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Risk Assessment of Deepwater Gas Trunklines 
 
by Peter Carr (Peter Carr Consultants Ltd) and Robert Preston (JP Kenny Ltd) 
 
The capital value of deepwater gas trunklines with dependent upstream and 
downstream facilities is such that these developments must carry a low level of risk 
during construction and high reliability in operation. This makes it necessary to 
understand and quantify risks and uncertainties in order to support the business case 
for these projects. In the deepwater areas beyond continental shelves, the primary areas 
of risk and uncertainty are perceived as pipeline buckling during construction and geo-
hazards during operation. These issues are discussed and illustrated by reference to 
integrity assessment studies performed during the detail design of a 500-km 24-inch gas 
trunkline in a seismic deepwater region. For the reference project, these “deepwater” 
risks were quantified and shown to be low when compared against generic values for 
shallow water pipelines.  
 

Introduction 
 
As offshore pipeline systems are extended into frontier deepwater areas, questions are rightly 
asked of the constructability and long-term reliability of such systems. A wide range of field 
survey and study work can be applied to improve understanding of risks and uncertainties to 
a level whereby these can be compared against acceptance criteria. Quantitative risk analysis 
(QRA) is able to contribute to this process.  
 
QRA may be performed for pipelines in order to: 
• quantify risks to persons, the environment and the assets in any phase of the project 

lifecycle; 
• demonstrate that risks can be reduced to acceptable levels; 
• make recommendations for measures that may be required to prevent, control or mitigate 

risks; 
• assist in decision making, for example, in selecting between design options or in 

optimising design parameters. 
 
This paper describes the application of QRA to some of the perceived risk issues for a 500-
km, 24-inch gas trunkline in a seismic deepwater region. It is demonstrated that the risks 
associated with potential slope instabilities and seismic fault movements are low compared 
with conventional, normally accepted risks for pipelines. It is also shown how QRA was used 
to help optimise linepipe contingency quantities and buckle arrestor spacing. 
 

Operational Risks 
General 
 
Some operational hazards are generic and affect any subsea pipeline. Others are pipeline 
specific, affecting some pipelines but not others. For the example pipeline, a 500-km gas 
trunkline in a seismic deepwater region, the specific hazards include potential slope failures 
and fault movements. These hazards are addressed in detail in this paper and estimates are 
given for the risks to the pipeline from these causes. In order to appreciate the relative size of 
these risks, it is helpful to have an estimate for the total risk to the pipeline. 
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The pipeline will be generally free from risk of mechanical impact. There is little trawling 
activity in the region and most of the pipeline will be below the depth at which these trawlers 
operate. Measures have been specified near the landfall for protection against anchor 
damage. 
 
In the deepwater sections of the route, the pipe wall has been sized for external pressure 
collapse in the empty (installation) condition. As a result, the pipe wall is over-sized for the 
internally pressurised condition that applies during normal operations. For this reason, and 
because seabed currents are low in the deepwater sections of the route, stresses under normal 
operating conditions will be well within the code allowable values. 
 
Subsea pipelines have been remarkably free from external corrosion problems except in very 
low (e.g. sub-zero) seawater temperatures. Despite water depths to 650 m, this pipeline will 
not be exposed to unusual seawater temperatures or compositions. Internal corrosion is not an 
issue either, since the pipeline will transport dry gas. 
 
The performance of offshore gas trunklines with respect to the risk of failure due to corrosion 
or material defects has been outstanding. The UK Health and Safety Executive has published 
pipeline failure statistics in the report known as PARLOC 96 (Ref. 1). This report covers all 
pipelines in the UK, Norwegian, Dutch, Danish and German sectors of the North Sea to the 
end of 1995. The operating experience associated with offshore gas pipelines 2 km or more in 
length was 122,836.8 km-years (PARLOC 96, Table 5.6). There were zero failures due to 
material defects or corrosion associated with this operating experience. However, the risk 
cannot be assumed to be zero. An estimate for the risk may be developed by assuming that 
failures of this type occur according to a Poisson distribution, i.e. as random isolated events. 
It can be shown from the properties of the Poisson distribution that if there have been zero 
failures in an exposure period N, then there is a 50% probability that the failure rate (λ) is 
less than 0.693/N.  On this basis, a possible estimate for the failure rate of gas trunklines, due 
to material defects or corrosion, is λ = 5.64×10-6 per km-yr. The true risk may be lower than 
this for the following reasons: 
 
(a) Since the failure rate estimate is based on zero observed failures, it could reduce as 

operating experience builds up.  
 
(b) The average age of the pipelines in the database is relatively short and there is some 

evidence to suggest that failure rates decrease with pipeline age (the ‘bathtub’ curve 
effect) for lifetimes of practical interest, say 20-30 years.  

 
(c) The average length of the pipelines in the database is relatively short. One would expect 

that the longer and more important the pipeline, the lower would be the risk expressed on 
a per kilometre basis, due to the increased attention paid to design, construction, 
operation, inspection, maintenance and repair. 

 
If the above factors are taken into account on the basis of engineering judgement by (say) 
halving the preceding failure rate estimate, a revised estimate of the risk of a leak is 
λ = 2.82×10-6 per km-yr. Over a pipeline length (L) of 500 km, the estimated probability of a 
leak due to material defect or corrosion is then 1-exp(-λL) or 1.4×10-3 per year. This figure 
may be used as a standard of comparison for the risk estimates given later in this paper. 
 
