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SUMMARY

Soils are some of the most irregular materials engineers handle, with the spatial
variability of their properties being defined as heterogeneity. Full quantification is
impossible, due to the hidden nature of the subsurface. Common design practice
involves a deterministic analysis often performed using the finite element method
(FEM), for which PLAXIS represents one of the most popular packages. In parallel,
a scientifically explored method for dealing with medium-scale heterogeneity is
the random finite element method (RFEM), implying a stochastic simulation of a
problem with variable random fields from a site-specific distribution of values.

The objective of this research project is the comprehensive implementation of the
concept underlying RFEM within the PLAXIS software, in order to allow it to ex-
plicitly consider spatial variability in geotechnical problems. This is done by pro-
gramming the method in PLAXIS’ user-defined soil modelling (UDSM) facility.

Results using the new framework compare well with literature case studies per-
formed with existing RFEM codes. Slope reliability results as a function of spa-
tial variability matched the trends of outcomes obtained using existing research
codes. Lengthier correlation distances led to wider distributions of solutions, most
decisively due to less spatial averaging allowing failure to propagate through semi-
continuous weak zones. Nonetheless, larger probabilities of failure were observed
with PLAXIS, possibly due to differences in meshing and algorithms employed.

The framework was also tested on a novel example, revealing the potential unlocked.
Reliability and serviceability of a foundation next to a slope were simultaneously
analyzed, showcasing the influence of soil properties’ spatial variability on the prob-
ability to exceed performance criteria (Probability of failure - Pf). Results showed
that when slope failure is deemed unlikely by deterministic analyses (SF = 2.5),
meaningful probabilities of failure (P; > 0.25) are identified when considering the
spatial variability of influential soil properties for the ultimate limit state. The same
observation holds for the serviceability analysis when accounting for heterogeneity.
In both cases, for a constant vertical correlation distance, the larger the correlation
distance horizontally, the larger the probability of failure. This is assumed to occur
as a result of the development of weak zones underneath the foundation.

The added value provided by this study consists in unlocking the RFEM concept
for general practice in the industry. By including this feature in widely utilized
commercial software, professionals could bring their models closer to reality by
taking into account inherent soil spatial variability.

Although this first step is a crucial nudge towards more realistic modelling in
geotechnical engineering, further developments are needed. This implementation is
based on the Mohr-Coulomb constitutive model. Research and development should
continue towards employment with more complex constitutive models, allowing
modeling with more complex features of soil behaviour.

Calculation time can also become a concern for more complex models which in-
volve a larger number of stress points, random variables and/or phases. Further
research is also required towards improving the framework’s efficiency.

Keywords: Heterogeneity, RFEM, PLAXIS, user-defined soil model, scale of fluctu-
ation (6), Mohr-Coulomb, reliability, serviceability, probability of failure (Ps)
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INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

The ground represents one of the most highly variable materials which engineers
have to deal with. As opposed to steel, wood or concrete, whose characteristics
are widely known and vary much less within better known ranges, designers in
geotechnical engineering need to face much greater uncertainties from site to site,
or even within the same site location (Fenton et al. 2016b).

Heterogeneity represents the spatial variability of properties of soil at various scales.
This starts at the level of particles — grains or the fibrous nature of organic soils.
Zooming out to the centimeter to meter scale this illustrates the variability of soil
properties within what is denominated as a “uniform” soil layer. At an even larger
scale, this could be seen from a geological perspective as the layering of soils them-
selves, as defined by sedimentological processes at very large time scales.

The variability this study focuses on is the intermediate one (centimeter to me-
ter scale). This heterogeneity can decisively influence the behaviour in the soil-
structure interaction in geotechnical projects. It also results in uncertainty in ground
conditions, which in turn determines uncertainty in design (Arnold, 2012; Hicks,
2007). An example of how this can influence operational parameters in the ground
can be observed in figure 1.1 (Yetbarek et al. 2020) in which the variability of hy-
draulic conductivity in a 3D soil block is portrayed.

a) Saturated Hydraulic Conductivity
Ks (m"dadv)

x (m) y (m)

Figure 1.1: Example of spatial variability of hydraulic conductivity in 3D (Yetbarek, 2020)

Full quantification of spatial variability through direct observation is impossible
due to the inaccessible nature of the underground and even partial determination
of this requires extensive field and laboratory testing (Jaksa et al. 1999; de Gast
et al. 2017), with great implications on the costs of preparation of a project. As a
result, problems are still conventionally solved analytically, in a deterministic man-
ner, based on a unique combination of soil parameters for each layer, ignoring soil
heterogeneity. The usual result of a deterministic calculation in the ultimate limit
state is a factor of safety (SF), which does not reveal the risks associated with the
project in a comprehensive way, providing only one data point in the risk picture.



2

| INTRODUCTION

A widely used numerical method developed for calculations in engineering is the
finite element method (FEM). This can be defined as an approach using the ap-
proximation of continuum problems in which the continuum is divided in a finite
number of elements, with associated nodes and integration points, which are fully
characterized by a set of readily understandable properties. Eventually, the set of
equations is reassembled into a matrix system and solved (Zienkiewicz et al., 2013).
In geotechnical engineering, this is mostly employed in deterministic calculations.

PLAXIS is a finite element package, developed for the analysis of deformation, sta-
bility and groundwater flow in geotechnical engineering. This was created at the
TU Delft in the late 1980s as an initiative from the Dutch Ministry of Public Works
and Water Management. It was intended to provide a tool for analysis to be used by
geotechnical engineers in practice, when manual computation would be too cum-
bersome and time-consuming. An example of a finite element mesh created for a
geotechnical project is presented in figure 1.2 (Bentley Systems, 2022).

Example of a finite element mesh in PLAXIS 2D

Figure 1.2: Example Finite Element Mesh from PLAXIS 2D (Bentley Systems, 2022)

When using the finite element method for soil calculations, constitutive models
describe the relationship between cause and effect. More specifically, these are non-
linear relationships between stress rates and strain rates. Besides the constitutive
models that have already been programmed within the software and that come
packaged with it, PLAXIS allows capable users to create their own material mod-
els and implement them. This is facilitated through the User Defined Soil Model
(UDSM) interface of the software, which allows users to program the constitutive re-
lationships separately and import them into the software to replicate the behaviour
of their material of interest as accurately as possible.

Since PLAXIS’ calculation kernel is not accessible, an alternative needs to be found
in order to allow for the assignment of different properties at each stress point in
the problem. The UDSM facility can be a solution, in which the existing variables
may be utilized creatively to read and store property fields at stress point locations.

Currently, to achieve acceptable levels of safety, codes of engineering conduct like
the Eurocode 7 (CEN, 2004) require the application of partial or global safety factors
to apply a margin of error accounting for the risk of property variability. That
being said, the evolution of geotechnical design codes has been lagging behind the
structural codes concerning the transition away from working stress design (use
of factors of safety). Because of the inherent calculation shortcoming imposed by
undetectable variability in the ground, a real desire in the geotechnical engineering
community exists for holistic site understanding of material ambiguity. This is likely
to lead to safer and more economical designs (Fenton et al. 2016a).



1.1 BACKGROUND AND MOTIVATION |

To address this shortcoming, extensive research has been performed to quantify
spatial variability from limited data (e.g., Vanmarcke, 1977; Phoon, Kulhawy, 1999;
Lloret-Cabot et al., 2014; Fenton et al., 2018; de Gast et al., 2019).

Researchers have developed a significant number of semi-analytical and computa-
tional methods. However, for the purpose of this thesis, the computational approach
focused upon is the Random Finite Element Method (RFEM) — a comprehensive
procedure to capture spatial variability in geotechnical projects. This implies the
modelling of every point in the ground (the stress points in a finite element model)
as random variables. This collection of distributions of properties (joint distribu-
tion) represents the random field (Fenton, Griffiths, 2008). Simulating a number
of combinations of soil parameters at stress points within realistic ranges through
Monte Carlo Simulations (MCS), the performance of a system can be expressed in
probabilistic terms, rather than as a single factor of safety (Hicks, 2014).

Various scholars demonstrated that accounting for this spatial variability using
RFEM can lead to safe, more economical designs, all while simultaneously identi-
fying the potential failure mechanisms more precisely (van den Eijnden et al. 2018,
Dyson et al. 2019, Hicks et al. 2014).

Even though fundamental research is present in scientific literature, implementation
in practice is still very low. This is especially true for RFEM, which for all its merits,
could prove computationally expensive, in part due to not making any preliminary
assumptions with respect to where failure may occur.

A major upside this research carries consists in the bevy of possibilities it unlocks.
In implementing the spatial variability of properties in a thoroughly coded com-
mercial software, the types of problems that could be analyzed using the concept of
RFEM increase significantly. Up to this point, mostly ultimate limit state reliability
studies were performed on relatively simple geometries and boundary conditions.
A successful undertaking in this research unlocks the use of RFEM with features al-
ready existent in PLAXIS. Subsequent analyses could be done accounting for spatial
variability in staged construction, performing serviceability analyses or even flow
problems upon further expansions of the implementation of the concept.

While scientific innovation is desirable in and of itself, its ultimate goal is to improve
society, which could only be done through large-scale application of its findings.
Observing the tools available in the academic medium, the motivation behind this
research becomes obvious: bridging the gap between science and practice. This is
done through the implementation of the random finite element method in PLAXIS,
leading to the consideration of soil heterogeneity in models as common practice.

3
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1.2 OBJECTIVE AND RESEARCH QUESTIONS

Having introduced the relevant paradigm encircling the study, the explicit objective
of the research is subsequently described in this sub-chapter. This is formulated
more specifically as a set of research question and sub-questions:

1. How can spatial variability be implemented in PLAXIS?

a) How can a random field be created, stored and made available to PLAXIS’
calculation kernel for the stress point properties?

b) How can results (probabilities of failure, safety factors, deformations etc.)
for multiple different random fields be calculated automatically?

2. How do reliability analysis results with the implemented concept compare
to results obtained via the existing RFEM codes?

3. How can the created tool be utilized to perform more complex geotechnical
analyses, while taking into account the spatial variability of soil properties?

The first research question is formulated to encapsulate the core objective of the
research project — the creation of a tool which allows for the accounting of spatial
variability of soil properties in the PLAXIS FEM package. The sub-questions focus
on the procedural steps which require formulation in this endeavour.

The second research question concentrates on the verification and validation of the
implementation of the random finite element method in PLAXIS on cases which
were previously calculated with existing RFEM research codes.

The third and last research question concerns the expansion of the concept to anal-
yse a complex geotechnical problem with the developed tool, which could not be
solved with the RFEM codes previously developed due to an elevated degree of
complexity. This however could be tackled with the combination of the RFEM con-
cept and PLAXIS’ existing capabilities to solve more intricate problems involving
for instance soil-structure interaction or hydro-mechanical coupling.

To attain the stated goals, the document is structured as follows: First, the relevant
background literature treated is presented in chapter 2. Then, the research and
elaboration methodology is explained in chapter 3. Next, a verification of the con-
cept implementation is presented in chapter 4. This is followed by a validation case
study (chapter 5) in which the results obtained with the current tool are compared
with results of a complex problem treated in literature.

After this, another case study which was not previously performed with this method
is presented in chapter 6, in order to illustrate the new capabilities this implementa-
tion unlocks. Chapter 7, comprising insights on good practices and the operational
impact of influential factors of the model summarizes the practical experience ob-
tained by the author in performing the research.

Finally, the document is concluded with a discussion (chapter 8) on the nuances of
this research and a set of conclusions and recommendations (chapter 9) for effective
utilization of the framework and further possible research lines.



LITERATURE REVIEW

This chapter highlights the relevant literature treated, which provides a basis for
attaining the objectives of the research. The section is divided in two sub-chapters,
corresponding to the two main theoretical building blocks of this study - the finite
element method structure and the theory of random fields.

21 THE FINITE ELEMENT METHOD STRUCTURE

A widely used numerical method developed to solve boundary value problems,
mostly used deterministically in practice is the finite element method (FEM). The
process can be defined as a method of approximation of continuum problems in
which the continuum is divided in a finite number of elements characterized by a set
of properties readily understandable. Eventually, the set of equations is reassembled
into a system and solved. The core steps involved in the finite element method are
summarized below (Zienkiewicz et al., 2013):

Illustration of the assmebly of elements in the Finite Element Method

(a)

(b)

OO0

o

o] L
> B

Zz

o

Figure 2.1: FEM assembly structure (Zienkiewicz et al., 2013)

Step 1. Determination of element properties from the material and loading
data, along with the element stiffness matrices creation.

Step 2. Assembly of the final equations by addition of element matrices in the
global matrix. The first two steps are illustrated in figure 2.1.

Step 3. Insertion of prescribed boundary conditions in the assembled matrix

Step 4. Solving the equation system to obtain desired variables such as stresses,
currents, fluxes, displacements etc..

Computations for geotechnical problems involving soils are done using (geomate-
rial) constitutive models. In the most basic description, these represent (potentially
non-linear) relationships between stress rates and strain rates (Brinkgreve, 1994).
For this initial implementation, the Linear Elastic Perfectly Plastic Mohr-Coulomb
(LEPP — MC) model is modified to account for spatial variability of soil properties.
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2.2 RANDOM FIELDS AND RFEM

In the most essential way, a random variable is used as a means to identify events
and their probabilities in numerical terms. The primary motivation for using them
is such that rules of conventional mathematics can be applied to quantify probabili-
ties that are harder to grasp intuitively (Fenton & Griffiths, 2008).

To model spatially variable properties, it is necessary to allow every point in the
ground to be characterized by one or more random variables. For the purposes of
the study, it is more useful to consider a random field, which contains a property
that can vary randomly over a given spatial or temporal domain. “Random fields
are collections of random variables, which are completely specified by the joint distribution
between all their component random variables” (Fenton & Griffiths, 2008).

In reliability analyses, regions are defined as a function of these random variables.
A failure region is defined as Dy = [X |g(X) <= o], where g(X) represents the per-
formance function, using the random variable X encapsulating the soil parameters’
distributions. This function is often expressed as a difference between the resisting
forces “R” and the solicitation forces on the system “S” — g(X) = R(X) — S(X). Using
this definition and the joint probability density (JPD) function of the random vari-
ables “f,” for x realisations of the random variable, the probability of failure can be
quantified in a stochastic manner using equation (2.1) (Hicks, 2014).

Py =P[g(X) <0] = / fx(x) dxy...dx, = Probability of failure (2.1)
8(X)=<0

Keeping in mind the definition of the probability of failure previously presented,
another performance assessment variable can be introduced, in the form of the
reliability index as per equation (2.2) (Fenton, Griffiths, 2008):

B = —CID*l(Pf), where ® is the standard normal cumulative distribution  (2.2)

The Random Finite Element Method (RFEM) links random field theory to the finite
element method (FEM). Its steps are described in what follows, ranging from the
pre-processing all the way to post-processing.

In the pre-processing stage, a statistical characterization needs to be made, on the
basis of laboratory and in-situ testing. This involves determining the point statistics
— mean () and standard deviation () — of properties of interest on site. After this
step, the spatial correlation distances need to be obtained. For the vertical direction,
a preliminary assessment is needed to detect depth trends and remove these if they
exist. On a de-trended profile, the vertical scale of fluctuation (6,) can be quantified
with a certain degree of accuracy. Obtaining the horizontal scale of fluctuation is
more difficult and the accuracy of its determination is directly proportional with
the number and spacing of the data points available (de Gast, 2020).

Loosely speaking, this represents the distance in space after which two points can
be considered essentially uncorrelated. Rigorously speaking, if (p) is the correlation
function between points, the scale of fluctuation is defined in equation (2.3) as:

0= / o(T) dt, where T is the distance between the points considered (2.3)

—00
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Numerically quantifiable, this represents a measure of distance within which two
points have a significant enough correlation, i.e p > e~2 & 0.135 as described by
Fenton & Griffiths (2008). An illustration of the properties described up to this
point can be observed in figure 2.2 (Samy, 2003). If the site investigation allows for
it, the horizontal scale of fluctuation (6;) may also be inferred comparing closely-
spaced in-situ tests, like cone penetration tests (CPT) (Hicks, 2014). A small scale
of fluctuation would create a highly scattered environment over a domain, while a
larger scale of fluctuation results in a smoother distribution as points are correlated
between themselves over larger distances (e.g., Figure 2.3 — Samy, 2003).

Illustration of scale of fluctuation (6) and point statistics” (i1, 0) meaning

X
1)
_L | |
| |
= —
a TG 2 | |
© clo
——
| |
| |
K X

Figure 2.2: Vertical scale of fluctuation and point statistics of a random field (Samy, 2003)

Influence of 6 on the appearance of a random field

Figure 2.3: Influence of scale of fluctuation on random field appearance - the larger the value,
the smoother the transitions between values (Samy, 2003)

In the analysis stage, for the given set of soil property statistics, a series of random
fields is generated, for which the problem is analysed with FEM. One solution to
the problem is denoted a realization, while the totality of realizations is called a
Monte Carlo Simulation (MCS). For all realizations, the field will look similar due
to having the same basis statistical properties, but each realization is unique in the
combination of values utilized and in the results it yields.

Finally, after the Monte Carlo simulation, the stochastic results of the analysis are
presented either as a probability density function (PDF) or cumulative distribution
function (CDF) of output results.

7
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A simple but robust parameter inferred is the probability of failure, as a conclusion
of a binary quantification of failure versus non-failure (2.4):

1 N
Ps = N Xlzll-, where I; = 1if failure criterion is exceeded and I; = 0 if not (2.4)

It should be stressed that failure does not necessarily imply ultimate limit state at-
tainment, or full collapse of a structure. This is a more complex concept dependent
on the user’s strictness in setting a performance criterion. Failure can be defined
for serviceability as well, as the point at which set serviceability limits are exceeded.
For instance, if it is deemed crucial for a structure to settle less than 1 cm, “failure”
with respect to this criterion may occur without any obvious visual effect. That be-
ing said, a performance function can be defined in terms of any output parameter,
be it factor of safety, displacement, stress, force etc.

In this context, the number of realizations needed for the simulation to reach a
desired accuracy can be inferred using the coefficient of variation as a function of a
(defined expectation of) probability of failure (2.5).

1- Py

COV(Pf) ~ m (2.5)

In this context, coefficient of variation (COV) associated to the probability of failure
is the accuracy metric denoting the confidence interval of the solution obtained. For
instance, a COV = 0.05 corresponds to a 95 % confidence in the solution, a target ac-
curacy frequently used in practice due to its link to Eurocode statistical significance
requirements (CEN, 2004). This is a function of the target Py and the number of
realizations "N”. This formula is frequently used to infer an expectation regarding
the number of realizations required to obtain a target probability of failure.

Knowing the methodology behind RFEM, it is now worth noting that this calcu-
lation procedure was proven to be effective in practice in many applications. Al-
though theoretically applicable to any type of geotechnical project, often case stud-
ies focus on slope stability problems, which are more accessible from a geometrical
and analytical complexity standpoint.

For instance, RFEM was used by Hicks and Onisiphorou (2005) to investigate the
influence of heterogeneity of the state parameter (Been and Jefferies, 1985) on static
liquefaction potential in a predominantly dilative sand fill. Hicks and Boughrarou
(1998) researched the influence of the same parameter on the liquefaction potential
for the underwater Nerlerk berm, demonstrating the possibility of a predominantly
dilative fill to liquefy through failure along semi-continuous weak zones.



3 METHODOLOGY

In this chapter, the methodology of implementation of the random finite element
method in PLAXIS via UDSMs is described in detail. The chapter is divided in
two sub-chapters, corresponding to the implementation methodology on one hand,
and considerations on the influence of spatial correlation distances on finite element
mesh choices on the other hand.

3.1 IMPLEMENTATION - RFEM IN UDSM

3.1.1  RFEM and random field generation

The procedural challenge of this research is represented by the coding and linking
of the concept behind RFEM within the PLAXIS interface. To achieve this, it is
worth exploring further the methodology behind RFEM, so that it becomes clear at
which point this could be encompassed within PLAXIS. A flowchart summarizing
the procedure behind RFEM is presented in figure 3.1 below.

General RFEM procedural flowchart

Site investigation or
Laboratory analysis

Point statistics of Spatial correlation
parameters (y, o) structure (9, 6, p)

Random field X
(W o, 8, 6, p)

Mapping variable properties to FEM
stress points

Finite Element Solutions
into MCS

Figure 3.1: Original RFEM procedural steps

A phase that supposes a denser theoretical background is the creation of random
fields. In what follows, the theory behind this step is explained in more detail.

The random field generation process starts at the definition of the point statistics
(mean - p, standard deviation - ) for the parameters of interest — for instance the
undrained shear strength s, (or ¢ and ¢’ for 2 parameters etc.) — ideally from site
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investigations. These should be accompanied by spatial variability property values
i.e., scales of fluctuation, in the 2D case vertical and horizontal (6,, 6},).

