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Abstract 
Although numerous studies have been conducted, a recommended practice for incorporation of earthquake 
loading into the geotechnical design considerations for subsea structures such as wells, manifolds, and 
PLETs, and pipelines is not consistent.  Industry guidance provided in ISO 19901-2 and the more recent 
API adoption, RP2EQ, provide performance-based recommendations for selection of a two-level seismic 
design.  At the first level the structure is designed to retain its full capacity (and likely its operability) at 
ground motions with a return period typically under 200 years that depends on the exposure level of the 
structure.  At the second level ground motions that are less likely to occur over the lifetime of the structure 
are used to ensure global failure is avoided.  The guidance, however, was written specifically for fixed 
steel structures and fixed concrete structures for which exposure incorporates first and foremost life safety, 
with secondary consideration for environmental exposures caused by system failures, and economic losses 
to the owners and operator.  Subsea field architectures that only include subsea gathering and distribution 
systems and structures present no exposure to human life, therefore the decision to incorporate earthquake 
loads should be done with consideration given to mitigation and prevention of environmental releases and 
tolerable levels of damage.  The latter include consideration of: (i) costs associated with production down 
time and schedule; and (ii) costs for replacement and rehabilitation of damaged facilities. 

In this paper we provide: (1) a discussion on existing industry guidance for reliability-based design; 
(2) reliability-based process for incorporating triggering of seismically-induced soil liquefaction and its 
consequences into foundation design, and design criteria in a moderately seismic environment with a 
seabed architecture that only includes manifolds, PLETs, pipelines, umbilicals, and associated structures; 
and (3) a reliability-based process for evaluation of seismically-induced stability of slopes and its 
incorporation in the evaluation of pipeline routes.   

 
Introduction 
An offshore exploration and production company is considering the development of natural gas resources 
offshore East Africa.  As shown on Figure 1, the natural gas field lies over gently, eastwardly sloping 
seafloor with average slope of 2 to 3 degrees and water depths ranging from 300 to 1,300 m.  A major 
east-west trending canyon about 2 to 3-km wide and about 150 to 200-m deep cuts the seafloor through 
the area of interest.  The slope angles on the canyon walls range from about 5 to 20 degrees.   

The area encompassed by the gas field is subjected to moderate seismicity associated with the southern 
offshore extension of the East African Rift System known as the Davie Fracture Zone.  The DFZ is 
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expressed as a graben (Kerimbas Basin) and a ridge known as the Davie Ridge, both of which are bounded 
by normal faults.   

 
Figure 1 – Bathymetry of area of interest 

 
The layout for development of the gas field requires installation of a subsea gathering system 

comprising wells, flowlines, collecting manifolds, pipeline end terminations (PLETs), inline Tees (ILTs), 
and trunklines which deliver the gas to shore.  Soil investigations conducted by means of soil borings and 
Cone Penetration Tests (CPT) have shown that the seabed soils are predominantly overconsolidated, high 
plasticity greenish gray clay with varying amounts of biogenic calcite from foraminifera, coccoliths and 
shell fragments (Brant et al. 2015).  Additionally, carbonate sand, and at times gravel, seams and layers 
of variable thickness and density were identified interspersed within the clay.  These layers are considered 
to be the product of the deposition of debris from slope failures at the continental shelf break and tend to 
be laterally intermittent due to uneven deposition and localized erosion. 

The sand layers may liquefy and lose strength during an earthquake event leading to ground settlement 
under foundations for manifolds, PLETs, and ILTs, which can lead to damage of the facilities or failure 
of connections possibly causing hydrocarbon release and service interruption.  Similarly, slopes along the 
canyon walls may become unstable as a result of earthquake shaking.  Failing soil masses may load the 
flowlines and induce high bending stresses and strains, potentially leading to flowline rupture.   
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Figure 2 – Isometric view of Area 1 (see Figure 1) showing canyon walls with evidence of past slope failure 

 
Figure 3 – Isometric view of Area 2 (Figure 1) showing evidence of shallow slope failures 
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Evidence of past occurrence of slope failures, some of which may have been triggered by seismic 
loading are shown on the isometric view provided in Figure 2 (Area 1 in Figure 1), where shallow 
(translational) and deep seated (rotational) slope failures are noticeable (some are indicated with arrows).  
Similarly, the isometric view shown on Figure 3 (Area 2 in Figure 1) shows an area where only shallow 
(translational) slope failures area noticeable. 

