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Editorial

The ALERT Doctoral School (European Graduate School) in 2014 is organized by
Michael A. Hicks and Cristina Jommi from the TU Delft. With the topic Stochas-
tic Analysis and Inverse Modelling they have chosen a subject which is without any
doubts important but at the same time somehow feared. We know that the ground
properties and behaviour are hardly deterministic and in many cases we miss im-
portant parameters which can be obtained only by inverse analysis. Still, only in
relatively rare occasions we involve appropriate stochastic and inverse techniques. |
hope that this school book can change the attitude of the doctoral students attending
the school and of those who will read the book afterwards. As usual, the pdf file
of the book can be downloaded for free from the website of ALERT Geomaterials —
http://alertgeomaterials.eu.

On behalf of the ALERT Board of Directors and of all the members of ALERT, 1
wish you a successful ALERT Doctoral School 2014. T highly appreciate the commit-
ment of the school organizers and contributors of this printed volume and wish them
a fruitful event in the Paul Langevin Centre in Aussois.

Ivo Herle
Director of ALERT Geomaterials
Technische Universitit Dresden
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Foreword 1

Stochastic Analysisand I nverse Modélling:
Foreword

This book contains a collection of notes to accamypthe lectures of the 2014
ALERT Geomaterials Doctoral School on “Stochastialiksis and Inverse Model-
ling”. The School has been organized by Michaelkdiand Cristina Jommi (Delft
University of Technology), who gratefully acknovwgedhe hard work of all con-
tributors. The book contains 11 chapters.

Chapter 1 has been written by Gordon Fenton, amtains a review of the basics
of probability theory. This includes the theoryrafidom variables, their main char-
acteristics, the effects of dependencies betweadora variables, and the most
common discrete and continuous distributions. @@ 2-4 have been written by
Abed Soubra and Emilio Bastidas. They cover funstiof random variables, as
well as reliability analysis methods for providiagramework to account for uncer-
tainties in engineering design. These include tlmstFOrder and Second Order
Reliability Methods, as well as more advanced raghdhere then follow a series
of chapters focussing on matters relating to thatigp variation of geotechnical
properties. Chapters 5-7 have been written by Gorélenton and cover random
fields, best linear unbiased estimation, and meshaidsimulating ground property
random fields. These are followed by Chapter 8ttemiby Michael Hicks, focussing
on the application of the Random Finite Elementhddtfor assessing the influence
of soil heterogeneity on soil behaviour and geotédl performance. The final 3
chapters are devoted to inverse modelling. Chaptéias been written by Alberto
Ledesma and describes the use of a Maximum Likalirepproach for back-
analysing geotechnical model parameters from freehsurements. Chapter 10 has
been written by Michele Calvello and includes tse of inverse modelling for pa-
rameter estimation, physical modelling, and fieleénitoring and construction.
Finally, Chapter 11 introduces sequential data askition and filtering for time-
dependent problems and has been written by Cristimami and Patrick Arnold.

We hope that students and researchers will find thllection of notes a useful
source of information, both in complementing thetuees of the Doctoral School
and as a future source of reference.

Michael HICKS
Cristina JOMMI

ALERT Doctoral School 2014






Fenton 3

Review of Probability Theory

Gordon A. Fenton

Dalhousie University, Canada

Regulatory bodies are increasingly asking geotechnical engineers to provide rational
risk assessments to accompany their designs. In order to provide these assessments,
geotechnical engineers need a good understanding of both basic probability theory
and the more sophisticated, but realistic, random field soil models. This chapter lays
the groundwork for this understanding. Starting with the basics of probability, the
reader is lead through the theory of random variables, their main characteristics,
the effect of dependencies between random variables, and finally reviews the most
common discrete and continuous distributions, including extreme value distributions.

1 Basic Probability Concepts

Games of chance played an important role in the development of probability theory.
The great gambling houses of Europe frequently hired mathematicians to help improve
their own odds over the last 600 years. The mathematical theory of probability was
started by Pascal and Fermat, who were French mathematicians of the 1600’s, spurred
in large part by financing from the gambling house owners.

Although the term probability is commonplace today, its exact definition is still a
highly controversial subject. There are three ‘accepted’ interpretations;

1. equilikely interpretation - that all outcomes are equally likely

2. frequency interpretation - that probability is proportional to the frequency of
occurrence,

3. subjective interpretation - that probability is derived from experience

The equilikely interpretation is the simplest, although some people argue that random-
ness can be characterized by the equilikely interpretation only if the ‘correct’ set of
outcomes can be defined. However, if an experiment can result in any one of N dif-
ferent but equally likely outcomes, and if exactly m of these outcomes correspond to
the event A, then the probability of event A is m /N under this interpretation.
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4 Review of probability theory

The frequency interpretation is probably the most powerful and commonly used inter-
pretation of probability. It allows the estimation of probability by counting the number
of occurrences of a particular event of interest and dividing by the total number of oc-
currences possible. For example, if an experiment has two possible outcomes, A and
B, and out of 80 experiments, event A occurred 20 times, then we say that the proba-
bility of the event A is (at least approximately) 20/80.

Finally, subjective interpretations are often extremely valuable, especially in geotech-
nical engineering, since years of experience can rarely be captured by a mathematical
model... In fact there are those that argue that most engineering probability estimates
are subjective. They are probably right in that most engineering situations do not allow
a very large number of experiments to assess probabilities according to the frequency
interpretation. Often it boils down to an expert’s opinion regarding the basic event
probabilities, usually derived from years of experience with similar events.

2 Mathematics of Probability

Definition of Probability:

The probability of an event A, denoted by P[A], is a number which satisfies
axioms 1 and 2 listed next. More generally, the probabilities associated with any
set of disjoint events Ay, Ao, ..., where each A; € S, are numbers which satisfy
axioms 1, 2, and 3.

Three Axioms (fundamental assumptions)
1. for any event A, P [A] >0
2. acertain event has probability 1: P [S] =1

3. for any sequence of disjoint events, Aj, Ao, ...,

P[A; U Ay U -] =P[A1] + P[4s] + ... (1)

From these three fundamental assumptions, all probability theory is constructed!
Important Results:
a) P [(ﬂ =0
b) if A; and A are disjoint then
P[A1 U A2] = P[A;] + P[A,] (addition rule) (2)
and similarly for any finite number of disjoint events.

¢) P[A U A¢] = P[A] + P[A°] since A and A° are disjoint events. Furthermore

P[AUA]=P[S]=1 — P[A9]=1-P[4] 3)
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d) 0<Pla) <1
e) ifa C bthenP[a] < P[b]
f) for any two events a and b,

P[A U B] = P[A] + P[B] — P[4 N B] (4)

g) similarly for any three events A, B, and C,

P[AU B UC] =P[A] +P[B] +P[C|] —P[A N B
—-P[ANC|-PBNC]+P[AnBNC|] (5

2.1 Conditional Probability

The probability of an event is often affected by the occurrence of other events and/or
the knowledge of information relevant to the event. Given two events A; and As
resulting from an experiment, the conditional probability of A; occurring given that
we know A, has occurred is denoted as P [Al | Ag]. Note that the vertical bar,
means ‘given that’.

)

The conditional probability can be interpreted graphically using a Venn diagram. If
we know As has occurred, then the outcome must lie somewhere in As. That is,

- The ‘new’ sample space is Az

- The probability that the outcome lies in A; N A is just the area of A; N A divided
by the new sample space area Ao, ie

PlAr| 4] = LA LA [?31[;2]%12] (6)
This leads to the multiplication rule:
P[A; N As] = P[Ay | Ay] - P[As] = P[As| Ay] - P[A] (7)
Note that the addition rule can be applied conditionally, ie
P[A; U Ay | E] =P[A1| E] + P[A2| E] — P[A; N A3 | E] (8)

WhereP[Al n A2|E] :P[A1|A2 N E] P[A2|E]

More generally, all probabilities are conditional probabilities. It’s just that we don’t
usually express the more obvious ones. For example, if I compute the probability
that a stock market price will fall below $3.50, the resulting probability is implicitly
conditional on a variety of things which (usually) have probability 1.0; for example,
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6 Review of probability theory

the computed estimate will be conditional on the fact that we have developed the
concept of money, that a stock market exists, that the world has not been destroyed
by a supernova, etc. The point is that any of the probability relationships developed
above and below have the same form regardless of the number of conditional events
appearing to the right of the | sign. For example, the relationship

P[A U B] = P[A] + P[B] — P[4 N B] (9)
is still valid if we add any number of conditional events, as in
P[AU B|C n D] =P[A|C n D|+P[B|C n D|-P[AnN B|C n D] (10)
That is, every term just has the conditions added to it.

Note that conditional events do not obey the rules of probability. Conditional events
are assumed to have occurred — they are non-random. For example, it is a mistake
to assume that P[A| B U C] = P[A|B] + P[A|C] — P[A|B N C]. If you do
need to break the event B U C' up in some way, you need to first turn it around. For
example, Bayes’ Theorem allows us to write

P[B U C|A]P[A]

P[A|BUC] = PBUC (11)
where now we can write
P[B U C] =P[B] +P[C] - P[B N (] (12)
and
P[B U C|A] =P[B|A] +P[C|A] —P[B N C|A] (13)

2.2 Statistical Independence

If the occurrence (or non-occurrence) of one event does not affect the probability of
another event, then the two events are called statistically independent (this is not the
same as disjoint!). For example if event A; is independent of event A5 then

P[A; | A5] = P[A;]
P[Ay | Ay] = P[As] (14)

sothat P[A; N A3] = P[A1| Az] - P[Az] = P[A1] - P[A]
Similarly for three mutually statistically independent events we can write
P[A; N Ay N Az] =P[A1]| A2 N As] - P[4z N As]
= P[A; | Ay N Ag] - P[Ay] 4s] - P[As]
=P[A;] - P[A] - P[A43] (15)
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since we must have P[A; | A2 N A3] = P[A1] and P[Ay | A5] = P[Ay] if Ay, As,
and Ag are statistically independent.

Note that Ay, Ao, and A3 may be pairwise independent and yet not mutually indepen-
dent (in which case P[A1 | A2 N Ag] # P[A1] even though P[A4; | A;] = P[4;] for
all ¢ # j).

2.3 Total Probability and Event Trees

Sometimes the probability of an event ' cannot be determined directly, its probability
being given in terms of the occurrence of other events.

If Ay, Ao, ..., A, form a partition of the sample space S (ie. are mutually exclusive
and collectively exhaustive), then we can express the probability of E as a sum of
conditional probabilities;

PE]=P[ENS] = P[EN (A1 UA; U---UA,)]
=P[(ENA)U(ENA)U---U(ENA))
=P[EN A +P[EN A +---+P[E N A,] (16)

To obtain the last line, we note that because A;, Ao, ..., A, are disjoint, the events
(EN A, (ENAy),...,(EN A,) mustalso be disjoint, so that the probability can
be written as a simple sum.

Now since P [E N Ai] =P [E | Ai] -P [AL] , this can be written in the form
P[E] =P[E|A;|P[A] + P[E|A3] P[As] +---P[E| A,| P[A,] (17)
which is the Total Probability Theorem.

We can illustrate this Theorem through the following example.

A company manufactures network cards of which 50% are produced at plant A, 30%
at plant B, and 20% at plant C. It is known that 1% of plant A’s, 2% of plant B’s,
and 3% of plant C’s output are defective. What is the probability that a network card
chosen at random will be defective?

Solution:
Let A be the event that the network card was produced at plant A.
Let B be the event that the network card was produced at plant B.
Let C' be the event that the network card was produced at plant C.
Let D be the event that the network card is defective.

Given:

P[A] = 0.50, P[B] = 0.30, P[C] = 0.20,
P[D|A] =0.01, P[D|B] = 0.02, P[D|C] = 0.03.
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8 Review of probability theory

We are looking for: P[D].
Two possible approaches:

Approach 1
A Venn diagram of the sample space appears as follows,

A B C

S

The information given in the problem is not easily portrayed in a Venn diagram. How-
ever, the event of interest has been shaded in the diagram, and P [D] can be computed
as follows,
P[D] =P[(AND)U(BND)U(CND)]
=P[AND]+P[BND|+P[CND]
since AN D, BN D, and C N D are mutually exclusive

=P[D|A| P[A] + P[D|B| P[B] + P[D|C] P[C]

= 0.01(0.5) + 0.02(0.3) 4+ 0.03(0.2)

= 0.017 (18)

Approach 2

When we have only unconditional probabilities like P [A] P [B] . ..., etc., it is rela-
tively easy to draw these probabilities on a Venn diagram. However, since conditional
probabilities are ratios of the areas in the diagram, they are less easily seen. Con-
ditional probabilities find a more natural home in event trees. Event trees must be
constructed carefully according to certain rules. The basic idea is that there is a start-
ing node from which two or more branches leave. At the end of each of these branches
there is another node from which more branches may leave (and go to more separate
nodes). The idea is repeated from each node as often as required to completely depict
all possibilities. For any node other than the starting node, the branches leaving the
node will hold conditional events. That is, each of these branches can only be arrived
at by traversing the branches leading to it. Probabilistically, this means that the event
associated with a branch is conditional on the the events of the branches leading up to
it having taken place. Normally, the event tree is labeled with both the events and their
conditional probabilities. In fact, an event tree is of limited use if the probabilities are
not labeled on all branches.

In addition, the branches leading from any node must form a partition of the sample
space — the sum of probabilities of all branches leaving any node must be 1.0.
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Finally, you can only be on one branch at a time (which is really a restatement of the
partition requirement). If you have drawn an event tree and realize that one or more
of your possible outcomes has you on more than one branch at the same time, then
your tree is wrong. In this sense, it sometimes does help to draw a Venn diagram first
(corresponding to a particular node) — there should be one branch leaving the node
for each separate area on the Venn diagram. For example, a Venn diagram with two
overlapping circles corresponding to events A and B would have four branches, one
foreach of (A N B), (A° N B), (A N B¢) and (A° N B°).

Consider the question on the network cards: The network cards must first be made at
a plant, then depending on where they were made, they could be defective or not. The
event tree for this problem is as follows

0 D
A .99
C
5 D
.98
2 D¢
.03 D
Cg:
DC

Note that there are six ‘paths’ on the tree. When a network card is selected at random,
exactly one of these paths will have been followed. Recall that interest is in finding
P [D] . The event D will have occurred if either the 1st, 3rd, or Sth path was followed.
That is, the probability that the 1st, 3rd, or Sth path was followed is sought. If the first
path is followed, then the event A N D has occurred. The probability that the 1st path
was followed is P[A N D] = P[D|A] P[A] = 0.01(0.5) = 0.005. Looking back at

the calculation performed in Approach 1, P [D] was computed as

P[D] = P[D|A] P[A] + P[D|B] P[B] + P[D|C] P[C]
=0.01(0.5) 4 0.02(0.3) + 0.03(0.2)
=0.017 (19)

which, in terms of the event tree, is just the sum of the paths that lead to the outcome
that you desire, D. Event trees make ‘total probability’ problems much simpler. They
give a ‘picture’ of what is going on, and allow the computation of some of the desired
probabilities directly.
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10 Review of probability theory

2.4 Bayes’ Theorem

Suppose we want to go the other way, that is, given that event E occurred, what is the
probability that event A; occurred?

We had
P[E] = P[E| A P[Ay] + P[E| Ay P[Ay] + - P[E|A,] P[4,]  (20)

and we want P[A; | E].

Now we know that P[A; N E] = P[E N 4;] so that
P[A;| E] P[E| = P[E| A;] P[A;] which we can solve for P[A; | E],

P[A:|E] - % o)
or, since we know P [E],
P[E| A P[A]
PIAE] = SR ATPIA] - + PB4 P[AL]
P[E| A P[A] )

T Y PIE| 4] P[A]

which is Bayes’” Theorem.

Return to the manufacturer of network cards from above. If a network card is selected
at random and found to be defective, what is the probability that it came from plant
A?

Set-up: Same as before, except now the probability of interest is P [A|D] .

Two possible approaches:

Approach 1
Recall that P [A|D] = P[PA[B]D} . The relevant quantities are depicted in the following
Venn diagram.
A B C
@s;§§
[N
e
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where P[A|D] can be computed as follows:

pmmzz%%ﬂ
P[AND]
“ P[(AND)U(BND)U(CND)]
P[AN D]
~ P[AND]+P[BND] +P[CND]
since AN D, BN D, and C N D are mutually exclusive
_ P[D|A] P[A]
- P[D|A|P[A] +P[D|B] P[B| + P[D|C| P[C]
B 0.01(0.5)
0.01(0.5) + 0.02(0.3) + 0.03(0.2)
0.005
T 0.017
=0.294 (23)

Note that the denominator had already been calculated in the previous question, how-
ever the computations have been reproduced here for completeness.

Approach 2

The probability P [A|D] can also be easily computed from the event tree. The proba-
bility that A has occurred given that D has occurred is sought. In terms of the paths
on the tree, we know that one of the 1st, 3rd, or 5th paths has been taken. Thus, the
probability that the 1st was taken is just its ‘weight’ relative to all three possible paths,
namely

N P[D|A] P[A]
[41P] = P[D|A] P[A] + P[D|B] P[B] + P[D|C] P[C]
0.01(0.5) 0.005
~ 0.01(0.5) +0.02(0.3) + 0.03(0.2)  0.017
=0.294 (24)

which is the ratio of the probabilities (weights). This is actually an application of
Bayes’ Theorem which, of course, agrees with Approach 1.

Bayes’ Theorem is useful for revising or updating probabilities as more data and in-
formation becomes available. In the previous question on network cards, we had an
initial probability that a network card was manufactured at plant A: P [A] = 0.5. This
probability is referred to as the prior probability of A. That is, in the absence of any
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12 Review of probability theory

other information, a network card chosen at random has a probability of having been
manufactured at plant A of 0.5. However, if a network card is chosen at random and
found to be defective (and thus there is now more information on the network card),
then it was computed that the probability that it was manufactured at plant A was re-
duced to 0.294. This latter probability is referred to as the posterior probability on A.
These Bayesian quantities have special significance to engineering design and there
are many applications.

2.5 Applications to Reliability Theory

The total probability theorem is useful in evaluating the reliability of complex sys-
tems because it allows the designer to assign probabilities to individual events before
attempting to calculate the system reliability.

For example, the reliability of a system can be found by
1. identifying all possible causes of failure: C1, Ca, . ..
2. estimate the probability of occurrence of each cause: P[C1],P[Cy] , ...

3. estimate the probability of failure given that a cause has occurred:
P[F|C1],P[F|Ca],...

4. calculate the total probability of failure,

P[F] =P[F|Ci] P[C1] + P[F|Cs] P[Ca] + - -- (25)

5. calculate the system reliability, F: ~ P[F¢] =1 — P[F]

3 Random Variables

A random variable is a means of identifying events in numerical terms. For example,
if the outcome e; means that we’ve selected an apple and e; means that we’ve selected
an orange, then we could let X (e;) = 1 and X (e2) = 0. Then X > 0 means that
we’ve selected an apple. We can now use mathematics on X, ie. if our fruit picking
experiment is repeated n times and x; = X (e) is the outcome of the first experiment,
x2 = Xo(e) the outcome of the second, etc., then the total number of apples picked
is 22;1 x;. Note that we could not directly use mathematics on the actual outcomes
themselves.

This example illustrates in a rather simple way the primary motivation for the use of
random variables — simply so that we can use mathematics. You might notice one
other thing in the previous paragraph. After the ‘experiment’ has taken place and we
know what the outcome is, we refer to the lower case, x;. That is x; has a known
fixed value while X does not. We say that x is a realization of the random variable X .
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This is a rather fine distinction, but suffice to say that we can refer to the probability
distribution of the random variable X, but not to the probability distribution of x since
x is deterministic.

For each outcome e, there is exactly one value of x = X (e), but different values of e
may lead to the same .

In some cases the sample space is already numerical, for example if the quantity of
interest is a flood height, then each observation of X is already a number.

3.1 Probability Distributions

Definition: The cumulative distribution function (CDF) of X is defined by
F(z) =P [X < 1] (26)
Properties of the CDF

1. 0< F(z) <1
Cimy oo Fi(z) =1

2
3. limgy oo F(z) =0

4. F(x) is non-decreasing
5

. F'(x) is right continuous (select x; as we approach it from the right, F'(x) re-
mains continuous).

Random variables come in two sorts: those which take discrete values and those which
take continuous values. An example of a discrete random variable would be the num-
ber of students taking this course in any one year. Clearly, this must be a non-negative
integer — we cannot have 62.3 students taking the course. The number of students
taking the course can be one of the numbers 0, 1, 2, etc.

A continuous random variable is one which can take any value on the real line. An
example would be a student’s height. A randomly selected student can have any height
—one might be 1.683674... m in height, another might be 1.683673... m in height. This
random variable can take any one of an infinite number of possible values.

Of course, the distinction between continuous and discrete random variables is often
blurred. If students heights are only measured to the nearest cm (1.68, 1.69, 1.70,
etc.), then the possible set of student heights has been converted to a discrete set! In
general, any continuous random variable can be converted to a discrete random vari-
able simply by rounding (and ignoring its continuous nature). Conversely, a discrete
random variable can be converted (less easily) to a continuous random variable by
simply ignoring its discrete nature and assuming that it varies continuously. This is
usually only done when the set of possible discrete values is very large.
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14 Review of probability theory

In the following discussion we will look at both discrete and continuous random
variables. In general, all of the common discrete random variables have continu-
ous analogs. Also, probabilities associated with discrete random variables generally
involve summations, while probabilities for continuous random variables involve inte-
grations. Recognizing that integrals are simply summations allows the easy translation
from continuous to discrete random variables: if you know a formula for a continuous
random variable, the corresponding formula for a discrete random variable is obtained
simply by replacing integrals with summations.

Discrete Random Variables

Discrete random variables are such that X takes on only discrete values {z1, z2, ...},
ie. have a countable number of outcomes (note that countable just means that the
outcomes can be numbered 1, 2, . . ., however there could still be an infinite number of
them).

We saw in an earlier example that in the discrete case,
F(z;)=P[X <a] = Y P[X=uz]. (27)
Zj <z;

We often denote the probability P [X = z;] simply p(z;) and call this the proba-
bility mass function (pmf). p(x;) can be obtained through experimentation in which
the frequency of the outcome x; is measured and normalized by the total number of
experiments (frequency interpretation).

The number p(z;) is a probability, and as such must lie between 0 and 1, inclusive. If
we sum up the probabilities associated with each possible x;, we must get 1. That is,
the probability mass function must satisfy

S play) =1 (28)

all z;

Continuous Random Variables

Continuous random variables can take on an infinite number of possible outcomes —
generally X takes values from the real line R. Since the probability P [X = x] is
infinitesimally small we use the probability density function to define probabilities;

Fo) = [ s 29

where f(z)dz =P [z < X <2 +dz].

NOTE: f(z) is not a probability — we call it a density because we have to multiply
it by a length (area, volume) to get ‘mass’ or probability.

Conversely, f(x) = % (F(m))
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Properties: 1) f(z) > 0 ¥z, 2) / T ) =1

CDF — Probability R PDF — Probability
P[X < 2] = F(a) P[X<:c]:/_;f(§)d§
P[X > 2] = 1 F(x) P[X>:c]:/:cf(§)d§
Ple) < X < aa] = Flan) — Flay) P[a<X§b]:/abf(§)d§

3.2 Main Descriptors of Distributions

Often the exact features of a distribution are unknown. It is convenient to identify key
features of a distribution, for example its mean and degree of scatter, or variance.
Mean

The mean is the most important characteristic of a random value. It tells us the most
about a distribution, namely its central tendency. We denote the mean p and write

p=E[X] = ZxL P[X =g = Zpr(mz) for discrete X
= / z f(z)dx for continuous X (30)

where E|-] is the expectation operator. This is the first moment of f(x) about the
origin (in analogy to moments of inertia or area). The expectation operator is defined
by

E[ANYTHING| = /00 (anything) f(x) dx (31)

— 00

We’ll see more of this later.

Note that if X is discrete, v need not equal any of the possible values of X. For
example, in the three coin toss,

E[X] =Y aiplw) = o)+ 1) +2) +3() = 15 (32)

that is, on average 1.5 heads will turn up (just half the number of coin tosses).
Variance

The mean or expected value of the r.v. X tells where the probability distribution is
“centered”. But is the distribution “skinny”, “fat”, or somewhere in between? This
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distribution “dispersion” is measured by a quantity called the variance of X. This
is the second most important characteristic of a random value, namely the degree of
scatter or variance which we denote as o2. This gives us some additional information
about a distribution — it is the second most important piece of information about the
distribution. We compute the variance as follows;

o? = Var[X] = Z(xl —p)?PP[X =g = Z(xz — )% p(x) for discrete X

= /OO (x — p)? f(z)de for continuous X (33)

— 00

This is the second moment of f(x) about the mean.

We call ¢ = Vo2 the standard deviation (which has the same units as X and p). The
dimensionless coefficient of variation, v, is defined as % and its size gives us a direct
sense of how variable the random variable is. For example, a random variable with
mean | and standard deviation 3 is highly variable whereas a random variable with
mean 1, 000, 000 and standard deviation 3 is pretty well a constant.

Making use of the definition for ;x we could write

Var[X] = Z x? p(x;) — p for discrete X
: o0
= / 22 f(z)dx — p? for continuous X
—00
=E[X?] - E’[X] for both(34)

Expectations

In general, the expectation of g(X') which can be any function of X is

Elg(X)] = Z g9(@i) p(s) for discrete X
= /°° g(x) f(x) dz for continuous X (35)

so we see that

p=E[X] :/OO x f(x)dx

—0o0

o® =E[(X —p)’] = /OO (x — p)? f(z)dz = E[X?] - E*[X] (36)
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E [X ”] is the n'" moment of the pdf about the origin.
Comments:

1. E H is a linear operator (i.e. integration is a linear operation because it is really
just a summation). Thus if g(X) is a linear function, g(X) = a + bX, then

E[g(X)] =E[a+bX] = a+bE[X] (37)

If g(X) is not linear, then you must use the integral form to find expectations,
for example if g(X) = aX + bX? + csin(X) then

E[g(X)] =E[aX +bX?+csin(X)] = aB[X] + bE[X?] + cE[sin(X)]

(38)
where E[sin(X)] :/ sin(x) f(x) dx
E[X?] :/ 22 f(x)dx
E[X] :/ x f(x)dz
2. The variance of a linear function g(X) = a + bX works out to be reasonably
simple
Var[a + bX]| = E[{(a +bX) — Efa + bX] }2}
—B|{a+bX —a—tE[X]}’]
= B[{bx - B[X])}’]
= b"B[(X — E[X])’]
= b*Var[X] (39)
Higher Order Moments
Skewness: degree of asymmetry
E[(X —p)?
9= HOI] - Pt

= L [ (@ - p)? fla)da (40)

If the distribution is symmetric about its mean, then § = 0 (in fact all odd moments
about the mean are zero).
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3.3 Covariance and Correlation

Often one must consider more than one random variable at a time. For example,
the friction angle and cohesion in the soil at a point are random variables. These
two soil properties can be modeled by two random variables, and since they likely
influence one another (or they are jointly influenced by some other factor), they must
be characterized by a bivariate distribution.

Properties of the Bivariate Distribution

Discrete:
a) fxv(z,y) =P[X=2nY =y
b) 0 < fXY(I;y) <1
9 3 felmy) =1
allz all y

Continuous:

a) fxy(x,y) >0 forall (z,y) € R?

b)/ / fxy(zy)dody =1

Y2
c)P[:cl<X§mzﬂy1<Y§yz]:/ / Ixv (2, y) dzdy
Y1

Consider now two random variables, which we will call X and Y. Recall that the first
two primary characteristics of the distributions governing X and Y are

px = E[X], o% = EB[(X — ux)?]
w—B[Y]., o2 —E[(Y - )] ()

which are obtained using the distributions of X and Y respectively. Sometimes the
value that X takes on has absolutely no affect on the value that Y takes on. In this case,
we say that the random variables, X and Y, are independent. In general, however, X
does affect the value that Y takes on (for example, if X is temperature, and Y is
ice-cream sales, then an increase in X is expected to cause an increase in Y'). The
primary characteristic reflecting the degree of linear dependence between X and Y is
their covariance, which is defined as follows;

Cov[X, Y] =E[(X = nx)(Y = py)] = E[XY = iy X — Y + prcpiy |
=E[XY]| - E[X]|E[Y] (42)
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Note that Cov[X, X| = Var[X], so that the covariance is a second moment. In fact
E[XY] is the joint second moment of X and Y,

E[XY] = [ O; [ O:o 2y fay (2, y) da dy (43)

If X is independent of Y (which we could write as X L Y), then fy,(x,y) =
Fx(2) - £y (y) so that

Bfxv] - [ Z / Z sl @) dedy = [ apo)ds [ Z v (v) dy

— 00 —

= E[X]E[Y] (44)

in which case Cov [X , Y] = 0. The converse is not necessarily true, that is if
Cov [X , Y} = 0, X and Y are not necessarily independent — we can only say that
they are uncorrelated.

The covariance measures the degree of linear dependence between X and Y. How-
ever, the magnitude of the covariance is not intuitively meaningful since it depends
on the variability of the two random variables. A more meaningful measure of the
degree of linear dependence between X and Y is the correlation coefficient which is

a normalized quantity
~ Cov [X , Y]
Pxy = ———= (45)

OxO0y

Again, this will be zero if X and Y are independent or uncorrelated. Note that if
Y = X, that is X and Y are completely linearly dependent, then Cov [X , Y] =
Cov [X, X} = 02 and we get px, = 1. In fact we can show that

—1<pxy <1 (46)

forany X and Y.

3.4 Linear Combinations

If the random variable Y is formed from a linear combination of two other random
variables, X and X, asin Y = a3 X + a3 X5s then the moments of Y are given by

E[Y] = alE[Xl] + CLQE[XQ]
Var [Y] = a%Var [Xl] + a%Var [Xg] + 2a1a2Cov [Xl,Xg] (47)
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n
In the general case if Y = Z a; X;, then

E[Y] = Z a;B[X;]
Var[Y] = Z Z aia;Cov|X;, Xj] (48)
i=1 j=1

n m
Alsoif wehave Y =Y "a;X;, Z=» b;X; then

i=1 j=1
Covl|Y,Z] = ZZaibjCov[Xi,Xj] (49)
i=1 j=1

3.5 Common Discrete Distributions
3.5.1 Bernoulli Trials

If each of a sequence of trials has two possible outcomes, S; = {S, F'} where S, is the
sample space of the j*" trial, and the trials are independent with constant probability
of success (p =P [S] ), then the sequence of trials is called a Bernoulli Process. There
are many examples of Bernoulli processes: one might model the failures of individual
telescopes in a large array of radio telescopes using a Bernoulli process. Students
passing or failing a course might also constitute a Bernoulli process (if they work
independently!).

If we let y
. th s .
540 o vt 7). g
then the Bernoulli distribution is given by
P [X j = 1] =p
P[X;=0]=1-p=g¢q (51)
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forall 5 = 1,2, .... For the individual trials we have the following results

P[Xl =x1 N X2:.132 N Xn:.lfn] :HP[X'L:le]

=1

E[X;] =ZiP[Xj =i =0(1-p)+1(p) = p

=0
B[X?] =) iP[X; =i] =0*(1—p)+1%(p) = p
=0
Var[X;] = E[XF] - E*[X;] = p—p® = pq (52)

3.5.2 Binomial Distribution
Now let

N'IL:X1+X2+"'X'IL (53)
denote the number of successes amongst n Bernoulli trials.

In general N,, follows the binomial distribution with
ny _
P[Nn_ﬂc]_< )p”(lp)” * r=0,1,2,...,n (54)
x

where p* (1 —p)™~? is the probability of obtaining a particular sequence of z successes
in n trials and (:) is the number of possible outcomes having = successes in n trials.

The expected number of successes in n trials can be found directly from the definition
of expectation (discrete case),

=0 =0
- (n — ]‘)' r—1 n—zx
”p; @—1Dl(n—2)
(n—1)
= ) :c'((7(z —1;)1 T O A CL)
E[Nn] =np
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Alternatively, we could write

E[Nn] :E[Xl +X2 ++Xn]
=E[X1] +E[Xy] + - + E[X,,]

To find the variance of N,,, we need first to find

n

x=0

= ()P

-n = z (n - 1)' x n—1l—x
B p;)( +1) (m!(n—l—x)l)pq
=np{(n—1)p+1}

. Var[N,| = E[N?] — E*[N,] = npg (57)

The same result could have been (much more easily) obtained by considering the
variance of a sum of independent random variables.

3.5.3 Geometric Distribution

Consider a Bernoulli process in which 77 is the number of trials (“time”) required to
achieve the first success. Thus if 77 = 3, then we must have had 2 failures followed by
a success (the value of T} fully prescribes the sequence of trials). This has probability

P[Ty =3] =P[{FFS}] =¢’p (58)

In general
P[Ty =kl =¢"'p, k=12... (59)

Note that this is a valid pmf since

[e.¢] [e.¢] p
k=1, _ ko _ —
N T )
k=1 k=0
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Properties:
Mean Recurrence Time (Return Period):
_ Epgt—! = kbl = p k_ 9 (_ 49
> kpg pY kg pquq Pa\ 1T
k=1 k=1 k=1
1 1
=p - - 61
((1 - q)2> P (61
Variance:
[ee] oo oo
B[T?] = kpd" ' =p> K¢ =p—> k"
k=1 k=1 k=1

(62)

The geometric distribution is a memoryless process, as is the exponential distribution
(which is its continuous counterpart), as we will see. That is for non-negative and

integer values of ¢ and k,
P[Tl >t+kNTy >k] . P[Tl >t+k]

PITy>t+k|Ty >t = =
T T2 > 1] P[T, > {] P[T, > 1]

_ Zfrj:t—i—k—&-l q" 'p . Z$=t+k+1 g ! . Zfrj:t-i—k q"

- o0 — - o0 — - o0
Donety1 €MD Do 4" Dot 4"
k —k

_ q Z:j:t-&-k qm _ qk (63)

Z?:t q"

but P[Ty > k] = qu 'p= qu —quZq <1lq>=q’“

k+1 m=k
P[T1>t+k|T1>t] :P[T1>k] (64)
3.5.4 Negative Binomial Distribution

Suppose we wish to know the number of trials (“time”) of a Bernoulli process until
the £’th success. Letting 7T}, be the number of trials until the k’th success, then

—1
P[Tkzm]Z(Tgl)pkqm Foform =k k+1,... (65)
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Properties

Mean:

=k
(k+2k+1) o (k+3)(k+2)(k+1)q3+...}

= kpt [1+(k+1)q+ 51 q

Variance: To get the variance, Var [Tk] , we’ll write
Tk:Tl+(T2—T1)+-~-+(Tk—Tk_1) (67)

which are independent due to the properties of a Bernoulli sequence. Now E [Tl] =
1/p as we saw earlier. Similarly E[T; — T;_1] = 1/p due to memorylessness.

E[Ty| =E[T1]| +E[T: —Th] + - + E[T}, — Tj—1] = S (68)

as found above. Now due to independence of the terms,
Var[T},| = Var[T1]| + Var [Ty — T1] + - - + Var[T}, — Tj—1]
= kVar [Tl]

_kq
T p?

3.5.5 Poisson Distribution

The Poisson distribution governs many ‘rate’ dependent processes (for example, ar-
rivals of vehicles at an intersection or ‘packets’ through a computer net). The assump-
tions on which a Poisson process is based are;

1. events occur at random and at any point in time (or space),

2. the occurrence of an event in a given time (or space) interval is independent of
events occurring in disjoint intervals,

3. the probability of an event occurring in a small interval, At, is proportional to
the size of At, ie. is AAt, where )\ is the mean rate of occurrence.
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4. for At — 0, the probability of two or more events in At is negligible.

Now let IV; be the number of events occurring in the interval [0, ]. We can show that
N, follows the distribution

At)k
P[Nt:k]:( ) e M, k=0,1,2,... (70)

Properties

Mean:

E[N] = ij ()\‘—t)j;_’\t = Ne i E;\?jl)l! = Ate ™ i %

j=0 j=1 =0
=\ (71)
Variance:
E[Nf] _ ij ()\ﬁ) oA — N Z(J 1) ()\i)
= =0 J:
o eSS (A
= Ate Z] 7l + Z il
§=0 §=0
= (A)2 + ()
Var[Ny] = E[N7] — E*[V;] = At (72)

Comparison to Binomial Distribution

Suppose that a systems engineer analyses a network and verifies that an average of 60
packets of information pass through a gateway per hour. What is the probability that
10 packets will pass through in a 10-minute interval?

Solution:

Divide the hour into 120 30-second intervals and assume that no more than 1 packet
can be transmitted in a 30-second time interval. Thus p = 60/120 = 0.5 is the
probability of 1 packet arriving in a ‘trial’ interval, and

20
P [10 packets in 10 minutes| ~ (10) (0.5)1°(0.5)2°71% = 0.176 (73)

Of course, two or more packets could be transmitted in 30 seconds (hopefully!). An
improved solution is obtained using a shorter ‘trial’ interval, ie. if 10-second intervals
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were used then p = 60/360 = % and
60
P [10 packets in 10 minutes| ~ (1()) (3)19(5)%° = 0.137 (74)
In general, if time ¢ is divided into n intervals then p = % and

NG I

where At is the mean number of events occurring in the time ¢. Now if packets pass
the gate ‘instantaneously’ and can arrive at any time then

OV A\ F
eve=i = s (1) () (- 5)
B N k n —k
~ lim n n-1 n-k+1] (A\) 1_& 1_&
n—oo | | n n n k! n n

. . M\
but since lim (1 — — =e this reduces to

n— o0 n

()P _
PN, = k] = =7 A (77)
which is the Poisson distribution. Thus we see that the Poisson distribution is a limit-
ing case of the Binomial distribution.

For our problem A = 1 packet/minute and ¢ = 10 minutes so that, using the Poisson
distribution
(10)10

To1 e 10 = 0.125.

P[X10=10] =

3.6 Common Continuous Distributions
3.6.1 Exponential Distribution

The exponential distribution is useful to describe ‘time-to-failure’ type problems. It
also governs the time between occurrences of a Poisson process. If T is the time to
the occurrence (or failure) in question, then

ft) =

Ae M ift >
{e ift>0 (78)

0 otherwise

where ) is the mean rate of occurrence (or failure).
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Characteristics:

(79)

Memoryless Property:

Let T denote the time between detections of a rare particle at a geiger counter. As-
sume that 7" has an exponential distribution with a mean of 4 minutes. Thus, T" ~
exp (% =4 \= 0.25). The probability that a particle is detected within 30 sec-
onds of starting the counter is

P[T <30s] =P[T <0.5min] =1 — e *°*%% =0.1175 (80)

Now, suppose that the geiger counter is turned on and 3 minutes pass without detection
of a particle. What is the probability that a particle will be detected in the next 30
seconds? Because 3 minutes have gone by without detection, you might feel that a
detection is “due”. That is, that the probability of detection in the next 30 seconds
should be greater than 0.1175. However, for the exponential distribution, this is not
true. In fact,

P[3<T <35 (1—e35%025) _ (] 3x0.25)
P[T <3.5|T >3] = Proa - —

=0.1175 (81)

Thus, after waiting for 3 minutes without detection, the probability of detection in
the next 30 seconds is the same as the probability of detection in the 30 seconds
immediately after starting the counter.

More generally, if T’ ~ exp () then

P[T>t+snNT>t] P[T>t+s] e Mt+s)
P> tell >t = =g = pw>q ~ ex

=e M =P[T> 5] (82)

The exponential distribution is the only continuous probability distribution function to
have the memoryless property (note that the discrete geometric distribution, which is
the analog of the exponential, also has this property). This is due to the fact that the
exponential distribution arises from an infinite number of Bernoulli trials, one for each
instant in time (or space) and all of which are independent with constant probability
(rate) of “success”.

Link to Poisson: It was mentioned earlier that the exponential distribution governs the
time between the occurrences of a Poisson process. We can see this as follows;
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Let IV; be a Poisson process with mean rate A. If we start watching this process at
time ¢ = 0, and we let T" be the time until the first “arrival” in this Poisson process,
then the event that 7" > ¢ is the same as the event that no arrivals occur in the time
interval [0, 1]. Thus,

P[T>t] =P[N,=0] = M= M (83)

Thus,
Ft)=P[T<t]=1-e* (84)

But F(t) = 1 — e *! is the cumulative distribution for the exponential probability
density function f(t) = Ae~**. This means that 7' must follow an exponential distri-
bution with parameter A\ equal to the Poisson rate. Due to independence between all
trials (one at each instant in time) in a Poisson process, the time between any arrivals
follows the same exponential distribution.

3.6.2 Gamma Distribution

If T}, is the sum of k independent exponentially distributed random variables F;, each
with parameter A, thatis T, = Ey + E5 + - - - Ej, then

A(A)ELem M ift >0
y =]t - 85
Juu ) {0 otherwise (85)

where I'(-) is the Gamma function. For integers, I'(k) = (k — 1)!. Note that k = 1
gives the exponential distribution, as expected.

Link to Poisson: The Gamma distribution governs the time between every k' “ar-
rival” in a Poisson process. That is, if T} is the time to the k""" arrival in a Poission
process, then T}, is the sum of k independent exponentially distributed “inter-arrival”
times and 7}, follows a Gamma distribution.

Characteristics:

3.6.3 Weibull Distribution

Often, engineers are concerned with the strength properties of materials and the life-
time of manufactured devices. The Weibull distribution has become extremely popular
in describing such behavior. Its probability density function, mean, and variance are a
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bit clumsy to describe so the cumulative distribution (since this is really all one needs
to compute probabilities anyways) will be used.

If a continuous random variable X has a Weibull distribution with parameters A > 0
and 8 > 0, then it has probability density function

f(z) = g()\x)ﬂ e~ forz >0 (87)

and zero otherwise. The Weibull has a particularly simple cumulative distribution

function ;
F(z)=1—e ) forz >0 (88)

Note that the exponential distribution is a special case of the Weibull distribution (set
B = 1). The exponential distribution has constant failure rate whereas the Weibull
allows a failure rate that decreases with time (i.e., a system which improves with time;
B < 1) or a failure rate that increases with time (i.e., a system which degrades with
time; 8 > 1).

The mean and variance of a Weibull distributed random variable are

1 1
=3t (14 5)

02:%[1‘(14—%)—1‘2 (1+%)] (89)

where I'(x) is the Gamma function defined as

I(z) = /000 ettt dt (90)

If 2 is a positive integer, I'(z) = (z — 1)

3.6.4 Uniform Distribution

The uniform distribution is the simplest of distributions. Its general definition is

A ifa<z<p
= B—a ! - - 91
/(@) {0 otherwise (1)
Characteristics:
B
E[X] = / Bxiiﬂ; = La+p) (this is the midpoint)
«@
8 .2
Var[X] :/ 2~ dv -E’[X] = 3(B-a)? (92)
«@ ﬂ -«
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3.6.5 Normal Distribution

The normal distribution is perhaps the single most important distribution. This is per-
haps because the central limit theorem predicts that many natural ‘additive’ type phe-
nomena (or phenomena involving many factors) tend towards a normal distribution.
We’ll look at the central limit theorem shortly.

We say that a random variable X follows a normal (or Gaussian) distribution if
1 z—p )

fz) = — e 554" on—co <2 < 0 (93)

We also write this as X ~ N(u,0?), where N(-) stands for normal distribution and
(u, o) are the parameters of the distribution.

Properties:
1. symmetric about the mean ,
2. the maximum point of the distribution occurs at i (we call this the mode)

3. inflection points of f(x) areatx = p+t o

Characteristics:
E[X ] =pu
Var [X ] = g2

We call Z = x;“ the standardized normal variate.

Standard Normal Distribution

If we can transform X ~ N(u,0?) into Z ~ N(0, 1), then we only need one set of
probability tables, where

(z) = / L ey (95)

—oo V2T

Most probability and statistics books have tables of ®(z). For any normally distributed

X, set

X — _
G

o o

and use the standard tables available in most probability text books.

7 =

(96)
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One of the nice features about the normal distribution is that the sum of normally
distributed random variables remains normally distributed. This is one of the results
of the Central Limit Theorem to be considered next. That is, if X and Y are normally
distributed, then

Z=X-Y (97)

is also normally distributed with mean p, = px — py and variance 02 = 02 + 02,
in the event that X and Y are uncorrelated. If X and Y are not uncorrelated, then see
the results presented below for more general results.

The Central Limit Theorem

If X1, Xo,..., X, are independent random variables having arbitrary distributions,
then the random variable

Y=X;+Xo+ -+ X, (98)

has a normal distribution as n — oo if all the X’s have about the same ‘weight’.

The central limit theorem can be illustrated by considering the binomial distributed
random variable

n
N, =) X, (99)
=1

where X; is a Bernoulli random variable, having value X; = 1 with probability p, and
value X; = 0 with probability ¢ = 1 — p. Clearly, NV, is a sum of n random variables
each of which has a distribution which is distinctly non-normal (as can be seen by the
first plot in the following figure). We saw in Chapter 1 that IV,, follows a binomial
distribution with

P[N, = k] = (Z)pkq"k (100)
Forn =1,2,---6 and p = 0.5 we get the following probabilities;
n k
0 1 2 3 4 5 6
1 1/2 1/2
2 /4 1/2 1/4
3 1/8 3/8 3/8 1/8
4 1/16 1/4 3/8 1/4 1/16
5 1/32  5/32 5/16 5/16 5/32 1/32
6 1/64 3/32 15/64 5/16 15/64 3/32 1/64

which have the following bar plots;
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n=1 n=2 n=3
P P P
| | L

I I I I I I I I I
0 1 0 1 2 0 1 2 3
P n=4 P n=>5 P n==6
!\\\!

01 2 3 4 012345 01234586

Clearly, the distribution for n = 1 is about as non-normal as possible (this is the
Bernoulli distribution). However, it is clear that as more and more random variables
are added together to give N,,, the distribution becomes increasingly normal in shape.
The central limit theorem starts to become evident even for n = 2.

Specifically, the central limit theorem tells us that if

B 1 n
X =~ Z X; (101)
i=1
where X1, Xo, ..., X, form a random sample from X having mean p and variance
o2 (any distribution), then
lim P|————= < z| = ®(: 102
Jm P[22 <o~ 0 (102)

In other words, X will tend to be normally distributed for large n.
Implications:
1. the sum of normal variates is normal (for any n) as discussed above,

2. if the distributions of the X’s are well-behaved (almost normal), then n > 4
gives a good approximation to the normal distribution,

3. if the distributions of the X’s are uniform (or almost so), then n > 6 yields a
reasonably good approximation to the normal distribution,

4. for poorly-behaved distributions, you may need n > 100 before the distribution
begins to look normal. This happens, for example, with distributions whose
tails do not fall off rapidly.

5. in general, if n > 30 the sum is deemed to be very closely normally distributed.
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Thus for n sufficiently large and X;, Xo, ..., X,, independent and identically dis-
tributed (iid), then
Y=X1+Xo+ -4+ X, (103)

is approximately normally distributed with

by = E[Y] = nE[Xz]
o7 = Var[Y] = nVar[X;] (104)

If the X’s are not identically distributed, then
n
v =) E[Xi]
i=1

o2 = ZVar [X;] (105)
i=1

Normal Approximation to the Binomial

By virtue of the Central Limit Theorem, the binomial distribution, which as you will
recall arises from the sum of a sequence of Bernoulli random variables, can be ap-
proximated by the normal distribution. Specifically, if IV,, is the number of successes
in n trials, then

N, =) X, (106)

where X; is the outcome of a Bernoulli trial (X; = 1 with probability p, X; = 0
with probability ¢ = 1 — p). Since N,, is the sum of identically distributed random
variables, then if n is large enough, the Central Limit Theorem says that IV,, can be
approximated by a normal distribution. We generally consider this approximation
to be valid when both np > 5 and ng > 5. In this case, the normal distribution
approximation is specified by its mean and standard deviation;

p=np

o = /i (107)

Of course, we know that IV, is discrete while the normal distribution governs a con-
tinuous random variable. When we want to find the approximate probability that IV,
is greater than or equal to, say, k, using the normal distribution, we should include all
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of the binomial mass at k. This means that we should look at the normal probability
that (N,, > k — %). For example, in the following plot, the probability that N,, > 20
is better captured by the area under the normal distribution above 19.5.

n

—

e Normal Approximation

o

7 "N

[Te)

o

o

o

T 1 1 T 1T T 1T T 1 1T T T T 1T T T T 1
1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
X

In general, the following corrections apply. Similar corrections apply for two-sided
probability calculations.

P[NnZk] :1_¢<w)
(o
P[N, > k] qu)(m#)
PN, <k] ~ ® (’”(1#)
PN, < k] ~® (w) (108)
g

3.6.6 Lognormal Distribution

The random variable X is lognormally distributed if In(X) is normally distributed. X
has pdf

_1 1"w—u1w> .
F(a) = { T © s if0 <z <oo

0 otherwise

(109)
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Note that the two parameters

Hinz = E[lnX]
ot p = Var[ln X] (110)

are the mean and variance of the normally distributed variable In X.

Probabilities

b b 1 ,;(w)Q
Pla< X <b| = :cd:c:/ie 27 o dx 111
a<x <]~ [ f@ o (111)

Inz —
now let z = =+~ Hnz — dz=

Olnx ZTOIn x

Inb—py o
Tln 1 1 1 b_ n 1 _ n
Pla<x<t]=[ ~ e s = @(W)_@ (M)

so that

%L \/ﬁ o Olnx
(112)
Mean and Variance
px =E[X] = Jinatbodh,
oy = Var[X] = p} (eﬂﬁ,x _ 1) »

alternatively, if you are given uy and o2, you can obtain the parameters i, and

o2 as follows;
2
ot ,=In (1 + O—;)

Inz

Hx
L 4
Mnx = ln(Mx) - 50-1111' (114)
Other Characteristics
mode = etne =i s
median = e = (P [X < median] = 0.5)

2
mean = em“w+%‘71nm
B[] = b+
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Multiplicative Property

If X = Y1Y5---Y, and each Y; are (positive) independent lognormally distributed
random variables of about the same ‘weight’, then

InX=mhYi+hYs+---+1InY, (115)
and since a sum of normals remains normal, In X tends to a normal distribution with

Hinz = Hiny; + Hin yo + -4 Hiny,,

2 2 2 2
Olng = Ulnyl + Ulnyg + 4+ o-lny" (116)

(Note that the last line holds only if the random variables are independent). Thus X
tends to a lognormal distribution with parameters p, ., and afn .- In particular, if X is
any multiplicative function, ie. say

_ 4B
- C

and A, B, and C are independent lognormally distributed random variables, then X
is also lognormally distributed with

X (117)

Mlnxz = Hin A + MinB — HInC

2 2 2 2
Olnz = %lnA + On B + OmncC (118)

This is a useful property since it can be used to approximate the distribution of many
multiplicative functions.

