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Why do probabilistic analyses?Why do probabilistic analyses?
• Society, regulations and our clients demand 

to know the risks quantitatively
• Reliability-based design is becoming 

standard practice for structural engineers 
• Probabilistic analyses complement the 

conventional deterministic analyses in 
achieving a safe design and add great valueachieving a safe design, and add great value 
to the results by modest additional effort

Aim:
Quantify the margin against “failure”

• Extreme value of a single parameter

Engineering failures result from:Engineering failures result from:

g p

• Combination of small parameter variations 

• Gross design or construction error (human factors)

• Unforeseen situations

There is no universal ruleThere is no universal rule

Bridge collapse due to unforeseen dynamic behaviour in 
certain wind conditions, Tacoma Narrows, USA.
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Example of failure in transporting construction materials 
due to falsely estimated load or falsely estimated weight 
of donkey (Ref: Michael Faber)

Living with uncertainty

I h i lIn any geotechnical 
and geological 
assessment, one must 
deal with uncertainties
because geo-sciences g
are not exact.

It is better to be
probably right…

… than to be 
exactly wrongexactly wrong

Sources of Uncertainty

• Limited geo-explorationLimited geo exploration
• Measurement errors
• Spatial variability of soil 

and rock properties
• Limited parameter p

evaluation
• Limitations of calculation 

models
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Types of uncertainty

Uncertainties associated with anUncertainties associated with an 
engineering problem can be divided 
into two groups:
> aleatory (inherent)

i t i (l k f k l d )> epistemic (lack of knowledge)

Aleatory Uncertainty

The natural randomness of aThe natural randomness of a 
property.
The variation in a soil/rock property in 
the within a geological unit are
aleatory uncertaintiesaleatory uncertainties. 

This type of uncertainty cannot be 
reduced.

Epistemic Uncertainty

The uncertainty due to lack of 
knowledge.
Measurement uncertainty and model 
uncertainty are epistemic uncertainties. 

This type of uncertainty can be reduced (by yp y ( y
increasing number of tests, improving  
measurement method or evaluating 
calculation procedure with model tests,...)

Sources of uncertainty in 
geomechanical parameters

Epistemic or Aleatory?Epistemic or Aleatory?

• Limited geo-exploration
• Measurement errors
• Spatial variability of soil and 

rock propertiesp p
• Limited parameter evaluation
• Limitations of calculation 

models
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Soil parameters at Ormen Lange –
Remoulded shear strength

Basic Concepts of ProbabilityBasic Concepts of Probability

Random Variables
Quantities that can take on many valuesy

Discrete random variables - finite number of values
• Number of borings encountering peat at a site
• Date of birth

Continuous random variables - infinite number of values
• Undrained strength of a clay layer
• Unit weight of soil

Basic Concepts of ProbabilityBasic Concepts of Probability
Continuous Random Variables

Distribution of values described by probability density y p y y
function (pdf) that satisfies the following conditions:

b
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The probability that X is between a and b is equal
to the area under the pdf between a and b
The probability that X is between a and b is equal
to the area under the pdf between a and b

Basic Concepts of ProbabilityBasic Concepts of Probability
Continuous Random Variables

Distribution of values can also be described by a y
cumulative distribution function (CDF), which is 
related to the pdf according to
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Basic Concepts of ProbabilityBasic Concepts of Probability
Statistical Characterization of Random Variables

Distribution of values can also be characterized by y
statistical descriptors
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Basic Concepts of ProbabilityBasic Concepts of Probability
Common Probability Distributions

Uniform distribution

fX(x) = 

0             for x < a

0             for x > b

1/(b - a)  for a < x < b
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Basic Concepts of ProbabilityBasic Concepts of Probability
Common Probability Distributions

Normal distribution

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
−=

σσπ xx
X

xxxf
2

2
1exp

2
1)(

fX(x) FX(x)

x x

1.0

x x

Basic Concepts of ProbabilityBasic Concepts of Probability
Common Probability Distributions

Standard normal distribution
Mean = 0
Standard deviation = 1
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Basic Concepts of ProbabilityBasic Concepts of Probability
Common Probability Distributions

Standard normal distribution
Mapping from random variable to standard normal 
random variable

σ x

xXZ −
=

Compute Z, then use tabulated values of CDF

Basic Concepts of ProbabilityBasic Concepts of Probability
Common Probability Distributions

Example:  Given a normally distributed random p y
variable, X, with x = 270 and σx = 40, compute the 
probability that X < 300

75.0
40

270300
=

−
=

−
=

σ x

xXZ

Looking up Z = 0.75 in CDF table, 

FZ(0.75)  =  1 - FZ(-0.75)  =  0.7734

Basic Concepts of ProbabilityBasic Concepts of Probability
Common Probability Distributions

Lognormal distributiong
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Mean

68 %

95 %

99.7 %

One std.

deviation

58 60.5 63 65.5 68 70.5 73 inches
(1.52 m) (1.66 m) (1.80 m)

Height

deviation

Necessary contributors to 
parameter evaluation

• Experience
• Expert judgement

You as the “expert” are expected toYou, as the expert , are expected to 
evaluate how large the uncertainties 
are.

Data interpretation

Human interpretation 
and engineering judgment 

are still the most important issue
in automated data processingin automated data processing 

and analysis
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Data interpretation 
Measurement data

+1SD

–1SD

it’s mathematically 
correct

Data interpretation 

Based on Engineering 
Judgement,

Engineering judgement 
gives the best 
interpretation
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Example from
an offshore site
Investigation 50
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Normalised undrained 
shear strength (su/p′o)
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Conventional deterministic 
measures of safety

Factor of Safety:

FS = Resistance / Load

FS ≥ 1 ⇒ Acceptable, safe situation
FS < 1 ⇒ Unacceptable, unsafe situation

Conventional deterministic 
measures of safety

Margin of Safety:

M = Resistance – Load

M ≥ 0 ⇒ Acceptable, safe situation
M < 0 ⇒ Unacceptable, unsafe situation

Conventional deterministic 
measures of safety

Factor of safety and margin of 
safety are not sufficient indicators 
of safety because the 
uncertainties in the analysis 

t ff t th ltparameters affect the results.
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Probabilistic measures of safety

R li bilit i d β• Reliability index, β
• Probability of failure, Pf

Pf and β include information 
about the uncertainty in loadabout the uncertainty in load 
and resistance

Results of reliability/uncertainty-
based analysis

• Probability of failure

• Reliability index and most probable 
combination of parameters causing 
failure

• Sensitivity of results to any change in 
the uncertain parameters
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ΣFx = 0 → Load effects 
Factor of safety = 
(Resistance/Load effs) 

CONVENTIONAL ANALYSIS 

Input parameters   Output of analysis 

 Load(s)  Factor of safety 
 Resistance 
  strength, unit weight, …… 

Deterministic vs. Probabilistic Analyses

ΣFx = 0 → Load effects 
Gx = ?Resistance – Load effs 
Pf = P[Gx < 0] 
(Pf = P [Load > Resistance]) 

   Shear strength    Factor of safety 
 
ANALYSIS ACCOUNTING FOR UNCERTAINTIES 

Input parameters Output of analysis 

 Load(s)   Probability of failure 
 Resistance Reliability index 
  strength, unit weight, …… Parameter(s) which cause failure 
 Model uncertainty 
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FX = equilibrium equation 
GX = limit state function 
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Reliability and risk in geological 
and geotechnical evaluations

• WHY do risk analysis?
• HOW to do risk analysis?

Terminology
• Probability
• Uncertainty• Uncertainty
• Hazard
• Risk
• Consequence
• Failure

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

• Vulnerability
• ……..

