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Summary

This gppendix tries to give information about the range of failure frequencies which can be found in
the literature for the different critical events associated with the different kinds of equipment, defined
according the ARAMI S typology.

Firgt of al, chapter O gives information about the sources of data which have been reviewed for this
sudy. Asgenerd remark, it should be kept in mind that most of the data published are often copied
from one source to another, with implies sometimes aloss of information. The task is then difficult to
have precise information about the kind of populaion from which the data are derived, especidly
regarding the state of the art (in terms of safety systems and design). Most of data date from the
70'sor 80's.

From chapter 2 to chapter 17, data are summarized for each kind of equipment defined in the
ARAMIS typology. For each equipment, data are given for the corresponding criticad events
according the matrix EQ-CE (Table 1).
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Mass solid storage EQ1 X X X X X
Storage of solid in small EQ2 X X
packages
Storage of fluid in small EQ3 X X X X
packages
Pressure storage EQ4 X X X X X
Padded storage EQ5 X X X X X
Atmospheric storage EQ6 X X X X X X
Cryogenic storage EQ7 X X X X X X
Pre§sure transport EQs X X X X
equipment
Atm.ospherlc transport EQ9 X X X X
equipment
Pipe EQ10 X X X
Intermediate storage
equipment integrated in  EQ11 X X X X X X X X X X X X
the process
Equipment devoted to the
physical or chemical EQ12 X X X X X X
separation of substances
Equpment |nv9IV|ng EQ13 X X X X X X
chemical reactions
Equipment designed for
energy production and EQ14 X X X X X X
supply
Packaging equipment EQ15 X X X X X
Other facilities EQ16 X X X X X X

Table1: Matrix Equipment / Critical event
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Chapter 18 shows a table summarizing the ARAMIS proposds in term of frequencies of critica
events. This table (Table 19) is based on the same mode than the matrix EQ-CE (Table 1). For
each crossin Table 1, ARAMIStriesto give aproposa of critical event frequency.

It should be reminded that the values found in this document and in the concluding table
(Table 19) are only based on a synthesis of published values. No indication can be given
here about the state of the art considered.

It must be kept in mind that some data are based on a large population, some other on very few
equipment

Some data are derived from an homogeneous population. But it isalso very probable that
a large part of data are derived from a non-homogeneous population, including very
different process safety design, which can thus not be defined. For example, the frequency of
the critical event "BLEVE" (catastrophic rupture) for pressure storage is equal to 8 10°/year. This
includes probably some storage with protective insulation of the shell, and some others without. It
should then be wrong to consider that the frequency of BLEVE for a vessdl with a protective
insulation layer would be x times lesser because of this "additiond” sysem. At the moment, the
published data do not allow usto describe what is an included safety system, and what isan
additional one, allowing usto decreaseto critical event frequency.

Data summarized in this document should then be used cautioudy. In most cases, data
should not be modified according our "fedling” of the level of safety design of the
equipment analysed. If the reader wants to take into account the safety system
implemented on the equipment analysed, it should be more interesting to build a fault tree,
to choose frequencies for the initiating events and to apply the safety barrier approach.
Thisis the other way proposed by ARAMIS to evaluate the frequency of a critical event.
This second approach is mor e time-consuming but allows to take prevention safety systems
into account.

1. Data sources

Diverse hibliographical sources provide generic probabilities for the critica events. Mot of these are
issued from countries where QRA serves as a decigon support for land use planning.

More than 180 references were examined by TNO (WASH-1400, Canvey, COVO (Rijnmond),
Reaktorscherheit, LPG-integra study, AMINAL sudy,...). As general comment, it should be noted
that some authors (even in recent publications) have copied and adapted the origina failure data, of
which the mgority was firgly presented in literature some 25 years ago. Hence the bass of the
falure data is much smaller than may be expected from the large number of references and moreover
the data are rather old.

