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Abstract

We apply the straight forward algorithm developeg Elark and Reza-Latif-Shabgahi
bottom-up method in determining the minimal cut-sedf the modified fault tree of pipeline
failure in the Niger Delta region of Nigeria occasned by third party activity. It employs the
bottom —up technique, producing a table containitfie cut — sets for each event in the tree. In
all, fifty-two basic events interconnected by ND logic gates and twenty-one OR logic
gates, were analyzed resulting in thirty minimBlirst-order cut sets, twelve minimal Third-
order cut sets and sixteen Fourth-order minimal ceets. Of importance is the twenty-eight
minimal First cut sets since higher order cut séiave lower possibility of occurrences.
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1. Introduction:

Fault tree analysis describes an analytical teclnighereby an undesired state of the system idfigueand the
system is then analyzed in the context of its emvitent and operation to find all realistic waysnhich the undesired event
can occur [8]. A typical fault tree consists oé ttop event, the basic events, and the logic gatestop event represents an
undesirable state of the system, the basic eveptgsent the state of the systems componentsharidgic gates describe the
relationship between the basic events and theutepteln classic fault tree analysis the AND logate denotes that the output
is in a failure state, if all the inputs are inldia¢ state. The OR logic gate denotes that theubigpn failure state, if at least one
of the inputs is in failure state. An intermediateent represents an intermediate state of therayitat is related directly or
indirectly to the top event with a logic gate.

Generally, a fault tree has several cut sets pimmants. Aminimal cut se(MCS) is the smallest combination of
basic events which if they all occur will cause tlep event to occur. Minimal cut-set’'s also reprgésethe smallest
combination of basic events whose failures are sgg and sufficient to cause the occurrence ofapevent. If any event is
removed from the set, the remaining events colleljtiare no longer a cut set.

2.0 Study Methodology

Yahua et al in 2005 [9] fault tree diagram fomgmission pipeline failures is enlarged to inclidelve identified
third party activities contributory to leak, punaor rupture of transmission pipeline in the Nifeita region of Nigeria. [2].
The first part of fault tree [8],

( Figure 1) is quantitatively analyze to determite minimal cut-sets or prime implants, which idist of minimal
combinations of events leading to the occurrencehef top event. [1,3]. Earlier fault tree techniguend methods are
highlighted in reference [6] while computer-aidedhstruction technique for fast and accurate geioeraif fault tree is
highlighted in reference [7]. Indirect methodsalesate a fault tree by quantification of its minin@ut sets requiring
approximation and truncation techniques to resttiet number of minimal cut-sets that are generafdtbct evaluation
methods however, solve the fault tree exactly aqmidathe need for approximations.

MOCUS algorithm, is based on the observation thidDAgates increase number of elements in a CS aatdQR
gates increase the number of CSs. It uses twotggldteuristics: the selection of the next prodogbrocess, and the selection
of the gate variables to expand in the product umpdecess. Clark and Reza-Latif-Shabgahi, in 2084etbped a straight
forward approach which uses the bottom-up technigregucing table containing the cut-sets for eadmt in the tree.
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Table 1 Basic Events Responsible for Transmission Pipdhailure

Events | Events classification

codes

El Revenge

E2 Poverty

E3 Fishing

E4 Government neglect

E5 Get rich quickly

E6 Farming activities

E7 Militancy

E8 Population explosion

E9 Aging pipeline

E10 Company'’s operation

E1l1l Sabotage

E12 Poor engineering construction

E5 Stress concentration

E6 Residual stress

E7 Large internal stress

E8 Stress corrosion cracking with water

E9 Stress corrosion cracking with acid medium
Hydrogen sulphide

E10 Stress corrosion cracking with acid meditm
Oxygen

E1ll Stress corrosion cracking with acid medium
Carbon dioxide

E12 Corrosion fatigue occasion by pressure surge

E13 Corrosion fatigue occasion by external load

El14 Quality of worker

E15 SCADA

E16 Equipment

E17 Apparatus

E18 Unreasonable strength

E19 Unsuitable material

E20 Earthquake

E21 Flood

E22 Subsidence

E23 Failure of Cathodic Protection

E24 Failure of coating

E25 ANII anti-corrosion

E26 High temperature induced soil corrosion

E27 Low resistance induced soil corrosion

E28 High water ratio induced soil corrosion

E29 High salt induced soil corrosion

E30 Electrical soil induced corrosion

E31 Bacteria induced soil corrosion

E32 Electrical interference

E33 Failure of inhibitors

E34 Failure of coating

E35 Bad clear pipe

E36 Debonding

E37 Construction defect

E38 Coarse grain

E39 Bad microstructure

E40 Mechanical inclusion

E41 Bad installation

E42 Bad weld

E43 Bad groove

E44 Mechanical damage
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Figure 2: Fault Tree diagram for Pipeline Failures