To ensure positive determinate values, log-normal distributions are often utilized
for the parameters in question. To obtain these, the following transformations allow
the creation of the fields using the correct mean and standard deviation (3.1):

/ o2
orN = /log1+ 2 prn = logu — 0.507 (3.1)

There are many correlation functions defined in literature that could express the
relationship between distance and correlation, such as the Gaussian, triangular,
spherical or Markovian auto-correlation models (Fenton, 1999). The last one is
commonly used to express spatial correlation for engineering purposes both due to
its simplicity, as well as for an assumption it entails. This property affirms that the
conditional probability of a future state of a parameter depends only on the most
recently known state, which is usually valid for models, insofar as the historical
evolution is not key to present behaviour.

For two points in positions t; and t,, let it be assumed that the distance between
them is given by “1”, where T =t — tp. Moreover, let it be assumed that at each of
the two positions, a random variable of possible property values exists — X(1), X(t2).
These are both characterized by separate probability distribution functions, as well

as by a joint probability density function.

Considering these, the Markovian spatial correlation that exists between the two
points, can be expressed and computed for “m” dimensions as in equation (3.2).

o(t) =e 1T 7] = \/(29?)2 +..+ (29211)2 (3-2)

After this step, if any known cross-correlation between parameters is known, it

can be defined in matrix form. For “n” parameters, the cross-correlation matrix is
expressed as in equations (3.3),(3.4):

1 Pz12, - PZ17,
R= |Pn L e (33)
pznzl pZnZZ " 1

Where the cross-correlations are computed knowing the expected (mean) values as:

E[Z;, Zj] — E[Z]E[Z]]

(TZI-‘TZ]»

02,2, = (3-4)

After computing the Cholesky factorization L of the R matrix, having generated
random fields from a standard normal distribution Z, cross-correlated fields (¢) can
be obtained through the matrix multiplication operation: ¢ = LZ
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Finally, to obtain the random fields for the underlying log-normal distribution, the
transformation formulas in 3.5 and 3.6 (for cross-correlated fields) are used.

ZiN = exploiNZ + priN] (3-5)

&N = explornG + pin] (3.6)

A summary of the procedure behind the generation of random fields is illustrated
by the flowchart in figure 3.2 below.

Random field generation flowchart

Define point statistics for soil parameters

(1. 0. 0, 6,)

" _

Compute correlation matrix “p’

Generate spatially correlated random fields
from standard normal distribution — *Z”

Uncorrelated

Cross-correlated

Define cross-correlation matrix “R”
and compute its Cholesky
factorization "L"

Transform to LN versions of the
random variable “Z, \"

Obtain cross-correlated random

fields “§€" as & = LZ

Transform to LN versions of the
random variable &y

Figure 3.2: Flowchart for generation of random fields

The Python code used for the generation of the random fields in the script that
dictates the Monte Carlo simulation around PLAXIS can be found in appendix A.

This implies the saving of random fields to a file and the total number of integration
points to a separate file, which are to be read in the UDSM PLAXIS subroutine.
This is explained in the following two sub-chapters which treat the adaptation of
the example Mohr-Coulomb UDSM and the connection between this and RFEM.

The code in appendix A can be clipped to the one in appendix C to provide a
full Python script that generates random fields and commands the Monte Carlo
simulation for a simple slope geometry in PLAXIS. The two were originally one
unit, but have been split so they can be referred to separately, as they correspond to
different theoretical concepts of the elaboration presented.

1
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3.1.2 PLAXIS UDSM Modifications

PLAXIS includes a facility for user-defined soil modelling (UDSM). This allows
users to implement constitutive models in PLAXIS by programming them in FOR-
TRAN and compiling them as Dynamic Link Libraries (DLLs), to be added in
PLAXIS’ repertoire. Six tasks are required for the creation of a UDSM, which are
described in detail in the reference manual of PLAXIS (Bentley Systems, 2022).

For the scope of this study, only steps 1, 2 and 4 of the example UDSM for MC need
to be modified. The tasks treat three different conceptual steps in development:

e Task 1: Initialization of “state” parameters
o Task 2: Assignment of stress point model parameters
o Task 4: Defining number of “state” parameters

A side-by-side comparison of the original coding of the reading Mohr-Coulomb
model steps versus the modified UDSM meant to replicate the RFEM principle can
be observed in the flowchart in figure 3.3 below.

Original and modified UDSMs for two random parameters

Original UDSM Modified UDSM

Call MZeroR({ StVar0, nStatv )
call MzZeroR( StVar , nStatv )

open (unit — 592, file —
'YourAddress\RandomData\NoIps.dat', action =
‘read’)
read(592, *) n_zf ! number of integ. points
allocate (StVarTemp(n_rf,2))
close (unit = 592)

G = Props(l)

xNu = Props(2)

C = Props(3)

Phi = Props(4) / Rad

Task 1 Psi = props(5) / Rad open(unit = 553, file
s i s ='C:\YourAddress\RandemData\YourRFs.dat', action =
s5Phi = 8in(Phi)
Psi Sin(psi 'read')
el 1:1( e do i - 1,nrf
cCosPhi = C*Cos(Phi) Lo, 4 SRR T 5 = 5
end do
close (unit = 593)

stvar0 (1) = stVarTemp((iE1l-1)*12 + Imnt,1)
Stvar0(2) = sStvarTemp((iE1-1)* + Int,2)

c = Stvar0(1)
Phi = stvar0(2) / Rad
et sl t .................
Call CopyRVec( StVar0, StVar, nsStatvV ) i Call CopyRvec( StVar0, Stvar, nStatV )
ipl = ' ipl = 0
G = Props(1) : ¢ = Props(1)
|
xzNu = Props (2) xNu =  Props(2)
Task 2 " ! Psi = Props(5) / Rad
Phi = Props(4) / Rad H sTens =  Props(%)
Psi = Props(5) / Rad H C = StVar(l)
sTens = Props(c) { Phi = StVar(2) / Rad
|
'
-------------------------------- e e S
'
'
I
'
'
'

nstatV = 0 equal to number of H n3tatv = equal to no. of variables
Task 4 variables for which RFs are created ' for which RFs are created
nStat = nStatv nstat = nStatv

Figure 3.3: Comparison between the formulation of the UDSM in this study for two random
variables and the original MC example UDSM (Bentley Systems, 2022)

The initialization phase of state variables in the UDSM interface is utilized to add
the random fields in PLAXIS. In the variable set aside for this purpose ("StVar”), an
unlimited number of parameters can be added. This makes it attractive to use for
the storage of the random field values at integration points.

Originally, the deterministic values of the properties are stored in a “Props” variable,
which accesses the input from PLAXIS” user interface. In this case, the user does
not need to input any values in the interface, as these will be read from the random
field generated in Python and saved in the path coded into the UDSM.
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Besides the reading, one can use the UDSM variables for the local integration point
“Int” and the element number “iEl” to code the path to the correct global integration
point. The corresponding integration point utilized in the calculation step can be
expressed as a function of these two variables as in equation (3.7):

globaliy, = (iclement — 1) x 12 + local;, (3.7)

This expression is valid for 15-noded triangular elements, containing 12 integration
points. For 6-noded triangular elements, this number equivalent to the number of
integration points would change from “12” to ”3”.

The concept could be expanded even further to treat more of the properties car-
ried by the "Props” vector as random variables. This implies the expansion of the
temporary matrix from which state variables are attributed at each stress point. In
theory, this could be done for all the variables involved in this code. However, with
each parameter added, the computation times increase non-linearly. As a result,
this should be done only if it is deemed that the variability of a particular property
may have significant impact on the analysis.

In the final stage of this research, the initial implementation is expanded to take
into account a stiffness parameter. For this, the shear modulus (G) used in the
example Mohr-Coulomb UDSM is also treated as a random variable. This is useful
for serviceability analysis, in which strength is not fully mobilized and stiffness
dictates the behaviour of displacements in the problem. The elaboration, similar to
the one in figure 3.3, is showcased in figure 3.4 below.

Original and modified UDSMs for three random parameters

Original UDSM Modified UDSM

open (unit = 552, file =
'YourAddress\RandomData\NoIps.dat', sction =

Call MzeroR( StVar0, nStatVv )
Call MZeroR( StVar , nStatV )
G = Props (1)
xNu = Props(2)
C = Props(3)

‘read’)
read(552, *) n_rf ! number of integ. points
all (stVarTemp(n_rf,2))

close(unit = 5

open(unit = 593, file

'
'
'
'
'
'
'
'
'
P
'
'
'
'
i
'
s ! gl SR Add. RandomData\ Y RFs.dat’, ction =
Task 1 Phi = Props(4) / Rad : 3 ;';Jur zeseiRARdoRData W OULRAES . Oa
i rea
Psi = Props(5) / Rad ] T
sehi = Sin(Fhi) i read(557,%) (stvarTemp(i,i), § =
sPsi =  Sin(Psi) ! arid A
cCosPhi = C*Cos(Phi) . close (unit = 593)
! stvard(l) = StVarTemp((iEl-1)*12 + Int,1)
i §tVar0(2) = stVarTemp((iEl-1)*12 + Int,2)
i StVar0(3) = StVarTemp((iEl-1)*12 + Int,3)
1 € =  Stvard(1)
! Phi =  stvard(2) / Rad
0 G = 5tVar0(3)
.................................................... e e
1
'
'
Call CopyRVec( StVar0, StVar, nStatV ) ! Call CopyRVec( StVar0, StVar, nstatV )
ipl = 0 : ipl = 0
G = Props (1) ' G = stvar(3)
xNu = Props (2) ' xNu =  Props(2)
Task 2 ¢ Sspropelil E Psi = Props(5) / Rad
Phi = Props(4) / Rad ' sTens =  Props(f)
psi — props(5) / Rad 1 € = stvar(l)
sTens = Props(¢) ' Phi = StVar(?) / Rad
'
'
.................................................... .:________.___A_______*__.-..._.*.__-___...-.--____-___
'
'
'
'
'
'
'
'

nStatV = 0 equal to no. of variables nstatV = 2 equal to no. of variables
Task 4 for which RFs are created for which RFs are created
nStat = nStat¥ nstat = nstatVv

Figure 3.4: Comparison between the formulation of the UDSM in this study for three random
variables and the original MC example UDSM (Bentley Systems, 2022)

The code with the key steps in the modified subroutine is shown in appendix B.
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3.1.3 Connection RFEM-UDSM

To perform the link between the two frameworks, a common denominator needs to
exist. This is encountered, as mentioned, in the stress points to which properties can
be attributed and where stress-strain calculations are performed. Random fields are
first created in a scripting program (Python) on the basis of stress points’ geometry
extracted from PLAXIS, soil parameters’ point statistics and the spatial correlation
structure as explained in sub-chapter 3.1.1. These are then stored in text files in
PLAXIS’ project folder, as explained in the previous section 3.1.2.

Multiple solutions to the problem are packaged in a Monte-Carlo Simulation by
looping over the execution of the project with newly generated properties at every
loop iteration. In this way, a stochastic solution is obtained.

Before running the full Monte-Carlo simulation, it is advisable to test the model
with one realization. In doing this, a user can check whether or not the random
field generated was read and represented accurately by PLAXIS with the selected
mesh. Furthermore, by quantifying the computation time of this one realization,
an expectation can be created concerning the duration of the full Monte-Carlo loop.
The number of realizations defined for one Monte-Carlo run would likely be differ-
ent if a realization takes 20 seconds, as opposed to 2 minutes.

A summary of the procedure described in this chapter, along with the process of
evaluation of a problem is highlighted in figure 3.5 below.

Procedural steps for connecting RFEM to PLAXIS

Performed once — Model setup and results extraction

PLAXIS

Point statistics and
spatial Variability ord Model creation

Autocorrelation matrix
creation

Performed "N" times — Monte Carlo Simulation

PLAXIS — UDSM
Random fields for c’, ¢’ Every iteration,

(U, o, 9,,. 911)

Mapping variable properties to
stress points’ coordinates

Finite Element Solution
(FoS, |u|, o)

Determine reliability and
critical failure mechanism

Figure 3.5: Flowchart highlighting the connection of RFEM to PLAXIS

The syntax utilized in the Python scripting interface to command this whole process
around PLAXIS can be consulted in appendix C for the case of a simple slope with
one soil layer. For more complex cases in which soil and random fields’ divisions
need to be performed, the procedure is elaborated in the next sub-chapter.
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3.1.4 Full code generalization

With increasing complexity of problems, code optimization shifts from a desire
to a necessity. As the number of soil layers expands, it becomes apparent that
further automation of the code is needed. As a result, this sub-chapter describes
a further enhancement of the tool such that users can fully command the creation
and execution of a project directly from the Python script, provided a project’s
geometrical specifications are well-known and available to the user. The procedure
is highlighted in the flowchart in figure 3.6 below.

Procedural steps for the automation of model evaluation with RFEM in PLAXIS

Define deterministic problem

Solve deterministic problem

Extract stress points’
coordinates and material IDs

Create and define soils for random
field calculations (PLAXIS)

Create and save random fields using
the extracted coordinates (Python)

Solve problem using RFEM

Figure 3.6: Procedural steps setting up the Python code automating RFEM in PLAXIS

The first step is the definition of the problem for a deterministic analysis. This im-
plies the definition of soil layers using soil models already programmed in PLAXIS.
Obtaining a deterministic solution is the next step, meaningful from more than one
perspective. First, it provides a result that can be used as a benchmark for compar-
ison with the RFEM solution. Even more importantly, after solving the problem,
the script gets access to the output panel, allowing for the automatic extraction of
coordinates through the scripting interface.

Therefore, after opening the output panel, one can extract the coordinates of the
stress points in the soil layers, as well as their material IDs. The material IDs are
numbers which correspond to the soil materials created previously, in the order of
their creation. They can be used later for a separation of stress points coordinates
on the basis of their belonging to a particular soil layer. The next step implies going
back to the soil tab and automatically creating new soil materials selecting “UDSM”
as a constitutive model and inputting the relevant non-random parameters to make
the material valid. For instance, even though ¢/, ¢’ and G can and will be read from
the text file as random fields, there may be other parameters that are relevant for
the calculation, or without which the materials are not recognized as valid by the
software. For the former category, these may involve Poisson’s ratio (v), or interface
properties like c;, ., for the latter.

At this point, the problem returns to the state previously elaborated in 3.1.3, in
which users create random fields on the basis of coordinates of stress points belong-
ing to different soils. These are then saved to a text file which will be accessed by
the UDSM when the calculation begins. The last step is triggering the Monte-Carlo
simulation as explained in the methodology and showcased in appendix C. The full
code for this expanded elaboration can be found in appendix D.

15
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3.2 SPATIAL CORRELATION INFLUENCE ON FINITE
ELEMENT MESH CHOICES

In the final model, a close link exists between the spatial correlation distances in-
ferred from the site investigation and the finite element mesh created by the user.
The latter should be fine enough to properly capture the former, as indicated by
the scale of fluctuation defined in equation (2.3), such that the inter-dependencies
between values at different points are expressed appropriately.

For this, it is worth exploring how different scales of fluctuation influence the corre-
lation between property values for a particular spatial correlation structure. There
are many correlation functions that can be used to express the relationship between
two properties. In this study, the multi-dimensional Markovian correlation function
is used (3.2). This is chosen both due to its simplicity, as well as for an assumption
it entails. The Markov property affirms that the conditional probability of a future
state of a parameter depends only on the most recently known state. This is usually
valid for engineering models, insofar as the historical evolution does not play a key
role, as it could be the case with consolidation problems (Fenton & Griffiths, 2008).

In figure 3.7 below, an illustration of (Markovian) correlation as a function of dis-
tance in two dimensions is presented, for a case in which an anisotropic scale of
fluctuation is considered. This means that the significant correlation distance be-
tween two points is not the same in the x and y directions. More specifically, in this
case values of 0, = 10 m and 6, = 2 m were chosen for illustration purposes.

Markovian correlation function - ©x =10m, ©, = 2m

- 06
- 04
- 02

Correlation p [-]

7

-20 .
_1 7 -
0 ) 10

Figure 3.7: 3D visualization of correlation as a function of 7, 7y, for 0, = 10 m, 8, = 2 m.
The closer points are to the origin, the larger the correlation, the warmer the color.

This figure highlights the influence that the scale of fluctuation has on the correla-
tion between the property values at two different points. Inspecting the shape of
the correlation structure, it can be observed that the same correlation (p) value is
reached for a larger distance from the origin in the x-direction than in the y-direction
due to the larger scale of fluctuation in the former.
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To nuance this illustration regarding how the scale of fluctuation influences the
correlation between properties, readers are referred to appendix E, showing com-
parative plots of isotropic combinations of 6 for gradually increasing values.

This is meaningful for the choice of mesh in the model towards expressing the spa-
tial correlation between points properly. Moving to 2D projections of the previous
illustrations shown in figure 3.8 aids in fixing the concept previously highlighted.

In order to express a relevant correlation between two points, the value of p for
that particular distance under the scales of fluctuation considered needs to be large
enough. This relationship can be exemplified using figure 3.8a. For instance, if a
user creates a model that only ensures a spacing between stress points of 10 m in the
y-direction, the correlation between the two points considered is approaching zero
(i.e, no correlation). This means that by choosing a mesh that is not fine enough,
the information on spatial correlation could be lost, as this would not be expressed
by the parameter distribution over the geometry in the model properly.

2D zoomed in projection of Markovian correlation as a function of 6

Markovian correlation function - ©, = 10m, ©, =2m 3Markovian correlation function - ©x = 10m, ©, =2m
20 - 0.8 - 0.8
2
0.7 -0.7
10 - 06 1 -0.6
= -05 F -0.5
E E
= 0 () > 0
3 -04 -04
- -1 -0.3
10 0.3
- 0.2 02
-2
20 0.1 - 0.1
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Figure 3.8: Parameter Markovian correlation (p) as a function of an anisotropic spatial corre-
lation structure, 0, = 2 m 6, = 10 m)

As a result, to ensure a large enough correlation between points to capture the
scales of fluctuation considered, at the very least the maximum distance between
two stress points should not be larger than the scale of fluctuation considered. This
is needed such that the spatial distribution inferred by practitioners from site inves-
tigation results in a model capturing the real distribution as closely as possible.

A useful thumb rule in the creation of the model is to aim for a spacing between
stress points of approximately % m, which means four stress points are distributed
along a distance equal to the scale of fluctuation defined (Spencer, 2007). As it can
be seen in figure 3.8b, if this thumb rule is employed, a correlation of p = 0.6 is
achieved between the origin and the next closest point, which is significant enough
to properly capture the potential creation of semi-continuous weak zones in the sub-
surface. This is meaningful as the development of weak planes have been shown
to have a significant impact on the performance of a system, allowing failure to
propagate through slope geometry (Hicks, 2014).

To illustrate the impact that a poorly chosen mesh size could have on the represen-
tation of spatial variability in a model, readers are referred to figure 3.9. Generating
the two cohesion random fields is based on parameters in table 3.1.

Table 3.1: Inputs for a cohesion random field for the mesh size influence illustration
Parameter | p(c')[kPa] | V(')[-] | 8u[m] | 6,[m]
Value | 10 | o5 | o5 | 3
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Random fields of cohesion - coarse mesh vs. fine mesh (6, = 0.5m, 6;, = 3 m)
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Figure 3.9: Influence of mesh size on spatial correlation representations using random fields
of cohesion [kPa] and a combination of 8, = 0.5 m 6y =3 m

Using figure 3.9a as reference, it can be seen that for a stress point spacing larger
than the chosen scale of fluctuation, the latter is not captured appropriately by
the finite element model. For instance, in the vertical direction, the length of the
continuous zones is larger than the scale of fluctuation input. For any point in the
domain, there is no other point at a close enough distance which may express a
spatially uncorrelated random value found at this second point.

Conversely, as can be seen in figure 3.9b, when choosing a mesh that ensures a fine
enough distribution of points, the accurate representation of the random field is not
problematic anymore. For instance, the vertical length of continuous zones resem-
bles much closer the predefined value of scale of fluctuation of 0.5 m. That being
said, in problems with extensive geometries, operational problems could occur if a
very large number of stress points needs to be generated to fully capture the small-
est scales of fluctuation all over the domain. As a result, in this respect users need
to strike a balance between the accuracy of representation of the random field and
the operational performance evaluated in computation times.



4 VERIFICATION

This chapter illustrates the results of the verification of the tool. To establish whether
or not the concept is properly implemented, two types of checks are performed.
One concerns the verification of reading and storage of the random fields in PLAXIS.
The second, more complex one, checks results against performance functions in two
simple ¢’ — ¢ slope stability problems on which RFEM was performed with existing
codes. For these two latter cases, the differentiating factors are the geometry of the
slope as well as the statistical distributions of strength properties (¢, ¢).

4.1 SIMPLE VERIFICATION

The first and simplest verification is to perform a single realization of a problem
with a well-defined, regular field and check whether or not PLAXIS reads and
stores the random field correctly in the state variables matrix.