3.7 Extreme Value Distributions

Most engineering systems fail only when extreme loads occur and failure tends to ini-
tiate at the weakest point. Thus, it is of considerable interest to investigate the distribu-
tion of extreme values. Consider a sequence of n random variables, X1, Xs, ..., X,.
This could, for example, be the sequence of tensile strengths of individual links in
a chain, or the sequence of daily average windspeeds, or earthquake intensities, etc.
Now define the extremes of this set of random variables as

Y, = max(X1, Xa,..., Xp)
Y1 :min(Xl,XQ,...,Xn) (119)

so that if X; is the daily average windspeed, then Y,, is the maximum daily average
windspeed over n days. Similarly, if X; is the tensile strength of the i* link in a chain,
then Y] is the tensile strength of a chain composed of n links.
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3.7.1 Exact Extreme Value Distributions

Now let us examine the behaviour of the maximum, Y,,. We know that if the maximum
is less than some number ¥, then each X; must also be less than y. That is the event
(Y,, < y) must be equivalent to the event (X7 <y N Xo <y N - --- N X, <y). In
other words the exact distribution of Y, is,

PV, <y|=PXi<ynXp<yn---nX,<y| (120)

If it can be further assumed that the X’s are independent and identically distributed
(IID) (if this is not the case the problem becomes very complex and usually only
solved via simulation), then

= [Fx()]" (121)
and, taking the derivative,
Fra(y) = dFd—y(y) =n[F()]"" dFd—;y) =n[Fx@)]" ) (122)

Now consider the distribution of Y;. If we proceed as we did for Y,,, then we would
look at the event Y7 < y. This event just means that X; < yor Xo <y or..., thatis

PlVi <y =P[X1<yUXp<yU-UX, <y (123)

which expandsinto (%) + (5) + (5) +. ..+ () terms... in other words a ot of terms.
A better way to work out this distribution is to look at the complement;

PYi>y|=PXi>ynXe>yn--nNX,>y|
=P[X; >y|P[Xs > y] - P[X, > y]
=[1-F)]" (124)

and since P[Y; > y] =1 — Fy, (y) we get

Fy,(y) =1-[1-Fx(y)]" (125)

and, taking the derivative,

n—1

frily) =n [1 - Fx (y)] fx() (126)
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3.7.2 Asymptotic Extreme Value Distributions

In cases where the cumulative distribution function, F'x (), is not known (for ex-
ample the normal or lognormal) explicitly, the exact distributions given above are of
questionable value. It turns out that if n is large enough, and the sample is random
(ie. independent observations), then the distribution of an extreme value tends towards
one of three ‘asymptotic’ forms. These are explained as follows.

Type I Asymptotic Form

If X has a distribution with an unlimited exponentially decaying tail in the direction
of the extreme under consideration, then the distribution of the extreme will tend to
the Type I asymptotic form. Examples of such distributions are the normal (in either
direction) and the exponential (in the positive direction).

In the case of the maximum, the Type I extreme value distribution has the form

Fy, (y) = exp {—e*an(yfun)}

Jro(y) = am em o) exp { emonlvmun | (127)

where,

u, = ‘characteristic’ largest value of X

=t (1 l)
n

= mode of Y,
o, = an inverse measure of the variance of Y,
= an (un)

In particular, w,, is defined as the value that X exceeds with probability 1/n. It is found
by solving P[X > u,| = 1/n for u,, giving the result shown above. If ! (p) is not
known, you will either have to consult the literature or determine this extreme value
distribution via simulation.

The mean and variance of the Type I maximum asymptotic distribution are as follows;

E[Yn] = Upn + ua
2
™
Var|Y, | = — 128
] = a2

where v = 0.577216 . . . is Euler’s number. It always amazes me how often m manages
to work its way into results...
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The distribution of the minimum value, where the distribution of X is exponentially
decaying and unlimited in the direction of the minimum, has the form

FY1 (y) =1—exp {—e—@l(y—ul)}

Fru(y) = e exp {ementrmun | (129)

where,
u1 = ‘characteristic’ smallest value of X
(1
2 (5)
= mode of Y;

«1 = an inverse measure of the variance of Y;
=nfx(u1)

In particular, u; is defined as the value that X has probability 1/n of being below. It
is found by solving P [X < ul] = 1/n for u;. The mean and variance of Y7 are as
follows;

E[Yl] = Uu; — Ozll
2
T
Var|Yi| = —5 130
[ 1] 6&% ( )

Because of the mirror symmetry of the minimum and maximum Type I extreme value
distributions, the skewness coefficient of Y,, is 1.1414 whereas the skewness coeffi-
cient of Y7 is —1.1414. That is, the two distributions are mirror images of one another.

Type II Asymptotic Form

If X has a distribution with an unlimited polynomial tail, in the direction of the ex-
treme, then its extreme value will have a type II distribution. Examples of distributions
with polynomial tails are the lognormal (in the positive direction) and the Pareto (also
in the positive direction) distributions, the latter of which has the form

b «
Fy(z)=1- (;) , forz>b (131)
If the coefficient b is replaced by w,,/ n'/®, then we get
1 fup\©@
Fy(x)=1-— (u_) ,  foraz > u,/n'/* (132)
n\zx
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The corresponding extreme value distribution for the maximum, in the limit as n —

00, 1S
un \
Fy,,,(y)=e><p{—<—> } fory >0
Y

a+1 «@
0] Un Un
=(—)|— exps — [ — 133
0= () (5) - (5)) 159
uy, = ‘characteristic’ largest value of X

()
n

= mode of Y,

where,

«a = shape parameter
= order of polynomial decay of Fx(z) in direction of the extreme
Note that although the lognormal distribution seems to have an exponentially decaying
tail in the direction of the maximum, the distribution is actually a function of the form

a exp{—b(Inx)?} which has a polynomial decay. Thus, the extreme value distribution
of n lognormally distributed random variables follows a type II distribution with

v2Inn

Oln x
up, = exp{ul, }

o =

Oln x (ln(ln n) + 111(47r)>
2v2Inn

u, = omxV2Ilnn — + fn x (134)

The distribution of the minimum, for an unbounded polynomial decaying tail, can be
found as the negative ‘reflection’ of the maximum, namely as

a
FY1<y):1_eXp{_(E) }, y<0;u; <0

Y
o (@) (G

uy = ‘characteristic’ smallest value of X

_ 1
=52 (;)
= mode of Y

o = shape parameter

where,

= order of polynomial decay of F (z) in direction of the extreme
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Type III Asymptotic Form

If the distribution of X is bounded by a value, say u, in the direction of the extreme,
then the asymptotic (as n — co) extreme value distribution is the Type III form. For
the maximum, this form is

Fy"(y):exp{—<u_y>a}, fory < u (136)

where,

uy, = ‘characteristic’ largest value of X

_ 1
- (1-3)
= mode of Y,
«a = shape parameter

order of polynomial decay of F (z) in direction of the extreme

In the case of the minimum, the asymptotic extreme value distribution is

Fyl(y)zl—exp{—(y_u)a}, fory > u (137)

where,
u1 = ‘characteristic’ smallest value of X
1
-1
w2 (5)
= mode of Y

o = shape parameter

= order of polynomial decay of F (z) in direction of the extreme

and u is now the minimum bound on X. This distribution is also called the Weibull
distribution. The shape parameter « is, as mentioned, the order of the polynomial in
the direction of the extreme. For example, if X is exponentially distributed, and we are
looking at the distribution of the minimum, then F' (x) has Taylor’s series expansion
for small z of

Fe(r)=1—eM~1—-(1-Xz)=\z (138)

which has order 1 as x — 0. Thus, for the minimum of an exponential distribution,
a=1.
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Functions of random variables

Abdul-Hamid Soubra and Emilio Bastidas-Arteaga

University of Nantes — GeM Laboratory, France

In many engineering problems, the uncertainty associated with one random variable
needs to be estimated indirectly from the information on uncertainty in another
random variable. In most cases, functional relationships (linear or nonlinear) be-
tween the response and basic random variables are known; however, in some cases,
the exact relationship may not be known explicitly. Since the response variable is a
function of other random variables, it will also be random, whether the exact func-
tional relationship between them is known or not. The subject of this chapter is the
quantification of the uncertainty in the response variable when it is related to other
random variables with a known or unknown relationship.

1 Introduction

This chapter deals with the study of functions of random variable(s). Engineering
problems often involve the determination of a relationship between a dependent
variable and one or more basic or independent variables. If any one of the independ-
ent variables is random, the dependent variable will likewise be random. The proba-
bility distribution (as well as its statistical moments) of the dependent variable will
be functionally related to and may be derived from those of the basic random varia-
bles. As a simple example, the deflection D of a cantilever beam of length L subject-
ed to a concentrated load P (applied at the end of the cantilever) is functionally re-
lated to the load P and the modulus of elasticity E of the beam material [D =
(PL3)/(3ED] in which I is the moment of inertia of the beam cross section. Clearly,
we can expect that if P and E are both random variables, with respective PDFs, fp
and f, the deflection D will also be a random variable with PDF, f;, that can be
derived from the PDFs of P and E. Moreover, the first two statistical moments (i.e.
the mean and variance) of D can also be derived as a function of the respective mo-
ments of Pand E.

In this chapter, we shall develop and illustrate the relevant concepts and procedures
for determining the PDFof the response variable or the statistical moments of this
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response variable. Both cases where the functional relationship between the re-
sponse variable and the independent variables is known or unknown are considered.

2 Exact distributions of functions of random varia-
ble(s)

The exact distribution of a function of random variables is considered herein only in
case where the response variable is a function of a single random variable. The case
where this response variable is a function of several random variables can be found
elsewhere (cf. [Hal00], [Ang07] and [Fen08] among others).

2.1 Function of a single random variable

Consider a general case in which the functional relationship between the response
variable and the basic random variable is not linear. Assume that the response varia-
ble Y is functionally related to X as:

Y =gX) @

If Y is a monotonically increasing function of X, then

PY<y)=PX <x) 2

Or:

Fy(y) = Fx(x) = Fx[g7* ("] ©)

The value g~(y) can be evaluated by inverting equation (1). If both sides are dif-
ferentiated with respect to y, the PDF of Y can be obtained as:

dg~'(y)

) = Alg 1= > Q)

Thus, if the functional relationship g and the PDF of X are known, the uncertainty
inY in terms of its PDF can be obtained from equation (4).
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If Y decreases with X, dg~1(y)/dy is negative (since g~* decreases with Y). Since
the PDF of a random variable cannot be negative, its absolute value is of interest.
Therefore, to account for both cases, the PDF of Y is written as

-1
6%, | ©)

@) = fxl _1()’)]|

2.2 Example application for an exact distribution of a function
of single random variable

Consider a normal variate X with parameters u and o; i.e. N(u, o) with PDF

1 1 /x —pu\2
fx(x) = mexp [_E( p. ) ] (6)
Let Y = =% Using equation (5), we determine the PDF of Y as follows: First, we

gt
observe that the inverse function is g~1(y) = oy + u and 7 = ¢g. Then, accord-
ing to equation (5), the PDF of Y is

1 2
1 —5 oy +u—pw 1 1,
= ex ol = e_jy 7
fr») g P p lo| oL )

which is the PDF of the standard normal distribution, N(0,1).

3  Moments of functions of random variables

In the previous section, we derived the probability distribution of a function of one
random variable. It was shown in literature that the linear function of normal variate
remains normal. The product (or quotient) of lognormal variates remains also
lognormal (see [Ang07] among others).

In general, the derived probability distributions of the function may be difficult (or
even impossible) to derive analytically. Indeed, if the distributions of the X;’s are not
known, or if X; is hormal, X, is lognormal, and so on, it is not possible to determine
the exact distribution of the response variable Y; however, its mean and variance can
still be extracted from the information on the means and variances of the X;’s, giving
only limited information on its randomness.
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If the functional relationship is linear, then the mean and variance of the response
variable can be estimated without any approximation. For nonlinear functional rela-
tionships, the mean and variance of the response variable can only be estimated
approximately. These are discussed next. Beforehand, remember that the expected
value of a function Z = g(Xy, X;, ..., X, ) of n random variables, called the mathe-
matical expectation, is given by:

E(Z) = f f (X1, X5 e X)) ft X, X (xl‘xz_ ...xn_)dxldx2 v dXy (8)

Below, we shall use equation (8) to derive the moments of linear functions of ran-
dom variables, as well as the first-order approximate moments of nonlinear func-
tions.
3.1 Mean and variance of a linear function
Consider first the moments of the linear function

Y=aX+b 9)

According to equation (8), the mean value of Y is:

E(Y) =E(aX +b) = foo(ax +b) fy(x)dx

o o (10)
= af xfy (0)dx + bf fx()dx =aE(X)+b
whereas the variance is:
VAR(Y) = E[(Y — uy)?] = E[(aX + b — auy — b)?]
= [ (om0 fGdx = ?Var() ()
FOI‘ Y = a1X1 + a2X2,
where a; and a, are constants
EY)= f f (agx; + azxz)fxl,xz (x4, x2)dx, dx, (12)

This equation may be written (in case where X; and X, are statistically independent)
as follows:
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oo (o)

E(Y) = ‘11_[_ x1 fx, (1 )dxy + azj_ X3 fx, (x2)dx; (13)

We can recognize that the last two integrals above are, respectively, E(X;) and
E (X,); hence, we have for the sum of two random variables

E(Y) = a;E(Xy) + axE(X3) (14)
The variance of Y (for the general case of correlated random variables) is given by:
Var(Y) = E[(a,X; + a,X,) — ((11#)(1 + azﬂxz)]z
2
= Ela, (X1 — px,) + a5 (X, — py, )|

=E [‘112(X1 - HX1)2 + 2a,a,(X, — llxl)(Xz - #xz)
+a? (X, — HXZ)Z]

(15)

We may recognize that the expected values of the first and third terms within the
brackets are variances of X; and X,, respectively, whereas the middle term is the
covariance between X; and X,. Hence, we have:

Var(Y) = a;?Var(Xy) + a,2Var(X,) + 2a,a,CO0V (X1, X,) (16)

If the variables X, and X, are statistically independent, COV (X, X,) = 0; thus,
equation (16) becomes:

Var(Y) = a;?Var(X;) + a,?Var(X,) 17

The results we obtained above can be extended to a general linear function of n
random variables, such as
n
Y = Z ain-

i=1

(18)

in which the a;’s are constants. For this general case, we obtain the mean and vari-

ance of Y as follows:
n n

B = ) aB() = ) auy, (19)

i=1 i=1
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n

Var(Y) =Zai2Var(Xi)+ Z a;a;COV (X, X;)

i=1 Lj=1.,n
i#j
n ! (20)
= 2g,2 + AP
- a; UXi al.a]pl]O-Xio-Xj
i=1 i,j=1,.n

i*j

in which p;; is the correlation coefficient between X; and X;.

3.2 Taylor’s series and approximate moments of a general func-
tion

3.2.1. Function of a single random variable
For a general function of a single random variable X,
Y =gX) (21)

the exact moments of Y may be obtained using

E(Y) = f 900 f () dx 22)

and

Var(y) = f [g(0) — py ]2 fedx (23)

Obviously, the determination of the mean and variance of the function Y with the
above relations would require information on the DF fy(x). In many applications,
however, the PDF of X may not be available. In such cases, we seek approximate
mean and variance of the function Y as follows:

We may expand the function g(X) in a Taylor series about the mean value of X, that
is,

d 1 d?
—g+—(X—/.1X)2 g+... (24)

9X) =g + X — ) 5 +5 Xz

where the derivatives are evaluated at uy.

Now, if we truncate the above series at the linear terms, i.e.,
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dg
9&X) =g + (X — ) o (25)
We obtain the first-order approximate mean and variance of Y as

E(Y) = g(uy) (26)
and
2

Var(Y) = Var(X) (3—)";) @7)

We should observe that if the function g(X) is approximately linear (i.e. not highly
nonlinear) for the entire range of X, equations (26) and (27) should yield good ap-
proximations of the exact mean and variance of g(X). Moreover, when Var(X) is
small relative to g(uy), the above approximations should be adequate even when the
function g(X) is nonlinear.

3.2.2. Function of multiple random variables
If Y is a function of several random variables,
Y =9X, X5, 0, X ) (28)

We obtain the approximate mean and variance of Y as follows: Expand the function
9(X1, X, ..., X, ) in a Taylor series about the mean values (u,, px,, -, i, ), Yield-

ing
9
Y= g(#xl.uxz,-.uxn)+Z(X Mxl)aj?
not (29)

n
1 d%g
3

Where the derivatives are all evaluated at uy , uy,, ..., iy, If we truncate the above
series at the linear terms, i.e.,

n
)
Y = g(ux,, bx, -0 bx,) + Z(Xi — Uy, a—)‘? (30)

i=1

We obtain the first-order mean and variance of Y, respectively as follows:
E(Y) = g(qu,uXZ, ---:Hxn) (31)

and
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n

~ 2 (0g\* dg dg
Var(Y):Z(aXi) (O_Xl) + Z p"f”Xi“Xfa_Xia_X,- (32)

i=1 i,j=1,..n

We observe that if X; and X; are uncorrelated (or statically independent) for all i and
j.1.e. p;; = 0, then equation (32) becomes

Var(Y) = Zn:(o'xi)z (:—)‘?[)2 (33)

Equation (33) is a function of both the variances of the independent variables and of
the sensitivity coefficients as represented by the partial derivatives.

3.2.3. Example application for the computation of the mean and
variance of a general function of several variables

Assume that the random variable Y can be represented by the following relationship:

Y = X, X,2 X, /3 (34)
Where X,, X, and X; are statistically independent random variables with means of
1.0, 1.5, and 0.8, respectively, and corresponding standard deviations of 0.10, 0.20,

and 0.15, respectively. Using equations (31) and (33), we find the first-order mean
and variance, respectively, to be:

E(Y) ~ 1.0 x 1.5%2 x (0.8)1/3 = 2.0887

and

Var(Y) = Var(X,)(ux,? x ,uX31/3)2 + Var(Xz)[yX1 x (2uy,) % yX31/3]2

1
+ Var(Xs) [ﬂxl X .UXZZ X (gﬂx3_2/3)]
= (0.10)2(1.52 x 0.81/3)" + (0.20)2(1.0 x 2 x 1.5 x 0.81/3)"
+(0.15)2[1.0 x 1.52 x (1/3) x 0.872/3]
= (0.10)2(2.09)2 + (0.20)2(2.78)? + (0.15)2(0.87)?
= 0.04363 + 0.31024 + 0.01704 = 0.37091
and

oy = 0.609
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3.3 Mean and variance of an analytically-unknown functional
relationship

In many cases, the exact form of g in equation (28) may not be known. In fact, the
exact functional relationship is known in algorithmic form but not in any exact func-
tional form. The implication is that the partial derivatives of the function with re-
spect to the random variables cannot be calculated to approximate the first-order
mean and the first-order variance of the response variable, as discussed before.

In this case, the approximate (first-order) mean value of the response, represented by
Y in equation (28), can be obtained by using the mean values of all the parameters in
the problem, the same as in equation (31). Evaluating the variance of Y will be more
involved since the functional form of g is unknown, and its partial derivatives with
respect to the i"" random variable in equation (28) cannot be evaluated. The task is to
calculate the variance of Y without information on the analytical partial derivatives.
The Taylor series finite difference estimation procedure can be used to numerically
evaluate the variance of Y, as discussed below:

To evaluate the variance, one needs to compute, for each random variable, the two
following (intermediate) response variables:

V" = gltx, by o (g + 0%, b, | (35)

and

Y™ = glhys by oo (i, = 0 )0 b, | (36)

In simple terms, equation (35) states that the response variable Y;* is calculated
considering the mean of all the random variables except the i one, which is consid-
ered to be the mean plus one standard deviation value. Equation (36) indicates the
same thing, except that for the i" random variable, the mean minus one standard
deviation value needs to be considered. Then, using the central difference approxi-
mation, we can show that

og _ Y -V~

E. = =
¢ 6Xl ZO'Xl.

37)

Considering all the random variables, the first-order variance of Y is computed as
n \2 n —\ 2
Y;* -y, Y;t-v,
Var(r) = ) (—) xVar(x) ~ ). <—> (38)
i=1 ZJXi i=1 2

Thus, when the functional relationship among the random variables is not known
explicitly, the mean and variance of the response variable can be approximated by
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using equations (31) and (38). This requires the computation of the response varia-
ble several times. If there are n random variables present in a problem, the required
total number of computations of the response variable is (1 + 2n).

4. Conclusion

The probabilistic characteristics of a function of random variable(s) may be derived
from those of the independent variates. These include, in particular, the probability
distribution and the first two statistical moments (mean and variance) of the func-
tion. It was shown that for a function of a single random variable, the PDF of the
function can be readily obtained analytically. However, it was shown in the litera-
ture that the derivation of the distribution of a function of multiple variables can be
complicated mathematically, especially for nonlinear functions (see [Ang07] among
others). Therefore, even though the required distribution of a function may theoreti-
cally be derived, it is often impractical to apply, except for special cases, such as a
linear function of independent Gaussian variates or the strictly product/quotient of
independent lognormal variates. In this light, it is often necessary, in many applica-
tions, to describe the probabilistic characteristics of a function approximately in
terms only of its mean and variance. The mean and variance of linear functions can
be estimated without any approximation; however, for a general nonlinear function,
we must often resort to first-order (or second-order) approximations. In case of ana-
lytically-unknown functions, one may use the finite difference method for the (ap-
proximate) computation of the statistical moments. Finally, it should be mentioned
that when the probability distribution of a general function is required, we may need
to resort to Monte Carlo simulations or other numerical methods.
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Reliability Analysis Methods
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There are numerous sources of uncertainties that should be considered in engineer-
ing design. Reliability analysis methods provide a framework to account for these
uncertainties in a rational manner. This chapter presents the First Order Reliability
Method (FORM) and the Second Order Reliability Method (SORM). These methods
are illustrated by academic examples.

1. Introduction

Engineering design aims at providing minimum levels of serviceability and safety
during the structural lifetime. This is a difficult task because there are important
sources of uncertainty that could lead to over- or under-design solutions. For exam-
ple, there are uncertainties related to environmental exposure, loading, material
properties, engineering models, etc. Reliability analysis methods offer the theoretical
framework for considering uncertainties in a comprehensive decision scheme. The
main goal of reliability analysis methods is to evaluate the ability of systems or
components to remain safe and operational during their lifecycle.

The main objective of this chapter is to present and illustrate various reliability anal-
ysis methods that can be used for engineering or research purposes. The chapter
starts with a description of fundamental concepts for reliability analysis. After, we
present the First Order Reliability Method (FORM) and the Second Order Reliabil-
ity Method (SORM). These methods are illustrated by academic examples.

2. Basic concepts for reliability analysis

Reliability methods have been established to take into account, in a rigorous manner,
the uncertainties involved in the analysis of an engineering problem. The failure
probability and the reliability index are used to quantify risks and therefore evaluate
the consequences of failure. In this approach, the governing parameters of the prob-
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lem are modeled as random variables. Random variables can be grouped in a ran-
dom vector X where fx(x) is the joint probability density function (PDF).

For reliability analysis, the space D of random variables may be divided into the
Jfailure and the safety regions. The failure region Dy is defined by D,= {X | g(X) < 0}
and the safety region, Dy, by D; = {X | g(X) > 0} where g(X) represents the perfor-
mance function. Notice that g(X)=0 is the boundary between failure and safety re-
gions and it is called the limit state surface.

In the simplest case, the performance function g(X) is expressed as the difference
between the resistance R(X) and the demand or solicitation on the system S(X) —i.e.,
g(X) =R(X) — S(X). In reliability engineering analysis, g(X) is usually expressed in
terms of displacement, strain, stress, etc. The performance functions can be related
to the following structural conditions:

1. Serviceability limit state: under this condition, ‘failure’ is related to a ser-
viceability loss that does not imply a significant decay of structural safety.
For example, if the reliability analysis of a given structural component fo-
cuses on a maximum displacement v, the performance function can
write:

g(X) = Umax — U(X) (1)

where vy, could be fixed by standards or particular serviceability con-
straints and v(X) is the displacement of the point of interest that depends on
X random variables (material strength, geometry, load, etc.). In the case of
failure, v(X) > vy, but the structural component is still considered safe.

2. Ultimate limit state: this condition describes the state at which structural
safety is highly affected and may lead to total failure or collapse. For in-
stance, if the reliability analysis focuses on the bending moment of a beam,
the performance function is:

g(X) = Mr(X) - M; (2)
where M,(X) is the resistant bending moment of the beam that depends on
X random variables (material strength, sectional geometry, etc.), and M; is
the soliciting bending moment. Notice that although A is assumed to be
deterministic in eq. (2), this variable may also be considered as a random
variable. In the case of failure, M>M,(X), leading to the collapse of the

beam.

By accounting for these definitions, the failure probability, P, is determined by:

P, =P[g(X)<0]= L 50, d, 3)
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Notice that the limit state function can be a linear or a nonlinear function of the basic
variables. FORM can be used to evaluate eq. (3) when the limit state function is a
linear function of uncorrelated normal variables or when the nonlinear limit state
function is represented by a first-order (linear) approximation with equivalent nor-
mal variables. SORM estimates the probability of failure by approximating the non-
linear limit state function (including a linear limit state function with correlated non-
normal variables) by a second-order representation.

3. First Order Reliability Methods (FORM)

The First Order Reliability Method (FORM) makes use of the first and second mo-
ments of the random variables. This method includes two approaches [Hal00]. These
are First-Order Second-Moment (FOSM) and Advanced First-Order Second-
Moment (AFOSM) approaches. In FOSM, the information on the distribution of
random variables is ignored; however, in AFOSM, the distributional information is
appropriately used.

3.1. First Order Second Moment (FOSM)

The First Order Second Moment (FOSM) method makes use of only second-
moment statistics (i.e. mean and standard deviation) of the random variables and it
requires a linearized form of the performance function at the mean values of the
random variables. A first-order Taylor series approximation is used to linearize the
performance function at the mean values of the random variables.

Cornell [Cor69] proposed the original FOSM formulation. Let us consider an ele-
mentary reliability case where a weight is hung by a cable. The load-carrying ca-
pacity or the resistance of the cable is R and the load effect is S. The resistance and
the load will be modeled as independent Gaussian random variables with N(uz, or)
and N(us, o), respectively. In this case, the failure probability Py is related to the
failure event R < S, and is computed as:

Pr=PR<S)=PR-5<0) 4

A new random variable Z (called performance function) can be introduced:
Z=R-S 5)
The performance function Z is characterized by a mean u; = up — us and a standard
deviation o/ = oz’ + a5°. Since R and S are Gaussian, it can be demonstrated that Z
also follows a Gaussian distribution. Figure 1 presents the PDF of Z. It is observed

that the failure probability is related to the event P(Z < 0). Consequently, Prcould be
estimated directly from:

Py=O[(0 — uz)lo) = O[— iy lo7] =O[- ] (6)
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where @[.] represents the standard normal cumulative distribution function (CDF)
and f = uy /o, is the ‘reliability index’ that is also used to quantify risks of failure.

f(z)

Probability density function

Figure 1: Probability density function of Z

As may be easily seen from Figure 1, the reliability index computed by FOSM rep-
resents the number of standard deviations that separate the mean value of the per-
formance function from the limit state surface Z=0.

For lognormal random variables, an alternative formulation to eq. (6) could be de-
rived as follows: Assume that R and S are statically independent lognormal varia-
bles, that is, LN(4z, &g) and LN(4s, &). In this case, another random variable Y can be
introduced as

Y=R/S )
or

InY=Z=InR — InS ®)

The failure event can be defined as ¥ < 1.0 or Z < 0. Since R and § are lognormal,
InR and InS are normal; therefore, InY or Z is a normal random variable with mean

Ar — As and standard deviation ,/gRZ + 532 . The probability of failure can be defined
(similar to eq. (6)) by
0-(Agr-21s) ©)
Py = o |SARAD| (;D[_H] = o[—p]

2 2 oz
§R™+Es

In the general case where the performance function Z is a function of a vector of n
random variables, i.e.,

Z=g(X) =g(X), Xo,.., Xy) (10)

the Taylor series expansion about the mean value gives:
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n n

Z= g(ux>+2—<x px)F = Zzaxax X, =t )X = i )4 (11)

=1 j=1

where the derivatives are evaluated at the mean values of the random variables (X,
Xo,..., Xu), and g, is the mean value of X;. By truncating eq. (11) at the linear

terms, it is possible to obtain first-order approximations of the mean and variance of
Z as follows:

Hy 22 G(fy shy senesfly ) (12)
and
0g Og
—>-Cov(X,.X,
Z;,Zax oX ov(X,.X ) (13)

where Cov(Xj, X)) is the covariance of X; and X). For uncorrelated random variables,
the variance becomes:

Var(X,) (14)

Nz[

Consequently, by estimating u and o7 from eqs. (12) and (13), respectively, the
reliability index can be computed as f =y /o;.

The exact failure probability could be derived from the reliability index only in few
cases:
1. if all the X;’s are statically independent normal variables and if Z is a linear
function of the X, then, Z is normal and the probability of failure is given
by eq. (6);
2. if all the X;’s are statically independent lognormal variables and if g(X) is a
multiplicative function of the X;’s, then Z = In g(X) is normal and the prob-
ability of failure is also given by P/= O(-f).

To conclude, in most cases it is not likely that all the variables are statically inde-
pendent normal or lognormal. Nor is it likely that the performance function is a
simple additive or multiplicative function of these variables. In such cases, the relia-
bility index cannot be directly related to the probability of failure; nevertheless, the
equation P;= ®(—f) does provide a rough idea of the level of risk. Notice finally that
FOSM approach has the following shortcomings:

¢ the information about the distribution of the independent variables is not con-

sidered,
e the truncation errors may be significant if g(.) is non-linear,
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o the assessment of reliability index varies when the limit state function is ex-
pressed in different but mechanically equivalent formulations — e.g., (R — S
=0)or(R/S=1).

Example 1 Reliability index of a steel beam using FOSM

Let us consider a steel beam subjected to a deterministic bending moment of M,
=130 kNm. The yield stress F, and the plastic modulus Z, of the beam are consid-
ered as random variables following normal distributions with the following parame-
ters:

pr =250 MPa, 0, =25 MPa
f, =9x107" m*, 0, =4.5x107 m’

Question 1: Write two different performance functions by considering strength and
stress _formulations.

For the strength formulation, the resistance of the beam is a random variable defined
as R = F,Z, and the solicitation S is deterministic where S = M,. Then, the perfor-
mance function becomes

¢(F.Z)=R-S=FZ ~M, (15)

For the stress formulation, the yield stress becomes the resistance of the perfor-
mance function, i.e. R = F), and the solicitation is computed as S = M,/Z. In this
case, both R and S are random variables and the performance function becomes

M
§(F.Z)=R-S=F (16)

4
Question 2: Estimate the reliability index using the strength formulation.

We assume that the random variables are independent. We will first estimate x4z and
or by using egs. (12) and (14) respectively:

i R gty = (250)(9x107) =225kN-m

N[ =

2 2 1

N OR OR ez _a\2 _5\2 2 ]2

o ~| Var(F,) oF, +Var(Z,) a—zj _[25 (9x107) +(4.5x107) 250 ]
=25.16 kN-m
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The sollicitation is deterministic, then, us = M, and o5 = 0. Consequently, the relia-
bility index is given by :

=3.77

_ pp—pg  225-130
’6_\/ 2 2 _\/ 2 | 2
or 05 25.15°+0

Question 3: Estimate the reliability index using the stress formulation.

According to the performance function given by eq. (16), we obtain directly the
mean and the standard deviation of the resistance: j = fi; and 0p =0 . For the

solicitation, us and og are computed from eqs. (12) and (14) respectively:

ps~ M, /i, =130/(9%x10™*)=144.4 MPa

1

202
og~|Var(Z,) —Kz“ =0, Mz” =45 xlO’SAz:TZZ MPa
Z, " iz, (9x107)
And the reliability index becomes
g pr—Hts  250—1444 — 406

CJoiral 2577022

By comparing the reliability indexes, it is noted that the result depends on the for-
mulation of the performance function. This lack of invariance motivated the devel-
opment of other reliability methods such as that presented in the following sections.

3.2. Advanced First Order Second Moment (AFOSM)

AFOSM is also called ‘Hasofer-Lind’ method. In this method, the assessment of the
reliability index is mainly based on the transformation/reduction of the problem to a
standardized coordinate system. Thus, a random variable .X; is reduced as:

X=X, —py)loy (=12,..n) (17)

where X;’ is a random variable with zero mean and unit standard deviation. Thus,
Eq. (17) is used to transform the original limit state surface g(X) = 0 into a reduced
limit state surface g(X’) = 0. Consequently, X denotes ‘original coordinate system’
and X’ describes the ‘transformed or reduced coordinate system’. In the standard-
ized coordinate system, the Hasofer-Lind reliability index Sy corresponds to the
minimum distance from the origin of the axes (in the reduced coordinates system) to
the limit state surface:
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B =X (x'%) (18)

The minimum distance point on the limit state surface is called the ‘design point’. It
is denoted by vector x* in the original coordinate system and by vector x’* in the
reduced coordinate system. These vectors represent the values of all the random
variables, i.e. X;, X;, ..., X, at the design point corresponding to the coordinate sys-
tem being used.

Figure 2 illustrates the reduction of the random variables R and S for a linear per-

formance function such as that described by eq. (5). According to eq. (17), R and S
can be reduced as:

R'=R—p)/ o, and §'=(S— )/ o (19)

The substitution of R’ and S’ into the limit state surface (Z=0) gives the new limit
state surface in the reduced coordinate system (Figure 2b):

Z=04R' —0.S"+ i, — 1s=0 (20)
(a) (b)
AS Desi , S’
esign poin
gnp R-S=0 Failure region
¥ : (OI(UR_Us)/Os)
Failure region i
| Design point
[P Ny S — IE _______ 80) (r=,s™) Safgty
! ! region
Safety region E E BHL R
: . R a R
r Hr (~(Hehts)/05,0) es§ N
agl___.>

Figure 2: Reduction of coordinates: (a) original coordinates, (b) reduced coordinates

The reliability of the problem is estimated by using eq. (18). It corresponds to the
minimum distance between the limit state surface and the origin (in the reduced
coordinates system). By using simple trigonometry, this distance (reliability index)
can be estimated as:

Hg — Hs

Bra, Zm 1)

It should be emphasized here that in the present case of a linear limit state surface,
the Hasofer-Lind reliability index corresponds exactly to the reliability index com-
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puted from FOSM if both R and S are normal variables. However, this is not the case
for other limit state surfaces or random variable distributions.

From Figure (2b), it is apparent that if the limit state line is closer to the origin in the
reduced coordinate system, the failure region is larger, and if it is farther away from
the origin, the failure region is smaller. Thus, the position of the limit state surface
relative to the origin in the reduced coordinate system is a measure of the reliability
of the system. Notice that the Hasofer-Lind reliability index can be used to calculate
the failure probability as Py= ®(—fy;). This is the integral of the standard normal
density function along the ray joining the origin and x’*. It is obvious that the nearer
x’* is to the origin, the larger is also the most probable failure point. The point of
minimum distance from the origin to the limit state surface, x’*, represents the worst
combination of the stochastic variables and is appropriately named the ‘design
point’ or the ‘most probable point MPP’ of failure.

Finally, it should be noted that the Hasofer-Lind reliability index is invariant, be-
cause regardless of the form in which the limit state equation is written [e.g., (R—
S§=0) or (R/S=1)], its geometric shape and the distance from the origin remain con-
stant.

For the general case of a non-linear limit state surface, the assessment of the mini-
mum distance can be written as an optimization problem:

minimize D = v/x""x’ @)
subject to g(x') =0

By using Lagrange’s multipliers, the minimum distance (for » random variables)
could be estimated as:

~ | Og
;x" [axi’]

B =——F—== (23)
n 8g
3]

i=l1

where (0g/0X’)" is the i™ partial derivative evaluated at the design point (x;”,

>

X2 i Xy ’*). The design point in the reduced coordinates is:
X =—apB, (=12,.,n) 24

where ¢, are the direction cosines along the coordinate axes X';. They are given by:
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Q= (25)
By using eq. (17), the design point (in the original space) is given by:
x; = Hy, — O‘iaxﬂm (26)

An algorithm was formulated by [Rac76] to compute £, and x;”" as follows:
Step 1:  Define the appropriate performance function g(X).

Step 2:  Assume initial values for the design point x ;. The initial design point
is usually assumed to be at the mean value of the n —1 random variables.
For the last random variable, its value is obtained from the performance
function to ensure that the design point is located on the limit state surface
g(X)=0.

* * *

Step 3:  Obtain the design point in the reduced space x*=[x;”", x,”,..., x, '] as

1A

x| =(x; —py )l oy (i=L12,..n) 27)

Step 4:  Estimate the partial derivatives of the performance function (8g/0X";)"
with respect to the variables in the reduced space and evaluate them at x; .
These derivatives can be estimated from the performance function in the
original space by using the chain rule of differentiation

dg _ 0g 0X, _ Og

= =—0
x| 0x, ox! 0x, * (28)
Define the column vector A such that
0g !
A== 29
= lox; (29)
Step 5:  Compute the reliability index as
A'x"”
B =— A'A (30)
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Step 6: Determine a vector of directional cosines as

A
AT

o=

31

2

Step 7:  Obtain the new design point x;”" for the n —1 random variables.

Step 8: Determine the coordinates of the new design point in the original
space for the n —1 random variables considered in Step 7 as

X =gy +x 0oy (=12,..n) (32)

Step 9:  Determine the value of the last random variable in the original space
such that the estimated point belongs to the limit state surface g(X) = 0.

Step 10: Repeat Steps 3 to 9 until convergence of S;.

Finally, notice that the Hasofer-Lind reliability index f; can be used to estimate a
first-order approximation of the failure probability as Py= O(—f;).

Example 2 Assessment of the reliability index by using FORM
(Adapted from [Sanl0])

Let us suppose that the performance function of a problem is defined by
8X X5, X3) = 62X, — X, X7

where the random variables X;, X5, X; follow normal distributions with means [y, =
20, ux, =35, and uy; = 4, and standard deviations ox, = 3.5, ox, = 0.8, and oy; = 0.4.

Question 1: Estimate the reliability index by using FORM.

Once the performance function is defined (Step 1), we define the coordinates of the
design point in the original space (Step 2):

* * * * 6-2 :
X =X = fhy X, = fly Xy = x:CI =[20,5,4.979]
2

The Step 3 consists of obtaining the design points in the reduced space:
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X = —py)/ oy =0
x; :(x; _sz)/a'xz =0
xf =(4.979 —,LL)Q)/UX3 =2.448

Then, (x*>")" = [0, 0, 2.448]. In the Step 4, we estimate the vector containing the
derivatives of the performance function evaluated at the design point (eqs. 28-29):

0g ) 0g )
A = =— =(62)3.5)=21.7
| [Xm’ [axl] oy, =(6.2)(3.5)
a * a * .
ag) (og) .
A, :[8)2] :{a)‘i Oy, = —2X,%,0, =—19.92

Therefore, A" =[21.7, —19.84, —19.92]. The first estimate of the reliability index
becomes (Step 5):

T_I*
AX 1374

o

We estimate the vector of directional cosines in Step 6:

0611
o= AT =| —0559
AA | 0561

The new design point in the reduced space is estimated for the » — 1 random varia-
bles (Step 7):

x| =—a,B,, = (—0.611)(1.374)=—0.840
x) = —a, By, = (0.559)(1.374) = 0.768

Consequently, the corresponding values in the original space are (Step 8):

X, = py +x 0y =20+(—0.840)3.5=17.06
X, = py, + X, 0y =5+(0.768)0.8 =5.614
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We estimate afterwards the value of x;” such that it belongs to the limit state func-
tion (Step 9):

. 62x

x3=

*
1

=434

*

X2

The algorithm is repeated until convergence of the reliability index (Step 10). Table
1 presents the results of various iterations. Convergence is reached after three itera-
tions for this example. We found a reliability index Sy; = 1.413 that corresponds to a
failure probability P,~0.079 computed based on a first-order approximation.

Table 1: Summary of the iterative process to estimate Sy

Variable Iteration Number
1 2 3
x; 20 17.06 | 16.732
x5 5 5.614 5.519
x5 4.98 434 4335
B 1374 | 1.413 1.413
x; 17.06 | 16.732 | 16.709
X 5.614 | 5519 5.521
x5 434 4335 4332

3.2.1. Extension of AFOSM to the case of non-normal random varia-
bles

To extend the Hasofer-Lind method to the case of non-normal random variables,
Rackwitz and Fiessler [Rac78] proposed to transform each non-normal random
variable into an equivalent normal random variable with a mean 4, and standard
deviation o} . This transformation allows estimating a solution in the reduced space

by using the procedure explained in the previous paragraphs. The equivalent param-
eters evaluated at the design point x;” are given by:

ps, = x =7 F (x7)) 0%, (33)
0l = M (34)
| ful¥)

where ®[.] and ¢[.] are the CDF and the PDF of the standard variate, respectively,
and Fy (.) and f, () are the CDF and PDF of the original non-normal random vari-
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able (some useful Matlab commandes may be found in Appendix). Notice that egs.
(33-34) are derived by equating the cumulative distribution functions and the proba-
bility density functions of the actual variables and the equivalent normal variables at
the design point on the limit state surface.

Since the equivalent parameters are evaluated at the design point, each iteration
should include the assessment of the equivalent parameters. The before presented
algorithm is thus modified as follows:

e Steps 1 and 2 remain similar.

e Step 3 should include the assessment of the equivalent parameters ;5 and

oy at the design point for each non-normal random variable. These

equivalent parameters will be used to determine the design point in the re-
duced space as follows

X =00 —py) oy (35)
e Steps 4 to 7 remain exactly similar.
o In Step 8, the assessment of the coordinates in the original space becomes

X, = py, +x oy (36)

Finally, Steps 9 and 10 remain similar.

3.3. Ellipsoid Approach

The Hasofer-Lind reliability index can be formulated in a matrix form:

B = min J(X—p)' € '(X—p) (37)

where X is a vector containing the n random variables, p is a vector containning
their mean values, and C is the covariance matrix.

An intuitive interpretation of the reliability index was suggested in Low and Tang
(cf. [Low97] and [Low04]), where the concept of an expanding ellipse (Figure 3) led
to a simple method for computing the Hasofer-Lind reliability index in the original
space of the random variables using an optimization tool available in most spread-
sheet software packages.
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When there are only two uncorrelated non-normal random variables X; and X, these
variables span a two-dimensional random space, with an equivalent one-sigma dis-
persion ellipse (corresponding to Sy, =1 in Eq. (37) without the min.), centered at the
equivalent mean values ;¥ and p," and whose axes are parallel to the coordinate
axes of the original space. For correlated variables, a tilted ellipse is obtained.

Low and Tang (cf. [Low97] and [Low04]) reported that the Hasofer-Lind reliability
index fy; may be regarded as the codirectional axis ratio of the smallest ellipse
(which is either an expansion or a contraction of the 1—o ellipse) that just touches
the limit state surface to the 1—¢ dispersion ellipse. They also stated that finding the
smallest ellipse that is tangent to the limit state surface is equivalent to finding the
most probable failure point.

Limit state surface

A
X2 1 -
R(Hl/ ¥y Design point
: ‘:‘\_ Failure domain
!tﬁ’) }\
1- o dispersion h
ellipse ... i - S
H, ‘
| v o)
By -ellipse . __ / _[_?gu ol
) Wi -G'll_.‘i
Safe domain i ?
1o
Hy
Xi
Figure 3: Ellipsoid approach for the computation of the Hasofer-Lind reliability
index

3.3.1. Ellipsoid Approach via Spreadsheet

Low and Tang (cf. [Low97] and [Low04]) showed that the minimization of the Has-
ofer-Lind reliability index can be efficiently carried out in the Excel spreadsheet
environment. The spreadsheet approach is simple and easy to understand because it
works in the original space of random variables and does not require the additional
step of transforming X to X’ where X is a transformed vector of the random varia-
bles in the uncorrelated Gaussian space. Notice however that the optimization in
original space is not preferred from a computational perspective. This is because the
optimization in a standardized space is mathematically more desirable in nonlinear
optimization. For example, when minimizing the quadratic form of Eq. (37) in the
original space; in some cases, the correct solution is obtained only when the solver
option “use automatic scaling” is activated. As an alternative, Cholesky factorization
of the covariance matrix can be used.
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When the random variables are non-normal, the Rackwitz-Fiessler equivalent nor-
mal transformation can be used to compute the equivalent normal mean u® and the
equivalent normal standard deviation o®. The iterative computations of y® and o
for each trial design point are automatic during the constrained optimization search.
For non-normal random variables, Eq. (37) may be rewritten as

3 . X
= min
AL e(X)=0

where p° and 6° are vectors containning the equivalent mean and standard deviations
values, respectively, and R™' is the inverse of the correlation matrix. This equation
will be used instead of Eq. (37) since the correlation matrix R displays the correla-
tion structure more explicitly than the covariance matrix C.

X—p°

(o2

eT
—p
e

(o)

Rfl

(3%)

Additional information on Solver’s options and algorithms can be found in the Mi-
crosoft Excel Solver’s help file and at www.solver.com. The implementation proce-
dure of the ellipsoid approach in the spreadsheet is described in [Low97] and
[Low04] among  others. Some  Excel files are  available at
http://alum.mit.edu/www/bklow.

3.4. Response Surface Method (RSM)

In case of analytically-unknown system response (such as the responses computed
using a finite element/finite difference method), several approaches based on the
Response Surface Method (RSM) can be found in the literature with the aim of cal-
culating the reliability index and the corresponding design point. We present herein
the approach by Tandjiria et al. [Tan00]. The basic idea of this method is to approx-
imate the system response Y(x) by an explicit function of random variables, and to
improve the approximation via iterations. The system response can be approximated
(in the original space of random variables) by:

Y()=a,+ ) ax,+Y bx’ (39)
i=1 i=1

where x; are the random variables (x; and o; being their mean and standard deviation
values, respectively); n is the number of random variables; and (a;, b;) are coeffi-
cients to be determined. The RSM algorithm is summarized as follows:

Step 1:  Evaluate the system response Y(x) at the mean value point x and at the
2n points each at u + ko where k can be arbitrarily chosen (k= 1).

ALERT Doctoral School 2014



Bastidas-Arteaga & Soubra 69

Step 2:  The above 2n+1 values of Y(x) are used to solve eq. (39) and find the
coefficients (a;, b;). Then, the performance function g(x) can be constructed
to give a tentative response surface function.

Step 3:  Solve eq. (37) to obtain a tentative design point and a tentative S,
subjected to the constraint that the tentative performance function of step 2
be equal to zero.

Step 4:  Repeat Steps 1 to 3 until convergence of f;;. Each time, Step 1 is re-
peated, the 2n + 1 sampled points are centered at the new tentative design
point of Step 3.

Concerning the numerical implementation of the RSM algorithm described above,
the determination of S, requires (i) the resolution of eq. (39) for the 2n+1 sampled
points, and (ii) the minimization of Sy, given by Eq. (37). These two operations
constitute a single iteration and can be done using the optimization toolbox available
in Excel. Several iterations should be performed until convergence of Sy;. Conver-
gence is considered to be reached when the absolute difference between two succes-
sive values of the reliability index becomes smaller than 1072

4. Second Order Reliability Method (SORM)

Reliability assessment is relatively simple if the limit state function is linear. How-
ever, most of the limit state functions are nonlinear. The nonlinearity is due to non-
linear relationship between random variables, to the consideration of non-normal
random variables, and/or to the transformation from correlated to uncorrelated ran-
dom variables. Indeed, a linear limit state in the original space becomes non-linear
when transformed to the standard normal space if any of the variables is non-normal.
Also, the transformation from correlated to uncorrelated variables might induce
nonlinearity.

Figure 4 presents examples of linear and nonlinear limit state functions in the re-
duced space. Both limit state functions have the same minimum distance point f, but
the failure regions are different in both cases. The failure probability of the nonlinear
limit state should be less than that of the linear limit state. The FORM approach
approximates the limit state function with a linear function and will therefore pro-
vide the same assessment of the probability of failure for both cases. This approxi-
mation introduces errors in the assessment of the probability of failure. Consequent-
ly, it is preferable to use a higher order approximation for the failure probability
computation.

The SORM method improves the assessment given by FORM by including infor-
mation about the curvature (which is related to the second-order derivatives of the
limit state function with respect to the basic variables). The Taylor series expansion
of a general nonlinear function g(X;, X,,..., X,) at the design point (x*l, X, x*n) is
given by:
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8(X X, X)) = (X)X e x>+Zﬁ<x —x;)

(40)

n n
\

+—= ZZ@X ox, (o, = x,))(x; =)+ ..

i=l j=1

where the derivatives are evaluated at the design point.

Failure region

Design point, x'*

Safety region

Figure 4: Linear and nonlinear limit state functions

For reliability analysis, the space of standard normal variables is more convenient
for a second order approximation of g(). In the following, X; and Y; will refer to
random variables in the original and equivalent uncorrelated standard normal spaces,

respectively. If all the variables are uncorrelated, Y, = (X, — u;i)/ Uj(i where ,u)"(i and

oy are the equivalent normal mean and standard deviation of X; at the design point

*

Xi .

In the Taylor series approximation given by eq. (40), FORM ignores the terms be-
yond the first order term, and SORM ignores the terms beyond the second-order
term (involving second-order derivatives).

Breitung [Bre84] proposed a simple closed-form solution for the probability compu-
tation using the theory of asymptotic approximation as:

Py 2 O~ Gronan)] [0+ Broaai) (41

i=1
where x; represents the principal curvatures of the limit state function at the mini-

mum distance point, and Srorm is the reliability index computed by the FORM
method.
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The assessment of Py requires the computation of x;. Towards this aim, the random
variables Y; (in the Y reduced space) are rotated to another set of variables Y;’, such
that the last Y;’ variable coincides with the vector @ where a is the unit gradient
vector of the limit state at the minimum distance point.

Figure 5 describes the problem for two random variables indicating that the problem

consists of a simply rotation of coordinates. This rotation can be carried out by an
orthogonal transformation:

Y =RY (42)
where R is the rotation matrix. For instance, in the case of two random variables:

cosf sinf
—sinf cosf

R= (43)

where 6 is the counterclockwise angle of rotation of the axes (Figure 5). For n ran-
dom variables, the reader may refer to [Hal00] for the determination of the matrix R.

7

’
Yz‘_/

Figure 5: Rotation of axis in the standardized space

The matrix R is after used to estimate a matrix A, whose elements are denoted a;;, as
follows:

T
ai.:(RD—R)U, i,j=12,.,n—1 (44)
VG

where D is the n X n second-derivative matrix of the limit state function in the
standard normal space evaluated at the design point and |V G(y’)| is the length of the
gradient vector in the standard normal space.
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The last variable Y, coincides with the f vector computed with the FORM approach
in the rotated normal space. In the next step, the last row and last column in the A
matrix and the last row in the Y’ vector are dropped to take this factor into account.
The limit state can be rewritten in terms of a second-order approximation in this
rotated standard normal space Y’ as:

1
=03+ Ey/TAy’ (45)

where the matrix A has now the size (n — 1) x (n — 1). Afterwards, the curvatures x;
of eq. (41) are computed as the eigenvalues of the matrix A, to estimate the proba-
bility of failure.

Breitung’s SORM method uses a parabolic approximation (it does not consider a
general second order approximation) by ignoring the mixed terms and their deriva-
tives in the Taylor series approximation in eq. (40). This approach uses the theory of
asymptotic approximation to derive the probability estimate. This approximation is
accurate for large values of £ (which is the case for engineering purposes). However,
the assessment is less accurate for smaller .

Example 3  Assessment of the reliability index by using SORM
(Adapted from [Sanl0])

Suppose that the performance function of a problem is defined by

glX), Xo) = X;X; - 80
where X; follows a normal distribution with mean uy, = 20 and standard deviation
oxi = 2. X, follows a lognormal distribution with mean wy, = 7 and standard devia-

tion oy, = 1.4.

The results of the FORM approach provide a reliability index Propy =2.402 and the
two following vectors x* and a.:

x = (17.612,4.542)
o= (0.497,0.868)

where x* is the final design point in the original space and a is the vector of direc-
tion cosines.

Question 1: Estimate the probability of failure by using SORM and compare the
results with the probability of failure estimated from FORM.

ALERT Doctoral School 2014



Bastidas-Arteaga & Soubra 73

We already have the results of the FORM approach. We will transform X; and X,
from the original to the standard normal space. Since X, is lognormal, we use the
Rackwitz and Fiessler procedure to estimate the equivalent parameters:

v ¢[<I>‘ sz(xz')H B o|o7'[F, (4542)] oo
: fu (%) fr, (4.542)
p, =5~ (x;)]os, =4.542— 07! [F, (4.542)[09 =6 418

Transforming X; and X, from the original to the reduced space gives:

Y :(X1_Fbxl)/‘7xl
Y, :(Xz_ﬂ§z)/0§(2

Then the values of the design point for each random variable in the reduced space
are:

y, =(17.612—20)/2=—1.194
v, =(4.542—6.418)/0.9 = —2.085

The first step in SORM is to determine the matrix R from eq. (43). In the rotated
coordinates, the second coordinate need to coincide with the unit gradient vector a.
Figure 6 presents the example in the reduced space including the performance func-
tion and the design point. It also includes the geometrical description of the assess-
ment of #. Thus, it can be noted that 8 = 270° + tan"'(-2.085/~1.194) = 330.194°, and
R becomes

0.868 -0.497
0.497 0.868

cosf sinf |

R =

—sind cosf

Notice that the elements of R are also easily available from the direction cosines, i.e.
the components of the unit gradient vector a.
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Performance function 4 ] Y,2

© Design point 3 ]

=) i
Yi Y,

Figure 6: Rotation of the axis in the reduced space

The next step is to construct the matrix D that contains the second derivatives of the
performance function with respect to each variable in the standard normal space. We
use the chain rule of differentiation for determining the derivatives from the limit
state function in the original space

0* o |og ox 1ox, o

8Y§ T oX 8—)§ AR :a—X[XZJX‘]UX‘ =0
1 1 1 1 1 1

H? 0 | 0g 0X,|0X 0 .

ayg2 T ox 8)? AR X Jo, =0
2 2 2 2 2 2

do’g 9 | 0g 9x,|0x, 0 .