Uncertainties can be included in risk analyses by use of Monte Carlo simulation methods. 
Since two of the example analyses given in this paper make use of simulation, a brief 
background description of the technique is given in the next section. 
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Background on Monte Carlo Simulation Techniques 
 
Monte Carlo simulation can be used to solve any probabilistic problem. A probabilistic 
problem differs from a deterministic one in that the variables are subject to uncertainty and 
therefore described by probability distributions rather than by single values. 
 
Figure 1 shows the general scheme for any Monte Carlo simulation. The process involves an 
iterative loop. Within the loop, ‘point estimates’ are obtained for the uncertain input variables 
by ‘sampling’ the probability distributions describing these variables. ‘Sampling’ means 
computer generation of values such that a long sequence of such values would conform to the 
selected probability distribution. The values of any dependent variables and the value of the 
required output variable are calculated using a suitable mathematical model. Each iterative 
cycle leads to a new estimate for the value of the output variable. After a suitably large 
number of iterations, the list of values obtained for the output variable is post-processed to 
obtain a statistical description of the output parameter. 
 
Monte Carlo simulation is a rigorous method of solving a probabilistic problem (“rigorous” 
in the sense that any desired level of mathematical accuracy can be achieved by increasing 
the number of iterations). It also has the advantage of being easy to understand, because a 
simulation follows the real-life sequence of events.  
 

Slope Instability 
 
The examples in this paper are taken from a design project relating to a proposed 500-km, 24-
inch diameter gas export pipeline. The pipeline is to follow a wholly subsea route between a 
platform and an onshore terminal. The water depth will be 43 m at the platform increasing to 
up to 650 m in each of several deepwater areas crossed by the route. The soils are generally 
sands/silts with slopes up to 3.3ºor soft clays with slopes up to 5.5º. The route crosses a 
subduction zone, where two continental plates are in collision, and where the seabed is a 
complex array of active folds and faults. Elsewhere along the route, there are several shallow 
crustal seismic fault systems, also active. 
 
A reconnaissance survey to evaluate routing alternatives was followed by a detailed survey 
along the intended route. During the detailed survey, both major and minor adjustments were 
made to the routing to minimise geo-hazards. The final selected route was then the subject of 
a detailed assessment of slope stability under seismic conditions. 
 
To maximise tolerance to ground movements, the pipeline will not be buried except at the 
landfall where protection against anchors is required. There is ample onshore experience to 
suggest that pipelines that are not buried are highly unlikely to fail in earthquakes. 
 
The selected pipeline route aims to avoid the steepest slopes and the most irregular terrain. 
Where slopes cannot be avoided, the pipeline has been routed, as far as practicable, to follow 
the steepest line of the slope to prevent exposure to possible lateral loading and movement. 
 
Initially, the seismic stability was evaluated using a pseudo-static infinite slope (PSIS) model. 
In this model (see Figure 2), the earthquake is simulated by a constant horizontal 
acceleration. The vertical acceleration is neglected. A failure plane parallel to the inclined 
seabed is assumed. The pseudo-static acceleration produces a horizontal inertial force acting 
through the centroid of the failure mass. The resisting force is calculated from the shear 
strength of the soil. For liquefiable soils (e.g. sands and silts), the calculation of the resisting 
force takes into account the reduction in strength associated with increase in pore water 
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pressure under cyclic loading conditions. For non-liquefiable (e.g. clay) soils, a reduction 
factor is commonly applied to account for some cyclic weakening. Pseudo-static analysis has 
been in use since the 1920’s (Kramer, Ref. 2). The approach is considered to be generally 
conservative. To try to overcome this conservatism, it has become the practice to multiply the 
horizontal peak ground acceleration by a “seismic coefficient” (with value less than unity) in 
order to arrive at the pseudo-static horizontal acceleration. The value of the seismic 
coefficient has been selected on engineering judgement or by calibration of the pseudo-static 
analysis against more advanced analytical methods. Different workers have recommended 
seismic coefficients that fall within the range 0.1 to 0.5. Due to this wide range of 
uncertainty, the PSIS model was used only for preliminary screening. The seismic coefficient 
was taken as 0.5 (the highest of the values recommended by different workers) and slopes 
were subjected to more detailed analysis if the calculated factor of safety under the 100-year 
return earthquake was less than 1.3 for fine grained soils or 1.0 for coarse grained soils. 
 
Fine-grained soils on slopes failing the screening criteria occur in several areas along the 
route. The angles of these slopes ranged from 2.0 to 5.5º. The Newmark Sliding Block 
Analysis (Ref. 2, 3, 4, 5) was applied to these slopes. The Newmark method applies to fine-
grained, non-liquefiable soils such as clays. It idealises the failing soil mass as a rigid block 
sliding on a rigid base. The procedure was applied as follows: 
 
• The yield-accelerations upslope and downslope were calculated based on an assumed 

failure plane, the soil yield strength and a factor of safety of 1.0. The soil yield strength 
was taken as 80% of the static shear strength to allow for cyclic degradation. 

 
• A design earthquake acceleration versus time record was integrated to obtain the ground 

(base) velocity versus time. Initially, the block and the ground were taken to move 
together, without relative velocity. However, when the base acceleration exceeded the 
yield acceleration, the rate of change of velocity of the sliding block was limited to the 
yield acceleration (see Figure 3) and in such cases the sliding block velocity Vsb differed 
from the base velocity V. 

 
• The relative velocity V-Vsb was integrated with respect to time to obtain the cumulative 

displacement of the block relative to the base. 
 
The results of the Newmark displacement calculations for the clay slopes along the pipeline 
are shown in Table 1 for various earthquake return periods. 