These perceived hazards require characterization and quantification of their likelihood of occurrence 
to develop an understanding of risk and for comparison with acceptance criteria.  The focus of this paper 
is the evaluation of the likelihood of occurrence of these seismically-induced hazards and the development 
of an acceptance criteria for use in the identification of areas hazardous to the operation of unmanned 
subsea systems.   
 
Review of Existing Seismic Design Guidance 
A significant body of literature is available on the quantitative evaluation of the probability of failure and 
reliability of offshore foundation systems and structures which has been used to develop factors of safety 
(e.g., API RP2GEO) and load and resistance factors (ISO 19902) that are incorporated in design guidance.  
A much smaller amount of literature is available for documenting the quantitative evaluation of 
geohazards applicable to offshore subsea facilities (e.g., Nadim et al., 2003; Byrn et al., 2004, Dimmock 
et al., 2012; Haneberg, 2012), with limited documentary support found discussing tolerable probability of 
realization of the hazard or risk used by owners and operators for subsea systems.  Moreover, specific 
recommended practice, documenting methodologies or recommended factors of safety for incorporation 
of earthquake loading into the geotechnical design considerations for subsea structures such as foundations 
for manifolds, ILTs, and PLETs, pipelines, and wells has not yet been published by industry.   

Industry guidance provided in ISO 19901-2 (2004) and the more recent API adoption of RP 2EQ 
(2014), provide performance-based recommendations for development and selection of ground motions 
(i.e., development of uniform hazard response spectra), but little specific guidance is provided on design 
criteria or methodology for the evaluation of geohazards such as soil liquefaction potential and 
seismically-induced slope instability, and its effects on subsea structures.  Moreover, no guidance is 
provided for the selection of appropriate ground motions for consideration of these hazards.  The authors 
are unaware of the reason for this lack of guidance, but speculate that it may be because prescription of 
specific factors of safety against liquefaction or seismically-induced slope failure might lead to overly 
conservative designs that may at times preclude developments of facilities in seismically active areas, or 
it may be to encourage the implementation of performance based earthquake engineering (PBEE).  

An example of a prescribed guidance is available in ASCE 7-10, the standard applicable for structural 
design in the United States of America.  In this code, primarily developed to minimize loss of life, 
structures designed with the implementation of PBEE should not exceed a maximum probability of failure 
ranging between 10% and 15% (this value depending on the risk to human life posed by failure of the 
structure) conditioned to the occurrence of the maximum considered ground motions.  These maximum 
considered motions have a return period of 2,475 years.  ASCE 7-10 also recommends the use of ground 
motions with a return period of 2,475 years for evaluation of liquefaction, lateral spreading, seismic 
settlements, and other soil related issues.  

 
Guidance in ISO 

ISO 19901-2 (2004) indicates that the methodology for selection of ground motions prescribed therein 
has been calibrated to values of annual probability of failure (Pf) that depend on the exposure level of the 
structure, which is defined with consideration of life-safety and environmental and economic 
consequences of failure.  The exposure level can be L1, L2, or L3.  Exposure L1 corresponds to platforms 
that are manned, non-evacuated and have high production rates or large processing capability and/or have 
the potential for well flow of either oil or sour gas in the event of platform failure.  Exposure L2 
corresponds to manned structures that can be evacuated prior to design environmental event (not 
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applicable to earthquakes).  Exposure L3 corresponds to unmanned platforms where production can be 
shut-in during the design event.  Platforms within the L3 category contain fully-functional subsurface 
safety valves, manufactured and tested in accordance with applicable specifications at all wells that can 
flow on their own in the event of platform failure and pipelines that are limited in their ability to release 
hydrocarbons, either by virtue of inventory and pressure regime, or by check valves or seabed safety 
valves (ISO 19902).  The target annual probability of failure (Pf) as a function of exposure level is listed 
in Table 1.   