Terminology: Danger (threat)

Danger (Threat): The natural phenomenonDanger (Threat): The natural phenomenon 
that could lead to damage, described in 
terms of its geometry, mechanical and 
other characteristics. The danger can be an 
existing one (such as a creeping slope) or 
a potential one (such as a rockfall). The 

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

p ( )
characterisation of a danger or threat does 
not include any forecasting.
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Terminology: Hazard & Risk
Hazard: Probability that a particular danger 
(threat) occurs within a given period of(threat) occurs within a given period of 
time.

Risk: Measure of the probability and 
severity of an adverse effect to life, health, 
property or the environment

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

property, or the environment. 
Quantitatively, Risk = Hazard x Potential 
Worth of Loss. This can be also expressed 
as “Probability of an adverse event times 
the consequences if the event occurs”.

Terminology: Hazard & Risk
Quantitatively:
Risk = Hazard x Consequence, or
Ri k H d P t ti l W th f LRisk = Hazard x Potential Worth of Loss

Loss could be:
– Loss of human life
– Economic loss
– Loss of reputationp

Often we are not consistent, and mix 
up “risk” and “hazard”

Conventional Factor of Safety

Criterion:  Load < Strength / FS

Factor of safety (FS) accounts for
– Variations in loads & materials
– Inaccuracies in design equations and modelling 

approximations
Construction effects etc– Construction effects etc.

UNCERTAINTIES IMPLICITLY RECOGNIZED

Reliability-Based Design

• Reliability analysis is the consistent 
evaluation of probability of failure usingevaluation of probability of failure using 
probability theory

• Reliability-based design (RBD) is any 
methodology that uses reliability analysis, 
explicitly or otherwiseexplicitly or otherwise

• RBD requires access to tools for doing 
reliability analysis and a conscious choice 
of acceptable probability of failure
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Deterministic stability evaluation of soil 
slopes

Soil properties

Model 
(mathematical 

Idealization)

Loads and
Drainage conditions

Safety factor

Geometry, etc. Acceptance criterion:

SF ≥ SFacceptable

Soil properties

Probabilistic stability evaluation soil 
slopes

Model
(including 

uncertainty)

Loads and drainage 
conditions

Geometry etc

Safety margin

Probability of failure (Pf),
Reliability index (β), …Geometry, etc. Reliability index (β), …

Acceptance criterion:
Pf ≤ Pf,acceptable
or  β ≥ βacceptable
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CONSEQUENCE OF FAILURE

Estimated U.S. Dams
Commercial

Aviation

ACCEPTABLE RISK LEVELS

Event tree method

Illustration of the 
principal 
appearance of an event 
tree.
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Performance 1
0.017Event A1

B1

Civil 
construction

Performance 1

Performance 3

Performance 20.05

0.95

0.983

0.0001

B1

B2

B3

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Performance 4
0.9999

Event A2
B4

Risk Analysis of Dams
• focus on safety and reliability of 

existing dams
• establish a diagnosis or set 

priorities among possible failure 
modes, to act as support in 

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

pp
decision-making on issues 
related to dam safety 
modifications

Probabilistic analysis is systematic 
application of engineering 

judgement
1) Dam site inspection and document review1) Dam site inspection and document review

2) Failure mode screening (defining all failure modes)

3) Construction of event tree, listing failure (events 
and their interrelationship)

4) Probability assessment of reach event (often 
bj ti )

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

subjective)

5) Failure probability from product of probability of 
each event along any one branch of the event tree

6) Iteration

Descriptors of uncertainty
0.001 Virtually impossible, due to known physical conditions 

or process that can be described and specified with 
almost complete confidence

0 01 V lik l lth h th ibilit t b l d0.01 Very unlikely, although the possibility cannot be ruled 
out on the basis of physical or other reasons

0.10 Unlikely, but it could happen
0.50 Completely uncertain, with no reason to believe that 

one possibility is more or less likely than the other
0.90 Likely, but it may not happen
0 99 Very likely but not completely certain

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

0.99 Very likely, but not completely certain
0.999 Virtually certain due to know physical conditions or 

process that can be described and specified with 
almost complete confidence
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f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Case study of Viddalsvatn dam
in Norway

L di A l b bilit fLoading                                    Annual probability of 
failure
Flood 1.2 x 10-6

Earthquake 1.1 x 10-5

Internal erosion 5.5 x 10-4

• The total annual probability of failure for all modes

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

The total annual probability of failure for all modes 
is the sum of the three components, or 5.6 x 10-4

• The results represent a relative order of magnitude
for the different scenarios
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Example: Event tree construction
Avalanche could occur anywhere within
a 400 m wide area in the valley, and 
the typical width of the avalanche is 20 m.
Statistics show that a major avalancheStatistics show that a major avalanche
occurs once every 5 years in this valley.

α has normal distribution 
with standard deviation 
σα = 2.3°
θ = 12°
H = 200 m

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

θ

L = 750 m

Risk/uncertainty-based analysis

The approach is effectively 
a systematic application of 

engineering judgement

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

engineering judgement

Risk analysis
Pros (for)
• Encourages to scrutinize problem as a whole• Encourages to scrutinize problem as a whole
• Helps communication
• Encourages gathering, compilation and organisa-

tion of data for systematic examination of problem
• Identifies the optimum among alternative 

solutions

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

solutions
• Emphasizes where decisions have to be made
• Provides a framework for contingency planning 

and continued evaluation

Risk analysis
Cons (against)
• More complex calculation (?)• More complex calculation (?)
• Need to include judgement
• Uncertainties can be too large to enable a good 

basis for decision-taking
• Not always possible to have explicit formulation 

of a thought process

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

of a thought process
• Danger of leaving consideration that cannot be 

quantified out of the process
• Does not account for human error



23.01.2009

18

It is possible to use whatever data are 

Risk/uncertainty-based analysis

available, to supplement them with 
judgement and to do a few simple 
calculations to get an idea of the 
uncertainty and the combined effects of 

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

possible variation in parameters.

Bayesian Updating
Bayesian updating is a powerful technique for combining 

subjective judgement and data from different sources.

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Illustration of updating p g
of uncertainty models.

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Bayesian updating – Example 
application to annual probability of 

avalanche

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt



23.01.2009

19

Bayesian updating – Some useful 
equations (assuming normal 

distribution)
• Prior estimates:• Prior estimates: 

Mean = μ1 , Stand. Dev. = σ1

• Likelihood estimates: 
Mean = μ2 , Stand. Dev. = σ2

• Posterior estimates (updated estimates):

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

( p )

μupdated = (μ1 / σ1
2 + μ2 / σ2

2 ) / (1 / σ1
2 + 1 / σ2

2 )

σ2
updated = (σ1

2 ⋅ σ2
2 ) / (σ1

2 + σ2
2 )
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−Flood
−Earthquake
−Tsunami
−Soil- and 

rockslide
−Snow avalanche

Natural 
threats

Landslides are the natural threat which 
occur most frequently (compared to other 
natural threats like flood, earthquake, 
cyclone and volcano).

−Wind and storm

Europe is the continent with the next 
highest fatalities caused by landslides 
(after America) and with the highest 
economic consequences.

Global incidence of natural disasters (1991-2000)

Other natural 
Avalanches
landslides Much of damage 

Wind storms
29%

disasters*
1%

landslides
7% Droughts

famines
9%

Earthquakes
8%

Extreme 
temperatures

4%

Volcanic 
eruptions

2%

g
and casualties 
attributed to 
earthquakes and 
floods are caused 
by the landslides
triggered by these 

Floods
35%

4%
Forest/scrub 

fires
5%

Sources: OFDA/CRED international disaster database 
& 2001 IFRC World disaster report

events.