AR A A AT AR A L
172 1 2 2 1 1

Consequently
0’s 0O’g
. ovy ovy, | | 0 ooy 0 1799

9? g 9?2 g 0—;2 oy, 0 1.799 0
vy, o}

We estimate the following partial derivatives for the assessment of A

ALERT Doctoral School 2014



Bastidas-Arteaga & Soubra

dg 0g 0X,

v Aav au 20y
oY, 0X, 0Y, !
0 dg 0X .
,—g = —g 2 = X0y
JY, 0X, 0Y, :

These derivatives evaluated at the design point are

(17.612)(2)
(4.542)(0.9)

xszx,
VGy)=| ., |=

X0y,

35.223
4.086

and the length of the vector is

|VG(y*) =+/35.223* +4.086> = 35.46

Therefore by applying eq. (44), the matrix A is

A— —0.044 0.026
0026 0.044

75

Afterwards, we modify the matrix A by deleting the last row and column. In this
case, we have only one element a;; = —0.044. Then, the eigenvalue of this one ele-

ment matrix is simply the same element: x; = a;; = —0.044.

The approximation of the failure probability is estimated from eq. (41)

n—1
P, 2 O(—Beopm )H(l + Brormti )

i=1
1

) ~8.609-10"°
V14 (2.402)(—0.044)

~ D(—2.402

The probability of failure estimated from FORM is Py= ®(-2.402) = 8.144- 10°. The
probability of failure estimate from the SORM procedure is about 5% larger. This

result is expected because of the curvature of the performance function (Figure 6).

5. Conclusions

This chapter presented the First Order Reliability Method (FORM) and the Second
Order Reliability Method (SORM). The First Order Reliability Method (FORM)
makes use of the first and second moments of the random variables. This method
includes two approaches. These are First-Order Second-Moment (FOSM) and Ad-

ALERT Doctoral School 2014



76 Reliability analysis methods

vanced First-Order Second-Moment (AFOSM) approaches. In FOSM, the infor-
mation on the distribution of random variables is ignored; however, in AFOSM
(called also Hasofer-Lind approach), the distributional information is appropriately
used. It was shown that contrary to FOSM, the Hasofer-Lind method led to an invar-
iant reliability index regardless of the form in which the limit state equation is writ-
ten.

While AFOSM requires the transformation of the limit state surface to a standard
space of random variables, the recent ellipsoid approach led to a simple method for
computing the Hasofer-Lind reliability index in the original space of random varia-
bles using an optimization tool available in most spreadsheet software packages.

In case of analytically-unknown system response (i.e. when the system response is
computed using a finite element/finite difference method), the Response Surface
Method (RSM) can be used to calculate the Hasofer-Lind reliability index and the
corresponding design point. The basic idea of this method is to approximate the
system response by an explicit function of random variables, and to improve the
approximation via iterations.

For the computation of the failure probability, it was shown that the Hasofer-Lind
reliability index can be used to evaluate the failure probability when the limit state
function is a linear function of uncorrelated normal variables or when the nonlinear
limit state function is represented by a first-order (linear) approximation with equiv-
alent normal variables. SORM estimates the probability of failure by approximating
the nonlinear limit state function (including a linear limit state function with corre-
lated non-normal variables) by a second-order representation.
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Appendix: Summary of Matlab® functions for the nor-
mal distribution

Function Description

normpdf(X,mu,sigma) | computes the PDF at each of the values in X using the
normal distribution with mean mu and standard deviation
sigma. X, mu, and sigma can be vectors, matrices, or mul-
tidimensional arrays that all have the same size. A scalar
input is expanded to a constant array with the same dimen-
sions as the other inputs. The parameters in sigma must be

positive.

normcdf(X) returns the standard normal CDF at each value in X. The
standard normal distribution has parameters mu = 0 and
sigma = 1.

norminv(P,mu,sigma) | computes the inverse of the normal CDF using the corre-
sponding mean mu and standard deviation sigma at the
corresponding probabilities in P. P, mu, and sigma can be
vectors, matrices, or multidimensional arrays that all have
the same size. A scalar input is expanded to a constant
array with the same dimensions as the other inputs. The
parameters in sigma must be positive, and the values in P
must lie in the interval [0 1].
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Advanced reliability analysis methods
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This chapter presents the subset simulation (SS) approach and the Polynomial Cha-
os Expansion (PCE) methodology. The SS method is an efficient alternative to the
well-known Monte Carlo Simulation (MCS) methodology to calculate small failure
probabilities. The basic idea of the SS approach is that the small failure probability
can be expressed as a product of larger conditional failure probabilities. On the
other hand, the PCE methodology allows one to accurately compute the PDF of a
given system response using a reduced number of calls of the deterministic model
(as compared to the classical MCS applied on the original complex deterministic
model). Indeed, the PCE methodology replaces the computationally-expensive de-
terministic model by a meta-model. Once the meta-model is determined, MCS can be
applied on the obtained PCE to compute the PDF of the system response with a
quasi-negligible computation time.

1 Introduction

The most robust method used for the probabilistic analysis of geotechnical structures
is the classical well-known Monte Carlo Simulation (MCS) methodology. It should
be noted that the probabilistic analysis of an engineering system involves the com-
putation of the PDF of the system response or the calculation of the failure probabil-
ity for a prescribed threshold of this system response.

MCS is not suitable for the computation of the small failure probabilities encoun-
tered in the practice of geotechnical engineering (especially when using a computa-
tionally-expensive finite element/finite difference deterministic model) due to the
large number of simulations required to calculate a small failure probability. As an
alternative to MCS methodology, [Au01] proposed the subset simulation (SS) ap-
proach to calculate small failure probabilities. The basic idea of the SS approach is
that the small failure probability can be expressed as a product of larger conditional
failure probabilities.

Similarly, MCS is not suitable for the accurate determination of the PDF of a system
response because of the great number of calls of the deterministic model, which are
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required for such a computation. The PCE methodology allows one to approximate a
given system response by a polynomial chaos expansion (PCE) of a suitable order.
Thus, the PCE methodology replaces the computationally-expensive deterministic
model by a meta-model (i.e. a simple analytical equation). Once the PCE coeffi-
cients are determined, MCS can be applied on the obtained PCE to compute the PDF
of the system response (and the corresponding statistical moments) with a quasi-
negligible computation time.

2  Subset simulation (SS) approach

Subset simulation (SS) approach was proposed by [Au01] as alternative to Monte
Carlo Simulation (MCS) methodology to compute small failure probabilities. The
basic idea of the SS approach is that the small failure probability can be expressed as
a product of larger conditional failure probabilities. In this section, one presents a
brief description of the steps of SS approach in case of two random variables, the
extension to the case of several random variables being straightforward. A detailed
description of the SS approach may be found in [Au01], in the chapters 1 and 4 of
the book by [Pho08] and in [Ahm12].

The steps of SS approach in case of two random variables (V;, V) can be described
as follows:

1. Generate a vector of two random variables (V;,V,) according to a target PDF
using direct Monte Carlo simulation.

2. Using the deterministic model, calculate the system response corresponding to
(Vl' VZ)

3. Repeat steps 1 and 2 until obtaining a prescribed number N; of vectors of ran-
dom variables and the corresponding values of the system response.

4. Determine the value of the performance function corresponding to each value of
the system response and then, arrange the values of the performance function in
an increasing order within a vector G, where G, = {G&, . Gé‘, . GéVS}. Notice
that the subscripts ‘0’ refer to the first level (level 0) of the subset simulation
approach.

5. Prescribe a constant intermediate conditional failure probability p, for the fail-
ure regions F}{/ =1,2,..,m — 1} and evaluate the first failure threshold C;
which corresponds to the first level of SS approach (see Figure 1). The failure
threshold C; is equal to the [(Ns X po) + 1]** value in the increasing list of el-
ements of the vector G,. This means that the value of the conditional failure
probability of the first level P(F;) will be equal to the prescribed p, value.

6. Among the N, vectors of random variables, there are [N; X p,] ones whose
values of the performance function are less than C; (i.e. they are located in the
failure region F;). These vectors are used as ‘mother vectors’ to generate N;
new vectors of random variables (according to a proposal F,) using Markov
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chain method based on the modified Metropolis-Hastings algorithm by [San11].
This algorithm is presented in Appendix 1.

Using the deterministic model, calculate the values of the system response cor-
responding to the new vectors of random variables (which are located in level
1). Then, calculate the corresponding values of the performance function. Final-
ly, gather the values of the performance function in an increasing order within a
vector Gy where G, = {G1, ..., Gf, ..., G{VS )

Evaluate the second failure threshold C, as the [(Ng X p,) + 1]t* value in the
increasing list of elements of the vector G;.

Repeat steps 6-8 to evaluate the failure thresholds Cs, Cy, ..., C;,, corresponding
to the failure regions F3, F,, ..., Fy,,. Notice that contrary to all other thresholds,
the last failure threshold C,, is negative. Thus, C,, is set to zero and the condi-
tional failure probability of the last level P(F,|F,,_,) is calculated as:

Ns
1
P(EplFmy) = FZ It (s10) (1)
Sk=1

where I, = 1 if the performance function G(s) is negative and I = 0 oth-
erwise.

\ F.=F

Level m

o Ca=G(x)z0

Figure 1: Nested Failure domain.
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Finally, the failure probability P(F) is evaluated as follows:
m
P(F) = P(R) | | P(F|F-1) @

Jj=2

It should be mentioned that a normal PDF was used herein as a target probability
density function P,. However, a uniform PDF was used as a proposal probability
density function B, (for more details, refer to Appendix 1).

2.1 Example application

In order to illustrate the algorithm of SS methodology in a simple way, a numerical
example is provided herein. In this example, SS approach was used to calculate the
failure probability Py against bearing capacity failure of a strip footing of breadth B.
The footing rests on a (¢, ) soil and it is subjected to a service vertical load P,. The
soil cohesion ¢ and the soil angle of internal friction ¢ were considered as random
variables. The following formula was used for the computation of the ultimate bear-
ing capacity:

B
qQy = yENy +cN; +gqN, 3)

in which:

N, =2(N, — 1)tang

(4a)
T ¢
— pTtang 2(_ r
Ny,=e .tan (4+2) (4b)
N = Ny — 1
€ tang (4¢)

where N, N, and N, are the bearing capacity factors due to soil weight, surcharge
loading and cohesion respectively. These coefficients are function of the soil friction
angle. On the other hand, y is the soil unit weight and q is the surcharge loading.
The performance function used in the analysis is:

B
G=p-1 )

where P, is the ultimate footing load and P; is the footing applied load. As men-
tioned previously, only the soil cohesion and friction angle were considered as ran-
dom variables. All the other parameters were considered as deterministic. These
parameters are given in Table (1).
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In this example, the intermediate failure probability p, of a given level j (j =
1,2,...,m — 1) was arbitrary chosen equal to 0.2. A small number of samples per
level (N, = 10 samples) was used to facilitate the illustration.

Table 1: Data used for the probabilistic analysis of a strip footing against bearing
capacity failure

Mean and coefficient
Type of parameter of variation of the pa-
Parameter rameter
Breadth B Deterministic 2m
Surcharge loading g Deterministic 10kPa
Soil unit weight y Deterministic 20kN/m’
Service I\J/ertlcal load Deterministic 1000kN/m
S
. Random normal varia- u.=20kPa
Cohesion ¢ ble COV=03
Friction anele Random normal varia- Ky =30°
gee ble coV, =0.1

Table 2 presents (i) the values of ¢ and ¢ of each sample for the successive levels
(i) the corresponding values of the performance function and (iii) the values of the
failure thresholds C; for the different levels. Notice that only the first two levels and
the last level for which the failure threshold becomes negative were provided herein
for illustration. Table (2) indicates that the failure threshold decreases with the suc-
cessive levels until reaching a negative value at the last level. This means that the
samples generated by the subset simulation successfully progress towards the limit
state surface G = 0. In order to select the failure threshold of a given level, the cal-
culated values of the performance function of this level were arranged in an increas-
ing order as shown in Table (2). Then, the failure threshold was selected as the
[(Ns X pg) + 1]*" value of the arranged values of the performance function. Since
Ng =10 and p, = 0.2, the failure threshold is equal to the third value of the ar-
ranged values of the performance function. The SS computation continues until
reaching a negative value (or a value of zero) of the failure threshold. In this exam-
ple, the negative value was reached in the sixth level (where Cy = —0.0936) as
shown in Table (2). Theoretically, the last failure threshold should be equal to zero.
For this reason, Cg was set to zero. This means that the last conditional failure prob-
ability P(F4|Fs) is not equal to p,. In this case, the last conditional failure probabil-
ity P(Fg|Fs) is calculated as the ratio between the number of samples for which the
performance function is negative and the chosen number Ng of samples (i.e. 10).
According to Table (2), P(Fg|Fs) is equal to 3/10 = 0.3. Thus, the failure probabil-
ity of the footing under consideration is equal to 0.2° X 0.3 = 9.6 X 1075.
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Table 2: Results of SS algorithm when N;=10 and py=0.2

Level’s | Cohesion ¢ | Angle of internal Performance tlf ailure
. 2 . reshold
number j (kPa) friction ¢ (deg) function C
23.23 26.0 0.9256
31.00 39.1 1.1185
6.45 32.2 1.4875
25.17 29.9 1.5598
1 2191 32.1 2.0023 1.4875
12.15 29.4 2.6625
17.40 29.6 3.8598
22.06 34.5 4.9894
41.47 343 5.3910
36.62 343 9.1912
25.83 26.5 0.8587
27.29 26.2 0.9411
25.32 26.8 0.9740
23.98 254 1.0561
) 25.92 26.0 1.0842 0.9740
14.86 28.0 1.1505
14.14 28.8 1.1528
12.27 28.8 1.1747
13.14 29.4 1.1931
11.80 30.0 1.2361
15.17 22.9 -0.1604
14.88 23.0 -0.1003
14.88 23.0 -0.0936
14.56 22.5 0.0415
14.56 22.5 0.0718
6 15.84 22.5 0.0718 -0.0936
16.36 21.5 0.1156
14.53 20.7 0.1420
12.89 20.6 0.1476
15.43 20.3 0.1476
Py 9.6x10°

It should be emphasized that the failure probability calculated in Table (2) is not
accurate due to the small value of Ng. For an accurate computation of the failure
probability, Ng should be increased. This number should be greater than 100 to pro-
vide a small bias in the calculated Py value (see chapter 4 by Honjo in [Pho08]).
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In order to determine the optimal number of samples N, to be used per level, differ-
ent values of N; were considered to calculate Pr and its coefficient of variation
COVp ;- as shown in Table (3). The thresholds corresponding to each Ng value were
calculated and were shown in this table. Table (3) indicates (as was shown before
when N = 10) that for the different values of N, the failure threshold decreases
with the successive levels until reaching a negative value at the last level.

Table 3: Evolution of the failure threshold C; with the different levels j and with the
number of realizations Ny when p, = 0.2

C; for level Number of samples N; per level
j 10 100 200 1000 2000 2200 2400
¢, 1.4875 | 0.9397 | 1.0071 | 1.0638 | 1.0532 | 1.0466 | 1.0803
C, 0.9740 | 0.4157 | 0.3969 | 0.4916 | 0.4467 | 0.4466 | 0.4942
Cs 0.7391 | 0.1011 | 0.1016 | 0.1513 | 0.1434 | 0.1347 | 0.1549
Cy 0.4007 | -0.0491 | -0.0437 | -0.0307 | -0.0616 | -0.0536 | -0.0564
Cs 0.1573
Ce -0.0936

Pr(x 107°) | 0.096 2.80 2.72 2.20 2.80 2.60 2.63

CoVp (%) | 2214 | 579 | 42.1 187 | 133 12.8 12.4

Figure (2a) shows the effect of Ng on the failure probability. It indicates that for
small values of Nj, the failure probability largely changes with Ng. However, for
high values of Ny, the failure probability converges to an almost constant value.
Figure (2a) also indicates that 2200 samples per level are required to accurately
calculate the failure probability. This is because (i) the C; values corresponding to
Ng=2200 and 2400 samples are quasi similar as it may be seen from Table (3) and
(ii) the corresponding final Py values are too close (they are respectively equal to

2.60x107 and 2.63x107).

Figure (2b) shows the effect of N on the coefficient of variation of the failure prob-
ability COVp = As expected, COVp ; decreases with the increase of N;. Notice that

the values of COVp - for Ny =2200 and 2400 samples are equal to 12.8% and 12.4%
which indicates (as expected) that the COVp ; decreases with the increase in the

number of realizations.

It should be mentioned here that for p, = 0.2, four levels of subset simulation were
found necessary to reach the limit state surface G = 0 as may be seen from Table
(3). Therefore, when N;=2200 samples, a total number of N;=2200x4=8800 sam-
ples were required to calculate the final Py value. Remember that in this case, the
COV of Pr was equal to 12.8%. Notice that if the same value of COV (i.e. 12.8%) is
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desired by MCS to calculate Pr, the number of samples would be equal to 20000.
This means that, for the same accuracy, the SS approach reduces the number of
realizations by 56%. On the other hand, if one uses MCS with the same number of
samples (i.e. 8800 realizations), the value of COV of P; would be equal to 79.6%.
This means that for the same computational effort, the SS approach provides a
smaller value of C OV(Pf) than MCS.
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Figure 2: Pr and COVp ;- versus the number of realizations N;.

3. Polynomial Chaos Expansion (PCE) methodology

The basic idea of this method is to approximate a given system response by a poly-
nomial chaos expansion (PCE) of a suitable order. In other words, the PCE method-
ology replaces the computationally-expensive deterministic model by a meta-model.
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In order to achieve this purpose, all the uncertain parameters (which may have dif-
ferent PDFs) should be represented by a unique chosen PDF. Table (4) presents the
usual PDFs and their corresponding families of orthogonal polynomials.

Table 4: Usual probability density functions and their corresponding families of
orthogonal polynomials

Probability density functions Polynomials
Gaussian Hermite
Gamma Laguerre
Beta Jacobi
Uniform Legendre

Within the framework of the present methodology, the response of a system that
involves n random variables can be expressed by a PCE as follows:

P-1

FPCE=Zai'1/i(5) (6)

i=0

where y, (¢£) are multi-dimensional polynomials defined as the product of one-

dimensional polynomials ¢_, (51, Iy ...,fn) are independent random variables,
L

(ay,ay, ...,a,) are unknown coefficients to be evaluated and P is the size of the
PCE.

The size P of the PCE (which is equal to the number of the unknown PCE coeffi-
cients) depends on the number n of random variables and the order p of the PCE. It
is given as follows:
p= (n + p)/
n! p! (7

It should be mentioned here that in this chapter, the random variables are represent-
ed in the independent standard normal space. Thus, the suitable corresponding bases
are the multidimensional Hermite polynomials as may be seen from Table (4). The
expressions of the multi-dimensional Hermite polynomials are given as follows:

v, =114, ®)

where a=[ay, ....., a,/ is a sequence of n non-negative integers and ¢ (£ ) are one-

dimensional Hermite polynomials. More details on the one-dimensional Hermite
polynomials are given in Appendix 2.
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For the determination of the PCE unknown coefficients, a non-intrusive technique
(in which the deterministic model is treated as a black-box) is used (see [Ahm12]
among others). In this chapter, the regression approach is employed. In this ap-
proach, it is required to compute the system response at a set of collocation points in
order to perform a fit of the PCE using the obtained system response values.

As suggested by several authors (e.g. [Hua09]), the collocation points can be chosen
as the result of all possible combinations of the roots of the one-dimensional Her-
mite polynomial of order (p+1) for each random variable. For example, if a PCE of
order p=2 is used to approximate the response surface of a system with =2 random
variables, the roots of the one-dimensional Hermite Polynomial of order 3 are cho-
sen for each random variable. These roots are (-V3, 0, \3) for the first random varia-
ble and (—\/3, 0, \/3) for the second random variable. In this case, 9 collocation points
are available. These collocation points are (-V3, -V3), (-V3, 0), (-3, ¥3), (0, -\3), (0,
0), (0, V3), (V3, -¥3), (N3, 0), (N3, V/3). In the general case, for a PCE of order p and
for n random variables, the number N of the available collocation points can be
obtained using the following formula:

N=(p+1)" ©

Referring to Equations (7 and 9), one can observe that the number of the available
collocation points is higher than the number of the unknown coefficients. This leads
to a linear system of equations whose number N of equations is greater than the
number P of the unknown coefficients. The regression approach is used to solve this
system. This approach is based on a least square minimization between the exact
solution /" and the approximate solution I pcz which is based on the PCE. According-
ly, the unknown coefficients of the PCE can be computed using the following equa-
tion:

a=(¥Yy' ¥ r (10)

in which a is a vector containing the PCE coefficients, I" is a vector containing the
system response values as calculated by the deterministic model at the different
collocation points and ¥is a matrix of size NxP whose elements are the multivariate
Hermite polynomials. It is given as follows:

vo(&)  wi(&) wi(é) e Wp (§)

P=\v, (&)  w/(E) WI(E) Vi (&)
f f f i (11)
Vo (E) W (E) W (E) . vo (&)
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Notice that in order to calculate the system response corresponding to a given collo-
cation point, the standard normal random variables ¢; should be expressed in the
original physical space of random variables as follows:

w=hlee)] (12)

in which, x; is a physical random variable, F,; is the CDF of the physical random
variable and @ is the CDF of the standard normal random variable. Notice also that
if the original physical random variables are correlated, the standard normal random
variables should first be correlated using the following equation:

é:lc §1 (13)
2 &
=H.|’
_gnc _ _5" J

in which {glc e ’___’gm} is the vector of correlated standard normal random varia-
bles, {gl & ,m,gn} is the vector of uncorrelated standard normal random variables

and H is the Cholesky transformation of the correlation matrix of the physical ran-
dom variables.

Once the PCE coefficients are determined, MCS can be applied on the obtained PCE
(called meta-model) to compute the PDF of the system response. This is achieved by
(1) generating a large number of realizations of the vector (&;, &, ... &) of standard
normal random variables and (ii) calculating the system response corresponding to
each realization by substituting the vector (&, &, ... £,) in the meta-model.

3.1. Optimal number of collocation points

The number of the available collocation points significantly increases with the in-
crease in the number of random variables (cf. Eq. 9) and it may be very large with
respect to the number of the unknown PCE coefficients. This makes it necessary to
determine the optimal number of collocation points which is needed by the regres-
sion approach to solve the linear system of equations (Eq. 10). Sudret [Sud08] has
proposed to successively increase the information matrix 4 [where A=(% ¥)] until
it becomes invertible as follows: (a) the NV available collocation points are ordered in
a list according to increasing norm, (b) the information matrix A4 is constructed using
the first P collocation points of the ordered list, i.e. the P collocation points that are
the closest ones to the origin of the standard space of random variables and finally
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(c) this matrix is successively increased (by adding each time the next collocation
point from the ordered list) until it becomes invertible.

3.2. Accuracy of the obtained PCE

For a given PCE order, the accuracy of the approximation of the system response by
a PCE can be measured by the coefficient of determination. Two types of coeffi-
cients of determination exist in literature. These are the coefficient of determination
R’ and the leave-one-out coefficient of determination Q°.

Let us consider J realizations of the standard normal random vector & as follows:
{g(” - (g(’) g(’)) L E :(g(” oy EV) )}, and let us assume that the vector
IR e 1o Sy

n

= { r(g(’)), 1—(5”)} includes the corresponding values of the system response de-

termined by deterministic calculations. The coefficient of determination R’ is calcu-
lated as follows:

R’ =1=App (14)
where A, is given by:
) [r(6)-r ()] )
Brc = Var(l")
and
Var(T) =ﬁ }il[r(‘f([))_ﬂz (16)

Note here that J is the number of collocation points used to evaluate the unknown
coefficients of the PCE. The value R’ =/ indicates a perfect approximation of the
true system response I, whereas R’ =( indicates a nonlinear relationship between
the true model I" and the PCE model I'p¢;.

The coefficient of determination R’ may be a biased estimate since it does not take
into account the robustness of the meta-model (i.e. its capability of correctly predict-
ing the model response at any point which does not belong to the collocation points.
As a consequence, a more reliable and rigorous coefficient of determination, called
the leave-one-out coefficient of determination, was proposed in literature. This coef-
ficient of determination consists in sequentially removing a point from the J colloca-
tion points. Let Iz; be the meta-model that has been built from (J-1) collocation
points after removing the i observation from these collocation points and let

A'=T(E")-T,(£") be the predicted residual between the model evaluation at
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point &7 and its prediction at the same point based on I . The empirical error is thus
given as follows:

* _l 4 iN2
M= 20 (17)

The corresponding coefficient of determination is often denoted by Q° and is called
leave-one-out coefficient of determination. It is given as follows:

A

PCE

=D (18)

3.3. PCE-based Sobol indices

A Sobol index of a given input random variable is a measure by which the contribu-
tion of this input random variable to the variability of the system response can be
determined. Sobol indices are generally calculated by MCS methodology. This
method is very time-expensive especially when dealing with a large number of ran-
dom variables. [Sud08] proposed an efficient approach to calculate the Sobol indices
based on the coefficients of the PCE. This method is based on ranking the different
terms of the PCE and gathering them into groups where each group contains only
one random variable or a combination of random variables. For more details on the
computation of Sobol indices, the reader may refer to [Ahm12] among others.

4. Conclusion

This chapter first presented the subset simulation approach which is an efficient
alternative to MCS for the computation of a small failure probability. An example
application was provided. It aims at showing the practical implementation of the SS
approach. It was found that for a prescribed accuracy, the SS approach significantly
reduces the number of realizations as compared to Monte Carlo simulations meth-
odology (the reduction was found equal to 93.3% in the present chapter). In other
words, for the same computational effort, the SS approach provides a smaller value
of the coefficient of variation of Py than MCS. It should be mentioned that the
Matlab code used for the example application is provided in http://www.univ-
nantes.fr/soubra-ah for practical use.

In a second stage, the Polynomial Chaos Expansion methodology was presented. It
was shown that the PCE method replaces the computationally-expensive determinis-
tic model by a meta-model (i.e. a simple analytical equation). Once the PCE coeffi-
cients are determined, MCS can be applied on the obtained PCE to easily compute
the PDF of the system response with a quasi-negligible computation time.
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APPENDIX 1

Modified METROPOLIS-HASTINGS algorithm

The Metropolis—Hastings algorithm is a Markov chain Monte Carlo (MCMC) meth-
od. It is used to generate a sequence of new realizations from existing realizations
(that follow a target PDF called ‘P,’). Refer to Figure (1) and let s, € F; be a current
realization which follows a target PDF ‘P,’. Using a proposal PDF ‘P,’, a next real-
ization sy, € F; that follows the target PDF ‘P,’ can be simulated from the current
realization s, as follows:

a. A candidate realization § is generated using the proposal PDF (F,). The
candidate realization $ is centered at the current realization sj.

b. Using the deterministic model, evaluate the value of the performance func-
tion G(8) corresponding to the candidate realization 3. If G(5) < C; (i.e. §
is located in the failure region F}), set sp,4 = §; otherwise, reject § and set
Sk+1 = Sk (i.e. the current realization sy, is repeated).

c. If G(8) < (jin the preceding step, calculate the ratio r,=P;(8)/P; (s)) and
the ratio 7,=P, (5, |8) /P, (8sy), then compute the value r = ry7,.

d. Ifr =1 (i.e. § is distributed according to the P;), one continues to retain
the realization sy, ; obtained in step b; otherwise, reject § and set S = si
(i.e. the current realization sy, is repeated).

Notice that in step b, if the candidate realization § does not satisfy the condition
G(8) < C;, it is rejected and the current realization sy, is repeated. Also in step d, if
the candidate realization § does not satisfy the condition r > 1 (i.e. § is not distrib-
uted according to the P;), it is rejected and the current realization sj, is repeated. The
presence of several repeated realizations is not desired as it leads to high probability
that the chain of realizations remains in the current state. This means that there is
high probability that the next failure threshold Cj,; is equal to the current failure
threshold C;. This decreases the efficiency of the subset simulation approach. To
overcome this inconvenience, Santoso ef al. (2011) proposed to modify the classical
M-H algorithm as follows:

a. A candidate realization § is generated using the proposal (Pp). The candidate
realization § is centered at the current realization s;.

b. Calculate the ratio r;=P,(8)/P; (sy) and the ratio 1,=P,(sx|3)/P, (3|sk),
then compute the value r = ry7,.

c. If r > 1, set s, = §; otherwise, another candidate realization is generated.
Candidate realizations are generated randomly until the condition r > 1 is
satisfied.

d. Using the deterministic model, evaluate the value of the performance func-
tion G(Sy,) of the candidate realization that satisfies the condition r > 1.
If G(Sg+1) < Cj (i.e. Sg4q is located in the failure region F;), one continues
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to retain the realization s, obtained in step c; otherwise, reject § and set
Sk+1 = S (i.e. the current realization sy, is repeated).

These modifications reduce the repeated realizations and allow one to avoid the
computation of the system response of the rejected realizations. This becomes of
great importance when the time cost for the computation of the system response is
expensive (i.e. for the finite element or finite difference models).

APPENDIX 2

The one-dimensional Hermite polynomials of orders 0, 1, 2, 3, ..., p+1 are given by:
$(5) =1

$(&)=¢

$(5) =& 1

$(8)=¢" -3¢

9,.,(6) =S 8,(5)—pp, ,(S)

where € is a standard normal random variable.
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To model spatially variable geotechnical properties, we need to consider models more
complex than the simple random variables we have seen so far in this course. We now
need to allow every point in our ground model to become a random variable. In other
words, we need to represent the ground using random fields, where a random field
is defined to be an organized collection of ordinary random variables, one for each
point in the ground. In general, random fields are three-dimensional, and although the
fourth dimension of time can easily be added, at least conceptually, we will consider
only spatial variability in this chapter. The chapter starts by discussing how random
fields are characterized and how their basic statistical parameters are estimated. It
then reviews how known information (sample data) can be used to best estimate the
ground properties at a location which has not been sampled using Best Linear Un-
biased Estimation or Kriging. Finally, the methods of random simulation of ground
property random fields, so that probabilistic geotechnical questions can be answered,
are discussed in detail.

1 Basic Random Field Concepts

Let’s start by considering the simplest of random fields, that along a 1-D line in time
or space. This could, for example, be the variation of a CPT sounding with depth, or
it could be the ground acceleration at a particular location during an earthquake. We
will use the earthquake time variation to illustrate the basic concepts of random field
theory, but do keep in mind that these concepts are equally easily applied to space.

Consider the random field, or process, X (¢), which is made up of a sequence of ran-
dom variables, X (t), X (t + dt), ..., taking on an infinite number of possible values on
the real line.

Consider the following possible realization of X (¢).
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05

X(t)

t (sec)

The above figure could, for example, be the acceleration felt at a particular location in
the ground during an earthquake. Although the above might have been measured, and
S0 is a realization, we know that the accelerations felt at a neighboring location, or
during a future earthquake (and even in the next few seconds) might be quite different
than that recorded above. In general, we will not know the details of future ground
motions and so we must assume them to be uncertain. They are therefore amenable
to characterization by random fields, since the entire point of probability theory is to
rationally characterize our uncertainty.

Since random fields consist of a collection of random variables, they are completely
specified by the joint distribution between all of their component random variables.
Since a random field is made up of an infinite number of spatial points, each of which
has its own associated random variable, the complete specification of a random field
would be an infinite-dimensional joint probability distribution. How do we character-
ize such a process? To do so, we should consider

1. variability at a point: pick an instant in time, t*. At this point the process
has random value X (¢*) = X* which is governed by some probability density
function, fx-(x). If we picked another point in time, say ¢, then X (¢') = X'
would have another, possibly different PDF, fy/(x). That is, the PDF’s could
evolve with time (although this is complicated and hard to estimate in practice,
in general, unless the PDF’s are evolving merely by a simple trend in the mean
or standard deviation).

An example where the point, or marginal, distribution evolves with time is in
earthquake ground motion where usually the variance increases drastically dur-
ing the strong motion portion of the record.

2. spatial dependence: Consider again the two points in time, t* and ¢’. If X (¢*)
and X (') are independent for any time lag 7 = ¢ — t*, then the process
would be infinitely rough — points separated by vanishingly small lags could
have quite different values. This is not physically realistic for most natural phe-
nomena. Thus, X (¢*) and X (') generally have some sort of interdependence
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(that often decreases with separation distance). This interdependence results in
a smoothing of the random process. That is, for small 7, nearby states of X are
preferential — the random field is constrained by its neighbors. We characterize
the interdependence with the joint distribution fy« s (z*, z’). If we extend this
idea to the consideration of any three, or four, or five, ..., points then the com-
plete probabilistic description of a random process is the infinite-dimensional
probability density function fy, x,.. (21, 22,...).

Of course, such an infinite-dimensional distribution would be difficult to fully de-
scribe, or more precisely, would only be reasonably properly described if an infinite
number of realizations of the random field were available to use in estimating the pa-
rameters of the infinite-dimensional probability distribution. Usually, we have just one
realization of the ground at a site, from which we must develop a reasonable model
of our uncertainty regarding its spatial variability. From one realization, we cannot
estimate the parameters of a general infinite-dimensional probability distribution, so
we introduce a number of common simplifying assumptions to reduce the number of
unknown parameters;

1. Gaussian process: the joint PDF is a multivariate normally distributed random
process. The great advantage to the multivariate normal distribution is that the
complete distribution can be specified by just the mean vector and the covari-
ance matrix. The multivariate normal PDF has the form

1

1
fX1X2~~.,Xk(x1’x2’ T ’xk) - W |Q(|1/2

exp{—3(z—p)'C (= —p}
(1)

where p is the vector of mean values, one for each X, g is the covariance
matrix between the X’s, and |C/| is its determinant. Specifically, i = E [2( ] and

C=E[(X - (X —p)7] )

where the superscript 7" means the transpose. The covariance matrix, €, is a
k x k symmetric, positive definite, matrix. For a continuous random field, the
dimensions of 1 and C are still infinite, since the random field is composed of an
infinite number of X s, one for each point. However, we often quantify x4 and C'
using continuous functions of space. For example, in a one-dimensional random
field (or random process), the mean may vary linearly, i.e., ;(t) = a+bt, and the
covariance matrix can be expressed in terms of the standard deviations, which
may vary with ¢, and the correlation function, p, as in

C(t1,t2) = o(t1)o(t2)p(ts, t2) (3)

which specifies the covariance between X (¢1) and X (¢2). It the random field
is stationary, then p(¢) = p is constant, Again, such a PDF is difficult to use in
practice, not only mathematically, but also to estimate from real data.

2. stationarity or statistical homogeneity: the joint PDF is independent of spatial
position, that is it just depends on relative positions of the points, not on their

ALERT Doctoral School 2014



98 Random fields

position along the real line. This assumption implies that the mean, variance,
and higher order moments are constant in time (or space) and thus that the
marginal, or point, PDF is also constant in time (or space). So called weak
stationarity or second order stationarity just implies that the mean and variance
are constant in space.

3. isotropy: in two and higher dimensional random fields, isotropy implies that
the joint PDF is invariant under rotation. This condition implies statistical ho-
mogeneity. For our purposes, isotropy usually just means that the correlation
between two points only depends on the distance between the two points, not
on their orientation relative to one another.

Some comments need to be made about the above. First of all, a random field, X (¢)
having non-stationary mean and variance can be converted to a random field which is
stationary in the mean and variance by the following transformation;

X(t) — p(t)
o(t)

In fact, the random field X’ (¢) will now have zero mean and unit variance everywhere.
Similarly, a non-stationary random field can be produced from a stationary random
field. For example, if X () is a standard Gaussian random field (having zero mean
and unit variance) and

X'(t) = (4)

Y(t)=2+it+ LVix(t) (5)

then Y'(¢) is a non-stationary Gaussian random field with
E[Y(t)] =puy(t) =2+3t and Var[Y(t)] =07 (t) =it (6)
in which both the mean and variance increase with ¢.

Secondly, we can often produce a non-Gaussian random field simply by transforming
a Gaussian random field. For example, the random field Y (¢) defined by

Y(t) = eX® (7)

will have a lognormal distribution if X (¢) is a Gaussian process. A note of caution
here, however, is that the covariance structure of the resulting field is also non-linearly
transformed. For example, if X (1) has correlation coefficient 0.2 with X (2), the same
is no longer true of Y'(1) and Y (2). In fact, the correlation function of Y is now given
by

exp{o2px(T)} —
p{oXpx(r)} —1 ®)

pr(7) = exp{o2} —1

At this point, we can, in principle, describe a Gaussian random field and ask proba-
bilistic questions of it.

One useful result relating to a Gaussian random field is that if one or more points in the
field have been observed, the remainder of the field conditioned on those observations

ALERT Doctoral School 2014



Fenton 99

remains Gaussian. For example, suppose X (¢) is observed to be 3.2 and one wonders
what X (¢ + 1) is. If X(¢) and X (¢ + 1) are strongly correlated, then we would
expect X (¢ + 1) to be close to 3.2 in value. Alternatively, if X (¢) and X (¢ + 1) are
uncorrelated, then knowledge of X (¢) tells us nothing about X (¢ + 1). For simplicity,
let us denote our observed value of X (¢) by simply = (i.e. X(t) = x), and letY =
X (t + s) be some unobserved point. If X is a Gaussian process, then Y is normally
distributed with conditional mean and variance given by

fy | x = py + p(s)(@ — px)oy [ox (9a)
Oy|x =0y 1- pQ(S) (9b)

where p(s) is the correlation coefficient between X (t) and X (¢ 4 s). If the random
process is stationary, then p, = px and oy = ox and the above conditional mean
simplifies to i, | x = pix + p(8) (T — px).

1.1 The Variance Function

Virtually all engineering properties are actually properties of a local average of some
sort. For example, hydraulic conductivity is generally obtained using a laboratory
sample of some size, supplying a water pressure, and measuring the volume of water
which passes through the sample in some time interval. The paths that the water takes
to migrate through the sample are not considered individually, rather it is the sum of
these paths that are measured. This is a ‘local average’ over the laboratory sample.

Similarly, when the compressive strength of a material is determined, a load is applied
to a finite sized sample until failure occurs. Failure takes place when the shear/tensile
resistance of a large number of bonds are broken — the failure load is a function of the
average bond strength along the failure surface.

Thus, it is of considerable engineering interest to investigate how averages of random
fields behave. Consider a local average defined as

t+T/2
X0 =5 [ X (10)

which is a ‘moving’ local average. That is, X(t) is the local average of X (¢) under
a window of width 7" centered at ¢. As this window is moved along in time, the local
average X r(t) changes more slowly.

For example, consider the example of something floating on the ocean’s surface: if the
motion of a speck of sawdust on the surface of the ocean is tracked, it is seen to have
considerable variability in its elevation. In fact, it will have as much variability as the
waves themselves. Now, replace the sawdust with an ocean liner. The liner does not
bounce around with every wave, but rather it ‘averages’ out the wave motion over the
area of the liner. In other words, its vertical variability is drastically reduced.
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In the above example, it is also worth thinking about the spectral representation of
the ocean waves. The speck of sawdust sees all of the waves, big and small, whereas
the local averaging taking place over the ocean liner damps out the high frequency
components leaving just the long wavelength components (wavelengths of the order
of the size of the ship and longer). Thus, local averaging is a low-pass filter. If
the ocean waves on the day that the sawdust and ocean liner are being observed are
composed of just long wavelength swells, then the variability of the sawdust and liner
will be the same. Conversely, if the ocean surface is just choppy without any swells,
then the ocean liner may not move up and down at all. However, both the sawdust and
the ocean liner will have the same mean elevation in all cases.

So, the main effect of local averaging is to reduce the variance, and the amount of
variance reduction increases with increasing high-frequency content in the random
field. An increased high-frequency content corresponds to increasing independence in
the random field, so that another way of putting this is that variance reduction increases
when the random field consists of more ‘independence’.

Let us look in more detail at the moments of X (¢). Its mean is

1 T2
7 x©d

t—T/2

1 [t+T/2
E[X.(t)] =E - ?/ E[X(¢)] d¢ =E[X] (11)

t—T/2

for stationary X (¢). That is, local averaging preserves the mean of the random field
(the mean of an arithmetic average is just the mean of the process). Consider the
variance,

Var[X,(t)] = E[(X7(t) — pxp)?] (12)
where, since (ix, = [ix,
1 [t+T/2 t+1/2
Xoopr =g [ X @ =g [ K@ e (9

so that (due to stationarity, the bounds of the integral can be changed to any domain
of length T" without changing the expectation; we will use the domain [0, T'] for sim-

plicity),

1/[&@ nglAan—Wm4

/“t/ — ) (X (n) — pix)] dé dn

_/ / Cr(€ —m)dedy = %/OT/OTpx(ﬁ—n)dédn

where C () is the covariance function of X (), and p (7) is the correlation function
of X(t), such that Cx(7) = 0% px (7). In the final expression, v(7') is the so-called

Var [ X,(t)] =E

’ﬂ

(14)

q
><L\3
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variance function, which gives the amount that the variance is reduced when averaged
over the length 7. The variance function has value 1.0 when 7' = 0, which is to say
that X,(t) = X (¢) when T' = 0 and so the variance is not at all reduced. As T
increases, the variance function falls towards zero. It has the mathematical definition

T /T
W =gz [ pxe=maean (15)

If one considers this integral which is over the square region [0, 7] x [0,T] in (§,7)
space, one sees that px (£ —n) is constant along diagonal lines where £ —r) = constant.
The length of the main diagonal, where £ = 7, is /2T, and the other diagonal lines
decreasing linearly in length to zero in the corners. Thus, the double integral can
be collapsed to a single integral by integrating in a direction perpendicular to the
diagonals; each diagonal line has length \/2(T — |7|), width dr/+/2, and ‘height’
equal to px (£ — 1) = px (1) The integral reduces to

T T
AWT) = g5 [ VAT =ron() Fl = 7 [ (@ = Iehpc(ryar (10

Furthermore, since px (7) = px(—7), the integrand is even giving us

T
AT) = 75 [ (T =rpx(rar (1)

The variance function can be seen in Eq. (15) above to be an average of the correlation
coefficient between every pair of points on the interval [0, T']. If the correlation func-
tion falls off rapidly, so that the correlation between pairs of points becomes rapidly
smaller with separation distance, then v(7) will be small. On the other hand, if all
points on the interval [0, T'] are perfectly correlated, having p(7) = 1 for all 7, then
~(T') will be 1.0. Such a field displays no variance reduction under local averaging.
(In fact, in such a field all points have the same random value, X (t) = X, if the field
is stationary.)

The variance function is another ‘equivalent’ second-moment description of a random
field, since it can be obtained through knowledge of the correlation function, which
in turn can be obtained from the spectral density function. The inverse relationship
between (7T') and p(7) is obtained by differentiation;

o(r) = 5 g 3(7)] (18)

1.2 The Scale of Fluctuation

A convenient measure of the variability of a random field is the so-called scale of
Sfluctuation, 6. Loosely speaking 6 is the distance beyond which points are largely
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uncorrelated. Conversely, two points separated by a distance less than 6 will be signif-
icantly correlated. Mathematically, 6 can be defined as the area under the correlation
function;

9:/00 p(T)dT:2/OOOp(T)dT (19)

—0o0

This relationship implies that if 6 is to exist (ie. be finite) that p(7) must decrease
sufficiently quickly to zero as 7 increases. Not all valid correlation functions will
satisfy this criteria so that for such random processes, § = co. An example of a
process with infinite scale of fluctuation is a fractal or statistically self-similar process.

In addition, the scale of fluctuation is really only meaningful for strictly non-negative
correlation functions. Since —1 < p < 1, one could conceivably have an oscillatory
correlation function whose area is zero but which has significant correlations (positive
or negative) over significant distances. An example of such a correlation function
might be that governing wave heights in a body of water. We will not consider such
cases since most engineering materials have strictly non-negative correlation functions
(an exception possibly being laminates).

The scale of fluctuation can also be defined in terms of the spectral density function
(see next Section),

o [
Gw) = 27/0 p(7) cos(wT) dr (20)
so that 02 oo )
G(0) = %/0 p(r)dr =9 (21)
or
0= ﬂigo) (22)

which means that if the spectral density function is finite at the origin, then 6 will
exist.

Finally, the scale of fluctuation can also be defined in terms of the variance function
as a limit;
0= lim T~(T) (23)

T—00

In turn, this implies that if the scale of fluctuation is finite, that the variance function
has the following limiting form as the averaging region grows very large;
lim +(7) = 2 (24)
Tgnoo v o T
which in turn means that #/T can be used as an approximation for y(7') when T' >>
6. A more extensive approximation for (7'), useful when the precise correlation
structure of a random field is unknown, but for which @ is known (or estimated) is

0

~(T) =~ T 7] (25)
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which has the correct limiting form for 7' >> # and which has value 1.0 when 7" = 0,
as expected.

Several commonly used correlation functions are parameterized by the scale of fluc-
tuation, for example,

1. Markov correlation function:

p(T) = exp {—@} (26)

which has variance function

)= £ 20 o {201) ) -

and spectral density function

4020

Glw) = (4 + 02w?)

(28)

2. Gaussian type correlation function:

p(r) = exp {—w (%)} (29)

which has variance function

)= 2 [ Y [ )]

where erf(z) = 2®(y/2x) — 1 is the error function and ®(z) is the standard
normal cumulative distribution function.

3. Fractional Gaussian Noise: this is a form of a fractal process as defined by
Mandelbrot and Ness,

1
pUT) = gy |17+ 6121 = 2{rPH | — 621 |, (31a)

B |TJr 5|2H+2 _ 2|T|2H+2 + |T _ §|2H+2 _ 2§2H+2

V(1) T2(2H + 1)(2H + 2)62H ’

(31b)

defined for 0 < H < 1. The case H = 0.5 corresponds to white noise. Note
that this process actually has two parameters, H and J. The latter is a small
averaging region thrown in to damp out the infinite variance high frequency
contributions to the true fractal process — that is, it changes the infinite variance
fractal process into a finite variance ‘band-limited’ approximation to the fractal
process.
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4. Polynomial decaying correlation function:

93
P(T) = m (32)
which has variance function
0
Y(T) = 9T (33)

Finally, some comments about what affect the scale of fluctuation has on a random
field are in order. When the scale of fluctuation is small, the field tends to be somewhat
‘rough’. In the limit, for say a Markov correlation function, the field becomes a so-
called white noise when 8 — 0. Conversely, when the scale of fluctuation is large, the
field is smoother. In the limit, for say a Markov correlation function, the field becomes
completely uniform — different from realization to realization but each realization is
composed of a single random value.

The next figure shows two random field realizations, each of size 1 x 1. The field on
the left has a small scale of fluctuation (6 = 0.04) and can be seen to be quite rough.
The field on the right has a large scale of fluctuation (# = 2) and can be seen to be
more slowly varying.

1.3 The Spectral Density Function

We now turn our attention to an equivalent 2nd-order description of a stationary ran-
dom process, namely its spectral representation. We say ‘equivalent’ because the
spectral representation, in the form of a spectral density function, contains the same
information as the covariance function, just expressed in a different way. As we shall
see, the spectral density function can be obtained from the covariance function and
vice-versa. The two forms are merely transforms of one another.
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Priestley (1981) shows that if X (¢) is a stationary random process, with p(7) continu-
ous at 7 = 0, then it can be expressed as a sum of sinusoids with mutually independent
random amplitudes and phase angles,

N N
X(t)=px + Z C cos(wit + Pp) = px + Z (Ak cos(wgt) + By sin(wkt))
k=—N k=—N

(34)
where px is the process mean, C, is a random amplitude, and ®, is a random phase
angle. The equivalent form involving Ay and By, is obtained by setting A, = Cf, cos(Py)
and By, = —Cjsin(®y). If the random amplitudes Ay and By are normally dis-
tributed with zero means, then X (¢) will also be normally distributed with mean f .
For this to be true, Cx must be Raleigh distributed and ®; must be uniformly dis-
tributed on the interval [0,27]. Note that X (¢) will tend to a normal distribution
anyhow, by virtue of the central limit theorem, for wide-band processes, so we will
assume that X (¢) is normally distributed.

Consider the k' component of X (t), and ignore yx for the time being,
Xi(t) = Cf cos(wit + Py;) (35)
If C}, is independent of @y, then X (¢) has mean
E[Xk(t)} = E[C’k cos(wit + cI)k)] = E[C’k] E[Cos(wkt + (I)k)] =0 (36)

due to independence and the fact that for any ¢, E [cos(wkt + <I>k)] = 0 since Py, is
uniformly distributed on [0, 27]. The variance of X} (%) is thus

Var [ X (t)] = E[XZ(t)] = E[C}] E[cos*(wkt + ®4)] = 1E[C}] (37)
Note that E[cos?(wit + ®1)] = %, which again uses the fact that @y, is uniformly
distributed between 0 and 2.

Priestley also shows that the component sinusoids are independent of one another, that
is that X (¢) is independent of X;(¢), for all k£ # j. Using this property, we can put
the components back together to find the mean and variance of X (t),

N
E[X(0)] = nx + Y B[Xi(t)] = px (38a)
k=—N
N N
Var[X(t)] = Y Var[Xx(t)] = Y L1E[C?] (38b)
k=—N k=—N

In other words, the prescribed mean of X () is preserved by the spectral representation
and the variance of the sum is the sum of the variances of each component frequency,
since the component sinusoids are independent. The amount that each component
frequency contributes to the overall variance of X (¢) depends on the ‘power’ in the
sinusoid amplitude, %E [C’If] .
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Now define the two-sided spectral density function, S(w), such that
S(wk)Aw = Var[ X, (t)] = E[XZ(t)] = $E[CF] (39)

then the variance of X (¢) can be written as
N
Var[X(t)] = Y S(wr)Aw (40)
k=—N
In the limit as Aw — 0 and N — oo, we get
o0
Var[X(t)] = 0% = / S(w) dw (41)

which is to say, the variance of X (¢) is just the area under the two-sided spectral
density function.

S w)

Aw

S w)Aw =05E[ C7]

1l .,

T 1
—W, Wy

Figure 1. Two-sided spectral density function, S(w).
1.3.1 Wiener-Khinchine Relations
We can use the spectral representation to express the covariance function, C(7). As-
suming that px = 0 for the time being to simplify the algebra (this is not a restriction,

the end results are the same even if pyx # 0), we have

C(r) = Cov[X(0), X ()], (due to stationarity)
=E ZXk(O) ZX]‘(T)
k J
=2 D _E[Xk(0)X;(r)]
E g

= Z E[X5(0)X(1)] (due to independence) (42)
k
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Now, since X},(0) = C, cos(®y) and Xy (1) = C, cos(wi T + @) we get
ZE C?] E[cos(®x) cos(wyT + @)
= Z E[C}] E[${cos(wiT + 2®p) + cos(wiT)}]
= Z LE[C}] cos(wy)
k

= Z S(wp) cos(wyT)Aw (43)
k

which, in the limit as Aw — 0 gives

= /_OO S(w) cos(wT) dw (44)

Thus, the covariance function C(7) is the Fourier transform of the spectral density
function, S(w). The inverse transform can be applied to find S(w) in terms of C(7),

S(w) = % /_00 C(7) cos(wT) dr (45)

so that knowing either C'(7) or S(w) allows the other to be found (and hence these
are ‘equivalent’ in terms of information). Also, since C'(7) = C(—7), ie. that the
covariance between one point and another is the same regardless of which point you
consider first, and since cos(z) = cos(—x), we see that

S(w) = S(~w) (46)

In other words, the two-sided spectral density function is an even function (see Figure
1). The fact that S(w) is symmetric about w = 0 means that we need only know the
positive half in order to know the entire function. This motivates the introduction of
the one-sided spectral density function, G(w) defined as

Gw)=2Sw), w=>0 (47)

The factor of two is included to preserve the total variance when only positive fre-
quencies are considered. Now the Wiener-Khinchine relations become

/ G(w) cos(wT) dw (48a)
Gw) = / C(7) cos(wT) dr (48b)
= ;/0 C(7) cos(wT) dr (48¢)
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and the variance of X () is the area under G(w) (set 7 = 0in Eq. to see this),

o2 =C(0) = /000 G(w) dw (49)

G(w)

Aw

| / G(w,)Aw = E[ C?]