 
Table 1 – Target annual probability of failure as a function of exposure level defined in ISO 19901-2  

Exposure Level Pf 
L1 4 x 10-4 
L2 1 x 10-3 
L3 2.5 x 10-3 

 
The guidance in ISO 19902 and ISO 19903 for which ISO 19901-2 was developed, was written 

specifically for fixed steel structures and fixed concrete gravity structures for which exposure incorporates 
first and foremost life safety, with secondary consideration for environmental exposures caused by system 
failures, and economic losses to the owners and operators.  Subsea field architectures that only include 
subsea gathering and distribution systems and structures present no direct exposure to human life, 
therefore, the decision to incorporate earthquake loads should be done with consideration given to 
mitigation and prevention of hydrocarbon releases and tolerable levels of damage.  Tolerable levels for 
hydrocarbon releases used by industry in the Gulf of Mexico, for example, have been evaluated by Gilbert 
et al. (2001).  With regard to tolerable levels of damage, these include consideration of: (i) costs associated 
with production down time and schedule; and (ii) costs for replacement and rehabilitation of damaged 
facilities.   

 
Guidance in DNV-OS-F101 

DNV-OS-F101 provides guidance on concept development, design, construction, operation and 
abandonment of submarine pipeline systems.  Therein, it is stated that the probability of failure of slopes 
that could lead to “flow” that will impact the pipeline shall be evaluated (this can be extended to apply to 
slopes that may simply displace and damage the pipeline rather than “flow”).  The guidance is that natural 
gas pipelines subjected to earthquake loading that are located away from platforms where risk to human 
life is negligible should meet Pf ≤ 1 x 10-4.  This is related to the idea that a pipeline composed of 
components connected in series such that the failure of any one or more of these components constitutes 
the failure of the system.  However, in subsea systems consisting of pipelines, subsea structures, and 
jumpers in complex layout; the above basis for system reliability may not be applicable.  Moreover this 
magnitude of probability of failure is lower than the lowest value listed in ISO (L1 in Table 1), therefore 
inconsistent from a reliability perspective.   

 
Discussion 

Considering that: (a) the ISO 19901-2 recommendation inherently includes the offshore industry risk 
tolerance level for infrastructure, and (b) the costs associated with further reducing risk are considerable, 
for the illustrative purposes of this paper the authors adopted ISO 19901-2 L3 (i.e., Pf = 2.5 x 10-3) in 
Table 1 for the development of a design criteria for evaluation of subsea systems subject to geohazards.  
Similar to ISO 19901-2 requirements to mitigate the consequences of failure for L3, the subsea systems 
shall contain fully-functional subsurface safety valves, manufactured and tested in accordance with 
applicable specifications, at all wells that can flow on their own in the event of failure and pipelines that 
are limited in their ability to release hydrocarbons, either by virtue of inventory and pressure regime, or 
by check valves or seabed safety valves.  We emphasize, however, that this criterion is for illustration 
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purposes and does not necessarily reflect the risk tolerance of the E&P company for which this study was 
conducted. 

 
Application of Design Criteria to Evaluation of Geohazards 
Failure probability calculations must consider the definition of failure.  For example, the initiation of soil 
liquefaction underneath a foundation constitutes a failure of the soil to retain its strength and stiffness, and 
the initiation of slope deformation underneath or upslope of a pipeline is a failure of the slope to retain its 
geometry, but these failures do not necessarily constitute failure of the foundation to meet its performance 
expectations or failure of the pipeline to retain its structural integrity.   

For the evaluation of subsea systems with consideration of geohazards associated with or caused by 
earthquakes, failure can be defined as loss of functionality or hydrocarbon release due to excessive 
differential vertical displacement at connections caused by liquefaction-induced settlement or excessive 
differential lateral displacement caused by liquefaction-induced lateral spreading or seismically-induced 
slope displacements.  It is therefore necessary to define a settlement or lateral displacement threshold that 
would cause such failure.   