In this case, a gradient field (diagonal, in both the X and Y directions) of cohesion
is created and plotted initially in Python. Then, commanding PLAXIS to use the
UDSM for a single calculation, one can check with a plot of the corresponding
state variable whether or not the fields have been read and stored in correctly. The
equation and inputs used are highlighted in table 4.1 below.

Table 4.1: Inputs for gradient field simple verification
Parameter ‘ Equation ‘ A ‘ B1 ‘ By
Cohesion (c’) ‘ ' =A+B xX+ByxY ‘ 15 ‘ 02 | -1

The gradient field of cohesion is generated in Python and a simple gravity calcu-
lation on a one-layered slope was performed such that the random field input can
be checked. In the output panel of PLAXIS, the State Parameters — “User Defined”
parameter is verified, yielding the plot in figure 4.1. This is then compared with a
similar plot generated independently in Python, that can be observed in figure 4.2.
As one can observe in the two figures on the next page, the reading and storing of a
random field for one parameter, in this case ¢/, and one soil is performed correctly.
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Gradient fields of cohesion - verification of value reading in PLAXIS
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Figure 4.1: X-Y Gradient field visualization for cohesion [kPa] in PLAXIS
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Figure 4.2: X-Y Gradient field visualization for cohesion [kPa] in Python

Then, to verify whether or not the spatial variability parameters are accounted for
appropriately, another check is performed. This implies running the model with
different scales of fluctuation for the vertical and horizontal directions. The input
parameters used for this verification are highlighted in table 4.2 below.

Table 4.2: Inputs for random field simple verification - uncorrelated fields
Parameter | u(c')[kPa] | V(c')[-] | 6u[m] | 6;[m]
Value | 10 | o5 | 1 | 15

The illustrations for the obtained distributions in Python and PLAXIS respectively
are shown in figures 4.3 and 4.4 on the next page.
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Random field of cohesion - anisotropic scale of fluctuation
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Figure 4.3: Random field distribution for cohesion [kPa] in Python - 6, =1m, 6;, = 15m

Random field of cohesion - anisotropic scale of fluctuation
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Figure 4.4: Random field distribution for cohesion [kPa] in PLAXIS- 0, =1m, 6, = 15m

As it can be seen in the two figures above, the expectation that for a larger corre-
lation horizontally, bands would start creating, starting to resemble a conventional
layered distribution is confirmed. This serves as a good demonstration that the
spatial variability is taken correctly into account.

Finally, for an increasing degree of complexity, with the same procedure one can
create random fields, with cross correlations between the two parameters and verify
that the variables created indeed showcase the trend dictated in the field generation.
For instance, the ¢’ — ¢’ fields can be generated with a negative correlation implying
that the areas showcasing a high value of one variable, will be the exact ones where
the other variable showcases its lowest values.
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For this, two negatively correlated random fields are created for two parameters
(c" and ¢) with a correlation coefficient p,. = —0.99. This way, the implementation
of cross-correlated random fields along with their storing and reading in PLAXIS’
calculation kernel are verified. The inputs for ¢’ and ¢’ are listed in table 4.3.

Table 4.3: Inputs for random field simple verification - cross-correlated fields
Parameter | ju(c')(kPa] | p(¢/)[o] | V()] | V(@)[-] | Bolm] | 8y[m]
Value | 10 | 30 | o5 | o025 | 1 | 15

In figures 4.5 to 4.8, readers can observe plots of negatively correlated ¢’ and ¢’
random fields obtained separately in Python and PLAXIS’ output panel respectively,
for scales of fluctuation of one meter vertically and 15 meters horizontally.

Random field of cohesion - anisotropic scale of fluctuation
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Figure 4.5: Random field distribution for cohesion [kPa] in Python -6, =1, 0;, = 15m

Random field of cohesion - anisotropic scale of fluctuation
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Negatively cross-correlated random field of friction angle
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Figure 4.7: Random field distribution for friction angle [°] in Python - 6, =1, 6;, = 15m

Negatively cross-correlated random field of friction angle [°]

0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50

&
2
g

IS
t

L |
i

° ~ I ~ 5
8 “o" ‘8 “o" ‘8
pobd b bl oo b Bl

Figure 4.8: Random field distribution for friction angle [°] in PLAXIS-6, =1, 6, =15m

The past four figures confirm that the random fields are being read and stored
properly into PLAXIS calculation kernel, taking into account the negative cross
correlation between ¢’ and ¢'. It could be observed that for the two random fields,
when one showcases areas with high values, the other one shows lower values, as
expected due to the negative cross-correlation defined between the two.

This sub-chapter was constructed to help in answering the procedural part of the
first research question of this study: "How can a random field be created, stored and
made available to PLAXIS’ calculation kernel for the stress point properties?”

The results presented in this section show that the methodology of implementation
described in chapter 3 provides a solution regarding the storage and utilization of
random fields in PLAXIS making use of User Defined Soil Models (UDSMs).
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4.2 VERIFICATION 1 - 2:1 ¢/ - ¢’ SLOPE

In this section, a more complex verification ensues. To complete the answer to
the first research question and (partly) answer the second research question, two
examples of simple ¢’- ¢’ slopes with one soil layer are investigated. These have
previously been calculated with existing RFEM codes to assess the influence of
spatial correlation and property variability on the probability of failure of a slope.
The first example investigates a 2:1 slope, whereas the second example explores a
1:1 slope geometry. In this sub-chapter, the implementation of RFEM in PLAXIS in
this thesis is used to recalculate a simple example from literature. In the study of
Allahverdizadeh et al. (2015), a research RFEM code was utilized to calculate a 2:1
slope stability problem for a statistical distribution of ¢’ and ¢'.

The performance parameter chosen is the probability of slope failure. This is com-
puted as mentioned in equation (2.4) as a sum of binary results indicating whether
or not the slope fails. In this case, failure is considered to occur when the safety
factor computed is lower than 1. As a result, the calculation stages in PLAXIS in-
volve a “Gravity loading” phase, a “Plastic” calculation phase (also called a “Nil”
phase) ensuring a better equilibrium of the system and a “Safety” phase in which
the safety factor is calculated for the particular realization. This last stage introduces
a new feature compared to the original study, which does not compute factors of
safety outside of the deterministic case. However, this is deemed useful here for the
comparison of the stochastic solution with the deterministic one.

If failure occurs in any of the first two phases, the safety factor recorded is equal to
the proportion to which the particular stage was completed to (X MStage in PLAXIS).
The safety factors are packaged into a cumulative distribution function for the case
in which the scale of fluctuation tends to infinity. When this is the case, the values
of the parameters tend to uniformity throughout the slope and the Monte Carlo
analysis results in a set of homogeneous solutions. Given the underlying parameter
distribution, it is expected that the mean of this set of solutions would compare well
with the deterministic solution obtained with mean parameters.

The geometry of the slope can be seen in figure 4.9, while the parameters utilized
are listed in table 4.4 (Allahverdizadeh et al.,2015). For this study, the authors used
a unique coefficient of variation for both cohesion and friction angle, V = 0.4.

Table 4.4: Inputs for the first verification (Allahverdizadeh et al., 2015)
Parameter ‘ u(c)[kPa] ‘ u(tan(¢’))[—] ‘ V(") = V(tan(¢p"))[—] ‘ B [o] ‘H [m] ‘ E [Pa] ‘ v[]
Value ‘ 5 ‘ 0.364 ‘ 0.4 ‘ 26.6 ‘ 10 ‘ 10° ‘ 0.3

Geometry of the slope - first verification case study

< 2H < H/tanf} —— 2H

<3 =<3 —>

Figure 4.9: Slope geometry of the case study used for the first verification (Allahverdizadeh
et al., 2015): H = general problem dimension [m], § = slope angle [o]
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The results obtained by the authors of the original study can be seen in figure 4.10
(Allahverdizadeh, 2015). The scale of fluctuation used is isotropic (equal in both x
and y directions) and normalized to the height of the slope (® = 6;,/H = 6,/ H).

Results of the original case study in the form P vs. ©
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Figure 4.10: Probabilities of failure as a function of scale of fluctuation and coefficient of
variation of cohesion for the first verification (Allahverdizadeh et al., 2015)

At this point, some considerations regarding the mesh generation need to be made.
In this study, the scale of fluctuation ® = 0.01 (normalized to the height of the
slope) corresponding to 8 = 0.1 m is not investigated. This is because in order to
capture this scale of fluctuation, a very fine mesh would be required. Looking back
on the elaboration in chapter 3.2, capturing this scale of fluctuation would entail a
bare minimum of spacing between two integration points smaller or equal to this
distance. While in the original code this may not pose significant operational prob-
lems, for the analysis in PLAXIS this causes a significant increase in computation
time. As a result of this shortcoming, only results for ® > 0.1 are considered in
this verification, for which a fine enough mesh could be created to capture 6 while
keeping computation times reasonable.

The authors originally used 4000 Monte Carlo realizations to obtain each point on
the curve. This was done to ensure repeatability and a good enough confidence in
the results for the very low probabilities of failure considered.

In this study, only the results of the uppermost curve in figure 4.10 are used for
the verification, for normalized scales of fluctuation starting from ® = 0.1 and a
coefficient of variation of 0.4. As a result, the probabilities of failure investigated
do not require that large a number of realizations to achieve the same confidence
interval. Using equation (2.5), it was calculated that a number of 1000 realizations is
sufficient to achieve a 95 % confidence interval for the target probabilities of failure.

In figure 4.11, a comparison between the probabilities of failure obtained by the lit-
erature example and by the current study can be observed. The confidence intervals
corresponding to each set of results are also plotted around the curves.

It can be noticed that the RFEM framework implemented in this study results in a
good match for probabilities of failure for lower scales of fluctuation. For higher
scales of fluctuation, the solutions are not as close, however the same trend is ob-
served. A very large © has also been simulated in addition to the solution from
literature to check whether the trend of stabilizing probability of failure after a cer-
tain value of © is respected. This is indeed the case, with the scenario in which
the scale of fluctuation is very large (© — o0) relative to the problem dimensions
yielding the same probability of failure as the case where @ = 10? (i.e. § = 10° m).
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Probability of failure comparison
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Figure 4.11: Comparison of probabilities of failure between this study and the reference
study (Allahverdizadeh et al., 2015)

As mentioned before, the solution in which the scale of fluctuation tends to infinity
simulates a distribution of solutions in which the values of the parameters are equal
throughout the slope (a set of deterministic analyses). As a result, from a certain
value of spatial correlation on, the results of Py are expected to remain the same for
a sufficiently large number of Monte Carlo realizations.

An important observation that can be made is that the tool in this study consistently
identifies slightly larger probabilities of failure. A possible explanation for this
would be that for a comparable number of elements and stress points, PLAXIS is
likely better at identifying failure due to the more complex meshing capabilities.
More specifically, in the original study no selective mesh refinement is done.

In PLAXIS, this is not necessarily the case. When creating the mesh automatically,
the software identifies the areas where mesh refinement may be necessary. These
include zones near structures, under loads and at sharp corners in the geometry.
At the same time, this implies a less dense distribution in the rest of the domain,
making the computation more efficient in terms of time elapsed to reach a solution.
For this analysis, mesh refinement is done near the slope, where sharp corners
are encountered, resulting in a much finer mesh in areas of interest for failure
development. As a result, PLAXIS may be identifying potential failure planes more
frequently, increasing the observed value of Py in the process. This results in a more
conservative solution obtained when employing the current framework.

As mentioned previously, a number of 1000 Monte Carlo realizations was used for
all the scenarios, which ensures that all probabilities of failure considered in this
analysis are obtained with 95 % confidence as per the formula in equation 2.5.

To demonstrate that this is sufficient, the evolution of probabilities of failure for the
cases considered has been plotted against the number of realizations. These can be
seen in figure 4.12. It can be noticed that all the curves tend to be horizontal after
a certain number of realizations indicating that the solution has stabilized and a
larger number of realizations would not yield any significant changes in the result.
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Convergence of solutions
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Figure 4.12: Probability of failure evolution as a function of number of realizations for the
investigated scales of fluctuation

In addition to this, a plot of the cumulative distribution function of safety factors
for a very large © (tending towards infinity) is presented. This is useful to check
whether the mean and median solutions in this case compare well with the de-
terministic value of the safety factor. The result set in which ® — co simulates a
distribution of solutions in which the values of the parameters are constant through-
out the slope, but vary at each realization on the basis of their statistical distribution.
The results match well, as it can be seen in figure 4.13.

Cumulative distribution of safety factors for © — «
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Figure 4.13: Cumulative distribution function of safety factors for the current study along
with deterministic solutions for mean, median and the deterministic solution of
the original study (Allahverdizadeh et al., 2015)
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As mentioned previously, to obtain the safety factors below a value of "1” plotted
in figure 4.13, the value recorded is equal to the proportion to which the particular
stage was completed to (EMStage in PLAXIS) for the instances in which the model
fails before reaching the “Safety” phase.

This may be an explanation for which the curve shape is different before the thresh-
old value of ”1” separating failure from non-failure. Even with this distinction, the
comparison between the original results and the current ones is a good one.

This section was elaborated to help answering two questions posed in this research:
e "How can results for multiple different random fields be calculated automatically?”

e "How do reliability analysis results with the implemented concept relate to results
obtained via existing RFEM codes?”

Verifying that results obtained in the current study compare well with results ob-
tained with existing RFEM codes from a literature example proves that the method-
ology of implementation described in chapter 3 provides a valid answer to the first
research question concerning the correct implementation of RFEM in PLAXIS.

The PLAXIS model elaboration and results in this sub-chapter provide a valid par-
tial answer to the second research question. In this sense, it is observed that the
general trends observed in literature are obtained with this implementation as well.

This preliminary conclusion is going to be verified further, by investigating another,
slightly more complex model in the next sub-chapter.
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4.3 VERIFICATION 2 - 1:1 ¢ - ¢’ sLoPE

In this sub-chapter, the framework implemented in this study is verified with an-
other case from literature. In this example from Chok et al. (2015), an independent
RFEM code was utilized to calculate a 1:1 slope stability for statistical distributions
of ¢’ and ¢’ based on distinct coefficients of variation.

As in the previous example, the performance parameter considered is the proba-
bility of slope failure. The model setup and assumptions are the same as the one
in sub-chapter 4.2. The differences occur in the geometry of the slope, as well as
in the statistical variation of strength parameters ¢’ and ¢’, which is not identical
anymore.

The geometry of the slope can be seen in figure 4.14, while the parameters used
are listed in table 4.5 (Chok, 2015). In this case, the coefficient of variation for
cohesion is always considered double that of the one for the friction angle, with the
combination of Vs = 0.5 and Vjy = 0.25 being inspected here.

Geometry of the problem - second verification case study
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Figure 4.14: Geometry of the slope from the original study tackled for the first verification
(Chok et al., 2015). H = general problem dimension [m]

Table 4.5: Inputs for the second verification (Chok, 2015)
Parameter | j(c') [kPa] | u(¢")[o] | V(c')[=]| V(¢')[~] | H [m] | E [Pa] | v [-]| ¥ [kN/m®]
Value | 10 30 | o5 | o025 | 10 | 10° 03| 20

The results obtained by the authors can be seen in figure 4.15 (Chok, 2015). An
isotropic scale of fluctuation, normalized to the height of the slope (©® = 6;,/H =
0,/ H) is used for all scenarios.

Results of the original case study in the form P; vs. ©
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Figure 4.15: Probabilities of failure as a function of scales of fluctuation and coefficient of
variation for properties in the original study (Chok, 2015)
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As it was the case with the previous reference study, the authors chose 4000 Monte
Carlo realizations to obtain each point on the curve. The plot used to justify the
decision can be observed in figure 4.16 (Chok, 2015). However, given that in this
thesis only the relatively large probabilities of failure from the uppermost curve
are inspected, this large a number of realizations is not deemed necessary. Consid-
ering again equation (2.5), a number of 1000 Monte Carlo realizations have been
considered sufficient to obtain the results with a 95 % degree of confidence.

Solution convergence with more realizations in the original case study
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Figure 4.16: Probability of failure evolution as a function of number of realizations in the
original study (Chok, 2015)

In figure 4.17 below, a comparison between the probabilities of failure reported in
the reference case study and the ones obtained in the present thesis can be observed.
The corresponding confidence intervals are also plotted around the curves.

Probability of failure comparison
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Figure 4.17: Comparison of probabilities of failure between this study and the reference
study (Chok, 2015)
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It can be noticed that the implementation of the RFEM concept in this study results
in a very good match with the reference study for probabilities of failure for all
scales of fluctuation considered.

An observation that can be made is that as in the previous example, the tool in
this study often identifies slightly larger probabilities of failure. This is especially
true for the higher failure probability, for which a lower number of realizations is
needed to obtain a certain degree of confidence. For lower probabilities of failure,
the calculation is more sensitive to the number of realizations. That being said,
the number of realizations chosen in this study identifies the correct probability of
failure with 95 % confidence. The differences are within this interval and the 5 %
error may partially explain the mismatch between results.

Another possible explanation for the differences in results would be that for a com-
parable number of elements and stress points, PLAXIS may be identifying failure
planes more frequently, due to the shapes of its elements and smart mesh refine-
ment on the basis of model geometry. Besides not making any assumption on
where failure planes may occur, no mesh refinement is done in the original study.

As mentioned in the previous example, in PLAXIS this is not necessarily the case.
When generating the mesh automatically, the software identifies the areas where
mesh refinement is necessary. For this analysis, mesh refinement is done near the
slope, where sharp corners are encountered, resulting in a finer mesh in areas of
interest for failure development. Consequently, PLAXIS is potentially more accurate
in representing failure planes, leading to increased observed values of the Py.

The evolution of probabilities of failure for the cases considered has been plotted
against the number of realizations. This is done to provide visual proof supporting
the choice of the number of realizations for the Monte Carlo simulation. These can
be seen in figure 4.18 below. It can be noticed that all the curves become horizontal
after a certain number of realizations indicating that the solution has stabilized and
a larger number of realizations would not yield any meaningful changes.

Convergence of solutions
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Figure 4.18: Probability of failure evolution as a function of number of realizations for the
investigated scales of fluctuation
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A solution for a very large ® has been calculated on top of the results from literature.
This is to check whether the mean and median of the distribution of results in this
case compare well with the deterministic calculation. As mentioned before, the
solution in which ® — oo simulates a distribution of solutions in which the values
of the parameters are constant throughout the slope, but vary at each realization
with values chosen from their underlying statistical distribution.

As a result, given the properties of the underlying log-normal distribution for pa-
rameters, it is expected that the mean and median solutions will be very close to
the deterministic solution obtained with the mean parameters. This is indeed the
case, with the mean solution for the safety factors comparing well with the safety
factor declared in the paper — 1.12 — as it can be seen in figure 4.19.

Cumulative distribution of safety factors
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Figure 4.19: Cumulative distribution function of safety factors for the current study along
with deterministic solutions for mean, median and the deterministic solution of
the original study (Chok, 2015)

On top of this, in appendix F an illustration that presents the CDF; of safety factors
for different scales of fluctuation is presented. This confirms the trend observed in
literature, that with smaller spatial correlation lengths, the distribution of solutions
tends to be narrowly spread around the mean solution. This is likely due to the
mechanism being less affected by local values of strength (smaller or larger) due to
considerable averaging of soil property values over potential failure surfaces. On
the other hand, with larger scales of fluctuation local (semi-)continuous weak zones
are more likely to develop, resulting in a larger range of possible solutions.

Last but not least, in the appendix G readers can consult a series of plots of random
fields from PLAXIS’ output panel as a function of the scale of fluctuation. This is to
illustrate the effect the scale of fluctuation has on the distribution of a parameters’
values throughout the domain of the example.

As with the previous case study, the undertaking in this sub-chapter serves to help
in answering the first two research questions, concerning the proper extraction of
results via RFEM in PLAXIS. By analyzing another case with slightly more complex
features, a more nuanced answer becomes possible for the second research question
- "How do reliability analysis results with the implemented concept relate to results obtained
via existing RFEM codes?”. The final step in answering this question is taken in the
next chapter, in which the tool created is tested in a real-life scenario previously
investigated with existing RFEM codes.



VALIDATION CASE STUDY

To validate the implementation of the RFEM concept in PLAXIS, a more complex
example needs to be investigated. In this case, the stability of the dyke under its
own weight and the influence of a high-water level is checked.

5.1 PROBLEM DESCRIPTION

A recent example of use of RFEM to assess stability is provided by Hicks et al. (2019)
for a dyke in Starnmeer, North Holland, which was not meeting safety requirements
based on calculations with conventional methods. The study demonstrated that ac-
counting for spatial variability not only results in a more comprehensive safety
assessment, but also a less pessimistic one. While the initial deterministic calcula-
tions showed that the structure should have failed already, giving safety factors as
low as 0.59 in some areas, RFEM results are in line with the most important conclu-
sion — the dyke still stands. This example is used as a reference case study, in order
to check whether or not the implementation of spatial variability in PLAXIS yields
comparable stochastic results with the original study. The geometry of the dyke
before proposed re-design is highlighted in figure 5.1 below (Hicks et al., 2019).