T W
Wy

Figure 2. One-sided spectral density function, G(w) = 25(w) cor-
responding to Figure 1.

Some commonly used spectral density functions are as follows;

1. White Noise: the SDF has equal power at all frequencies (hence analogy with

white light. The corresponding covariance structure is a delta function — all

points are uncorrelated, which is simple. Unfortunately, the variance of white

noise is infinite. In practice a finite variance band-limited form is usually used,

namely,

G(w) _ {Go for wimin < w < Wnaz (50)
0  otherwise

where G, is a constant refered to as the white noise intensity. The variance of
this process is G, X (Wmaz — Wmin)

. Fractal Noise: here the SDF varies inversely with frequency,

Go
Glw) =~ (51)
This is also called a statistically self-similar process. It is believed to character-
ize a large number of natural phenomenon, but also has infinite variance.

The spectral representation of a stationary Gaussian process is primarily used in situa-
tions where the frequency domain is an integral part of the problem being considered.
For example, earthquake ground motions are often represented using the spectral den-
sity function because the motions are largely sinusoidal with frequency content dic-
tated by resonance in the soil or rock through which the earthquake waves are travel-
ing. In addition, the response of structures to earthquake motion is often performed
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using Fourier response ‘modes’, each having its own resonance frequency. Thus, if a
structure has a 1 Hz primary response mode (single mass-and-spring oscillation), then
it is of interest to see what ‘power’ the input ground motion has at 1 Hz. This is given
by G(wg)Aw at wy, = 1 Hz.

In addition, the spectral representation provides a means to simulate a stationary
Gaussian process, namely to simulate independent realizations of C and ¥y, for
k = 0,1,..., N, and then recombine using the spectral representation. We shall
see more of this in the paper on Simulation.

2 References

Priestley, M.B. (1981). Spectral Analysis and Time Series, Vol. 1: Univariate Series,
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Best Linear Unbiased Estimation

Gordon A. Fenton

Dalhousie University, Canada

1 Introduction

We often want some way of best estimating ‘future’ events given past observations.
For example, suppose that we have observed X1, Xs, ..., X,, and we want to estimate
the optimal value for X,, 1 using this information. One possibility is to write our
estimate for X, ;1 as a linear combination of our observations;

X1 = ping1 + > Bre(Xk — pr) (1)
k=1

where the hat indicates that this is an estimate of X,, 1 and py is the mean of Xj.
Note that we need to know the means in order to form this estimate. Equation (1) is
refered to as the Best Linear Unbiased Estimator (BLUE) for reasons we shall soon
see.

The question now is what is the optimal vector of coefficients, 5?7 We can define
‘optimal’ to be that which produces the minimum expected error between our estimate

X 41 and the true (but unknown) X, 1. The estimator error, E, is given by

E= Xn+1 - Xn+1 = Xn+1 — Mn+1 — Zﬁk(Xk - Mk) (2)
k=1

To make this error as small as possible, its mean should be zero and its variance

minimal. The first criteria is automatically satisfied by the above formulation since

n

Xn+1 — Hnt1 — Zﬁk(Xk - Mk)
k=1

B[E] = E[Xn41 - Xup1| =E

n

= Hn+1 — Un+1 — Z BrE [Xk - ,Uk] =0 (3)
k=1
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We say that the estimator X n+1 18 unbiased because its mean is the same as that being
estimated, i.e., E |:Xn+1:| =E [Xn+1:| by virtue of the above result.

Now we want to minimize the error variance. Since the mean estimator error is zero,
its variance is just the expectation of the squared estimator error,

~ N 2 “ “
Var {X,LH - Xn+1} —E {(X%1 — Xn+1) ] - E[X,%H X1 Kt + X?m}
(4)

To simplify the following algebra, we will assume that y; = 0 fori =1,2,...,n+1.
The final result will be the same even if the means are non-zero, since variances and
covariances are mean centered. In this case, our estimator simplifies to

Xpi1= Zﬁka (5)
k=1
and the estimator error variance becomes
Var[E] = E[X21] = 2D BE[Xni Xi] + Y Y BuBE[XeX;]  (6)
k=1

k=1 j=1

To minimize this with respect to our unknown coefficients, 31, 52, . . ., B, we set the
derivative of the error to zero with respect to each unknown,

0
—Var|E| =0 ford=1,2,....,n 7
B ] )

which gives us n equations in n unknowns. Differentiating each term in Eq. (6) leads
to,

0 2 1.
8—&E[Xn+1] =0

a n
95, > BE[ X1 Xi] = E[Xp 1 X/]
k=1

a n n n
5 > BBE[XiX;] =2 BE[X Xy (8)
£ k=1 j=1 k=1
which gives us
a n
a5, ' [E] = —2E[X, 11 Xe] +2)  BE[X(X,] =0 (9)
k=1
This means that .
E(Xp1Xe] =) BE[Xo X4 (10)
k=1
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for¢{ =1,2,...,n. If we define the following matrix and vector components
Cgk = E[Xng] = COV[X@,Xk] (110,)
bg = E[Xan+1] = COV[X@,XR_H] (11b)

then Eq. (10) can be written as

by = Z CorBr (12)
k=1
or, in matrix notation
b=Cp (13)
which has solution
B=C""b (14)

There is some similarity between the above Best Linear Unbiased Estimate and regres-
sion analysis. The primary difference is that regression ignors correlations between
data points and considers only distance between data points (along with the value at
the data point, of course). BLUE replaces ‘distance’ with covariance, but requires
that both the mean and covariance are known ahead of time. We shall see in the next
Section that Kriging relieves us of having to know the mean ahead of time so that
‘distance’ in regression is replaced only by knowledge of the covariance.

Example 1:

Suppose that gravity measurements at a site suggests that the mean gold concentration
along a seam, in parts-per-million, shows a slow increase with the distance s, in
metres, along the seam, that is that

1(s) = 2000 4 300s (15)

Furthermore suppose that a statistical analysis of a similar site has given the following
covariance function which is assumed to also hold at the current site,

C(r) = o2 exp{%} (16)

where ox = 500 ppm and where T is the separation distance between points. We
want to estimate the gold concentration at s = 3 m, given the following observations
ats=1land s =2

ats=1: x1=2130 ppm
ats =2: x9=2320 ppm
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Solution:

We start by finding the components of the covariance matrix and vector;
X.. X —2/4

i): COV[ 1, 3] :0_3( (& (17)
COV[XQ,X;),] 671/4

o [ Cov[X1,X1] Cov[Xi, X,] ] _ [ 1 14

COV[XQ,Xl] COV[XQ,XQ] * 671/4 1
Substituting these into Eq. (13) gives

1 e—1/4 8 e—2/4
PR [ et ) S

Notice that the variance cancels out, which is typical when the variance is constant
with position. We now get

-1
Br | 1 e 1/4 e 2/4 - 0
93 B T [ Py S PR

Thus, the optimal linear estimate of X3 is

iy = pu(3) + e V4 (g — pu(2)) = 2900 + e~ 1/4(2320 — 2000 — 300(2))
= 2900 — 280e~/* = 2681 ppm(21)

Notice that, because of the Markovian nature of the covariance function used in this
example, the prediction of the ‘future’ depends only on the most recent ‘past’. The
prediction is independent of observations further in the ‘past’. This is typical of the
Markov correlation function in one-dimension (in higher dimensions, it is not quite so
simple).

2 Estimator Error

Once the best linear unbiased estimate has been determined, it is of interest to ask how
confident are we in this estimate? Can we assess the variability of our estimator? To
investigate this, let us again consider a zero mean process so that our estimator can be
simply written as

n
Xop1 =Y BeXe (22)
k=1
In this case, the variance is simply determined as
n
Z B Xk
k=1

Var [Xm-l} = Var = Var [51X1 + o Xo+ -+ ﬁan] (23)
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The variance of a sum is the sum of the variances only if the terms are independent.
In this case, the X’s are not independent, so the variance of a sum becomes the sum
of all possible covariances,

Var|[£oi1| = 0% = 33 BB Cov[ X, X] = 7CB (24)

k=1 j=1
where T means transpose.

However, the above estimator variance is often of limited interest. We are typically
more interested in asking questions such as: What is the probability that the true value
of X,, 41 exceeds our estimate, Xn+1, by a certain amount. For example, we may
want to compute

P [Xn-‘rl > Xn—i—l + bi| = P[Xn—i-l - Xn—i—l > bi| (25)

where b is some constant. Evidently, this would involve finding the distribution of
the estimator error £ = (X,,41 — X,,4+1). The variance of the estimator error can be
found from Eq. (6) as follows,

=E[X? ] *2ZBI€E X1 Xx] +ZZﬂkﬂJ [XkX;]

k=1 j=1
=0y + @ng - 2§T@ (rearranging terms)
=% +0%—28'b (26)

So we see that the variance of the estimator error (often refered to directly as the
estimator error) is the sum of the variance in X and the variance in X less a term
which depends on the degree of correlation between X and the observations. As
the correlation between the observations and the point being estimated increases, it
becomes less and less likely that the true value of X, will stray very far from its
estimate. So for high correlations between the observations and the estimated point,
the estimator error becomes small. This can be seen more clearly if we simplify the
estimator error equation. To do this, we note that 5 has been determined such that
€' = b, or, putting it another way, C'f — b = 0 (where 0 is a vector of zeroes). Now
we write

op =% +51CB—25"0
=ox+p'CR-pB"b—p"b
=0 +87(CB-b) - 87D
=o%— 3" (27)

which is a much simpler way of computing 02 and more clearly demonstrates the
variance reduction due to correlation with observations.
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The estimator Xn+1 is also the conditional mean of X, ; given the observations.
That is .
E[Xn+1 |X17X27"'7Xn:| = Xn+1 (28)

2

The conditional variance of X, is 0%,

Var[ X1 | X1, Xo, ..., Xy] = oF (29)

E

Generally questions regarding the probability that the true X, 4 lies in some region
should employ the conditional mean and variance of X, 1, since this would then
make use of all of the information at hand.

Example 2:

Consider again Example 1. What is the variance of the estimator and the estimator
error? Estimate the probability that X3 exceeds X3 by more than 400 ppm.

Solution:
We had
1 —1/4 1 —-1/4

=02 ‘ = (500)° ‘ (30)

~ 6_1/4 1 6_1/4 1
and

0
g_ { e—1/4 } (31)

so that

o> :Var{f(g} - (500)2{ 0 o1/t } [ ! 61/4] { 0 } = (500)2 ¢~/

e~ 1/4 1

which gives o i = 500e~1/* = 389.4 ppm.

For the covariance vector found in Example 1,

—2/4
b=02{ (33)

the estimator error is computed as
0% = Var | Xy - Xa| = 0% + 87Cp - 2570

o—2/4
=0’ + U?z —202{0 e 1/4} v
e

= (500)? (1 b4 26—2/4)

— (500)? (1 - e—2/4) (34)
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The standard deviation of the estimator error is thus o, = 500V/1 — e=2/4 = 313.6
ppm. Note that this is less than the variability of the estimator itself and significantly
less than the variability of X, due to the restraining effect of correlation between
points.

To compute the required probability, we need to assume a distribution for the random
variable (X3 — X 3). Let us suppose that X is normally distributed. Since the estimate
X is simply a sum of X'’s, it too must be normally distributed, which in turn implies
that the quantity (X3 — X 3) is normally distributed. We need only specify its mean
and standard deviation, then, to fully describe its distribution.

We saw above that since X 3 is an unbiased estimate of X3 that

E[Xg - Xg} =0 (35)
so that py = 0. We have just computed the standard deviation of (X3 — Xg) as
or = 313.6 ppm. Thus,

400 -0
313.6

PlX;— X3 > 400} =P [Z > ] =1— ®(1.28) = 0.1003 (36)

3 Geostatistics: Kriging

Kriging is basically best linear unbiased estimation with the added ability to estimate
certain aspects of the mean trend. We will re-introduce the topic from the point of view
of geostatistics (or kriging) in this section, recognizing that some concepts will be
repeated. The application will be to a settlement problem in geotechnical engineering.

The purpose of Kriging is to provide a best estimate of a random field between known
data. The basic idea is to estimate X (z) at any point using a weighted linear combi-
nation of the values of X at each observation point. Suppose that X3, Xo, ..., X, are
observations of the random field, X (), at the points &1, Z, . . ., Z,,. Then the kriged
estimated of X (z) at z is given by

X(z) = Zﬂixi (37)

where the n unknown weights (; are to be determined to find the best estimate at
the point z. It seems reasonable that if the point z is particularly close to one of
the observations, say Xy, then the weight, (B, associated with X would be high.
However, if X (z) and X}, are in different (independent) soil layers, for example, then
perhaps 3, should be small. Rather than using distance to determine the weights in
Eq. (37), it is better to use covariance (or correlation) between the two points since
this reflects not only distance but also the effects of differing geologic units, etc.
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If the mean can be expressed as in a regression analysis,

M
px(z) = Zakgk@) (38)
k=1

then the unknown weights can be obtained from the matrix equation
Kp=M (39)

where K and }/ depend on the covariance structure,

[ Ci1 Ci2 S Cin  91(zy) g2(zy) - - - gu(
Ca Caa S Con  g1(ms) g2(z2) - - - gum(
K = Cnl Cn2 ! ! ! C’ﬂn g9 (gn) g2(m1',n) gM(;T,n)
N gi(z)  gi(z2) gi(z,) 0 0 0
92(z1)  g2(z) 92(z,) 0 0 0
L gm(z1)  gm(z2) gu(z,) 0 0 R 0
(40)
in which Cj; is the covariance between X; and X; and
61 Clx
B2 Cox
h —m 91(z)
N2 92(z)
—NM gn(z)

The quantities 7); are a set of Lagrangian parameters used to solve the variance min-
imization problem subject to non-bias conditions. Beyond allowing for a solution to
the above system of equations, they will be ignored in this simple treatment. The
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covariance C;, appearing in the RHS vector M is the covariance between the i*"
observation point and the point z at which the best estimate is to be calculated.

Note that the matrix K is purely a function of the observation point locations and their
covariances — thus it can be inverted once and then Eqgs. (39) and (37) used repeatedly
at different spatial points to build up the field of best estimates (for each spatial point,
the RHS vector ) changes, as does the vector of weights, @).

The Kriging method depends upon two things; 1) knowledge of how the mean varies
functionally with position, i.e. g1, g2, . . . need to be specified, and 2) knowledge of the
covariance structure of the field. Usually, assuming a mean which is either constant
(M =1, g1(z) =1, a1 = px) or linearly varying is sufficient. The correct order can
be determined by

1. plotting the results and visually checking the mean trend, or by
2. performing a regression analysis, or by

3. performing a more complex structural analysis — see Mining Geostatistics by
Journel and Huijbregts (Academic Press, 1978) for details on this approach.

The covariance structure can be estimated by the methods discussed in the next chap-
ter, if sufficient data is available, and used directly in Eq. (39) to define K and M
(with, perhaps some interpolation for covariances not directly estimated). In the ab-
sence of sufficient data, a simple functional form for the covariance function is often
assumed. A typical model is the Markovian one in which the covariance decays expo-
nentially with separation distance 7;; = |z — Z5|;

[l

2|75
- o {221} o
As mentioned previously, the parameter 6 is called the scale of fluctuation. Such a
model now requires only the estimation of two parameters, o x and €, but assumes that
the field is isotropic and statistically homogeneous. Non-isotropic models are readily
available and often appropriate for soils which display layering.

3.1 Estimator Error

Associated with any estimate of a random process derived from a finite number of
observations is an estimator error. This error can be used to assess the accuracy of the
estimate. Defining the error as the difference between the estimate, X (z), and its true
(but unknown and random) value, X (g) the estimator mean and corresponding error
variance are given by

pis(z) = E[X(g)} =E[X(2)] = px(2)
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where 5 and M, are the first n elements of 5 and }/ defined in the previous section,

and K ;Xn is the n x n upper left submatrix of K containing the covariances, also

defined in the previous section. Note that X (z) can also be viewed as the conditional
mean of X (z) at the point z. The conditional variance at the point z would then be

o2.

3.2 Example: Foundation Consolidation Settlement

Consider the estimation of consolidation settlement under a footing at a certain loca-
tion given that soil samples/tests have been obtained at 4 neighboring locations. Fig. 1
shows a plan view of the footing and sample locations.

- o o
O Observation Point
O Footing
35m
50 m
|
15m
4 4 1

f ZOm%F 30m —>

‘ 50m

Figure 1. Consolidation settlement plan view with sample points.

The samples and local stratigraphy are used to estimate the soil parameters C, €., H,
and p, appearing in the consolidation settlement equation

Ce Do + Ap

eO o

at each of the sample locations. Each of these 4 parameters are then treated as spatially
varying and random between observation points. It is assumed that the estimation error
in obtaining the parameters from the samples is negligible compared to field variabil-
ity, and so this source of uncertainty will be ignored. The model error parameter, IV, is
assumed an ordinary random variable (not a random field) with mean 1.0 and standard
deviation 0.1. The increase in pressure at mid-depth of the clay layer, Ap depends on
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the load applied to the footing. We will assume that E [Ap] = 0.5 ksf with standard
deviation 0.1.

The task now is to estimate the mean and standard deviation of C., e,,, H, and p,, at the
footing location using the neighboring observations. Table 1 lists the soil settlement
properties obtained at each of the 4 sample points.

In Table 1, we have assumed that all 4 random fields are stationary, with spatially
constant mean and variance, the limited data not clearly indicating otherwise. In order
to obtain a Kriging estimate at the footing location, we need to establish a covariance
structure for the field. Obviously 4 sample points is far too few to yield even a rough
approximation of the covariance between samples, especially in two dimensions. Let
us assume that experience with similar sites and similar materials leads us to estimate
a scale of fluctuation of about 60 m using an exponentially decaying correlation func-
tion. That is, we assume that the correlation structure is reasonably well approximated
by

2
plans) = o { - iz~ 1| (45)

Table 1 Derived soil sample settlement properties.

Sample C. €o H Do

Point (inches) (ksf)
1 0.473 1.42 165 3.90
2 0.328 1.08 159 3.78
3 0.489 1.02 179 3.46
4 0.295 1.24 169 3.74
i 0.396 1.19 168 3.72
o? 0.009801 0.03204 70.56 0.03460

In so doing, we are assuming that the clay layer is horizontally isotropic, also a reason-
able assumption. This yields the following correlation matrix between sample points;

1.000 0.189 0.095 0.189
0.189 1.000 0.189 0.095
p= (46)
~ 10095 0189 1.000 0.189
0.189 0.095 0.189 1.000

Furthermore, it is reasonable to assume that the same scale of fluctuation applies to all
4 soil properties. Thus, the covariance matrix associated with the property C. between
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sample points is just agmp = 0.009801¢. Similarly, the covariance matrix associated
with e, is its variance (O'go = 0.03204) times the correlation matrix, etc.

In the following, we will obtain Kriging estimates from each of the 4 random fields
(Ce(2), eo(x) independently. Note that this does not imply that the estimates will
be independent, since if the sample properties are themselves correlated, which they
most likely are, then the estimates will also be correlated. It is believed that this is a
reasonably good approximation given the level of available data. If more complicated
cross-correlation structures are known to exist, and have been estimated, the method
of co-Kriging can be applied — this essentially amounts to the use of a much larger
covariance (Kriging) matrix and the consideration of all four fields simultaneously.
Co-Kriging also has the advantage of also ensuring that the error variance is properly
minimized. However, co-Kriging is not implemented here, since the separate Kriging
preserves reasonably well any existing point-wise cross-correlation between the fields
and since little is generally known about the actual cross-correlation structure.

The Kriging matrix associated with the clay layer thickness H is then

[ 7056 13.33 6.682 13.33 1 |
13.33 70.56 13.33 6.682 1
K,=6.68 1333 7056 13.33 1 (47)
13.33 6.682 13.33 70.56 1
1 1 1 1 0]

where, since we assumed stationarity, M = 1 and ¢1(z) = 1 in Eq. (38). Placing the
coordinate axis origin at sample location 4 gives the footing coordinates z = (20, 15).
Thus, the right hand side vector M is

o2 p(zy,2) (70.56)(0.2609) 18.41
o2 p(zy, ) (70.56)(0.2151) 15.18
My, =13 o2p(zs,z) ¢ =4 (70.56)(0.3269) ¢ =14 23.07 (48)
o2 p(zy, 2) (70.56)(0.4346) 30.67
1 1 1

Solving the matrix equation K, ,BH = M ,, gives the following four weights (ignoring
the Lagrange parameter);

0.192
0.150
0.265
0.393

in which we can see that the samples which are closest to the footing are most heavily
weighted (more specifically, the samples which are most highly correlated with the
footing location are the most heavily weighted), as would be expected.

(49)
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Since the underlying correlation matrix is identical for all 4 soil properties, the weights
will be identical for all 4 properties, thus the best estimates at the footing are

C. = (0.192)(0.473) + (0.150)(0.328) + (0.265)(0.489) + (0.393)(0.295) = 0.386
éo = (0.192)(1.42) + (0.150)(1.08) + (0.265)(1.02) + (0.393)(1.24) = 1.19
H = (0.192)(165) + (0.150)(159) + (0.265)(179) + (0.393)(169) = 169
Po = (0.192)(3.90) + (0.150)(3.78) + (0.265)(3.46) + (0.393)(3.74) = 3.70
The estimation errors are given by the equation
0% = 0%+ B (Kpnf, —2M,) (50)

Since the n x n submatrix of K is just the correlation matrix times the appropriate
variance, and similarly }/,, is the correlation vector (between samples and footing)
times the appropriate variance, the error can be rewritten

o =02 (1 + B0 (pB, — 2&)) (51)

where p_ is the vector of correlation coefficients between the samples and the footing
(see the “calculation of M ,, above). For the Kriging weights and given correlation
structure, this yields

02 = 02(0.719) (52)
which gives the following individual estimation errors;
oZ = (0.009801)(0.719) = 0.00705 — oc, = 0.0839
o2 = (0.03204)(0.719) = 0.0230 - o., = 0.152
0% = (70.56)(0.719) = 50.7 — oy = 7.12
o2 = (0.03460)(0.719) = 0.0249 — 0,, = 0.158

In summary, then, the variables entering the consolidation settlement formula have the
following statistics based on the preceding Kriged estimates;

Variable Mean SD (0%
N 1.0 0.1 0.1
C. 0.386 0.0839  0.217
€o 1.19 0.152 0.128
H 169 7.12 0.042
Do 3.70 ksf 0.158 0.043
Ap 0.50 ksf 0.100 0.20

where CV stands for the coefficient of variation.
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A first-order approximation to the settlement, via Eq. (44), is thus

0.386 3.7+ 0.5
e (o>(1+1’19)<69> g( = ) 6 (53)

To estimate the settlement coefficient of variation, a first order approximation yields,

m aS Lix. 2 m
Vz_z j V2 — 212
ovs = (an i ) cvj _?::1 S5;CV; (54)

j=1 I

where the subscript © on the derivative implies that it is evaluated at the mean of
all random variables and C'V; is the coefficient of variation of the j th variable — the
variable X is replaced by each of IV, C., etc., in turn. Evaluation of the derivatives
at the mean leads to the following table;

X, ok, OV, 8 SICV?
N 10 0100 10 00l

C. 038 0217 10  0.0471

e, 119 0128 054 00048

H 169 0042 10 00018

Po 370 0043  -094  0.0016

Ap 050 0200 094  0.0353

so that

m
CVZ =) S2CV} =0.10057 (55)
j=1
giving a coefficient of variation for the settlement at the footing of 0.317. This is
roughly a 10% decrease from the result obtain without the benefit of any neighbor-
ing observations. Although this does not seem significant in light of the increased
complexity of the above calculations, it needs to be remembered that the contribu-
tion to overall uncertainty coming from N and Ap amounts to over 40%. Thus, the
coefficient of variation, C'V, will decrease towards it’s minimum (barring improved
information about IV and/or Ap) of 0.212 as more observations are used and/or ob-
servations are taken closer to the footing. For example, if a fifth sample were taken
midway between the other 4 samples (at the center of Fig. 8.1), then the variance of
each estimator decreases by a factor of 0.46 from the point variance (rather than the
factor of 0.719 found above) and the settlement CV becomes 0.285. Note that the
reduction in variance can be found prior to actually performing the sampling since the
estimator variance depends only on the covariance structure and the assumed func-
tional form for the mean. Thus, the Kriging technique can also be used to plan an
optimal sampling scheme — sample points are selected so as to minimize the estimator
error.
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Once the random field model has been defined for a site, there are ways of analyti-
cally obtaining probabilities associated with design criteria, such as the probability of
failure. For example, by assuming a normal or lognormal distribution for the foot-
ing settlement in the previous section, one can easily estimate the probability that the
footing will exceed a certain settlement given it’s mean and standard deviation. As-
suming the footing settlement to be normally distributed with mean 1.64 inches and
a CV of 0.317 (standard deviation = (0.317)(1.64) = 0.52) then the probability that
the settlement will exceed 2.5 inches is

25—-1.64

P[S > 2.5] :1—«1:( 5

) —=1—&(1.65) = 0.05 (56)
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Simulation

Gordon A. Fenton

Dalhousie University, Canada

1 Introduction

Stochastic problems are often very complicated, requiring overly simplistic assump-
tions in order to obtain closed-form (or exact) solutions. This is particularly true of
many geotechnical problems where we don’t even have exact analytical solutions to
the deterministic problem. For example, general seepage problems, settlement under
rigid footings, bearing capacity, and pile capacity problems all lack exact analytical
solutions and discussion is ongoing about the various approximations which have been
developed over the years. Needless to say, when spatial randomness is added to the
problem, even the approximate solutions are often unwieldy, if they can be found at
all. For example, one of the simpler problems in geotechnical engineering is that of
‘D’Arcy Law’ seepage through a clay barrier. If the barrier has a large area, rela-
tive to its thickness, and flow is through the thickness, then a 1-D seepage model is
appropriate. In this case, a closed-form analytical solution to the seepage problem
is available. However, if the clay barrier has spatially variable hydraulic conductiv-
ity, then the 1-D model is no longer appropriate (flow lines avoid low conductivity
regions) and even the deterministic problem no longer has a simple closed form so-
lution. Problems of this type, and most other geotechnical problems, are best tackled
through simulation. Simulation is the process of producing reasonable replications
of the real world in order to study the probabilistic nature of the response to the real
world. In particular, simulations allow the investigation of more realistic geotechni-
cal problems, potentially yielding entire probability distributions related to the output
quantities of interest. A simulation basically proceeds by the following steps;

1. by taking as many observations from the ‘real world’ as are feasible, the stochas-
tic nature of the ‘real world’ problem can be estimated. From the raw data,
histogram(s), statistical estimators, and goodness-of-fit tests, a distribution with
which to model the problem is decided upon. Pertinent parameters, such as the
mean, variance, scale of fluctuation, occurrence rate, etc., may be of interest in
characterizing the randomness (see Chapter 5),
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2. arandom variable or field, following the distribution decided upon in the previ-
ous step, is defined,

3. a realization of the random variable/field is generated using a pseudo-random
number generator or a random field generator,

4. the response of the system to the random input generated in the previous step is
evaluated,

5. the above algorithm is repeated from step (3) for as many times as are feasi-
ble, recording the responses and/or counting the number of occurrences of a
particular response observed along the way.

This process is called Monte Carlo simulation, after the famed randomness of the
gambling houses of Monte Carlo. The probability of any particular system response
can now be estimated by dividing the number of occurrences of that particular sys-
tem response by the total number of simulations. In fact, if all of the responses are
retained in numerical form, then a histogram of the responses forms an estimate of
the probability distribution of the system response. Thus, Monte Carlo simulations
are a powerful means of obtaining probability distribution estimates for very complex
problems. Only the response of the system to a known, deterministic, input needs to
be computed at each step during the simulation. In addition, the above methodology
is easily extended to multiple independent random variables or fields — in this case the
distribution of each random variable or field needs to be determined in step (1) and a
realization for each generated in step (3). If the multiple random variables or fields are
not independent, then the process is slightly more complicated and will be considered
in the context of random fields in the second part of this chapter.

Monte Carlo simulations essentially replicate the experimental process, and are rep-
resentative of the experimental results. The accuracy of the representation depends
entirely on how accurately the fitted distribution matches the experimental process
(e.g., how well the distribution matches the random field of soil properties). The out-
comes of the simulations can be treated statistically, just as any set of observations can
be treated. As with any statistic, the accuracy of the method generally increases as the
number of simulations increases.

In theory, simulation methods can be applied to large and complex systems and often
the rigid idealizations and/or simplifications necessary for analytical solutions can be
removed, resulting in more realistic models. However, in practice, Monte Carlo simu-
lations may be limited by constraints of economy and computer capability. Moreover,
solutions obtained from simulations may not be amenable to generalization or extrap-
olation. Therefore, as a general rule, Monte Carlo methods should be used only as
a last resort: that is, when and if analytical solution methods are not available or are
ineffective (eg. because of gross idealizations). Monte Carlo solutions are also often
a means of verifying or validating approximate analytical solution methods.

One of the main tasks in Monte Carlo simulation is the generation of random numbers
having a prescribed probability distribution. Uniformly distributed random number
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generation will be studied in Section 2. Some techniques for generating random vari-
ates from other distributions will be seen in Section 3. Finally, techniques of generat-
ing random fields are considered starting in Section 4.

2 Random Number Generators

2.1 Common Generators

Recall that the U (0, 1) distribution is a continuous uniform distribution on the interval
from zero to one. Any one number in the range is just as likely to turn up as any
other number in the range. For this reason, the continuous uniform distribution is the
simplest of all continuous distributions. While techniques exist to generate random
variates from other distributions, they all employ U (0, 1) random variates. Thus, if a
good uniform random number generator can be devised, its output can also be used to
generate random numbers from other distributions (eg. exponential, Poisson, normal,
...), which can be accomplished by an appropriate transformation of the uniformly
distributed random numbers.

Most of the best and most commonly used uniform random number generators are so-
called arithmetic generators. These employ sequential methods where each number
is determined by one or several of its predecessors according to a fixed mathematical
formula. If carefully designed, such generators can produce numbers that appear to
be independent random variates from the U (0, 1) distribution, in that they pass a series
of statistical tests (to be discussed shortly). In the sense that sequential numbers are
not truly random, being derived from previous numbers in some deterministic fashion,
these generators are often called pseudorandom number generators.

A “good” arithmetic uniform random number generator should possess several prop-
erties:

1. the numbers generated should appear to be independent and uniformly dis-
tributed,

2. the code should be fast and not require large amounts of storage
3. have the ability to reproduce a given stream of random numbers exactly
4. should have a very long period.

The ability to reproduce a given stream of random numbers is sometimes useful when
attempting to compare the responses of two different systems (or designs) to random
input. If the input is not the same to the two systems, then their responses will be
naturally different, and it is more difficult to determine how the systems actually differ.
Being able to ‘feed’ the two systems the same stream of random numbers allows the
system differences to be directly studied.
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The most popular arithmetic generators are linear congruential generators (LCGs)
first introduced by Lehmer (1951). In this method, a sequence of integers 21, Za, ...
are defined by the recursive formula

Z; = (aZ;—1 + ¢)(mod m) (1)

where m is the modulus, a is a multiplier, c is an increment, and all three parameters
are positive integers. The sequence starts by computing Z; using Zy, where Zj is
a positive integer seed or starting value. Effectively, Eq. 1 sets Z; to the remainder
when aZ;_, + c is divided by m. Since the resulting Z; must lie from 0 to m — 1,
we can obtain a [0, 1) uniformly distributed U; by setting U; = Z;/m — the [0, 1)
notation means that U; can be 0, but cannot be 1. The largest value that U; can take
is (m — 1)/m, which can be quite close to 1 if m is large. Also, because Z; can only
take on m different possible values, U; can only take on m possible values between 0
and 1. Namely, U; can have values 0,1/m,2/m, ..., (m — 1)/m. In order for U; to
appear continously uniformly distributed on [0, 1), then, m should be selected to be a
large number. In addition a, ¢, and Z, should all be less than m.

One sees immediately from Eq. 1 that the sequence of Z; are completely dependent;
Z is obtained from Z;, Z5 is obtained from Z¢, and so on. For fixed values of a, c,
and m, the same sequence of Z; values will always be produced for the same starting
seed, Zy. Thus, Eq. 1 can reproduce a given stream of pseudorandom numbers exactly,
so long as the starting seed is known. But will the derived U; appear independent
and uniformly distributed? It turns out that if a, ¢, and m are correctly selected, the
sequence of U; will appear to be largely independent and uniformly distributed.

One may also notice that if Zy = 3 produces Z; = 746, then whenever Z;_1 = 3,
the next generated value will be Z; = 746. This property results in a very undesirable
phenomenon called periodicity that quite a number of rather common random number
generators suffer from. Suppose that you were unlucky enough to pick a starting seed,
say Zp = 83 on one of these poor random number generators that just happened to
yield remainder 83 when 83a + cis divided by m. Then Z; = 83. In fact, the resulting
sequence of ‘random’ numbers will be {83, 83,83, 83, ...}. We say that this particular
stream of random variates has periodicity equal to one.

Why is periodicity to be avoided? To answer this question, let us suppose you are
estimating the average of a system’s response by simulation. The simulated random
input Uy, Us, ..., U, results in responses X1, Xo,..., X,,. You may then compute
the average response as

1 &
X:E§Xi (2)

and statistical theory tell you that the standard error on this estimate (+ one standard
deviation) is

NG (3)
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where

= S - X )

The standard error (Eq. 3) reduces towards zero as n increases, so long as the X;’s are
independent. Now, suppose that we set n = 1,000, 000 and pick a starting seed Zp =
261. Suppose further that this particular seed results in Z;, i = 1,2,...105, being
the sequence {94, 4832, 325, 94,4832, 325, ...} with periodicity 3. Then, instead of
1,000, 000 independent input values, as assumed, we actually only have 3 independent
values, each repeated 333,333 times. Not only have we wasted a lot of computer time,
but our estimate of the average system response might be very much in error — we
assume that its standard error is s/\/ﬁ = 0.001s, whereas it is actually s/\/§ =0.6s
— 600 times less accurate than we had thought!

Example 1:

What are the first three random numbers produced by the linear congruental generator
Z; = (25Z;—1 + 55)(mod 96) (5)

for starting seed Zy = 21.
Solution:

Since the modulus is 96, the interval [0,1) will be subdivided only into at most 96
possible ‘random’ values. Normally, the modulus is taken to be much larger to give a
fairly fine resolution on the unit interval. However, with Zy = 21 we get

Zy = (25(21) + 55)(mod 96)
= 580(mod96)

Zy = (25(4) + 55)(mod 96)
= 155(mod96)
=959

Zy = (25(59) + 55)(mod 96)
= 1530(mod96)
=90

so that Uy = 4/96 = 0.042, Uz = 59/96 = 0.615, and Us = 90/96 = 0.938.

The maximum periodicity an LCG such as Eq. 1 can have is m, and this will occur
only if a, ¢, and m are selected very carefully. We say that a generator has full period
if its period is m. A generator which is full period will produce exactly one of each
possible value, {0, 1,...,m — 1}, in each cycle. If the generator is good, all of these
possible values will appear to occur in random order.
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To help us choose the values of m, a, and c so that the generator has full period, the
following theorem, proved by Hull and Dobell (1962) is valuable

Theorem 1. The LCG defined by Eq. 1 has full period if and only if the following
three conditions hold:

a) The only positive integer that exactly divides both m and cis 1.

b) If ¢ is a prime number (divisible only by itself and 1) that divides m, then ¢ divides
a—1.

¢) If 4 divides m, then 4 divides a — 1.

Condition (b) must be true of all prime factors of m. For example, m = 96 has two
prime factors, 2 and 3, not counting 1. If @ = 25, then a — 1 = 24 is divisible by
both 2 and 3, so that condition (b) is satisfied. In fact, it is easily shown that the LCG
Z; = (25Z;_1 +55)(mod 96) used in the previous example is a full period generator.

Park and Miller (1988) proposed a "Minimal Standard” (MS) generator with constants
a="7°=16807, c=0, m =231 — 1 = 2147483647

which has a periodicity of m — 1 or about 2 x 10°. The only requirement is that the
seed 0 must never be used. This form of the LCG, that is having ¢ = 0, is called a
multiplicative LCG,

Ziv1 = aZ;(mod m) (6)

which has a small efficiency advantage over the general LCG of Eq. 1 since the addi-
tion of ¢ is no longer needed. However, most modern CPU’s are able to do a vector
multiply and add simultaneously, so this efficiency advantage is probably non-existent.
Multiplicative LCGs can no longer be full period because m now exactly divides both
m and ¢ = 0. However, a careful choice of a and m can lead to a period of m — 1
and only zero is excluded from the set of possible Z; values — in fact, if zero is not
excluded from the set of possible results of Eq. 6, then the generator will eventu-
ally just return zeroes. That is, once Z; = 0 in Eq. 6, it remains zero forever. The
constants selected by Park and Miller (1988) for the MS generator achieves a pe-
riod of m — 1 and excludes zero. Possible values for U; using the MS generator
are {1/m,2/m,...,(m—1)/m} and so both of the endpoints, 0 and 1, are excluded.
Excluding the endpoints is useful for the generation of random variates from other dis-
tributions which involves taking the logarithm of U or (1 — U) (since In(0) = —o0).

When implementing the MS generator on computers using 32 bit integers, the product
aZ; will generally result in an integer overflow. In their ran0 function, Press et al.
(1997) provide a 32 bit integer implementation of the MS generator using a technique
developed by Schrage (1979).

One of the main drawbacks to the "Minimal Standard” generator is that there is
some correlation between successive values. For example, when Z; is very small,
the product aZ; can still be very small (relative to m). Thus, very small values are
always followed by small values. For example, if Z; = 1, then Z;1; = 16807,
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Zi o = 282475249. The corresponding sequence of U; is 4.7 x 10719, 7.8 x 1079,
and 0.132. Any time that U; is less than 1 x 1079, the next value will be less than
0.0168.

To remove the serial correlation in the "Minimal Standard” generator along with this
problem of small values following small values, a technique suggested by Bays and
Durham and reported by Knuth (1981) is to use two LCG’s; one a "Minimal Standard”
generator, and the second to randomly shuffle the output from the first. In this way,
Ui+1 is not returned by the algorithm immediately after U;, but rather at some random
time in the future. This effectively removes the problem of serial correlation. In their
2nd Edition of Numerical Recipes, Press et al (1997) present a further improvement,
due to L’Ecuyer (1988), which involves combining two different pseudorandom se-
quences, with different periods, as well as applying the random shuffle. The resulting
sequence has a period which is the least common multiple of the two periods, which
in Press et al’s implementation is about 2.3 X 1018, See Press et al’s RAN2 function,
which is what the authors of this book use as their basic random number generator.

3 Generating Non-Uniform Random Variables

The basic ingredient needed for all common methods of generating random variates or
random processes (which are sequences of random variables) from any distribution is
asequence of U (0, 1) random variates. It is thus important that the basic random num-
ber generator be good. This issue was covered in the previous section, and standard
“good” generators are readily available.

For most common distributions, efficient and exact generation algorithms exist that
have been thoroughly tested and used over the years. Less common distributions may
have several alternative algorithms available. For these, there are a number of issues
that should be considered before choosing the best algorithm;

1. exactness: unless there is a significant sacrifice in execution time, methods
which reproduce the desired distribution exactly, in the limit as n — oo, are
preferable. When only approximate algorithms are available, those which are
accurate over the largest range of parameter values are preferable.

2. execution time: with modern computers, setup time, storage, and time to gen-
erate each variate are not generally a great concern. However, if the number of
realizations is to be very large, execution time may be a factor which should be
considered.

3. simplicity: algorithms which are difficult to understand and implement gener-
ally involve significant debug time and should be avoided. All other factors
being similar, the simplest algorithm is preferable.

Here, the most important general approaches for the generation of random variates
from arbitrary distributions will be examined. A few examples will be presented and
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the relative merits of the various approaches will be discussed.

3.1 Methods of Generation

The most common methods used to generate random variates are;
1. inverse transform
2. convolution
3. acceptance-rejection

Of these, the inverse transform and convolution methods are exact, while the acceptance-
rejection method is approximate. We will only discuss the exact methods here.

3.1.1 Inverse Transform Method

Consider a continuous random variable X that has cumulative distribution function
Fy (z) that is strictly increasing. The normal distribution is an example of a distribu-
tion where F'x () is strictly increasing for all 2. This assumption is invoked to ensure
that there is only one value of F(x) for each value of z, or, stated in a way more
appropriate for this method, there is only one value of « for each Fix ().

The last means that there is only one value of « for each F'(z). In this case, the inverse
transform method generates a random variate from F’ by:

1. Generate u ~ U(0, 1)
2. Returnz = F~1(u)

0.8

F(x)=u
02 04 06

0

w w w w T w w
-1 0
x =)
Figure 1. Inverse transform random number generation technique.

Note that F~1(u) will always be defined under the above assumptions since u lies
between 0 and 1. Figure 1 illustrates the idea graphically. Since a randomly generated
value of U, in this case 0.78, always lies between 0 and 1, the CDF plot can be entered
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on the vertical axis, read across to where it intersects F'(z), then read down to obtain
the appropriate value of z, in this case 0.8. Repetition of this process results in = being
returned in proportion to its density, since more ‘hits’ are obtained where the CDF is
the steepest (highest derivative, and, hence, highest density).

The inverse transform method is the best method when the cumulative of the distri-
bution function for generation can be easily “inverted”. This includes a number of
common distributions, such as the uniform, exponential, Weibull, and Rayleigh.

For example, if X is exponentially distributed, then realizations of X can be obtained
by setting
Fz)=1—e? (7)

equal to a randomly generated value of U. Setting u = F'(z) and inverting gives

~ In(1—u)
T (&)

Note that since (1 — U) is distributed identically to U, then this can be simplified to

~ In(u)
TS )

Admittedly, this leads to a different set of values in the realization, but the ensemble of
realizations has the same distribution, and that is all that is important. This formula-
tion is also slightly more efficient since one operation has been eliminated. However,
which form should be used also depends on the nature of the pseudo-random number
generator. Most generators omit either the O or the 1, at one of the endpoints of the
distribution. Some generators omit both. However, if a generator allows a 0 to occur
occasionally, then the form with In(1 — ) should be used to avoid numerical excep-
tions (In(0) = —o0). Similarly, if a generator allows 1.0 to occur occasionally, then
In(u) should be used. If both can appear, then the algorithm should specifically guard
against an error using if-statements.

The inverse transform approach can also be used on discrete random variates, but with
a slightly modified algorithm:

1. Generate u from the distribution U(0, 1)
2. Determine the smallest z; such that F'(x;) > u, and return z = x;.

Another way of stating this algorithm is as follows: since the random variable is dis-
crete, the unit interval can be split up into adjacent subintervals, the first having width
equal to P [X = ml] , the second having width P [X = mg] and so on. Then assign x
according to whichever of these subintervals contains the generated u. There is a com-
putational issue of how to look for the subinterval that contains a given u and some
approaches are better than others. In particular if z;, j = 1,2, ..., m, are equi-likely
outcomes, then ¢ = int(1.04+mu), where int(-) means integer part. This also assumes
u can never quite equal 1.0, that is, the generator excludes 1.0 —if 1.0 is possible, then
add 0.999999 instead of 1.0 to mu. Now the discrete realization is x = x;.
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Both the continuous and discrete versions of the inverse-transform method can be
combined, at least formally, to deal with distributions which are mixed, ie. having both
continuous and discrete components, as well as for continuous distribution functions
with flat spots.

Over and above its intuitive appeal, there are three other main advantages to the
inverse-transform method:

1. it can easily be modified to generate from truncated distributions,

2. it can be modified to generate order statistics (useful in reliability, or lifetime,
applications), and

3. itfacilitates variance-reduction techniques (where portions of the CDF are ‘polled’
more heavily than others, usually in the tails of the distribution, and then result-
ing statistics corrected to account for the biased ‘polling”’)

The inverse-transform method requires a formula for ¥ —1. However, closed form ex-
pressions for the inverse are not known for some distributions, such as the normal, the
lognormal, the gamma, and the beta. For such distributions, numerical methods are
required to return the inverse. This is the main disadvantage of the inverse-transform
method. There are other techniques specifically designed for some of these distribu-
tions which will be discussed in the following. In particular, the gamma distribution
is often handled by convolution (see next), whereas a simple trigonometric transfor-
mation can be used to generate normally distributed variates (and further raising the
normal variate to the power e produces a lognormally distributed random variate).

3.1.2 Convolution

The method of convolution can be applied when the random variable of interest can
be expressed as a sum of other random variables. This is the case for many important
distributions — most notably, recall that the Gamma distribution, with integer o, can be
expressed as the sum of o exponentially distributed and independent random variables.

For the convolution method, it is assumed that there are independent and identically
distributed random variables Y1, Vs, ..., Y;,, (for fixed m), each with distribution F'(y)
such that Y7 +Ys2+...+Y,, has the same distribution as X . Hence, X can be expressed
as

For the method to work efficiently, it is further assumed that random variates for the
Y;’s can be generated more readily than X itself directly (otherwise one would not
bother with this approach). The convolution algorithm is then quite intuitive:

1. Generate Y1, Y3, ..., Y, i.i.d. each with distribution F\ (y)
2. Return X = Y] + ... + Y,,.

Note that some other generation method, eg. inverse transform, is required to execute
Step 1.
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3.2 Generating Common Continuous Random Variates

UNIFORM ON (a, b)
Solving u = F'(z) for z yields, for 0 < u < 1,
r=F1'u)=a+(b—a)u (11)

and the inverse-transform method can be applied as follows;

1. Generate u ~ U(0,1).

2. Returnz = a + (b — a)u.
EXPONENTIAL
Solving u = F'(x) for x yields, for 0 < u < 1,

~In(1 —w) 4 ~In(u)
A A

r=F"tu)= (12)

where = implies equivalence in distribution. Now the inverse-transform method can
be applied as follows;

1. Generate u ~ U(0,1).
2. Return z = —In(u)/A.
GAMMA

Considering the particular form of the Gamma distribution discussed in the Review of
Probability Theory Chapter,
A
fr, () = W e t>0 (13)
where T} is the sum of k£ independent exponentially distributed random variables,
each with mean rate ). In this case, the generation of random values of T} proceeds
as follows;

1. generate k independent exponentially distributed random variables, X7, Xo, ..
X, using the algorithm given above,

2. Return T3, = X1 + Xo + -+ - + Xj,

)

For the more general Gamma distribution, where k is not integer, the interested reader
is refered to Law and Kelton (2000).

WEIBULL
Solving u = F'(x) for a Weibull distribution yields, for 0 < u < 1,
[—In(1—u) 1/8 a

A
and the inverse-transform method can be applied to give

r=F"1(u) = (—Inu)Y/B /A (14)
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1. Generate u ~ U(0,1).

2. Return x = (—lnu)l/ﬁ /A
NORMAL

Since neither the normal distribution function nor its inverse has a simple closed-form
expression, one must use a numerical method to apply the inverse-transform method.
Some packages use the latter however the transformation method suggested by Box
and Muller (1958) is exact, simple to use and thus much more popular.

First, note that given X ~ N (0, 1), the more general random variable X’ ~ N (u, 0?)
is obtained by setting X’ = 1 + o X. Thus, attention can be restricted to generating
from N(0, 1), ie. standard random variates. The method is simply as follows

1. Generate u; ~ U(0,1) and ug ~ U(0, 1).
2. Form 21 = v/—21Inwu; cos(2musg) and o = v/—2Inwu; sin(27wus)

3. Return z; on this call to the algorithm and x5 on the next call (so that the whole
algorithm is run only on every second call).

The above method generates realizations for X and X5 which are independent N (0, 1)
random variates.

LOGNORMAL

Recall that the lognormal distribution results from the following: If Y is normally
distributed with mean j and variance o2, then e is lognormally distributed with
parameters p and o2, The generation algorithm is simple;

1. Generate normally distributed Y with mean y and variance o (see previous
algorithm).

2. Return X = Y.
EMPIRICAL

Sometimes a theoretical distribution that fits the data cannot be found. In this case,
the observed data may be used directly to specify (in some sense) a usable distribution
called an empirical distribution.

For continuous random variables, the type of empirical distribution that can be de-
fined depends on whether the actual values of the individual original observations
x1,%2,...,Ty, are available or only the number of x;’s that fall into each of several
specified intervals. We will consider the case where all of the original data are avail-
able.

Using all of the available observations, a continuous, piecewise-linear distribution
function F' can be defined by first sorting the z;’s from smallest to largest. Let z(;
denote the i*" smallest of the x;’s, so that (1) S Tz) < oo < Ty Then F'is defined
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by
0 if x < (1)
i—1 T—x(; . -
F(z) =4 =+ —(nfl)(x(,;_*_(lsf:c(,;)) if 2 <x<x)qq) fori=1,2,..,n—-1
1 ifl‘(n) <z

(15)
Since the function F'(z) is a series of steps of height 0, 1/(n — 1), 2/(n — 1), ..,
(n —2)/(n — 1), and 1 allows the the generation to conceptually involve generating
u ~ U(0,1), figuring out the index 7 of the step closest to u, and returning ;).
We will actually interpolate between the the step below u and the step above. The
following algorithm results;

1. Generate u ~ U(0,1), let r = (n — 1)u, and let ¢ = int(r) + 1 where int(-)
means integer part.

2. Return © = x;) + (1 — i + 1)(2(i41) — 2())-

3.2.1 Generating Discrete Random Variates

The discrete inverse-transform methods may also be applied to generate random vari-
ables from the more common discrete probability distributions. The fact that these

methods use the inverse-transform is not always evident, however in most cases they
do.

BERNOULLI
If the probability of ‘succcess’ is p, then

1. Generate u ~ U(0,1).

2. If u < p, return z = 1. Otherwise, return x = 0.
DISCRETE UNIFORM

1. Generate u ~ U(0,1).

2. Return z = 7+ int (( j—i+ 1)u) , where ¢ and j are the upper and lower discrete
bounds and int(-) means the integer part.

BINOMIAL
To generate a binomial distributed random variate with parameters n and p,

1. Generate y1, 2, ..., yn independent Bernoulli random variates, each with pa-
rameter p,

2. Retunz =y; +y2 + ... + Yn.
GEOMETRIC

1. Generate u ~ U(0,1).
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2. Return x = int lniu .
In(1 - p)

NEGATIVE BINOMIAL

If T, is the number of trials until the m’th success, and 7, follows a negative bino-
mial distribution with parameter p, then 7),, can be written as the sum of m geometric
distributed random variables. The generation thus proceeds by convolution;

1. Generate y1,y2, - - - , Y independent geometric random variates, each with pa-
rameter p

2. Return T, = y1 +y2 + - + Ym
PoISsON

If N, follows a Poisson distribution with parameter » = At, then IV, is the number of
‘arrivals’ in time interval of length ¢, where ‘arrivals’ arrive with mean rate \. Since
interarrival times are independent and exponentially distributed for a Poisson process,
we could proceed by generating a series of k£ exponentially distributed random vari-
ables, each with parameter A, until their sum just exceeds ¢. Then the realization of
Ny is k — 1; that is, k — 1 arrivals occurred within time ¢, the k’th arrival was after
time .

