.3 5 35.7 -
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| specific cat Type of release

Hole Full bore rupture Catastrophic rupture Unknown ty
No. of entries % of No. of % of No. of entries % of No. of
release entries release release entries
category category category

ilure 6 5.7 3 25 0 0 0

1 16.7 - - - - -
ve - - 1 33.3 - - -
presst 1 16.7 - - - - -
tio - - 1 33.3 - - -

- - 1 33.3 - - -

4 66.7 - - - - -
ailure 5 4.7 11 9.3 7 14.3 0

1 20.0 1 9.1 1 14.3 -
n defec - - 1 9.1 1 14.3 -
ecl - - - - 1 14.3 -
| - - 4 36.4 4 57.1 -

2 40.0 5 45.5 - - -

2 40.0 - - - - -
rd 8 7.6 7 59 1 2.0 0

- - 2 28.6 - - -

6 75.0 3 42.9 1 100.0 -

1 125 1 14.3 - - -

1 125 1 14.3 - - -
human error 11 104 9 7.6 2 4.1 0
ratiol 1 9.1 - - - - -

5 45.5 3 33.3 2 100.0 -
iceme 3 27.3 4 44.4 - - -

- - 1 111 - - -

- - 1 111 - - -
ior 1 9.1 - - - - -

1 9.1 - - - - -
ctivity 34 32.1 36 30.5 8 16.3 1
or equipment not related 4 11.8 7 19.4 1 12.5 -
activit
machine 29 85.3 26 72.2 7 87.5 -

- - 2 5.6 - -
\ffic in rive - - - - - - 1

1 2.9 1 2.8 - - -
Use 39 36.8 41 34.8 17 34.7 17

Total 106 100.0 118 100.0 49 100.0 18

Table 5 Total probabilities for each type of fieaent (liquefied compressed gases).
Final event Type of release Overall

Hole Full bore Catastrophic ~ Unknown probability
(0.531) rupture (0.347) rupture (0.041) type (0.082)
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Jet fire+(Pool fire) 0.273 0.706

Fireball 0 0

Cloud fire 0.182 0.118
Flame front acceleration0.273 0.412
No ignition 0.455 0.529

o

o

0.465
0.047
0.140
0.302
0.488

Table 6 Distribution of generic and specific causefilure, according to the type of release of

liquefied compressed gases.

Generic and specific cause

Type of release

Hole Full bore rupture Catastrophic ruptt
No.of % of No.of % of No.of % of
entries  release entries  release entries  release
category category category
Corrosion 4 154 0 0 0 0
External corrosion 2 50.0 - - - -
Internal corrosion 1 25.0 - - - -
Stress corrosion cracking 1 25.0 - - - -
Equipment failure 2 7.7 1 59 0 0
Valves 2 100.0 1 100.0 - -
Mechanical failure 4 154 3 17.7 1 50.0
Construction defects - - - - 1 100.0
Construction defects and overpressure 1 25.0 - - - -
Overpressure - - 1 33.3 - -
Weld failure 2 50.0 2 66.7 - -
Unknown 1 25.0 - - - -
Natural hazard 1 39 2 118 0 0
Floods 1 100.0 - - - -
Land slides - - 1 50.0 - -
Lightning - - 1 50.0 - -
Operational/human error 1 3.9 2 11.8 0 0
Maintenance 1 100.0 1 50.0 - -
Repair/replacement - - 1 50.0 - -
Third party activity 6 23.1 6 35.3 0 0
Vehicle/other equipment not related to
excavation activity 1 16.7 ) ) ) i
Excavation machinery 4 66.7 6 100.0 - -
Shipping traffic in river 1 16.7 - - - -
Unknown cause 8 30.8 3 17.7 1 50.0
Total 26 100.0 17 100.0 2 100.0

Table 7 Total probabilities for each type of fiealent (volatile liquids).

Final event Type of release Overall
Hole Full bore rupture  Unknown type  Probability
(0.753) (0.235) (0.012)
Jet fire 0.011 0.065 0 0.024
Pool fire 0.051 0.072 0.200 0.057
ocal pool fire 0.016 0.022 0.200 0.019
ire on migrating liquid pool 0.036 0.051 0 0.039
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Cloud fire

Flame front acceleration

No fire/explosion

0.033
0.062
0.900

0.087
0.014
0.826

0
0
0.800

0.046
0.051
0.882

Table 8 Distribution of generic and specific causefilure, according to the type of release of

volatile liquids.