Correlation with other types of 
natural threats
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Socio-economic consequences of natural 
disasters in Europe 

Hazard Loss of life Costs

Source: EMDAT/CRED international disaster database 

Hazard Loss of life Costs
 45 floods 10,000 105 B€ 
1700 landslides 16,000 200 B€ 

European 
statistics 
1900-2000  32 earthquakes 239,000 325 B€ 
 

Examples of major landslides

El Salvador – Las Colinas
January 2001
~ 600 casualties

Nicaragua – Casita Volcano slide
October 1998
~2500 casualties 

The 5-6 May 1998 mudflows in Sarno 
ridge area in Campania, Italy New York City Slide
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Landslide problems in Denmark!

The most recent landslide at Møns Klint, which occurred 
in January 2007. 100 000 m3 chalk from the cliff section 
known as St. Taler collapsed into the sea.

All slopes that look unstable 

Rule of thumb in slope stability evaluation*

* Karstein Lied, NGI

All slopes that look stable 

… will eventually fail.

… will also eventually fail.y

Danger (Threat): Natural phenomenon that could lead to damage.  
Described by geometry, mechanical and other characteristics.

DEFINITIONS 
(Based on Glossary of TC32 of the ISSMGE)

Described by geometry, mechanical and other characteristics.  
Can be an existing one, or a potential one, such as a rockfall. 
Characterisation of threat involves no forecasting.

Hazard: Probability that a particular danger (threat) occurs within a
given period of time.

Risk: Measure of  the probability and severity of an adverse effect to p y y
life, health, property, or the environment. 

Risk = Hazard × Potential Worth of Loss

Definition of Risk (from an engineer’s viewpoint)

Risk = Hazard x Consequence

H  = Hazard (temporal 
probability of a threat)

V  = Vulnerability of element(s) 
at risk

R = H . V . U

U  = Utility of the consequence 
to the element(s) at risk
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Quantitative Risk Assessment (QRA) of 
landslides or slope failures

QRA refers to the assessment of threat, hazard, risk and 
countermeasures in terms of numbers It addresses the

(1) What can cause harm? → landslide threat identification
(2) How often? → frequency of failure occurrence (hazard)
(3) What can go wrong? → consequence of failure
(4) How bad? → severity of failure consequence
(5) So what? → acceptability of landslide risk

countermeasures in terms of numbers. It addresses the 
following questions:

(5) So what? → acceptability of landslide risk
(6) What should be done? → landslide risk management

QRA is an important element in Decision Making Under 
Uncertainty

Decision Theory

• A calculus for decision-making under uncertainty
• Set of primitive outcomes
• Subjective degrees of belief (probabilities)
• Lotteries: uncertain outcomes 

With probability p,
outcome A occurs. 

Ap

L
With probability 1 – p,
Outcome B occurs.

B1 – p

L

Decision Theory – Utility function

If certain assumptions are satisfied, then there exists U 
(a real valued function) such that:

• If A > B, then U(A) > U(B)
• If A ≈ B, then U(A) = U(B)

Utility of a lottery = expected utility of the outcomes

Ap

U(L) = p × U(A) + (1- p) × U(B)

A

B

p

1 – p

L

Decision Theory – Utility function

If certain assumptions are satisfied, then there exists U 
(a real valued function) such that:

• If A > B, then U(A) > U(B)
• If A ≈ B, then U(A) = U(B)

Utility of a lottery = expected utility of the outcomes

Ap

U(L) = p × U(A) + (1- p) × U(B)

A

B

p

1 – p

L
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Decision Making Under Uncertainty

Collect
Information

Deterministic
(Model) Phase

Probabilistic
(Model) Phase

I f ti

QRA

Decision

Updating Information
(Model) Phase

Risk management process is easy … Risk management process is easy …



7

Risk management process is easy … Risk management process is easy …

Risk management process is easy … Risk management process is easy …
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Risk management process is easy … Risk management process is easy …

Risk management process is easy … Risk management process is easy …
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Risk management process is easy … Risk management process is easy …

Risk management process is easy …
R  I  S  K     M  A  N  A  G  E  M  E  N  T

R I S K  A S S E S S M E N T

R I S K A N A L Y S I S
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R I S K  A S S E S S M E N T

R I S K A N A L Y S I S

LANDSLIDE (DANGER)
CHARACTERISATION
Mechanics, Location

Volume,Travel Distance
and Velocity

Political
Aspirations

Other
constraints

Budget

Social
demands

Regulation

Risk 
acceptance 

criteria

Elements at 
risk 

Vulnerability

Temporal 
Spatial

probability

Frequency
analysis

Consequences
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LANDSLIDE (DANGER)
CHARACTERISATION
Mechanics, Location

Volume,Travel Distance
and Velocity
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Aspirations

Other
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Budget
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demands

Regulation

Risk 
acceptance 

criteria

Elements at 
risk 

Vulnerability

Temporal 
Spatial

probability

Frequency
analysis

Consequences

H A Z A R D   A N A L Y S I S

R I S K  A N A L Y S I S

Values
Judgement

Monitor and 
Review 

Risk mitigation
Control options & Control plan
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Landslide risk management framework
(NGI)

Risk management

Risk assessment

Risk analysis

Hazard analysis

Inventory
(historical data)

Computation of Hazard

• Heuristic methods
• Statistical methods• Statistical methods
• Probabilistic methods

– Reliability analyses
– Monte Carlo Simulations

New York State Rockfall Hazard Rating Procedure
Relative Hazard = GF x SF x HEF

Example of heuristic/statistical approach

GF = Geologic Factor
= Sum of Seven Subjectively Assessed Indicators:

Fractures, Bedding Planes, Block Size, Rock Friction,
Water/Ice, Rock Fall History, Backslope

SF = Section Factor
Ditch and Slope Geometry (Largely Deterministic)

HEF = Human Exposure Factor
Probability of Being Hit by Falling Rock or Hitting
Rock Lying on Road (Objective or Subjective Probabilistic
Assessment)

 

SAFE REGION
FAILURE BOUNDARY

m

ρ=0 ρ=-0.75 
ρ=-0.99

σ2 

β = Reliability Index

Probabilistic methods: Reliability Analysis

X
2

UNSAFE REGION

σ1 

m2

m1

ρ=0 ρ=0.75 
ρ=0.99

σ1 

σ2 

][
][ *

X
XXE

σ
β −
=

Single variable:

X1

( ) ( )][][min
1

XEXXEX X
T

X
−−=

−Σ
Ω∈

βMultiple variables:
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Computation of Hazard
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How much risk are we willing to accept?

D d h thDepends on whether 
the situation is 
voluntary or imposed.

Acceptable / Tolerable Risk
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Hong Kong 
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Tsunami risk mitigation strategy in Thailand

Thailand – Aftermath of 26 December 2004 tsunami
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Evolution of tsunami risk 
in Thailand with time

1 10 100 1000 10000
Number of fatalities (N)

1E-009

1E-008A
nn

ua

Acceptable

y
C: Situation in 100-200 years
D: Situation in 200-300 years
E: Situation before 26 Dec.

2004 and after ~300 years

Usoi Dam is a 600m 

Example: 
Usoi Dam on Lake Sarez in Tajikistan

high landslide dam.

It is the 
largest dam in the 
world!

Usoi 
Dam

Usoi dam and LakeLake Sarez

Scarp of the landslide

The volume of the landslide was 2.2 km3
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Usoi dam How big is Usoi dam?

Bennett dam, 183 m
One of the largest dams in 

• Eifel tower in Paris

g
North America 

Horizontal scale of Usoi Dam is compressed

Lake Sarez

Length, ~ 60 km
Maximum depth: 500 m
Maximum width: 3.3 km
Average width: 1.3 km
Volume: ~ 17 km3

Elevation 3260 – 3265 m

The threat and consequences
• The 600 m high Usoi dam is the largest dam in the 

world.

• Lake Sarez behind the dam currently holds 17 cubic-
kilometers of water.

• If the dam were to fail, the resulting flood would be a 
catastrophe of inconceivable dimensions!