It can be observed that the IPO manud is very often referred to. The reason is certainly that, for
some kinds of tanks, data are only found in PO and not elsewhere. It makes us wonder if 1PO
frequencies are based on real data or on expert judgement. It is rather difficult to judge the reliability
of the sources.
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The references used in thisreport are:

- The "Purple book". Data vaues given in this report are set by consensus following discussions
between representatives from industry, the competent authorities and the centra government.
Data values are often based on previoudy made decisons using best judgement of the available
information & that time (1).

- A TNO report on the falure frequencies (2).
- TheRIVM used the same data than the "Purple book” (3).

- Daa from "Det Norske Veritas SA.". The esimation of the event probability is made from
datistic data and/or with the help of quantitative analyss of afault tree or an event tree,

- Datafrom the IPO-manua and the RE 95-1 document (4).
- Handboek Kanscijfers (5)

- Canvey report (6)

- LPGstudy (7)

- EDF(8)

1.1 Remark

The frequencies in the following tables are given in freguency per year, except for the pipes for
which the frequencies are given in frequency per year and per meter. These tables give the ranges of
frequencies or propositions for the different critical events associated to each equipment type.

A range of frequencies for a criticd event is defined by the maxima vaue and the minima vaue
found in the literature, [max vaue-min vaue].

The st of frequencies found in the literature and used to define the ranges of frequencies, arelisted in
the annex C.

A vessH or tank condgts of the vessd (tank) wal and the welded sumps, mounting plates and
insrumentation pipes. The critical events cover the failure of the tanks and vessals and the associated
ingrumentation pipes. The falure of pipes (e.g. the filling pipes) connected to the vessds and tanks
are consdered separately.

The frequenciesindicated in the following tables are the frequencies of critical events.

2. Masssolid stor age (Data found in the Pur ple Book)

Decomposition No datafound
Explosion 110°
Materials set in motion (entrainment by air) 1.10°
Materials set in motion (entrainment by aliquid) No datafound
Start of fire (LP1) 110°

Table 2: Data found for the mass solid storage

-5-




ARAMIS D1C — APPENDIX 10
Generic frequencies data for the critical events

July 2004

3. Storage of solid in small packages (patafound in the Purple Book)

Start of fire (LPI)

110°

Catastrophic rupture

No datafound

Table 3: Data found for the storage of solid in small packages

4. Storage of fluid in small packages (patafound in the Purple Book)

Start of fire (LP) 1.10°
Breach on shell in vapour phase No datafound
Breach on shell in liquid phase 110°
Catastrophic rupture 1.10°

Table 4: Data found for the storage of fluid in small packages

5. Pressurestorage

Start of fire No datafound
Breach on shell in vapour phase See Note 1
Breach on shell inliquid phase See Note 1
Leak from aliquid pipe See Note 2
Leak from agas pipe See Note 2

Catastrophic rupture

1.10°-1.10® (BLEVE of aspherical tank = 8.10°*/year)

Table 5: Data found for pressure storage




ARAMIS D1C — APPENDIX 10 July 2004
Generic frequencies data for the critical events

Remarks:
According to the Purple Book,

The frequencies are default failure frequencies based on the Stuation that corroson, fatigue
due to vibrations, operating errors and externa impacts are excluded.

A lower falure frequency can be used if atank or vessel has specid provisons additiond to
the standard provisons. However, the frequency at which the complete inventory isreleased (i.e,
the sum of the frequencies of the ingtantaneous release and the continuous release (10 min))
should never be lessthan 1.107 per year.

A higher frequency should be used if standard provisions are missng or under uncommon
circumgances. If externad impact or operating errors cannot be excluded, an extra falure
frequency of 5.10° per year should be added to the instantaneous release and an extra failure
frequency of 5.10° per year should be added to the continuous release (10 min).