Table 1 Results of permanent displacement calculations (Newmark method) for slopes 
in fine-grained (clay) soils 

Slope 
Angle 

Depth Bulk 
Density 

Cyclic 
Yield 

Strength 

Peak Ground Acceleration Permanent Horizontal 
Displacement 

α z ρb τy PGA dh 
[º] [m] [Mg/m3] [kN/m2] [g] [cm] 

    for earthquake return period for earthquake return period 
    100-yr 500-yr 1000-yr 100-yr 500-yr 1000-yr 

5.3 9.0 1.5 23 0.33 0.43 0.53 1.1 4.4 9.3 
5.5 6.0 1.7 17 0.36 0.57 0.70 3.7 20.3 35.0 
3.0 15.0 1.5 34 0.33 0.50 0.60 0.7 2.4 4.0 
2.0 8.0 1.5 18 0.36 0.41 0.50 0.9 1.7 2.5 
4.0 8.0 1.5 20 0.36 0.41 0.50 1.4 2.8 5.7 
4.8 8.0 1.6 10 0.33 0.41 0.50 30.3 50.4 80.5 
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The tabulated peak ground accelerations were computed in a probabilistic seismic hazard 
analysis (PSHA). The PSHA predicts that the peak ground accelerations do not increase 
indefinitely with return period but level off at about the 1,000-year return period value. The 
1,000-year return earthquake has therefore been taken to be the maximum credible 
earthquake for this region. 
 
Jibson et al (Ref. 6) have investigated the validity of Newmark predictions in relation to the 
1994 Northridge California earthquake. Slopes were assessed on a 10 x 10-m grid to estimate 
the proportion of each slope area that had failed. The resulting failure rates were then 
correlated against the Newmark displacement. It was observed that failure of more than 25-
30% of slope areas was rare, that a failure rate of 25-30% was considered catastrophic, and 
that for the soils in the Northridge area this failure proportion corresponded to a predicted 
Newmark displacement of about 15 cm. 
 
The soils at Northridge were generally brittle. The significance of the Newmark prediction in 
areas with more compliant soils (e.g. the soft seabed clays along the gas export pipeline 
route) is unclear due to the absence of calibrations for any other areas.  
 
Californian seismic design guidelines (Ref. 5) note that many jurisdictions consider 
Newmark displacements of less than 10-30 cm to correspond to a stable situation while 
displacements of more than 1 m are considered to correspond to a definitely unstable 
condition.  
 
Initially, it was felt that two of the slopes in Table 1 might not necessarily be stable under the 
maximum credible earthquake, because they fell into the “grey area” under the Californian 
guidelines where a slope is deemed neither stable nor unstable. In one of these areas, the 
pipeline will not be buried and will follow the steepest line of the slope, which are favourable 
features for minimising stresses in the event of a slump or a slide. The other slope is at the 
landfall, where the pipeline is to be buried and/or covered with armour rock to protect it 
against anchor hazards. Following the Newmark displacement calculations, additional survey 
work was instigated in the landfall area. Bathymetric survey and sidescan sonar imaging were 
carried out over a large area in order to provide a good understanding of the characteristics of 
the area. Soil samples were taken for geotechnical testing and for stratigraphic analysis by a 
variety of techniques including core slabbing, X-radiography, coccolith studies and 
radiocarbon age dating. Seismic sub-bottom data taken earlier were re-reviewed. Three 
features running parallel to the shoreline at 75 m, 100 m and 140 m water depth were 
interpreted as drowned beaches, i.e. as platforms carved by waves at times during the 
Pleistocene glacial periods when sea levels were lower. Attempts to take vibrocores at the 
100-m feature gave a poor recovery due to the presence of gravel. These beaches are quite 
well preserved, suggesting that the slope has been stable throughout the Holocene (last 
11,000-14,000 years). The seabed morphology, the sub-bottom data and the stratigraphic 
studies all indicated normal sediment accumulation, rather than any form of transport 
associated with slope failure.  One core from 200-m water depth was found to contain layers 
of gravel and fine clays that were identified as beach material; features on the sidescan sonar 
images in this area suggested that this material was most likely dredge spoil. Dredging is 
known to have taken place in the inshore areas in connection with the construction and 
maintenance of jetties. From review of all the data, it is now concluded that the landfall area 
is definitely stable. 
 
The assessment of the slopes in coarse-grained (sandy and/or silty) soils along the gas export 
pipeline route initially presented some challenges. The PSIS model was indicating that many 
of these slopes would liquefy under relatively small earthquakes, hence the slope could not 
be stable no matter how shallow its angle. Detailed investigations were carried out to look for 
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possible conservatism in the liquefaction sub-model, which was based on the procedures of 
Stark and Olsen (Ref. 7). It was concluded after theoretical and laboratory work that although 
there were major uncertainties in the liquefaction sub-model, the model was nonetheless 
broadly unbiased. The current view is that although liquefaction may occur, the soil 
movements are likely to be limited because of the shallow angles of these slopes (which 
range from 1.0º to 3.3º). Support for this view was found in the work of Bartlett and Youd 
(Ref. 8), who have developed a regression equation from analysis of 467 observations of 
lateral spreading events onshore in the US and Japan. The term ‘spreading’ refers to a 
downslope displacement of mostly intact surficial soil along a shear zone that has formed 
within liquefied sediment. 
 