Geometry of the problem - Starnmeer dyke validation case study
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Figure 5.1: Geometry of the validation case study - the Starnmeer dyke (Hicks et al., 2019)

The stability of the dyke under the influence of its own weight and that of a high-
water level is investigated. The upper water level represents the global water level,
while the lower one corresponds to the water level in the underlying sand layer.

The variable parameters are the cohesion and the friction angle of the soil layers.
The point statistics of these parameters are presented in table 5.1 (Hicks et al. 2019)
along with values of saturated and unsaturated volumetric weight of the soils.

Table 5.1: Original study parameter inputs (Hicks et al., 2019)

Layer | p(c')[kPa] | p(tan(¢")[=] | V(c") | V(tan(¢")[=] | Yunsat [KN/m®] | ysar [KN/m?]
Clay 1 4-4 0.58 0.773 0.081 6.9 13.9
Peat 2 3.2 0.361 0.656 0.058 9.8 9.8
Peat 3 2 0.358 0.775 0.145 9.8 9.9
Clay 4 4.5 0.559 0.544 0.012 15 15

Clay 5 5.4 0.601 0.352 0.007 15 15
Sand 6 0 0.637 0 0 20 20
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Some of the parameters in the original study may be considered problematic or un-
realistic. Given PLAXIS’ setting for the volumetric weight of water at “10 kN /m3”,
values of saturated volumetric weight lower than this value could result in improb-
able outcomes. Moreover, the uppermost clay layer showcases an unrealistically
low value for the unsaturated volumetric weight - 6.9 kN /m3”. To overcome these
potential issues, slightly different values were used for these entities in this study.

The parameters used in the computations in this study are showcased in table 5.2

Table 5.2: Adapted parameter inputs for this study

Layer | u(c')[kPa) | p(tan (') (=] | V(&) | V(tan(@'))[~] | Vunsat [KN/m?] | sat kN /%]
Clay 1 4.4 0.58 0.773 0.081 11 13.9
Peat 2 3.2 0.361 0.656 0.058 9.8 11

Peat 3 2 0.358 0.775 0.145 9.8 11

Clay 4 4.5 0.559 0.544 0.012 15 15

Clay 5 5.4 0.601 0.352 0.007 15 15
Sand 6 o 0.637 o o 20 20

The stochastic results obtained in the reference study as a function of horizontal
scale of fluctuation can be seen in figure 5.2 (Hicks et al. 2019) below.

Results of the original case study - CDFs of SFs and deterministic solutions
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Figure 5.2: Results of the case study in the form of cumulative distribution functions for the
safety factor as a function of spatial variability (Hicks et al., 2019)

The tool that was developed as a part of this thesis is utilized to simulate this
problem in its original form, without the proposed redesign of the dyke.

The chosen performance parameter is the safety factor. The model setup and as-
sumptions are the same as the one in sub-chapter 4.2 involving a “Gravity loading”
phase, a “Plastic” calculation phase (also called a “Nil” phase) and a “Safety” phase
in which the safety factor is calculated for each realization.

As before, if failure occurs in any of the first two phases, the safety factor recorded is
equal to the proportion to which the particular stage was completed to (XMStage).

The vertical scale of fluctuation is kept constant at 6, = 0.5 m for the cases in which
0y, is finite (6, = 0.5, 6 m). For the “point statistics” case, 8, = 6}, — co. To simulate
this, a very large value of 8, = 8}, = 10° m was selected.
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To ensure the scale of fluctuation is captured properly, an appropriate mesh needs
to be selected. Using the considerations of chapter 3.2, this implies that the distance
between two integration points should at least be smaller than the scale of fluctu-
ation considered. As discussed in chapter 3.2, ideally four stress points should be
distributed along a length equal to 6. This however should be balanced with opera-
tional considerations, as a too large number of stress points can make the calculation
times prohibitive, making the attainment of the target accuracy unfeasible.

Taking into account that the original code does not perform any mesh refinement,
the option is disabled, moving away from PLAXIS” default. As a result, a regular
distribution of elements exists throughout the domain, in the attempt to represent
the original situation correctly. The mesh created can be observed in figure 5.3
below, while a zoom in to illustrate the distances between integration points can be
consulted in appendix H. There, it can be seen that for remote areas of the domain,
the spacing between two integration points is smaller than the smallest scale of
fluctuation considered in the study. However, the ideal situation in which four
stress points would capture the smallest § = 0.5 m is unattainable here, as a mesh
compliant with this requirement would make calculation time prohibitive. It was
observed that for a number of 30,000 integration points, a test run of one realization
resulted in the setup crashing under the computational weight proposed.

PLAXIS model mesh - Starnmeer validation case study
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Figure 5.3: Finite element mesh generated for the analysis of the validation case study

This may cause deviations in the representation of the random fields, larger spatial
correlations being effectively expressed due to the lack of enough closely-spaced
integration points. However, to maintain a balance between accuracy and compu-
tation performance, it was deemed that the mesh is sufficient for the scope of this
study, but this drawback should be kept in mind in the interpretation of the results.

To illustrate the random fields” distribution throughout the domain, figures 5.4 and
5.5 showcase color maps of random field values (¢’ and ¢’) over the dyke’s geom-
etry, for the case in which 0, = 8, = 0.5m. As expected, pronounced randomness
can be observed concerning the values of cohesion and friction angle over the do-
main. As mentioned in the discussion about the appropriateness of the mesh, in
some regions of the geometry, the scale of fluctuation is not captured properly due
to insufficient mesh refinement. This causes areas in which the effective scale of
fluctuation expressed is larger, potentially influencing the results.
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To see how increasing spatial correlation distance influences this distribution, ap-
pendix I can be consulted where similar plots are showcased, for the combinations

of 0, =05m, 0, =6 mand 0, = 0, — oo.

Cohesion random field distribution for 6, = 6, = 0.5 m
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Figure 5.4: Illustration of the random field for ¢’[kPa] for 6, = 6;, = 0.5 m in PLAXIS

Friction angle random field distribution for 6, = 6, = 0.5 m
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Figure 5.5: Illustration of the random field for ¢[o] for 6, = 6;, = 0.5 m in PLAXIS
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5.2 RESULTS

In figure 5.6, the results obtained by the authors of the reference article (Hicks
et al,, 2019) are compared to the results obtained in this study using RFEM in
PLAXIS. More specifically, cumulative distribution functions for the safety factors
are compared. On top of this, in table 5.3, a comparison between the probabilities
of failure obtained in this thesis and the ones from the reference study is presented.

Comparative results - CDFs and deterministic solutions
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Figure 5.6: Cumulative distribution function of safety factors for the current study compared
to the original study (Hicks et al., 2019)

Table 5.3: Comparison of probabilities of failure between the current and the original study

Scenario Py PLAXIS | Py Reference
0, =0, =05m 0.005 o
0, =05m,0, =6m 0.37 0.07
0y, =0, — © 0.32 0.32

The curves in figure 5.6 compare generally well, especially for the extreme cases
in which the scale of fluctuation is isotropic and is either very small or very large.
The match for the curve where § — oo indicates that the implementation of the
finite element model is correct. As mentioned, when 0 is very large relative to the
size of the domain, results can be seen as a set of calculations with different homo-
geneous spatial distributions of ¢’ and ¢’ drawn from the underlying parameters’
distributions. Therefore, results are expected to be similar to the original ones.

For the situation in which 8, = 6, = 0.5 m, an explanation for the good match could
be that with pronounced heterogeneity in the soil, there is a smaller likelihood that
semi-continuous weak zones can create and as a result failure planes develop less
frequently. As a result, the CDF tends to be spread narrowly around the mean
solution. Moreover, in this case, this results in values of SF mostly above the “1”
threshold. Hence, the likelihood that the results match is also larger.

That being said, an important difference appears between the Py obtained in this
thesis and the one from the reference study for the intermediate combination of
0y = 0.5 m, 0, = 6 m. In this sense, the mention of the threshold of safety factor
equal to “1” is significant not only due to it setting a boundary between failure and
non-failure. It also introduces a difference between this study and the original one,
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which may explain some of the deviations in results. More specifically, the way in
which safety factors below one are extracted is not the same.

A linearly elastic perfectly plastic model is employed in PLAXIS, which does not
allow the passing of the failure envelope in loading. As a result, as described in
the verification cases (sections 4.2 and 4.3), safety factors below one are counted as
YMStage if failure occurs in the phases before the ”"Safety” phase. This also provides
a possible explanation for the distinctive shape of the cumulative distribution curves
before SF = 1 for the PLAXIS implementation in figure 5.6.

Conversely, the reference study uses a different method benefiting from the cus-
tomization powers of creating the code from the ground up. A visco-plastic method
(Zinkiewicz, 1974) is used allowing the stress state to surpass the failure envelope.
Using the strength reduction method, the lowest strength reduction factor at which
equilibrium cannot be achieved within 500 visco-plastic iterations is taken as the
value of SE. This may explain why the largest differences between the curves in
figure 5.6 occur for safety factors below this failure threshold.

Another observation which can be made with regards to the general positions of the
curves is that the results yielded by the current investigation tend to be more pes-
simistic than the original ones. All the cumulative distribution functions obtained
in this study are shifted to the left compared to the reference ones. This implies a
more significant presence of lower safety factors than in the original study.

This could be owed to a variety of factors. As mentioned previously, the largest
differences tend to appear in the region in which SF < 1, in which a different
method of extraction and accounting is utilized. This is likely the most significant
reason for the deviation in results between the two studies.

Another possible explanation could be numerical. The shapes of elements are differ-
ent, with the original study using rectangular elements as opposed to the 15-noded
triangular elements taken as default by PLAXIS. Moreover, the number of integra-
tion points is not identical. In this study, only the logical assumption that the
distance between two points should not be larger than the scale of fluctuation has
been made. However, no information is known about how many stress points or
elements have been generated for the calculation in the original study.

Moreover, as mentioned when discussing the mesh in figure 5.3, in some remote
parts of the mesh the conditions discussed in chapter 3.2 for the stress points” spac-
ing are not complied with. This can also influence the accuracy of the results,
although the influence of this component is likely relatively small when comparing
it to the aforementioned core numerical factors.

Finally, a potential reason for the different results may be the adaptation of param-
eters. Even though the changed set of parameters yields the same deterministic
result, it is possible that under the influence of randomness and the other factors
of deviation (different way of choosing SF < 1, element shapes and stress point
distributions), the error propagates, causing a difference in the stochastic solutions.

A more detailed view of the same curves as the ones in figure 5.6 can be consulted
in appendix J, in which comparisons are plotted specifically for each scale of fluc-
tuation. Using this vantage point, one can observe that the match between curves
tends to be much better for the extreme cases than for the intermediate situation.
Moreover, the influence of using a different method for extracting safety factors
below the failure threshold on the curves shapes can be observed more clearly.
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This chapter was the final step in elaborating an answer to the second research
question "How do reliability analysis results with the implemented concept relate to results
obtained via existing RFEM codes?”.

In analyzing a real life case study, a more nuanced answer can now be formulated
for this question, understanding the merits and shortcomings of RFEM in PLAXIS.
Preliminary insights include:

e General trends identified in literature (Hicks, 2014) with respect to the influ-
ence of spatial variability on slope stability are confirmed with this implemen-
tation as well. More specifically:

1. For relatively small scales of fluctuation, the failure mechanism passes
through strong and weak zones in virtually equal measure. As a result
of this averaging of soil properties, the distribution of solutions tends to
be narrowly spread around the mean solution.

2. For intermediate scales of fluctuation relative to domain size, it becomes
possible for failure to propagate through semi-continuous zones of weak-
ness. This happens as failure planes seek the paths of least resistance,
hence the lengthier the weak zones, the likelier failure becomes. As a
result, the distribution of safety factors widens, yielding larger probabili-
ties of failure as values of horizontal spatial correlation lengths increase.

3. For very large spatial correlation distances, the “effective” distribution
of parameters tends towards the underlying parameter distribution. As
a result, a large range of possible solutions is obtained, with the mean
of solutions approximately coinciding with the deterministic solution ob-
tained with the mean of parameters. This could be used by users as a
conservative solution in a stochastic analysis, in the case in which no
information exists concerning the scale of fluctuation.

e As seen in the results of sections 4.2 and 4.3, and the set of cumulative distri-
butions in figure 5.6, PLAXIS tends to identify larger probabilities of failure
in geotechnical problems, for a suitable selection of mesh size and number of
realizations. This is potentially owed to the more sophisticated meshing pos-
sibilities in-built in PLAXIS, such as selective mesh density increases in key
areas. Moreover, as the failure plane is not fixed a priori, the failure mecha-
nism is allowed to find the path of least resistance through the soil.

That being said, interpretation should be meticulously done, as for cases in
which the mesh density is not sufficient, the effective scale of fluctuation cap-
tured by the model would be larger, resulting in semi-continuous weak zones
not expected from the original definitions of spatial correlation values. These
likely ensue increased likelihood of failure, translating to larger values of Py.

e An upper threshold exists for the extent of mesh refinement and implicitly for
scale of fluctuation representation. It was observed that surpassing a number
of 30,000 integration points when trying to capture 0 accurately all over the
domain, the Python code crashed under the computational weight proposed.
Technically, the size of the auto-correlation matrix exceeds the memory avail-
able, causing the script to crash. This is problem specific and once exceeded,
calculation is not feasible anymore. As a result, accuracy may come at the
expense of operational performance, reason for which a balance needs to be
carefully obtained by the user.
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DEMONSTRATIVE CASE STUDY

In this chapter, a realistic problem which has not been previously analysed with
RFEM is tackled. The purpose of this case study is to showcase the potential the
implementation in this thesis has unlocked for the resolution of more intricate prob-
lems while accounting for the spatial variability of soil properties.

6.1 PROBLEM DESCRIPTION

In this case, the feasibility of building a foundation next to a slope is investigated.
For this situation, both the variability of strength parameters (¢’ and ¢’) as well as
that of stiffness (characterized by the shear modulus G) are considered. This allows
for a multi-purpose analysis of both the stability (ultimate limit state) as well as the
operational performance of the structure (serviceability limit state).

By quantifying the displacements at the corners of the foundation, one could obtain
a perspective about how spatial variability may influence differential displacements
occurring as a result of the construction of a foundation of a certain weight. This is
further elaborated to understand if the differential displacements cause the violation
of the foundation tilt serviceability criterion, as set by the Eurocode 7 (CEN, 2004).

In figure 6.1 below, the location of the potential site of the foundation on the coast
of Constanta, Romania is illustrated (Google, 2022). The geometry extracted from
the side view is utilized to set up the 2D model. Simplifying assumptions are made
implying the soil is uniform in the 3" dimension and that the other buildings are far
enough from the site not to exert any influence on the behaviour of the foundation.

Case study tentative construction site

(a) View from the coast (b) Side view

Figure 6.1: Views of the site of the foundation analyzed in this problem (Google, 2022)

Using a typical soil distribution from the area extracted from a geotechnical study,
the PLAXIS model is set up. The soil column includes three layers, while the foun-
dation is set to be a rigid foundation, modelled as a plate accompanied by a line
load on top. To perform the serviceability check, the displacements at the corners
of the foundation are extracted. The mesh created including the aforementioned
points of emphasis can be seen in figure 6.2 on the next page.
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PLAXIS model mesh with points of output extraction
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Figure 6.2: Mesh with output extraction points for the demonstrative case study
The mean parameters extracted from the site investigation report are listed in table

6.1, while the properties of the foundation are shown in table 6.2. The statistical
variation of soil parameters is chosen using ranges reported by Cherubini (2000).

Table 6.1: Stochastic inputs for soil properties in the analysis of foundation serviceability

Layer p(c)[kPa] | u(¢)[o] | p(G)[kPa] | V(c)[=] | V($)[=]| V(C)[-]
Top - Silty Sand 5 24 6,000 0.35 0.1 0.3
Mid - Calcareous Sand 21 23 9,000 0.035 0.01 0.03
Bottom - Silty Clay 66 15 10,000 0.035 0.01 0.03

Table 6.2: Inputs for plate properties in the analysis of foundation serviceability
Property | w[kN /m/m] | EA1[kN/m] | EIkN/m?/m] | |qy|[kN /m/m]
Values | 7 | 2x107 | 54x10% | 50

To exacerbate the illustrative impact of the example, the top layer’s properties are
considered to vary more significantly, as this top stratum is the one interacting
directly with the foundation. The two soil layers below it are considered a firm
base, whose strength and stiffness parameters vary only slightly.

To check whether this assumption holds, a deterministic safety analysis of the prob-
lem with mean parameters was performed. The illustration, which can be checked
in appendix K shows that the failure mechanism is local and does not extend to
the bottom layers. This makes the assumption reasonable, but any such hypotheses
should be checked as part of the model preliminary review. This calculation of a
safety stage on top of the iterative model yielded a safety factor of 2.5, showing that
without spatial variability considerations, the situation is deemed far from failure
by the conventional analysis. Moreover, this hints that low probabilities of failure
can be expected for ULS in case of very large spatial correlation values.

Different scenarios are considered in order to capture the impact of spatial variabil-
ity on structural performance. These are listed in table 6.3 below.

Table 6.3: Scenarios of analysis as a function of 6

Scenario | 8, [m] | 6, [m]
1 2 2
II 2 10
11T 00 00

First, a vertical scale of fluctuation of two meters is fixed for the initial two scenarios.
The first scenario simulates a situation in which a lot of spatial averaging and a
relatively homogeneous behavior of the soil layers are expected.
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Then, a more realistic case is considered by increasing the correlation distance hori-
zontally. Finally, a situation in which both the vertical and horizontal spatial corre-
lation are very large (§ — o) relative to the size of the domain is considered. This
selection is similar to that in previous case studies considered, in order to verify
whether similar trends in the distributions of results are observed.

As with every numerical model, a critical evaluation of the mesh is necessary. With
RFEM, this is even more significant, as an inappropriate mesh would not fully cap-
ture the spatial variability defined by the user, as elaborated in chapter 3.2. Retain-
ing in mind the guidelines there, figure 6.3 provides a detailed look at one of the
remote areas in the mesh of the model presented in figure 6.2, where the elements,
and implicitly the spacing between stress points, are the largest.

Detailed view of the largest elements in the mesh
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Figure 6.3: Zoom in view on stress point (purple) spacing at a remote area in the mesh

Making use of the scale and stress point illustrations provided by PLAXIS” output
panel, it can be observed that for the smallest scale of fluctuation considered (two
meters), at least three stress points are distributed along this distance, be it vertically
or horizontally. This ensures that the spatial correlation is properly captured and
that the mesh is not too coarse. Depictions of property values’ distribution over the
geometry can be consulted in appendix L, reinforcing this statement with illustra-
tions of the influence of spatial variability on parameter values over the domain.

Having established the validity of the model assumptions and the appropriateness
of the mesh, failure criteria need to be set. For the ultimate limit state, failure
is defined as in previous examples by total structural failure in any of the stages
defined for the model. For serviceability, failure is defined as the point where the
value of a the serviceability criterion is exceeded. These are packaged in cumulative
distributions of values and probabilities of failure as defined by equation 2.4.

The performance threshold for foundation tilt is set by the Eurocode (CEN, 2004)
at “1/300” which corresponds to approximately 0.2 degrees. This is quantified
irrespective of direction, although by accounting for spatial variability, one could
potentially also get an idea of preferential directions of tilt for this geometry.

In the staged construction panel, the following phases are defined:

e Initial Phase - Gravity loading - creates a stress state over the geometry;

o Nil Phase - Plastic analysis - Ensures a “better” balance of the stress state;
o Load Phase - Plastic analysis - Structure and load activation.

For this example, at the end of each Monte Carlo realization, the output panel is
opened such that results for structural elements are extracted. This is something
to be taken into account when considering computation times, which are slowed
down slightly by opening and closing the output application at each realization.
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6.2 RESULTS

In the paragraphs that follow, results are presented, either in the form of cumula-
tive distributions of values or as probabilities of failure. In this latter case, a goal
accuracy of 9o % is selected. This is done to achieve a balance between accuracy and
operational performance. Having an extra random parameter (G), coupled with the
extensive geometry and fine mesh to capture the scale of fluctuation, implies that
lowering the accuracy criterion is needed to keep computation times acceptable.

In conformity with equation 2.5, a number of 750 realizations was needed to en-
sure this accuracy is reached for all performance parameters, dictated by the cases
showing the lowest probabilities of failure in the preparatory review. The lower
standard of accuracy practiced compared to previous examples is a consequence
of increasing model complexity. Hence, aiming for a larger accuracy would have
made computation times prohibitive for the scope of this analysis.