• Flood waters would flow down the Bartang valley to 
the Panj River valley and end up in the Aral Sea.j y p
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Valleys downstream

Bartang valleyBartang valley

Panj valley between Tajikistan
and Afghanistan

Disaster scenarios at LakeLake Sarez

Active landslideActive landslide

Probable disaster Probable disaster 
scenariosscenarios

Dam failure riskDam failure risk
Seismic activitySeismic activity
Rising water levelRising water level
Landslide into lakeLandslide into lake

Right bank active landslideRight bank active landslide

The Right Bank Landslide g

Current rate of movement is ~15 mm/year

No
mitigation
measures
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Mitigation 
with
early 
warning 
system
(EWS)(EWS)

MitigationMitigation 
with EWS 
and 
lowering of
reservoir 

Example: “Slope Safety” programme in 
Hong Kong “Slope Safety” programme in Hong Kong

Quotes from http://hkss.cedd.gov.hk/hkss/eng/studies/qra/

The use of QRA technique in evaluating and managing 
landslide risk is gradually becoming recognized by the 
geotechnical practitioners in Hong Kong. 

Using the technique of QRA, it was shown that the overall 
landslide risk arising from old substandard man-madelandslide risk arising from old substandard man made 
slopes in Hong Kong had been reduced to less than 50% 
of the 1977 level by 2000, through the Government's 
Landslip Preventive Measures (LPM) Programme. 
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Decision Tree Tool
Advantages:

- Easy to understand and interpret: show in detail all different scenarios and paths

Disadvantage:

- Can become very large and difficult to read

No Action

Threat happens

Threat does not happen

No damage

Level 1

Level 2

Decision

Active countermeasure

No damage

Passive countermeasure

Warning system

Example: Decision Tree – No Action

Consequences Model 
(Utilities )Risk Hazard Model Vulnerability Model (Utilities )

46.0%
0

20.7%
-13000

30.0%
-10000

24.0%
-20000

-2691
79.3%

0

No Action

Threat happens

No damage

Level 1

Level 2

Threat does not happen
0

100.0%
0No damage

Example: Decision Tree – Active Countermeasure

Consequences Model Risk Hazard Model Vulnerability Model (Utilities + Cost of measure)

10.0%
0 + (-2000) =-2000

5.2%
-15000

50.0%
-10000 + (-2000) = -12000

40.0%
(-2000) -20000 + (-2000) = -22000

-2672.75 94.8%
-2000

Risk Hazard Model Vulnerability Model

Threat happens

Threat does not happen

Level 2

Level 1

No damage

Active countermeasure

Reduction in hazard  r = 0.25,  P′(T) = r x P(T)

2000
100.0%

0 + (-2000) =-2000No damage

St t f N t

Risk Decision Cycle for Natural Threats 
with Warning System

Determine Probabilities
and combine with

Threat          HazardTrigger

Active

Passive
Countermeasures

Trigger

State of Nature

Identify and Describe
Threat

c ve
Countermeasures

Consequences

Risk Determination

“Trigger” indicates the triggering of countermeasures by the Warning System

Vulnerability
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Swiss - Avalanche Warning System (WSL/SLF)

• Meteorological forecast

• Automatic wind and snow stations 

• Local observers (80)

• Reports on actual avalanche occurrences

• SNOPACK model

Bulletin (updated daily at 5 p.m. & 8 a.m.)

(Accessible by Telephone & Radio)

Local and Regional Safety Experts

Automatic Measurement Station

Risk Reliability Model Hazard Model Vulnerability Model Consequences Model 
   (Total Probability Rule) (Bayes' Rule) (Utilities + Cost of warning device

+ Cost of measure)

64.0%
0 + (-500) + (-1000) = -1500

100.0%
-6700

20.0%
-10000 + (-500) + (-1000) = -11500

16.0%
-20000 + (-500) + (-1000) = -21500

70.1%
-6700

10.0%
0 + ( 500) + ( 1000) 1500

Threats happens

measure is effective

Level 2

Level 1

No damage

No damage

)(
)()|()|(

AlarmP
TPTAlarmPAlarmTP =)()|()()|()( TnoPTnoAlarmPTPTAlarmPAlarmP +=

Decision Tree – Warning System

0 + (-500) + (-1000) = -1500
0.0%

-14500
50.0%

-10000 + (-500) + (-1000) = -11500
40.0%

(-1000) -20000 + (-500) + (-1000) = -21500

-5147.44 Vulnerability Model Consequences Model 
29.9%
-1500

100.0%
0 + (-500) + (-1000) = -1500

26.6%

Decision 10.0%
-5147.44 0 + (-500) = -500

70.1%
-13500

50.0%
-10000 + (-500) = -10500

40.0%
-20000 + (-500) = -20500

-9618.6
29.9%

Issues Alarm

Take measure

Dot not take measure

Threat does not happen

Measure is not effective

Level 2

Level 1

No damage

Th t d t h

Threat happens

Level 2

Level 1

No damage

29.9%
-500

100.0%
(-500) 0 + (-500) = -500

Hazard Model Vulnerability Model Consequences Model 
-2003.46 (Bayes' Rule)

10.0%
0 0 + (-500) = -500

2.8%
-13500

50.0%
-10000 + (-500) = -10500

40.0%
-20000 + (-500) = -20500

73.4%
-866.42

97.2%
-500

100.0%
0 + (-500) = -500

Warning system

Does not issue alarm

Threat does not happen

No damage

Threat does not happen

No damage

Threat happens

Level 2

Level 1

No damage

Threat No Threat
Alarm 0.9 0.1
No Alarm 0.1 0.9

Reliability matrix
Reality

Flow Chart Models (e.g. Bayesian 
Network) – Chain Rule

Compact and graphical representation of a joint 
distribution (based on simplifying assumptions)

Chain Rule (with independency 
assumptions):

Åknes, Sunnylvsfjorden
The potential slide area is 
shownÅknes

Tafjord, 1934
3 million m3 rock mass dropped into the fjord
The tsunami reached 62m above sea level
More than 40 people were killed
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Artist’s depiction of a  
tsunami disaster

Flow chart model for Åknes Rockslide
(with Early Warning System)

• Elements defined into nodes
• Influences defined as arcs
• Non-cyclic network

CONCLUDING REMARKS
• Landslides will happen.
• Landslide risk management involves decision-

making under uncertaintymaking under uncertainty. 
• The uncertainty has to be reflected in:

– Predictions of Hazard and Risk
– Countermeasures - Active, Passive or Warnings

• Quantitative Risk Assessment (QRA) is a useful 
tool when one is confronted with decision-
making under uncertainty. 

• The optimal solution on the basis of QRA is not 
necessarily the most appropriate solution.

Thank youThank you
for your attention!



First-Order, Second Moment 
First- and Second-Order 

Reliability Methods e ab ty et ods
Monte Carlo Simulation

System reliability

Farrokh Nadim
International Centre for Geohazards,

Norwegian Geotechnical Instituteo eg a Geo ec ca s u e

Griffith University Gold Coast Campus
16-17 February 2009

First-order, second moment 
approximation (FOSM)

Problem:
Y is a function severalY is a function several 
random variables Xi:

Y = G(Xi)

What are the mean valueWhat are the mean value 
μY and standard deviation 
σY of Y?