An equivalent and more efficient algorithm was derived by Law and Kelton (2000) by
essentially working in the logarithm space to be

1. Leta=¢e¢"",b=1,and i = 0, where r = \¢.
2. Generate u;+1 ~ U(0, 1) and replace b by bu;41. If b < a, return Ny = 4.

3. Replace i by 7 4+ 1 and go back to step 2.

4 Generating Random Fields

Random field models of complex engineering systems having spatially variable prop-
erties are becoming increasingly common. This trend is motivated by the widespread
acceptance of reliability methods in engineering design and is made possible by the in-
creasing power of personal computers. It is no longer sufficient to base designs on best
estimate or mean values alone. Information quantifying uncertainty and variability in
the system must also be incorporated to allow the calculation of failure probabilities
associated with various limit state criteria. To accomplish this, a probabilistic model
is required. In that most engineering systems involve loads and materials spread over
some spatial extent, their properties are appropriately represented by random fields.
For example, to estimate the failure probability of a highway bridge, a designer may
represent both concrete strength and input earthquake ground motion using indepen-
dent random fields, the latter time varying. Subsequent analysis using a Monte Carlo
approach and a dynamic finite element package would lead to the desired statistics.
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In the remainder of this chapter, a number of different algorithms which can be used
to produce scalar multi-dimensional random fields are evaluated in light of their ac-
curacy, efficiency, ease of implementation, and ease of use. Many different random
field generator algorithms are available of which the following are perhaps the most
common:

1. Moving Average (MA) methods,
Covariance Matrix Decomposition,
Discrete Fourier Transform (DFT) method,

Fast Fourier Transform (FFT) method,

wok »n

Turning Bands Method (TBM),
6. Local Average Subdivision (LAS) method,

In all of these methods, only the first two moments of the target field may be speci-
fied, namely the mean and covariance structure. Since this completely characterizes
a Gaussian field, attention will be restricted in the following to such fields. Non-
Gaussian fields may be created through non-linear transformations of Gaussian fields,
however some care must be taken since the mean and covariance structure will also be
transformed. In addition, only weakly homogeneous fields, whose first two moments
are independent of spatial position, will be considered here.

The FFT, TBM and LAS methods are typically much more efficient than the first
three methods discussed above. However, the gains in efficiency do not always come
without some loss in accuracy, as is typical in numerical methods. In the next few
subsections, implementation strategies for these methods are presented and the types
of errors associated with each method and ways to avoid them will be discussed in
some detail. Finally the methods will be compared and guidelines as to their use
suggested.

4.1 Moving Average Method
The Moving Average (MA) technique of simulating random processes is a well known
approach involving the expression of the process as an average of an underlying white

noise process. Formally, if Z(g) is the desired zero mean process (a nonzero mean
can always be added on later) then

2= [ s v+, (160)

or equivalently,

2= [ se-nawe), (160
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in which dW (£) is the incremental white noise process at the location £ with statistical
properties

E[dW (£)] =0,
E[dW (€)?] = d¢, (17)
E[dW (§)dW (£)] =0, ifé#¢,

and f(€) is a weighting function determined from the desired second order statistics
of Z(z)

Bz@ 26 +0) = [ [ f6-01€ -a-nEav©awE).
= [ re-nse-e-nae (18)

If Z(z) is homogeneous, then the dependence on g disappears, and (18) can be written
in terms of the covariance function (note by 17 that E [Z (g)] =0),

Ba) = [ 19 1€ -Dde (19
Defining the Fourier transform pair corresponding to f (§ ) in n-dimensions to be,
Fl) = oo [ s e (200
@m)" )™ &
9= [ et a, (200)
then by the convolution theorem Eq. 19 can be expressed as
B) = )" [ Pl Fl-w)e ¥ T e, (21)

from which a solution can be obtained from the Fourier transform of B(7),

F@) F(-) = G | " Br)e @ T dr. (22)

Note that the symmetry in the left hand side of (22) comes about due to the symmetry
B(r) = B(—1). Itis still necessary to assume something about the relationship
between F'(w) and F(—w) in order to arrive at a final solution through the inverse
transform. Usually the function F'(w) is assumed to be either even or odd.

Weighting functions corresponding to several common one-dimensional covariance
functions have been determined by a number of authors, notably Journel and Hui-
jbregts (1978) and Mantoglou and Wilson (1981). In higher dimensions, the calcu-
lation of weighting functions becomes quite complex and is often done numerically
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using FFT’s. The non-uniqueness of the weighting function and the difficulty in find-
ing it, particularly in higher dimensions, renders this method of questionable value to
the user who wishes to be able to handle arbitrary covariance functions.

Leaving this issue for the moment, the implementation of the MA method is itself a
rather delicate problem. For a discrete process in one dimension, Eq. can be written

Zi= Y fiWi, (23)

j=—oc0

where W; ; is a discrete white noise process taken to have zero mean and unit variance.
To implement this in practice, the sum must be restricted to some range p, usually
chosen such that f4, is negligible,

p
zi= Y [iWij. (24)

Jj=-p

The next concern is how to discretize the underlying white noise process. If Az is
the increment of the physical process such that z; = z((¢ — 1)Az) and Au is the
incremental distance between points of the underlying white noise process, such that

Wi =W((i—1)Az + jAu), (25)

then f; = f(jAu) and Aw should be chosen such that the quotient r = Az /Auw is an
integer for simplicity. Figure 2 illustrates the relationship between Z; and the discrete
white noise process. For finite Au, the discrete approximation (24) will introduce
some error into the estimated covariance of the realization. This error can often be
removed through a multiplicative correction factor as shown by Journel and Huijbregts
(1978) but in general is reduced by taking Aw as small as practically possible (and thus
p as large as possible).

Once the discretization of the underlying white noise process and the range p has been
determined, the implementation of (24) in one dimension is quite straightforward and
usually quite efficient for reasonable values of p. In higher dimensions, the method
rapidly becomes cumbersome. Figure 3 shows a typical portion of a 2-D discrete
process Z;;, marked by X’s, and the underlying white noise field, marked by dots.
The entire figure represents the upper right corner of a 2-D field. The process z;; is
now formed by the double summation

1 P2
zi5 = Z Z Troe Wi ke (26)

k=—p1 {=—p2

where fy is the 2-D weighting function and W ; . ¢ is the discrete white noise process
centered at the same position as z;;. The ¢ and j subscripts on W are for bookkeeping
purposes so that the sum is performed over a centered neighborhood of discrete white
noise values.
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Figure 2. Schematic representation of the moving average process
in one dimension.
In the typical example illustrated in Figure 3, the discretization of the white noise
process is such that r = Au/Axz = 3 and a relatively short scale of fluctuation was
used so that p = 6. This means that if a K7 x K> field is to be simulated, the total
number of white noise realizations to be generated must be,

Ny = (1 +2p1 + (K — 1)) (1 + 2po + ro (Ko — 1)), (27)

or about (rK)? for a square field. This can be contrasted immediately with the FFT
approach which requires the generation of about %K 2 random values for a quadrant
symmetric process (note that the factor of one-half is a consequence of the periodicity
of the generated field). When » = 3, some 18 times as many white noise realiza-
tions must be generated for the moving average algorithm as for the FFT method.
Also the construction of each field point requires a total of (2p + 1)? additions and
multiplications which, for the not unreasonable example given above, is 13?2 = 169.
This means that the entire field will be generated using K?(2p + 1)? or about 11 mil-
lion additions and multiplications for a 200 x 200 field. Again this can be contrasted
to the two-dimensional FFT method (radix-2, row-column algorithm) which requires
some 4K?log, K or about 2 million multiply-adds. In most cases, the moving aver-
age approach in two dimensions was found to run at least 10 times slower than the
FFT approach. In three dimensions, the moving average method used to generate a
64 x 64 x 64 field with p = 6 was estimated to run over 100 times slower than the
corresponding FFT approach. For this reason, and since the weighting function is
generally difficult to find, the moving average method as a general method of produc-
ing realizations of multi-dimensional random fields is only useful when the moving
average representation is particularly desired.

ALERT Doctoral School 2014



Fenton 145

Figure 3. Two-dimensional moving average process. Z;; is formed
by summing the contributions from the underlying white
noise process in the shaded region.

It can be noted in passing that the two-dimensional ARMA model suggested by Na-
ganum et al (1987) requires about 50 to 150 multiply-adds (depending on the type of
covariance structure modeled) for each field point. This is about 2 to 6 times slower
than the FFT approach. While this is quite competitive for certain covariance func-
tions, the corresponding run speeds for three-dimensional processes are estimated to
be 15 to 80 times slower than the FFT approach depending on the choice of param-
eters p and r. Also, in a sequence of two papers, Mignolet and Spanos (1992) and
Spanos and Mignolet (1992) discuss in considerable detail the moving average (MA),
autoregressive (AR) and ARMA approaches to simulating two-dimensional random
fields. In their examples, they obtain accurate results at the expense of running about
10 or more times slower than the fastest of the methods to be considered later in this
chapter.

4.2 Covariance Matrix Decomposition

Covariance matrix decomposition is a direct method of producing a homogeneous
random field with prescribed covariance structure C(z; — z;) = C(1,;), where z,,
i =1,2,...,n are discrete points in the field and 7,; is the lag vector between the
points z; and z,. If C'is a positive definite covariance matrix with elements C;; =
C(z,;), then a mean zero discrete process Z; = Z(g;) can be produced (using vector
notation) according to

Z=LU (28)
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where L is a lower triangular matrix satisfying LL? = C (typically obtained using
Cholesf(y decomposition) and U is a vector of n iﬁaependgnt mean zero, unit variance
Gaussian random variables. Although appealing in its simplicity and accuracy, this
method is only useful for small fields. In two dimensions, the covariance matrix of a
128 x 128 field would be of size 16,384 x 16, 384 and the Cholesky decomposition
of such a matrix would be both time consuming and prone to considerable round-off
error (particularly since covariance matrices are often numerically singular).

4.3 Discrete Fourier Transform Method

The Fourier Transform method is based on the spectral representation of homogeneous
mean square continuous random fields, Z(z), which can be expressed as follows (Ya-
glom, 1962)

o0
Z(z) = / YW (dw) (29)
—0o0

where W (dw) is an interval white noise process with mean zero and variance S(w) dw.
This representation is in terms of the physically meaningful spectral density function,
S(w), and so is intuitively attractive. In practice, the n-dimensional integral becomes
an n-dimensional sum which is evaluated separately at each point z. Although po-
tentially accurate, the method is computationally slow for reasonable field sizes and
typical spectral density functions — the DFT is generally about as efficient as the MA
discussed above. Its major advantage over the MA approach is that the spectral density
function is estimated in practice using standard techniques.

In n-dimensions, for real Z(z), the Discrete Fourier Transform (DFT) can be written

Ny

Ny,
Z(z) = Z Z Chy.. ke, COS (Wi 1 + - Wk, Ty, + Piy k) (30)
ki=—N;  kn=—N,

where @, _ x, is arandom phase angle uniformly distributed on [0, 27] and C, k.. .k,
is a random amplitude having Rayleigh distribution if Z is Gaussian. An alternative
way of writing the DFT is

Nl N7L
Z@)= > o Y Agk, 08 (Wk T+ Wy, Tn)
ki=—N; kn=—N,

+ By .k, SIn (Wg, 1 + - - - Wi, Tn) (31)

where, for a stationary normally distributed Z(z), the A and B coefficients are mutu-
ally independent and normally distributed with zero means and variances given by

BIA ko] = BB k] = Slep) A (32)

In this equation, wj., = {wW,,Wk,, - .., Wk, } and S(w}. Aw is the area under the spec-
tral density function in an incremental region centered on w k-
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As mentioned above, the sum is composed of (2N + 1)™ terms (if Ny = Ny = - -+ =
N), where (2N + 1) is the number of discrete frequencies taken in each dimension.
Depending on the shape of the spectral density function, N might easily be of the
order of 100, so that in 3 dimensions roughly 8 million terms must be summed for
each spatial position desired in the generated field (thus, in 3 dimensions, a 20 x 20 x
20 random field would involve roughly 128 billion evaluations of sin or cosine).

This approach is really only computationally practical in one-dimension where the

DFT reduces to
N

Z(x) = Z Ay, cos(wyx) + By sin(wyx) (33)
k=—N

where

E[A] = E[By] =0
E[A}] =E[B}] = S(wk)Aw (34)
and where the A and B coefficients are mutually independent of all other A’s and B’s.

If the symmetry in the spectral density function is taken advantage of, namely that
S(w) = S(—w), then the sum can be written

N
Z(x) = Z Ay, cos(wgx) + By sin(wyx) (35)
k=0

where now the variances of the A and B coefficients are expressed in terms of the
one-sided spectral density function

E[A}] = E[B}] = G(wi)Awy (36)
and where Awg = %(wl — wp) and Awy, = %(Wk;+1 — Wg—1)-
Simulation proceeds as follows;

1. decide on how to discretize the spectral density (ie. on N and Aw),

2. generate mean zero, normally distributed, realizations of Ay and By, for k =
0,1,..., N each having variance given by Eq. 36

3. for each value of z desired in the final random process, compute the sum given
by Eq. 35.

4.4 The Fast Fourier Transform Method

If both space and frequency are discretized into a series of equispaced points, then
the Fast Fourier Transform (FFT) method developed by Cooley and Tukey (1965) can
be used to compute Eq. 29. The FFT is much more computationally efficient than
the DFT. For example, in one-dimension the DFT requires N2 operations whereas the
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FFT requires only N log, N operations. If N = 21 = 32768, then the FFT will be
approximately 2000 times faster than the DFT. For the purposes of this development,
only the one-dimensional case will be considered and multi-dimensional results will
be stated subsequently. For real and discrete Z(x;), j = 1,2, ..., N, Eq. 29 becomes

™ K
Z(acj):/ e W(dw) = lim Z eIk W (Awg)
k=—K

- K—o0

K

= Klgnoo k;K{A(Awk) cos(zjwy) + B(Awg) sm(m]wk)} (37)
where wy, = kn/K, Awy is an interval of length 7 /K centered at wy, and the last
step in (37) follows from the fact that Z is real. The functions A(Awy,) and B(Awy,)
are independent identically distributed random interval functions with mean zero and
E[A(Awk)A(Awy,)] = E[B(Awg)B(Awy,)] = 0 for all k # m in the limit as
Aw — 0. At this point, the simulation involves generating realizations of A; =
A(Awy,) and By, = B(Awy) and evaluating (37). Since the process is real, S(w) =
S(—w), and the variances of Ay and By can be expressed in terms of the one-sided
spectral density function G(w) = 2S5(w), w > 0. This means that the sum in (37) can
have lower bound k£ = 0. Note that an equivalent way of writing (37) is

K
Z(x;) =Y Cycos(zjwi + ), (38)
k=0

where @y, is a random phase angle uniformly distributed on [0, 27] and C}; follows a
Rayleigh distribution. Shinozuka and Jan (1972) take C, = /G (wi)Aw to be deter-
ministic, an approach not followed here since it gives an upper bound on Z over the
space of outcomes of Z < Zszo v/ G(wr)Aw which may be an unrealistic restric-
tion, particularly in reliability calculations which could very well depend on extremes.

Next, the process Z; = Z (xj) is assumed to be periodic, Z; = Zk ., with the same
number of spatial and frequency discretization points (N = K). As will be shown
later, the periodicity assumption leads to a symmetric covariance structure which is
perhaps the major disadvantage to the DFT and FFT approach. If the physical length
of the one-dimensional process under consideration is D and the space and frequency
domains are discretized according to

jD

) 2rj(K — 1)
forj =0,1,..., K — 1, then the Fourier transform
K-1
Z; = Z X, ¢i(2mik/K) (41)
k=0
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can be evaluated using the FFT algorithm. The Fourier coefficients, X, = Ay — i By,
have the following symmetries due to the fact that 7 is real,

= _
AL = 17 Z; COSZW% = Ag_g (42)
7=0
] K=l .
By =7 Z; sin2rlk = —By_y, (43)

(=)

j=

which means that Ay, and By, need only be generated randomly for k = 0,1, ..., K/2
and that By = Bk, = 0. Note that if the coefficients at K — k are produced
independently of the coefficients at &, the resulting field will display aliasing. Thus
there is no advantage to taking Z to be complex, generating all the Fourier coefficients
randomly, and attempting to produce two independent fields simultaneously (the real
and imaginary parts), or in just ignoring the imaginary part.

As far as the simulation is concerned, all that remains is to specify the statistics of Ay,
and By so that they can be generated randomly. If Z is a Gaussian mean zero process,
then so are Ay and By. The variance of Ay can be computed in a consistent fashion
by evaluating E [Ai] using (42)

K-1K-1

K2 Z Z [Z; Zi| cos27r% COSQTK’% (44)
7=0 £¢=0

This result suggests using the covariance function directly to evaluate the variance of
Ay, however the implementation is complex and no particular advantage in accuracy
is attained. A simpler approach involves the discrete approximation to the Wiener-
Khinchine relationship

K—
E|Z; Z)] ~ A Z ) cos 27rm(§;e) (45)
m=0
which when substituted into (44) leads to
Ay Kol E-1KE-1
[A2 =7z Z G(wpm) cos 27rm<] )Ck;j Chre
Aw K1 K-1 K—1
= ﬁ G(Wm) ijckj Z mécké
m=0 Jj=0
Aw K1 K—1 K-1
+ F G(wm) S'rn_]ck_] S'mécké7 (46)
m=0 =0 £=0

where C,; = cos 27r%3 and Si; = sin QW%
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To reduce (46) further, use is made of the following two identities

K—1
1) Z sir127r"’7’c cos27r% =0
k=0
K1 0, ifm#j
2) ZCOSQW%’“COSQW%: %, ifm=jorK —j
k=0 K, ifm=j=0or &

By identity (1), the second term of (46) is zero. The first term is also zero, except
when m = k or m = K — k, leading to the results

2G(wi) Aw, ifk=0
E[A7] = HG(wp) + Glwk—i) }Aw, ifk=1,..., 5 —1( (47))
G(wr)Aw, ifk=2%

remembering that for £ = 0 the frequency interval is %Aw. An entirely similar calcu-
lation leads to

2 0, iszOor%
BB = {i{G(wk)JrG(ka)}Aw, iszl,...,%fl( (48))

Thus the simulation process is as follows;

1. generate independent normally distributed realizations of Ay and Bj having
mean zero and variance given by (47) and (48) for £k = 0,1,..., K/2 and set
By = Bg2 =0,

2. use the symmetry relationships, (42) and (43), to produce the remaining Fourier
coefficients fork =1+ K/2,..., K — 1

3. produce the field realization by Fast Fourier Transform using Eq. 41.

In higher dimensions a similar approach can be taken. To compute the Fourier sum
over non-negative frequencies only, the spectral density function S(w) is assumed to
be even in all components of w (quadrant symmetric) so that the ‘one-sided’ spectral
density function, G(w) = 2"S(w) V w; > 0, and n-dimensional space, can be em-
ployed. Using L = K1 — ¢, M = K3 —m,and N = K3 — n to denote the symmetric
points in fields of size K x K in 2-D or K1 X K5 x K3 in 3-D, the Fourier coefficients
yielding a real two-dimensional process must satisfy

Apm = Ao, Bry = —Bem (49)
Ao = Apm, By = —Bim
for{,m =0,1,..., % where K, is either K or K3 appropriately. Note that these

relationships are applied modulo K, so that A, ¢, = Ao,m for example. In two
dimensions, the Fourier coefficients must be generated over two adjacent quadrants of
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the field, the rest of the coefficients obtained using the symmetry relations. In three
dimensions, the symmetry relationships are

ALmMN = Avmn, Bryun = —Bimn

AN = ALmn, Bovn = —Brmn (50)

ApmN = Aovin, Brmn = —Benn

AemN = ALMn, Bemn = —Brmn
for{,m,n=0,1,..., % Again, only half the Fourier coefficients are to be gener-

ated randomly.

The variances of the Fourier coefficients are found in a manner analogous to the one-
dimensional case, resulting in

BlA%] = 10800 (G + Gy + G, + Gl (51)
B[] = 108 (Gt + Gy + G+ G 52)
for two-dimensions and
E[AZWLJQ = 16 Otmn AW (Ggmn + Gy + Gl + Gl
+Ghun + Gy + Gl + G%]WN) (53)
B[ B = 45 8 (Gl + Gl + Gt + Gl
+ Gy + Glon + Glam + G%MN) (54)

in three-dimensions, where for p dimensions,

P
Aw = H Aw;, (55)
i=1
Gwi,...,wp)

Gd(%’) = Tp, (56)
and d is the number of components of w = (w1, . . ., w,) which are equal to zero. The
factors 0, . and §; are given by

5?mn_{2 if[:Qor%mm:OOr%mn:Oor% (57)
1 otherwise

- 0 iffz(.)or%mm:Oor%@n:Oor% (58)
1 otherwise
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(ignoring the index n in the case of two dimensions). Thus, in higher dimensions, the
simulation procedure is almost identical to that followed in the 1-D case — the only
difference being that the coefficients are generated randomly over the half plane (2-D)
or the half volume (3-D) rather than the half line of the 1-D formulation.

It is appropriate at this time to investigate some of the shortcomings of the method.
First of all it is easy to show that regardless of the desired target covariance function,
the covariance function Cy, = C (kAz) of the real FFT process is always symmetric
about the midpoint of the field. In one-dimension, the covariance function is given by
(using complex notation for the time being),

Cr =E[ZisnZy]

K-1 ] K-1
=B | Y Ayexp {i (G L3 R exp {—i (25m) )
j=0 m=0
= KﬁlE[Xij] exp {z (%) } ) (59)
j=0

where use was made of the fact that E[ij] = 0 for j # m (overbar denotes the
complex conjugate). Similarly one can derive

Crr = KilE[X]—Z—] exp{~i (%)} = G (60)

j=

since E [ijj] is real. The covariance function of a real process is also real in which
case (60) becomes simply

Cr—i = Ch. (61)

In one dimension, this symmetry is illustrated by Figure 4. Similar results are observed
in higher dimensions. In general, this deficiency can be overcome by generating a
field twice as long as required in each coordinate direction and keeping only the first
quadrant of the field. Figure 4 also compares the covariance, mean, and variance
fields of the LAS method to that of the FFT method (the TBM method is not defined
in one dimension). The two methods give satisfactory performance with respect to the
variance and mean fields, while the LAS method shows superior performance with
respect to the covariance structure.
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Figure 4. Mean, variance, and covariance of a 1-D 128 point Gauss-
Markov process estimated over an ensemble of 2000 real-
izations generated by the FFT method.

The second problem with the FFT method relates primarily to its ease of use. Because
of the close relationship between the spatial and frequency discretization, considerable
care must be exercised when initially defining the spatial field and its discretization.
First of all the physical length of the field D must be large enough that the frequency
increment Aw = 27(K — 1)/K D ~ 27/ D is sufficiently small. This is necessary if
the sequence 3G (wo)Aw, G(w1)Aw, .. . is to adequately approximate the target spec-
tral density function. Figure 5 shows an example where the frequency discretization
is overly coarse. Secondly, the physical resolution Az must be selected so that the
spectral density above the frequency 27/ Az is negligible. Failure to do so will result
in an underestimation of the total variance of the process. In fact the FFT formulation
given above folds the power corresponding to frequencies between 7/Ax and 27/ Ax
into the power at frequencies below the Nyquist limit 7/ Az. This results in the point
variance of the simulation being more accurate than if the power above the Nyquist
limit were ignored, however it leads to a non-uniqueness in that a family of spectral
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density functions, all having the same value of G(wy) + G(wx—r), yield the same
process. In general it is best to choose Az so that the power above the Nyquist limit is
negligible. The second term involving the symmetric frequency G(wy—y) is included
here because the point variance is the most important second-order characteristic.

Unfortunately, many applications dictate the size and discretization of the field a-
priori or the user may want to have the freedom to easily consider other geometries
or spectral density functions. Without a good deal of careful thought and analysis, the
FFT approach can easily yield highly erroneous results.

Ln —_
- B(r) =cg?e27/9
G(wy)hw'2 4020
G(w) = A
(4 + 0% w?)
— 2m(K — 1)
Av=—"-
n KD
3
(O]
|
o
G(w)Aw
e — \ [ \ T i W
0 1 2 3 4 5
A ® N

o
Figure 5. Example of overly coarse frequency discretization result-

ing in a poor estimation of point variance (D = 5 and
0 =4).

A major advantage of the FFT method is that it can easily handle anisotropic fields
with no sacrifice in efficiency. The field need not be square, although many imple-
mentations of the FFT require the number of points in the field in any coordinate
direction to be a power of two. Regarding efficiency, it should be pointed out that the
time to generate the first realization of the field is generally much longer than that re-
quired to generate subsequent realizations. This is because the statistics of the Fourier
coefficients must be calculated only once (see Eq.’s 47 and 48).

The FFT method is useful for the generation of fractal processes, which are most
naturally represented by the spectral density function. In fact the covariance function
does not exist since the variance of a fractal process is ideally infinite. In practice,
for such a process, the spectral density is truncated above and below to render a finite
variance realization.
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4.5 The Turning Bands Method

The Turning Bands Method (TBM), as originally suggested by Matheron (1973), in-
volves the simulation of random fields in two- or higher-dimensional space by using a
sequence of one-dimensional processes along lines crossing the domain. With refer-
ence to Figure 6, the algorithm can be described as follows,

1. choose an arbitrary origin within or near the domain of the field to be generated,

2. select a line 7 crossing the domain having a direction given by the unit vector u;
which may be chosen either randomly or from some fixed set,

3. generate a realization of a one-dimensional process, Z;(&;), along the line 4
having zero mean and covariance function B (;) where &; and 7; are measured
along line 7,

4. orthogonally project each field point z, onto the line ¢ to define the coordinate
&ki (Eki = zy, - u,; in the case of a common origin) of the one-dimensional
process value Z; (),

5. add the component Z;(&;) to the field value Z(z;,) for each z;,

6. return to step (2) and generate a new one-dimensional process along a subse-
quent line until L lines have been produced,

7. normalize the field Z(z,,) by dividing through by the factor v/L.

Essentially, the generating equation for the zero-mean discrete process Z(z) is given
by

L
Zle) = 2= - Ziai ). (64

where if the origins of the lines and space are not common, the dot product must be
replaced by some suitable transform. This formulation depends on knowledge of the
one-dimensional covariance function, B; (7). Once this is known, the line processes
can be produced using some efficient 1-D algorithm.

The covariance function By (7) is chosen such that the multi-dimensional covariance
structure B, (7) in n-dimensional space is reflected over the ensemble. For two-
dimensional isotropic processes, Mantoglou and Wilson (1981) give the following
relationship between By(7) and By (n) forr = |1

)

2 [ Bi(n)

N

which is an integral equation to be solved for Bi(n). In three dimensions, the rela-
tionship between the isotropic Bs(r) and B (n) is particularly simple,

Bay(r) dn, (65)

Bi(n) = % (77 B3(77)> : (66)
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Mantoglou and Wilson supply explicit solutions for either the equivalent one-dimensional
covariance function or the equivalent one-dimensional spectral density function for a
variety of common multi-dimensional covariance structures.

~

uz

JZ ()

7

o &)

A1)

Ui

Figure 6. The Turning Bands Method: contributions from the line
process Z;(&;) at the closest point are summed into the
field process Z(z) at .

In this implementation of the TBM, the line processes were constructed using a 1-
D FFT algorithm as discussed in the previous section. The LAS method was not
used for this purpose because the local averaging introduced by the method would
complicate the resulting covariance function of (65). Line lengths were chosen to be
twice that of the field diagonal to avoid the symmetric covariance problem inherent
with the FFT method. To reduce errors arising due to overly coarse discretization
of the lines, the ratio between the incremental distance along the lines, A&, and the
minimum incremental distance in the field along any coordinate, Az, was selected to
be A{/Az = 1.

Figure 7 represents a realization of a 2-D process. The finite number of lines used, in
this case 16, results in a streaked appearance of the realization. A number of origin
locations were experimented with to mitigate the streaking, the best appearing to be
the use of all four corners as illustrated in Figure 6 and as used in Figure 7. The corner
selected as an origin depends on which quadrant the unit vector u, points into. If one
considers the spectral representation of the one-dimensional random processes along
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each line (see 29) it is apparent that the streaks are a result of constructive/destructive
interference between randomly oriented traveling plane waves. The effect will be
more pronounced for narrow band processes and for a small number of lines. For this
particular covariance function (Markov), the streaks are still visible when 32 lines are
used, but, as shown in Figure 8, are negligible when using 64 lines (the use of number
of lines which are powers of 2 is arbitrary). While the 16 line case runs at about the
same speed as the 2-D LAS approach, the elimination of the streaks in the realization
comes at a price of running about 4 times slower. The streaks are only evident in an
average over the ensemble if non-random line orientations are used, although they still
appear in individual realizations in either case. Thus, with respect to each realization,
there is no particular advantage to using random versus non-random line orientations.

Figure 7. Sample function of a 2-D field via TBM using 16 lines.

Since the streaks are present in the field itself, this type of error is generally more
serious than errors in the variance or covariance field. For example, if the field is being
used to represent soil conductivity, then the streaks could represent paths of reduced
resistance to flow, a feature which may not be desirable in a particular study. Crack
propagation studies may also be very sensitive to such linear correlations in the field.
For applications such as these, the Turning Bands method should only be used with
a sufficiently large number of lines. This may require some preliminary investigation
for arbitrary covariance functions. In addition, the minimum number of lines in 3 and
higher dimensions is difficult to determine due to visualization problems.
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Figure 8. Sample function of a 2-D field via TBM using 64 lines.

Note that the Turning Bands Method does not suffer from the symmetric covariance
structure that is inherent in the FFT approach. The variance field and covariance
structure are also well preserved. However, the necessity of finding an equivalent 1-D
covariance or spectral density function through an integral equation along with the
streaked appearance of the realization when an insufficient number of lines are used
makes the method less attractive. Using a larger number of lines, TBM is probably the
most accurate of the three methods considered, at the expense of decreased efficiency,
as long as the 1-D generator is accurate. TBM can be extended to anisotropic fields,
although there is an additional efficiency penalty associated with such an extension
since the 1-D process statistics must be recalculated for each new line orientation (see
Mantaglou and Wilson, 1981, for details).

4.6 The Local Average Subdivision Method

Of the three approximate methods considered, the Local Average Subdivision (LAS)
method is probably the most difficult to implement, but the easiest to use. LAS is a fast
and generally accurate method of producing realizations of a discrete ‘local average’
random process. The motivation for the method arose out of a need to properly account
for the fact that most engineering measurements are actually local averages of the
property in question. For example, soil porosity is ill-defined at the micro-scale —
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it is measured in practice using samples of finite volume and the measured value is
an average of the porosity through the sample. The same can be said of strength
measurements, say triaxial tests on laboratory volumes, or CPT measurements which
record the effects of deforming a bulb of soil around the cone. The variance of the
average is strongly affected by the size of the sample. Depending on the distribution
of the property being measured, the mean of the average may also be affected by the
sample size — this is sometimes called the scale effect. These effects are relatively
easily incorporated into a properly defined random local average process.

Another advantage to using local averages is that they are ideally suited to stochastic
finite element modeling using efficient, low order, interpolation functions. Each dis-
crete local average given by a realization becomes the average property within each
discrete element. As the element size is changed, the statistics of the random prop-
erty mapped to the element will also change in a statistically consistent fashion. This
gives finite element modelers the freedom to change mesh resolution without losing
stochastic accuracy.

The concept behind the LAS approach derived from the stochastic subdivision algo-
rithm described by Carpenter (1980) and Fournier et al. (1982). Their method was
limited to modeling power spectra having a w~? form and suffered from problems
with aliasing and ‘creasing’. Lewis (1987) generalized the approach to allow the
modeling of arbitrary power spectra without eliminating the aliasing. The stochas-
tic subdivision is a midpoint displacement algorithm involve recursively subdividing
the domain by generating new midpoint values randomly selected according to some
distribution. Once chosen, the value at a point remains fixed and at each stage in the
subdivision only half the points in the process are determined (the others created in
previous iterations). Aliasing arises because the power spectral density is not modified
at each stage to reflect the increasing Nyquist frequency associated with each increase
in resolution. Voss (in Peitgen et al., 1988, Chap. 1) attempted to eliminate this prob-
lem with considerable success by adding randomness to all points at each stage in the
subdivision in a method called ‘successive random additions’. However the internal
consistency easily achieved by the midpoint displacement methods (their ability to re-
turn to previous states while decreasing resolution through decimation) is largely lost
with the successive random additions technique. The property of internal consistency
in the midpoint displacement approaches implies that certain points retain their value
throughout the subdivision and other points are created to remain consistent with them
with respect to correlation. In the LAS approach, internal consistency implies that the
local average is maintained throughout the subdivision.

The LAS method solves the problems associated with the stochastic subdivision meth-
ods and incorporates into it concepts of local averaging theory. The general concept
and procedure is presented first for a one-dimensional stationary process characterized
by its second-order statistics. The algorithm is illustrated by a Markov process, hav-
ing a simple exponential correlation function, as well as by a fractional Gaussian noise
process as defined by Mandelbrot and van Ness (1968). The simulation procedure in
two and three dimensions is then described. Finally some comments concerning the
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accuracy and efficiency of the method are made.

4.6.1 One-Dimensional Local Average Subdivision

The construction of a local average process via LAS essentially proceeds in a top-
down recursive fashion as illustrated in Figure 9. In Stage 0, a global average is
generated for the process. In Stage 1, the domain is subdivided into two regions whose
‘local’ averages must in turn average to the global (or parent) value. Subsequent stages
are obtained by subdividing each ‘parent’ cell and generating values for the resulting
two regions while preserving upwards averaging. Note that the global average remains
constant throughout the subdivision, a property that is ensured merely by requiring that
the average of each pair generated is equivalent to the parent cell value. This is also
a property of any cell being subdivided. We note that the local average subdivision
can be applied to any existing local average field. For example, the stage O shown in
Figure 9 might simply be one local average cell in a much larger field. The algorithm
proceeds as follows;

1. generate a normally distributed global average (labeled Z in Figure 9) with
mean zero and variance obtained from local averaging theory,

2. subdivide the field into two equal parts,

3. generate two normally distributed values, Z{ and Z3, whose means and vari-
ances are selected so as to satisfy three criteria:

a) that they show the correct variance according to local averaging
theory,

b) that they are properly correlated with one another,

c) that they average to the parent value, 3 (Z] + Z3) = Z9.

That is, the distributions of Z;{ and Z3 are conditioned on the value of Z9,
4. subdivide each cell in stage 1 into two equal parts,

5. generate two normally distributed values, Z12 and 222, whose means and vari-
ances are selected so as to satisfy four criteria:

a) that they show the correct variance according to local averaging
theory,

b) that they are properly correlated with one another,

c) that they average to the parent value, (27 + Z3) = Z{,

d) that they are properly correlated with Z2 and Z3.
The third criteria implies conditioning of the distributions of Z? and Z2 on the
value of Z;. The fourth criteria will only be satisfied approximately by condi-
tioning their distributions also on Z..

and so on in this fashion. The approximations in the algorithm come about in two
ways: first the correlation with adjacent cells across parent boundaries is accomplished
through the parent values (which are already known having been previously gener-
ated). Second the range of parent cells on which to condition the distributions will
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be limited to some neighborhood. Much of the remainder of this section is devoted
to the determination of these conditional Gaussian distributions at each stage in the
subdivision and to an estimation of the algorithmic errors. In the following, the term
‘parent cell’ refers to the previous stage cell being subdivided and ‘within-cell’ means
within the region defined by the parent cell.

Stage 0 z?

Stage 1 z{ Z3;

Stage 2 z? Z3 Z3 Z;
Stage3 | Zi| Z3| Z3| Z3| z3| z§| Z7| Z§

Stage 4 l l

Figure 9. Top-down approach to LAS construction of local average
random process.

LY ,\M W
\/

Figure 10. Realization of continuous random function, Z, with do-
main of interest (0, D] shown.

To determine the mean and variance of the Stage 0 value, Z 0 consider first a continu-
ous stationary scalar random function Z(t) in one dimension, a sample of which may
appear as shown in Figure 10, and define a domain of interest (0, D] within which a
realization is to be produced. Two comments should be made at this point: First, as
it is currently implemented the LAS method is restricted to stationary processes fully
described by their second-order statistics (mean, variance and correlation function or,
equivalently, spectral density function). This is not a severe restriction since it leaves a
sufficiently broad class of functions to model most natural phenomena (Lewis, 1987);
also, there is often insufficient data to substantiate more complex probabilistic mod-
els. Besides, a non-stationary mean and variance can be easily added to a stationary
process. For example Y (t) = p(t) + o(t) x X (¢) will produce a non-stationary Y (¢)
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from stationary X (¢) if u(t) and/or o(t) vary with t. Secondly, the subdivision pro-
cedure depends on the physical size of the domain being defined since the dimension
over which local averaging is to be performed must be known. The process Z beyond
the domain (0, D] is ignored.

The average of Z(t) over the domain (0, D] is given by

1 (P
2=5 [ 2@ (67)
where Z¥ is a random variable whose statistics
B[27] = (68)
B((29) :DQ// (©)] dede
=B[7)° + o /0 (D - 1) C(r)dr (69)

can be found by making use of stationarity and the fact that C(7), the covariance
function of Z(t), is an even function of lag 7. Without loss in generality, E [Z ] will
henceforth be taken as zero. If Z(¢) is a Gaussian random function, Eq’s (68) and (69)
give sufficient information to generate a realization of Z9 which becomes stage 0 in
the LAS method. If Z(t) is not Gaussian, then the complete probability distribution
function for Z? must be determined and a realization generated according to such a
distribution. We will restrict our attention to Gaussian processes.

Consider now the general case where stage ¢ is known and stage i+1 is to be generated.
In the following the superscript ¢ denotes the stage under consideration. Define

. D
DZ:§) ’L’:O’1,2’...,L, (70)

where the desired number of subintervals in the final realization is N = 2%, and
define Zj, to be the average of Z(t) over the interval (k — 1)D* < t < kD’ centered
atty, = (k—1)D', ie.

kD"
zi= - /( 2(€) de (71)

D* J(x—1)pi

where E [Z}J =E [Z ] = 0. The target covariance between local averages separated
by lag mD? between centers is

o kD' (k+m)D*
E[ZiZi ] =E KDZ) / Z(§) Z(¢') déd¢’

—1)D? k+m—1)D?

() [ L e
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mD* )
/ (€ — (m— 1)D)B(¢) d¢

()
Di (m—1)D?

’ (DL) /szjl)Dt((m+ D' = ) B(&)de. (72)

which can be evaluated relatively simply using Gaussian quadrature as
i i 1
E[ZiZ} 4] = 7Y w0 {(1 +2,))C(r) + (1 — ZV)C(SV)} (73)
v=1

where r, = D? (m — %(1 — zy)), s, = D* (m + %(1 + zy)) and the weights, w,,
and positions z, can be found in Appendix A.4 for n, Gauss points.

With reference to Figure 11, the construction of stage ¢+ 1 given stage ¢ is obtained by
estimating a mean for Z; " and adding a zero mean discrete white noise ¢! U} "
having variance (c'*1)?

Z’QL;” = M;jl + T U;J”. (74)
The best linear estimate for the mean M. 5;” can be determined by a linear combination
of stage ¢ (parent) values in some neighborhood j — n,...,7 +n,
j+n
M =" ai_; 7. (75)
k=j—n

Multiplying (74) through by Z! | taking expectations and using the fact that U;“ is
uncorrelated with the stage 7 values allows the determination of the coefficients a in
terms of the desired covariances,

Jjtn
B[z ZL) = Y e ;E[Z 2] (76)

k=j—n
a system of equations (m = j — n,...,j + n) from which the coefficients aj,
¢ = —n,...,n, can be solved. The covariance matrix multiplying the vector {a}}

is both symmetric and Toeplitz (elements along each diagonal are equal). For U ; T
N(0,1) the variance of the noise term is (¢**)? which can be obtained by squaring
(74), taking expectations and employing the results of (76)

Jj+n
() =E[(Zs)?] - Y @i ;B[Z5 Zi] (77)
k=j—n
j j+1
SR EE 2+1 | 2+2

Figure 11. One-dimensional LAS indexing for stage ¢ (top) and stage
i+ 1 (bottom).
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The adjacent cell, Z§+1 is determined by ensuring that upwards averaging is pre-

i1
served — that the average of each stage ¢ 4 1 pair equals the value of the stage ¢ parent,
Zyt =275 — Zyh (78)

which incidentally gives a means of evaluating the cross-stage covariances
B2y Z,,] = 3B[Z5)" 25\ + 3B(25]" Z5,] (79)

which are needed in Eq. 76. All the expectations in Equations (76) to (79) are evalu-
ated using (72) or (73) at the appropriate stage.

For stationary processes, the set of coefficients {a}} and ¢’ are independent of position
since the expectations in (76) and (77) are just dependent on lags. The generation
procedure can be restated as follows;

1. fori =0,1,2,..., L compute the coefficients {a}}, £ = —n, ..., n using (76)
and ¢+ using (77),

2. starting with ¢+ = 0, generate a realization for the global mean using (68) and

(69),

3. subdivide the domain,

4. foreachj = 1,2,3,...,2%, generate realizations for Z;jl and Zéjtll using (74)
and (78),

5. increment ¢ and, if not greater than L, return to step 3.

Notice that subsequent realizations of the process need only start at step 2 and so the
overhead involved with setting up the coefficients becomes rapidly negligible.

Because the LAS procedure is recursive, obtaining stage ¢+ 1 values using the previous
stage, it is relatively easy to condition the field by specifying the values of the local
averages at a particular stage. So, for example, if the global mean of a process is
known a priori, then the stage 0 value can be set to this mean and the LAS procedure
started at stage 1. Similarly if the resolution is to be refined in a certain region, then
the values in that region become the starting values and the subdivision resumed at the
next stage.

Although the LAS method yields a local average process, when the discretization size
becomes small enough it is virtually indistinguishable from the limiting continuous
process. Thus the method can be used to approximate continuous functions as well.

Accuracy

It is instructive to investigate how closely the algorithm approximates the target statis-
tics of the process. Changing notation slightly, denote the stage ¢ + 1 algorithmic
values, given the stage ¢ values, as

j+n
Zit =t Uit N a7 (80)

k=j—n
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Zit =221 - Zi. (81)

It is easy to see that the expectation of Z is still zero, as desired, while the variance is

Jjt+n 2
E{(Z;‘jl)ﬂ —E (a’“ vt e N a4 Z,i)

k=j—n
Jj+n Jjt+n o
) Z ay Z a;_;B[Z; 7}

k=j—n l=j—n

Jj+n ‘ j+n _
=B[(Z ] = X @ BlA Zi] + D B2 7]
k=j—n k=j—n
= B[(Z3")"] (82)

in which the coefficients ¢t and aé where calculated using (76) and (77) as before.
Similarly, the within-cell covariance at lag D**" is

j+n

B|Z5 250 =2 > ai B2 7)) - B[(Zi)]
l=j—n
=2B[2;" Z]] - B[(2,,)°] = B[22, 2] (83)

using the results of (82) along with (79). Thus the covariance structure within a cell
is preserved exactly by the subdivision algorithm. Some approximation does occur
across cell boundaries as can be seen by considering

Jj+n

{ZHlZéj—&l-l} =2 Z ak i B Z J+1]

k=j—n
j+n+1 _ j+n _ o

- Y a4 ;E[Z 7]

l=j—n+1 k=j—n

=E[Z]" 2,01 + B[2y] Z5)15)
Jj+n+1 . ) .

- > @B 7 (84)
l=j—n+1

The algorithmic error in this covariance comes from the last two terms. The discrep-
ancy between (84) and the exact covariance is illustrated numerically in Figure 12 for
a zero mean Markov process having covariance and variance functions

B(1) = 0% exp {—@} (85)
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62 [2|T| —2|T|
T)=—5 |— — -1
AT) = g | A + e {5 (56)
where T is the averaging dimension (in Figure 12, T = D) and @ is the scale
of fluctuation of the process. The exact covariance is determined by (72) (for m =
1) using the variance function (86). Although Figure 12 shows a wide range in the
effective cell sizes, 27"/, the error is typically very small.

-
g —— Exact Correlation
N e LAS Correlation
551
©
2
s <
83
N
o
o T T T I T T T I T T T : i T 1 L
02 2 46851 2 4680 2 468, 2 4680
2T/8

Figure 12. Comparison of algorithmic and exact correlation between
adjacent cells across a parent cell boundary for varying
effective cell dimension 27°/6.

To address the issue of errors at larger lags and the possibility of errors accumulating
from stage to stage, it is useful to look at the exact versus estimated statistics of the
entire process. Figure 13 illustrates this comparison for the Markov process. It can
be seen from this example and from the fractional Gaussian noise example to come,
that the errors are self-correcting and the algorithmic correlation structure tends to the
exact correlation function when averaged over several realizations. Spectral analysis
of realizations obtained from the LAS method show equally good agreement between
estimated and exact (Fenton, trefFent90). The within-cell rate of convergence of the
estimated statistics to the exact is 1/ng;m,, where 1y, is the number of realizations.
The overall rate of convergence is about the same.
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Figure 13. Comparison of exact and estimated covariance functions
(averaged over 200 realizations) of a Markov process with
oc=1and§ = 4.
Boundary Conditions and Neighborhood Size

When the neighborhood size (2n + 1) is greater than 1 (n > 0), the construction
of values near the boundary may require values from the previous stage which lie
outside the boundary. This problem is handled by assuming that what happens outside
the domain (0, D] is of no interest and uncorrelated with what happens within the
domain. The generating relationship (74) near either boundary becomes

J+q
Zit=cdt Uit N 6 70 (87)

k=j—p

where p = min(n,j — 1), ¢ = min(n,2’ — j) and the coefficients a} need only
be determined for / = —p,...,q. The periodic boundary conditions mentioned by
Lewis (1987) are not appropriate if the target covariance structure is to be preserved
since they lead to a covariance which is symmetric about lag D/2 (unless the desired
covariance is also symmetric about this lag).

In the implementation described in this paper, a neighborhood size of 3 was used
(n = 1), the parent cell plus its two adjacent cells. Because of the top-down approach,
there seems to be little justification to using a larger neighborhood for processes with
covariance functions which decrease monotonically or which are relatively smooth.
When the covariance function is oscillatory, a larger neighborhood is required in order
to successfully approximate the function.
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Figure 14. Effect of neighborhood size for (a) n = 1 and (b) n = 2
for a damped oscillatory process.

In Figure 14 the exact and estimated covariances are shown for a damped oscillatory

process where
B(7) = 02 cos(wr)e™27/°. (88)

Considerable improvement in the model is obtained when a neighborhood size of 5 is
used (n = 2). This improvement comes at the expense of taking about twice as long
to generate the realizations. Many practical models of natural phenomena employ
monotonically decreasing covariance functions, often for simplicity, and so the n = 1
implementation is usually preferable.

Fractional Gaussian Noise

As a further demonstration of the LAS method, a self-similar process called fractional
Gaussian noise was simulated. Fractional Gaussian noise (fGn) is defined by Man-
delbrot et al. (1968) to be the derivative of fractional Brownian motion (fBm), and
is obtained by averaging the fBm over a small interval §. The resulting process has
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covariance and variance functions
2

B(r) r 8P = 2P+ |7 — 2 (59)

= 252H |

B |T-|— 5|2H+2 _ 2|T|2H+2 + |T _ 6|2H+2 _ 252H+2

V(T) T2(2H + 1)(2H + 2)82H

defined for 0 < H < 1.

@

Covariance
04 06

0.2

o T T T T
0 1 2 3 4 5
Lag
Figure 15. (a) LAS generated sample function of w noise for
H = 0.95, and (b) corresponding estimated (averaged
over 200 realizations) and exact covariance functions.

2H-1

The case H = 0.5 corresponds to white noise and H — 1 gives w ™! type noise. In
practice 4 is taken to be equal to the smallest lag between field points (§ = D/2%)
to ensure that when H = 0.5 (white noise), B(7) becomes zero for all 7 > D/2L.
A sample function and its corresponding ensemble statistics are shown in Figure 15
for w™? type noise (H = 0.95) where 3 = 2H — 1. The self-similar type processes
have been demonstrated by Mandelbrot (1982), Voss (1985), and many others (Mohr,
1981, Peitgen et al., 1988, Whittle, 1956, to name a few) to be representative of a
large variety of natural forms and patterns, for example music, terrains, crop yields,
and chaotic systems. Fenton (1999) demonstrated the presence of fractal behaviour in
CPT logs taken in Norway.
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4.6.2 Multi-Dimensional Local Average Subdivision

The 2-D LAS method involves a subdivision process in which a ‘parent’ cell is divided
into 4 equal sized cells. In Figure 16, the parent cells are denoted Z/, | = 1,2,...
and the subdivided, or child cells are denoted Z;H, j = 1,2,3,4. Although each
parent cell is eventually subdivided in the LAS process, only Zi is subdivided in
Figure 16 for simplicity. Using vector notation, the values of the column vector
Z = (zit Zitl 71 7051 are obtained by adding a mean term to a random
component. The mean term derives from a best linear unbiased estimate using a 3 x 3
neighborhood of the parent values, in this case the column vector Z* = {Zi, ..., Zi}.
Specifically

gi+1 _ éT Zi +£JU (91)
where U is a random vector with independent N (0, 1) elements. This is essentially
an ARMA model in which the ‘past’ is represented by the previous coarser resolution
stages.

g % z
T

A |5 &
32l 34.21

2 % %

Figure 16. Local Average Subdivision in two-dimensions.

Defining the covariance matrices

R=E|z'7"], (92a)
S = E[gigi“T} , and (92b)
B=E[z* 74, (92¢)

then the matrix A is determined by

A=R7S (93)
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while the lower triangular matrix L satisfies
LL"=B-S"A (94)

The covariance matrices .5 § and § must be computed as the covariances between
local averages over the domains of the parent and child cells. This can be done using
the variance function although direct Gauss Quadrature integration of the covariance
function has been found to give better numerical results.

Note that the matrix on the right hand side of Eq. 94 is only rank 3, so that the 4 x 4
matrix L has a special form with columns summing to zero (thus L4 = 0). While
this results from the fact that all the expectations used in Eq.’s 92 are derived using
local average theory over the cell domains, the physical interpretation is that upwards
averaging is preserved, ie. that P; = i(Q1 + Q2 + Q3 + Q4). This means that one of
the elements of @ is explicitly determined once the other three are known. In detail,
Eq. 91 is carried out as follows

9

Zit = Z AnZi+ LUy (95a)
=1

Zitt = Z AZ] + LUy + LUy (95)
=1

Z5 =" AZ] + LayUy + LaoUs + LssUs (95¢)
=1

Zitt =4zl — zit -zttt gzt (95d)

where U; are a set of three independent standard normally distributed random vari-
ables. Subdivisions taking place near the field boundaries are handled in much the
same manner as in the one-dimensional case by assuming that conditions outside the
field are uncorrelated with those inside the field.

The assumption of homogeneity vastly decreases the number of coefficients that need
to be calculated and stored since the matrices A and L become independent of po-
sition. As in the 1-D case, the coefficients need only be calculated prior to the first
realization — they can be re-used in subsequent realizations reducing the effective cost
of their calculation.

A sample function of a Markov process having isotropic covariance function
B(1,72) = 0” exp{—2\/72 + 73} (96)

was generated using the two-dimensional LAS algorithm and is shown in Figure 17.

The field, which is of dimension 5 x 5, was subdivided 8 times to obtain a 256 x 256
resolution giving relatively small cells of size % X %. The estimated covariances

along three different directions are seen in Figure 18 to show very good agreement
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with the exact. The agreement improves (as 1/n4;,) When the statistics are averaged
over a larger number of simulations. Notice that the horizontal axis on Figure 18
extends beyond a lag of 5 to accomodate the estimation of the covariance along the
diagonal (which has length 51/2).

Figure 17. Local Average Subdivision generated two-dimensional sam-
ple function with § = 0.5.