Note 1
Range of valuesin Continuousrelease
theliterature f10mm f35mm f50 mm/10 min 100 mm
Simpletank 1.10*-4.10° 44.10°1.10° 5.10°-5.10" 310°%-1.10°
In-ground tank 13.10° 4410° 310°
M ounded tank 1310° 44.10° 310°
Data found in the LPG study
Critical events Probability of occurrence per year

Stationary situation

Failure of largest connection 05*10°

Table 6: some data from the LGP study
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Congdering that the frequency of the critical event decreases if the size of the breach increases, here
isa proposition for the frequencies of breaches on a smple pressure tank:

Proposition

Continuousrelease

f10 mm f35mm f50 mm/10 min f 100 mm

Simpletank

510° 5.10° 1.10° 5107

Commentaries

510° and 5.107/year are considered as the maximum frequency and the minimum
frequency for abreach on asimple pressure vessel. 5.10° is the frequency of abreach of 10
mmand 5.10” is the frequency of a breach of 100 mm. Between these two extreme values,
the frequency of a breach of 35 mm is estimated at 5.10° (to be conservative) and the
frequency of abreach of 50 mm isthe intermediate value between 5.10° and 5.107, i.e. 1.10
¢lyear.

The frequency 1.10 is not retained in our propositions. This value seems a little high
compared to other data.

Table7:

Note 2

proposition for the frequencies of breaches on pressure storage

Data found in the LPG study

Critical events Probability of occurrence per year

Stationary situation

Failure of piping system

0.15*10°

6. Padded storage

Start of fire

No datafound

Breach on shell inliquid phase

See Note 4 (same val ues than for an atmospheric storage)

Leak from aliquid pipe

See paragraph 11

Catastrophic rupture

See Note 4 (same values than for an atmospheric storage) + Note 3

Vessel collapse

No datafound

Note 3

Table 8: Data found for padded storage

Data from Canvey report

I nstantaneous failure

10*

This value should be compared with 5.10/year for a single containment atmospheric tank.

-8-
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7. Atmospheric storage

Start of fire No datafound
Breach on shell inliquid phase See Note 4
Leak from aliquid pipe See paragraph 11
Catastrophic rupture See Note 4
Vessel collapse No datafound
Collapse of the roof No datafound

Table 9: Data found for atmospheric storage
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Note 4
_Range _of values f 10mm f 35mm f 50 mm /10 f 100 mm I nstantaneous
intheliterature min release
A single
contanment | 45451 10° 1810° 510° 1210° 510°
atmospheric
tank
Tank witha | 1.10°-5.10° (any
protectiveouter | - release to the 210° 5107-2510" 110° 5107-1107
shell atmosphere for
the Purple Book)
Double 1.10°-1.25.10"
containment (any release to
tank the atmosphere 510° 25.107-1.25.10°® 25.10° 25.10%1.2510°
for the Purple
Book)
Full containment | 1.10°-1.10" (any 5
tank release to the 2510
410° (negligible for 210° 1.10°
atmosphere for the Purple Book)
the Purple Book) P
Membranetank | Thefrequency of a membrane tank, determined by the strength of the secondary container,

should be estimated case by case using the data on the other types of atmospheric tanks.

In-ground tank

1107 (any
release to the
atmosphere
negligiblefor the
Purple Book)

4.10°

(negligible ~ for
the Purple Book)

2.10°%

1.10°®

Mounded tank

1.107 (any
release to the
atmosphere for
the Purple Book)

410°®

(negligible  for
the Purple Book)

2.10°

1.10°%

-10-
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To be consarvative and in congdering that the frequency of the critical event decreases if the size of
the breach increases, here is a_propostion for the frequencies of breaches on an amospheric

storage:

Proposition f 10mm f 35mm F50 mm /10 f 100 mm I nstantaneous
min release
Asingle
containment 10* 18.10° 5.10° 5.10° 5.10°
atmospheric tank
The probability
to havea
. 1.10%isconsidered to | Theonly value | Theonly value diameter of 100
Commentaries . . . mm can not be
stay conservative available available
more probable
than adiameter
of 50mm
Tank with a
protective outer 10° 210° 510" 510" 510"
shell
The probability
5107 is dia}g;:rvsfioo 5107 is
. 1.10%isconsidered to | Theonly value | considered to considered to
Commentaries . . mm can not be
stay conservative available stay stay
. more probable .
conservative : conservative
than adiameter
of 50 mm
Double 5.10° 25.10° 25.10° 25.10°
containment tank
Small leaks of the
primary container are The only value Asthe previous cases, it is considered that the
Commentaries assumed not to release availgble probahilities to have a diameter of 50 mm, of 100 mm or
to the atmosphere and an instantaneous release are the same.
are thus omitted.