Reliability Analysis Methods
• First-Order Second-Moment (FOSM) approach

Uses only mean and standard deviation of random– Uses only mean and standard deviation of random 
variables (i.e. ignores the distribution functions)

– No need for special software or add-ons
– Additional assumptions must be made to estimate 

probability of failure
R li bilit i d t i l d fi d d d– Reliability index not uniquely defined, depends on 
safety format used

Y = G (Xi), Taylor series expansion at point X*:

First-order, second moment 
approximation (FOSM)

( i), y p p

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Choose X* = mean value of Xi:



A i t ti t f ∂G(X )/∂X

First-order, second moment 
approximation (FOSM)
Approximate estimate of ∂G(Xi)/∂Xi:

∂G(Xi)/∂Xi ≈ {G(Xi + ΔXi) - G(Xi - ΔXi)} / 2ΔXi

Practical suggestion:

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Practical suggestion:

Choose ΔXi = 0.1 σ Xi

First-order, second moment 
approximation (FOSM)

Y G (X )

Mean value: μY ≈ G (μXi)
Standard dev.: σ2

Y≈∑(∂G(Xi)/∂Xi)2⋅ σ2
Xi | μXi

Y = G (Xi)
Taylor series expansion at mean value of all 
variables, and neglecting higher order terms:

Y ∑( ( i) i) Xi | μXi

NOTE: The FOSM method does not use the 
probability distribution functions.

Example of FOSM Approach

Staged construction of 
an embankment

Reliability Analysis Methods
• Monte Carlo Simulation

– General method, can be applied to any , pp y
problem for which a physical model exists

– Need special software or add-ons
– Could be computationally intensive when 

probability of failure is low
– Modern commercial slope stability software 

include option for simple Monte Carloinclude option for simple Monte Carlo 
simulation



Example of Monte Carlo Simulation

Tailings dyke, Monte Carlo simulation performed 
using @Risk and a spreadsheet model for stability

Results 
of 34000
simulations

FORM (and SORM) approximation 

– First- and second-order reliability methods 
(FORM & SORM) th t l h(FORM & SORM) are the most popular approach 
in structural reliability analyses

– Need special software or very good programming 
skills

– Very efficient when probability of failure is low
– Reliability index and probability of failure 

independent of safety format usedindependent of safety format used
– Valuable additional information (sensitivity 

factors and most likely combination of variables 
leading to failure)

FORM and SORM
In the first- and second-order reliability 
methods (FORM & SORM), a limit  state 
f ti ( f f ti ) (X) ifunction (performance function) g(X), is 
defined such that g(X) ≥ 0 means that 
performance is acceptable and g(X) < 0
means failure. 

X is a vector of basic random variables
including soil properties, load effects, 
geometry parameters and modelling 
uncertainty. 

FORM & SORM (cont.)
If the joint probability density function Fx(X) is 
known, then the probability of failure Pf is given 
byby

Pf = ∫L Fx(X)·dX

where L is the domain of X where g(X) < 0.
In general the above integral cannot be solved 
analytically.



Limit State Function

g ≥ 0

g < 0

FORM Approximation
1. Transform the general random vector into 

a standard Gaussian vector:a standard Gaussian vector:

The general case is approximated to an ideal 
situation where X is a vector of independent, 
standard Gaussian variables (with zero (
mean and unit standard deviation).

FORM Approximation
2. Locate the point of maximum probability 

density (most likely failure point or design point) 
within the failure domain.within the failure domain.

3. Linearize g(X) at the design point, and find the 
distance β from the origin to the this point.

4. Estimate the probability of failure as 
P Φ( β)

FORM Approximation

Pf ≈ Φ(-β)
where Φ(.) is the standard Gaussian 
cumulative distribution function. 

P = P [g(X) < 0] ≈ P [αU β < 0] = Φ ( β)Pf =  P [g(X) < 0] ≈ P [αiUi - β < 0] = Φ (-β)
αi : Sensitivity factors,   β : Reliability index



FORM approximation (summary) The FORM approximation

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Reliability index β vs. Probability 
of failure Pf
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Probability of Failure
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First-Order Reliability Method Using 
EXCELTM

UNSAFE
X2

G < 0

LIMIT STATE
G(X1, X2) = 0

DESIGN POINT

X1

SAFE
G > 0

0  G to subject           
)-(XC)-(X inm    -1T2

=
μμ=β



Example of FORM analysis
Deterministic safety factor: SF = 1.52
Median of safety factor: SFmedian = 1.48
FORM probability of failure: Pf = 4.2⋅10-4

Reliability Index: β = 3.34

Atlantis Field in Gulf of Mexico, 
Slump E

Cumulative distribution of SF

y β

Safety factor (SF)

Sensitivity factors for random variables
Parameters contributing
most to total uncertainty:

1 Soil shear strength1. Soil shear strength 
parameters α and m
(increasing importance
with depth)

2. Modelling uncertainty
3. Anisotropy parameter
4. Elevation of seabed 

prior to previous slide

SHANSEP
α in sliding
base layer Modelling

uncertainty ε

Strength
anisotropy κ

5. Preconsolidation stress 
in deep layers

SHANSEP m in 
sliding base layer

Deterministic and probabilistic critical failure 
surfaces often do not coincide ROCK BLOCK STABILITY ANALYSIS

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt



ROCK BLOCK STABILITY ANALYSIS

Forces acting on the block:
• total weight of the block, G
• force in the rock bolts, T
• lifting force due to pore pressure in the joint, U
• effective normal force on the joint plane, N

shear force on the joint plane R

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

• shear force on the joint plane, R
Safety Factor: FS = (c⋅Area + N⋅tanφ) / R

ROCK BLOCK STABILITY ANALYSIS
Random variable Distribution Mean Standard

deviation
Joint angle, β Normal 63° 2°

Height of block, h Lognormal 2.0 m 0.2 m
Effective width, B Lognormal 1.0 m 0.1 m
Front face slope, α Normal 90° 2°
Upper face slope, Ω Lognormal 10° 1°

Unit weight of rock, ρ⋅g Normal 27.0 kN/m3 1.0 kN/m3

Average pore pressure on
joint plane, u

Normal 5.0 kPa 0.5 kPa

Mohr-Coulomb friction
l f j i t l * φ

Normal 62° 3°

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

angle of joint plane , φ
Capacity of one rock bolt  Lognormal 10.0 kN 1.0 kN

Rock bolt angle, θ Normal -15° 1°
Cohesion of joint, c Fixed 0 kPa -

Number of rock bolts per
unit width

Fixed 2 -

*

ROCK BLOCK STABILITY ANALYSIS
Representative Alphas of Variables FLIM(1) [BLOKSTAB.PTI]

Beta    -0.22433
Height  -0.50634
Width   -0.41913
Alfa    -0.08761
Omega   -0.04098
Gama    -0.03230
Phi     0.48350
Cohesion 0.00000
Pore-p  -0.31154
T-bolt  0.41913
Teta    0.02699

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

N-bolt  0.00000
Sum of a^2 1.00000

Probability of failure Pf = 1.3%

RELIABILITY-BASED 
FOUNDATION DESIGN

UNIVERSITY OF OSLO, MAY 10, 2004

FOUNDATION DESIGN

(Example application of FORM)

KOK KWANG PHOON

NATIONAL UNIVERSITY OF SINGAPORE



BACKGROUND

• RELIABILITY ANALYSIS IS THE CONSISTENT• RELIABILITY ANALYSIS IS THE CONSISTENT 
EVALUATION OF DESIGN RISK USING 
PROBABILITY THEORY

• RELIABILITY-BASED DESIGN (RBD) IS ANY 
METHODOLOGY THAT USES RELIABILITY 
ANALYSIS EXPLICITLY OR OTHERWISEANALYSIS, EXPLICITLY OR OTHERWISE

Reliability-Based Design

• Reliability analysis is the consistent evaluation of• Reliability analysis is the consistent evaluation of 
probability of failure using probability theory

• Reliability-based design (RBD) is any 
methodology that uses reliability analysis, 
explicitly or otherwise

• RBD requires access to tools for doing reliability 
analysis and a conscious choice of acceptable 
probability of failure

Conventional Factor of Safety 
(Working Stress Design)

Q

Factor of safety (FS) accounts for
– Variations in loads & materials
– Inaccuracies in design equations and modelling 

approximations

Criterion: Load < Strength / FS
FS
QF n

n <

approximations
– Construction effects etc.