An important parameter in the Bartlett and Youd regression equation is the thickness of the 
liquefiable layer. Liquefiable is defined as an SPT (standard penetration test) blow count less 
than or equal to 15 (or as identified by standard liquefaction analysis). Other parameters 
include the fines content of the liquefiable layer, the mean particle size (D50) in the 
liquefiable layer, the earthquake magnitude, the epicentral distance and the slope angle. To 
keep within the range of the empirical data, the equation should be applied only to soils with 
fines content less than 50%, a value of D50 less than 1 mm, and slopes less than 3.5°. The 
slopes along the gas export pipeline route fall within these parameters. Bartlett and Youd 
suggest in their paper that continuing flow may occur when the regression equation predicts 
more than 10-m displacement. It was decided that an analysis should be performed to 
calculate the probability of occurrence of a displacement exceeding 10 m at each of the 
coarse-grained soil slopes along the route. This was done by extending the existing PSHA 
model. The basic inputs to the PSHA were the geometry of the seismic sources, the 
earthquake recurrence parameters for the seismic sources and the ground motion attenuation 
equations. The attenuation equations and the Bartlett and Youd equation share common 
features. They both employ earthquake magnitude and source distance terms, as well as a 
standard error. This commonality enabled the Bartlett and Youd equation to be easily 
incorporated into the PSHA model. The resulting annual probabilities of lateral spreading 
exceeding 10 m are shown in Figure 4. The probability of a lateral spread exceeding 10 m is 
estimated as 6×10-4 per year at the most critical location and the sum of the probabilities for 
all locations is 3×10-3 per year. 
 
The pipeline will not be buried in these areas and to the extent practicable its route follows 
the steepest line of the slope to minimise stresses in the event of soil movement. One effect of 
lateral spreading could be to apply lateral loads to the pipeline. Finite element analyses 
suggested that provided the unburied pipeline is free to slide sideways, i.e. not anchored by 
seabed obstructions, large lateral displacements could be tolerated without high stresses. 
Seabed obstructions that could anchor the pipeline in this way do not appear to be present in 
these slope areas. At the margins of a spread, the pipe could be loaded somewhat as if by a 
strike-slip fault movement (see Figure 5). Finite element analyses for strike-slip fault 
movements, modelling the motion as a sharp, step-like discontinuity, had indicated a 
tolerance by the unburied pipeline of at least 6-10 m of strike-slip movement depending on 
the crossing angle. The conditions at the margins of a spread would be likely to be far less 
severe than for a sharp fault. It is concluded that for lateral spreads of up to 10 m, failure of 
the unburied pipeline is a remote possibility. Indeed, even in the event of a continuing flow 
failure, it is considered that the unburied pipeline on these shallow slopes would have a high 
probability of survival. As an engineering judgement, the pipeline failure probability has 
been taken to be an order of magnitude less than the probability of a 10 m spread, giving an 
estimated pipeline failure probability of 3×10-4 per year. This is small compared with the 
risks associated with normal hazards such as corrosion or material defects. 
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An aspect of uncertainty in this calculation was whether a more significant slope movement 
might arise as a result of a series of earthquakes, each of which causes a further incremental 
movement. Regular pipeline inspections will be carried out during the operating phase, 
together with additional inspections after significant earthquakes. These inspections, and any 
subsequent remedial actions that may be required, will mitigate the risks arising from any 
progressive adverse changes in the seabed morphology. They will also mitigate the risks 
associated with spanning that might result from a lateral spreading event. 

Seismic Faults 
 
This section describes the development of a risk model for use in estimating the failure 
probability of a pipeline due to fault movements. An example of its application to the gas 
export pipeline is given. 
 
The basic types of seismic fault are depicted in Figure 5. In a strike-slip fault, one slab moves 
horizontally with respect to the other. The direction of movement is given as ‘left lateral’ or 
‘right lateral’. ‘Left’ or ‘right’ refers to the direction of movement of the slab on the further 
side of the fault from an observer, as seen by the observer. In a normal-slip fault, one slab 
moves vertically with respect to the other. The angle of the slip plane is such that the two 
slabs tend to move apart in the horizontal plane. Thus, a pipeline crossing the fault would 
tend to be placed into tension. In a reverse-slip fault, one slab again moves vertically with 
respect to the other. However, the angle of the slip plane is such that the two slabs tend to 
move towards each other in the horizontal plane. Thus, a pipeline crossing the fault would 
tend to be placed into compression. A thrust fault is defined as a reverse-slip fault in which 
the angle between the rupture surface and the horizontal (the dip angle) is less than 45°. 
Reverse faults and thrust faults are considered to be a particular threat to a pipeline because 
movement of the fault will produce compression in the pipeline and because a pipeline’s 
resistance to compressive loading is less than its resistance to tensile loading. Oblique-slip 
faults are combined faults that exhibit normal or reverse-slip behaviour combined with strike-
slip behaviour. Active faults of all these types are encountered along the gas export pipeline 
route. 
 
An indication of the tolerance of the pipeline to fault movements has been obtained from 
finite element analyses described in a separate paper (Ref. 9). These analyses incorporated 
geometrical non-linearities but linear elastic pipe material. For normal fault movements, and 
strike-slip movements with crossing angles that place the pipeline into tension, it was shown 
that displacements of 10 m could be tolerated without excessive stress. The seabed was 
modelled as flat for these analyses. Reverse thrust faults were investigated in relation to a 90° 
crossing angle, which is the case that produces the most onerous compressive effects. For a 
flat seabed, the analyses showed that the pipeline would be able to tolerate about 3-m 
movement. At this displacement, the stresses were somewhat above the elastic limit. The 
effect of a realistically undulating seabed was then investigated. It was found that 6-m 
displacement could be tolerated with stresses that were still well within the elastic limit. The 
increased capacity on an undulating seabed comes about because the compression is absorbed 
by the pipeline snaking in the horizontal plane and by it settling into spans in the vertical 
plane. For the more realistic case of an undulating seabed, the finite element analyses were 
not taken to the ultimate failure condition. Due to the limited extent of the finite element 
analyses, there is no basis on which to develop a probabilistic description of the pipeline’s 
tolerance to fault movements. However, the displacements applied in the analyses appear to 
be lower bounds on the actual tolerance, therefore, the pipeline tolerance to fault movement 
is assessed as being at least 6 m in compression and 10 m in tension. 
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Reverse thrust faults will place the pipeline into compression. Normal slip faults will place 
the pipeline into tension. Strike slip faults may induce either tension or compression 
depending on the crossing angle. The crossing angle between a pipeline and a fault line can 
be defined as the angle of intersection when measured clockwise from the pipeline to the 
fault line. Left lateral strike-slip faults will induce tension (the preferred loading sense) in a 
pipeline for crossing angles from 90°-180°, while right lateral strike-slip faults will induce 
tension when the crossing angle is in the range 0°-90°. 
 