In three dimensions, the LAS method involves recursively subdividing rectangular
parallelepipeds into 8 equal volumes at each stage. The generating relationships are
essentially the same as in the 2-D case except now 7 random noises are used in the
subdivision of each parent volume at each stage

27 S
Z =" MZi+ Y Ly U s=1,2,...7 (97)
=1 r=1
7
Zyt =824, - >z (98)
s=1

in which Z!** denotes a particular octant of the subdivided cell centered at Z% . Eq. 97
assumes a neighborhood size of 3 x 3 x 3, and the subdivided cell is Z, at the center
of the neighborhood.
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Figure 18. Comparison of exact and estimated covariance functions
(averaged over 100 realizations) of a two-dimensional isotropic
Markov process with 0 = 1 and 6 = 0.5.

—— Exact

Covariance

10

Figure 19. Comparison of exact and estimated covariance functions
(averaged over 50 realizations) of a three-dimensional isotropic
Markov process with ¢ = 1 and § = 0.5. The dashed
lines show covariance estimates in various directions through
the field.
Figure 19 compares the estimated and exact covariance of a three-dimensional first-
order Markov process having isotropic covariance

B(1,,72,73) :02exp{f% T2 4+ 72 + 72} (99)

The physical field size of 5 x 5 x 5 was subdivided 6 times to obtain a resolution of
64 x 64 x 64 and the covariance estimates were averaged over 50 realizations.
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4.6.3 Implementation and Accuracy

In order to calculate stage ¢ + 1 values, the values at stage ¢ must be known. This
implies that in the 1-D case, storage must be provided for at least 1.5 N values where
N = 2% is the desired number of intervals of the process. If rapid ‘zooming out’ of
the field is desired, it is useful to store all previous stages. This results in a storage
requirement of (2N — 1)in 1-D, $(N x N)in2-D,and (N x N x N)in3-D.
The coefficients él and the lower triangular elements of £/ which must also be stored,
can be efficiently calculated using Gaussian elimination and Cholesky decomposition,
respectively.

In two and higher dimensions, the LAS method, as presented above with a neighbor-
hood size of 3 in each direction, is incapable of preserving anisotropy in the covariance
structure. The directional scales of fluctuation tend toward the minimum for the field.
To overcome this problem, the LAS method can be mixed with the covariance matrix
decomposition (CMD) method (see Eq. 28). As mentioned in Section 4.3, the CMD
method requires large amounts of storage and is prone to numerical error when the
field to be simulated is not small. However, the first several stages of the local average
field could be produced directly by the CMD method and then refined by LAS in sub-
sequent stages until the desired field resolution is obtained. The resulting field would
have anisotropy preserved at the large scale.

Specifically, in the one dimensional case, a positive integer k; is found so that the total
number of cells, N1, desired in the final field can be expressed as

Ny =k (2™) (100)

where m is the number of subdivisions to perform and &, is as large as possible with
k1 < kmaz- The choice of the upper bound k,,,, depends on how large the initial
covariance matrix used in Eq. 28 can be. If &, is too large, the Cholesky decom-
position of the initial covariance matrix will be prone to numerical errors and algo-
rithmic non-positive definiteness (which means that the Cholesky decomposition will
fail). The authors suggest k4, < 256.

In two dimensions, two positive integers k; and ko are found such that k1 ke < kpyay
and the field dimensions can be expressed as

Ny = ki (2™) (101a)
Ny = ko (2) (101b)

from which the first k1 X ks lattice of cell values are simulated directly using covari-
ance matrix decomposition (28). Since the number of subdivisions, m, is common to
the two parameters, one is not entirely free to choose N7 and N, arbitrarily. It does,
however, give a reasonable amount of discretion in generating non-square fields, as is
also possible with both the FFT and TBM methods.

Although Figure 4 illustrates the superior performance of the LAS method over the
FFT method in one dimension with respect to the covariance, a systematic bias in the
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variance field is observed in two dimensions. Figure 20 shows a grey scale image of
the estimated cell variance in a two-dimensional field obtained by averaging over the
ensemble. There is a pattern in the variance field — the variance tends to be lower
near the major cell divisions, that is at the 1/2, 1/4, 1/8, etc. points of the field.
This is because the actual diagonal, or variance, terms of the 4 x 4 covariance matrix
corresponding to a subdivided cell are affected by the truncation of the parent cell
influence to a 3 x 3 neighborhood. The error in the variance is compounded at each
subdivision stage and cells close to ‘older’ cell divisions show more error than do
‘interior’ cells. The magnitude of this error varies with the number of subdivisions,
the scale of fluctuation, and type of covariance function governing the process.

Figure 20. Two-dimensional LAS generated variance field (averaged
over 200 realizations).

Figure 21 depicts the estimated variances along a line through the plane for both the
LAS and TBM methods. Along any given line, the pattern in the LAS estimated vari-
ance seen in Figure 20 is not particularly noticeable and the values are about what
would be expected for an estimate over the ensemble. Figure 22 compares the esti-
mated covariance structure in the vertical and horizontal directions, again for the TBM
(64 lines) and LAS methods. In this respect, both the LAS and the TBM methods are
reasonably accurate.
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Figure 21. Variance along a horizontal line through the two-dimensional

LAS and TBM fields estimated over 200 realizations.

Figure 23 illustrates how well the LAS method combined with the Covariance Matrix
Decomposion (CMD) preserves anisotropy in the covariance structure. In this figure
the horizontal scale of fluctuation is 6, = 10 while the vertical scale of fluctuation
is §, = 1. As mentioned earlier the LAS algorithm, using a neighborhood size of 3,
is incapable of preserving anistropy. The anisotropy seen in Figure 23 is due to the
initial CMD. The loss of anisotropy at very small lags (at the smaller scales where the
subdivision is taking place) can be seen in the Figure — that is, the estimated horizontal
covariance initially drops too rapidly at small lags.
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Figure 22. Covariance structure of the LAS and TBM two-dimensional
random fields estimated over 200 realizations.
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Figure 23. Exact and estimated covariance structure of an anisotropic
LAS produced field with 6, = 10 and 6, = 1. The esti-
mation is over 500 realizations.

It may be possible to improve the LAS covariance approximations by extending the
size of the parent cell neighborhood. A 3 x 3 neighborhood is used in the current
implementation of the 2-D LAS algorithm, as shown in Figure 16, but any odd sized
neighborhood could be used to condition the statistics of the subdivided cells. Larger
neighborhoods have not been tested in two and higher dimensions, although in one
dimension increasing the neighborhood size to 5 cells resulted in a more accurate
covariance function representation, as would be expected.

4.7 Comparison of Methods

The choice of a random field generator to be used for a particular problem or in general
depends on many issues. Table 1 shows the relative run times of the three algorithms
to produce identically sized fields. The times have been normalized with respect to
the FFT method so that a value of 2 indicates that the method took twice as long as
did the FFT. If efficiency alone were the selection criteria, then either the TBM with a
small number of lines or the LAS methods would be selected, with probably the LAS
a better choice if streaking is not desired. However, efficiency of the random field
generator is often not an overriding concern — in many applications, the time taken to
generate the field is dwarfed by the time taken to subsequently process or analyze the
field. Substantial changes in generator efficiency may be hardly noticed by the user.
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Table 1 Comparison of run-times of the FFT, TBM and LAS algorithms in one
and two-dimensions.

Dimension FFT LAS TBM
16 lines 64 lines
1-D 1.0 0.70 - -
2-D 1.0 0.55 0.64 2.6

As a further comparison of the accuracy of the FFT, TBM, and LAS methods, a set
of 200 realizations of a 128 x 128 random field were generated using the Markov
covariance function with a scale of fluctuation § = 2 and a physical field size of 5 x 5.
The mean and variance fields were calculated by estimating these quantities at each
point in the field (averaging over the ensemble) for each algorithm. The upper and
lower 90% quantiles are listed in Table 2 along with those predicted by theory under
a normal distribution. To obtain these numbers, the mean and variance fields were
first estimated, then upper and lower bounds were found such that 5% of the field
exceeded the bounds above and below, respectively. Thus 90% of the field is observed
to lie between the bounds. It can be seen that all three methods yield very good results
with respect to the expected mean and variance quantiles. The TBM results were
obtained using 64 lines. Although these results are strictly only valid for the particular
covariance function used, they are believed to be generally true over a wider variety
of covariance functions and scales of fluctuation.

Table 2 Upper and lower 90% quantiles of the estimated mean and variance
fields for the FFT, TBM, and LAS methods (200 realizations).

Algorithm Mean Variance
FFT (—0.06,0.12) (0.87,1.19)
TBM (—0.11,0.06) (0.83,1.14)
LAS (—0.12,0.09) (0.82,1.13)

Theory (—0.12,0.12) (0.84,1.17)

Purely on the basis of accuracy in the mean, variance and covariance structures, the
best algorithm of those considered here is probably the TBM method using a large
number of lines. The TBM method is also one of the easiest to implement once an
accurate 1-D generator has been implemented. Unfortunately, there is no clear rule
regarding the minimum number of lines to be used to avoid streaking. In two dimen-
sions using the Markov covariance function, it appears that at least 50 lines should
be employed. However, as mentioned, narrow band processes may require more. In
three dimensions, no such statements can be made due to the difficulty in studying the
streaking phenomena off a plane. Presumably one could use a ‘density’ of lines sim-
ilar to that used in the two-dimensional case, perhaps subtending similar angles, as a
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guide. The TBM method is reasonably easy to use in practice as long as the equivalent
1-D covariance or spectral density function can be found.

The FFT method suffers from symmetry in the covariance structure of the realizations.
This can be overcome by generating fields twice as large as required in each coordinate
direction and ignoring the surplus. This correction results in slower run times (a factor
of 2in 1-D, 4 in 2-D, etc.). The FFT method is also relatively easy to implement and
the algorithm is similar in any dimension. Its ability to easily handle anisotropic fields
makes it the best choice for such problems. Care must be taken when selecting the
physical field dimension and discretization interval to ensure that the spectral density
function is adequately approximated. This latter issue makes the method more difficult
to use in practice. However, the fact that the FFT approach employs the spectral
density function directly makes it an intuitively attractive method, particularly in time
dependent applications.

The LAS method has a systematic bias in the variance field, in two and higher dimen-
sions, which is not solvable without increasing the parent neighborhood size. How-
ever, the error does not result in values of variance that lie outside what would be
expected from theory — it is primarily the pattern of the variance field which is of
concern. Of the three methods considered, the LAS method is the most difficult to
implement. It is, however, one of the easiest to use once coded since it requires no de-
cisions regarding its parameters, and it is generally the most efficient. If the problem
at hand requires or would benefit from a local average representation, then the LAS
method is the logical choice.
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Application of the Random Finite Element
Method

Michael A. Hicks

Delft University of Technology, The Netherlands

Soil heterogeneity influences material behaviour and geotechnical performance.
This chapter illustrates, through a series of numerical examples of varying degree of
complexity, how the random finite element method (RFEM) may be used to assess
the influence of soil heterogeneity on geotechnical performance and uncertainty.
This method links random field theory for modelling the spatial variability of soil
properties with finite elements for modelling geotechnical performance, within a
Monte Carlo framework. It uses the soil property point and spatial statistics as in-
put, enabling the structural “output” response to be described in terms of either
reliability or probability of failure. Numerical analyses are presented which demon-
strate the importance of three-dimensionality when considering the effects of heter-
ogeneity; indeed, results demonstrate just how difficult it is to compute 2D failures
in a heterogeneous material. It is also shown how RFEM provides a self-consistent
framework for explaining the concept of characteristic values in Eurocode 7, as well
as providing a means by which reliability-based characteristic values may be de-
termined. Characteristic values are shown to be problem-dependent and a function
of two competing factors: the spatial averaging of properties along potential failure
surfaces, which reduces the coefficient of variation of the property values; and the
tendency of failure mechanisms to follow the path of least resistance, which causes
an apparent reduction in the property mean. The use of RFEM in assessing the lig-
uefaction potential of sand in two underwater slope case histories is also reported.

1 Introduction

Heterogeneity is the spatial variability of soil properties and it occurs at multiple
scales: at the very small scale, as seen in the arrangement of solid particles in granu-
lar soils and in the fibrous nature of organic soils such as peat; at the centimeter to
meter scale, as seen in the spatial variability of soil properties within soil layers; at
the medium scale, as seen in the geological layering of soils of different types; and
at the very large (e.g. regional) scale. Heterogeneity influences the hydro-
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mechanical behaviour of soils and the performance of geotechnical structures.
Moreover, the presence of heterogeneity leads to uncertainty in ground conditions
and thereby to uncertainty in design [Arn01, Hic02].

This chapter focuses on the heterogeneity that exists in so-called “uniform” soil
layers, and on the influence that this heterogeneity has on geotechnical performance
and uncertainty. It includes aspects of the measurement and statistical quantification
of heterogeneity. In particular, it describes how heterogeneity may be modelled
using random field theory, and how random fields may be linked with finite ele-
ments within a probabilistic framework to enable computations of reliability of ge-
otechnical structures, a methodology often referred to as the random finite element
method (RFEM) [FenO1]. The influence of heterogeneity on geotechnical perfor-
mance is illustrated through a series of slope stability applications.

2  Basics of stochastic analysis

Figure 1(left) shows the variation in soil property X through a so-called “uniform”
soil layer. In a conventional (deterministic) analysis, a single “representative” value
of the soil property is adopted, and, when this is used in the analysis of a geotech-
nical structure, it leads to a single factor of safety. Unfortunately, however, this
factor of safety tells the engineer nothing about the probability of failure.

In contrast, stochastic analysis makes use of all data from the layer, and expresses
them in the form of a probability density function, as illustrated by the normal dis-
tribution in Figure 1 (right). This distribution is characterized by the mean and
standard deviation of X, denoted by u and o, respectively, and by the coefficient of
variation, expressed as V' = o/u. A third statistical parameter, the scale of fluctuation
6, is illustrated in Figure 1 (left). This is the distance over which soil properties are
significantly correlated [Van02] and may be regarded as a function of the distance
between, for example, adjacent strong or weak zones. Figure 2 illustrates the influ-
ence of O, relative to the domain dimension D, on the spatial variation of the soil
property X in two dimensions, in which dark and light zones indicate high and low
values of X respectively. For small /D the property values change rapidly over
small distances, whereas, for large 6/D, the spatial variation is much more gradual.
In this figure, the spatial variability is modelled by random fields generated by local
average subdivision (LAS) [Fen02]. Note that the same scale of fluctuation has been
used in all directions, so these are examples of isotropic random fields, whereas, in
practice, the scale of fluctuation will be larger in the horizontal plane due to the
process of soil deposition.

Stochastic analysis leads to the performance of a structure being expressed in proba-
bilistic terms, rather than in terms of a single factor of safety. For example, structure
response is often described in terms of probability of failure, or in terms of reliabil-
ity (which is the probability of failure not occurring). Although there are a range of
approaches to conducting stochastic analysis [Hic02], this chapter focuses on the use
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of the random finite element method (RFEM). Sections 2.1 to 2.3 briefly summarize
three stages that may be followed in preparing for, and conducting, an RFEM analy-
sis.
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Figure 1: Illustrating the statistics of soil property X; X as a function of depth (left),
probability density function of X (right) [SamO1].

Figure 2: Two-dimensional random fields of X; 8/D = 0.1 (left), /D = 1.0 (right)
[SamO1].

2.1 Pre-analysis stage: statistical site characterization

The site to be analyzed is characterized by, firstly, identifying the geological layer-
ing (i.e. sand, clay, peat, and so on), and secondly, characterizing the heterogeneity
of soil properties within layers. Hence, for a given soil layer, the variation of the soil
property X is represented by its point and spatial statistics.

The point statistics (# and o) may be determined from either in situ or laboratory
data. However, in situ data are preferable, since these reduce the possibility of exag-
gerated estimates for the standard deviation, due, for example, to sampling or testing
procedures. Furthermore, in situ data are needed anyway for determining the scale of
fluctuation. In this respect, the continuous resistance profiles obtained with CPTs are
particularly useful.
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The following sequential process may be adopted for the soil property X [Hic08]:

e Any depth trends in the data are identified; i.e. are x and/or o functions of
the depth z?

e Determine u(z) and o(z), which may be used to define the probability den-
sity function.

e Remove the depth trend from the raw data and determine the vertical scale
of fluctuation 6,; e.g. by using the method proposed by [Wic01].

e By comparing closely-spaced de-trended property profiles, determine the
horizontal scale of fluctuation #,. This presents the biggest problem, as suf-
ficient data are needed to accurately determine 6 [DeGO1]. While this is not
an issue for the vertical direction when using CPT, it has obvious implica-
tions for the required intensity of in situ testing when characterizing spatial
correlations in the horizontal plane, as highlighted by [Llo01, 02].

Note that, although the above procedure will result in the characterization of a site in
terms of the point and spatial statistics of a soil property, the actual heterogeneity
will only be known at the locations of, for example, the CPTs. However, the statis-
tics are needed to generate numerical predictions (i.e. random fields) of the hetero-
geneity across the whole site. Clearly, if it were possible to test every part of a site
the heterogeneity would be known everywhere, and then there would be no need for
numerical predictions of the heterogeneity and no need for a Monte Carlo simula-
tion. Hence the need for RFEM, in assessing the performance of a structure, is not
due to the soil being heterogeneous; rather, it is needed because there is incomplete
knowledge about a site and therefore uncertainty about how a structure will perform.

2.2 Analysis stage: Monte Carlo simulation

For a given set of soil property statistics, for example as determined from CPT data
for the site under consideration, a series of random property fields is generated and,
for each, the geotechnical problem is analyzed to give a range of solutions. Each
random field generation and subsequent finite element analysis of the structure,
using that random field, is known as a realization. Hence, RFEM involves multiple
realizations as part of a Monte Carlo simulation. For all realizations, the random
fields will look similar, as they will all have been generated using the same set of
statistics, but they will all be different with respect to the distribution of strong and
weak zones, and each random field will lead to a different solution when used in a
finite element analysis. Figure 3 shows four random fields generated using the same
set of input (soil property) statistics, while Figure 4 shows computed shear strain
invariant contours at failure for four slopes based on the same input statistics of soil
shear strength.

Each realization in the Monte Carlo simulation is a standard deterministic finite
element analysis [SmiO1], but with each element in the finite element mesh being
assigned a different value of X that is mapped onto the mesh from the random field.
Indeed, it is also possible to assign a different value of X to every element sampling

ALERT Doctoral School 2014



Hicks 185

(integration) point, in order to optimize the level of heterogeneity that may be mod-
elled for a given level of finite element discretization. However, whether the random
field is mapped onto the finite element mesh at the element or sampling point level,
an approximation is involved, since X is thereby assumed to be constant over each
element domain (or over that part of the element associated with each sampling
point): that is, the field is discrete rather than continuous. The aim, therefore, is to
generate a discrete random field in which the point statistics are adjusted (to account
for the finite size of an element, or sampling point “domain”) so that they are equiv-
alent to those of the underlying continuous field. For all applications presented here-
in, the random fields have been generated using local average subdivision [Fen02],
so-named because of its use of local averaging theory.

Figure 3: Four random fields of X based on the same input statistics [Hic08].

Figure 4: Four slope failure mechanisms based on the same input statistics [Hic08].

In simple terms, for each realization: (a) a discrete random field of X is generated,
based on the statistics of X (1, o, 6,, 6,); (b) the random field is mapped onto the
finite element mesh; (c) the problem is analyzed by finite elements. However, many
problems involve the heterogeneity of more than one material property: that is, X =
(X, X, X5 ... X,}", in which n is the number of variables. In such cases, two ap-
proaches are possible: (a) the multivariate approach is to generate a separate random
field for each variable, and to cross-correlate between fields to account for parame-
ter inter-dependency ([FenO3], [Arn02]), for example, higher friction angles are
likely to be associated with an increased tendency for dilation; (b) the reduced-
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variate approach is to generate random fields for smaller numbers of parameters
(e.g. relative density) from which other parameters (e.g. friction angle) may be back-
figured; for example, [PopO1] generated cross-correlated, bi-variate, random fields
of cone tip resistance and soil classification index, while [Hic06] generated univari-
ate random fields of state parameter [BeeO1].

2.3 Post-analysis stage: measures of structure performance

The results of the Monte Carlo realizations are typically presented in the form of a
“performance” probability density function (PDF) or cumulative distribution func-
tion (CDF). The probability of failure (or of failure not occurring) can then be found,
either by proportioning the area under the PDF or by reading directly from the CDF.
The Monto Carlo simulation continues until the output statistics of, for example,
factor of safety, reach an acceptable level of convergence. Note that the required
number of realizations in an RFEM analysis will generally be substantially less than
for a simple probabilistic analysis based only on the point statistics (i.e. 100s rather
than 1000s), due to the spatial averaging of property values. Indeed, in the limit
when @ approaches zero, only one realization would be required.

3 Influence of heterogeneity on slope reliability

This section investigates the influence of heterogeneity of undrained shear strength
on the reliability of slopes that are long in the third dimension. Firstly, a simple 2D
investigation is described, to illustrate some of the basic characteristics of analyses
involving soil heterogeneity. Next, the influence of heterogeneity on slope failure in
three-dimensions is highlighted. Finally, the implications for assessing the stability
of dykes and embankments is illustrated and discussed. In each case, the undrained
shear strength is represented by a truncated normal distribution to avoid the possibil-
ity of negative values. This is a reasonable distribution for this soil property, due to
coefficient of variation generally lying in the range 0.0 < V' < 0.3 (that is, the very
small proportion of values that will need to be truncated will have a negligible influ-
ence on the analysis) [Hic07].

3.1 Stochastic analysis of 2D slope reliability

Figure 5 shows the finite element mesh used to model a 1:2 slope characterized by a
spatially varying undrained shear strength ¢, [Hic08]. The height of the slope is 10
m, the volumetric weight of the soil is ¥ = 20 kN/m’, and the statistics of ¢, are a
mean that increases linearly with depth, from 10 kPa at the top boundary to 50 kPa
at the bottom boundary, and a constant coefficient of variation of 0.3. The vertical
scale of fluctuation is 8, = 1.0 m, whereas various horizontal scales of fluctuation
have been considered [Hic08]. Figure 6 shows a typical ranfom field of ¢, for & =

ALERT Doctoral School 2014



Hicks 187

6,/0, = 12, in which the darker zones indicate higher values of c¢,. The soil has been
modelled by a Tresca failure surface and the following elastic properties: Young’s
modulus, £ = 100,000 kPa, and Poisson’s ratio, v=0.3.

Figure 6: Typical random field for & = 12 [Hic08].

The slope has been analyzed using the strength reduction method. For each random
field, gravitational loading is applied to generate the in situ stresses in the slope and
the crest settlement, A, due to the soil self-weight, is recorded. The slope is then
repeatedly analyzed for progressively weaker soil profiles until the slope fails, as
indicated by a sudden increase in the crest settlement. For each re-analysis, the ran-
dom field of ¢, is the original random field for the realization generated by the input
statistics, scaled down by a factor F. The scaling factor that causes failure is the
factor of safety of the slope (based on the original random field).

Figure 7 shows that, when no heterogeneity is considered, the factor of safety is
close to the analytical solution of F' = 1.6. However, Figure 8 shows that, when het-
erogeneity is considered, there is a wide range of possible solutions. Moreover, the
mean factor of safety is significantly less than the deterministic solution based on
the underlying depth-dependent mean. This is because failure mechanisms follow
the path of least resistance: that is, they are attracted to the weaker zones and try to
avoid (where possible) the stronger zones.

[Hic08] considered several values of ¢ for this boundary value problem and showed
that the distribution of factor of safety tended to converge for values of & that were
lower than likely to be encountered on site. This implied that 8, need not always be
accurately known, since a conservative solution could be found by assuming ¢ = oo.
However, later analyses in 3D, summarized in Section 3.2, have suggested that a
more accurate knowledge of 6, may be important. [Hic07] carried out a detailed 2D
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investigation to illustrate the importance of accounting for both the anisotropy of the
heterogeneity (¢ > 1) and the depth-dependency of the underlying mean c,, whereas
[Hic09] investigated the influence of slope angle.
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Figure 7: Mobilized safety factor versus crest settlement (deterministic solution)
[Hic08].

18

Figure 8: Mobilized safety factor versus crest settlement (stochastic solution, & = )
[Hic08].

3.2 Influence of heterogeneity on 3D slope reliability

[Spe01, 02] and [Hic10] carried out 3D RFEM analyses for a long slope in a soil
characterized by a spatially varying undrained shear strength with constant (i.e.
depth-independent) mean and coefficient of variation. Figure 9 shows the problem
geometry and mesh details. The 1:1 slope is H =5 m high and L = 100 m long, and
is modelled using 8000 20-node brick elements with 2 x 2 x 2 Gaussian integration.

As in Section 3.1, the slope has been loaded by applying gravity loading to generate
the in situ stresses. However, rather than analyzing the slope for a given set of statis-
tics and finding the distribution of factor of safety, this investigation focusses on
finding the relationship between reliability and factor of safety based on the mean c,.
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The process starts with g4, which is the mean ¢, at which the slope would just
start to fail if there were no spatial variation in ¢,. Therefore, for a given value of F
and &, the point and spatial statistics are: y = py o x F; o= uxV; 0, =6, x &
where, for this investigation, ;o= 16.1 kPa, = 0.3 and 6, = 1.0 m. These statis-
tics are used to generate N random fields of ¢,, and, for each realization, the slope is
analyzed by finite elements. The percentage reliability is then given by R = (1 —
(N/N)) x 100, where N, is the number of realizations in which the slope fails under
its own self weight.

& =]

/]
|

Figure 9: Isometric projection of 3D slope and cross-section through mesh [Spe02,
Hic10].

Figure 10 shows the relationship between reliability and global factor of safety for a
2D (i.e. plane strain) analysis. At a factor of safety of 1.0 (based on the mean ¢,) R <
50% for all values of &, due to failure being attracted to the weaker zones. It is clear
that, although the solution is dependent on the horizontal scale of fluctuation, the
solution has converged for £ > 6 in this example.

100

80 -
60 A
40 A
—»—E£=100
20 1 —%—& = 1000
0 T T T
0.8 1.0 12 1.4 1.6 1.8

Figure 10: Influence of degree of anisotropy of the heterogeneity on reliability ver-
sus global factor of safety (2D analysis) [Spe02, Hic10].
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Figure 11: Influence of degree of anisotropy of the heterogeneity on reliability ver-

sus global factor of safety (3D analysis) [Spe02, Hic10].

Figure 11 shows the results of the equivalent 3D analyses. In evaluating these re-
sults, [Spe02, Hic10] identified three categories of failure mode, which are illustrat-
ed by the typical deformed meshes in Figure 12. The failure modes are as follows:

Mode 1: For 8, < H, the scale of fluctuation is relatively small in all direc-
tions and it becomes harder for failure to propagate through semi-
continuous weaker zones. In particular, for very small values of 6,, the fail-
ure mechanism passes through strong and weak zones in almost equal
measure. There is, therefore, considerable averaging of soil properties over
potential failure planes, and the soil layer behaves like a homogeneous soil
characterised by the mean c,. This theory is supported by R increasing from
0-100% as F passes through 1.0 ( Figure 11), and by failure originating
from the slope toe and extending along the entire length of the slope (Fig-
ure 12 (left)).

Mode 2: For H < 8, < L/2, it is possible for failure to propagate through
semi-continuous weaker zones, which results in discrete (3D) failure mech-
anisms (Figure 12 (centre)). In this case, R is a function of slope length,
since, as the slope becomes longer, there is an increased possibility of en-
countering a zone weak enough to trigger failure.

Mode 3: For 8, > L/2, there is an increased likelithood of the failure mecha-
nism extending along the length of the slope (Figure 12 (right)), as in Mode
1. However, in contrast to Mode 1, there is now a large range of possible
solutions, due to the depth of the failure mechanism being influenced by the
distribution of strong and weak “sub-layers”. In this case, the R versus F re-
lationship approaches that obtained for the 2D stochastic analysis.
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Figure 12: Typical deformed meshes and contours of out-of-face displacement for
various 3D mechanisms (left to right: Mode 1, Mode 2, Mode 3) [Spe02, Hic10].

A practical implication of the results in Figure 11 is that, for Modes 1 and 3, the
solution is independent of the slope length, since the failure mechanism is two-
dimensional. In contrast, the solution for Mode 2 is length dependent, because the
failure mechanism is three-dimensional. This has practical implications, since fail-
ures are generally three-dimensional and it is clearly impractical to analyze very
long slopes (e.g. dykes and embankments) in 3D. However, [Hicl0] carried out a
detailed stochastic analysis of a 50 m long embankment, and then combined the
results with simple probability theory to successfully predict the behavior of longer
embankments that had also been analyzed using 3D RFEM.

3.3 Influence of heterogeneity on failure consequence

The investigation in Section 3.2 was extended by [Nut01, Hic11], who implemented
a simple numerical scheme for automatically computing slide geometries in 3D
RFEM simulations. Figure 13 shows the results for a similar slope to that analyzed
in [Hicl0], except that, in this case, ¥ = 0.2 and a Von Mises failure criterion has
been adopted. The figure shows the influence of the horizontal scale of fluctuation
on reliability versus global factor of safety, as well as on failure volumes and lengths
for individual realizations (which have been expressed as percentages of the total
mesh volume and length, respectively). Because the same slope geometry and 6, as
used in [Hic10] have been adopted, the values of ¢ in Figure 13 are directly compa-
rable with those in Figure 11.

Figure 13(a) shows that, when 6, = H/5, the slide volumes and lengths are consistent
with those obtained when the slope fails along its entire length (indicating Mode 1
failure). In contrast, Figure 13(b) shows that, when 6, = 1.2H, there is a wide range
of slide geometries (indicating Mode 2 failure). Similarly, Figures 13(c) and 13(d),
corresponding to 6, = L/8 and 6, = L/2, respectively, indicate Mode 2 failure. Alt-
hough Figure 13(e) does reveal an increase in the number of larger slides for 8, = L,
suggesting some Mode 3 failures, it is apparent that most slides are still Mode 2.
Indeed, although Figure 13(f) shows mainly Mode 3 failures for 6, = o, [NutOl,
Hicl1] demonstrated just how difficult it is to compute 2D slope failures in a soil
that is heterogeneous, and presented results for a slope with a foundation layer
which showed an even greater tendency for Mode 2 failures.
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The ability to automatically compute slide volumes is an important first step towards
benchmarking simpler analytical and probabilistic models used in design [Li01, 02].
This is because there is a need to quantify slide geometries when comparing with
methods based on predefined (e.g. cylindrical) failure mechanisms [Cal01, VanO1].
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Figure 13: Influence of & on slide volume and length for a 3D slope; (a) =1, (b) £ =
6,(c)E=12,(d) £=48,(e) =100, (f) =00 [NutO1, Hicll].
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4 Stochastic explanation of characteristic values

This section considers the issue of heterogeneity within the context of characteristic
soil property values advocated in Eurocode 7 (EC7) [CENO1]. It is shown that sto-
chastic analysis may be used as an aid to understanding the philosophy and nature of
characteristic values, as well as providing a framework for deriving reliability-based
characteristic values in line with EC7 [Hic03, 05, 08].

4.1 Extracts from Eurocode 7

The importance of accounting for the variability of soils is highlighted in Section
2.4.5.2 of EC7, “Characteristic values of geotechnical parameters” [CENO1]. Table
1 lists some of the main clauses, including: Clause (4)P, which highlights the spatial
nature of soil variability, the uncertainty this causes and the problem-dependency of
characteristic values; Clause (7), which emphasizes the importance of the mean over
the domain of influence; Clause (8), which considers the special case of local fail-
ure; and Clause (11), which considers the use of statistical methods.

[Hic03] gave a detailed review of Section 2.4.5.2 by explaining selected clauses,
clarifying the relationship between clauses and addressing areas of potential confu-
sion. In particular, the paper focused on the statistical definition of a characteristic
value given in Clause (11) and explained how it is, despite first appearances, com-
pletely consistent with Section 2.4.5.2 as a whole, including Clauses (7) and (8) and
the footnote to Clause (11).

Clause (11) states that “the characteristic value should be derived such that the cal-
culated probability of a worse value governing the occurrence of the limit state un-
der consideration is not greater than 5%”. This implies a minimum level of reliabil-
ity of 95% regarding the response of the structure (before application of partial safe-
ty factors), and appears to contradict Clauses (7) and (8) and the footnote to Clause
(11) which focus on property values rather than structure response. However,
[Hic03] used Figure 14 to demonstrate that the latter are merely special cases of
Clause (11).

4.2 Reliability-based characteristic values

Figure 14 (top) shows the probability density function of a material property X,
which, to simplify the illustration, is assumed to be normal with a mean value X,.
The simplest way to derive a reliability-based characteristic value X} is to proportion
the area under the distribution as indicated. However, this is not consistent with
Clause (11), as it merely defines a value of X for which there is a 95% probability
of a larger value.
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Table 1: Extracts from Section 2.4.5.2 of Eurocode 7 [CENO1, Hic05].

Clause

(4)p

The selection of characteristic values for geotechnical parameters shall

take account of the following:

e geological and other background information, such as data from pre-
vious projects;

e the variability of measured property values and other relevant infor-
mation, e.g. from existing knowledge;

e the extent of the field and laboratory investigation;

e the type and number of samples;

e the extent of the zone of ground governing the behaviour of the ge-
otechnical structure at the limit state being considered;

e the ability of the geotechnical structure to transfer loads from weak to
strong zones in the ground.

(7

The zone of ground governing the behaviour of a geotechnical structure at
a limit state is usually much larger than a test sample or the zone of
ground affected in an in situ test. Consequently the value of the governing
parameter is often the mean of the range of values covering a large surface
or volume of the ground. The characteristic value should be a cautious
estimate of this mean value.

®)

If the behaviour of the geotechnical structure at the limit state considered
is governed by the lowest or highest value of the ground property, the
characteristic value should be a cautious estimate of the lowest or highest
value occurring in the zone governing the behaviour.

(11

If statistical methods are used, the characteristic value should be derived
such that the calculated probability of a worse value governing the occur-
rence of the limit state under consideration is not greater than 5%.

NOTE: In this respect, a cautious estimate of the mean value is a selection
of the mean value of the limited set of geotechnical parameter values, with
a confidence level of 95%; where local failure is concerned, a cautious
estimate of the low value is a 5% fractile.

Figure 14 (bottom) gives a more general derivation of X that is consistent with
Clause (11) and, by association, with all other clauses in Section 2.4.5.2. This in-
volves proportioning the area under a modified distribution of X that has been back-
figured from the geotechnical response of the structure itself. The modified distribu-
tion is narrower than the underlying property distribution due to the averaging of
property values over potential failure surfaces. It is also shifted to the left, due to the
tendency for failure to propagate through weaker zones. Hence, although it may be
reasonable to take a conservative estimate of the mean property value over a poten-
tial failure surface as the characteristic value for that mechanism, this mean will
generally be smaller than the mean of the underlying property distribution. Variance
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reduction methods may therefore give an unsafe solution if no account is taken of
the reduction in the mean.

A

pdf

Xy X

Figure 14: Derivation of characteristic property values satisfying Eurocode 7; basic
definition of Xj (top), general definition of X, (bottom) [Hic03].

[Hic03] explained how the modified property distribution is a function of the under-
lying distribution, the spatial correlation of property values, the problem being ana-
lyzed and the quality and extent of site investigation data. Moreover, the modified
distribution has two limits:

e  When the spatial scale of fluctuation is very small relative to the problem
domain there is much averaging of soil properties, so that the standard de-
viation approaches zero and the mean tends to the mean of the underlying
distribution. In this case a cautious estimate of the mean is appropriate, as
advocated by Clause (7) and the first part of the footnote to Clause (11).

e  When the spatial scale of fluctuation is very large relative to the problem
domain there is a very large range of possible solutions, so that the modi-
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fied distribution approaches the underlying distribution. In this case Clause
(8) and the second part of the footnote to Clause (11) are relvant.

[Hic03] also explained how the modified property distribution in Figure 14 (bottom)
may be derived for general problems, based on earlier work using RFEM by
[Hic08], while [Hic05] extended this earlier work by illustrating the process for a 3D
slope.

4.3 Derivation of characteristic values using RFEM

[Hic05] analyzed the slope shown in Figure 9, using the same finite element mesh,
to illustrate the derivation of reliability-based characteristic values. In this case, an
elastic, perfectly plastic Von Mises model was used, and the statistics of undrained
shear strength were: =40 kPa, c=8 kPa, ,= 1.0 m; 1.0 <6, <1000.0 m.

For each value of 6, a Monte Carlo simulation was carried out, comprising 250
realizations, with each realization comprising the following steps: (a) the generation
of a random field of c,; (b) the finite element analysis of the slope by applying gravi-
ty loading to generate the in situ stresses, assuming a soil unit weight of 20 kN/m’.
The second step involved the strength reduction method for computing the factor of
safety F' of the slope, in the same manner as described in Section 3.1 [Hic08].
Hence, each Monte Carlo simulation resulted in a distribution of factor of safety,
from which a distribution of “equivalent” values of undrained shear strength were
back-figured. This was achieved through relating F' and ¢, via the slope stability
number [Tay01].

Figure 15 shows the distributions of F' (top) and equivalent ¢, (bottom) for 6,/6, =
48. The latter distribution is directly comparable to the equivalent distribution in
Figure 14 (bottom), and so may be used to determine reliability-based characteristic
values for c,. Figure 16 summarizes the results of all analyses, by plotting the mean
and standard deviation of the equivalent ¢, as a function of 6,/6, and comparing
these results with the underlying (i.e. input) mean and standard deviation. For 6,/6, =
1, the prevalence of Model failures is reflected by a mean equivalent ¢, approaching
40 kPa and a standard deviation approaching zero. For larger 6,/6,, Mode 2 failures
prevail, resulting in a decrease in the mean (due to the greater relative influence of
the weaker zones) and an increase in the standard deviation. Finally, as 6, exceeds
about half the length of the slope, as represented by 6,/0, = 50, the tendency for
discrete failures reduces (albeit gradually, as indicated in Figure 13) due to the influ-
ence of the mesh boundaries. Hence, at the same time there is an increasing tenden-
cy for Mode 3 failures initiating at depths influenced by the distribution of weak and
strong “layers”. This results in the mean approaching the underlying mean of 40
kPa. However, even though the standard deviation reaches a maximum of around 3
kPa, it remains well below the underlying standard deviation of 8 kPa due to the
small value of 6, causing considerable averaging of property values in the vertical
direction.
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Figure 15: Distributions of factor of safety (top), and equivalent undrained shear
strength (bottom) [Hic03].
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Figure 16: Influence of 8,/6, on the mean and standard deviation of the “equivalent”
¢, [Hic03].
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5 Influence of heterogeneity on liquefaction potential

This section uses RFEM to investigate the influence of sand heterogeneity in two
slope liquefaction case histories. In these analyses, the challenge is to model the
spatial variability of sand relative density and the impact this has on saturated slope
stability under rapid loading. Hence this requires a sophisticated soil model and, by
implication, the spatial variation of numerous cross-correlated material parameters
over the problem domain. For modelling the liquefaction potential of a site subjected
to seismic loading, [Fen03] adopted a multi-variate random field approach, whereas
[Pop01] generated bi-variate random fields of relative density and soil classification
index, from which soil property values were back-figured, in order to assess the
liquefaction potential of an artificial island sand core due to cyclic ice loading.

[Bak01, Hic06, Oni01, WonO1] adopted a similar “reduced-variate” approach to
[PopO1], except that they based their investigations on generating univariate random
fields of state parameter [BeeO1]. The state parameter at a given mean effective
stress is given by w = e-e., where e and e, are the current and critical state void
ratios, respectively. Hence, positive and negative values of y indicate loose and
dense soils. As a rough guide, the following categories of sand state may be suggest-
ed: (a) dense to medium dense, -0.20 < < -0.10; (b) mildly dense, -0.10 < <
-0.05; (c) loose, -0.05 < w< 0.00; (d) very loose, > 0.00. Figure 17 illustrates the
undrained triaxial compression behavior of a sand in different states, in which ¢ and
s represent the deviatoric and mean effective stress invariants.
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Figure 17: Influence of sand state on undrained triaxial compression effective stress
paths (= +0.06, -0.05, -0.08, -0.12, -0.17) [Hic06].

In the investigations of [BakOl, Hic06, OniOl, Won0O1], the Monot double-
hardening soil model was used to model the sand behavior [HicO1, Mol01]. Five
material parameters were calibrated, of which four were state parameter dependent:
these related to the peak friction angle, and the stiffness of the elastic and two plastic
model components. The fifth parameter was the friction angle corresponding to no-
volume change during shearing, which was assumed to be independent of sand state.
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5.1 Case history 1: Nerlerk berm

The Nerlerk berm was designed to be part of a bottom-founded offshore oil explora-
tion platform in the frozen Canadian Beaufort Sea [Hic04]. Although it was one of
numerous artificial islands constructed during the 1980s in this region, it was unusu-
al, in that it was constructed in a greater water depth than had previously been at-
tempted at other sites: specifically, the water depth was 46 m and the design height
of the berm was 36 m. This led to two non-standard design decisions. Firstly, in
order to reduce construction time and transport costs, a local borrow source was
used to construct the berm. Secondly, there was no equipment available that could
remove the weak surficial clay layer from the seabed at a depth of 46 m. Hence the
island construction went ahead using a fill of lesser quality than had been used at
previous island locations and, also in contrast to other sites, the weak surficial clay
was not removed prior to the berm construction in 1982. Shortly after the start of the
second construction season in 1983, when the berm had reached a height of 26 m,
the structure experienced a series of liquefaction slides and the project was eventual-
ly abandoned with the loss of more than $ 100 million.

[Hic04] investigated possible trigger mechanisms for the liquefaction slides, and
concluded that the most likely cause of failure was a combination of limited move-
ment in the clay layer triggering liquefaction near the berm crest during rapid load-
ing (due to the berm construction). This investigation had assumed the fill to be in a
loose and liquefiable state, even though CPT data from the site had indicated a
mainly denser material. Hence [Hic06] used RFEM to investigate whether it was
possible for pockets of very loose material to dominate the stability of a predomi-
nantly dilative sand fill. They calibrated the Monot soil model against 74 drained
and undrained triaxial compression tests on Erksak sand, for a wide range of sand
states, while state parameter statistics were derived from 71 CPTs from two Beau-
fort Sea sand islands. Based on these statistics and the soil model calibration, multi-
ple realizations of the berm under rapid loading were analyzed.

Figures 18 and 19 (top) show typical realizations of state parameter for a cross-
section taken through the upper half of the Nerlerk berm, for both isotropic and
anisotropic spatial variability, in which the darker zones indicate the sand in a denser
state. In both cases, 6, = 1.0 m, whereas, for the anisotropic case, the scale of fluctu-
ation along the line of the slope is assumed to be eight times larger than 6,. This
value was chosen based on evidence from closely spaced CPTs at another island
location [Oni0O1, WonO1].

Figures 18 and 19 (bottom) show typical contours of shear strain invariant that de-
veloped in the slope for the two types of random field, when the slope was loaded by
increasing gravity with the soil in an undrained state. For the isotropic case (Figure
18) although a rather complicated “spider’s web” typed of mechanism is observed,
the strains are very small, due to the stronger zones compensating for the weaker
zones and holding the structure together in a stable state. [Hic06] conducted multiple
realizations for isotropic spatial variability and showed that, in all cases, the re-
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sponse of the structure was very close to the deterministic response computed for the
slope based on the mean state parameter.

Figure 18: Typical random field of state parameter (top) and deformation mecha-
nism (bottom) for isotropic heterogeneity [Hic06]

Figure 19: Typical random field of state parameter (top) and deformation mecha-
nism (bottom) for anisotropic heterogeneity [Hic06]

In contrast, for the much more realistic anisotropic case (Figure 19), the strains are
significantly larger and the slope fails due to liquefaction through semi-continuous
weaker zones arising from deposition-induced anisotropy. [Hic06] showed that, in
this case, a deterministic analysis based on the mean state parameter gave an upper
bound solution. All analyses based on a heterogeneous sand gave a weaker response,
with the lower bound solution appearing to be around the same as that obtained with
a deterministic analysis using a state parameter equal to the mean minus two stand-
ard deviations. Hence, in some realizations it was the weakest material that dominat-
ed the stability of the entire structure.

[Won01] extended the investigation of Nerlerk berm by considering the whole struc-
ture (including the clay layer) and accounted for the impact of zoning within the
sand fill due to the method of construction. It was shown that larger-scale spatial
fluctuations due to zoning were more influential on structure response than smaller-
scale fluctuations normally associated with more uniform soil deposits.
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5.2 Case history 2: Jamuna Bridge

[Bak01] investigated the liquefaction of riverbed deposits during the construction of
a bridge over the Jamuna River in the 1990s. The Jamuna River is a shifting braided
river, in that it can take the form of multiple channels that rapidly change position
from one rainfall season to the next. In order to control the lateral movement of the
river during the bridge’s construction, it was decided to construct two guide bunds,
one on either side of the main river channel. Each bund was designed to be 30 m
high with side slopes of 1:3.5-1:5, but, during 1995-96, there were around 30 lique-
faction slides. The side slopes were then redesigned to 1:6 and the bridge was even-
tually completed in 1999.

[Bak01] adopted a similar approach to [Hic06] to investigate the influence of heter-
ogeneity on the liquefaction potential of the riverbed deposits. A total of 22 CPTs
were evaluated to determine the state parameter statistics and the Monot soil model
parameters were related to state parameter through calibration against a laboratory
database. Figure 20 shows a typical CPT profile, including tip resistance (extreme
left) and state parameter (extreme right). The state parameter from 5-35 m depth has
been de-trended with respect to the mean, and then normalized to give the probabil-
ity density function shown in Figure 21. The figure shows the ability of different
theoretical distributions to approximate the data. For this CPT, the best fit has been
obtained with a normal distribution.
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Figure 20: Data from CPT C330W [Bak01].
The mean trend line for state parameter in Figure 20 indicates that the mean is al-

most constant with depth. It is approximately -0.07, indicating a mildly dilating
sand. However, the standard deviation is 0.05, suggesting that the weaker zones in
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the deposit will be very loose and liquefiable. The vertical scale of fluctuation for
this CPT profile is 1.0 m, which, from the author’s experience, is on the high side
for a uniform sand. However, the slightly bi-modal appearance of the PDF in Figure
21 suggests that there might be a small degree of zoning in the soil, and this is sup-
ported by Figure 20 which suggests a slightly denser zone at around 15 m depth and
a slightly looser zone at depths greater than 23 m. In other words, the slightly larger
6, is due to it being the sum of two components: a small 8, that is associated with
heterogeneity within so-called uniform soils, plus a larger 8, due to zoning.
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Figure 21: Probability density function of normalized de-trended state parameter for
CPT C330W [Bak01].
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Figure 22: Frequency diagram of vertical scale of fluctuation from all CPTs
[BakO1].

Figure 22 shows that the vertical scale of fluctuation at the site varies considerably

from one CPT to another. In general, the following observations have been made:
for 6, < 0.8 m the soil is relatively uniform, as will be apparent by a mono-modal
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property distribution; for 0.8 < 8, < 1.2 m there is likely to be mild to moderate zon-
ing, as indicated by a slightly to moderate bi-modal property distribution; for 8, >
1.2 m there is likely to be significant zoning, which will be obvious by a significant-
ly bi-modal PDF. [Bak01] considered a plan view of the west guide bund, from
which the CPTs had been taken, and showed that, while the mean state parameter
did not vary that much across the site, higher values of 6, were generally associated
with those parts of the bund in which slope liquefaction occurred, thereby suggest-
ing that the potential for liquefaction is greater for larger scales of fluctuation.

The influence of heterogeneity was investigated for a 2D cross-section through the
slope of the west guide bund [Bak01]. Firstly, Figure 23 shows the results of a series
of deterministic undrained analyses based on uniform soil properties, where the
slope was loaded by increasing gravity. It is clear that, for very loose and very
slightly dilatant soils, as represented by positive and small negative values of state
parameter respectively, the slope can fail under undrained loading. In contrast, for
mildly and strongly dilatant soils, failure does not occur.

Gnew /9

10 15 20 25 30 35 40

Average sloping surface settlement (m)

y =+0.04 0.00 |-0.02 -0.028 -0.03 -0.04 -0.06

Figure 23: Undrained slope stability based on mean properties [Bak01].

Figure 24 shows the results of a small number of realizations for the same cross-
section, assuming a heterogeneous sand with the same state parameter statistics as
obtained for CPT C330W (Figure 21); that is, £ = -0.07, 0= 0.05, 6, = 1.0 m. A
horizontal scale of fluctuation of 8.0 m was used, in line with earlier work by
[Hic06] who also used 6,/6, = 8. Indeed, similar conconclusions to those obtained
for the Nerlerk berm by [Hic06] were found: (a) the computed deterministic
response based only on the mean state parameter gives an upper bound solution; (b)
in many analyses, slope stability is dictated by the behaviour of the weakest
material. Figure 24 compares the computed results with the deterministic solutions
based on y = +0.04, 0.0 and -0.07. It is seen that the weakest response corresponds
to a deterministic analysis based on y =~ 1 - 1.40. However, this is based on a small
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number of realizations, so it may be that, for a larger number relaizations, y = 1 - 20
is more realistic as a lower bound.
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Figure 24: Influence of heterogeneity on undrained slope stability for , = -0.07
[BakO1].

6  Conclusions

This chapter has shown how the random finite element method (RFEM) may be
applied to practical problems, in order to gain insight into how soil heterogeneity
influences material behaviour and geotechnical performance. It is apparent that,
when taking account of heterogeneity in choosing characteristic soil property values,
there are at least four components that should be considered. Firstly, the
characteristic value is a function of both the point statistics and spatial correlation
distances. Secondly, it is a function of the soil type. Thirdly, it is a function of the
problem being analysed, including the problem geometry and loading and boundary
conditions. Fourthly, it is a function of the extent of the labortaory and/or site
investigation: that is, the more knowledge that is available about a site, the greater
the degree of certainty about the likely range of structure responses.
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Identifying parameters of a Geomechanical model from field measurements consti-
tutes a typical “inverse problem” and is receiving increasing attention by the Ge-
otechnical community. This text describes the basic concepts and procedures re-
quired to perform this inverse problem or back-analysis in a systematic manner. A
Maximum Likelihood Approach is presented as a general framework and it is used
to introduce the main topics involved. An objective function is defined, depending on
the differences between the computed and measured variables. The minimum of that
function corresponds to the parameters that best simulate the measurements. Some
difficulties arise regarding uniqueness of the solution. The procedure is based on the
sensitivity matrix computed as the derivatives of the measured variables with respect
to the parameters. When some prior information on the parameters is available, the
framework allows its inclusion in a consistent manner. Several examples based on
the excavation of tunnel or underground caverns are used to illustrate the proce-
dures described. Finally, some comments on other optimization techniques (i.e.
genetic algorithms) and related topics, as model identification and optimal design of
experiments are briefly addressed as well.

1 Introduction

In Geotechnical Engineering, the determination of soil or rock parameters has been
usually performed by means of laboratory or field tests. Also, it has been quite
common to use back-analysis to obtain material parameters in the context of failures
and forensic geotechnics [Puz10]. In the last two decades, simultaneously to the
development of numerical methods, new techniques to determine material parame-
ters from field measurements have been proposed. These techniques were first used
in Geophysics and in Groundwater Hydrology, where it is not possible to character-
ize properly the material in the laboratory.
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In a typical problem, for a particular geometry, we estimate displacements and pore
water pressures generated by a change in stresses and/or hydraulic or mechanical
boundary conditions. To do that, we assume a constitutive law for the materials and
the corresponding parameters. In this manner we are solving what is called “the
direct problem”. Sometimes, however, we may know some displacements and/or
pore water pressures at some specifics points of the geometry and we want to know
the parameters of the model or the model itself. Then, we are solving the “inverse
problem”. In a broad perspective the “inverse problem” may refer also to identifying
the geometry or the boundary conditions.

Nowadays, the most common inverse problem in Geomechanics is the identification
of parameters of a fixed model from measured displacements. This procedure seems
to be fully adapted to Geotechnical Engineering practice, where sometimes deci-
sions are taken based on field measurements, as proposed by Terzaghi for the “ob-
servational method” [Ter67]. By using field instrumentation measurements to esti-
mate geotechnical parameters, it is possible to take into account the large scale struc-
ture of the soil or rock, which is outside the possibilities of the other procedures of
parameter identification.