UNCERTAINTIES IMPLICITLY RECOGNIZED

FS FROM PRECEDENTS & 
JUDGMENT

ITEM FS

EARTHWORKS 1.3 - 1.5

RETAINING STRUCTURES 1.5 - 2.0

FOUNDATIONS 2.0 - 3.0

UPLIFT HEAVE 1.5 - 2.0UPLIFT HEAVE 1.5 2.0

EXIT GRADIENT, PIPING 2.0 - 3.0

PILE LOAD TESTS 1.5 - 2.0

Data after Terzaghi & Peck (1948, 1967)



DRILLED SHAFT IN UNDRAINED 
UPLIFT

F

WQQQ tusuu ++=

sBDQ απ=

F

D
WQsu

ULTIMATE LIMIT 
STATE (ULS)

usu s BDQ απ=

B

Qsu

Qtu

ua sp17.00.31  +=α

( ) tipitu AuuQ −Δ−=

FS IS AMBIGUOUS

Design Design Equation Qud (kN) for Qu/ Qud 

Assumption  FS = 3 (“actual” FS)

1 Qud =  (Qsu + Qtu + W) / FS  170.7  3.0 

2 Qud - W =  (Qsu + Qtu) / FS  214.2  2.4 

3 Qud =  (Qsu + W) / FS  108.9  4.7 

4 Qud - W =  Qsu / FS  152.4  3.4 

5 Q W / FS 21 8 23 55 Qud =  W / FS 21.8 23.5

Note:  Qsu = side resistance = 261.8 kN,  Qtu = tip resistance = 184.4 kN, 
W = shaft weight = 65.3 kN,  Qud = design uplift capacity,  FS = factor of 
safety, 
Qu = available uplift capacity = Qsu + Qtu + W = 511.6 kN 
 
 

Lack of clarity between FS & 
probability of failure

NOTE:   Failure probability = Prob (safety factor < 1)

OBJECTIVE OF RBD

p)FQ(obPrp <<

• Design risk quantified by probability of failure 
(pf)

C i h i f t bl t t f il

Tf p)FQ(obPrp <<=

• Conscious choice of acceptable target failure 
probability (pt)

• Same as controlling % “failures” in weighted 
parametric study



RELIABILITY ANALYSIS

• RENDERS UNCERTAINTY & RISK INTO• RENDERS UNCERTAINTY & RISK INTO 
PRECISE MATHEMATICAL TERMS THAT CAN 
BE EVALUATED CONSISTENTLY

• UNCERTAIN Q AND F MODELLED AS 
RANDOM VARIABLES

• pf FROM SIMPLE FORMULAE OR FIRST-
ORDER RELIABILITY METHOD (FORM)

SIMPLE EXAMPLE

1 Load (F)

0.2

0.4

0.6

0.8

1

Pr
ob
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ili

ty
 D

en
si

ty

Load (F)
μF = 2; σF = 0.5

Capacity (Q)
μQ = 5; σQ = 1.5

0
-4 -2 0 2 4 6 8

Prob(Q < F)??

• ASSUME Q & F UNCORRELATED NORMAL 
RANDOM VARIABLES

)0G(obPr
)0FQ(obPr

)FQ(obPrpf

<=
<−=

<=

• G = PERFORMANCE FUNCTION

LO
A

D
, F

UNSAFE
G < 0

SAFE
G > 0

CAPACITY, Q

MATLAB R12.lnk



• FOR THIS SIMPLE CASE, G = Q – F IS 
ANOTHER NORMAL RANDOM VARIABLE

• MEAN OF G IS

VARIANCE OF G IS

FQG μ−μ=μ

• VARIANCE OF G IS

2
F

2
Q

2
G σ+σ=σ

Gμβ 0 4

0.5

y μ = β σ = 1 90 σ

RELIABILITY INDEX

901
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ty μG =  β σG = 1.90 σG

90.1= 0
-4 -2 0 2 4 6 8

Safety Marginpf = Φ(-1.90)
= 2.9%

RELIABILITY INDEX

• p IS CUMBERSOME TO USE BECAUSE IT IS• pf IS CUMBERSOME TO USE BECAUSE IT IS 
VERY SMALL

• pf CARRIES THE NEGATIVE  CONNOTATION 
OF “FAILURE”

• β (RELIABILITY INDEX) IS MORE β ( )
CONVENIENT & PALATABLE TO USE

EASY TO CONVERT USING MS EXCELTM

( )βΦ( )
)(NORMSDIST

pf

β−=
β−Φ=

( )p1 f
1 −Φ=β − ( )

)p1(NORMSINV
p

f

f

−=
β
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Source: US Army Corps of Engineers 1997
Source: Baecher (1987)

FIRST-ORDER RELIABILITY METHOD
(FORM)

MULTI-VARIATE NORMAL

( ) ( )μ−μ−−−−
π=

XCX
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2
n
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1 1-T
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FIRST-ORDER RELIABILITY 
METHOD USING EXCELTM

UNSAFE
X2

UNSAFE
G < 0

LIMIT STATE
G(X X ) 0

DESIGN POINT

X1

SAFE
G > 0

G(X1, X2) = 0

0  G to subject           
)-(XC)-(X inm    -1T2

=
μμ=β

FIRST-ORDER RELIABILITY 
METHOD USING EXCELTM

UNSAFE

LIMIT STATE
G(U U ) = 0

DESIGN POINT
U2

β

SAFE
G(U1, U2) = 0

0  G to subject          
UU inm    T

=
=β2

CLL   ),X(LU T1 =μ−= −

U1

Example: DRILLED SHAFT
LATERAL-MOMENT LOADING
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e
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pBDK3γ
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SIMPLIFIED BROMS METHOD

PERFORMANCE FUNCTION
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COV = 5% to 20%

LOGNORMAL
MEAN = 1.3
COV = 40%

h COV  5% to 20%

LOGNORMAL
MEAN = 0.85 NOMINAL
COV = 10% to 20%



CONCLUDING REMARKS

• RBD PROVIDES A CONSISTENT METHOD FORRBD PROVIDES A CONSISTENT METHOD FOR 
CONTROLLING DESIGN RISK

• TWO KEY ITEMS NEEDED:
(1) TOOL FOR RELIABILITY ANALYSIS
(2) TARGET ACCEPTABLE FAILURE PROBABILITY

• RELIABILITY ANALYSIS CAN BE EASILY 
CARRIED USING EXCEL

System – Multiple failure 
criteria

f:\p\2001\10\20011015\presentations\RiskNGIFNaSL.ppt

Systems

Series system

Parallel systemParallel system



Series system Parallel system

Mixed systems Example: Oil production from 
Statfjord Field



Example: Oil production from 
Statfjord Field

Example: Oil production from 
Statfjord Field

Minimal Cut Set

Example: Lifeline system

Consider the water supply system above under earthquake loading. 
Two source S1 and S2 supply two areas A1 and A2. The arrows indicate 
the direction of flow. The system is said to failure if either of the areas 
loses drinking water. Draw the minimal cut set for evaluating system reliability. 