The analysis is performed by Monte Carlo simulation techniques. In this case, one simulates 
(many times over) the following: 
 
• the occurrence of an earthquake on a given fault; 
• the event that the surface rupture does or does not strike the pipeline; 
• if the rupture strikes the pipeline, whether or not the pipeline fails in response to the fault 

movement. 
 
Each cycle of the simulation ends with either survival or failure of the pipeline. By carrying 
out a sufficiently large number of cycles, the pipeline failure probability is determined. The 
analysis makes extensive use of empirical correlations by Wells and Coppersmith (Ref. 10) 
between fault displacement, fault surface rupture length and earthquake magnitude. 
 
The analysis process is described in more detail below. 
 
Each simulation comprises a large number of iterations or cycles (typically at least 100,000). 
In each of the iterations, the following actions are performed: 
 
Step 1 
 
The standard Gutenberg-Richter probability distribution is sampled to obtain a point estimate 
for the earthquake magnitude. The Gutenberg-Richter distribution is expressed in a form 
suitable for this purpose as: 
 

[ ]F M b M Mo( ) exp ( )= − − ⋅ −1  (1) 
 
where: 

F(M) is the fraction of earthquakes less than moment magnitude M; 
Mo is the smallest earthquake magnitude of practical interest; 
b is a parameter of the distribution, based on earthquake observations in the region. 

 
Step 2 
 
The point estimate for the earthquake magnitude is used in the following correlation to obtain 
a point estimate for the surface rupture length: 
 

SRL M NORM= − + ⋅ +10 3 22 0 69 0 0 22. . ( , . )   (2) 
 
where: 

SRL is the point estimate for the surface rupture length (km); 
M is the earthquake magnitude (from Step 1); 
NORM(µ,σ) denotes the result of sampling a normal distribution with mean µ and 
standard deviation σ. 
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The above correlation is from Wells and Coppersmith but with an extra term NORM(µ,σ) 
which is introduced to account for statistical uncertainty. µ is taken equal to zero and σ is 
taken equal to the standard deviation as given in the Wells and Coppersmith paper. The value 
of NORM(µ,σ) is obtained by generating normally distributed values by the standard Box 
and Mueller procedure. 
 
It is an assumption underlying this risk model that future movements will be within the 
current fault length rather than involving an extension of the fault. Therefore the point 
estimate for the surface rupture length (SRL) is checked against the actual fault length (L). If 
SRL exceeds L then the point estimates for M and SRL are discarded and Steps 1 and 2 are 
revisited to generate new point estimates for M and SRL. The effect of this procedure is that 
higher values of M generated from equation (1) tend to be discarded. This constitutes a 
“Bayesian” updating of the Gutenberg-Richter distribution to keep the earthquake magnitude 
distribution consistent with the known fault length. The distribution of M from a typical 
simulation is shown in Figure 11; the basic Gutenberg-Richter distribution would have 
plotted as a straight line. Without this procedure there would be nothing to stop 
unrealistically large values of M being generated. Equation (1) could have been modified to 
include an upper cut-off Mu as well as the lower cut-off Mo, so producing a form of the 
Gutenberg-Richter equation that is often seen in the literature. However, it would have been 
difficult to estimate an appropriate value for Mu. Also, a sharp cut-off may not be as good a 
representation of reality as the gradual tailing off that is implemented through the present 
strategy.  
 
Step 3 
 
The probability that the surface rupture strikes the pipeline is calculated as the surface 
rupture length (SRL) from Step 2 divided by the length of the fault (L).  This is done in the 
simulation by generating a random number between 0 and 1 and comparing against the strike 
probability (SRL/L) to decide whether or not there is a strike on the pipeline. If there is no 
strike, this iteration ends and Step 1 is revisited to start a new iteration. 
 
Step 4 
 
If the outcome of Step 3 is a fault strike on the pipeline, the point estimate for the earthquake 
magnitude resulting from Steps 1 and 2 is used in the following Wells and Coppersmith 
correlation to obtain a point estimate for the average surface fault displacement: 
 

AD M NORM= − + ⋅ +10 4 80 0 69 0 0 36. . ( , . )   (3) 
 
where: 

AD is the point estimate for the average surface fault displacement (m); 
M is the point estimate earthquake magnitude (from Steps 1 and 2); 
NORM(µ,σ) denotes the result of sampling a normal distribution with mean µ and 
standard deviation σ. 