For example, seismically-induced triggering of soil liquefaction in a sand layer underlying a slope is 
only the origin of a chain of events that may lead to pipeline failure.  Figure 4 shows an example of an 
event tree that illustrates the sequence of events that would need to occur to follow a path towards such 
an outcome.  The outcome of each event has a conditional probability of success or failure.  Quantification 
of the conditional probability of each event may be carried out through exhaustive evaluations with 
consideration of scientific uncertainties and/or based on experience and judgment by subject matter 
experts.  This figure clearly illustrates that it could be grossly conservative to assume that the triggering 
of soil liquefaction within a slope represents pipeline failure. 

 

 
Figure 4 – Example event tree that should be completed by appropriate subject matter experts for chain of events that would cause 

pipeline damage 

Seismic 
event

Soil 
liquefaction 
is triggered

No 
liquefaction

Soil 
strength is 
reduced 
enough to 
lead to 
slope 
instability

Slope does 
not become 
unstable as 
a result of 
strength 
reduction

Slope run-
out occurs 

No run-out 
occurs

Slope 
debris 
reach the 
pipeline

Slope 
debris do 
not reach 
the 
pipeline

The likelihood 
for soil 

liquefaction 
may be 

evaluated 
using empirical 
approaches in 
geotechnical 

literature

The slope may 
become unstable 
if the strength is 

sufficiently 
reduced and the 

slope is 
sufficiently steep.  

Evaluation of 
likelihood requires 

model of soil 
strength reduction 
due to liquefaction 

triggering

The evaluation 
of the likelihood 
for run-out may 
be evaluated 

using a 
threshold 

seismically-
induced 

displacement

Evaluation of 
likelihood of 
this event 
requires 

hydrodynamic 
evaluations

Likelihood of 
seismic event 

should be 
obtained 
through 

probabilistic 
seismic hazard 

analysis

Slope debris 
reach the 
pipeline with 
sufficient 
energy to 
cause 
damage

Slope debris 
do not have 
sufficient 
energy to 
damage the 
pipeline

This evaluation 
requires 
pipeline 
integrity 

assessment



OTC-27213-MS  7 

 
As was previously mentioned, numerous sand layers are present within the development area and 

underneath the location of foundations supporting proposed subsea infrastructure.  The probability of 
liquefaction triggering in these sand layers may exceed tolerable values (as will be described below), but 
the total settlement caused by liquefaction of these layers is estimated to be lower than what is tolerable 
by the structure.  Therefore, the structure may perform as expected despite calculations of high likelihood 
of liquefaction triggering. 

 
Performance Based Framework 

Following the PBEE methodology developed by the Pacific Earthquake Engineering Research (PEER) 
Center described for consideration of soil liquefaction in Kramer and Mayfield (2008), the amount of 
vertical settlement or lateral displacement is described as a damage measure (DM), the ground motion 
parameter such as spectral acceleration (Sa) or Peak Ground Acceleration (PGA) that sufficiently describes 
the information to predict the Engineering Demand Parameter (EDP) is described as an Intensity Measure 
(IM).  The EDP in this case may be a factor of safety against liquefaction (FSL) or a predetermined 
magnitude of slope displacement (D).  If failure is considered to occur deterministically following 
exceedance of a certain damage measure (e.g., more than 20 cm of settlement of a mat foundation has 
been determined to cause a flange connection to break), then Pf can be calculated with Equation 1: 

 

𝑃𝑃𝑓𝑓 = � � �𝑃𝑃�𝐷𝐷𝐷𝐷 = 𝑑𝑑𝑑𝑑𝑘𝑘�𝐸𝐸𝐷𝐷𝑃𝑃 = 𝑒𝑒𝑑𝑑𝑒𝑒𝑗𝑗� ∙
𝑁𝑁𝐼𝐼𝐼𝐼

𝑖𝑖=1

𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸

𝑗𝑗=1

𝑃𝑃�𝐸𝐸𝐷𝐷𝑃𝑃 = 𝑒𝑒𝑑𝑑𝑒𝑒𝑗𝑗�𝐼𝐼𝐷𝐷 = 𝑖𝑖𝑑𝑑𝑖𝑖� ∙ 𝑃𝑃(𝐼𝐼𝐷𝐷 = 𝑖𝑖𝑑𝑑𝑖𝑖)
𝑁𝑁𝐸𝐸𝐼𝐼

𝑘𝑘=1

 