-11 -
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Proposition

f 10mm

f 35mm

f 50mm/ 10
min

f 100 mm

Instantaneous
release

Full containment
tank

4108

2.10°8

2.10°8

1108

Commentaries

Small leaks of the
primary container are
assumed not to release
to the atmosphere and

are thus omitted.

The only value
available

The probability
to havea
diameter of 50
mm can not be
more probable
than a diameter of
35 mm. Its
considered that
the probabilities
to havea
diameter of 50
mm or of 100 mm
are the same.

The only value
available

The only value
available

Membranetank

The frequency of a membrane tank, determined by the strength of the secondary container, should be
estimated case by case using the data on the other types of atmospheric tanks.

In-ground tank 4.10°% 2.10°8 2.10°8 1.10°8
It sconsidered
Small leaks of the that the
. primary container are The only value probabi l.l tiesto Theonly vaue | Theonly value
Commentaries assumed not to release . have a diameter . .
available available available
to the atmosphere and of 50 mm or of
are thus omitted. 100 mm are the
same.
Mounded tank 4.10°% 2.108 2.108 1.10°8
It s considered
Small leaks of the that the
. primary container are The only value probabi I.|t|es o Theonly vaue | Theonly value
Commentaries assumed not to release . have a diameter . .
available available available

to the atmosphere and
are thus omitted.

of 50 mm or of
100 mm are the
same.

Table 10: proposition for the frequencies of breaches on atmospheric storage

-12-
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8. Cryogenic storage

Start of fire

No datafound

Breach on shell in vapour phase

No datafound

Breach on shell inliquid phase

See Note 4 (same values than for an atmospheric
storage) + Note 5

Leak from aliquid pipe

See Note 6

Leak from agas pipe

No datafound

Catastrophic rupture

See Note 4 (same values than for an atmospheric
storage) + Note 5

Vessel collapse

No datafound

Table 11: Data found for cryogenic storage

Note 5

Data from EDF

Major leak 2.10°
Rupture (internal and external tanks) 1.10°
Data from Canvey report

Large release to bund 54.10*
Very large release, involving bund overtopping 1.8.10*

These data are to compare with 5.10®/year for a single containment atmospheric tank

Note 6

Data found in the LPG study

Critical events

Probability of occurrence per year

Stationary situation
Failure of outlet pipe

Failure of liquid
recirculation system

pipe in

0.4*10°

0.3*10°

-13-
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9. Pressuretransport equipment

Start of fire No datafound
Breach on shell in vapour phase SeeNote 7
Breach on shell inliquid phase See Note 7
Leak from aliquid pipe See Note 8
Leak from agas pipe SeeNote 8

Catastrophic rupture

1.10°-5.10" (BLEVE of tank truck = 8.10°/year and

BLEVE of rail tankcar = 7.10°/year)

Table 12: Data found for pressuretransport equipment

Note 7
Continuousrelease
Continuousrelease | Leak of adiameter Leak of adiameter Leak of adiameter Leak of adiameter
size=diameter of | eguivalent to 10 mm | equivalent to 35 mm | equivalent to50mm, | equivalent to 100
thelargest 10min mm
connection
5.10(PurpleBook) | 110%(TNO)-1.3.10° | 4.4.10°(Handboek 5.10°(TNO) 3.10°(Handboek
(Handboek Kanscijfers) Kanscijfers)
Kanscijfers)
Note 8
Leak (*)
Full bore rupture of the|Leak of the| Full bore rupture of the|Leak of the
loading/unloading hose loading/unloading  hose| loading/unloading arm loading/unloading arm
(effective  diameter  of (effective  diameter  of
10% of the nominal 10% of the nominal

diameter, with a maximum
of 50 mm)

diameter, with a maximum
of 50 mm)

4.10%hour

4.10°%hour

3.10%hour

3.10°-3.10"/hour

(*) An (un)loading hose is considered as a pipe pertaining to the equipment. Please note that the frequencies are

given per hour.