 
Step 5 
 
The next step in the simulation is to calculate a point estimate for the maximum surface fault 
displacement. Wells and Coppersmith have given a regression equation relating maximum 
displacement to earthquake magnitude. With allowance for statistical uncertainty, the 
correlation may be expressed as follows: 
 

MD M NORM= − + ⋅ +10 5 46 0 82 0 0 42. . ( , . )   (4) 
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where MD is the maximum surface displacement and the other notation is as before. It would 
only be correct to use equations (3) and (4) together in the simulation if the two NORM 
functions are independent. However, if one assumes independence, then one finds that it is 
often possible to generate a point estimate for AD that exceeds the accompanying point 
estimate for MD, which is obviously inadmissible. To overcome this difficulty, the Wells and 
Coppersmith data on maximum and average displacements were reanalysed. These data are 
shown in Figure 6 in the form of a plot of maximum displacement against average 
displacement. It may be seen that there is a roughly linear relationship, and that a straight-line 
relationship could be taken as passing through the origin. This suggests that the MD/AD ratio 
can be represented by simply fitting a probability distribution to the observed values of the 
ratio. Several probability distributions were tried and the three parameter Weibull as 
illustrated in Figure 7 gave the best fit. The three parameter Weibull distribution is described 
by the following cumulative distribution function: 
 

F x= − − −

















1 exp γ
α

β

 (5) 

 
To represent the data on MD/AD ratios, the distribution parameters were estimated to be 
α = 1.193, β = 1.277, γ = 1.14.  As may be seen from Figure 7, the accuracy of fit is 
excellent. Thus, the point estimate for MD is obtained from the following: 
 

),,( γβαWEIBULLADMD ⋅=  (6) 
 
where AD is the point estimate for average displacement obtained in Step 4 and the 
WEIBULL function represents the result of sampling from a Weibull distribution with the 
above-mentioned parameter values. 
 
Step 6 
 
The fault surface displacement at the pipeline crossing is now estimated. To do this, a 
probability distribution for the local displacement is derived from the point estimates for 
average and maximum displacement. 
 
The ratio MD/AD varies widely. In the events reported in the Wells and Coppersmith paper, 
the ratio ranged between 1.2 and 5. If the local displacement is to be represented by a 
conventional probability distribution, the distribution must sometimes be skew to the right 
(for low MD/AD ratios) and sometimes skew to the left (for high MD/AD ratios). This rules 
out the use of many distributions. However, the Weibull is a possible candidate and also an 
obvious choice since it has already been found to well represent the MD/AD distribution. 
The distribution for local displacement is therefore assumed to be Weibull. 
 
The parameters of the Weibull distribution for local displacement can be derived from the 
values of MD and AD, together with an assumption as to the exceedance probability of MD. 
The threshold parameter (γ1) will be taken as zero. The other two parameters (α1, β1) can then 
be determined by solving the following pair of simultaneous equations: 
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where p is the probability that the local displacement exceeds the reported maximum MD. 
Equation (7a) follows from the Weibull cumulative distribution function, equation (5). 
Equation (7b) is the expression for the mean of a Weibull distribution. Examples of the use 
of the Weibull distribution to represent local surface displacements are given in Figures 8-10; 
in developing these figures p was taken as 0.02. It is considered unlikely that the value of p 
would exceed 0.02 but that it could be lower, therefore in the simulation the value of p is 
obtained by sampling a uniform distribution between 0.002 and 0.02 (this is not a sensitive 
assumption). The parameters of the Weibull distribution for local displacement are then 
calculated as a function of the point estimates AD, MD and p. The fault surface displacement 
(D) at the pipeline position is then obtained by sampling the Weibull distribution: 
 

),,( 111 γβαWEIBULLD =   (8) 
 
Step 7 
 
The surface displacement at the pipeline position is compared with the displacement that the 
pipeline can tolerate. The pipeline tolerance may be input as a deterministic value or as a 
stochastic variable, if adequate data exist. If the surface displacement exceeds the pipeline 
tolerance, the pipeline is deemed to have failed. When the iteration ends with a pipeline 
failure, a “hit” is said to have been scored. 
 
Post-Processing 
 
When all iterations have been finished, the fraction (λ) of earthquakes causing pipeline 
failure is calculated as the number of hits (n) divided by the number of iterations (Niter): 
 

λ = n
Niter

 (9) 

 
Next, an estimate is made for the annual number of earthquakes No exceeding the lower 
threshold Mo. The relationship between earthquake frequency and magnitude for earthquakes 
generated on a given fault is expressed using the standard Gutenberg-Richter formula: 
 

ln( )N a b M= − ⋅   (10) 
 

where: 
M = earthquake moment magnitude; 
N = annual number of earthquakes with magnitude greater than M. 

 
Hence 

No
a b Mo= − ⋅10   (11) 

 
and, finally, the annual pipeline failure probability (Pf) is calculated as: 
 

P Nf o= ⋅λ   (12) 
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The application of the seismic risk model will be illustrated by reference to one of the most 
active faults along the gas export pipeline route which has been the source of two major 
(Mw = 7.3) earthquakes in this century. The data for this analysis are as follows: 

Table 2 Data for seismic fault analysis example 

Parameter Value Remarks 

Gutenberg-Richter parameter ‘a’ 10.127 Estimated from historical data for the 
region. 

Gutenberg-Richter parameter ‘b’ 2.061  
Lower cut-off on earthquake magnitude 
Mo  

6.0 Smaller earthquakes are not expected to 
contribute significantly to risk. 

Fault length L 150 km Known value. 
Earthquakes per year (M>Mo) 0.107 From equation (10). 
Pipeline movement tolerance 10 m The fault is left-lateral strike-slip in 

type. A favourable crossing angle has 
been achieved so that movement of the 
fault would place the pipeline into 
tension rather than compression. Based 
on FE analysis, the movement tolerance 
for this pipeline is then at least 10 m. 
Treated as deterministic. 