The identification of parameters results in an optimization problem from a mathe-
matical point of view. In recent times, the development of numerical methods and
optimization techniques has allowed a more systematic and rational approach to this
problem. Thus the use of the “observational method” combined with this parameter
identification techniques could be used in practical applications during the construc-
tion stage. The case of a tunnel excavation has been adopted here as a typical exam-
ple, as measurements are usually performed in a continuous manner. Therefore ma-
terial parameters can be identified and compared with the initial assumptions and
decisions could be taken for further excavation stages.

It is important to note that the process of parameter estimation presented here is
carried out in the context of a specified fixed model that includes geometry, bounda-
ry conditions and constitutive laws for the materials. Therefore, the differences be-
tween the measurements and the predictions of the model are assumed to be due to a
measurement error, as the model is considered correct. The topic of selecting the
best model or the identification of the model itself is not treated here, although it
will be briefly commented. Also, the decision about what and where we should take
measurements could be assisted by the information provided by these identification
techniques, as they provide an insight into the model structure.

In this text, the Maximum Likelihood Framework is used to present the main con-
cepts related to back-analysis. Also some examples based on tunnel excavation
problems are used for illustration purposes. Finally, a new hybrid method combing
genetic algorithms and a gradient-based algorithm is presented, which is particularly
useful for problems with a large number of parameters being identified.
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2  Maximum Likelihood Approach

There are several approaches to cope with the identification of parameters in Geo-
mechanics. Many significant contributions in this topic have used a deterministic
point of view, but there are important advantages in adopting a probabilistic frame-
work ([Civ83], [Gen88]). Here, a probabilistic approach based on the maximum
likelihood concept is presented. There are other alternatives, but in most cases they
result in the same mathematical formulation, being different the conceptual frame-
work only.

2.1 Basic formulation

Let us assume that a deterministic model, M, relates some unknown parameters, p,
and some variables, X, that is, X = M(p). The measurements are represented by x*.
Then, the differences between measurements and predictions of the model (X*-X) are
considered as an error that can be defined in a probabilistic manner. The best estima-
tion of the parameters is assumed to be found by maximizing the likelihood, L, of a
hypothesis, p, given a set of error measurements, (X*-x). The likelihood of a hypoth-
esis is proportional to the conditional probability of X* given a set of parameters p
([Edw72], [Tar87]):

L=kf(x'/p) (M

where K is a proportionality constant. This formulation has conceptual advantages, in
particular: it does not require reproducing the true system exactly and the differences
between field measurements and model predictions are due to error measurement
[Led96a]. Therefore, the probability of measuring X* given a set of parameters p, is
the probability of reproducing the error measurements (X*-X). Assuming that proba-
bility distribution as multivariate Gaussian, it is possible to write:

1

P = %) = Tommeap [ (X — 0 (€I~ 0] (@)

where Cy is the measurements covariance matrix representing the structure of the
error measurements, M is the number of measurements and ( )' represents a trans-
posed matrix. The likelihood is now proportional to the value expressed by (2).
Maximizing L is equivalent to minimize the “support function”: S = -2 InL and it
follows:

S =& —x)'(CY 1 (x* — x) + In|Cy| + mIn(2m) — 2Ink 3)

If the error structure of the measurements is fixed, only the first term in (3) has to be
minimized, and the final expression is defined as the “objective function™:

J=&-x)"(CHT'x" —x) 4)
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If the error structure is not fixed, the problem becomes more complex, although in
some cases it is possible to incorporate the error structure to the set of parameters to
be identified [Led96b]. Equation (4) becomes simpler when the measurements are
independent and their errors have a Gaussian distribution of probability with the
same variance, 6,7, because Cy = 0,21 , being | the identity matrix. The objective
function to be minimized results in

J=& -0 -x) )

Expression (5) represents in fact a least squares criterion and the parameters that
best characterize the model are those that minimize the square differences between
the measured and the computed variables. Now the value of o,° is not required to
obtain the minimum of (5). This approach has become very popular in Geotechnical
back-analysis as field measurements can be considered independent and following a
Gaussian distribution of probability in many practical situations. In some cases,
however, measurements are not independent and the corresponding covariance ma-
trix should be used (i.e. when an inclinometer is used, because horizontal move-
ments are obtained by adding previous incremental movements) [Led96a]. Also, if
there are different types of measurements, each type should have its own covariance
matrix.

2.2 Numerical implementation

The minimum of the objective function has to be obtained using a suitable numerical
procedure. As the Finite Element Method is the most popular procedure to solve the
“direct problem”, it is convenient to combine the algorithm to minimize the objec-
tive function, J, and the Finite Element code. In general, minimization or optimiza-
tion algorithms can be classified in two groups: those that need to compute the gra-
dient of J, and those that evaluate J only. It may be expected that algorithms using
the derivative of the objective function are more robust and powerful, although more
difficult to compute, than algorithms using only the values of the function. In the last
30 years, examples of both types of algorithms applied to Geomechanics have been
published. Downhill simplex, a typical procedure for unconstrained optimization
that does not require computing derivatives, was used already by [Gio80]. Genetic
algorithms have proven to be convenient in this context and do not require compu-
ting the gradient either [Lev09].

Here, the Gaus-Newton method based on the computation of the gradient of J is
presented. It has good convergence properties and the derivatives obtained are also
useful in providing information on the reliability of the parameters identified. The
procedure is iterative and from a set of parameters at iteration k, the new set of pa-
rameters is:

Pk+1 = Pk + APk JPi+1) < J(Pr) (6)
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The Gaus-Newton method [Fle81] is based on an expansion of the objective func-
tion into a Taylor series, and gives the value of the advance vector in the parameters
space, Ap in iteration K, according to:

Ap = (A'C;1A)A'C;1AX (7)

where Ax=(X"-X) and the matrix A=6x/dp is called the sensitivity matrix. If the num-
ber of measures is m and the number of parameters is N, the size of this matrix is
mxn. When there is any convergence problem, an improvement of the algorithm
proposed by Levenberg and Marquardt can be used [Mar63], in which equation (7)
is changed into:

Ap = (A*C;A + pl)TAIC;1AX ®)

where W is an arbitrary real number. If the value of J becomes smaller in the next
iteration, u is decreased, reaching 0 or a very small value at the minimum. However,
if J increases then p is also increased and the increment of parameters obtained by
(8) tends towards the gradient of the objective function. The initial value of p and
the manner it is increased or decreased has to be defined in advance and sometimes
trial identifications are required.

2.3. Coupling to the finite element method

The procedure outlined above should be associated with a numerical model relating
measurements and parameters. The finite element Method is appropriate for this and
it is possible to combine the Gauss-Newton technique with the Finite Element for-
mulation. A simple case that may be considered first refers to some nodal displace-
ments being measured and a linear isotropic elastic model characterized by Young’s
modulus and Poisson’s ratio. The finite element method gives a linear system of
equations:

Kx =f , K= [ B'DBAV , f = [N'adS 9

where K is the global stiffness matrix, X is the vector of nodal displacements, f is the
nodal forces vector, B is the geometry matrix relating strains and nodal displace-
ments, D contains the constitutive law as a relationship between stresses and strains
and N is the shape function matrix. The vector o, for an excavation problem, is the
vector of stresses acting on the excavation boundary, S.

Expressions (6) and (8) represent the iteration procedure to minimize the objective
function defined by (4) or (5). Note that in (8) it is necessary to compute the sensi-
tivity matrix A. For this particular case, it is possible to obtain an “exact” evaluation
of A in the context of the finite element approximation. Deriving the first expression
in (9) with respect to the parameters and rearranging, we obtain:

ox _ k-1 (% _ K
T=K (ap apx) (10)
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If the parameters to be identified are Young modulus and Poisson’s ratio, then

oflop=0, and
X _ -1 (0K K ¢ 0D
e K (_ap X) D S fv B P BdV 1

Hence computing 0K/dp is equivalent to find the stiffness matrix substituting the
0D/0p matrix for D which allows an easy implementation in a finite element code.
In particular, if Poisson’s ratio is assumed known and only Young’s modulus, E, is
identified, 0D/OE is constant and has to be calculated only once.

When the identification of the earth pressure coefficient at rest, K, is required, equa-
tion (10), for a linear elastic material, results in

ox _ k190
K, K, (12)

since the stiffness matrix is independent of K, in that case. The excavation is simu-
lated in one phase, by applying on the excavated boundary the opposite normal forc-
es to the initial stresses. So, from the last equation in (9) we obtain:

of

39, \
T fSNféds = [ Nto}ds (13)

where for typical plane strain problems, 6,=(K.0y’, 6,°, 0), c,° is the initial vertical
stress at depth “y” and o," = (5,°, 0, 0). Note that calculating expression (12) be-
comes simple as the finite element routines used to find nodal forces due to excava-
tion can be employed to compute of/0K, by changing only the initial stress field
from o, to 0'0*.

This procedure is expected to reduce the numerical errors when calculating the sen-
sitivity matrix A. However, in a general problem involving nonlinear constitutive
models a finite difference technique is the common procedure to estimate the deriva-
tives of some nodal variables with respect to the parameters. Using a central differ-
ence scheme, two direct problems have to be solved to compute one derivative as:

9x _ Xi+ap)—x((pi=bpy) (14)
op; 2Ap;

P=Pk P=Pk

where Ap; is the value used to increment parameter “i”” while keeping the rest of the
parameters constant. Defining this increment requires a trial and error procedure in
advance in order to avoid additional numerical errors. The procedure seems to be
less robust than the one presented above in equations (9) to (13), where there is a
direct use of the finite element approximation.
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2.4. Reliability of the estimation

One of the advantages of using gradient-based procedures to minimize the objective
function is that the derivatives provide with information on the reliability of the
estimation. It can be shown [Led96] that a lower bound of the covariance matrix of
the identified parameters, C, can be obtained as:

c, =(a'c/AJ" (15)

This matrix agrees with the inverse of the Fisher information matrix, a classical
concept in optimization and parameter identification [Bur75], [Wal90]. If a particu-
lar measurement is not sensitive to a particular parameter, the corresponding deriva-
tive of the sensitivity matrix will tend to zero and the inverse matrix in (15) will
provide a large variance for that particular parameter.

It follows from the above expressions that the sensitivity matrix includes a lot of
information about the structure of the model. Note that typically we have more
measurements, M, than parameters to identify, n, so therefore, A is a rectangular
matrix m x n. If the number of measurements coincides with the number of parame-
ters, there is a unique solution and the problem becomes deterministic.

The value of the objective function at the minimum, Jy;,, indicates the global error
of the problem. When all measurements are of the same type, it is possible to esti-
mate the standard deviation of the measurements, oy, by means of [Wig72]:

Jmin
Oy = /m (16)

Note that this value represents the error assigned to the measurements by the proce-
dure because the model is assumed to be “perfect”. In practice, measurements may
have less error than that and discrepancy between measurements and the computed
values may be due to the model adopted in the analysis not representing the real
behaviour of the material.

3. A synthetic example involving a tunnel excavation

To show the capabilities of the formulation and to illustrate some of the difficulties
related to back-analysis, a synthetic and simple example involving the excavation of
a tunnel is presented. Two cases are considered, depending on the constitutive law
used.

3.1. Case 1. Linear elastic model.

A case presented in [Led96] is described here. Only one material is considered and it
is assumed linear elastic, homogeneous and isotropic with a Poisson’s ratio of 0.49
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(simulating undrained conditions) and specific weight of 20 kN/m’. The parameters
to be identified are the Young’s modulus and the K, coefficient defined using total
stresses. Figure 1 presents the finite element mesh used in this case including 12
nodal points where displacements are supposed to be measured. Horizontal dis-
placements in points 1 to 7 represent inclinometric measurements, whereas vertical
movements in points 8 to 12 represent displacements obtained from an extensome-
ter. Excavation is made in one step and only half of the geometry is considered due
to symmetry.
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Figure 1. Finite element mesh and measurement points (after [Led96]).

The case is considered “synthetic” in the sense that measurements are in fact ob-
tained by computing the direct problem for the parameters E=10 MPa and K,=1. The
values of these theoretical measurements are presented in Table 1. There is not error
measurement and the minimum of the objective function should be zero. Because of
that, the covariance matrix is assumed to be the identity matrix.

Table 1. Computed displacements used as measurements in the synthetic example
(after [Led96]).

Horizontal 1 2 3 4 5 6 7
movement | 0.316 0.556 2.038 3.550 4.550 3.920 2.427
Vertical 8 9 10 11 12 Values in em
movement | -3.598 | -3.905 | -4.935 | -6.327 | -7.048
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When only two parameters are identified, it is possible to depict the objective func-
tion and to observe the evolution of the iterations. Figure 2 presents contours of the
objective function in terms of E — K,. The values E=0.5 MPa and K,=0.5 were used
as initial parameters in the iterative procedure. Two paths have been depicted in the
figure, corresponding to a Gauss-Newton algorithm and to a Levenberg-Marquardt
algorithm. It can be seen that in a few iterations the minimum corresponding to E =
10 MPa and K,=1 is reached. The objective function has a paraboloid-type shape,
which is very convenient for the Gauss-Newton algorithm and, in general, suggests
that the problem is well-posed and the solution is unique.

15
Y T (m?)

E (MPa)

Figure 2. Contours of the objective function for the simpler synthetic case, indicat-
ing the paths followed by the Gauss-Newton (circles) and Marquardt (squares) algo-
rithms (after [Led96]).

Let us consider now that the number of measurements is increased. The procedure
should indicate to some extent that there is more information available and thus the
error of the parameters identified should be smaller. In this synthetic case, as there is
not error in the measurements, we can check the value of expression (15) using the
identity matrix as covariance matrix. Four analyses have been carried out consider-
ing an increasing amount of measurements:
a) Case with only two measurements, vertical displacement at point 12 and hor-
izontal displacement at point A in Figure 1.
b) Case with 12 measurements as described above.
¢) Case with 24 measurements, 15 horizontal from nodes located on the vertical
line I (figure 1) and 9 vertical located on the vertical line E (figure 1).
d) Case with 55 measurements. 24 of them are the same as in previous case and
the rest are horizontal and vertical movements from points distributed on the
excavation boundary.
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For these cases the value of expression (15) has been computed at the minimum.
The parameters at that minimum correspond to E = 10 MPa and K, = 1 in all cases,
but the shape of the objective function is different and thus the variance of the pa-
rameters computed. Figure 3 shows the standard deviations of the parameters (pro-
portional to the measurements’s standard deviation) for the four cases considered.
As expected, increasing the number of measurements improves the quality of the
identification, reducing the variance of the parameters identified.

10000 10000

1000} 41000
g N
a i
£ 100 {10
~
S ¥
© 110

NUMBER OF MEASUREMENTS

Figure 3. Standard deviations of E and K, when different number of measurements
are used in the identification process (after [Led96]).

3.2. Case 2. Nonlinear elastic model.

An example presented in [Led91] is shown here, in order to explain a case with a
nonlinear elastic constitutive law and to comment some aspects regarding the
uniqueness of the solution. Consider the same geometry indicated in previous exam-
ple and the same measurement points (Figure 1). Now the soil is assumed to behave
according to a hyperbolic model (nonlinear elastic), based on the proposal by Dun-
can and Chang [Dun70]. The model can be formulated in terms of secant stiffness or
a secant constitutive matrix, Dgs. For plane strain problems and considering un-
drained conditions that matrix can be expressed as:

1—-v v 0
Ei(l—R]—T) ( ) 1 0
g=—— | v (1-V) (17)
(14+v)(1-2v) 0 0 (1-2v)

2
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where E; is the initial Young modulus, v the Poisson's ratio, C, the undrained shear
strength, R is a parameter controlling whether c, is reached asymptotically or not
and Jt is the second invariant of the deviator stress tensor:

1
Jr? = ~trS? 5 Sy =0y — péy; (18)

where ojj is the stress Cauchy tensor, J; is the Kronecker delta, p is the mean stress
and tr means trace. In this case, a value of R=1 was adopted and a total stress ap-
proach was used due to the undrained conditions. The advantage of a nonlinear elas-
tic model in this context is that it is still possible to compute the sensitivity matrix in
an “exact” manner within the finite element framework. Details of that computation
are presented in [Led91].
Let us consider two parameters to identify, E;j and ¢, and the set of 12 displacements
measured at the points indicated in Figure 1. The “measured” displacements will
correspond to the values obtained by computing the direct problem for the following
cases:

a) Ej=10MPa, c,=0.1 MPa

b) E=30MPa, c,=0.3 MPa

¢) Ej=50MPa, c,=0.5MPa

d) E;=100MPa,c,=1.0 MPa

The ratio E;j/c, has been kept constant in all cases. Measurements generated have
been assumed to be independent and with the same variance, so the covariance ma-
trix does not affect the identification process.

According to [Dav80], a value of ¢, ~ 0.06 MPa would imply collapse for the partic-
ular geometry adopted. Therefore, case a) can be considered close to failure condi-
tions, whereas case d) is far from collapse and the elastic behaviour will dominate.

Contours of equal value of the objective function for case a), close to failure, are
depicted in Figure 4(left). The shape of those contours suggest that the problem is
highly nonlinear: there is a sort of “valley” in which there are several combinations
of parameters that provide almost the same objective function. This difficulty re-
garding uniqueness of the solution is quite typical in optimization problems. The
Figure shows also two iterative paths followed by the algorithm, one of them failing
in obtaining the minimum. The shape of the objective function is dominated by
valleys following the direction of the E; axis and this is because close to failure, that
parameter becomes more difficult to estimate.

Case d), far from failure, is also presented in Figure 4 (right). Note that contours of
the objective function are almost parallel to ¢, axis, thus making difficult the identi-
fication of that parameter. In fact, the algorithm was not able to obtain a good value
of ¢,. That could be expected, as we are trying to identify a parameter controlling
failure in a problem mainly elastic. The formulation of the hyperbolic model in-
volves both parameters simultaneously and this is why the contours are not totally
parallel to one of the axis. However, the shape of the objective function can be even
worse (regarding the difficulty for minimization) if the constitutive model separates
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elastic and plastic behaviour. This example suggests that in the context of Geome-
chanics, the identification of parameters by using any optimization procedure may
require some previous experience regarding which parameters are important and
which are not relevant in the problem. Mathematically ill-posed problems may be
just a consequence of improper initial assumptions, i.e. we cannot identify plastic
parameters if the measured displacements are in the elastic range.

The identification process gives information on the quality of the parameters identi-
fied, through expression (15). Table 2 presents the ratio of variances of the parame-
ters identified, that is, var Ej/var c,, for the cases considered. It can be seen that in
case a), close to failure, that ratio is quite large, whereas in case d), far from failure,
the ratio becomes small.
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Figure 4. Left: Objective function for case a), close to failure. Right: Objective func-
tion for case d), far from failure, (after [Led91]).

Table 2. Ratio of variances of the parameters identified, var Ej/var c,.

Case a) b) 9) d)

var Ej/var ¢, 62405 1833 537 111
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4. Including Prior Information

4.1. Extension of the formulation

It is quite common to have some prior information on the parameters before pro-
ceeding with the identification process, typically from laboratory or field tests. The
maximum likelihood approach can be extended to incorporate that information in
the identification process in a consistent manner. Now it is assumed that prior in-
formation of the parameters < p > has a multivariate Gaussian probability distribu-
tion. Therefore, it is possible to write:

oy-1
P(<p>—p)=mexp[—§(<p>—p)f(cp) <p>-p)| (19

where C,° is the “a priori” parameter covariance matrix, based on the available prior
information and n is the number of parameters. Assuming that the measurements X~
and the parameters given by the prior information < p > are independent, expression
(1) is modified to

L=kPx*—x)P(<p>—- p) (20)

Then the support function becomes
S=& -0 (CY X -0+ (<p>-pHC) (<p>-p)+ Inlc,| +

+ 1n|C]‘,’| + mln(2m) + nln(2m) — 2Ink (21)

If the error structure of measurements and parameters are considered fixed, only the
first two terms must be used in the minimization process, the rest being constant.
Those two terms define the objective function. As stated before, any optimization
algorithm can be used. In particular, the Gauss-Newton and Marquardt algorithms
defined above can be extended to take into account the new second term in (21),
[Gen88]. Then equation (8), used to iterate in the parameters space, modifies to

- -1
Ap = Ap® + [Atc;lA +(c) "+ m] ACS1(Ax — AAP®) (22)

where Ap® =<p>-p.

4.2 Example involving the staged excavation of a cavern in rock

To illustrate the use of prior information, an example presented in [Gen88] is sum-
marized here. It involves the staged excavation of a powerhouse cavern in the Span-
ish Pyrenées. A cross section near the central part of the cavern was selected for the
analysis so that plane strain conditions could be adopted. The excavation was per-
formed in nine successive steps, but in order to have significant measurement val-
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ues, they were grouped in 3 stages. Figure 5 presents the section considered, show-
ing measurements locations and excavation phases. Displacements were obtained by
means of extensometers and convergence measurements. In both cases they are
relative displacements measured in one particular direction between two points.
Therefore, measurements X does not correspond to nodal displacements, and a
transformation has to be carried out for each measurement, X; , according to:

x" = L;T;N;u; (23)

where U; is the vector of nodal displacements of the elements containing measure-
ments points, N; is the shape function vector for the same elements, Tj is the rotation
matrix required to transform the components of displacements in the global coordi-
nate system to the measurement direction, and L; is the matrix containing the linear
combination of displacements corresponding to the type of measurement. When the
measurement is a relative displacement between two points, L; = (1,-1). Finally the

sensitivity matrix can be computed as

ox du
A= =LTNG (24)

A total of 36 different movements were considered, of which 8 correspond to the
first phase, 7 to the second and 21 to the third. Note (figure 5) that some instruments
were installed when stage 2 was finished, so only part of the records are available
for the 3 phases.
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Figure 5. Underground cavern: geometry of the cross section considered in the anal-
yses, excavation phases and measurement points (I,J,K and L are convergences).
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The rock in the area is schist which shows no oriented texture due to the high degree
of metamorphism to which was subjected. No significant anisotropy was detected in
the field data, so the material was assumed linear elastic and isotropic. Poisson’s
ratio was assumed to be 0.28, based on laboratory experiments on rock samples.

One of the major uncertainties of the project was the initial stress state in the rock
massif. In situ measurements prior to the excavation suggested that initial stresses
were oriented with the cavern axis, being the vertical stress equal to the overburden
pressure. Therefore it was decided to identify Ko (ratio between horizontal and ver-
tical stresses, working in total stresses) from field measurements. The other one was
Young’s modulus, E, as a typical parameter of the elastic model. Only two parame-
ters were considered in the identification problem, because it is possible to plot the
objective function and to analyze the structure of the problem in a visual manner.

First, let us consider the case where only displacements due to the excavation are
available. There is not prior information, and the measurements can be assumed
independent with the same variance, so C, = a,.%I. The objective function becomes
the simple least squares criterion indicated in equation (5). To illustrate the structure
of the problem, the objective function has been depicted in figure 6 (left). Note that
there is a sort of valley in which different combinations of E and Ko give similar
result in terms of squared error. Figure 6 (right) includes a section of the objective
function along the valley, to highlight the difficulty in finding a global minimum.

The identification process yielded the values: E=0.39-10* MPa and Ko=1.24, with a
minimum of J=2.89-10" m’. Expression (16) in this case results in an estimation of
the standard deviation of 6,=2.9 mm. A comparison between computed and ob-
served displacements is presented in Figure 7. Note that the parameters found and
the model considered achieve a good general approximation to the observed dis-
placements.
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Figure 6. Left: Contours of the objective function J. Right: Values of the objective
function along the valley (A-A’).
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Figure 7. Measured and computed displacements with the parameters identified
without prior information.
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Despite the reasonable agreement between computed and measured displacements,
the parameters identified were not consistent with the information obtained during
the design of the cavern. Indeed most of the previous “in situ” tests suggested higher
values for E and Ko. The Young’s modulus of the rock was determined during the
design phase using flat jack tests and dilatometer tests. Different orientations were
considered, but the stiffness was isotropic.

A mean value from all measurements was < E > = 1.5-10* MPa. The “in situ”
stresses were measured using both flat jack tests and solid inclusion triaxial cells.
Vertical stresses were always closed to overburden pressure, as expected. However,
flat jack tests gave values of K, around 1 and solid inclusion cells provide values of
K, in the range 2 to 3. A mean value of < K, > = 2 was finally adopted.

The first two terms in (21) define the objective function in this case. Considering the
prior information on the Young modulus, <E>, and on the initial stress ratio, < Ko>,
the objective function can be written as

J=(x -0 x —x) + (Z—’é) (<E>—E)?+ (%) (<K,>—K)2 (25

where o, is the variance of the measurements, o is the variance of the prior in-
formation on Young’s modulus and ok’ is the variance of the prior information on
K, coefficient. Note that the value of (o> / o,°) to be used in the analysis depends
not only on the scatter of the results of the “in situ” tests used to determine E, but,
also, on the weight that is to be assigned to the prior information. In this case, a
value of (og” / 6,°) = 10* MPa’/m” was adopted. If 6, ~ 3 mm (as estimated in the
analysis without prior information), the range of likely E values will be:

E =<E > +20; = 1.5-10* + 0.6 - 10* MPa (26)

Regarding K, coefficient, a significant scatter was observed in the field tests. There-
fore, the value (csK(,2 / ze) =4-10* m™ was used. Assuming again the value of 6, = 3
mm, this gives a likely range of K,:

K,=<K,>+20,=2+12 27)

With these conditions the minimum of the objective function (25) was found for the
point: E = 0.77-10* MPa and K, = 2.36. The value of the minimum was 3.24-10™* m’
which corresponds to a standard deviation of 3.1 mm by using expression (16). This
value of 3.1 mm is very close to the standard deviation obtained when no prior in-
formation was considered.
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Excavation phase 11

Excavation phase III

W
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2

Figure 8. Measured and computed displacements using parameters identified with
prior information.
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Figure 8 presents the comparison between measured and computed displacements
using this new set of parameters identified. The comparison is as reasonable as the
one presented in Figure 7. It can be stated, however, that now the solution incorpo-
rates in a global manner all the information available: a priori field tests from the
design phase and measurements obtained during the construction stage. Note that the
identified K, lies in the likely range, according to (27). However, E, lies outside the
range expected in (26). There may be several reasons explaining that discrepancy.

The most important one is related to the assumptions of the model and the actual
rock behaviour. Note that field measurements during construction take larger times
compared to “in situ” tests and that may be the reason for the difference in E if any
viscous effect is present. Stress-strain nonlinearity (plastification, effects of discon-
tinuities, ...) could be a reason for discrepancy as well.

Finally, it should be pointed out that assigning statistical properties to the prior in-
formation (i.e., mean and variance) is usually a difficult task. Particularly, assigning
the weight of the prior information with respect to the measurements during con-
struction is always complex. In some cases it is possible to incorporate those weights
as additional parameters to be identified [Led88], [Led96b].

5. Additional related topics

5.1. Capabilities of the Maximum Likelihood Approach

In the previous sections, the Maximum Likelihood Approach and the Gauss-Newton
Method have been the fundamental tools to solve the problem of identifying parame-
ters of a defined model from field measurements. The maximum likelihood formula-
tion is a general framework that allows different options when deciding how to pose
the inverse problem: it may include the error structure of the measurements, it may
include different types of measurements in a consistent manner and also it may in-
clude prior information if necessary. Obviously it is always possible to adopt a more
traditional approach considering the covariance matrices just as weighing matrices
without using the probabilistic framework.

In order to show the capabilities of the formulation, most of the examples included
only two parameters and an elastic model. That is, a set of simple examples were
preferred to present the basis of the procedure. More sophisticated examples can be
found in the literature since late nineties and only some particular citations follow.
[Gen96] shows the application of the standard method to the identification of 4 pa-
rameters (3 Young’s modulus corresponding to 3 materials and Ko). A discussion on
the reliability of the solution is also presented. [Led97] applies the formulation to the
identification of two parameters of the Cam-clay model from displacements and
pore water pressures measured in a centrifuge test concerning a tunnel excavation
problem. Finally, [deS12] presents the identification of Ko and the stiffness of the
joints from the lining of a segmental tunnel from London Underground, using the
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measurements of segment rotations at different times. In this case a coupled H-M
elastic-perfect plastic model (Mohr-Coulomb type) was used to simulate soil behav-
iour, but the optimization was obtained through simple inspection of the objective
function.

The use of the Gauss-Newton algorithm (or any algorithm based on the computation
of the derivatives of the objective function) seems to be very robust, but it may be-
come very expensive if the number of parameters involved is large. In this case,
methods that only compute the objective function (and not its derivatives) may be
more appropriate. Some comments on this topic are included in section 5.4.

5.2. Identification of models

One of the first questions that arise from the above described procedures is whether
the model can be identified or not from the field data as well as the parameters. The
discrepancy between measurements and computations, assigned to error measure-
ments, is quite often a consequence of an inappropriate model.

In some particular problems it is quite easy to improve a model by incrementing
additional “extension” terms [Haf98], but this is more difficult in the context of
Geomechanics. Different models in Geotechnical problems may imply moving from
elastic to elastoplastic behaviour or changing the geometry itself. That change seems
to be too fundamental to be represented by an “extension” term. However, there are
promising new “soft computing” techniques in which the model evolves and learns
according to the measurements available (i.e. neural network based procedures),
[Has10].

A classical and still possible approach consists on comparing objective functions
directly: the objective function that gives the minimum value is the one with “less
error” between measured and computed variables. If the measurement points are the
same and only the model changes, this process allows discriminating between com-
peting models. However, in many practical situations, there is external information
about the problem that helps in deciding which model is suitable for each case. De-
spite that, the comparison between objective functions is always an objective man-
ner of discriminating between models and it can be useful, particularly when inter-
preting laboratory and field tests or when identifying the geometry.

5.3. Optimal design of experiments

When thinking in terms of “inverse problems” there is always an issue regarding
where to install the instrumentation in order to obtain as much information as possi-
ble from measurements. The classical idea is to measure where we expect the maxi-
mum movements or the maximum pore water pressure changes, but quite often it is
difficult to know that in advance.
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The procedure described here provides information on the quality of the parameters
identified. From expression (15) it becomes clear that we should minimize the vari-
ances of the identified parameters in order to obtain the maximum information from
the measurements. That requires large values of the sensitivity matrix, A, which
means that measurements are highly dependent on the parameters. Therefore, an
optimum design of a field test or any experiment would require evaluating A, look-
ing for measurement points where the sensitivity is maximized.

There are different criteria to define that maximum, i.e., we could maximize the
determinant of matrix A'A [Haf98] or a combination of its terms that has statistical
meaning [Fin05]. The key aspect, however, is that sensitivity matrix depends in
general on the parameters, so the maximum sensitivities are obtained at different
points according to the values of the parameters. As an example, the optimal points
for measuring displacements may be different depending on soil stiffness [Mur88],
[Xia03].

In some particular cases, it is possible to evaluate the sensitivity matrix and to check
its tendency or just check if any term may become always zero. It has been shown
[Led03] that in the context of tunneling and for elastic models, measurements in any
point at 45 degrees provides the larger error (assuming vertical and horizontal direc-
tions as principal stress directions). Then, it is possible to decide where not to meas-
ure in this particular geometry.

It can be concluded that the design of any experiment can be, to some extent, opti-
mized to obtain the maximum information, but it is necessary to know in advance
the range of the values of the parameters.

5.4. Alternative approaches

The number of contributions dealing with inverse problems in Geomechanics has
increased significantly since 1980, when the initial works were published [Gio80].
Before that, back-analysis was performed in an “ad hoc” manner. Many of the pa-
pers used the Least Squares criterion and the Gauss-Newton algorithm for optimiza-
tion purposes, although other approaches were also developed: Kalman Filter ap-
proach [Mur88], Bayesian approach [Civ83], and the described maximum likelihood
approach. During the last two decades, some published works improved the optimi-
zation procedure in several aspects as in [Cal04], where the parameters that can be
identified simultancously are defined according to its correlation (i.e., parameters
highly correlated should not be identified simultaneously). This particular aspect
improves the uniqueness of the solution.

In recent years, there is an increasing amount of works using “soft computing” tech-
niques as optimization procedures. This is a general label used for heuristic based
techniques including genetic algorithms, [Lev09], [Levl0], neural networks,
[Obr09], [Has10], and particle swarm optimization, [Zha09], among others. General-
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ly, this type of methods does not require computing the derivatives of the objective
function, a cumbersome task when the number of parameters is large. To illustrate
this type of procedures, an example combining genetic algorithms and gradient
based methods is briefly presented in next section.

6. An example of hybrid method

In this section an optimization procedure based on the combination of genetic algo-
rithms and Gauss-Newton method is briefly presented. The procedure is described in
more detail in [deS14]. Let us consider again a synthetic case involving a tunnel
excavation problem in a homogeneous material as shown in Figure 9. An extensom-
eter measuring vertical displacements, 2 m away from the tunnel side, is also depict-
ed in the Figure.

20m

10m

4 2m

10m E> <E

//> /» //5 //> L Y

) 80m

Figure 9. Geometry and measurement points considered for the hybrid analyses.

The code Plaxis [Bri08] was used for the analyses and the soil was assumed to be-
have according to the Hardening-Soil model [Sch99], one of the constitutive laws
implemented in Plaxis. The parameters to identify are the coefficient of lateral earth
pressure (K,) and the reference Young's modulus for unloading and reloading condi-
tions (Ey®"), to the reference pressure (p™).

A genetic algorithm is an optimization method proposed by [Hol75] and based on
Darwin’s theory of evolution. An objective function based on a least squares criteri-
on as defined in (5) was adopted. The value of the objective function defines how
good an individual is (that is, how good a set of parameters is).
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First of all, the range of the parameters (the search space) should be defined and an
initial random population is generated. The objective function for each individual is
computed and we can check what the best group of individuals is. Then we need a
criterion to generate a new population of individuals with the aim of improving their
fitness (decreasing their objective function values). That criterion is based on opera-
tions called “crossover” and “mutation”. After a few iterations creating new sets of
populations, it is possible to define a zone in the parameter’s space where the mini-
mum is probably located. The method does not guarantee that a global minimum is
found, but it is expected to obtain relatively close solutions. Therefore it is conven-
ient to combine the method with a classical gradient method that looks for the mini-
mum in a strict sense.

Table 3 shows the parameters used to generate the measurements. The simulation
was carried out in three stages: Phase 1: Tunnel excavation using the Plaxis method
XMStage to simulate a volume loss close to 0.5% (XMStage = 0.2); Phase 2: Tunnel
construction activating the lining; Phase 3: Dissipation of all the excess of water
pressure caused by the tunnel construction process (consolidation).

Ten points located on the extensometer 2 m away from the tunnel side were consid-
ered and the final vertical displacements after all phases corresponding to the values:
E."=75000kN/m* and K,=1.5 were considered as “measured” displacements. Fig-
ure 10 presents the initial population on the objective function. As only two parame-
ters are involved, it is possible to see directly the evolution of the procedure. After 3
generations and evaluating 120 individuals (that is, 120 direct analyses), it was de-
cided to apply the gradient method. An elliptic zone was defined including all the
individuals with an error less than a threshold value. Inside that zone, the gradient
method was applied starting from the center of the ellipse. In this particular example
the starting point was: E,," = 84150kN/m® , K, = 1.511 (Figure 11).

Table 3. Parameters used to generate the measurements of the tunnel excavation.
Yunsar: Unsaturated soil weight, vy, saturated soil weight, Eso™: secant stiffness in
standard drained triaxial test, Eqeq™": tangent stiffness for primary oedometer loading,
Eurref: unloading / reloading stiffness, c.: cohesion, ¢: internal friction angle, Riye:

interface strength factor and K: coefficient of lateral earth pressure. After [deS14].

Parameter Value

Yunsat 19 [kN/m’]
Yeat 21 [kN/m’]
Permeability 0.026 [m/day]
Eso™" 25000 [kN/m?]
Eoed 20000 [kN/m?]
E, 50000 - 350000 [kN/m?]
Cref 10 [kN/m?]

o 28 [deg]

Rinter 0.6

K, 04-2
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75000 125000 175000 ~ 225000 ~ 275000 325000

Figure 10. Analysis using genetic algorithm: Initial population. K, is represented in
the vertical axis and E,,” [kN/m?] in the horizontal one. After [deS14].

75000 125000 175000 225000 275000 325000

Figure 11. Best individuals from all genetic algorithm generations and new search
space (ellipse) for the Gauss-Newton method. After [deS14].
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After five additional iterations the Gauss-Newton method reached the correct
parameters. In this case the sensitivity matrix was evaluated using a finite difference
scheme.

In general it is less expensive, in computational terms, combining both Genetic
Algorithm and Gauss-Newton method than using just Genetic Algorithms only. Also
this “hybrid” method is more robust than using an individual algorithm only. When
the number of parameters increases, this procedure seems to be a promising method
to perform back-analysis in a systematic manner.

7. Concluding remarks

A description of the procedures available to carry out an inverse analysis in the con-
text of Geotechnical Engineering has been presented. The Maximum Likelihood
Approach has been used as a global framework to describe some fundamental con-
cepts related to these techniques: objective function, minimization algorithms,
uniqueness of the solution, sensitivity matrix, the role of error measurements, incor-
porating prior information and reliability of the parameters identified. Several syn-
thetic examples and a real case have been used to illustrate the capabilities of the
formulation and the difficulties encountered when performing back-analysis.

The text also includes some comments on related topics, as the optimal design of
experiments or the identification of models in Geomechanics. Also, a list of alterna-
tive procedures is presented, leading to the description of a hybrid method, combin-
ing genetic algorithms and Gaus-Newton algorithm.

Nowadays the procedures available to perform back-analysis in a systematic manner
in Geomechanics are quite mature, but still the methods are not fully used by the
Geotechnical community. Most probably, in the near future, the commercial ge-
otechnical finite element codes will incorporate an identification module. It is not
the matter of substituting the judgment of an experimented engineer, but the fact that
measurements provide valuable information that can be incorporated to our design
in a consistent and rational manner.
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Calibration of soil constitutive laws by in-
verse analysis

Michele Calvello

Universita di Salerno, Italy

When a model is calibrated by iteratively changing the estimates of the model input
parameters until the value of an objective function, which quantifies the match be-
tween observed and computed results, is minimized we are dealing with inverse
analysis. The major advantage of an inverse modelling is the automatic and objec-
tive calculation of the parameter values that produce the best fit between measured
data (often called observations) and computed results. The main difficulties are
related to the complexity of most numerical models, which sometimes cause prob-
lems of non-uniqueness and instability of the solution or insensitivity of the results to
changes in the values of the parameters. This chapter presents the main aspects
related to inverse analysis techniques used to calibrate the parameters of soil consti-
tutive laws. It comprises three main sections respectively dealing with: a computer
code designed to allow inverse modeling posed as a parameter estimation problem;
the use of inverse analysis to calibrate soil models from results of laboratory exper-
iments; an inverse analysis procedure to update the design predictions of a support-
ed excavation system using monitoring data collected during construction.

1 Introduction

Model calibration means “tuning” the parameters and/or the components of a given
model so that values measured within a real system (e.g., results of laboratory or
field tests, monitoring data from engineering projects) are matched by equivalent
computed values until the resulting calibrated model accurately represents the main
aspects of the system. Despite their apparent utility, inverse analysis techniques are
used, to this purpose, much less than expected and most typically numerical models
are calibrated using trial-and-error methods. With an inverse modeling approach, a
model is calibrated by iteratively changing the estimates of the model input parame-
ters until the value of an objective function, which quantifies the match between
observed and computed results, is minimized. Inverse analysis works in the same
way as a non-automated calibration approach: parameter values and other aspects of
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the model are adjusted until the model’s computed results match the observed be-
havior of the system. However, use of an inverse model provides additional results
and statistics that offer numerous advantages in model analysis and, in many in-
stances, expedites the process of adjusting parameter values [Cal02]. The fundamen-
tal benefit of inverse modeling is its ability to automatically calculate parameter
values that produce the best fit between observed and computed results. In addition
other benefits are derived, including: substantial time saving over traditional trial-
and-error calibration methods; statistics that quantify quality of calibration, data
shortcomings and reliability of parameter estimates and predictions; identifications
of issues that are easily overlooked during non-automated calibration. The main
difficulties inherent to inverse modeling algorithms are related to the complexity of
real systems, almost always modeled non-linearly, which sometimes leads to prob-
lems of: insensitivity, when the observations do not contain enough information to
support estimation of the parameters; non-uniqueness, when different combination
of parameter values match the observations equally well; instability, when slight
changes in model variables radically change inverse model results.

2 A model independent inverse analysis algorithm:
UCODE

UCODE [Po0e98] is a computer code designed to allow inverse modeling posed as a
parameter estimation problem. UCODE can be effectively used in geotechnical
modeling because it works with any application software that can be executed in
batch mode. Its model-independency allows the chosen numerical code to be used as
a “closed box” in which modifications only involve model input values. Figure 1
shows a detailed flowchart of the parameter optimization algorithm used in UCODE.
Note that the minimization requires multiple runs of the finite element code.

The weighted least-squares objective function S(b) is expressed by:

S)=[y - X'(Q)]TQ ly-y®]=e"we (1)

where: b is a vector containing values of the number of parameters to be estimated;
y is the vector of the observations being matched by the regression; y’(b) is the vec-
tor of the computed values which correspond to observations; ® is the weight ma-
trix; e is the vector of residuals.

Non-linear regression is an iterative process. The modified Gauss-Newton method
used to update the input parameters is expressed as:
(7%, X, C+Im)C M, = CTX," 0y - y'(b,)) @

bryq = prgr + b, 3)
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where: d, is the vector used to update the parameter estimates b; r is the parameter
estimation iteration number; X, is the sensitivity matrix (X;;=0y/0b;) evaluated at
parameter estimate b,; C is a diagonal scaling matrix with elements c; equal to
I/V(XT@ X)jj; I is the identity matrix; m, is a parameter used to improve regression
performance; p; is a damping parameter.

Tnitial
input parameters
v
FE mun
v

Computed results Observations

r‘/// Perturb by by

Compute objective moeedEfaedlomere: N
function (Eq. 2.1) I
v FE mn Repeat for
- k=1 tw NP
Compute Sensitrvity X T e
L2 Computed results
Perform regression
(BEq 22,23) !
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input parameters input parameters
A4
FE mun Updated results

Figure 1: Parameter optimization algorithm flowchart [Fin05].

Multiple runs of the FE model are required to update the input parameters at a given
iteration because the sensitivity matrix X, is computed using a perturbation method.
At any iteration every input parameter by is independently perturbed by a fractional
amount to compute the results’ response to its change. Sensitivities are calculated by
forward or central differences approximations. For these approximations each itera-
tion requires (NP+1) and (2NP+1) runs, respectively, to estimate a new set of updat-
ed parameters, where NP is the number of parameters optimized simultaneously.
Computation time may become an issue for very complicated finite element models,
depending on how much time is needed for a single model run. At a given iteration,
after performing the modified Gauss-Newton optimization (Eq. 2 and 3), UCODE
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decides whether the updated model is optimized according to two convergence crite-
ria. The parameter estimation is said to converge if either: i) the maximum parame-
ter change of a given iteration is less than a user-defined percentage of the value of
the parameter at the previous iteration; ii) the objective function, S(b), changes less
than a user-defined amount for three consecutive iterations. When the model is op-
timized the final set of input parameters is used to run the model one last time and
produce final “updated” results.

2.1 Model fit statistics

Different quantities can be used to evaluate the model fit. At first, one can consider
the magnitude of the weighted and unweighted residuals and their distribution both
statistically and relative to independent variable values such as location and time. In
initial model runs large residuals and weighted residuals can indicate gross errors in
the model, in the data, in how the observed quantity is simulated, or in the
weighting. In subsequent model runs, after the gross errors have been corrected,
other statistics become increasingly important. A commonly used indicator of the
overall magnitude of the weighted residuals is the model error variance, s*:

2 _ S

S" = Np-np )
where: S(b) is the objective function; ND is the number of observations; NP is the
number of estimated parameters.

The value of the objective function (Eq.1) is also used to indicate model fit infor-
mally, because its variation indicates by how much an optimized model improves
with respect to the initial simulation of a problem. Graphical analyses are also useful
to assess the validity of the model optimization. Ideally, weighted residuals are scat-
tered evenly about 0.0, and their size is not related to the simulated values. Weighted
residuals plotted on maps or time graphs should not show any discernible patterns
and should appear random. When weighted observations are plotted against
weighted simulated values ideally the points should fall close to a line, with slope
equal to 1.0 and an intercept of zero, and the correlation coefficient between the two
series should be close to 1.0.

2.2 Parameter statistics

The relative importance of the input parameters being simultaneously estimated can
be defined using parameter statistics, such as: the sensitivity of the predictions to
changes in parameters values, the variance-covariance matrix, confidence intervals
and coefficients of variation. To evaluate the sensitivity of the predictions to param-
eters changes, it is useful to investigate one percent sensitivities, dss;;, scaled sensi-
tivities, ss;;, and composite scaled sensitivities, css;:

ALERT Doctoral School 2014



Calvello 243

=i by
dssi; = abj 100 ®)
SS:: = (M)bwl/z (6)
ij ab; j Wii
1/2

2
d il
CSS]' = Z?]:Dl ((aLb]) b](l)ul/2> /ND (7)
b

where: y'; is the i™ simulated value; yi/bj is the sensitivity of the i"™ simulated value
with respect to the j™ parameter; b; is the ™ estimated parameter; ojj 1s the weight of
the i™ observation.

One percent scaled sensitivities represent the amount that the simulated value would
change if the parameter value increased by one percent. Scaled sensitivities are di-
mensionless quantities that can be used to compare the importance of different ob-
servations to the estimation of a single parameter or the importance of different
parameters to the calculation of a simulated value. Composite scaled sensitivities
indicate the total amount of information provided by the observations for the estima-
tion of one parameter.

The reliability and correlation of parameter estimates can be analyzed by using the
variance-covariance matrix, V(b'), for the final estimated parameters, b’, calculated
as:

-1
V() =s*(X" wX) ()
where: s? is the error variance; X is the sensitivity matrix; o is the weight matrix.

The diagonal elements of matrix V(b') equal the parameter variances, the off-
diagonal elements equal the parameter covariances. Parameter variances and covari-
ances are most useful when used to calculate other statistics: confidence intervals for
parameter values, CI; coefficients of variation, cov;; correlation coefficients cor(i,j):

CI: by +t(n, 1.0 — “/Z)ij 9)

cov; = Ui/b (10)

cor(i,j) = cov(i,j)/(\Jvar(i)var())) (11

where: t(n,1.0-0/2) is the student-t statistic for n degrees of freedom and a signifi-
cant level of a; oy; is the standard deviation of the j™ parameter. o; is the standard
deviation of parameter b;, cor(i,j) indicate the correlation between the i™ and j" pa-
rameter; cov(i,j) equal the off-diagonal elements of V(b'); var(i) and var(j) refer to
the diagonal elements of V(b').
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A confidence interval is a range that has a stated probability of containing the true
value of the estimated variable. The width of the confidence interval can be thought
of as a measure of the likely precision of the estimate, with narrow intervals indicat-
ing greater precision. The coefficients of variation provide dimensionless numbers
with which the relative accuracy of different parameter estimates can be compared.
Correlation coefficients close to —1.0 and 1.0 are indicative of parameters that can-
not be uniquely estimated with the observations used in the regression.

2.3 Observations’ weighting

The weights assigned to the observations are an important part of the regression
analysis because they influence the value of the objective function, and thus the
regression results. UCODE uses a diagonal weight matrix. Weighting is used to
reduce the influence of observations that are less accurate and increase the influence
of observations that are more accurate. For problems with more than one kind of
observation, weighting also produces weighted residuals that have the same units, so
that they can be squared and summed. The weight of every observation, wy, is equal
to the inverse of its error variance, 6,

w; = 1/0; (12)

Users assign the weight of an observation by specifying a value for its variance,
standard deviation or coefficients of variation. At the end of the regression analysis,
the value of the model error variance, s* (Eq.4), can be used to evaluate the con-
sistency between the model fit and the measurement errors, as expressed by the
observations’ weights. Values larger than 1.0 indicate that the model fits the data
less well than would be accounted for by expected measurement error.

2.4 On constraining parameters during optimization

While limiting constraints on parameter values may, at times, appear to be neces-
sary, UCODE users are not allowed to set upper or lower limits on parameters to be
estimated, as this practice might disguise model inaccuracies [Hil98]. Indeed, unre-
alistic optimized input parameter values are likely to indicate either a more funda-
mental model error (thus, users are prompted to find and correct the error) or obser-
vations not containing enough information to estimate the parameters. Responses to
the second circumstance could be: the exclusion of the parameter from the optimiza-
tion, the use of prior information on the parameter value. Using prior information
allows direct measurements of model input parameters to be included in the regres-
sion and tends to produce estimates that are close to specified parameter values. The
effect that the prior information has, in “forcing” an estimated parameter to remain
close to a specified value, depends from its weight. Users must treat the prior infor-
mation like an extra observation point. Its influence in conditioning the response of
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the regression analysis depends on both the number of observations included and the
weight of the prior information relative to the weight of the other observations. A
problem with the “unconstrained approach” used by UCODE is that many geotech-
nical parameters have natural constrains. Many soil models’ input parameters, for
instance, admit only positive values (e.g. Young’s modulus, cohesion), and some of
them are bounded by upper and lower physical limits (e.g. Poisson’s ratio, friction
angle). To address the first problem UCODE allows the user to optimize the log-
transformed value of the native parameter. This produces an inverse problem that
prevents the actual parameter value from becoming negative. Nothing is directly
implemented in UCODE to address the second problem. However, users can specify
functions of the parameter values to be used as input to the application model. Users
can thus relate the input parameter to a bounded “mapping function.” For example,
the input parameter to be constrained, x, can be mapped by a hyperbolic function
expressed in terms of e*. Figure 2 shows such a function, its expression given by:

f@) =y + ex/<ex/(Y2 - ) + 1/Tan) (13)

where: x is the native parameter, y, is the lower limit of x, y, is the upper limit of x,
and Tan is the initial tangent in the y-e* space.

To “center” the mapping function around a specific value y,, Tan must be equal to:

Tan = (Yo —y1) 2 — 1)/ (2 — ¥1) (14)

_y=1(e)

_y=1f(x)

Y2

Yo

Figure 2: Hyperbolic mapping function to constrain an input parameter value.
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3  Calibration of modified cam-clay model from triax-
lal test results

This section deals with inverse analysis used to calibrate modified cam-clay (MCC)
parameters from results of one drained and one undrained triaxial compression tests
on specimens of compressible Chicago glacial clays [Cal02]. This approach couples
a finite element code and the inverse analysis algorithm UCODE to minimize the
differences between computations of stress-strain response and experimental data.
The soil specimens used for the laboratory tests are undisturbed samples of lightly
overconsolidated low-to-medium plastic clays from downtown Chicago [Fin02].
The MCC model [Ros58] is an isotropic, work hardening, non-linear, elasto-plastic
model. The responses are defined in terms of three state variables: the mean normal
stress p’, the deviatoric stress g, and the void ratio e. The first two variables are de-
fined as:

p'=1/3 (15)

q=+3/ (16)

where: [,=6,,1+65,1033 is the first Cauchy stress invariant, and J2:1/6[((511—(522)2+((511-
033)°+(022-633)+661,+6013+6053] is the second deviatoric stress invariant.

The four MCC input parameters are: A, k, M and G. Table 1 shows their meaning
and the conventional way of estimating them. Parameters A and k define the model
hardening law, M locates the Critical State Line (CSL) in the p’-q space, and G,
along with k, defines the elastic behavior inside the yield surface. Beside the initial
values of the state variables, the initial conditions include a parameter expressing the
stress history of the soil, p.*, and the critical state void ratio, e, defining the posi-
tion of the CSL in the e-p’ space. The initial estimates of k and A are based on results
from consolidation tests; M is estimated assuming a straight failure line passing
through zero in p’-q space; G is estimated by averaging the secant shear stiffness at a
shear stress level of 50% of the failure value. The initial value of p.*, assuming the
soil OCR = 1, is set equal to the consolidation stress of the test modeled, and e is
estimated as the value of the CSL at p'=1 kPa.