-14 -
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The LPG study gives the critical events of greatest relevance during the transhipment of L PG under pressure and
the probability of their occurring:

Critical events Probability of occurrence per year

Transhipment to inland water way
vessel from spherical tank

Failure of liquid pipe on quay 0.310°
Failure of vapour pipe 0.3*10°
Transhipment to rail tank car/tank
truck from spherical tank

0.6+10°

Failure of liquid pipe (end of pipe)

10. Atmospherictransport equipment

Start of fire No datafound
Breach on shell in vapour phase See Note 9
Breach on shell inliquid phase See Note 9
Leak from aliquid pipe See Note 10
Leak from agas pipe See Note 10
Catastrophic rupture 1.10%-5.10°
Vessel collapse No datafound

Table 13: Data found for atmospheric transport equipment

Note 9
Continuousrelease
Continuousrelease | Leak of adiameter Leak of adiameter | Leak of adiameter Leak of adiameter
size=diameter of | eguivalent to 10 mm | equivalent to 35 mm | equivalent to50mm, | equivalent to 100
thelargest 10min mm
connection
9.6.10°(DNV)- 1.10%TNO)- 1.8.10°(Handboek 5.10°%TNO) 1.2.10°(Handboek
Kanscijfers) Kanscijfers)
5.10"(PurpleBook) | 5.1.10° (Handboek
Kanscijfers)

-15-
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Note 10
Leak (*)
Full bore rupture of the|Leak of the| Full bore rupture of the|Leak of the
loading/unloading hose loading/unloading  hose| loading/unloading arm loading/unloading arm
(effective  diameter  of (effective diameter  of
10% of the nominal 10% of the nominal
diameter, with a maximum diameter, with a
of 50 mm) maximum of 50 mm)
410°-5.7.10"/hour 4.10°/hour 3.10%hour 3.10°-3.10/hour

(*) An (un)loading hose is considered as a pipe pertaining to the equipment. Please note that the frequencies are
given per hour.

11. Pipe

In the literature, the critica events for pipes cover dl types of process pipes and inter-unit pipelines
above ground of an establishment. In the MIMAH methodology, the equipment "PIPE" is defined as
"RAping linking different units (for example a pipe linking an unloading unit and a storage unit, or
linking a torage unit and a process unit), as well as pipes feeding the flare".

In this paragraph, the freqguencies are given in frequency per year and per meter. The total
failure freguency of a pipeline is determined by multiplying the failure freguency by the
total length of the pipeline.

Start of fire No datafound
Leak from aliquid pipe See Note 11
Leak from avapour pipe SeeNote 11

Table 14: Data found for pipe

-16 -




ARAMIS D1C — APPENDIX 10
Generic frequencies data for the critical events

July 2004

Note 11

The frequency depends on the pipe diameter.

Small leak (effective Middleleak .
. . L Largeleak (effective
Range of valuesin || diameter of 10% of || (effective diameter of .
. . . diameter of 44% of|| Full borerupture
theliterature thenominal 22% of thenominal ) .
. . thenominal diametey]
diameter) diameter)
Nominal diameter < ¢ 156 5 g5 195 7.93.10° 3310° 1.10°-1.45.10°
75mm
75mm £ nominal " " " - - -
diameter £ 150 mm 2.10°-3.10 1.11.10 4,62.10 210°-5.10
Nominal diameter > 5107-310° 65.107 27107 1107-5.10"
150 mm

To be consarvative and considering that the frequency of the critica event decreases if the Size of the
leak incresses, hereis a proposition for the frequencies of lesk from a pipe:

Small leak (effective | Leak (effective | Lok (dffective
» diameter of 10% of || diameter of 2296 of | diameter of 4% of
ety thenominal the nominal thenominal diameter| ~ Full borerupture
diameter) diameter) (Largeleak)
Nomm;tl5 (ri‘rl]ar:]neter < 1.18.10° 7.93.10° 33.10° 122.10°
75mm £ nominal 6 6 7 7

diameter £ 150 mm 25.10 11110 462.10 3510

. . 1.18.107 (value of
Nom"i?,'odr'naﬂaa g 17510° 65.10" 27.10" Handboek

Kanscijfers) (*)

(*) The value of Handboek Kanscijfers is considered in this case because the intermediate value is higher than
the frequency of alarge leak.