 
 
The results of the analysis for this example fault (for earthquake events of magnitude greater 
than 6) are as follows: 
• Probability of pipeline failure per earthquake event (λ) = 2.23×10-3  
• Number of earthquake events per year (No) = 0.107 
• Pipeline failure probability per year (Pf) = 2.38×10-4  
• Return period between pipeline failures = 4,200 years 
 
In about 80% of cases of movement on this fault, the simulation predicts that there will be no 
strike on the pipeline. For those cases where there is a strike on the pipeline, the predicted 
distribution of surface displacement at the pipeline crossing is presented in Figure 12. 
 
The estimated pipeline failure probability due to movements on this fault is considered small 
compared with more conventional risks. 
 
It should be noted that this fault is not expressed at the seabed at the pipeline crossing 
position. The estimated 10-m pipeline tolerance is based on modelling the fault as a sharp 
discontinuity. If the fault movement takes place beneath a blanket of sediments, the 
displacement at the seabed will be less than the fault displacement and the risk to the pipeline 
will be reduced.
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Construction Risks 
General 
 
A risk assessment for construction would typically address a wide range of hazards and 
issues, including vessel selection, human errors, material/equipment failures, weather, 
political change and so on. An important risk for a deepwater gas trunkline is perceived to be 
buckling during pipelaying. An example is given of how buckling risks were addressed 
during the design of the previously mentioned gas export pipeline in order to optimise 
linepipe contingency quantities and buckle arrestor spacings. 
 

Optimisation of Linepipe Sparing and Buckle Arrestor Spacing 
 
The installation of a gas trunkline is a long lead activity, which is generally on the critical 
path of a project schedule. There can be severe financial losses if there is insufficient linepipe 
to complete the work. Enough spare linepipe must be ordered to allow for normal wastage, 
damage in transit and potential buckles during installation. 
 
For offshore pipelines, the pipe must resist collapse during pipelay (pipes are laid air-filled) 
but should an accidental buckle occur in a large diameter deepwater line, this will generally 
propagate at high speed until either shallow water is reached or a stronger pipe section (or 
buckle arrestor) is encountered. 
 
In the case of a propagated buckle, the buckle arrestor spacing will influence the length of 
pipeline that is damaged and hence how much spare linepipe needs to be used in making a 
repair. Hence, the optimisation of the buckle arrestor spacings is best done at the same time 
as the optimisation of the linepipe sparing. 
 
Monte Carlo simulation techniques were used to solve this optimisation problem for the 
example gas export pipeline. A flow chart for the simulation program is presented in Figure 
 13. 
 
The analysis was initially simplified by assuming that the spare linepipe may be used 
anywhere in the pipeline route. This would require the spare linepipe to be in the heaviest 
wall thickness used anywhere along the route. In practice, the total spares are spread over 
several different pipe wall thicknesses. A later analysis showed that the simplification 
resulted in negligible error. 
 
“Brainstorming” meetings, involving five of the most experienced members of the pipeline 
design team, were used to develop the assumptions for the analysis.  
 
Some of the contingencies that make it necessary to hold spare linepipe are listed in Table 3. 
The length of spare linepipe required to cover each contingency is uncertain. This uncertainty 
is represented by means of a triangular probability distribution with minimum, most likely 
and maximum values as listed in Table 3. (For an illustration of a triangular probability 
distribution, see Figure 14). 
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Table 3 Description of certain contingencies by means of triangular probability 
distributions 

Contingency Spare Linepipe Requirement 
(as percentage of pipeline length) 

 Minimum Most Likely Maximum 
Refacing of pipe ends on the laybarge and 
pipe end damage 

0.005 0.1 0.2 

Rejected joints (between mill and laying) 
e.g. due to damage en route 

0.025 0.075 0.5 

Route tolerance – snaking in horizontal and 
vertical planes around the theoretical 
pipeline profile 

0.1 0.3 0.5 

Route deviation – route changes decided 
during prelay surveys 

0 0 0.25 

Discrepancy between nominal distances 
and distances on the real earth surface 

-0.07 -0.05 -0.04 

Pipeline lengthening due to residual 
tension and external hydrostatic pressure 

-0.05 -0.02 0 

 
In each iteration of the simulation, point estimates are generated for each of the above 
contingencies by sampling the triangular probability distribution. 
 
The treatment of the buckling contingency is slightly more complex. Both local and 
propagated buckles are considered in the simulation. Propagated buckles are assumed to stop 
propagating when they encounter a buckle arrestor. 
 
It was considered reasonable to assume that buckle events occur randomly, i.e. there is no 
particular pattern as to when or where they occur, and the occurrence of one buckle event 
does not affect the probability of future events. On this assumption, the number of buckle 
incidents may be taken to conform to a Poisson probability distribution. The Poisson 
distribution takes a single parameter – in this case, the expected number of buckles. 
Historical data on buckle incidents has not been collated and published, therefore the 
expected number of buckles had to be estimated using experience and engineering 
judgement. The members of the “brainstorming” panel mentioned earlier were asked to make 
their individual judgements. After some discussion, during which panellists were free to 
revise their estimates, the individual estimates were averaged. This resulted in the assumption 
of an expected number of buckles of 0.89 during the laying of the 500-km line. Figure 15 
illustrates a Poisson distribution with an expectation of 0.89. The brainstorming team also 
made the judgement that in water deep enough for buckle propagation, on average 60% of 
buckle incidents would involve propagated buckles. 
 
The length of pipeline likely to be scrapped in a buckling incident will depend on the water 
depth. It was assumed that buckles are equally likely to occur at any point along the route. 
Therefore, whenever a buckle occurs in the simulation, a location along the pipeline is 
randomly selected (by generating a random number between zero and the pipeline length) 
and the corresponding water depth is obtained from a lookup table. 
 