The first check is done for the general slope stability, i.e. ultimate limit state. This
is quantified in terms of the probability of failure, as described in all previous
examples. The evolution of Py for the slope under the load of the foundation, as a
function of the number of realizations performed is illustrated in figure 6.4.
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Figure 6.4: Slope failure probability as a function of number of realizations

In this particular situation, it can be noticed that in the extreme cases (8, = 6, = 2
m or 0, = 0, — oo) the probabilities of failure tend to be lower. This could be
suspected, as in both cases the behaviour of the soil is approaching that of a homo-
geneous block. Since slope failure is not influenced as significantly by the geometry
(deterministic SF = 2.5), the main negative mobilizer is the load imposed by the
foundation weight. Under a constant load, the worst case situation is encountered
when the spatial variability is pronounced enough such that weak zones can form,
which could result in failure under the imposed load.

This result proposes a very interesting practical implication. Even with a sensitiv-
ity analysis, a set of deterministic results would not be able to capture this phe-
nomenon, as proven by the extremely low probability of failure showcased by the
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situation in which 6 — co. However, for the same geometry and load imposed, if
spatial variability is accounted for, probabilities of failure become more significant
and must be taken into account in the design process.

Moving on, in figure 6.5 below, the cumulative distributions of tilt can be observed
for the cases in which the scales of fluctuation are finite, plotted along the service-
ability limit proposed by the Eurocode. In the case in which spatial correlation is
infinite, there is no tilt, so the results are not meaningful, therefore not presented.
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Figure 6.5: CDF of tilt [o] comparison for 6, = 2m and 6), = 10m (both with 6, =2 m

It must be noted that this figure only illustrates the tilt obtained for cases in which
the structure does not fail. The rationale behind this is the consideration that if
ultimate limit state failure occurs, then this would imply serviceability failure also
occurs. However, if the structure fails, the displacements displayed in the final
phase would be inappropriately large values for the purpose of this illustration.

As in previous observations in literature, for an intermediate horizontal scale of
fluctuation, the likelihood of encountering a weak zone at the interface with the
foundation is larger. As a result, the probability of exceeding the serviceability limit
is more significant as well. Conversely, when small scales of fluctuation relative to
the foundation length (L foyndation = 15 m) are considered, the soil underneath acts
more uniformly due to more pronounced spatial averaging.

To show that the number of realizations performed is sufficient, the evolution of fail-
ure probability with respect to the tilt serviceability criterion (Pf 1) as a function
of number of Monte Carlo realizations is presented in figure 6.6 on the next page.

An important observation that needs to be made with respect to this figure relates to
the number of realizations needed to approach the real solutions. It can be seen that
for the first ~ 400 realizations, probabilities of failure fluctuate and the hierarchy
is blurred, before the real trend starts crystallizing. This goes to show that the
importance of the number of realizations needed to reach a stable solution should
not be understated. Hence, users should try to define expectations in this sense
before running their analyses by using equation 2.5 for a predicted Pf.
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SLS - probability of failure of tilt
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Figure 6.6: Tilt Py as a function of number of realizations for the serviceability analysis

This chapter was entirely constructed to help answering the final research question
posed in this study: "How can the created tool be utilized to solve more complex geotech-
nical analyses, while taking into account the spatial variability of soil properties?”. The
elaboration presented in this section, built on the insights exposed previously in
the report illustrates how the implementation of RFEM within PLAXIS’ capabilities
unlocks a number of new avenues of investigation with RFEM:

1. Users can now utilize the concept behind RFEM to consider spatial variabil-
ity in multi-purpose analyses using the MC constitutive model in PLAXIS.
Calculations can involve both ULS and SLS checks, all while easily account-
ing for construction stages, variable water levels, or soil-structure interaction
information that can be extracted through outputs available in PLAXIS.

2. By accounting for spatial variability in problems involving soil-structure inter-
action, meaningful outcomes can be revealed and quantified:

e When slope failure is not decisively influenced by geometry (determinis-
tic SF = 2.5), it has been observed that for a constant load, failure prob-
ability becomes significant due to the development of semi-continuous
weak zones underneath the foundation. Confirming a trend identified
in literature case studies without external loads imposed on the slope,
the Py observed is larger for an intermediate horizontal scale of fluctua-
tion (6, = 10 m — Py = 0.12) as opposed to a small one (6, =2 m —
Py = 0.08). Crucially, a set of deterministic analyses (¢ — o0) would be
oblivious to this possibility, as shown by the Py — 0 in figure 6.4.

e The magnitude of differential settlements can be grasped in a more realis-
tic manner. The probability of exceeding the EC7 serviceability criterion
for tilt can also be quantified subsequently. A similar hierarchical trend
is observed in the probability to exceed this performance goal (figure
6.6), with 6, = 10 m resulting in a Py = 0.3, while for a smaller
6, = 2 m, Py iy 2 0.25, assumed to be the result of the same mechanism
of semi-continuous weak zones development. In this case, results of a
set of deterministic analyses (§ — c0) also deemed the violation of this
criterion impossible (Pf 1j;; = 0), reinforcing the merits of this method.



GOOD PRACTICES AND REMARKS ON
FUNCTIONALITY

Given the intricate nature of this elaboration, a section on good practices in mod-
elling is considered indispensable. First, the chapter provides a general recipe for
the utilization of the created tool. Then, factors influencing the performance of
modelling for this particular implementation are discussed.

7.1 RFEM IN PLAXIS RECIPE

While a certain degree of user customization is possible, it is always useful to have
a systematic approach when it comes to modelling procedures. This sub-chapter
provides this as a distillation of experiences acquired by the author throughout this
research. A visual representation of the steps involved in the employment of RFEM
with PLAXIS is presented in figure 7.1 below.

Procedural steps for the use of RFEM with PLAXIS

Site investigation and Model setup and checks
Laboratory testing (Singular) PLAXIS

Point statistics of soil parameters

(] Model creation — geometry and
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Figure 7.1: Recipe for systematic use of RFEM in PLAXIS

The procedure is described in more detail in the enumeration on the next pages.
The first three steps are not specific to RFEM and are general good practices for site
investigation data evaluation and finite element modelling. That being said, some
features need to be selected to accommodate for spatial variability, such as a fine
enough mesh to capture 6 properly. Steps 4 to 7 are specific for RFEM and their ex-
ecution could be done independently after setting up a PLAXIS model “manually”.
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1. Obtain parameter distributions

One of the crucial steps in the practical implementation of RFEM is the deter-
mination of the statistical distributions for the parameters employed. Just as
importantly, the spatial correlation parameters should be obtained by:

e Laboratory testing:

— Mean and standard deviation (¢, o) of parameters.
e Site investigation:

— Mean and standard deviation (¢, o) of parameters;

— Scale of fluctuation values (6, 6,) - ideally using a suitable number
of closely-spaced data points (de Gast, 2020).

. Set up the PLAXIS model

This important building block starts with creating the geometry and material
data sets based on the mean/characteristic properties inferred from the site
investigation. Between the setup of structural elements and the definition of
water levels and construction stages, a mesh review is imperative. To ensure
the compliance of the mesh with the criteria discussed in chapter 3.2, the
following checks are needed when using the framework in this study:

e Ensure 0 is captured properly in both directions. The distance between
two stress points should not be larger than the spatial correlation length
considered in that particular direction;

e Ideally, 4 stress points should exist over a distance equal to the spatial
correlation length (Spencer, 2007). For instance, if 8 = 1 m, the distance
between two stress points should ideally be < 0.25 m.

. Deterministic analysis

This step is important for a number of reasons, ranging from expectation man-
agement to operational goals. It may be followed by a mesh sensitivity analy-
sis in a range filtered using the previous step. Functions include:

e Setting a benchmark in analysis and complying with conventional cal-
culation standards. These benchmark outputs can be used to define a
performance criterion. For instance, a realization could be counted as
attaining failure if the total displacement exceeds the value obtained in
the deterministic analysis with characteristic values. With a sensitivity
analysis and this reference value, users can define an expectation of dis-
tance from failure of the model, in relation to the selected performance
criterion. This expected Py value is then used to predict the number of
realizations needed to achieve a goal accuracy using equation 2.5;

e Allowing the user to check the appropriateness of the model, concerning
boundary influences or any other assumptions made. For instance, the
demonstrative case study in this thesis (chapter 6) implied significant
parameter variation only in the top layer, assuming the two bottom layers
act as a firm basis. If the deterministic analysis revealed influence of the
latter on the failure mechanism, the assumption would be invalidated;

o Allowing the user to access the output panel, from which stress point
coordinates can be extracted, manually or using the scripting interface.
These are used to generate spatially correlated fields in the next step.
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4. Random field generation
This step is detailed in the text around figure 3.2 of sub-chapter 3.1.1. In sum:
e Definition of point statistics (y, o) and spatial correlation parameters (6, 6;,);
e Computation of the distance matrix — spatial correlation structure;

e Generation of spatially-correlated random fields from an underlying sta-
tistical distribution (here standard normal);

e (Optional) Definition of a cross-correlation matrix “R” and
computation of its Cholesky factorization “L”;

e (Optional) Calculation of cross-correlated random fields ”¢”;
e Transformation to log-normally based variables (using 3.1, 3.5 and 3.6):
- "Zin" for non-cross-correlated fields (3.5);
— "¢rN” for cross correlated fields (3.6).
5. Pre-run checks

e Saving the number of integration points to a text file which will be read
by the UDSM when employing the constitutive model in calculation;

e Creation of PLAXIS objects for the construction stages and the pre-allocation
of output variables in the correct size, with vector lengths corresponding
to the number of realizations ordered for the Monte Carlo simulation.

6. Run the Monte Carlo loop

e Exporting the random fields from the Python script to a text file at each
realization. The destination and format of this file should correspond to
the way in which this was coded in the UDSM. By placing it in the loop,
a different random field is utilized for each realization;

e Marking the phases for calculation;
e Ordering the calculation and extract the desired output variables;

¢ Quantifying the duration of the analysis for operational evaluation pur-
poses as a final command of the loop.

7. Post-processing

o Computation and illustration of Ps evolution as a function of the number
of realizations (using the definition of Pf in equation 2.4);

e Calculation and illustration of stochastic results for desired outputs (PDFs,
CDFs of safety factors, displacements, forces etc.)

This is of course the recipe found most appropriate by the author on the basis of
the experience acquired in elaborating this thesis. Other users may adapt the order
of steps to their preferences, but the logical sequence is likely to be the same.

In the next section, some considerations concerning the factors influencing the op-
erational performance of the implementation are described in more detail.
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OPERATIONAL CONSIDERATIONS

As suggested in previous chapters, the upside of the tool elaborated and described
in this thesis does not come without trade-offs. These are most decisively related to
computation times and how choices made by users may strengthen or undermine
the efficiency of calculations. A balance needs to be found between accuracy and
speed, for which users need to consider the following;:

1. Mesh density needed

o Geometry: This is one of the more stable elements to consider, as it is

dictated by the problem to be solved. The smallest domain that does not
impose boundary influences should be selected to limit the remote num-
ber of integration points needed for accurate problem representation.

Scale of fluctuation (see 3.2 for more details): A mesh should be selected
such that the smallest scale of fluctuation is captured properly. If ensur-
ing this is not possible throughout the domain, this should at least be
true in the areas deemed most influential to the calculation.

Number of integration points: The combination of the previous two factors,
results in a final number of integration points. This is the quantitative
variable to be optimized. With a smaller number of integration points,
less values need to be transported to PLAXIS easing the load to be taken
by the calculation kernel. If too large, the number of stress points can
make the computational expense of the analysis unacceptable.

2. Calculation characteristics

o Number of construction stages: This is an influential degree of freedom.

Naturally, the larger the number of phases, the longer the duration of
a realization. This is likely not subject to optimization. Nevertheless, it
should be taken into account when assessing the performance of a model.

Desired output variables: Depending on the type of variables to be ex-
tracted, the output panel may or may not require opening. In an ultimate
limit state analysis, this is not needed as outputs can be extracted directly
from the input panel at the end of a calculation phase.

3. Influential soil parameters

o Number of parameters: Depending on the type of analysis performed, one

could expand the UDSM to take into consideration as large a number
of variables as possible. This becomes counterproductive from a certain
point on, as the increase in computation times is not linear when increas-
ing the number of parameters. This can be seen in table 7.1, in which a
comparison between calculation times for different numbers of random
parameters considered in the final case study is presented. Consequently,
practitioners should exercise engineering judgement and “randomize”
only the most influential parameters for the calculation undertaken.

Table 7.1: Computation times as a function of random parameters in the final case study

Parameter no. | Time/realization [s]
1 53
2 92
3 190

For a complete overview of the average computation times recorded in the case
studies of this thesis, readers are referred to appendix M.



DISCUSSION

The overarching objective of this research was to make a first step in bridging the
gap between science and practice by making the consideration of inherent spatial
variability of soil properties accessible in software widely used in geo-engineering
practice. This undertaking does not come without caveats, prompting a need for a
discussion around the implications of this project.

Thus, this chapter addresses the nuances and limitations surrounding the findings
presented in this thesis. In treating separately the implementation, validation on
the reference studies from literature and the new possibilities showcased with the
demonstrative case study, readers can link back these observations to the three main
research questions stated explicitly in section 1.2.

8.1 IMPLEMENTATION

1. General
o Parameter determination and uncertainties

As pointed out throughout the document, the main driver of this research
direction is the need to capture soil heterogeneity, which is expensive
to characterize through direct methods. Given the importance of spatial
variation observed both in literature, as well as in this study, users should
be aware of potential uncertainties throughout the data supply chain.

When considering spatial variability, it is worth noting that a large range
of values have been reported in literature, especially for the horizontal
scale of fluctuation (Nie et al., 2015; Arnold, 2016). Furthermore, it may
be challenging to define a unique value of 6 for a site, as more than
one value could be observed depending on the source of heterogeneity
(Vanmarcke, 1983). For instance, a site may be characterized by a large
value of 8 which can be traced back to the geological deposition trends
and a much smaller one originating from the local hydrodynamic history.

Details on these, as well as methods for estimating vertical and horizontal
scales of fluctuation, while quantifying the uncertainty of assessments are
elaborated extensively by de Gast (2020).

Besides the inherent soil variability, uncertainty may propagate along
the supply chain through statistical uncertainty associated with number
of measurements (Student, 1908) as well as transformation errors occur-
ring when translating from measurements to model parameters (Ching
& Phoon, 2015; Wang et al., 2017; van der Krogt et al., 2019).

This is all to say that a critical view of statistical distributions and spatial
correlation of parameters is imperative. These need to be obtained and
meticulously reviewed for each project before being used in calculation.
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2. RFEM in PLAXIS specific

o Constitutive modelling and UDSMs

The implementation of RFEM in PLAXIS in this study was performed
using an example UDSM, provided by PLAXIS to support users in this
endeavor. This implied an already programmed constitutive relationship,
in this case based on the Mohr-Coulomb failure criterion. Generally, this
soil model is only used for “crude” approximations, unable to capture
more complex soil features, such as hardening, softening or stress history
(Bentley Systems, 2022).

This should be taken into account by users that may want to use the
tool developed in this thesis as a ready-made product, potentially justi-
fying more advantageous outcomes. The ability to capture a previously
ignored feature of the ground in a probabilistic way does not exclude the
need for users to properly express relevant behavioral characteristics of
different soils.

Dimensions considered

In this study, the implementation of spatial variability in PLAXIS is only
done for the 2D version of the software. The same concept can be ex-
panded towards 3D modelling. This capacity to solve models accounting
for the three spatial dimensions is in fact one of PLAXIS’ strong suits.

That being said, one of the main drawbacks of RFEM, which is even more
glaring in this employment in PLAXIS, is the calculation expense. As a re-
sult, it is foreseeable that such undertaking would make this shortcoming
even more noticeable hindering the practical appeal of the framework.

Further automation

The procedure developed and proposed in this study is relatively intri-
cate and it involves a potentially sensitive connection between many in-
terfaces: Python for scripting, FORTRAN for DLL creation and PLAXIS
for model creation. This may become an inhibiting factor for practition-
ers in the journey towards wide adoption in the engineering community.

With more time allowing for development, the tool could become more
user-friendly, through better programming limiting the need for user in-
teraction with the source code, all while improving the user interface.
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8.2 VALIDATION

In the examples tackled for the validation of the framework proposed, trends are
matching generally well, but some differences between results still occur. These
could come as a result of deviations from the procedures used by authors of the
original studies, or other limitations, both outlined below:

o Calculation method

When employing the Mohr-Coulomb model formulation in calculations, a lin-
early elastic perfectly plastic computation method is utilized. In the form
utilized by PLAXIS, the stress state cannot surpass the failure criterion.

Conversely, the case studies in the verification steps (chapter 4), as well as
the validation on the Starnmeer dyke (chapter 5) employ a visco-plastic algo-
rithm (Zinkiewicz & Corneau, 1974). This starts by an application of gravity
loading. As soon as stress states at certain points exceed the failure envelope,
these yielding stresses are redistributed to neighbouring elements which still
have strength reserves. Eventually, non-covergence of the algorithm for a cho-
sen maximum number of iterations is used to define slope failure, usually
simultaneous with large nodal displacements (Griffiths & Lane, 1999).

o Finite elements characteristics

Another meaningful difference between this study and the original literature
examples treated occurs at the level of the finite elements properties. For
starters, PLAXIS uses triangular finite elements, while the results of the origi-
nal studies utilized for verification (chapters 4.2, 4.3) are obtained employing
rectangular elements in computation.

Moreover, the number of integration points in the examples is not stated ex-
plicitly. Even if in the verification cases, this could be inferred indirectly from
the shapes of the elements and the area of the slope, a level of uncertainty still
exists, therefore the number of integration points cannot be replicated exactly.

Furthermore, as detailed in the validation chapter 5, in the default mesh gen-
eration PLAXIS performs a mesh refinement near areas expected to be of in-
creased importance (sharp corners, near structures, loads). Therefore, even if
the number of stress points was equal, the refinement and the differences in el-
ement shapes would make their comparative locations distinct. Consequently,
results are unlikely to match perfectly.

e Meshing to capture 0

Several studies have shown that by accounting for the spatial variation and
location of measurement data, structural response uncertainty reduces (Jaksa,
et al. 2005, Lloret-Cabot et al., 2012; Li et al., 2016).

As discussed in chapter 3.2, to capture the spatial variability properly, certain
stress point spacing requirements exist. In extensive geometries, it is challeng-
ing to comply with these requisites, as a large number of integration points
would be needed to ensure compliance all over the domain. In turn, this
would determine a more significant computational expense, which at some
point can make the calculation time prohibitive.

In the validation case (chapter 5), it was observed that if more than 30,000 inte-
gration points were generated, the distance matrix creation caused the Python
API to crash. This could become a significant limitation for very complex
problems, requiring detailed modelling over extensive geometries.
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e Nature of verification examples

Although very illustrative and easy to follow due to their simplicity, the verifi-
cation cases (chapters 4.2, 4.3) essentially represent numerical demonstrations.
Their chosen parameter combinations are not extracted from a real site investi-
gation and are likely selected to drive home a point: the importance of spatial
variability in stochastic quantification of failure probabilities.

As a result, even though they serve as indication that the implementation
of RFEM in PLAXIS is performed correctly, the results should be examined
critically. More focus should be placed on the validation case study (chapter
5) which is based on more realistic parameter distributions.

Another caveat of the verification in this thesis is represented by the results
used as references from the original study. In this research, the curves showing
the highest probabilities of failure have been chosen for comparisons, as they
required the lowest numbers of realizations to obtain converged solutions with
high degrees of accuracy (equation 2.5).

In practice, for structures where consequence-based risk is large, very low
probabilities of failure are required. Hence, the method needs to be tested
further in situations requiring low Py and high accuracy. That being said, due
to the significant computational expenses of RFEM, coupling this implementa-
tion with more advanced methods like subset simulation (van den Eijnden &
Hicks, 2017) may be necessary for accurate predictions of very low Ps values.

8.3 EXPANSION

Variation in soil properties has been shown to influence system behaviour in many
types of geotechnical applications. Researchers have analysed problems involving
shallow, strip and pile foundations (Jaksa et al., 2005; Suchomel & Masin, 2010;
Naghibi et al., 2016), retaining walls (Sert et al., 2016), liquefaction of hydraulic
sand fills (Wong, 2004; Hicks & Onisiphorou, 2005; Popescu et al., 2005) and most
extensively slope stability (Griffiths & Fenton, 1997; Hicks & Samy, 2002; Spencer &
Hicks, 2007; Hicks & Spencer, 2010; Hicks et al., 2014; Li et al., 2016; Varkey. 2020).

The demonstrative case study tackled in chapter 6 proposes a hybrid situation in
which the behaviour of a foundation next to a slope is investigated. The novelty
occurs in the serviceability analysis performed which shows the importance of spa-
tial variability in the performance of the structure with respect to tilt, as opposed to
previous studies which have generally only considered ultimate limit state.

While showcasing the potential of the implementation, this study is not enough to
prove the whole palette of new options this research unlocked. To increase confi-
dence in the utility of the framework, this needs to be tested on other applications
as well, such as different types of foundations, excavations, retaining walls etc.