System representation 



First-Order, Second Moment





Retaining wall with random variables φ′, δ, 
and ca

unit weight γ

Overturning mode:

moment gOverturnin
moment Resisting

=Fs

2

2
1 HKP aa γ=

δ

unit weight γ
friction angle φ'

Sliding mode:

fP hi
force Resisting

=

PerFunc1 = MR – MO
= g( φ′, δ, …) 

Fsb

Adhesion ca

forcePushing

PerFunc2 = b × ca − Pah
= g(ca, φ′, δ, …) 

b

Active pressure on retaining wall

unit weight γ
friction angle φ'

2

2
1 HKP aa γ=

δ

friction angle φ
H



( ) ( )μμβ −−= −

∈
xCx T
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1min

Ditlevsen (1981), citing Veneziano (1974):

More convenient equivalent form:

[ ] ⎥
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Low and Tang (1997, 2004): Constrained optimization in 
i i l i E l f l

Cell object: “= sqrt(mmult(transpose(nx), 
mmult(minverse(crmatrix), nx)))”

original space, using Excel array formulas: 

and its built-in constrained optimization program

Expanding ellipsoid perspective in original random variable 
space

Mean-value
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2
1
2
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π C

n

As a multivariate normal 
dispersion ellipsoid expands, 
its expanding surfaces are

Limit state 
surface

its expanding surfaces are 
contours of decreasing 
probability values.

Example: Event tree construction
Avalanche could occur anywhere within
a 400 m wide area in the valley, and 
the typical width of the avalanche is 20 m.
Statistics show that a major avalancheStatistics show that a major avalanche
occurs once every 5 years in this valley.

α has normal distribution 
with standard deviation 
σα = 2.3°
θ = 12°
H = 200 m

θ

L = 750 m

Example: Event tree construction 
(cont.)

• Draw an event tree for estimating the annual 
probability of an avalanche hitting the houseprobability of an avalanche hitting the house.

• Evaluate the annual probability of an avalanche hitting 
the house using the event tree.

• If an avalanche hits the house, there is a 10% 
probability that it will be seriously damaged, 70% 
probability that it will suffer moderate damage, and 
otherwise it will suffer minor damage The cost ofotherwise it will suffer minor damage. The cost of 
serious damage is € 1 00 000, the cost of moderate 
damage is € 20 000, and the cost of minor damage is €
5 000. Extend your event tree to make it possible to 
evaluate the risk.



Example: Minimal cut set

You are the city engineer for City A and want to estimate the reliability 
of the system for water supply to this city under earthquake loading. 
Assuming that only the pipelines and water source S2 might fail, 
show the minimal cut set for evaluating system reliability 
(system failure is defined as City A losing drinking water).
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Risk Assessment for 
S b i SlidSubmarine Slides

Farrokh Nadim
International Centre for Geohazards,

Norwegian Geotechnical Instituteo eg a Geo ec ca s u e

Griffith University Gold Coast Campus
16-17 February 2009

• Probability
• Uncertainty

First Challenge: Terminology

• Uncertainty
• Threat (danger)
• Hazard
• Risk

Consequence• Consequence
• Failure
• Vulnerability
• ……..

Terminology: Danger (threat)

Danger (Threat): The natural phenomenon 
that could lead to damage described inthat could lead to damage, described in 
terms of its geometry, mechanical and 
other characteristics. The danger can be 
an existing one (such as a creeping slope) 
or a potential one (such as an earthquake). 
The characterisation of a danger or threat 
does not include any forecasting.

Terminology: Hazard & Risk
Hazard: Probability that a particular danger 
(th t) ithi i i d f ti(threat) occurs within a given period of time.

Risk: Measure of the probability and severity 
of an adverse effect to life, health, property, or 
the environment.
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Risk and hazard

Hazard = Probability of occurrence of a
dangerous event (/ Time unit)

(for example annual probability of slope failure)

Risk = Hazard x Potential worth of loss

(risk could be real or perceived)

Often we are not consistent, and mix up “risk” and “hazard”

More general definition of “Risk”
Risk = f (hazard, elements at risk, vulnerability)

• Risk: Expected losses (i.e. the probability of specified 
negative consequence to life, well-being, property, 
economic activity and other specified values) due to a 
particular threat for a given area and reference period

• Elements at risk: All objects with a damage potential 
located within a given areag

• Vulnerability: Degree of loss resulting from the 
occurrence of a specific type and magnitude of event

Terminology: Vulnerability
• Vulnerability relates to the consequences, or the 

results of an impact of a natural force and not toresults of an impact of a natural force, and not to 
the natural process or force itself.

• Consequences are generally measured in terms 
of damage and losses, either on a metric scale in 
terms of a given currency or on a non-numericalterms of a given currency, or on a non-numerical 
scale based on social values or perceptions and 
evaluations.

Social sciences approach
• Any natural hazard, natural risk, and 

consequently any form of “natural” disaster isconsequently any form of natural  disaster is 
caused by humans (Geipel 1992).

• If the person – or society – that is threatened or 
endangered can make decisions and react to 
potential process occurrence, the hazard 
b i k C tl if i di id lbecomes a risk. Consequently, if an individual or 
a society has no opportunity to make decisions, 
the natural event is “just” a hazard, not a risk
(Pohl & Geipel 2002).
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T i

Offshore Geohazards

Wave TsunamiTsunami

Mud 
volcano

Gas

generation

Overpressure Diapirism 
Doming

Underground
blowout

t

τ

Gas 
chimney Earth-

quake

t

τ

Tsunami damage

On 17th July 1998, at 08:49 (UTC), a magnitude 7.1 
earthquake off the north coast of Papua New Guinea 
generated a locally very destructive tsunami. The 
tsunami damage was anomalously large for a quake 
of the magnitude: 

•A fast-moving wall of sand-laden water left detritus in•A fast-moving wall of sand-laden water left detritus in 
trees up to 17.5 metres above sea level, 

•No structures were left standing along the 19 
kilometres of coast fronting Sissano Lagoon, 

•Concrete was stripped to the reinforcing, 

•Some ripped-out trees were carried more than a 
kilometre, 

•More than 2189 people died.

1946 Hawaii tsunami caused by Aleutian eathquake
http://www.usc.edu/dept/tsunamis/alaska/

Gassy soils, pockmarks and fluid/gas 
escape structures

Gas hydrates
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Mud volcanoes
Offshore West Africa

Trinidad

Azerbaijan

Disciplines supplement and 
complement each other

GeologyGeology

GeophysicsGeotechnics

Geophysics
• Often available before offshore sampling
• Regional overview

Stratigraphy– Stratigraphy
– Structural patterns
– Geohazards:  shallow gas, hydrates, diapirs, old 

slides
• No ground truth

– Geo-fantasies can occur
– Ages often unknown 

without correlation
?

Seismic data and a few cores

25km

The seismic profile is nearly 200km long.

The diameter of a core is 10cm!

It takes at least a geologist (and a 
fair amount of geo-fantacy) to 
interpret accurately
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• Ability to define relevant and critical 
failure modes

• Assessment of  probability of occurence

Geotechnical concerns

• Calculate/predict consequences
• Uncertainties to addressed:

– Limited site investigations and extrapolation over 
large areas and depths

– Assessment of in situ effective stress and pore 
pressure  conditions

– Gas hydrates existence and quantification
– Modelling of triggering mechanisms

Submarine slope stability on gentle slopes

• Field development on the continental slopes
• Enormous historic and paleo slides observed
• Gravity forces increasingly important even at 

very low slope angles of 0.5 to 3°
• Triggering mechanism not well understood
• Large runout distances, retrogressive slidingLarge runout distances, retrogressive sliding 

upslope/laterally and tsunami generation may 
threaten 3rd parties in large areas

Submarine Slope Stability on Gentle Slopes (2)

Infinite slope analysis

L't)( Δ

Strength:
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Submarine Slope Stability on Gentle Slopes (3)

Safety factors vs. α and r=Δu/γ’z
Drained; c’=0 ϕ’=25° Undrained NC; su = 0.25 γ’z
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Submarine Slope Stability on Gentle Slopes (4)

Pore pressure generating mechanisms
• Rapid sedimentation → Underconsolidation
• Earthquake and shear strain induced pore pressure q p p

generation in collapsible and sensitive soils
• Pressure decrease and temperature increase in 

gassy soils (Climate and human induced)
→ Gas exsolution and free gas expansion
→ Melting of gas hydrates and gas expansion