(Equation 1) 
 
P(a|b) describes the conditional probability of a given b; and NDM, NEDP, and NIM corresponds to the 

number of increments of DM, EDP, and IM, respectively.  The magnitude of 𝑃𝑃(𝐼𝐼𝐷𝐷 = 𝑖𝑖𝑑𝑑𝑖𝑖) is calculated 
through the development of a probability mass function (PMF), which is obtained from the discretization 
of the cumulative distribution function (CDF) of the IM of interest.  The CDF, in turn, may be derived 
from the application of a Poisson distribution function to the hazard curve for the IM of interest.  The 
hazard curve is obtained from a probabilistic seismic hazard analysis (PSHA).  This process is illustrated 
on Figure 5. 

Figure 5a presents the mean PGA hazard curve that was developed for the project (through a PSHA) 
and specific to the soil conditions in the areas of interest.  Figure 5b presents the CDF derived through the 
application of a Poisson distribution (i.e., 𝑃𝑃(𝑃𝑃𝑃𝑃𝑃𝑃 >  𝑧𝑧 | 𝑡𝑡)  =  1 −  𝑒𝑒𝑒𝑒𝑒𝑒(−𝛾𝛾𝑡𝑡), where γ is the annual rate 
of recurrence and t is the time period of interest) considering t of 1 year and 25 years (the design life of 
the project).  The CDF show that there is about a 14% probability of exceedance of PGA = 0.01 g within 
a given year, but it increases to about 96% over a period of 25 years.  Figure 5c shows a probability mass 
function (PMF) developed from the CDF, which corresponds to the last term of Equation 1.  Figure 5d 
shows an example of the second term of Equation 1 where the probability of FSL < 1 is provided 
conditioned to the occurrence of a given soil profile depth, CPT tip resistance, soil unit weight, and PGA 
(the procedure for the development of this curve is further described below). 
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Figure 5 – (a) Hazard curve for peak ground acceleration developed through PSHA, (b) cumulative distribution functions for t = 1 
year and t = 25 years, (c) probability mass function derived from the CDF, and (d) an example cumulative distribution function of FSL 

< 1 for a given depth, tip resistance, unit weight. 
 

Soil Liquefaction 
In simple terms, soil resistance to liquefaction triggering, also described as Cyclic Resistance Ratio 

(CRR) when normalized to effective stress, is a function of its in situ state of stress and void ratio.  The 
tip resistance measured during a Cone Penetration Test (CPT), when considered together with the stress 
state is a good proxy for soil void ratio (or soil density/consistency).  Therefore, deterministic (Robertson 
and Wride, 1998 and Idriss and Boulanger, 2008, 2010) and probabilistic (e.g., Moss et al., 2006 and 
Boulanger and Idriss, 2015) CPT-based methods have been developed to evaluate liquefaction triggering 
potential, i.e., when the Cyclic Stress Ratio (CSR) caused by the earthquake meets or exceeds the CRR.  
These liquefaction triggering methods have been developed semi-empirically primarily using documented 
case histories of the surface manifestation of liquefaction (or lack thereof) in siliceous soils.   

In practice, liquefaction triggering evaluations are typically conducted deterministically using a 
threshold factor of safety against liquefaction (FSL = CRR/CSR) conditioned to the occurrence of a design 
earthquake scenario.  The practice in California, for example, where life safety is the prime concern, uses 
FSL ≥ 1.3 with ground motions corresponding to a 2,475-year return period (CGS, 2008).  However, the 
use of high factors of safety in combination with ground motions with high return periods may render 
overly conservative designs with Pf well below values listed in Table 1.  Albeit, computationally more 
intensive, the approach recommended by the authors is to conduct the liquefaction triggering evaluation 
using a target probability of liquefaction.   
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In Equation 1 computation of the last two terms renders the probability of liquefaction (PL) shown in 
Equation 2, where the intensity measure is described by PGA and earthquake magnitude, and the EDP is 
FSL. 