9 CONCLUSIONS AND
RECOMMENDATIONS

The practical objective of this thesis was to create, validate and test a framework
of implementation of the random finite element method (RFEM) in PLAXIS. This
would allow practitioners to account for spatial variability of soil properties ob-
served in site investigations in their FEM models, getting one step closer to replicat-
ing the real soil distribution in standard calculations.

Furthermore, the overarching objective of this research line is to bridge the gap
between science and practice regarding general consideration of soil properties” het-
erogeneity in standard calculations, all while approaching a state where stochastic
analyses are engineering practice, surpassing the paradigm of safety factors.

In this sense, the findings of this thesis are summarized as answers to the research
questions formulated in section 1.2. Recommendations for proper use of the frame-
work and for further research bring this document to its natural completion.

9.1 CONCLUSIONS

1. How can spatial variability be implemented in PLAXIS?

a) How can a random field be created, stored and made available to PLAXIS calcu-
lation kernel for the stress point properties?

e Creation of random fields - general: This step takes place in a Python
code encircling the PLAXIS model, via the procedure described in
detail in the text surrounding figure 3.2 of sub-chapter 3.1.1 and the
example code in appendix A. Using point statistics (1, 0) and spatial
variability properties of parameters (6, 6;,) from laboratory and site
investigations, with stress point coordinates from the PLAXIS model,
users can create spatially-correlated random fields on the basis of the
distances between stress points. For this, an appropriate correlation
model (here Markovian, 3.2) and a suitable underlying probabilistic
distribution (here log-normal) also need to be selected as a basis for
random field generation.

e Storing and availability in kernel - RFEM in PLAXIS specific: This
step is performed by linking the aforementioned Python code with
the adapted UDSM, as described in sub-chapter 3.1.3 of the method-
ology. The modifications required are explained in detail in sub-
chapter 3.1.2 and summarized by figure 3.4. The adaptation of the
UDSM implies programming it to read the random fields generated
and exported from the Python code. Storing can be made efficient
using a command that orders the UDSM to read the fields for a real-
ization only once (see appendix B for syntax details).
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As UDSMs define the stress-strain relationship for each integration
point, the code needs to be forged to access the corresponding value
at the correct integration point from the previously read random
field. This is possible using existing variables from the original
code and a known relationship between global and local integration
points” positions (equation 3.7).

b) How can results (probabilities of failure, safety factors, deformations etc.) for

multiple different random fields be calculated automatically?

After setting up the phases in the PLAXIS model, this step is done by
ordering the Monte Carlo simulation loop from the scripting interface as
described in section 3.1.3 and exemplified in appendix C. This implies or-
dering the calculation of each stage of the model, while extracting the de-
sired output at the end of each loop iteration. Depending on the desired
variables, opening PLAXIS” output panel may or may not be needed.

For ULS analyses, it is sufficient to quantify at which point a non-safety
phase failed (via the MStage parameter), or by extracting the reached
safety factor (Reached L Msf) for a safety phase from the input panel.
Conversely, in SLS calculations, the output panel needs to be opened at
each realization to allow for the extraction of variables such as displace-
ments, or forces experienced by structural elements of the model. This
has a small adverse influence on the computation time of a realization.

2. How do reliability analysis results with the implemented concept compare
to results obtained via the existing RFEM codes?

a) As shown in chapters 4.2, 4.3 and 5, trends identified in literature for the

reliability of slopes are confirmed through the present framework as well.
More specifically, observations of the influence of spatial variability on
slope stability are consistent with previous investigations (Hicks, 2014):

e For small scales of fluctuation relative to domain size: The soil acts as a
block due to pronounced averaging of soil properties. This makes
potential failure planes passing through weak or strong zones virtu-
ally just as likely, impeding the propagation of these failure surfaces.
This results in a narrow distribution around the mean solution.

e For intermediate scales of fluctuation relative to domain size: In this con-
figuration, semi-continuous weak zones start creating. As failure
follows the path of least resistance, in this case the spread of results
(SE;) increases and higher probabilities of failure are observed.

e For very large scales of fluctuation relative to domain size: This situation
yields the largest range of possible values. As described previously,
this represents a set of deterministic analyses with random values of
parameters selected from the underlying parameter distribution. As
a result, the distribution of solutions tends towards the shape of the
underlying parameter distribution.

b) The probabilities of failure observed in this thesis are in general larger

than the ones in the studies chosen as references for comparison. Assum-
ing the deviations in the numbers of stress points have a minimal impact,
differences could occur due to PLAXIS” more sophisticated meshing ca-
pacities and as a consequence of the different solving algorithms utilized
by the two approaches compared.
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The former refers to the shapes of the elements (triangular as opposed
to rectangular in original studies), as well as the mesh refinement per-
formed by PLAXIS in areas of interest (sharp corners, near structures
and loads) which may induce the increased observed failure probability.

The latter refers to the fact that PLAXIS uses a linear-elastic perfectly
plastic algorithm in which the failure criterion is never surpassed, while
custom codes generally use a visco-plastic algorithm in which the crite-
rion can be temporarily surpassed. In these existing RFEM codes, failure
is quantified when convergence is not reached after a certain number of
iterations in the stress redistribution phase. This difference may also be
a cause of the larger probabilities of failure observed with this method,
as PLAXIS proposes a more strict measure of quantification of Py.

¢) A limiting factor when comparing this framework to the reference studies
is represented by an upper threshold in the number of stress points that
can be used before modelling becomes unfeasible. It was observed that
surpassing a number of 30,000 integration points when trying to capture
6 accurately all over the domain caused the Python code to crash under
the computational weight proposed by the model. This occurs as a result
of a too large correlation matrix being created when a very large number
of stress points is generated.

3. How can the created tool be utilized to perform more complex geotechnical
analyses, while taking into account the spatial variability of soil properties?

By coupling RFEM with PLAXIS” existing capabilities in the demonstrative
case study in chapter 6, a hybrid situation was investigated, which was not
previously explored in literature using existing RFEM codes. Expanding the
implementation to account for stiffness by making the shear modulus (G) a
random variable, both the reliability and the serviceability with respect to the
tilt criterion of a foundation next to a slope have been quantified:

o It was observed that a situation that is deemed far from failure by a de-
terministic analysis (SF = 2.5) could showcase meaningful probabilities
of failure in the ultimate limit state when taking into account the spatial
variability of soil properties. More specifically, for a constant 68, = 2 m an
intermediate 6, = 10 m results in a Py = 0.12, while a smaller 6, =2 m
yields an observed Py = 0.08. Conversely, in a set of deterministic anal-
yses (8 — oco) the probability of failure was found to be virtually zero
(Pr — 0), emphasizing the importance of spatial variability of soil prop-
erties in geotechnical reliability analyses. In this situation (ULS), results
are governed by the spatial variability of strength parameters (c and ¢).

e In terms of serviceability, the probability of exceeding the failure criterion
for tilt, set at 0.2 degrees by the Eurocode 7 (CEN, 2004) is also observed
to be significant when accounting for spatial variability of soil properties.
For a constant 0, = 2 m, the risk hierarchy confirmed expectations, with
an intermediate ¢, = 10 m resulting in a Py r; = 0.3, while a smaller
6, = 2 m showcased a Py 1y = 0.25. Crucially, by making spatial corre-
lation distance infinite (6, = 6, — o), the probability of exceeding the
tilt criterion is virtually zero, illustrating the importance of considering
the spatial variability of soil properties in serviceability checks. When
quantifying serviceability (SLS) in terms of deformations, the behaviour
is governed by the heterogeneity of stiffness (here modelled using G).
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0.2 RECOMMENDATIONS

This final section of the report branches in two conceptual directions. The first
set of recommendations is concerned with the effective use of the developed tool
and avoiding potential pitfalls in its utilization. The second and final part of this
undertaking provides a series of recommendations for potential future research, in
terms of additional testing and possible expansion of the current framework.

1. Effective use of the framework
o (General) Expectation management before running RFEM

General FEM good practices involve performing a deterministic analysis
to check the model appropriateness. In addition to this, in this framework
a sensitivity analysis to assess relative closeness to failure is also useful.
In case an objective is not preset with respect to the probability of failure,
this may help a user define expectations about the number of realizations
needed to achieve a certain accuracy (2.5). Quantifying the number of
realizations needed could also be an iterative process, in which users run
a reasonable number of simulations and on the basis of the P¢ observed
define a required number of realizations to achieve goal accuracy. For
example, for Pr =102, 100 realizations would yield a result with 8o %
confidence, giving the user an idea of the range of possible values of P,
consequently guiding further analysis requirements.

e Mesh density vs 6

The most important consideration for effective use of this framework
concerns the relevance of obtaining a good balance between the accu-
rate representation of spatial variability and an optimally low number of
stress points to keep calculation times reasonable. As discussed in 3.2,
users should aim to capture a scale of fluctuation length (0) with 4 stress
points to ensure a meaningful enough correlation between points, while
allowing for closely spaced uncorrelated points to be well represented.

A commonly experienced pitfall when tinkering with the mesh level of
refinement is forgetting to modify the coordinates being read by the code
when not using the fully automatic code in appendix D. An error mes-
sage would pop up in the phase execution, prohibiting the calculation.

o Number of random parameters

Depending on the type of analysis performed, users may choose to select
a version of the UDSM modelling only the most influential parameters
as random fields. For instance, in an ultimate limit state, the strength
parameters are the significant ones in dictating failure or non-failure.

In contrast, in a SLS analysis the ultimate strength is likely not reached
and the key parameter in inferring deformations accurately is the stiff-
ness of soils. Therefore, users may choose to run RFEM only with a
limited number of the most significant parameters as random fields, im-
proving computation times for a limited accuracy trade-off.

e Stiffness variability

When stiffness is used as a random parameter, it is important to first
check the parameter value distributions over the geometry before run-
ning the model. For very large coefficients of variation, stiffness values
may become zero at certain points resulting in unreasonable deforma-
tions and potentially causing the PLAXIS model to crash.
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o Problem size issues

As mentioned in the answer to the second research question (2c in 9.1), a
limiting factor could be imposed by a (too) large number of stress points
generated in the design of the project. A potential solution would be a
more efficient method of random field generation, such as one using the
Local Average Subdivision (LAS) algorithm (Fenton & Vanmarcke, 1990).

2. Further testing and expansion
o Additional testing

As mentioned in the discussion, the framework was only tested with
one situation different from existing scientific literature - a serviceability
analysis of a foundation next to a slope. Time constraints did not allow
for the trial of the method on other types of examples, such as different
foundation types, retaining walls, or other geotechnical problems.

To increase confidence in the framework, this should be employed in a
variety of other investigations where it could prove its added value for
geotechnical design. For example, different types of foundations can be
investigated, such as strip, or piled foundations.

e Expanding to 3D

This framework could be expanded to PLAXIS 3D as well, as any concep-
tual novelty is not required for this development. That being said, even
though the concept would be the same, the calculation expense drawback
would become even more apparent, making this undertaking difficult for
extensive implementation with current computational capacity.

o Expansion to more complex constitutive models

As previously discussed, this framework was developed on the basis of
an example UDSM, whose constitutive relationship is based on the Mohr-
Coulomb failure criterion. This is only used for “crude” approximations
in practice. Therefore, if the wider objective of extensive implementation
is to be attained, this implementation needs to be expanded to more
complex soil models - such as the hardening soil model. This may prove
challenging without a formulation of the soil model which is proprietary,
making it most likely an internal undertaking to PLAXIS.

o User experience refinement

That being said, even in this case, the framework is not entirely user-
ready. This is because the described methodology of usage still involves
interaction with the source code. While time constraints inhibited this
endeavor, a more friendly user interface should be developed in which
practitioners only define model characteristics (geometry, statistical pa-
rameters, scales of fluctuation) and the code would run the full simula-
tion automatically, without any need to manipulate the source code.
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RANDOM FIELD GENERATION

# Importing libraries

import numpy as np

import scipy.spatial as sp

import sys

sys.path.append (r”C:/ YourAddress/python/site - packages”) # path for
connection python-plaxis plugin

from plxscripting.easy import *

import imp

import os.path

import time

# %% Input and output initialization for connection with PLAXIS

localhostport'input = 10000
localhostport output = 10001

plaxis 'path=r’C:/YourAddress/python/site - packages’ # package for pytho
3.7

s'i, g'i = new'server(’localhost’, localhostport'input ,password=’
YourPLAXISPassword’) # input server

s'o, g'o = new 'server(’localhost’, localhostport output ,password=’

YourPLAXISPassword’) # output server
# %% Open project
s'1.open(’C:/YourAddress/YourProject.p2dx’) # Master project

# %% Extraction of important geometrical data from textgenerated in
PLAXIS

nip = np.loadtxt(’C:/ YourFileAddress/YourCoordinates.txt’,usecols = 1,

n

skiprows = 1, delimiter =’“t’) # Global integration points numbers
nlip = np.loadtxt(’C:/YourFileAddress/YourCoordinates.txt’,usecols = 2,
skiprows = 1, delimiter =’“t’)# Local integration points numbers
X'coord = np.loadtxt(’C:/ YourFileAddress/YourCoordinates. txt’,usecols
3, skiprows = 1, delimiter =’“t’) # X-coordinates
Y coord = np.loadtxt(’C:/YourFileAddress/YourCoordinates. txt’,usecols
4, skiprows = 1, delimiter =’“t’) # Y-coordinates

# %% Manipulation

X'coordl = np.reshape(X'coord,[-1,1]) # reshape to explicit column
vectors

s Y'coordl = np.reshape (Y 'coord,[-1,1])

ntipl = len (X coord) # total number of integration points from data
# %% RANDOM FIELD GENERATION

# no. of random fields - control from here number (and duration) of
model runs 100 here is just an example

nfields = 100
# %% Point Statistics

thetax = 10 # horizontal scale of fluctuation
thetay = 10 # vertical scale of fluctuation
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mean’'c = 5

cov'c = 0.4 # coefficient of variation

std'ln'c = np.sqrt(np.log(l+cov c**2)) # logarithmic standard deviation
mean’ln’c = np.log(mean'c) - 0.5 * std'ln'c**2 # logarithmic mean

mean'phi = 20

cov'phi = 0.4

std'ln"phi = np.sqrt(np.log(l+cov phi**2)) # logarithmic standard
deviation

mean’ln phi = np.log(mean'phi) - 0.5 * std'ln'phi**2 # logarithmic mean

# %% Correlations expressions

o2 Dx = sp.distance matrix (X coordl ,X coordl) # distance matrix of x-coords

s Dy = sp.distance matrix (Y coordl,Y coordl) # distance matrix of y-
coords

64

6s corr = np.exp (-2 * np.sqrt ((Dx/thetax)**24(Dy/thetay)**2)) # Markovian
correlation in 2D

66 corr = np.linalg.cholesky(corr) # Cholesky factorization of correlation
matrix
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# %% Creating random fields from standard normal
rdnll = corr @ np.random.normal (0,1, size = [len(X'coord),nfields]) #

create "nfields” random fields , for all integration points
rdnl2 = corr @ np.random.normal (0,1, size = [len(X coord),nfields]) #
one for each varied parameter - becomes relevant if eventually cross

-correlations are considered
# %% Cross-correlation matrix (optional)
rho'cc = -0.5 # pearson cross-correlation between parameters

R = np.array ([[1,rho’cc],[rho'cc,1]]) # cross-correlation matrix R
L = np.linalg.cholesky (R) # Cholesky factorization of R

# %% Pre-allocation of variables for cross-correlation of random fields

ct = np.zeros ((len(X'coord) ,nfields)) # will become c after LN
transform

phit = np.zeros ((len(X'coord),nfields)) # will become phi after
transform

5 # %% Obtain cross -correlated fields

for i in range(nfields):

rdnl = np.column’'stack ((rdnll [:,i],rdnl2[:,i])) # 2D for 2 variables
nD for n randomly varied fields

# Getting to the good shape for matmul

rdnl = np.transpose(rdnl)

# matmul with cholesky factorization of cross-correlation matrix

rdnl = L @ rdnl

# Back again to original shape

rdnl = np.transpose(rdnl)

#temp variables to be transformed to LN rfields in the next block

ct[:,i] = rdnl[:,0]

phit[:,i] = rdnl[:,1]

# %% Transforming to LN - cross correlated; for uncorrelated random
fields , perform this step right after the creation of rdnll, rdnl2 -
the random fields from standard normal

¢ = np.exp(ct * std'ln'c + mean’ln’c)

phi = np.exp(phit * std ln'phi + mean’ln’'phi)
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# %% Saving characteristics

file'namel = ’ntip.dat’ # The name you code in the UDSM for total no. of
integration points
file'name2 = ’RandomFieldTest3.dat’ # The name you code in the UDSM for
the random fields file (for me the 3rd try was the lucky one)
file'name3 = ’SafetyFactors.txt’ # Output of safety factors
file' name4 = ’'Nf.txt’ # Output of binary failed /not failed iterations
save pathl = 'C:/YourAddress/RandomData/’ # Path to folder from which
UDSM reads
save path2 = 'C:/YourAddress/PLAXISProjectFolder’ # path to folder of
the PLAXIS project
completeNamel = os.path.join (save'pathl, file namel) # the number of
integration pts
completeName2 = os.path.join (save pathl , file' name2) # the random fields
to be read by udsm
completeName3 = os.path.join (save'path2, file name3) # the safety

factors in proj folder

completeName4 = os.path.join(save path2, file'named) # the stand-or-fall
results
# %% Saving number of integration points to file to be read in UDSM

5 np.savetxt (completeNamel ,ntipl, fmt = *%1.01")

# The random fields will be saved iteratively in the Monte Carlo loop in
appendix C

A fully functional code combining the random field generation and the Monte Carlo
analysis performed for the PLAXIS project desired can be obtained by clipping this
appendix (appendix A) to appendix C. Both code pieces use the same variables, but
are separated here into coding blocks to illustrate different conceptual purposes.
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FORTRAN SUBROUTINE
MODIFICATION (UDSM)

Implicit Double Precision (A-H, O-Z)

Double Precision, allocatable :: StVarTemp (:,:) ! new variable
declared
save StVarTemp ! will reuse variable after reading it in
Dimension Props(*), Sig0(*), StVar0(*), dEps(*), D(6,6),
< Sig (*), StVar (*)

! Local variables

Dimension DE(6,6), dSig(6), Prs’E(3), Prs(3),
* xN1(3), xN2(3), xN3(3) ! StVarTemp(nStatV)

nStatV = 3 | Modified; has to be equal to number of variables for

which RFs are created (here 3: c¢’, phi and G)
!

If (IDTask .Eq. 4) Then ! Number of state parameters
nStat = nStatV
return

End If

If (IDTask .Eq. 1) Then ! Initialize state variables
Call MZeroR( StVar0, nStatV ) ! initializes StVar0 as a zero
vector of size nStatV
Call MZeroR( StVar , nStatV ) ! initializes StVar as a zero
vector of size nStatV

! Debug
open (unit = 591, file =’C:“YourAddress “RandomData“TestOutputl .
dat’, action = ’write’)

write (591, *) ((iEl-1)*12 +Int), iEl, Int

close (unit = 591)
! Ending debug statement

If (ALLOCATED(StVarTemp) = . false.) then ! read only once
! Reading number of integration points from file
|
open (unit = 592, file = ’C:“YourAddress “RandomData “Nolps .
dat’, action = ’read’)
read (592, *) n'rf ! number of integration points
allocate (StVarTemp(n'rf ,2)) ! allocate to temporary
variable the size (no. of integration points, nStatV)
close (unit = 592)
! Finished size allocation
! Reading the actual random fields from file
|
open(unit = 593, file =’C:“YourAddress “RandomData“YourRFs.
dat’, action = ’read’)
do i = 1,n'rf
read (593,*) (StVarTemp(i,j), j = 1,3) ! for more variables
j = 1,nStatV
end do
close (unit = 593)
end if
! At this point the random field is read in
! Extra debug to check if the file has been read properly
open (unit = 594, file =’C:“YourAddress “RandomData“TestOutput2.
dat’, action = ’write’)
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write (594, *) ((iEl-1)*12 4+Int), StVarTemp((iEl-1)*12 + Int,1)

., StVarTemp ((iEl-1)*12 4+ Int,2)
close (594)

! Debug done - check external file ”TestOutput2.dat”

!

! Copying to the original State Variable vectors the values at

the correct global integration point (GIP)
|

!