453



Clark and Reza-Latif-Shabgahi Algorithm for ... Ariavie, Ovuworie and Ariavie J of NAMP

3.0 Clark and Reza-Latif-Shabgahi Algorithm and Minimum Cut-Sets [5]

In this algorithm, Clark and Reza-Latif-Shabgalsigs a unique binary event code to each basic d@hantcontains
only one occurrence of the number 1 so that instesy with four basic system with four basic eveAtsB, C D, the binary
event code as shown in Table 2.

Table 2: Binary Events Code Table 3: Gateutput table for cut-setsA, CD, BC

Basic Events Binary Code A B C D
A 1000 1 0

B 0100

C 0010 0 1

D 0001

The algorithm uses gate output tables to storeuhsets of each event in the fault tree. The nurabeolumns in the
table is the number of bits in the binary eventesydind the number of rows is the number of cst-Jdte gate output table in
Table 3represents the cut-sets A, CD, BC for a fault wéh four basic events A, B, C, D, with A represegtthe msb of the
binary event code. Gate output tables can be ANDgether and also ORed together. To AND gate oughles each row of
the tables are ORed together as shown in table théoevent G3 = G1.G2 where the cut-sets of GlAaaad BC and the cut-
sets of G2 are CD,AB. The resultant gate outpuetedpresents the cut-sets of G3, namely ACD, ABPBand ABC.

Table 4 Gate output tables showing the AND function

1 0 0 0 AND 0 0 1 1
1 1 0 1 1 0 q

1 0 1 1

gives 1 1 0 0

0 1 1 1

1 1 1 0

To OR gate output tables each row of the tablesapied into the resultant output table as shiowirable 5 for the
eventG4 = G1+ G2 where the cut-sets @1 areA andBC and the cut-sets @2 areCD andAB. The resultant gate output
table represents the cut-sets3f, namelyA, BC, CD and AB

Table 5 Gate output tables showing the OR function

1 0 0 0 OR 0 0 1 1
0 1 1 0 1 1 0 q
1 0 0 0
Gives 0 1 1 0

0 0 1 1
1 1 1 0
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4.0 Algorithm for Transmission Pipeline Failure inthe Niger Delta Region of Nigeria

Using the above Algorithm procedure, we developedalgorithm for transmission pipeline failure inetiNiger Delta
region of Nigeria. The algorithm uses gate outpwgtore cut — sets of each event in the fault ffée number of columns in
the table is the number of bits in the binary co@desl the number of rows is the number of cut s. Sgtus, we would use fifty
— two bit code with each basic event of the fardetassigned a code containing only one occurrehtke number 1 as
indicated in for the first thirteen events in TaBle

Table 2 Basic Event Codes for Fault Tree of Pipelm Failure

111111111 1)202 22022202022 3333 3333334444444 44 4555

12345 67890 123456 78901 23 456 7 809 01 23456 78090/ 123456782901 2
E1 |00 0/ 0 00 0000000 0]0 00 0000/ 0[0]0]0 0 0[0]0]0f0{00]0 0 000 0]o0[0[0]0]0 0f0]0]0j0f0f0]0]1
E2 | 00 0/ 0 0] 0 0 0]0]0 0[O0 0]0f 0[O0 00 0000 0]0f00]0{00]0{00]0f0f00{0]0 0[000]0[0 00000010
E3 |00 0/ 0 00 0000000 0]0/ 00 0]0 00/ 0[0)0]0f0C|0]0{000f0]0]0f0[0]0{0 0 0[0]0]0]0/0 00000100
E4 | 00 0 0 00 0 000000 0j0/ 00 00 00 0{0 000 0 0{00 0[O0 000000 00000000 D00 10070
ES |00 0/ 0 00 0000000 0]0/ 00 00 00 0[00]0f0|0]0{00]0f0]0]0f0f00{0 0 0[0]0]0]0[0] 00010000
E6 |00 0/ 0 00 0000 000 0]0/ 00 00 00 0[00]0f0|0]0{00]0{0]0]0f0[00{0 0 0{0]0]0]0[0] 00 100000