Buckles during pipelaying most commonly occur near the stinger tip or near the touchdown 
point. In deep water, a buckle near the touchdown point may propagate along the pipeline as 
far as the first buckle arrestor on the seabed. The maximum length of pipeline at risk when a 
buckle occurs will therefore normally consist of: 
• the pipeline on the lay vessel’s firing line and stinger, plus 
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• the pipeline in the suspended span between the vessel and the touchdown point, plus 
• the pipe between the touchdown point and the first buckle arrestor on the seabed. 
 
Pipeline installation analyses have shown that the length of pipeline in the suspended span 
can be reasonably well approximated as some multiple of the water depth. The length of 
pipeline at risk (see Figure 16) can therefore be expressed as follows: 
 

L a b H k SD = + ⋅ + ⋅   (13) 
 
where 
 

LD = the length of pipeline at risk;  
a = length of pipeline on the firing line and stinger (approximately 200 m for the 

selected vessel);  
H = water depth;  
b = constant of proportionality relating the suspended pipeline length to the water 

depth;  
S = buckle arrestor spacing,  
k = factor which when multiplied by S gives the distance from the touchdown 

point to the first buckle arrestor on the seabed.  
 

A review was made of a number of installation analyses for the gas export pipeline in order 
to determine the range of values for ‘b’. If the buckle was caused by a loss of lay tension, 
these analyses suggested that b could be as low as 1.2. If on the other hand the buckle 
occurred at normal or slightly elevated lay tension (e.g. due to excessive environmental loads 
or due to laying onto an excessively high rock outcrop), then b could be as high as 2.7. To be 
conservative, it was assumed that the larger values of ‘b’ would be more likely and the range 
of uncertainty in ‘b’ was represented by a triangular distribution having a minimum value of 
1.2, a most likely value of 2.6 and a maximum value of 2.7. 
 
The term k·S in equation (2) allows for the possibility that a buckle near the touch down 
point propagates along the seabed as far as the next buckle arrestor. If the water depth is too 
shallow for propagation to occur, k is set equal to zero. For greater water depths, k is taken as 
uniformly distributed in the range [0, 1]. 
 
The following cost elements are considered in the simulation: 
• cost of spare linepipe; 
• cost of buckle arrestors over and above that of the linepipe that they replace; 
• cost of repair of buckles that may occur during installation; 
• financial costs incurred if insufficient linepipe is available to complete installation. 
 
Results from the simulation are presented in Figure 17, which is based on a typical order-of-
magnitude assumption of additional financial costs of $100M in the event that the quantity of 
spare linepipe is insufficient. The optimum buckle arrestor spacing is indicated as 1,700 m 
and the optimum length of spare linepipe is indicated as 9,900 m (equivalent to just under 2% 
of the pipeline length). The simulation also indicates the probability of a given length of 
spare linepipe proving sufficient during installation (Figure 18). The probability that a length 
of 9,900 m would be sufficient is assessed as 99.8%. 
 
There is a circa 95% probability of having enough surplus linepipe at the end of construction 
so as to provide reasonable spares (of say twice the buckle arrestor spacing) for the 
operational phase. 
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Conclusions 
 
The primary areas of risk and uncertainty for deepwater gas trunklines are perceived to be 
buckling during construction and geo-hazards during operation. The development of risk 
models to address these issues has been described. 
 
Application of the geo-hazard risk models to a 500-km 24-inch gas trunkline in a seismic 
deepwater region has shown that the geo-hazards represent a low level of risk compared with 
normal, conventional hazards such as material defects or corrosion. 
 
Application of the model for buckling during construction has predicted the quantity of 
linepipe that could potentially be scrapped and has shown how this information may be used 
to optimise the linepipe contingency quantity and the buckle arrestor spacings. 
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Figure 1 General scheme of a Monte Carlo simulation 
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Figure 2 Infinite slope stability model 
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Figure 3 Newmark displacement calculation procedure 
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Figure 4 Results of permanent displacement calculations for coarse-grained slopes 
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Figure 5 Basic fault types 
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Figure 6 Observed maximum and average fault displacements (data from Wells and 
Coppersmith) 
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Figure 7 Fit of Weibull distribution to the observed ratios of MD/AD 
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Figure 8 Weibull distribution for AD=2, MD=10, p = 0.02 
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Figure 9 Weibull distribution for AD=5, MD=10, p = 0.02 
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Figure 10 Weibull distribution for AD=8, MD=10, p = 0.02 
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Figure 11 Distribution of earthquake magnitude from typical simulation 
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Figure 12 Exceedance probability versus fault surface displacement at pipeline crossing location, 
from typical simulation 
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Figure 13 Flow chart for Monte Carlo simulation program developed to compute linepipe 
sparing requirement 
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Figure 14 Triangular probability distribution 

Poisson distribution for number of buckles
(when expected number M = 0.89)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0 1 2 3 4 5
Number of buckles x

 P
ro

ba
bi

lit
y 

Pr
(x

)

( )Pr
!

x
M e

x

x M

=
⋅ −

 
Figure 15 Assumed Poisson distribution for number of buckles during laying of the gas export 
pipeline 
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Figure 16 Assumed extent of pipe damage due to a propagated buckle 
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Figure 17 Cost function versus spare linepipe quantity for gas export pipeline for various buckle 
arrestor spacings (S) 
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Figure 18 Probability that a given length of spare linepipe will be sufficient for construction 
contingencies (buckle arrestor spacing of 1,700 m) 
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