Table 1: Modified Cam Clay input soil parameters to optimize.

Parameter Meaning Initial estimate

2 Slope of r@bognd isotropic C./2.303
consolidation curve

« Slope of virgin isotropic C./2.303
consolidation curve

Slope. of thef failure line 6 sin ¢/ (3 — sin ¢)
in g-p’ space
G Shear modulus q/y at 50% Qaiture
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Two triaxial compression tests form the basis of the optimization shown herein: one
performed in drained conditions (D1) and one in undrained conditions (Ul). Both
specimens were isotropically consolidated and then sheared by increasing the verti-
cal principal stress to failure. The finite element code JFEST was used to simulate
the triaxial tests [Fin91]. The behavior of the samples was considered elemental,
thus one single 8-noded isoparametric element was used to model the specimen. To
evaluate the match between the soil response and the FE predictions, two curves
were used to calibrate the objective function for each type of test: the changes in
principal stress difference (q-¢,) and the volumetric changes (g,-¢,) with axial strain
for the drained test D1; the changes in principal stress difference (q-g,) and pore
pressures (u-g,) with axial strains for the undrained test Ul. Figure 3 shows the ex-
perimental results and the observation points used for the drained and undrained
stress-strain curves respectively. The stress-strain curves of the drained test were
discretized by considering one observation point every 0.5% axial strain up to €, =
12%. Curves for the undrained test were discretized using one observation point
every 0.15% axial strain up to g, = 4.5%. Therefore, 108 observations were used to
calibrate the MCC model. The weight of the observations was assigned through
coefficients of variation equal to 5%.
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Figure 3: Discretization of experimental results for tests D1 and Ul.

Visual examination of the stress-strain plots provides the simplest way to evaluate
the fit between experimental and modeled response and thus evaluate the effective-
ness of the inverse analysis. Figure 4 shows a comparison between experimental
data and computed results when the initial estimates of soil parameters are used to
simulate the model response. The computed slightly underpredict the deviatoric
stress response of the drained test, and they are not able to capture the initial re-
sponse of the undrained test. The behavior of the soil, as predicted by the numerical
simulation, is softer that the real behavior of the clay sample. Figure 5 shows a com-
parison between experimental data and computed results when the optimized esti-
mates of soil parameters are used to simulate the model response. The computed
results match the overall test results extremely well for both tests at either small or
large strain levels. Table 2 shows the values of the four MCC input parameters be-
fore and after the optimization. Only small changes in values of k, A and M are
needed to obtain the best-fit values, whereas the optimized value of G is almost 3
times larger than the initial one. Note that four MCC input parameters are not opti-
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mized independently and that the same set of parameters is used to simulate the two
tests. Results of the optimization are consistent with what a “knowledgeable” ge-
otechnical engineer would have guessed by looking at Figure 4. The initial set of
input parameters underestimates the stiffness of the soil samples, which in the MCC
model is mainly (but not uniquely) expressed by parameter G. Indeed G was the
parameter that varied the most. However, one could not say a priori by how much
the value of G was underestimated in the initial predictions. Moreover, it is very
doubtful that one could have estimated by trial-and-error the small fractional change
of the first three parameters to arrive at the fit illustrated in Figure 5. Note that if one
tries to optimize the value of the stiffness parameter only, keeping the other parame-
ters to their initial value, the fit between experimental data and computed results
never become as good [Cal02].
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Figure 4: Visual fit between experimental data and computed results for initial esti-
mates of soil parameters.
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Figure 5: Visual fit between experimental data and computed results for optimized
estimates of soil parameters.
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Table 2: Input parameter values before and after optimization.

Input parameter Visual fit
A K M G (kPa) D1 (g-ev) Ul (q-u)
Initial 0017 0130 109 4000  marginal  marginal
good marginal
After 0021 0096 104 11054 £ good
optimization good good

Table 3 shows a summary of the values of statistics indicating model fit. The statis-
tics clearly show that the optimization of the input parameters improves the fit sig-
nificantly. Indeed, the objective function value decreased by almost 90%, the model
variance is less than 1.0, indicating that the fit is consistent with the error of the
observations as expressed by the weighting, and the correlation coefficient is very
close to 1.0. Before the optimization the same statistics show that the fit between
experimental data and simulated response is inadequate.

Figure 6 shows, in a graphical format, the values of the four MCC input parameters
before and after the optimization as well as, on the secondary y-axis, the composite
scaled sensitivities of the input parameters, css; (Eq. 7). For nonlinear problems, the
sensitivity is different for different input values, thus css; are plotted for the initial
and the optimized parameters values. Results, however, show that the difference
between sensitivity values at the beginning and at the end of the regression analysis
is not significant. This indicates that, despite the non-linearity of the model, the
influence of a given parameter on the results is relatively constant. If, during the
iterative regression analysis, the sensitivities were to vary too much from iteration to
iteration it is doubtful that the modified Gauss-Newton optimization method used in
UCODE would have been so efficient. Composite scaled sensitivities vary from
values smaller than 4 for parameters k and G, to values larger than 7 for parameter A
and 15 for parameter M. These values indicate that changes of M have the largest
impact on the computed values (the higher the sensitivity value of a parameter, the
more impact that parameter has on the computed results). This was to be expected
since the compression tests were conducted on specimens of lightly overconsolidat-
ed clays reconsolidated in the laboratory to stresses greater than or equal to the field
value of vertical effective stress. This loading history establishes the stress at the
start of the shearing portion of the test very close to or at yield, and hence the pa-
rameters associated with plastic hardening and failure (M and A) would have the
most effect on the computed results. However, this does not mean that one can ex-
clude the least sensitive parameters from the regression analysis. Results show that
the sensitivities relative to different parameters are all within the same order of
magnitude. This indicates that all parameters have a quantifiable effect on the mod-
eled results. Indeed, the least sensitive parameters, G, is the one that changes the
most to reach its optimal value.

Figure 7 shows the values of some of the parameter statistics derived from the vari-
ance-covariance matrix. A bar chart is used to indicate by what percentage the opti-
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mized parameter values changed compared to their initial estimate. The plot also
shows the parameters’ 95% confidence intervals (Eq. 9). Confidence intervals re-
sults indicate that estimates of the k, A and M values calculated by the regression
algorithm are accurate.

Finally, Table 4 shows the values of the correlation coefficients for the four input
parameters (Eq. 11). All the values are very far from either 1.0 or —1.0, indicating
that none of the parameters is correlated to any other one. This trend suggests that
the observations used in the regression provide enough information for the four

parameters to be simultaneously estimated.

Table 3: Input parameter values before and after optimization.

Model fit statistics

Objective Model Correlation

. . . Iterations
function variance coefficient
Initial 789 7.59 80.1%
After optimization 93.8 0.90 97.5% 5
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Figure 6: Input parameters value and their composite scaled sensitivity before and
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Figure 7: Percentage change between optimized and initial parameter values and
confidence intervals.

Percentage change between
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Table 4: Correlation coefficients among input parameters.

Correlation coefficients

A K M G
A 1 374 -.035 451
K 374 1 .539 150
M -.035 .539 1 =372
G 451 150 -372 1

In this section the inverse analysis algorithm UCODE was used to calibrate, from
triaxial test results, the four input parameters of the MCC soil model. Inverse analy-
sis calibration proved to be more effective in defining these model parameters than
conventional estimation methods. Indeed, the use of an optimization algorithm to
calibrate the MCC model yielded:

1. almost perfect fit between experimental results and the response computed
from the finite element simulation of the tests;

2. objective estimation of the model input parameters;

3. useful model fit statistics, which can be used to evaluate the adequacy of the
soil model to simulate the experimental soil response;

4. very valuable parameter statistics, which can help geotechnical engineers in in-
terpreting the features of a soil model.

The most important parameter statistic is probably the composite scaled sensitivity,
a powerful statistical measure to detect the parameters that most affect the test re-
sults.
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4 Update design predictions using monitoring data: a
supported excavation case study

4.1 Inverse analysis and the “observational method”

For many geotechnical engineering projects, especially in urban environments, it is
critically important to predict the magnitude and distribution of the ground move-
ments caused by the construction procedures. In such cases, a monitoring program is
generally planned to record, during construction, ground movements and/or move-
ments of adjacent structures. The monitoring data can be used to evaluate how well
the actual construction process is proceeding in relation to the predicted movements
as well as to control the construction process and update predictions of movements
given the measured deformations at early stages of constructions. The procedure to
accomplish the latter task is usually referred to as the “observational method”
[Pec69], a framework wherein construction procedures and details are adjusted
based upon observations and measurements made as construction proceeds. Employ-
ing observed movements in a timely enough fashion to be of practical use in a typi-
cal project is generally a difficult task. To obtain inclinometer or optical survey data,
process it, and use it to “calibrate” the results of a numerical model of the geotech-
nical system is a time-consuming process and thus, without employing inverse anal-
ysis techniques, this updating process can be done in a timely fashion only with the
commitment of significant human and economic resources.

As already discussed in the previous sections, inverse analysis algorithms allow the
simultaneous calibration of multiple input parameters. However, identifying the
important parameters to include in the inverse analysis can be problematic and, in
most practical problems, it is not possible to use the regression analysis to estimate
every input parameter of a given model. The number and type of input parameters
that one can expect to estimate simultaneously depend upon many factors, including
the characteristics of the selected soil model, how the model parameters are com-
bined within the element stiffness matrix in a finite element formulation, the site
stratigraphy, the number and type of observations available, the characteristics of the
simulated system, and computational time issues. Figure 8 shows a procedural
flowchart that can be used for the identification of the soil parameters to optimize
with inverse analysis algorithms [Cal04]. The total number of parameters can be
reduced, in three steps, to the number of parameters that are likely to be optimized
successfully. In Step 1, the number of relevant and uncorrelated parameters of the
constitutive model chosen to simulate the soil behavior is determined. The number
depends upon the characteristics of the model, the type of observations available,
and the stress conditions in the soil. Composite scaled sensitivity values can provide
valuable information on the relative importance of the different input parameters of
a given model. Parameter correlation coefficients can be used to evaluate which
parameters are correlated and are, therefore, not likely to be estimated simultaneous-
ly. In Step 2, the number of soil layers to calibrate and the type of soil model used to
simulate the layers determine the total number of relevant parameters. An additional
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sensitivity analysis may be necessary, within this step, to check for correlations
between parameters relative to different layers. In Step 3, a final reduction of the
number of parameters to optimize simultaneously may be prompted by the total
number of observations available and computational time issues.

Input parameters

STEP 1 Model characteristics

Type of observations
Relevant and
ncorrelated parameter:

| Sensitivity analysis
Stress conditions

Soil layers of interest

_ X STEP 2 N I
Sensitivity analysis Type of observations
Stress conditions
Total number of
relevant parameters
Computational time and STEP 3

number of observations

Q Model parameters
B

Simulation parameters

Parameters to optimize

Figure 8: Identification of soil parameters to optimize by inverse analysis [Cal04].

This section shows how inverse analysis based on displacement monitoring data can
be used to objectively update the predicted performance of supported excavation
systems. To this aim, movements of the soil surrounding an excavation are recorded
by inclinometers, which measure lateral deformations at various depths at discrete
locations around the construction site. Within the proposed inverse analysis proce-
dure, the recorded data are used to control the construction process and update pre-
dictions of movements at early stages of construction. In particular, any time a new
set of monitoring displacements are available, the finite element model of the exca-
vation system is “recalibrated” to provide the best fit to the field observations.

4.2  The case study

An inverse analysis procedure that uses construction monitoring data to update pre-
dictions of deformations for supported excavation systems is presented. The numeri-
cal procedure is used to optimize the finite element model of a deep excavation
through Chicago glacial clays [Cal03, Cal04, Fin05]. The excavation consisted of
removing 12.2 m of soft to medium clay within 2 m of a school supported on shal-
low foundations. The support system consisted of a secant pile wall supported by
one level of cross-lot bracing and two levels of tie-backs. Ground movements during
construction were recorded using inclinometers installed around the excavation site.
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The commercial software PLAXIS 7.11 was used to compute the response of the
soil around the excavation in plane-strain conditions (Figure 9). The Figure shows
the central portion of the finite element mesh and the elevations at the interfaces of
the different soil layers. The soil stratigraphy was assumed to be uniform across the
site. Eight soil layers were modeled: a fill layer overlaying a clay crust, a compressi-
ble clay deposit consisting of four distinct clay layers, and a relatively incompressi-
ble deposit consisting of two clay layers. The fill layer was modeled as an elastic-
perfectly plastic Mohr—Coulomb material, whereas all clays layers were modeled
using the H-S model [Sch99]. This effective stress model is formulated within the
framework of elastoplasticity; plastic strains are calculated assuming multisurface
yield criteria; isotropic hardening is assumed for both shear and volumetric strains;
the flow rule is nonassociative for frictional shear hardening and associative for the
volumetric cap. The calculation phases used in the finite element simulations were
21, starting with the construction of both the tunnel tubes and the school adjacent to
the excavation. Table 5 shows the five phases for which the model predictions are
updated. Observations from two inclinometers on opposite sides of the excavation
were used to compare computed displacements with the field data.
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Figure 9: Schematic of numerical model of excavation system [Cal04].

Table 5: Excavation stages considered for updating model predictions.

Construction day

Stage Plaxis phase WEST  EAST
Initial Beginning of project 0 0
1 Drill piles 11 18
2 Excavate and put struts 60 73
3 Excavate and prestress tiebacks (1% level) 88 95
4 Excavate and prestress ticbacks (2" level) 105 109
5 Excavate to final depth [-7.9m] 112 123
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Figure 10 shows the soil profile, a schematic of the support system and the observa-
tion points retrieved from the inclinometer data for the five construction stages con-
sidered. Inclinometer readings were taken in the field every two feet. Not every
reading, however, could be used as an observation for the inverse analysis because
the finite element displacements were computed only at the intersection between the
finite element mesh and the inclinometer location. Thus, 13 observation points were
used for the east side and 11 observation points for the west side. The observations
for the last two stages on the west side are not reported because the inclinometer was
destroyed by construction activities after Stage 3.
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Figure 10: Schematic of retaining system and observations points used from incli-
nometer readings [Fin05].

Table 6 shows the initial values of the six basic H-S input parameters for the five
clay layers that are calibrated by inverse analysis. These parameters are: friction
angle, ¢; cohesion, c; dilation angle, ; reference secant Young’s modulus at 50%
stress level, Es™'; reference oedometer tangent modulus, Eoed™ ; exponent m. The
latter parameter relates the reference moduli to the stress level dependent moduli E
(E509 Eoeds and Eur):

E = Eref ( c cotp—a3! ) (17)

c cotp+pref

f . . ..
where: p© = reference pressure equal to 100 stress units; 63> = minor principal
effective stress.
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Layers 1 to 5 refer to the Upper Blodgett, Lower Blodgett, Deerfield, Park Ridge,
and Tinley layers, respectively. The initial estimates of the input parameters for
Layers 1 to 4 were based on triaxial test results. Because few laboratory data existed
for the very stiff Layer 5 soil and very small movements were observed in that stra-
tum, the initial values of the parameters for Layer 5 were selected to minimize
movements in that stratum.

Table 6: Initial values of Hardening-Soil parameters for the clay layers.

Parameter Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
¢ 234 23.4 25.6 32.8 32.8
c (kPa) 0.05 0.05 0.05 0.05 0.05

y 0 0 0 0 0
Eso™ (kPa) 226 288 288 413 619
Eoed® (kPa) 158 202 202 289 433
m 0.8 0.8 0.85 0.85 0.85

4.3 Definition of the inverse analysis problem

The input parameters optimized by inverse analysis using UCODE were chosen
following the procedure described in Fig. 8. The observations, soil movements, and
the many types of loading paths associated with the excavation simulation are very
different from the stress—strain data used as observations in the triaxial compression
tests. The results of a sensitivity analysis performed on the H-S basic parameters
indicated that the parameters that are most relevant to the excavation problem are
Eso™', m and ¢ [Cal04]. Figure 11 shows the composite scaled sensitivities of the
three relevant parameters for layers 1 to 5. The bar chart refers to sensitivities com-
puted using all the observations, the line charts refer to sensitivities computed from
the observations of the different layers. From a simulation perspective, results show
that the parameters that most influence the simulation are the ones relative to layers
1, 3, and 4. Layer 1 is the softest soil layer, thus its major influence on the displace-
ment results is expected. Layer 3 is the stratum wherein the excavation bottoms out.
Layer 4 is the stiff clay layer below the bottom of the excavation into which the
secant pile wall is tipped. The high sensitivity values of this stratum indicate that the
strength and the stiffness of the clay below the excavation have significant impact
on movements. The Figure also shows that the observations relative to a soil layer
are mainly influenced by changes in that soil layer’s parameters. Table 7 shows the
correlation coefficients between the three parameters at every layer. The rather high
correlation between Esy and m indicate that these parameters are not likely to be
simultaneously and uniquely optimized, even though the results of the analysis are
sensitive to both. For calibration purposes parameter Esy" , rather than parameter m,
was chosen to “represent” the stiffness of the H-S model because changes in Es,"
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values also produce changes in the values of parameters Eoed™ (equal to 0.7 times
Eso™" ) and E,,"" (equal to 0.7 times Es,""), thus its calibration can be considered as
representative of the calibration of all H-S stiffness parameters.

Composite scaled sensitivity

0 5 10 15 20 25 30 35 40 45 50

[ Obs from all layers

Layer 1

—A— Obs from layer 1

—X— Obs from layer 2

—%— Obs from layer 3

Layer 2

—=e— Obs from layer 4

—+— Obs from layer 5

Layer 3

Layer 4

Layer 5

Figure 11: Composite scaled sensitivities of E™'s,, m and ¢ for layers 1 to 5.

A final reduction of the parameters to optimize was necessary to establish a “well-
posed” problem where the solution converged [Cal04]. To this aim, layers 1 and 2
were combined because: layer 2 had a much lower impact on the computed results,
as indicated by the low values of composite scaled sensitivities; the two layers are
derived from the same geologic stratum. Moreover, the stiffness parameters (Eso™)
were chosen over the failure parameters (¢) because: the excavation-induced stress
conditions in the soil around this excavation were, for the most part, far from failure;
the laboratory estimated values of ¢ are judged to be more accurate than Es,™". Note
that, when the stiffness and failure parameters are optimized simultaneously or only
the failure parameters are calibrated, the regression analysis never converged to
reasonable values. This emphasizes the point that convergence does not necessarily
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ensure that reasonable results are attained when optimizing a nonlinear problem
such as a supported excavation in soil. Table 8 shows the H-S parameters updated
by the regression algorithm. Fifteen parameters were updated at every iteration, but
only three of them (E1, E3, and E4) were directly estimated by the optimization
algorithm. Note that changing the values of Esy" is not the same as merely changing
the elastic parameters of an elastoplastic or linear elastic soil model because the
hardening soil responses are nonlinear below the cap and the stiffness depends on
more than Es,™". A summary of the inverse analysis setup is presented in Table 9.

Table 7: Correlation coefficients between E,i°, m and ¢ at every layer.

Layer Between Value Between Value Between Value
parameters parameters parameters
1 =70 -42 33
2 ErefSO -.85 Epof -.59 m 41
3 and -.87 and -.58 and 25
4 m -.99 o -.07 o -14
5 -95 .39 -.56

Table 8: Parameters updated by inverse analysis.

Layer zgi?nr?iezt:; Related parameter
1 E;=E,.¢"(1) Eoe’’(1)=0.7E, E. " (1)=3E,
2 Ex=E.’(2)=E, Eoeq’’(2)=0.7E, E. ' (2)=3E,
3 E:=E. '(3) Eoed”'(3)=0.7E; E,"(3)=3E;
4 E=E.¢’(4) Eoe’'(4)=0.7E, E. " (4)=3E,
5 Es=E,./"(5)=1.5E, Eeed(5)=0.7Es5 E..(5)=3E;s

Table 9: Summary of the inverse analysis setup.

. Observations readings from inclinometers (west, east)
<
Q 7
g % Input parameters 1 parameter (Eso™f) per layer (5 layers)
g s Initial calibration by inverse analysis from triaxial tests
s 8 ) . . X
o >  Discretization (west) 11 readings per construction stage
&) ; . ; .
Discretization (east) 13 readings per construction stage
., Observations' weighting G2 = measurement error vatiance
(9] . .
E =  Convergence criteria TOL = SOSR = 5%
|
S g Regression variables MAX-CHANGE = 0.5
> . .
Sensitivity calculation PERTURBATION = 0.01
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4.4 Results

The simplest way to evaluate the difference between the results of the numerical
simulations based on the initial estimates of the parameters and the optimized ones
is to compare the inclinometer data with the computed horizontal displacements for
the two cases. Figure 12 shows the visual fit between the observations and the re-
sults computed before (i.e., initial) and after (i.e., best-fit) the calibration by inverse
analysis. The comparison shows that the initial simulation computes displacements
significantly larger than the measured ones at every construction stage (the maxi-
mum computed displacements at stage 5 are about two times the measured ones) and
the computed displacement profiles result in significant and unrealistic movements
in the lower clay layers. When the model is calibrated by inverse analysis, the fit
between the computed and measured response is extremely good. At the end of the
construction the maximum computed displacement exceeds the measured data by
less than 10% and the distributions of lateral deformations are consistent throughout
the excavation. Note that the good fit shown in the Figure refers to the final optimi-
zation, i.e. all observations (stages 1-5) were used to calibrate the finite element
model of the excavation. Yet, the simulation was calibrated starting at stage 1 and
re-calibrated at every subsequent construction stage using the inclinometer data
available up to that stage [Fin05].

Figure 13 shows the initial and the final values of error variance and objective func-
tion at each optimization stage. The graphs allow the comparison between the over-
all magnitude of weighted residuals relative to the initial estimates of the parameters
and the fit resulting from the calibrated models. Results show that error variance
values decrease by more than two orders of magnitude at every stage. In all cases,
the final error variance values are close to 1.0, indicating that the computed differ-
ences are consistent with the measurement errors. More importantly, the results
show that stage 1 observations improved the predictions by two orders of magnitude
and that, by the end of stage 3, the recalibration of the model is essentially complete.
In essence, they indicate that early observations are able to recalibrate the finite
element simulation in a way that is beneficial to the predictions of movements at
later stages. Note that, in this case, stage 1 refers to the installation of secant pile
walls inducing movements throughout the compressible clay layers. A satisfactory
calibration at this stage indicates that these movements were large enough to “exer-
cise” the constitutive laws of all soil layers subsequently affected by the excavation.
The variation of the input parameters at the five optimization stages is shown in
Figure 14 above a bar chart, representing the progress of the excavation, in which
the excavation depth is normalized with respect to the excavation width. Results
show that the maximum changes in parameter values occur at Stage 1, when the
observations relative to the installation of the secant pile wall are used. The results
indicate that the initial estimates of the stiffness parameters are significantly lower
than the optimized values of the parameters. This trend could be expected because
the initial values were based on results of triaxial compression tests on specimens
taken from thin-wall tubes. Yet, if an analyst was to arbitrarily increase the initial
stiffness parameters prior to optimization, the magnitude of the increase would be a
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matter of much judgment and, most likely, the parameter values would still require
subsequent adjustments to provide good fits to the observed data.

The fact that initial parameters based on the laboratory data led to optimized param-
eters that resulted in a good fit, and made sense from a geotechnical viewpoint, illus-
trate the utility of the method. As implied in Figure 13, portions of the increase in
optimized stiffness between stages 2 and 3 may be a result of end effects of the ex-
cavation. The simulated excavation is really a threedimensional problem modeled in
plane strain. When the excavated depth is small, most of the wall can be adequately
modeled as plane strain and, hence, little changes in parameters are noted between
stage 1 and 2. As the excavation deepens, the ratio between excavation depth and
excavation width increases and higher parameter values compensate for the lack of
constraints in the out-of-plane direction.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
displacement (mm) displacement (mm) displacement (mm} desplacement {mm) diplacement {mm)
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Figure 12: Measured and computed horizontal displacements for initial and best-fit
estimates of parameters [Cal04].
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Figure 13: Error variance and objective function at each optimization stage [Fin05].
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Figure 14: Best-fit parameter values and normalized excavation depth at different
optimization stages [Fin05].

5 Conclusions

The inverse modeling procedures described in this work employ a parameter optimi-
zation algorithm (UCODE) to efficiently calibrate soil models by minimizing the
errors between experimental observations and model response. The chapter showed
how inverse analysis techniques could be effectively used for two very different
geotechnical purposes: to calibrate the parameters of a soil constitutive law based on
triaxial experimental results; to control the construction process of an excavation by
updating the predictions of movements during construction based on the field moni-
toring data.
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Analysing time dependent problems

Cristina Jommi and Patrick Arnold

Delft University of Technology, The Netherlands

Inverse analysis for time dependent problems is discusstds chapter. When time
dependent processes are analysed, further uncertainties drom initial conditions
as well as from time dependent boundary conditions and laadsddition to model
parameters. Inverse modelling techniques have been splifdeveloped for this
class of problems, which exploit the availability of a setmfasurement and/or mon-
itoring data at given locations at subsequent time instaStquential Bayesian data
assimilation is introduced, and a brief review of filterirechniques is given. In fil-
tering the problem unknown is the time evolution of the ploliis density function
of the system state, described by means of appropriate @pendient variables and
time invariant parameters, conditioned to all previous etstions. Particle filtering
is chosen to conceptually illustrate the methodology, bgma®f two simple introduc-
tory examples.

1 Introduction

Many engineering systems, and most often geotechnicamgstshow time depen-
dent response, due to time dependent loads and boundariticnadas well as to
multiphysics coupling. To assess time dependdpthamic systems and to predict
their evolution in time, a proper model to describe the b&havof the soil has to
be conceived and calibrated, the initial state has to be knaewd the time evolution
of boundary conditions and of loads has to be described. &ds further uncer-
tainty to the comprehensiveodelwe use to describe the physical system. Moreover,
small scale laboratory tests can usually give only pantitdrmation on the material
properties, which have to be upscaled to properly deschibedsponse of the sys-
tem at the field scale. This is true, in general, for any gédut®al property, but even
more for the hydraulic behaviour of soils, which typicaltyosvs high non-linearities
due to multiphysics coupling, and which is usually stronagffiected by scale effects
and heterogeneity. Without loss in generality, in this ¢dbapeference is made to
the hydraulic behaviour, although the derivations can hakygapplied to any other
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multiphysics process.

Iterative adjustment of the model parameters, includirgsthil property values, the
initial conditions of the system, and the time dependentdawy conditions, is a
powerful tool to infer the future state of a system, given titory of its observed
previous respons&equential data assimilatiantilises inverse modelling to estimate
the state of the dynamic system at each time a measurementafrsarvation from
the system becomes available. In this context, we speakt abeasuremenivhen

a variable describing the state of the system is measuredtlyirf(e.g. pore water
pressure), and aboobservation when the state variable is inferred by measuring a
related quantity, like water content or porosity from eleanagnetic sensors.

When looking at a general time dependent physical systeithemats “real (true)
state”, x, nor the“real (true) observation’, y, at the current time;,+ 1, are known in
reality. The true state is a function of the true history & statex|°~*!, the true and
time invariant soil parameteifs = {p1, P2, ...} and the true history of the boundary
conditionsii|°~**!, while the true observation is a function of the true stat¢hef
system at that time

ﬁt+1(i|0—)t+1)ﬁ)ﬁ|0—>t+l) (l)

yt+1(5~ct+1) (2)

with & € R, wherelV; is the dimension of the vector describing the system state
at a given location, angt € R7 is the observation vector of dimensiod,.

In order to analyse and infer the response of a time depesgstegms, two types of
models are required; (a) a model of some form describing the transient processes
affecting the state, and (b) a modgtelating some observation of the processes to the
system state.

(a) The state of a dynamic system is commonly assessed udisgrate-time ap-
proach. Thepredicted state(s)x, may be defined as a first order Markov pro-
cess, that is, the system state at the current imel, is only a function of the
state at the previous time stéepHence

X = M p,ut) + e 3)

where M is the model operator describing the non-linear physicatess as

a function of the stat&! at timet, the time invariant model parametgssc
RN» and the prescribed model boundary conditiahsit timet. The Gaussian
(white) noise terma, ~ N'(0, 02 ) (see Chapter 1, [Fen14]) is adding stochastic
diffusion and has a mean of zero and a variance?of

The state can be also written as an augmented state variable
Zt+1 _ (xt+1, pt+1) (4)

[e.g. RHV10, MDS12]. As the parameters in Equations 3 are tinvariant,
this augmented state variable may be used to describe tima@et of the
parameterg with respect to the state at time- 1.
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(b) The observation dt+ 1 can be computed by
y =g p) gt (5)

whereg is the measurement function of the system responseand\/ (0, aZy)
is the Gaussian noise term of the observation.

For most time dependent non-linear soil processes, thecinée of the state, as well
as of the soil property values, from direct inversion usitgsed-from analytical
frameworks is virtually impossible, as already discussedhie previous chapters
[Led14, Call4]. The local gradient-based search algosttpreviously introduced to
iteratively determine the local minimum within a maximurkelihood and weighted
least square framework, become more likely to fail in findihg global minimum
with increasing non-linearity of the system. Indeed, tredgerithms are not designed
to handle highly multivariate problems with multiple locgdtima in parameter space
and multiple domains of attraction, and they become lesdesweffective with in-
creasing domain size or in the presence of discontinuopsnses [VSW 08]. More
robust global optimisation algorithms have been develptied use multiple searches
from different starting points within the parameter spdoegeduce the risk of attrac-
tion towards a single local domain. The classical inferemethods for non-linear
dynamic systems are théalman filtersand its variants, which have been have been
successfully applied to many non-linear problems. An aléve sequential Monte
Carlo method, thearticle filter, has been chosen here to introduce the potentials and
the limitations of global optimisation methods for time daegent processes. After
a brief general introduction to sequential Bayesian dasarakation, a review of se-
guential inference is given. The Particle Filter is therfhyiillustrated, and discussed
by means of two introductory examples.

2 Inverse modelling

2.1 Bayesian basics

A background on Bayesian theory is provided in Chapter 1 TBgiwor in specific
monographs [e.g. BT92, Gre05] and thus will be summarisee bely briefly. The
basic form of Bayes’ theorem in a continuous version is

P[A|E;|P[E;]

(6)
where E; is the event, i.e. the state to be predictédis the occurrence, i.e. the
observed data/measurmeni3F;] is the prior distribution or expectation defining
the prior knowledge of the event( P[E;] = 1), P[A|E;] « P|E;|A]P[A] is the
likelihood function (| P[A|E] # 1), P[E;|A] is the posterior distribution estimating
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the eventE; given the observed data ([ P[E|A] = 1) and P[4] represents the
marginal distribution ofA ([ P[A] = 1), i.e. the normalisation factor

P[A] = P[A|E|P|E]+ P[E|A°|P[A“]
= P O(AﬁEi) :EH:P[AQEE‘] =§:P[A|Ei]P[Ei] (7)
i=1 i=1 i=1
Inserting Equation 7 into Equation 6 the posterior distiittucan be written as
PIE;|A] = P[A|E;|P[E;] ®)

>oie1 PIA|E;|PE;]

A simple example will illustrate how a Bayesian scheme caajdied. Let us as-
sume that the volumetric water contéhas to be inferred to describe the state of an
unsaturated soil, and that, based on previous experieatmadtory tests, or database,
we know thatd ~ N (ug,o2) with a variance o2 = 0.0009. A set of new direct
laboratory measurements &from soil samples retrieved in the field becomes avail-
able, which allows updating our prior knowledge on the meganGiven the prior of
the meanuy = © ~ N (ue,03)

2
f(©) =/270} exp{—%} 9)

the likelihood of the mean given one measurenteistproportional to the likelihood
of the sample meaf for a set of N, independent measurements.

9 i o2
p(0]©) = \/270} exp {—%} x /2mo? exp {—%} (10)
0/1Vs

0

Therefore, the likelihood is normally distributed with a ane9, a variancer /N,
and the shape being controlled by the sample size. The prstigstribution is then
obtained via multiplication of the prior and likelihood ftiion

(0-6)°" (o —6)°
— — 11
p(6]6) o exp { TN, 2o (11)
wherep(©10) ~ N (i, o) withamearn: = W and variancé = %

It's worth noting that the example can be extended to the chsaknown mean and
variance, given that the state variable can be describedrxyraal or log-normal
distribution.

The quality of the prior information and the advantage paedi by the new measure-
ments are illustrated in Figure 1, whekg is the number of samples available. Given
f(©) ~ N(0.42,0.0009) andp(0|©) ~ N(0.33,0.18%/N,) taking only three sam-
ples the likelihood is low, and the prior distribution doraias the posterior (Figure
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Figure 1: Example of Bayesian inference of normally distréadl mean estimajey of
a sample).

1(a)). With increasing sample size, the confidence in themfsion increases and the
prior information becomes less significant for the postegiediction (Figure 1(b-c)),
The difference between the prior and the posterior didfidbg indicates that the prior
information was poor in this case.

Two simplifying assumptions were implicitly introduced tine previous derivation:

() that the water content does not change in time, and (@) thcan be sampled by
means of direct measurement. In a more realistic scengrtbg(water content in the

field will be time dependent, as it is the result of soil-atpluare interaction and of the
position of the groundwater table, and (ii) non-invasiveervations, often based on
electromagnetic techniques, are usually preferred t& thecphysical process. There-
fore, the information available usually refers to a segaédtstribution of states, and

a model, including its own uncertainty (Equation 5), haseartiroduced to translate
the observations into water content sampling. To deal witbrimation referring to a

time dependent sequence of states, the Bayesian scheme egtebded over time.

2.2 Sequential Bayesian Data Assimilation

Given the initial jointprobability density functiolPDF) of the statev(xo|yo) =
f(x0), wherey, indicates no observation, the aim of this assimilation pssds to
sequentially infer the posterior stgiéx®!*!|y't+1) at present time conditioned by
any observation which became available in time. This charasation of the distri-
bution state of the hidden Markov tracking process is reféto adfiltering [DJ11].

ALERT Doctoral School 2014



268 Analysing time dependent problems

Given the statd’ = z (Equation 4), and the observatidn= y (Equation 5), Equation
8 gives the conditional posterior PDF at tihe- 1

1:t+1|Z0:t+1)pZ(Z0:t+1)
py(yt)

wherepy z(y 11 |z%*1) is the likelihood pz (z%*!) is the prior andpy (y' )

is scaling the numerator to satisfiypzy (2" |y'**!) = 1. For simplicity the

subscriptsZ andY, indicating the random nature afandy, will be omitted from
here on.

. . py|z(y
Pz (2 [y = =0 (12)

The above posterior distribution (Equation 12) joins imfiation of all past states and
is commonly referred to asptimal filtering problenje.g. DJ11]. Recursion of Equa-
tion 12 satisfying the marginal filtering posterior distriton p(z'*!|y**1), holding
only information of the current state, can be written as

2yl = gy 2" p(a ! y') (13)
y - t+1 | 1:t
p(y!THy!?)

whereg is the homogeneous likelihood (state and observation tiemisire time inde-
pendent) and the prior distribution is estimated as

(

Py = [ £y ey ) dat = [ ey df

(14)
also known asChapman-Kolmogorov equatipwhich simplifies to the second term
due to the first order Markov process [DJ11, MDS12]. The iile@d g is commonly
described by a Gaussian with zero mean and a given varianice.ndrmalisation
factor may be predicted using the augmented state as indéte&ariables [MDS12].

P = [ ol (e ) dat 1)

Zt+1

Equation 15 is commonly referred to as firedictive/evolutiostep and Equations 12
with 14 are referred to as thgpdating/correctiorstep [e.g. DAG01, CGMO07, DJ11].

2.3 Sequential inference of soil water dynamic processes

In geotechnical engineering, the use of inverse modelsdoesgial schemes is still
lagging behind. Explicit analysis of transient processesiding advanced constitu-
tive models implemented in numerical frameworks is usuptlyferred, also due to
the difficulties in obtaining a comprehensive body of statzdly valuable in situ mea-
surements. The state and the parameters of transient pesceave been inferred by
using gradient based optimization algorithms, with theiplacation ranging, for ex-
ample, from deep staged excavations [e.g. RLF08, TKO9toritory pulse test [e.g.
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GGAT11]. However, in these schemes the different sources ofrtainty are not ac-
counted for, and no or only limited information on the statd parameters are being
carried from one measurement time step to the next one. Thesiga framework
presented in Section 2.2 is not exploited in these cases.

Sequential data assimilation is a very commonly appliet] fobinstance, in weather
forecasting, hydrological modelling and flood protecti@sessment. For most soil
water dynamic processes the non-linearity in the soil resp@and transient boundary
conditions, alongside with the non-Gaussianity of theritigtions, makes an analyti-
cal solution of the Equations 13-15 untraceable [e.g. CGNRIZP12]. To overcome
this limitation, [Eve94] developed a recursive data-pesieg algorithm known as the
ensemble Kalman filtefEnKF), which is an extension to the origingalman filter
[Kal60] and theextended Kalman filtefJaz70]. The EnKF is based onMarkov
chain Monte CarloMCMC) method, propagating a large ensemble of model states
to approximate the prior state error in time by using the tgdiatates of the previous
time step, to predict the current ensemble via forward rattegn of a stochastic dif-
ferential equation describing the model dynamics [e.g. 8;Eve03, Eve09]. More
information, examples and codes can be found on Geir EvesBakKF-homepage

The EnKF is one of the most commonly used non-linear filterstate and parame-
ters updating in many fields such as hydrological modellag.[MSGHO05, PCP12,
SNH12], but it has not often been adopted in the assimilaifaeotechnical systems
[e.g. HMHV10, CCZ10].

The particle filter (PF), which is asequential Monte CarldSMC) method, presents
one alternative to the EnKF. The PF method is very flexiblsjldmplementable,
strongly parallelisable and, most importantly, it approates the probability densi-
ties directly via a finite number of samples, often referreésparticles[DdGO1,
AMTCO02]. A large number of different PF methods was devetbiperecent years.
Some tutorials and state-of-the-art reports provide a gotwdduction and allow for
a more complete overview [e.g. DdGO01, DJ11, LW01, AMTCO02,MI3, van09,
CR11]. Some useful resources on SMC and PF methods have begriled by Ar-
naud Doucét

Most PF frameworks are based oseqguential importance samplif§|S) andsam-
pling importance resamplinSIR) algorithm. The SIS is the most basic Monte Carlo
method to approximate the prediction and the updating qtegeations 12-15). It
uses a finite set of random samples with associated weigllisgctly represent the
posterior distribution at current time step, and subsetiyepdates this particles in
order to obtain the posterior at the next time step. Howdeemon-linear systems
the sample may tend to degenerate, that is, only a limitedoeurof particles being
around thé'real” state exclusively carry the weights, whilst the remainirgjority
of samples only carry a negligible weight. To increase tliecti’eness of the filter
and avoid errors accumulation, the SIR algorithms may bd.uUSH introduces a re-
sampling stage at each time step, in which particles wittwaweight are eliminated

1EnKF sourceshttp: //enkf .nersc.no/
28MC and PF source&ttp://www.stats.ox.ac.uk/~doucet/smc_resources.html
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and regenerated in zones in which particles carry a highhgighich renders the
approximation of the posterior. Other PF methods includedliany particle filters,
marginalised particle filters, Markov chain particle fiteand may incorporate some
particle smoothing algorithm [e.g. AMTCO02, CGMO07, DJ11kdBential smoothing
makes use of the estimates of the past states and thus tepds/ide a better filter
for the current state.

In recent years the PF method became popular and performkid we assimilation
of the state and parameters of different hydrological satbwdynamic processes [e.qg.
MHGS05, MDS12, KdD05, SF09, QLY09, RHV10, MMW" 11, NTSK11, PDD 12,
RVSt12]. A comparison between the EnKF and PF performance usicmgupled
surface-subsurface flow model has been presented by [PCP12]

In geotechnical engineering the use of the PF method is motremn. However, Mu-
rakami and co-workers [SMNL2, MSN*13] recently demonstrated that the elastic-
plastic Cam Clay model parameters can be successfullyrégtfarsing a coupled
hydro-mechanical Finite Element program in a PF framewbokh on synthetic ob-
servation data for soil element loading tests and the cocistn of a soil embankment,
as well as on real observation data related to the construofithe Kobe Airport Is-
land.

3 Asimple SIR particle filter implementation

The posterior (Equation 13) is approximated using a disset of Ny, samples

Ng
p(XO:t+1|y1:t+1 Z f+15 st+1 Z—‘rl) (16)
k=1

wherew! ™ are the normalised particle weights
t+1

wit! — W
k Zk wt'H (17)
1

When using the transient prior as importance functiongig} " [x}, y' 1) =
p(x'T1x!), the updated sequential estimates of the importance vesight

1]y t+1 t+1 |t
wit! o wl. POy % )P x) = wh. p(y™xiH) (18)

q(x. g, i)

which represent the key part of the SIS filter [e.g. AMTCO02, GI8D5, DJ11].

The implementation of a simple SIR filter based on [MHGSO05%d¢kematised in
Figure 2. The process can be split into three stages.

Initialisation stage:
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Initialisation: r>»{Simulation & filtering: [
Set up model: M, G, N, ex, €y, ... Generate set of particles for k=1...N,:
—— X = M(x!phul) + ettt ~ N(0,02)
Sample initial parameter and compute states: e el & pad e 2"
p) for k=1..N, where peR™r yi =GP +ey ey ~N(0,0c,
x) for k=1..N; where xeR"- Estimate likelihood:
1
Sampling initial particle weights: g(y' ™ ‘x;;r ,P}) = h\—n‘jtym
0_1/N L 5
wp=1/Ny for k=1...N, 7 2
2=1/N; s = eXp{_zei“ [pt+1 -yt }

Filtering posterior:
+1 ot
* Lt ey 9 gt pl)
Xp sPp) = 7
(%" p) S R )

N P e 1 an YR S R A S|
Read state XZ_H and weight “’Z-H for k=1...Ng =P [y G <" pY)ley }

Resampling:

Update particle weights:

wip(y M x ™ pl)

D ey whp(r X pE)
wip[g T g o phlept]

Dok, wp =g el

Initialise CDF and uniform distribution: e
wyT =
1_ k

c, =0

for k=1...N.
ul ~U(0,1/N,) or k=1...N,

Construct CDF of particles:

Ck = Ch_1+ “«’ZH for k=2...N, Compute effective partQicle weights:
N,
Noem 1/ 3002, (with)

Resampling loop
N = Huj : Zf;ll w; < uy < Zf;l ’wi}
with Y0 =0

Update: x,™' =x/™" and p} =p!

Perturbate resampled parameter estimate:

pit =B+, nh ~ N (0,5%02)

Figure 2: Schematic description of a simple SIR PF.

In this first stage the process and the observation mddeandg, (Equations 3 and
5) as well as the stochastic model, e.g. the number of pastidamples)V, and
the error functions, are set up. The initial state” is computed based on a set of
parameterp’ representing the prior knowledge, and an initial set ofamif weights
w is assigned to each partidle

Simulation stage:

In the simulation stage, the filtering of the state at 1 is performed. By means of
the state and the observation models;' andy?*! are computed for each particle.
Subsequently the homogeneous likelihood functios estimated to compute the fil-
tering posterior (Equations 13 and 16). Utilising Equagidry and 18 the weights
are assigned to each the particle. Given that the effectiviicfe sizeN,- is smaller
than a minimum effective particle siZé,,., representing a resampling threshold below
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which degeneration of the samples occurs, the resamphigg $6 entered.
Resampling stage:

Different schemes for state and parameters resampling bese proposed. Using
one of the systematic schemes [e.g. AMTCO02, DJ11], thegbestare resampled by
relating acumulative distribution functiofCDF) for the particleg, to a uniform CDF,
u. After the update of the particle states and parametersietbeampled parameter
estimatep!, is perturbed to obtain

P, =B+, (19)

with nf, ~ N(0,s02) being a Gaussian noise term, as suggested by [LWO01] and
[MHGSO05]. The variance of the parameter particleé, is multiplied by a small
tuning parametes, which determines the exploration radius around eachgb@rand

for which values between 0.005 and 0.025 have been commeaty [MDS12].

4 Examples

Two introductory examples will be discussed in this sectmdemonstrate the work-
ing principle and the efficiency of the simple SIR PF impletagion. In the first
benchmark example synthetic observations are used, vilglsgcond example refers
to a typical field case where direct measurements are alailab

4.1 Example 1: an analytical benchmark

The first example has been used as benchmark as well as &irdlive purpose by
several authors [e.g. KAD05, MHGSO05]. The non-linear statdelel and the obser-
vation function are both one-dimensional and describechkyfdllowing analytical
functions

1 xt

e - 53} + T + beos (1.2t) + €, (20)
(J)t+1)2
yt"rl — 20 + ey (21)

wherea = 25 andb = 8 are theparameterse, ~ N(0,07 ) ande, ~ N(0,0? ) are
the random noise terms for the state and the observatioratrgly, witho? = 10
andofy = 1. The initial state is taken a8’ = 10 and N, = 500 particles are used.

The initial parameter estimates are= 30 andb® = 4.

Figure 3 shows the state, the observation and the inferreahperic response with
time, using a sampling time interval &t = 1. The results of the simulation show
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that the sequential assimilation technique succeeds uigiieg quickly and accu-
rately the state, with some negative peaks not being detectd the end of the sim-
ulation. During the time lapse analysed, also the paramet@verge close to the real
values {ngi00 = 25.1 andmyi00 = 7.869). The remaining variation of the parameters
depends partly on the tuning parameterhich ensures that the filter were able to
react to any significant variation in the observation.

In this benchmark case, resampling was required in moskdirire steps to avoid de-
generacy. Figure 4 exemplary illustrates the resamplihgree for the last time step
t = 100. The reduction of the variance of the filtering posterionir¢b) to (d) due to
resampling allows for a more effective use of the partickesnore detailed descrip-
tion of the filtering and resampling process can be foundretaince in [NTSK11],
[MDS12] and [SMNF12].

L el o o R R en A
5 10 It AN B /8 N n ]
e 2SR W 4 ¥ 4 o 4
R Sl & IR Sm &7
8 Sherteall WA i a9

wrete vl 19 - 730 SR

720U o k& &= J”

512 o @ Ro R & % 2 ®R R RoR HTR & |
ElUFTAT AN CARIATAN ST AN VAT AV PAR AN IVAY
AN gl he M oM M N A A

0 10 20 30 40 50 60 70 80 90 100
Time t

Figure 3: Sequential assimilation of state and paramesrga SIR PF with 500
particles showing the stateand observationy response as well as the evolution of
the parameters andb with time ¢. Subscripts indicate the synthetitreal” values,
m the sample mean and 90% the 90% bounds, respectively.
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Figure 4: Particle resampling at time step- 100 showing (a) the state, (b) the filter
posterior, (c) the weights assigned to each particle are) (de resampled posterior
and state. Subscriptsindicate the synthetitreal” values, subscripts the particles
andm the sample mean, respectively.

4.2 Example 2: response of pore water pressure below a dike

In the assessment of dikes, different failure mechanismes ttabe analysed. Most of
them are likely to be initiated by the transient pore grouatdrvresponse to the time
dependent external forcing conditions. The worst cond#iare not necessarily as-
sociated to the steady state pore water distribution inliégiuim with the maximum
expected water height. Therefore, proper assessment giotieatial failure mech-
anisms requires the analysis of the fully coupled time ddpathhydro-mechanical
response of the water defense structure, including theldilg and the subsoil.

Explicit coupled numerical finite elements analyses candséopmed to this aim, but
the computational effort needed to include uncertaintyhim inodel is still high. A

valuable alternative consists in relying on simplified gtie&l solutions of the cou-
pled hydro-mechanical consolidation process, and perfamnmverse analysis able
to sequentially assimilate the parameters of the simplifiedel by comparison with
observation in time. Figure 5 gives a simplified illustratiof the hydro-mechanical
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Surficial impervious layer

- $ Consolidation Embankment
Leakage Cyclic load

Pervious layer
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Flow and consolidation <
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L

Figure 5: Simplified description of the hydro-mechanicah@nse of a dike subsoil
subjected to cyclic hydraulic boundary conditions

Table 1: Parameters of the simplified consolidation model.

Variable Unit p p°
Thickness of clay layer de [m] 2.0 —
Thickness of sand layer Dy [m] 7.0 6.25
Sat. hydr. conductivity of clay layer K, [ms] 0.00001 —
Sat. hydr. conductivity of sand layerK, [ms™] 0.0005 0.005
Compressibility of clay layer a. [MKN™?] 0.005 —
Compressibility of sand layer as, [mkN™] 0.0000001 —

processes taking place in the typical foundation subsod dfke, with a pervious
aquifer underlying an impervious surficial layer, subjédig a cyclic variation of the
pore water pressure at the boundary representing the rager Bhe effective simple
analytical solution proposed by Baudin & Barends [BB88]tfiis problem has been
used in this second example.

The adopted analytical solution gives the pore pressutghiition in the two layers
at any given distance from the river bed, and is a functiorhefuariables listed in
Table 1. The response of the system depends on the thickimege compressibility
and on the hydraulic conductivity of the two layers, and ompleriod of the forcing
boundary condition. Table 1 summarises the synthetic soperty valuegp repre-
senting thaeal state of the systerk (Equation 1) assumed to be represented by the
analytical solution. Prior investigation using Monte @esimulations had shown that
the response of the hydraulic he&dz) in the sand layer is most sensitive to varia-
tions in the saturated hydraulic conductivity of the saryétds,, while the thickness
of the sand layeiD, has a less dominating role. For the sake of simplicity, is thi
example the random model parameters are limited to this éxiables, for which the
initial guess isp® = {Ds, K} = {6.25,0.005}, and the remaining four parameters
are assumed to be known.
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We assumed - as this is the case in the field test to which thismpbe refers to - that
a piezometer is installed in the sand layer at a distaneel8.6m from the river bed,
where a direct measurement of the pore water pressure is tdleach hour. These
pore pressure measurements are used for sequential datédadem, using the SIR
PF previously described.

The period of the forcing function i = 10d (86 400s), and the measurements are
taken at each houB(00s). The total time was set to 200120 000s), the number of
particles toN, = 400 ands to 0.005. The maximum hydraulic head at the river was
normalised tdho(z = 0) = 1.0m.

Figure 6 shows the parameter estimate with time. The hyidraahductivity con-
verges very rapidly to the synthetieeal” value, confirming the high potential of
the adopted algorithm in sequential data assimilation. l@ncbntrary, the conver-
gence for the thickness of the sand layer is much slower,l@drcertainty does not
decrease monotonically. Indeed, the two variables werserhaiith the purpose of
assessing the performance of the algorithm in identifyimgameters which have dif-
ferent relative weights on the prediction. The hydraulinduactivity of the pervious
layer, which dominates the response of the system, couldfidly inferred. As for
the thickness of the same layer, a reasonable convergeunltelmachieved, in spite
of its minor role in the response of the synthetige system.
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Figure 6: Estimation of the thickness of sand lay®g, and the saturated hydraulic
conductivity of the sand layels,, using a SIR PF. The subscriptsindicate the
syntheticreal soil property values, the superscripthe initial state, and» ands the
sample mean and standard deviation, respectively.
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5 Final remarks

In this last chapter, a basic introduction to the inversdyaig of time dependent
problems was given. The provided overview is far from beingaplete review, and
to this aim the reader is referred to the references for énntbading.

The two basic aims of this contribution were: (i) to combine theoretical and numer-
ical developments on random fields, presented in the firstgiahis book, with the
general concepts on inverse analysis illustrated in theiqus two chapters; and (ii)
to open a window on sequential data assimilation, which aafruntfully exploited
in the practice, when time dependent problems have to bgsethl The examples
discussed at the end of this chapter are meant just as adution to the powerful
approaches which can be adopted in these cases. Nonethb&ssuggest that if
information from measurement and monitoringsipaceof a time dependent system
is accompanied by a thorough analysis of the observed balravitime, identifica-
tion of the variables and parameters dominating the regpohthe models can be
effectively accomplished by means of rather simple dedatatgorithms.
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