E8 |0/ 0/ 0 00 0000 0[O0 0]0/ 00 00 00 0[00]0f0|0]0{00]0{0]0]0f0[00{0 0 0{0]0]0]0f0 20000000

E9 |0 00 00 005000 00 0{0 0[O0 00 000000 00[0]0{0f0[0 0000000000001 00f00f0D0O0D
E1

E1

E1

To AND gate output tables each row of the tables@iRed (copied) into the resultant output table.éxample, the OR

gate output number G19, comprising of events E173tress corrosion cracking with acid medium Hyeno sulphide ,
E18 for Stress corrosion cracking with acid medi@®ygen and E19 for Stress corrosion cracking witld anedium Carbon
dioxide,, therefore, OR gate output G19=E17+E18+&318hown in Table 3

Table 3 Gate output for G19=E17+E18+E19
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. To AND gate output tables each row of the tabfes. example, the AND gate output number G17, cisimyy events
E16 and OR gate G19, G17=E16.G19 as shown in Hable
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Table 4: Gate output for G17 = E16 ANDed G19 = E18NDed (E17 ORed E18 ORed E19)
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The complete gate output table (algorithm) fortda@smission pipeline failure fault tree in fig@teand figure 3 for the

generation of the bottom-up algorithm to deterntireminimum cut-sets is shown in steps 1 throughél@w.

Step 1 G11 = E49 ORed E50 ORed E51 ORed E52
Step 2 G13 = E46 ORed E47 ORedE48
Step 3 G12 = E45 ORed G13
= E45 ORed (E46 ORed E47 ORedE48)
Step 4 G10 = G12 ORed G11
= (E45 ORed (E46 ORed E47 ORedE48)) ORed (E49 ORed E50 ORed E-
ORed E52)
Step 5 G26 = E17 ORed E18 ORed E19
Step 6 G23 = E16 ANDed G26
= E16 ANDed (E17 ORed E18 ORed E19)
Step 7 G25 = E41 ORed E42 ORed E43 ORed E44
Step 8 G22 =E33 ANDed G25 ANDed G23
= E33 ANDed (E41 ORed E42 ORed E43 ORed E44) ANDed (E16 ANDec
(E17 ORed E18 ORed E19))
Step 9 G24 = E34 ORed E35 ORed E36 ORed E37 ORed E38 ORed E39 ORed E40
Step 10 G21 = E31 ANDed E32 ANDed E33 ANDed G24
= E31 ANDed E32 ANDed E33 ANDed (E34 ORed E35 ORed E36 ORed |
ORed
E38 ORed E39 ORed E40)
Step 11 G20 = G21 ORed G22
= (E31 ANDed E32 ANDed E33 (E34 ORed E35 ORed E36 ORed E37 OR
E38 ORed
E39 ORed E40)) ORed (E33 ANDed (E41 ORed E42 ORed E43 ORed
ANDed
(E16 ANDed (E17 ORed E18 ORed E19))
Step 12 G27 = G20 ORed G10
= (( E31 ANDed E32 ANDed E33 (E34 ORed E35 ORed E36 ORed E37 O
E38
ORed E39 ORed E40)) ORed (E33 ANDed (E41 ORed E42 ORed EA43
E44)
ANDed (E16 ANDed (E17 ORed E18 ORed E19)) ORed (E45 ORed (E
ORed E47
ORedE48)) ORed (E49 ORed E50 ORed E51 ORed E52)
Step 13 G7 = E28 ORed E29 ORed E30
Step 14 G6 = E26 ORed E27 ORed E28
Step 15 G8 = E24 ORed E25
Step 16 G9 = E22 ORed E23
Step 17 G18 = E20 ORed E21
Step 18 G15 = G23 ANDed G18
= ( E16 ANDed (E17 ORed E18 ORed E19) ANDed (E20 ORed E21)
Step 19 G19 = E17 ORed E18 ORed E19
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E19)