StVar0(1) = StVarTemp ((iE1-1)*12 4 Int,1) ! Note: GIP = (Element

no. - 1) * (no.ips.per element) + (local integration

be ¢’ at ips
StVar0(2) = StVarTemp ((iEl1-1)*12 + Int,2)
StVar0(3) = StVarTemp ((iEl1-1)*12 + Int,3)
StVar (1) = StVarTemp ((iEl1-1)*12 + Int,1) !
defaults
StVar (2) = StVarTemp ((iEl1-1)*12 + Int,2) !
StVar(2) = StVarTemp ((iEl-1)*12 + Int,3) !

point); Will

15-noded elements

Will be Phi at ips

Will be G

C = StVar (1) ! C - Initialization
Phi = StVar(2) / Rad ! Phi in radians
Psi = Props(5) / Rad ! Psi in radians
sPhi = Sin (Phi)

sPsi = Sin (Psi)

cCosPhi = C*Cos(Phi)

Call WriVal( io, 'Phi 7, phi )
Call WriVal( io, 'Psi ', psi )
Call WriVal( io, ’sPhi ’, sphi )
Call WriVal( io, ’'sPsi 7, spsi )
Call WriVec( io, ’Props’, Props,
return

End If ! IDTask = 1

If (IDTask .Eq. 2) Then ! Calculate stresses
Call CopyRVec( StVar0, StVar, nStatV ) | Copies values

at ips

of StVar0 into

global

at the

StVar
ipl = 0
G = StVar(3) ' G
xNu = Props(2) ! nu
sTens = Props (6) ! tensile strength
C = StVar (1) ! reading the value of ¢ at the
stress point from St.Var
Phi = StVar(2) / Rad ! reading the value of phi
global stress point from St.Var
Psi = Props(5) / Rad ! Psi in radians
sPhi = Sin (Phi)
sPsi = Sin (Psi)
cCosPhi = C*Cos(Phi)
If ( Abs(Sig0(15) - 1 ) ; 1d-6 .And.
* Abs(Sig0(15) - 0 ) ; 1d-6 ) Then
ParmSF = Sig0(15)
Rad = 180d0 / Pi
Phi = StVar(2) / Rad ! Phi in radians
Psi = Props(5) / Rad ! Psi in radians
C = StVar (1) / ParmSF ! C for SF calc strength

reduction
Phi = ATan(Tan(Phi)/ParmSF ) ! Phi for

reduction

sTens = Props (6)/ ParmSF ! tensile strengh
Psi = Min( Psi, Phi )

end if

sPhi =  Sin(Phi)

sPsi =  Sin(Psi)

cCosPhi = C*Cos(Phi)

End If

SF calc strength

as
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MONTE CARLO IN PLAXIS

These snippets of code highlight the syntax to be used when ordering PLAXIS
to perform the calculation in a Monte Carlo framework. The variables used are

linked with the random field generation ones utilized in the code in Appendix A.

For convenience, the two appendices can be clipped together to give a plug-in-play
code once the project is set up in PLAXIS. They have been split here to illustrate

different conceptual points and to allow for in-text reference to separate appendices.

# %% Pre-allocation of output variables

sf = np.zeros ((nfields ,1)) # Safety factors pre-allocation

nf = np.zeros((nfields ,1)) # Number of failed iterations

substring'check = 'The calculations of the following phases failed’ #
hedging for iterations that fail before full run

# %% Create PLAXIS objects to be used in the loop

Initial = g'i.InitialPhase

Null = g'i.Phase’l

Safety = g'i.Phase’2

# %% Loop project for all random fields

start = time.time() # to quantify durations of runs

for i in range(nfields):
c¢'phi = np.column’stack ((c[:,i],phi[:,i]))

np.savetxt (completeName2, c phi) # saving the two random fields to
file

# Activate staged construction tab
g'i.gotostages ()

# Mark for calculation
g'i.InitialPhase.ShouldCalculate = True
g'i.Phase’l.ShouldCalculate = True
g'i.Phase’2.ShouldCalculate = True

if substring'check in g'i.calculate(Initial): # if it fails in the
initial phase

sf[i] = float(str(Initial.Reached.SumMstage))

nf[i] =1

elif substring check in g'i.calculate(Null):

sf[i] = float(str(Initial.Reached.SumMstage))
nf[i] =1

else: # not adding nf here because if it reaches this phase, most
likely sf § 1

g'i.calculate (Safety)

71



72

70

71

72

| MONTE CARLO IN PLAXIS

sf[i] float (str(Safety.Reached.SumMsf))
nf[i] =0

np.savetxt (completeName3 , sf) # save all safety factors after whole run
is performed

np.savetxt (completeNamed ,nf) # save all binary stand-or-fall results
after whole run is performed

end = time.time ()
zDuration = end - start # duration stored in a variable

# %% Post processing - calculating FoS CDF, Reliability and others

csf, binSF = np. histogram (sf) # safety factors histogram properties

pdf'sf = csf/sum(csf) # probability distribution function of safety
factors

cdf'sf = np.cumsum( pdf'sf) # Cumulative distribution function of safety
factors

# %% Computing probability of failure

Nf = np.sum(nf) # No. of iterations in which structure fails
Pf = Nf/nfields # Probability of failure

# %% Post processing - calculating CDF of SFs

csf, binSF = np. histogram (sf) # histogram of safety factors properties

pdf'sf = csf/sum(csf) # Probability distribution function of safety
factors

cdf'sf = np.cumsum(pdf'sf) # Cumulative distribution function
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> # Fully - Automated Starnmeer

45

s cch =

AUTOMATION SCRIPT - FULL
STARNMEER CASE CODE

import numpy as np
import scipy.spatial as sp

import sys

Validation

sys.path.append (r”C:/ Users/Paul/Desktop/Needed Software/python/site -
packages”) # new path
from plxscripting.easy import *

import imp

import os.path

import time
5 import math as mt

# %% Input and output

localhostport'input

initialization

10000

localhostport output = 10001
plaxis ' path=r’C:/YourPathToPythonPackagesHere/python/site - packages’

s'i, g'i =

new server (’localhost ’,

YourPasswordHere’
s’o, g'o = new server
YourPasswordHere’

si.new ()

# %% Create

g'i.gotosoil ()

clayl =
peat2 =
peat3 =
clay4d =
clayb =
sand6

R 0”3 00 0” 09 09

# %% Properties to be

pi = mt. pi

# Mean values for soil

ccl
cp2 =
cp3 =
ccd =

= Ot R N W
= OO N

cs6 = le-5

phiclayl =
phipeat2 =
phipeat3 =
phiclay4 =
phiclay5 =
phisand6 =

New project

e e e e e

soils for

.soilmat (
.soilmat (
.soilmat (
.soilmat (
(
(

mt. atan
mt. atan
mt. atan
mt.atan
mt.atan
mt. atan

)
(’localhost 7,
)

localhostport input , password="

)

localhostport output , password=

# opens output server

to test geometry

deterministic

used in soil

.580) *180/ pi
.398) *180/ pi
.358) *180/ pi
.559) *180/ pi
.601)*180/ pi
.637)*180/ pi

declarations

property definition

in deterministic phase
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| AUTOMATION SCRIPT - FULL STARNMEER CASE CODE

# %% Deterministic definition of soils ; ”SoilModel”, 2 = Mohr-Coulomb

g'i.gotosoil ()

clayl.setproperties ((”?Identification”, ”Clayl”), (”SoilModel”, 2), “
(”DrainageType” ,” Drained” ), (”gammaUnsat” ,6.9), (7
gammaSat” ,13.9), «
("Eref”, 1e3), ("nu”, 0.3), (cref”, ccl), (”phi”
phiclayl), ("psi”, 0))
#Mohr- coulomb

peat2.setproperties ((” Identification”, ”?Peat2”), (”SoilModel”, 2), “
(”DrainageType” ,” Drained” ), (”gammaUnsat” ,9.8), (”
(”Eref”, .2e3), ("nu”, 0.3), (Pcref”, cp2), (”phi”
phipeat2), ("psi”, 0))
#Mohr- coulomb

gammaSat” ,12) ,

peat3.setproperties ((” Identification”, ”?Peat3”), (”SoilModel”, 2), “
(”DrainageType” ,” Drained” ), (”gammaUnsat” ,9.8), (”
gammaSat” ,12), “
(”Eref”, .2e3), ("nu”, 0.3), (Pcref”, cp3), (”phi”
phipeat3), (7psi”, 0))
#Mohr- coulomb

clay4.setproperties ((” Identification”, ”Clay4”), (”SoilModel”, 2), “
(”DrainageType” ,” Drained” ), (”gammaUnsat” ,15), (”
113
("Eref”, 1.5e3), ("nu”, 0.3), ("cref”, cc4), (”phi”,
phiclay4), ("psi”, 0))
#Mohr- coulomb

gammaSat” ,15) ,

clay5.setproperties ((?Identification”, ”Clay5”), (”SoilModel”, 2), “
(”DrainageType” ,” Drained”), (”gammaUnsat” ,15), (”
("Eref”, 1.5€3), ("nu”, 0.3), (Pcref”, cc5), (”phi”
phiclay5), ("psi”, 0))
#Mohr- coulomb

gammaSat” ,15) ,

sand6.setproperties ((”Identification”, ”Sand6”), (”SoilModel”, 2), ¢
(”DrainageType” ,” Drained” ), (”gammaUnsat” ,18), (”
("Eref”, 25.0e3), ("nu”, 0.3), ("cref”, cs6), (”phi”
, phisand6), (”psi”, 0))
#Mohr - coulomb

gammaSat” ,20) ,

# %% Reading coordinates of geometry data

coords = np.loadtxt(’C:/YourPath/YourGeometricalCoordinates.txt’) #
Global ip no.

x = coords [:,1]
y = coords [:,2]

# %% Creating geometry of the problem
g'i.gotostructures ()
# Layer 1 is Sand 6 (going bottom-up) - polygon 1 - index 0

g'i.polygon ((x[38],y[38]), (x[39],y[39]), (x[40],y[40]), (x[34],y[34]),
(x[35],y[35]) “
» (x[36],y[36]), (x[37],y[37]), (x[42],y[42]), (x[41],y[41])
) # Sand 6

# Clay 5 - polygon 2 - index 1

g'i.polygon ((x[38],y[38]), (x[29],y[29]), (x[30],y[30]), (x[31],y[31]),
(x[28],y[28])
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o8 » (x[34],y[34]), (x[40],y[40]), (x[39],y[39])) # Clay 5
1y # Clay 4 - polygon 3 - index 2

we g i.polygon ((x[34],y[34]), (x[28],y[28]), (x[18],y[18]), (x[19],y[19]),
(x[32],y[32]) “

7 ; (x[37],¥[37]), (x[36],y[36]), (x[35],y[35])) # Clay 4

9 # Peat 3a - polygon 4 - index 3

120 # Problema cu x la punctul 1 - 19.99 = 20 de fapt - x27

= gli.polygon ((x[27],y([27]), (x[23],y[23]), (x[15],y[15]), (x[16],y[16]),
(x[17],y[17]) ¢

122 , (x[18],y[18])) # Peat 3a

127} # Peat 3b - same props - polygon 5 - index 4

26 g'i.polygon ((x[19],y[19]), (x[20],y[20]), (x[21],y[21]), (x[32],y[32]))#
Peat 3b

28 # Peat 2 - polygon 6 - index 5

g #Problema cu x[22] - 19.98 e de fapt 20

w0 g'i.polygon ((x[29],y[29]), (x[24],y[24]), (x[25],y[25]), (x[26],y[26]),
(x[22],y[22]) ¢

. (x[27],¥[27]), (x[31],¥[31]), (x[30],5[30])) # Peat 2

133 # Clay 1b (same props as la) all under clay 1 - poly 7 - index 6

134

s g'1.polygon ((x[23],y[23]), (x[13],y[13]), (x[14],y[14]), (x[15],y[15]))#

Clay 1b

::(j # Clay la - Poly 8 - index 7

o g1 polygon ((x[24],y[24]) ,(x[0] ,¥[0]) ,(x[1],¥[1]) ,(x[2] ,¥[2]) .

40 (x[3],y[3]) ,(x[4] ,¥[4]) ,(x[5],y[5]) ,(x[6],y[6]) ,“

141 (x[7],y[7]) - (x[8],¥[8]) ,(x[9],y[9]) ,(x[10],y[10]) ,*

42 - (x[11],y[11]) ,(x[12],y[12]) ,(x[13],y[13]) ,(x[22] ¥y
22]) ,¢

143 (x[26] ,y[26]) ,(x[25],y[25]),) # Clay la

us # %% Attribute soils to polygons

146
4, g'i.setmaterial ((g'i.polygons[0]. Soil), sand6) #sand6
us g'i.setmaterial ((g'i.polygons[1]. Soil), clay5) #clayb

4w g'i.setmaterial ((g'i.polygons[2].Soil), clayd4) #clay4
0 g'i.setmaterial ((g'i.polygons[3].Soil), peat3) #peat3a
51 g'i.setmaterial ((g'i.polygons[4]. Soil), peat3) #peat 3b
2 g'i.setmaterial ((g'i.polygons[5]. Soil), peat2) #peat 2
153 g'i.setmaterial ((g'i.polygons[6].Soil), clayl) #clayl

5 g'1.setmaterial ((g'i.polygons[7].Soil), clayl) #clayl

156 # %% Meshing

158 g 1.gotomesh ()

159 msize = 0.1 # relative element size (see PLAXIS user interface and
manual for meaning)

6o g'1.mesh(msize, True) # True for enhanced mesh refinement; False if not

161

162 # %% Flow - water level creation

163

w g'i.gotoflow ()

165

w6 WLI = g'i.waterlevel ((x[50],y[50]) ,(x[54],y[54]) ,(x[44],y[44]) ,(x[45],y
[45]) ,

(x[46] ,y[46]) ,(x[47] ,¥ [47]) ,(x[48] ,¥[48]) ,(x[49] ,y[49]))

# Global - from geometry coordinates; can be defined independently

w9 WL2 = g'i.waterlevel ((x[50],y[50]) ,(x[54],y[54]) ,(x[51],y[51]) ,(x[52],y
[52]) ,(x[53],y[53])) # Water level corresponding to bottom sand

i1 # %% Defining custom water lever for bottom sand
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g'i.set((g'i.WaterConditions'1'1.Conditions) ,(g’i.InitialPhase),” Custom

Level”) # Definition

g'i.set((g'i.WaterConditions'1'1.Level) ,(g'i.InitialPhase), WL2) #

Application

# %% Defining Phases - initial phase - BCs will remain in subsequent
phases

g'i.gotostages ()

g'i.InitialPhase.DeformCalcType = ” Gravity loading”

Initial = g'i.InitialPhase # Create object to handle later in MCS

# %% Activate soil polygons

for i in range (8):
g'i.activate(g'i.polygons[int(i)], g'i.InitialPhase)

7 # %% Water Boundary conditions

i . GroundwaterFlow . BoundaryXMin

[g'i.InitialPhase]= 7 Closed”
"i.GroundwaterFlow . BoundaryXMax [

[

[

g'i

g'i.InitialPhase]= 7 Closed”
g'i.InitialPhase]= ”Open”
g'i.InitialPhase]= ”Open”

g
g
g'i.GroundwaterFlow . BoundaryYMin
g

i . GroundwaterFlow . BoundaryYMax
# %% Null phase definition

Null = g'i.phase(g’'i.InitialPhase)
Null.DeformCalcType = ” Plastic”
Null.Deform . ResetDisplacementsToZero = True
Null.Identification = ” Null”

# %% Safety phase definition

Safety = g'i.phase(Null)
Safety . DeformCalcType = 7 Safety”

Safety .Deform. ResetDisplacementsToZero = True

Safety .Identification = 7 Safety”

# %% Calculate deterministically and extract the deterministic FoS

the coordinates of stress points
Initial.ShouldCalculate = True
Null. ShouldCalculate = True
Safety . ShouldCalculate = True

g'i.calculate () # calculates all phases

sf'det = float (str(Safety.Reached.SumMsf)) # extract safety
string

# %% Open safety phase and extract stress points coordinates
g'i.view(Initial) # view output for initial phase
# %% Coordinate extraction as PLAXIS objects

Xini = g'o.getresults(g'o.ResultTypes. Soil.X, ”stresspoint”)
Yini = g'o.getresults(g'o.ResultTypes. Soil.Y, "stresspoint”)

factor

and

from

mat’'id = g'o.getresults(go.ResultTypes. Soil.MateriallD, ”stresspoint”)

# extracts material IDs (numeric entity)

# %% Save coordinates and materials (needed to transform to numerical

arrays

np.savetxt (”C:/ Users/Paul/Desktop/Needed Software /PLAXIS/TENTATIVE Apps/

Latest Starnmeer . p2dxdat/X. txt” , Xini)

np.savetxt (?C:/ Users/Paul/Desktop/Needed Software /PLAXIS/TENTATIVE Apps/

Latest Starnmeer . p2dxdat /Y. txt” , Yini)
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np.savetxt (”C:/ Users/Paul/Desktop/Needed Software /PLAXIS/TENTATIVE Apps/

Latest Starnmeer .p2dxdat/Z mat’id.txt” mat’id)

# %% Load as new arrays

X 'coord = np.loadtxt (”C:/ Users/Paul/Desktop/Needed Software /PLAXIS/
TENTATIVE Apps/ Latest Starnmeer . p2dxdat /X. txt”)

Y coord = np.loadtxt (”C:/ Users/Paul/Desktop/Needed Software /PLAXIS/
TENTATIVE Apps/ Latest Starnmeer . p2dxdat /Y. txt”)

np.loadtxt (?C:/ Users/Paul/Desktop/Needed Software /PLAXIS/

TENTATIVE Apps/ Latest Starnmeer . p2dxdat/Z mat’'id . txt”)

mats

# %% Manipulation into explicit 1D arrays

mats = np.reshape (mats,[-1,1])

X 'coord = np.reshape(X'coord,[-1,1]) # reshape to column vectors of
initially unknown size (the ”-17 is for that)

Y 'coord = np.reshape (Y coord,[-1,1])

# %% close output

g'o.close()

# %% Create index vectors to separate soils on the basis of the material
id

idx ¢l = np.transpose(np.where(mats = 1)) # Material IDs in the order
of creation of soils

idx'p2 = np.transpose (np.where(mats = 2))

idx'p3 = np.transpose (np.where(mats = 3))

idx'c4 = np.transpose (np.where(mats = 4))

idx ¢5 = np.transpose (np.where(mats = 5))

idx's6 = np.transpose (np.where(mats = 6))

idx'cl = np.reshape(idx'cl[:,0],[-1,1])

idx'p2 = np.reshape(idx'p2[:,0],[-1,1])

idx'p3 = np.reshape(idx ' p3[:,0],[-1,1])

idx'c4 = np.reshape(idx'c4[:,0],[-1,1])

idx'c5 = np.reshape(idx'c5[:,0],[-1,1])

idx's6 = np.reshape(idx's6[:,0],[-1,1])

# %% Back to soil tab to define entities for RFEM simulation
g'i.gotosoil ()

claylR = g'i.soilmat ()

peat2R = g’'i.soilmat ()

peat3R = g'i.soilmat ()

claydR = g’'i.soilmat ()

clayb5R = g'i.soilmat ()

sand6R = g'i.soilmat ()

# %% Creating the attributes - 7167

defined”

right

# NOTE: USER 1 = G; USER 2 = nu; USER 3 = c; USER 4 = phi, USER 5 =
# The definition of c¢ and phi is not crucial here because they are
from the random field

”

claylR .setproperties ((”Identification”, ”ClaylR”) ,(” DrainageType”
Drained”), (”gammaUnsat” ,9.9) ,¢
(”gammaSat” ,13.9) ,
DI1lFile” ,”a’c'phi64.dl117) ,¢
(”ModelInDI1” ;”"MC”) ,
(7 Userd”, 30),¢
(”User5”, 0), (”EoedInter” ,5000) ,(” CInter” ,1))

(7 Userl” ,1880), (”User2”,

, (7 User3”, 10),

”

peat2R . setproperties ((”?Identification”, "Peat2R”) ,(” DrainageType” ,
Drained”), (”gammaUnsat” ,9.8) ,¢

corresponds to UDSM or ” User -

(”SoilModel”, ”User-defined”), (7
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(”gammaSat” ,11), (”SoilModel”, ?User-defined”), (7
DIIFile” ,” a'c phi64.dll”),«
(”ModelInDI1” ;”"MC” ), (”Userl” ,940), (”User2”, 0.33),
(” User3”, 10), (”Userd”, 30),¢
(”User5”, 0), (”EoedInter” ,2500) ,(” CInter” ,1))
peat3R.setproperties ((”Identification”, "Peat3R”) ,(” DrainageType” ,”
Drained”), (”gammaUnsat” ,9.9) ,¢
(”gammaSat” ,11), (”SoilModel”, ”User-defined”), (”
DI1lFile” ,”a’c'phi64.d117) ,¢
(” ModelInDI1” ,"MC”) , (”Userl” ,1111), (”User2”, 0.33)
(”User3”, 10), (”User4”, 30),“
(”User5”, 0), (”EoedInter” ,3000) ,(” CInter” ,1))

clay4R . setproperties ((”?Identification”, ”Clay4dR”) ,(” DrainageType” ,”
Drained”), (”gammaUnsat” ,15) ,¢
(”gammaSat” ,15), (”SoilModel”, ”?User-defined”), (7
DlIFile” ,” a'c phi64.dll”),«
(” ModelInDI1” ,"MC” ), (”Userl”,1880), (”User2”, 0.33)
, (?”User3”, 10), (?User4d”, 30),“
(”User5”, 0), (”EoedInter” ,5000) ,(” CInter” ,1))
clay5R . setproperties ((”?Identification”, ”Clay5R”) ,(” DrainageType” ,”
Drained”), (”gammaUnsat” ,15) ,¢
(”gammaSat” ,15) , (”SoilModel”, ”?User-defined”), (7
DI1lFile” ,”a’c phi64.d11”) ,¢
(”ModelInDI1” ,"MC”), (”Userl”,1880), (” User2”,
0.33), (?User3”, 10), (”Userd”, 30),*

(”User5”, 0), (”EoedInter” ,5000) ,(” CInter” ,1))
sand6R . setproperties ((”?Identification”, ”Sand6R”) ,(” DrainageType” ,”
Drained” ), (”gammaUnsat” ,18) ¢

(”gammaSat” ,20) , (”SoilModel”, ?User-defined”), (7
DIIFile” ,” a'c phi64.dll”),«

(” ModelInDI1” ,"MC?), (”Userl”,16920), (”User2”,
0.33), (”User3”, 10), (”Userd”, 30),¢

(”User5”, 0), (”EoedInter” ,45000) ,(” CInter” ,1))

# %% Assign correct soils to polygons - indexes in g'i.polygons are
correspondent to their order of creation

g'i.gotostructures ()

g'i.setmaterial ((g'i.polygons[0]. Soil), sand6R) #sand6
g'i.setmaterial ((g'i.polygons[1l]. Soil), clay5R) #clayb
g'i.setmaterial ((g'i.polygons[2]. Soil), clay4dR) #clay4
g'i.setmaterial ((g'i.polygons[3]. Soil), peat3R) #peat3a
g'i.setmaterial ((g'i.polygons[4]. Soil), peat3R) #peat 3b
g'i.setmaterial ((g'i.polygons[5]. Soil), peat2R) #pecat 2
g'i.setmaterial ((g'i.polygons[6].Soil), claylR) #clayl
g'i.setmaterial ((g'i.polygons[7]. Soil), claylR) #clayl

# %% Check flow

g'i.gotoflow ()

5 # %% Go back to stages

g'i.gotostages ()

# %% Manipulation of coordinates and start of block for creation of
separated RFs

# %% Extract coordinates for each soil in order to create the random
fields and distance matrices

# First pre-allocation of coordinate vectors

X'coord'cl = np.array ([])# pre-allocation of unknown size array
X'coord'c4 = np.array ([])# pre-allocation of unknown size array



X'coord'ch = np.
X'coord'p2 = np.
X'coord'p3 = np.
X'coord’'s6 = np.
Y coord'cl = np.
Y coord'c4d = np.
Y coord’'c5 = np.
Y 'coord'p2 = np.
Y coord ' p3 = np.
Y coord’'s6 = np.