C cal Type of release
Hole Full bore rupture Unknowr
No. of entries % of release categoryNo. of entries % of release categoryNo. of entries
90 19.7 18 12.6 0
47 52.2 6 33.3 -
17 18.9 10 55.6 -
1cki 3 3.3 1 5.6 -
23 25.6 1 5.6 -
25 55 4 2.8 2
1 4.0 - - -
- - 1 25.0 -
10 40.0 1 25.0 -
2 8.0 2 50.0 -
1 4.0 - - -
1 4.0 - - -
1 4.0 - - -
4 16.0 - - -
5 20.0 - - 2
54 11.8 29 20.3 1
5 9.3 2 6.9 -
7 13.0 2 6.9 -
11 20.4 4 13.8 1
1 weld failt 1 1.9 - - -
- 4 13.8 -
(o] - - 1 3.5 -
naterial ccts - - 1 3.5 -
1 1.9 - - -
18 33.3 5 17.2 -
ir 1 1.9 - - -
erpresst - - 1 3.5 -
10 18.5 9 31.0 -
18 39 15 10.5 0
1 5.6 - - -
5 27.8 4 26.7 -
1 5.6 - - -
5 27.8 9 60.0 -
- - 1 6.7 -
2 11.1 1 6.7 -
2 11.1 - - -
2 11.1 - - -
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C cal Type of release
Hole Full bore rupture Unknowr
No. of entries % of release categoryNo. of entries % of release categoryNo. of entries
'ror 27 5.9 6 4.2 0
4 14.8 - - -
1 3.7 1 16.7 -
1 3.7 - - -
5 18.5 3 50.0 -
1 3.7 - - -
11 40.7 1 16.7 -
2 7.4 1 16.7 -
1 3.7 - - -
1 3.7 - - -
139 304 23 16.1 0
ment not related to excavatictivay 22 15.8 6 26.1 -
] 101 72.7 16 69.6 -
o¥ 1 0.7 - - -
1 0.7 - - -
el - - 1 4.4 -
14 10.1 - - -
105 22.9 48 33.6 4
Total 458 100.0 143 100.0 7
Table 9 Total probabilities for each type of fieaient (liquids with low volatility).
Final event Type of release Overall
Hole (0.868) Full bore rupture (0.132) Probability
Jet fire 0.010 0 0.009
Pool fire 0.041 0.133 0.053
ocal pool fire 0.031 0.133 0.044
ire on migrating liquid surface  0.010 0 0.009
No fire 0.949 0.867 0.938
Table 10 Distribution of generic and specific caysecording to types of release (liquids with low
volatility).
eneric and specific cat Type of release
Hole Full bore rupture
No. of entries % of release categoryNo. of entries % of release cate
orrosion 17 17.2 2 133
xternal corrosio 6 35.3 1 50.0
ternal corrosio 3 17.7 - -
tress corrosion cracki 2 11.8 - -
nknowr 6 35.3 1 50.0
guipment failure 8 8.1 1 6.7
lange 5 62.5 1 100.0
umps/compress: 1 12.5 - -
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eneric and specific cat

Type of release

Hole Full bore rupture

No. of entries % of release categoryNo. of entries % of release cate
alves 2 25.0 - -
lechanical failure 24 24.2 5 33.3
ging 2 8.3 - -
onstruction defec 1 4.2 1 20.0
onstruction defects and weld fail 1 4.2 - -
aterial defect 7 29.2 - -
verpressul 1 4.2 3 60.0
/eld failure 10 41.7 1 20.0
nknowr 2 8.3 - -
atural hazard 0 0 1 6.7
OW temperature - - 1 100.0
perational/human error 5 51 2 13.3
eneral operatiol 1 20.0 -
laintenanc 2 40.0 50.0
ressure testi 1 20.0 - -
tar-up 1 20.0 - -
alve operatio - - 1 50.0
hird party activity 33 33.3 0 0
ehicle/other equipment not related to excavatictividy 3 9.1 - -
xcavation machine 29 87.9 - -
nknowr 1 3.0 - -
nknown cause 12 121 4 26.7

99 100.0 15 100.0
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