𝑃𝑃𝐿𝐿(𝑧𝑧, 𝑞𝑞𝑐𝑐) = �𝑃𝑃(𝐹𝐹𝐹𝐹𝐿𝐿 ≤ 1|𝑧𝑧, 𝑞𝑞𝑐𝑐,𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑒𝑒𝑝𝑝𝑝𝑝𝑖𝑖,𝐷𝐷 = 𝑑𝑑𝑖𝑖) ∙ 𝑃𝑃(𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑒𝑒𝑝𝑝𝑝𝑝𝑖𝑖,𝐷𝐷 = 𝑑𝑑𝑖𝑖)
𝑁𝑁𝐼𝐼𝐼𝐼

𝑖𝑖=1

 

  (Equation 2) 
 

The term P(FSL ≤ 1|z, qc, PGA = pgai, M = mi) can be calculated using Moss et al. (2006) or 
Boulanger and Idriss (2015) an example of which is shown on Figure 5d, whereas P(PGA =
pgai, M = mi) is obtained from the hazard curve and deaggregation of earthquake magnitude for each bin 
of PGA (e.g., Figure 5c). 

If for simplicity (and conservatism) the term P�DM = dmk�EDP = edpj� in Equation 1 is assumed to 
be 1.0, i.e., we assume that the threshold settlement that causes failure is met for FSL < 1, then PL is equal 
to Pf.  If Pf is fixed and the P(PGA = pgai, mi) is defined for a given site through the PSHA (as in Figure 
5), then the pairs of depth (z) and CPT tip resistance (qc) can be calculated iteratively using one of the two 
probabilistic liquefaction triggering procedures listed above.   

Figure 6 shows the pairs of z and qc that meet PL = 4 x 10-4, 1 x 10-3, and 2.5 x 10-3 (Table 1) as well as 
the calculated value of FSL conditioned to the occurrence of ground motions with a return period of 200 
years and 2,000 years using the procedure described by Boulanger and Idriss (2015).  For simplicity, 
calculations were conducted assuming a unique value for the unit weight and fines content of zero, 
however, epistemic uncertainty may be introduced in the analyses, but is not discussed herein for the sake 
of brevity.   

As shown in Figure 6, FSL is relatively constant with depth for fixed values of PL.  The magnitude of 
FSL is greater than 1.1 for all cases using ground motions with a 200 year return period, but less than one 
for all cases using ground motions with a 2,000 year return period.  The latter is expected considering that 
the ground motions have an annual probability of exceedance of 5 x 10-4. 

Figure 7 shows the results of the calculation of threshold value of qc as a function of depth that meets 
PL = 2.5 x 10-3 calculated with the Moss et al. (2006) method with friction ratio (Rf) equal to 0.5% and 
with the Boulanger and Idriss (2015) method using Fines Content (FC) of 0%, 15%, and 35%.  The plot 
on Figure 7 also shows the measured qc of sand layers identified in the area of interest offshore East Africa 
that exhibit varying Fines Content.  Although it would be more proper to select qc values that are 
characteristic for individual soil profiles rather than for all layers, the plot shows how some sand layers 
meet the target probability of liquefaction, while other sand layers in the field development area and 
throughout the depth profile do not meet the threshold probability.  The application of the approach, 
however, allows the identification of areas where sand layers may meet the threshold design probability 
thus not requiring mitigation by means of special foundation systems or relocation. 
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Figure 6 – (a) CPT tip resistance values calculated with the Boulanger and Idriss (2015) procedure for FC = 0% as a function of depth 
that meet PL = 4 x 10-4, 1 x 10-3, and 2.5 x 10-3 for a site offshore East Africa, and (b) equivalent liquefaction factor of safety computed 

for ground motions with a return period of 200 years and (c) 2000 years 
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Figure 7 – CPT tip resistance values as a function of depth that meet Pf = 2.5 x 10-3 for a site offshore East Africa (a) calculated with 

the Boulanger and Idriss (2015) method for FC = 0 and the Moss et al. (2006) procedure for Rf = 0.5%, (b) calculated with the 
Boulanger and Idriss (2015) procedure for FC = 0, 15, and 35%. 