Table 15: Propostion for the frequencies of leak from a pipe

-17 -
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Remark:

According to the Purple Book, the frequencies given for the pipework falure rate are based on
process pipework operating in an environment where no excessive vibration, corroson/erosion or
thermd cyclic dresses are expected. If there is a potentid risk causng a sgnificant lesk, eg.
corrosion, a multiplying correction factor of 3-10 should be gpplied, depending on the specific
Stuation.

According to DNV, the frequencies of fallure of process pipes must be multiplied by:
0.768 for pipes placed on racks
0.809 for pipes placed on the ground
0.885 for inter-unit pipes

For "in-ground pipes':

Handboek I nstantaneous Leak of adiameter | Leak of adiameter | Leak of adiameter
Kanscijfers release equivalent to 0.1D | equivalentt00.22D | equivalent to 0.44D
In-ground metal pipe 310°L/D 54.10°L/D 2310°L/D

Table 16: Data found for in-ground pipes

12. Intermediate storage equipment integrated in the process

In the literature, we have not found any specific data on the falure frequencies of intermediate
storage equipment integrated in the process.

13. Equipment devoted to the physical or chemical separation of

substances
Start of fire No data found
Breach on shell in vapour phase See Note 12
Breach on shell inliquid phase See Note 12
Leak from aliquid pipe See paragraph 11
Leak from agas pipe See paragraph 11
Catastrophic rupture 1.10°-510°

Table 17: Data found for equipment devoted to physical or chemical separation of

substances

-18-
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Note 12

Continuousrelease

f 10mm f 50mm/10min

1.10* 5.10°-5.10°

Remark:

There are very little data in the literature on the fallure frequencies of process vessds (we have found
data only in the "Purple Book"). The process vessals are specific equipment with a lot of
components. It should be better to use the fault tree in order to obtain the failure frequency.

14. Equipment involving chemical reactions

Start of fire No datafound
Breach on shell in vapour phase See Note 13
Breach on shell in liquid phase See Note 13
Leak from aliquid pipe See paragraph 11
Leak from agas pipe See paragraph 11
Catastrophic rupture 1.10°-5.10°

Table 18: Data found for equipment involving chemical reactions

Remark:

According to the Purple Book, the failure frequencies of reactor vessals are 10 times higher than the
falure frequencies of pressure vessds. This factor covers the hazards imposed by the chemicd
process, like runaway reactions unidentified in the analysis of the process.

However, there are very little data in the literature on the failure frequencies of reactor vessdls (we
have found data only in the "Purple Book™"). The reactor vessdals are equipment with specific hazards
(like runaway reections). It should be better to use the fault tree in order to obtain the failure

frequency.

Note 13

Continuousrelease

f 10mm f 50mm/10min

1.10* 5.10°-5.10°

-19-
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15. Equipment designed for energy production and supply

No datafound in the literature

16. Packaging equipment

No datafound in the literature

17. Other facilities

No datafound in the literature

18. Conclusion

- The frequencies given in the literature have a GENERIC character; the number and nature of
safety barriers included in these failure frequencies and the age of the equipment at the time of
falure are not known. The frequencies are given for a "standard" security level.
However, in theliterature, the " standard" security level isnot specified.

- Theranges of frequencies per critica event can vary in proportion 10 to 10000.

- If it is not posshble to obtain the frequency of the critical event from the fault tree (from the
frequencies of causes), the generic frequencies of critical events will be used.

Underneeth, it is a summary table of datafound in the literature (see Table 19).
ND means No Data found;

NSD means No Specific Data found;

The caseisin green when the vaue is a proposition;

The caseisin grey when the critical event can not be associated to the equipment.
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Table 19: Summary table of data found in theliterature on the frequencies of critical events
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