• Underground blow-outs → pressurizing shallow 
layers

• Smectite -Illite conversion → Water release T>60°C

The Storegga Slide (8000 yrsBP)
Headwall     300 km
Run-out ∼ 800 km
Volume ∼ 5 600 km3Volume 5.600 km
Area ∼ 34.000 km2

200km

Anwer: The Storegga Slide (∼8200 yr. BP)

Headwall ∼ 300 km
Run-out   ∼ 800 km
Volume    ∼ 3.000 km3

Tsunami:
The slide generated 
a tsunami that hit the 
coastlines of Norway, 
Scotland ShetlandScotland, Shetland 
and the Faeroes

In situ conditions:

Profile from shelf edge to deep basin 

How could the Storegga slide develop?
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Answer: 
Located in the Storegga slide area

”terrassed” slidebase
O LOrmen Lange

North Sea Fan (NSF)

The shelf edge and the central part 

Upper slide edge 
= Storegga
250m+ to 500m

Lower slide edge 900-1100m

Technical challenge:

Bathymetry in the Ormen Lange area Simulation of the Storegga slide tsunami
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The main questions for  the oil and 
gas industry were:

• Do we have access to this area?
• Is the natural risk related to new slides too high ?
• Can field development influence slope stability? New 

Storegga slide? New tsunami?
• Is it safe to develop the Ormen Lange gas field close to 

the steep headwalls (30 - 40 deg.) of the Storegga 
Slide?
H l i th St l f il h• How can we explain the Storegga slope failure when 
the slope angle was close to 1 ° prior to the sliding?

Technical challenge:

Local bathymetry - routing

Upper headwall pipeline 
crossing area

Field development area

Investments in deepwater field development area:

Wells, subsea equipment, pipelines, MEG 
and umbilicals, trenching, rockfill

Slide consequences

Tsunami 
impact

Tsunami 
impactimpact

Mud flow

BurialLoss of
support

Impact &
burial

Drag forces

Debris flow

Slide

Turbidity
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2-D Earthquake analyses:
Post earthquake accumulated displacements and strains
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Not only in high latitudes!
The Sigsbee Escarpment in 
GoM is formed by salt 
tectonics, which is still 
ongoing. Several slides occur 
along the escarpment, which g p ,
is an area of petroleum 
exploration.

Slump 8 of the Mad Dog field is not 
of Storegga size, but still…..

Jeanjean et al., 2003

Uncertainty in soil shear 
strength
• The uncertainty in the undrained soil 

shear strength is derived from theshear strength is derived from the 
probabilistic description of the 
parameters entering the SHANSEP
equation in each layer:

α,  γ′,  m,  h,  Δσ, κ
NOTE:
Strength Anisotropy: su, at inclination θ =  su ( 1 + (κ - 1)sin2θ )

κ = shear strength anisotropy factor (1.0 - 1.5)

Atlantis Field, Slump E –
Undrained stability
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Distribution of safety factor - Slump E
Sensitivity factors for random 

variables - Slump E

Parameters contributing
t t t t l t i tmost to total uncertainty:

1. Soil shear strength 
parameters α and m
(increasing importance
with depth)

2. Modelling uncertainty
3. Anisotropy parameter

SHANSEP
α in sliding
base layer

Modelling
uncertainty ε

Strength
anisotropy κ

3. Anisotropy parameter
4. Elevation of seabed 

prior to previous slide
5. Maximum past 

pressure in deep layers

y

SHANSEP m in 
Sliding base layer

Mad Dog Prospect
Slumps 8_1, 8_2, 8_3 and 8_4  

f:\i\41\stab\overhead\2004\OMAE Vancouver\Risk assessment.ppt
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Figure 2 Qualitative risk prioritisation matrix

f:\i\41\stab\overhead\2004\OMAE Vancouver\Risk assessment.ppt

Figure 3 Typical components of a geohazard study and multi-disciplinarity interaction

G E O H A Z A R D S    A S S E S S M E N T

GEOSCIENCES HAZARD, RISK, AND RELIABILITY TRIGGERING AND RELEASE MECHANISMS

Geological mapping/
Geological setting/

Engineering parameters

GIS/Remote sensing/

Sliding and flow processes/
Failure scenarios/

Failure models

Earthquake s/gas escape /
r apid sedimentation/diapirs

Climate effect s etc.
Human activities

GIS/Remote sensing/
3D geological modelling

Airphotos/Satellite imag es

Geomechanical modelling

Calibration of models/
Explanation of
previous slides

Safety margin/
Failure probability

CONSEQUENCE EVALUATION

Minor Intermediate (e.g. impact on Major (e.g. 
nearby installations) tsunamis )

f:\i\41\stab\overhead\2004\OMAE Vancouver\Risk assessment.ppt

Mapping of risk areas 

(low or high risk; equal risk)

Remediation measures and 
prevention

Conclusions/
Recommendations

Monitoring and
early warning systems

Risk assessment and 
identification of critical slopes 
and active geological features 

and processes

G E O H A Z A R D S    P R E V E N T I O N
A N D    M I T I G A T I O N

Decision - making o n need and cost -
benefit of mitigation strategies

Figure 4 Risk-based soil investigations 

Low risk project 
Costs: low

Moderate risk project 
Costs: moderate

 High risk project 
Costs: high

 
Costs: low Costs: moderate Costs: high

     

⇒ In-situ testing 
⇒ Disturbed samples 

⇒ In-situ testing 
⇒ High quality samples 

 
Preliminary site evaluation 

 

     
 

Detailed site evaluation 
 
⇒ In-situ testing 

(Identify critical zones)  

• Logging tests 
(CPT, SPT, DMT) 

• Index tests 
• Empirical correlations 

  

• Logging tests 
• Specific in-situ tests 

(FV, PLT, PMT) 
• Basic laboratory tests on 

selected samples

⇒ Additional in-situ tests 
⇒ High quality samples

f:\i\41\stab\overhead\2004\OMAE Vancouver\Risk assessment.ppt

 selected samples  
• Site specific correlations 

  ⇒ High quality samples
(undisturbed) 

   CPT: Cone penetration 
test 

SPT: Standard pene-
tration test 

DMT: Dilatometer test 

FV: Field vane test 
PLT: Plate load test 
PMT: Pressuremeter test 

  • Advanced laboratory tests
• In-situ stresses 
• Relevant stress path 
• Careful measurements 

on FS = 1 39 Pf = 0 008

Figure 5 Safety factor and probability of failure for
most heavily loaded pile 
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Ground truth:
Drilling, sampling, and geological 
/ geotechnical analyses are 
necessary

ODP / DSDP has drilled andODP / DSDP has drilled and 
cored ca. 2000 holes throughout 
the world ocean. All information 
is open and available.

Ocean Drilling Program: D/V ”Joides Resolution”

Conclusions
• Geohazard assessment require multi-discipline 

geoscience cooperation and understandingg g
• Thorough understanding of natural and human 

induced effects in order to identify the relevant 
failure scenarios for field development

• Areal extent and volumes of potential slides on 
continental slopes can be very large:p y g
– Project risk (total damage, local damage - repair) 
– 3rd party risk 

Conclusions
Challenges for the geotechnical discipline:
• In situ conditions; pore pressure, gas hydrates
• Gassy soils and gas hydrate material models
• Brittle/sensitive soils; sampling disturbance, testing
• Analysis methods for retrogressive sliding that 

explain observed megaslides and slide initiation 
processes

• Slide dynamics and consequence assessment; 
run-out, impact, tsunami

• Assessment of uncertainties in risk analysis


	Nadim1-risk&reliability_Griffith_Univ
	Nadim2_QRA_Griffith_Univ
	Nadim3_FOSM-FORM-SYSYRE_Griffith_Univ
	Nadim4_Offshore_Griffith_Univ