 
Seismically-Induced Slope Instability 

Biscontin et al., (2004) describe three scenarios for seismically triggered submarine sliding in soft 
clays: 

• Scenario 1: failure occurs during the earthquake due to strength degradation during cyclic loading;  
• Scenario 2: post-earthquake failure occurs due to an increase in excess pore pressure in shallow 

soils caused by upward seepage from deeper layers; and  
• Scenario 3: post-earthquake failure occurs due to creep and/or significant reduction in the shear 

strength.   
For consideration of Scenario 1, the evaluation of the potential for seismically-induced slope instability is 
most easily conducted through the use of pseudo-static limit equilibrium analysis with acceleration factors 
selected for a specific return period ground motion and tolerable slope displacements using methods such 
as Stewart et al. (2003) or Bray and Travasarou (2009).  These methods provide a simplified form to 
estimate likely seismically-induced slope displacement using a decoupled approach that incorporates the 
Newmark’s rigid block method and the dynamic response of the soil mass above the sliding plane.  If the 
factor of safety against slope failure (FSS) is greater than one, then the slope is unlikely to undergo 
significant seismically-induced displacement (but displacement could be greater than zero).  A variation 
of this method with the introduction of a probabilistic framework was used by Dimmock et al. (2012) and 
Haneberg (2012) to identify areas prone to instability. 

The methodology described by Bray and Travasarou (2007) can be used to calculate the annual 
probability that a slope will undergo seismically-induced displacement (D) greater than a certain value d 
using the following equation: 
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𝑃𝑃(𝐷𝐷 > 𝑑𝑑|𝑘𝑘𝑦𝑦,𝑇𝑇𝑠𝑠)

= �𝑃𝑃�𝐷𝐷 > 𝑑𝑑�𝑘𝑘𝑦𝑦,𝑇𝑇𝑠𝑠, 𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠) = 𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠)𝑖𝑖,𝐷𝐷 = 𝑑𝑑𝑖𝑖� ∙ 𝑃𝑃(𝐹𝐹𝑎𝑎 = 𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠)𝑖𝑖,𝐷𝐷 = 𝑑𝑑𝑖𝑖)
𝑁𝑁𝐼𝐼𝐼𝐼

𝑖𝑖=1

 

(Equation 3) 
 

Where 𝑇𝑇𝑠𝑠 refers to the predominant period of the soil column above the sliding plane, 𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠) is the 
spectral acceleration at 1.5 times the predominant period, and 𝑘𝑘𝑦𝑦 is the yield coefficient (pseudo static 
acceleration coefficient required to satisfy 𝐹𝐹𝐹𝐹𝑆𝑆 = 1). 

In Equation 3, the term 𝑃𝑃�𝐷𝐷 > 𝑑𝑑�𝑘𝑘𝑦𝑦,𝑇𝑇𝑠𝑠, 𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠) = 𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠)𝑖𝑖,𝐷𝐷 = 𝑑𝑑𝑖𝑖� is calculated with the 
equations from Bray and Travasarou (2007) below where the term is simplified to P(D > d) for brevity, σ 
= 0.66, and Φ is the standard normal cumulative distribution function. 

 
( ) ( )[ ] ( )001 >>⋅=−=> DdDPDPdDP       (Equation 4) 

 
𝑃𝑃(𝐷𝐷 > 𝑑𝑑 |𝐷𝐷 > 0) = 1 −Φ�ln(𝑑𝑑)−ln (𝑑𝑑�)

𝜎𝜎
�      (Equation 5) 

 
ln��̂�𝑑� = −1.10 − 2.83 ln�𝑘𝑘𝑦𝑦� − 0.333�ln�𝑘𝑘𝑦𝑦��

2
+ 0.566𝑙𝑙𝑙𝑙�𝑘𝑘𝑦𝑦�𝑙𝑙𝑙𝑙�𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠)� + 3.04𝑙𝑙𝑙𝑙�𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠)�

− 0.244 �𝑙𝑙𝑙𝑙�𝐹𝐹𝑎𝑎(1.5𝑇𝑇𝑠𝑠)��
2

+ 1.5𝑇𝑇𝑠𝑠 + 0.278(𝐷𝐷 − 7) 
(Equation 6) 

 
Given the calculation complexity for the annual probability with Equation 3, we approached the 

evaluation of areas prone to seismically-induced displacement differently than for potentially liquefiable 
areas.  The first step involved the calculation of pairs of ky and Ts (Figure 8a) that would render seismically-
induced displacement of 0.2 m with consideration of ground motions that correspond to a return period of 
2,000 years and an error term, ε, of 0.33 that is added to the right hand side of Equation 6 (see Equation 5 
of Bray and Travasarou, 2007).  The use of this error term leads to computed probability of exceedance 
of about 31%.  The threshold displacement of 0.2 m was selected through the implementation of 
engineering judgement, the findings of Stark and Contreras (1998) in the back analysis of failures in 
Bootlegger Cove Clay after the 1964 Alaska earthquake, and the relatively low sensitivity of the marine 
clays at the site. 

The annual probability of exceedance of the threshold displacement was then calculated using Equation 
3 for pairs of ky and Ts.  The results, plotted on Figure 8b, show that P(D>d|ky, Ts) is in the range of 1 x 
10-3 and 1 x 10-4. 

The pseudo static factor of safety (FSS) for an infinite slope condition can be readily evaluated using a 
closed form solution (e.g., Duncan and Wright, 2005).  Required input parameters include undrained shear 
strength (su,DSS), effective unit weight (γ'), slope angle (β), and seismic coefficient (k).  Alternatively, the 
equation can be used to estimate the yield coefficient (ky) considering FSS = 1.  In Figure 9 we compare 
the pairs of ky and Ts that meet a design basis of less than 20 cm of displacement considering the 2,000 
year ground motions and ε = 0.33 using Bray and Travasarou (2007) (i.e., Figure 8a) with ky derived from 
the pseudo static analysis using the peak su,DSS with an 80% adjustment factor to incorporate the effects of 
cyclic loading (e.g., Stark and Contreras, 1998), and Ts = 4H/Vs, where Vs is the shear wave velocity of 
the soil column.  As may be noted slopes of up to 20 degrees have ky greater than the criteria and therefore 
a probability of exceeding displacements of 0.2m of less than 1 x 10-3 (Figure 8b). 
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Table 2 – Shear strength profile selected for pseudo static slope stability evaluation 
Depth (m) su,DSS (kPa) 

0 10 
5 40 

20 90 
 

 
Figure 8 – (a) Pairs of ky and Ts that meet a threshold displacement of 0.2 m considering ground motions with a return period of 

2,000 years; and (b) annual probability of exceedance of the threshold displacement for pairs of ky and Ts 

 
Figure 9 – Comparison of ky and Ts pairs that meet design criteria with pairs developed through infinite slope conditions 

 
Summary and Conclusions 
This paper describes the implementation of a probabilistic approach for the evaluation and identification 
of areas within a gas field offshore east Africa that are prone to the detrimental effects of seismically-
induced liquefaction and seismically-induced slope displacements.  Probabilistic methods available in the 
literature were used in conjunction with annual probability of failure thresholds selected from ISO 
guidance documents and simplifying assumptions to estimate the limit CPT tip resistance that triggers soil 
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liquefaction or slope yield coefficient that meets a desired displacement threshold.  These procedures may 
be evaluated and adopted by others seeking guidance on the development of basis of design for mitigation 
of seismically-induced geohazards. 

The recommended approach discussed here for the development of a basis of design provides greater 
clarity and an improved level of confidence for the mitigation of seismically-induced geohazards. 

This paper does not explicitly address the methodology for incorporation of the epistemic (i.e., 
scientific) uncertainty related to the methods of analyses or the input parameters.  Properly conducted 
probabilistic analysis should incorporate all associated uncertainty. 
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