£19)
37

DRed

ORed

DRed

F17
DRed

ed E27

Step 20 G17 = E16 ANDed G19
= E16 ANDed (E17 ORed E18 ORed E19)
Step 21 G16 = E13 ORed E14 ORed E15
Step 22 G14 = G16 ANDed G17
= (E13 ORed E14 ORed E15) ANDed (E16 ANDed (E17 ORed E18 ORed
Step 23 G5 = G9 ORed G8
= (E22 ORed E23) ORed (E24 ORed E25)
Step 24 G4 = G14 ORed G20 ORed G15
= (E13 ORed E14 ORed E15) ANDed (E16 ANDed (E17 ORed E18 ORed
ORed (E31 ANDed E32 ANDed E33 (E34 ORed E35 ORed E36 ORed E
ORed E38
ORed E39 ORed E40)) ORed (E33 ANDed (E41 ORed E42 ORed E43 C
E44)
ANDed (E16 ANDed (E17 ORed E18 ORed E19)) ORed ( E16 ANDed (E
ORed E18
ORed E19) ANDed (E20 ORed E21)
Step 25 G3 = E1 ORed E2 ORed E3 ORed E4 ORed E5 ORed E6 ORed E7 ORed E8
E9
ORed E10 ORed E11 ORed E12
Step 26 G2 = G3 ORed G4 ORed G10 ORed G5 ORed G6 ORed G7
= E1 ORed E2 ORed E3 ORed E4 ORed E5 ORed E6 ORed E7 ORed E8 (
E9
ORed E10 ORed E11 ORed E12) ORed (E13 ORed E14 ORed E15)
ANDed (E16 ANDed (E17 ORed E18 ORed E19) ORed (E31 ANDed E37
ANDed E33 (E34 ORed E35 ORed E36 ORed E37 ORed E38 ORed E39
ORed E40))
ORed (E33 ANDed (E41 ORed E42 ORed E43 ORed E44)
ANDed (E16 ANDed (E17 ORed E18 ORed E19)) ORed ( E16 ANDed (E
ORed E18 ORed E19) ANDed (E20 ORed E21) ORed (E45 ORed (E46
E47
ORedE48)) ORed (E49 ORed E50 ORed E51 ORed E52)ORed (E26 OR
ORed
E28) ORed (E28 ORed E29 ORed E30)
Step 27 G1=G27 ORed G2

= ((E31 ANDed E32 ANDed E33 (E34 ORed E35 ORed E36 ORed E37 OR

E38 ORed

E39 ORed E40)) ORed (E33 ANDed (E41 ORed E42 ORed E43 ORed E
ANDed

(E16 ANDed (E17 ORed E18 ORed E19)) ORed (E45 ORed (E46 ORed
E470RedE48))

ORed (E49 ORed E50 ORed E51 ORed E52) ORed E1 ORed E2 ORed E
ORed E4

ORed E5 ORed E6 ORed E7 ORed E8 ORed E9 ORed E10 ORed E11 (
E12)

ORed (E13 ORed E14 ORed E15) ANDed (E16 ANDed (E17 ORed E18
E19)

ORed (E31 ANDed E32 ANDed E33 (E34 ORed E35 ORed E36 ORed EJ
ORed E38

44)

Red
ORed

7

ORed E39 ORed E40)) ORed (E33 ANDed (E41 ORed E42 ORed E43 ORed

E44)
ANDed (E16 ANDed (E17 ORed E18 ORed E19)) ORed ( E16 ANDed (E!
ORed E18

17
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ORed E19) ANDed (E20 ORed E21) ORed (E45 ORed (E46 ORed E47
ORedE48))

ORed (E49 ORed E50 ORed E51 ORed E52)ORed (E26 ORed E27 ORed E28)
ORed

(E28 ORed E29 ORed E30)

Discussion

Applying the principle of culling and reductions tioe resultant , the above algorithm producedthfitst- order

minimal cut-sets, twelve third-order minimal cutssesixteen forth — order minimal cut-sets, aneé¢horder minimal cut sets.
Of importance are the first-order cut-sets bec#lusédigher the cut-sets order, the least possitufiits occurrence.

Conclusion

The simple straight forward Clark and Reza-LatigBgahi Algorithm has been succeefully used to deter the

minimal cut — sets of the modified fault tree degrof pipeline failure in the Niger Delta RegionNifjeria as occasioned by
third party activities. The fast execution attainasl a result of the binary nature of the data sspr@tion and data
manipulations enables the simple application oflBao algebra to progress from the bottom to theofdpe fault tree.
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