# %% Coordinates

for

for

for

for

for

for

# %% Point
nfields
# Scales

thetax
thetay

i

X
Y

=X

e

<X

<X

‘coord’cl
‘coord’cl

‘coord'p2
‘coord’'p2

‘coord 'p3
‘coord’'p3

‘coord’c4
‘coord’c4

‘coord’ch
‘coord’ch

X'coord 's6
v

in idx'cl:

in idx'p2:

in idx'p3:

in idx'c4:

idx'cbh:

in

idx"s6 :

in

coord’'s6

= 0.5
= 0.5

# mean cohesions

mc’
mc’
mc’
mc’
mc’

cl
p2
p3
c4
ch

mc’'s6

# coef

ve
ve'
ve
vce
ve
ve

‘cl

p2

p3
‘c4
‘cH
"s6

.4
.2

Il
oot A N W

@ & Ot

Oe-5

ficient of
773
.656
775
.554
.352

.0
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517 # mean phi

50 mp'cl = 30.11
20 mp'p2 = 19.84
2 mp'p3 = 19.70
2> mp'cd = 29.20
423 mpch = 31.00
42y mp's6 = 32.49

426 # coefficients of variation - phi
427

28 vpel = .081

20 VP'p2 = .058

0 vp p3 = .145

45 vped = 012
2 vp'ch = .007
5 vp's6 = .000

536 # STD LN version - cohesions

58 slnc’cl = np.sqrt(np.log(l+ve'cl**2))
450 slne'p2 = np.sqrt(np.log(l+ve p2**2))
o slnc'p3 = np.sqrt (np.log(l4+ve p3**2))
s slnc’cd = np.sqrt(np.log(l+ve'cd **2))
42 slnc’'ch = np.sqrt (np.log(l4+vec'ch**2))
4 slnc's6 = np.sqrt(np.log(l+ve's6**2))

46 # STD LN version - phi

w8 slnp'cl = np.sqrt(np.log(l+vp'cl**2))
40 slnp'p2 = np.sqrt(np.log(l+vp p2**2))
50 slnp ' p3 = np.sqrt(np.log(l+vp p3**2))
s slnp'c4d = np.sqrt(np.log(l+vpcd**2))
52 slnp’ch = np.sqrt (np.log(l4+vp'ch**2))
45 slnp's6 = np.sqrt(np.log(l+vp's6**2))

455
456 # mean LN version - cohesions

457

58 mlnc'cl = np.log(mc'cl) - 0.5 * slnc'cl**2
50 mlnc'p2 = np.log(mc'p2) - 0.5 * slnc p2**2
w0 mlnc'p3 = np.log(mcp3) - 0.5 * slnc p3**2
s mlnc'c4 = np.log(mc'c4) - 0.5 * slnc'ch**2
62 mlnc'c5 = np.log(mecc5) - 0.5 * slnc’'ch**2
43 mlnc's6 = np.log(mec's6) - 0.5 * slnc's6**2
464

45 # mean LN version - phi

466

w7 mlnp'cl = np.log(mp'cl) - 0.5 * slnp’cl**2
w8 mlnp'p2 = np.log(mpp2) - 0.5 * slnp'p2**2
6 mlnp'p3 = np.log(mp'p3) - 0.5 * slnp p3**2
w0 mlnp'cd = np.log(mp'cd) - 0.5 * slnp cd**2
s mlnp'ch = np.log(mpcs) - 0.5 * slnp ch**2
7> mlnp's6 = np.log(mp's6) - 0.5 * slnp's6**2

v # %% Full distance matrices

475

w6 Dx = sp.distance matrix (X coord,X coord) # distances between x-
coordinates in matrix

w7 Dy = sp.distance matrix (Y coord,Y coord) # distances between x-
coordinates in matrix

w79 # %% Correlation expressions and random vectors creation on the basis of
a standard -normal distribution

g corr = np.exp(-2 * np.sqrt ((Dx/thetax)**24+(Dy/thetay)**2)) # Markovian
correlation in 2D
2 corr = np.linalg.cholesky (corr)
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483
484
45 rdnll = corr @ np.random.normal (0,1, size = [len (X coord),nfields])
s rdnl2 = corr @ np.random.normal (0,1, size = [len (X coord),nfields])
187

8 # %% Pre-allocation of ¢ and phi fields

w0 ¢ = np.zeros ((len(X coord),nfields))
w1 phi = np.zeros ((len (X coord) ,nfields))

w3 # %% Attribute transformations to correct areas on the basis of their (
LN) point stats

w95 for 1 in idx'cl:

slnc’cl + mlnc'ecl)
* slnp'cl + mlnp'cl)

497 c[i,:] = np.exp(rdnll[i,:]
498 phi[i,:] = np.exp(rdnl2[i,:]

s00 for 1 in idx'p2:

502 c[i,:] = np.exp(rdnll[i,:] * slnc'p2 4+ mlnc'p2)
503 phi[i,:] = np.exp(rdnl2[i,:] * slnp p2 + mlnp'p2)
504

s05 for 1 in idx'p3:

506
507 c[i,:] = np.exp(rdnll[i,:] * slnc'p3 4+ mlnc'p3)
508 phi[i,:] = np.exp(rdnl2[i,:] * slnp p3 + mlnp'p3)

5.0 for 1 in idx'c4:

512 c[i,:] = np.exp(rdnll[i,:] * slnc’'c4 4+ mlnc'c4)
513 phi[i,:] = np.exp(rdnl2[i,:] * slnp'c4 + mlnp'c4)
514

s5i5 for 1 in idx'c¢cH:

516
s17 c[i,:] = np.exp(rdnll[i,:] * slnc'c¢cb5 4+ mlnc'ch)
518 phi[i,:] = np.exp(rdnl2[i,:] * slnp'c5 + mlnp'ch)

520 for 1 in idx's6:

522 c[i,:] = np.exp(rdnll[i,:] * slnc's6 4+ mlnc's6)

523 phi[i,:] = np.exp(rdnl2[i,:] * slnp's6 + mlnp's6)

524

55 # %% Check PDF, CDF of RF properties - ¢ / phi

526

527 crfl , binrfl = np.histogram(c, bins = 5) # histogram properties

528 pdf'rfl = crfl /sum(crfl) # Probability distribution function of safety
factors
520 ¢cdf'rfl = np.cumsum(pdf'rfl) # Cumulative distribution function

530 import matplotlib.pyplot as plt

553 plt.plot(binrfl [1:], pdf'rfl, color = ’'red’, label = 'PDEF’)
s plt.plot(binrfl [1:],cdf'rfl, color = ’blue’, label = 'CDF’)
555 plt . legend ()

538 # %% Saving characteristics

50 file'mamel = ’ntip.dat’

551 file'name2 = ’RandomFieldTest3.dat’ # !! KEEP NAME THE SAME - IT’S CODED
IN THE UDSM

s> file'name3 = ’SafetyFactors.dat’

53 file'name4 = ’Nf.dat’

su save pathl = ’C:/YourPathToUDSMReading’ # Path to folder from which UDSM
reads

55 save path2 = ’C:/YourPathToThePLAXISProject/YourProject.p2dxdat/’ # path
to folder of the PLAXIS project

57 IntegrationPoints = os.path.join (save pathl , file'namel) # the number of
integration pts
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RandomFields = os.path.join (save pathl,
to be read by udsm

SafetyFactors os.path.join (save path2
factors proj folder

BinaryFailure os.path.join (save path2
performance

in

# %% Plot to check RFs

import matplotlib.pyplot as plt
#from mpl toolkits import mplot3d

fig , ax plt.subplots ()

scatter
ax.set (xlim

ax.set (ylim [-15,40])

legendl = ax.legend (*scatter.legend elements

right”, title = 7c¢”

plt.savefig (" RandomFieldCheck. jpg”, format

# %% Save no of integration points

, file'name4) # Binary

ax.scatter (X coord,Y coord,c = c[:,0]) # first
[-15,40]) # Your bound-limits here

file' name2) # the random fields

, file'name3) # the safety

failure

random field

if

needed

= loc =

(num = 6), “upper

jpg’, dpi = 500)

ntipl = np.reshape(np.array ([len (X coord)]) ,[-1,1])
np.savetxt (IntegrationPoints ,ntipl, fmt = *%1.01")

# %% Pre-allocation of output variables and substring check for failure
in first 2 phases
sf = np.zeros ((nfields ,1)) # Safety factors pre-allocation
nf = np.zeros ((nfields ,1)) # Number of failed iterations
substring'check = 'The calculations of the following phases failed’
# %% Calculate
start = time.time ()
for i in range(nfields):
c¢'phi = np.column’stack ((c[:,i],phi[:,1]))
np.savetxt (RandomFields, c'phi) # saving the two random fields to
file
# Mark for calculation
Initial.ShouldCalculate = True
Null. ShouldCalculate = True
Safety .ShouldCalculate = True
if substring check in g'i.calculate(Initial): # if issues in initial
phase
sf[i] = float(str(Initial.Reached.SumMstage))
nf[i] =1
elif substring'check in g'i.calculate(Null):

st[i] = 0.99
nf[i] = 1

calculate (Safety)

i] —

i] =0

np.savetxt (SafetyFactors ,sf) # Save to
processing

np.savetxt (BinaryFailure ,nf) # Save to
processing

end = time.time ()

zDuration = end - start # duration

stored

float (str(Safety.Reached.SumMsf))

file - hedge for crash + external

file - hedge for crash + external

in a variable



SCALE OF FLUCTUATION, o AND MESH
CHOICES

In this appendix, illustrations are provided to highlight the role of input scales of
fluctuation on the correlation values between an origin point and its surroundings,
for a given correlation structure. This is done by choosing an isotropic scale of

fluctuation (6 = 6y) with two different values (6 = 6, = 2,10 m).
3D visualization of Markovian correlation as a function of 60

Markovian correlation function - O, = ©, = 2m

- 06

Correlation p [-]

Figure E.1: 3D visualization of correlation as a function of 7, 7y, for 6y =2 m, 0, =2m

Markovian correlation function - ©, = 10m, ©, = 10m

Correlation p [-]

Figure E.2: 3D visualization of correlation as a function of T, 7y, for 6y = 10 m, 6, = 10 m
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2D zoomed in projection of Markovian correlation as a function of 6

o Markovian correlation function - ©x = ©, =2m Markovian correlation function - ©, = ©, =2m
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(a) 2D illustration (b) 2D zoomed in (%‘ =0.5m,4=05m,p=07)

Figure E.3: Parameter Markovian correlation (p) as a function of an isotropic spatial correla-
tion structure, 6, = 2 m 0, = 2 m)
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Markovian correlation function - ©, = 10m, ©, = 10m X Y

0o 3 - 0.9
2 o8 2 - 0.8
-07
-07 ;
10 06
-06
E @ 05 -05
~ 0
£ A
04 1 04
-10 -03 -03
- 0.2 -2 02
-20 o4 - 0.1

Ty [m]
o

0 10 0 10 2 -30-25-20-15-1.0-05 0.0 0.5 10 15 20 25 30
T ] o m
. . . 0
(a) 2D illustration (b) 2D zoomed in (%" =25m,4¥=25m,p=07)

Figure E.4: Parameter Markovian correlation (o) as a function of an isotropic spatial correla-
tion structure, 6, = 10 m 0, = 10 m)



CDF OF SFs - VERIFICATION CASE 2

This appendix provides an illustration of the CDFs of safety factors for different
scales of fluctuation, along with the mean, median and deterministic solutions. This
is to prove that with a very large scale of fluctuation, the distribution of results
should resemble that of a set of deterministic analyses, which for a combination
of mean values of parameters should yield a value close to the deterministic safety
factor obtained with those same mean values.

Moreover, results confirm the trend observed in literature, that with smaller values
of spatial correlation, the distribution of solution tends to be more narrowly spread
around the mean solution.

Cumulative distribution of safety factors

1.0

—— CDFO - =
= CDF © =10
= CDFO =5
= CDF O =1

8 0.8 - CDF ©=0.5

5 — CDFO=0.1

B deterministic
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0." 0.6 median

c

o
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-
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E

©
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o 0.2

0.0 :
0.0 0.5 1.0 1.5 2.0 2.5

Safety Factor

Figure F.1: Cumulative distribution functions and deterministic solutions for safety factors
in the 2"? verification case study
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RANDOM FIELDS AS A FUNCTION OF

® - VERIFICATION CASE 2

This appendix provides a series of comparative plots of random fields distributions
along a problem’s geometry for different scales of fluctuation. The original study
used a scale of fluctuation normalized to the height of the slope - © = %, so results
here are expressed in terms of this entity. This serves to illustrate the effect the
scale of fluctuation has on the distribution of a parameters’ values throughout the
domain, while reinforcing the verification of proper reading and storage of the
random field in PLAXIS” kernel. To avoid redundancy, only the cohesion random
field is used in this case, but the principle holds for the other random fields as
well. Illustrations can be consulted in figures G.1 to G.5. It is worth noting the
gradual increase in continuity of zones of a certain value, for larger values of scale
of fluctuation. In this sense, it is also important to note the scale of values PLAXIS
provides when illustrating the values of parameters.

Distribution of cohesion values over the domain for ® = 0.1

w o © I &
=] 8 e 8 8
o b B Bona B S,

g
\

g
kB

Figure G.1: Random field for ¢’ [kPa] - Verification case 2 - @ = 0.1 (8, = 6, = 1 m)

Distribution of cohesion values over the domain for © = 0.5

g g g g g
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:
|

1l

8
8

L

Figure G.2: Random field for ¢’ [kPa] - Verification case 2 - @ = 0.5 (8, = 6, =5 m)
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Distribution of cohesion values over the domain for © = 1
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Figure G.3: Random field for ¢’ [kPa] - Verification case 2 - ® = 1, (6, = 6}, = 10 m)

Distribution of cohesion values over the domain for ® =5
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Figure G.4: Random field for ¢’ [kPa] - Verification case 2 - @ =5, (8, = 6), = 50 m)
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Figure G.5: Random field for ¢’ [kPa] - Verification case 2 - @ — oo



STRESS POINTS SPACING -
VALIDATION CASE STUDY

This appendix provides an illustration from a PLAXIS connectivity plot showcasing
both the nodes and the stress points” distribution at a remote part of the domain.
The nodes are depicted in red, while the stress points are shown with purple dots.

This serves to prove that the distances between two integration points in this zone
remote from the failure area is not larger than o.5 m, which is the smallest scale
of fluctuation taken into account in this study. As a result, this can be captured by
the mesh in the scenarios considered. That being said, as mentioned in the main
text there is a small number of elements for which this spacing is not achieved and
larger elements are generated.

As noted before, this was deemed acceptable due to the rarity of occurrence and
the very large number of stress points potentially needed to comply with this req-
uisite all over the domain. Increasing the stress point density until meeting this
spacing criterion in the remote areas of the domain would make the duration of the
calculation prohibitive for the purpose of this study.

Detailed view of the largest elements in the mesh

8
I

b
3

<]
8

Figure H.1: Spacing between integration points in the sand layer - Starnmeer validation case
(Red points = nodes; Purple points = stress points)
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RANDOM FIELDS AS A FUNCTION OF
® - VALIDATION CASE STUDY

Distribution of cohesion values over the domain for 6, = 0.5m, 6, =6 m
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Figure 1.1: Starnmeer validation case - random field for ¢’ [kPa], 6, = 0.5m, 6, =6 m
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Distribution of friction angle values over the domain for 6, =05m, 6, =6 m
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Figure 1.2: Starnmeer validation case - random field for ¢’ [o], 6, =0.5m, 6, =6 m
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Distribution of cohesion values over the domain for 6, = 6;, — oo

-20.00 -15.00

-10.00 -5.00 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

45.00

VATV AN Tt ANAN AN AN ANANANAN

||

-5.00

-10.00

-20.00

-25.00

Figure 1.3: Starnmeer validation case - random field for ¢’ [kPa], 6, = 6;, — o
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SEPARATE COMPARISONS - CDFs OF
SFs - STARNMEER VALIDATION CASE

This appendix provides illustrations of the results presented in figure 5.6 of chapter
5. To highlight the point around the meaning of “1” as a threshold safety factor
value, the parts of the curve below this value are plotted with a different color.

Cumulative distribution of safety factors

1.0 =—— ©=0.5Literature
—— 0=0.5, SF<1
—— 0=05,SF>1

I o ©
EN [} ©

o
(N

Probability of non-exceedance

0.0 ]

1.0 1.1 1.2 1.3
Safety Factor

Figure J.1: Comparison of CDFs of safety factors for the Starnmeer validation case:
GU = Gh =05m

Cumulative distribution of safety factors
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Figure J.2: Comparison of CDFs of safety factors for the Starnmeer validation case:
0, =05méb,=6m
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Cumulative distribution of safety factors
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Figure J.3: Comparison of CDFs of safety factors for the Starnmeer validation case:
9-0 = 9}1 — 0



DEMONSTRATIVE CASE STUDY:
DETERMINISTIC ANALYSIS

This appendix provides an illustration of the failure mechanism for the determin-
istic calculation in the demonstrative case study. In figure K.1, incremental dis-
placements are plotted as a result of a “Safety” analysis performed with the mean
parameters reported in table 6.1.

The failure mechanism identified in this deterministic analysis is only local, not
extending to the bottom two layers. This makes the procedure of varying property
values significantly only in the top layer reasonable. If the failure mechanism would
have extended to the bottom two layers, this assumption would not be valid. As a
result of this undertaking, a safety factor value of 2.5 was calculated.

Incremental displacements post Safety phase
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Figure K.1: Demonstrative case study - Illustration of incremental displacements |Au| from
the Safety analysis in PLAXIS
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DEMONSTRATIVE CASE STUDY:
RANDOM FIELDS AS A FUNCTION OF 0

In this appendix, illustrations of the distribution of values for the random field of
”G” in the demonstrative case study are presented. This serves two purposes:

e Visually reinforcing the argument for the appropriateness of the mesh
e Providing a visual support for understanding the results presented in 6.2.

Distribution of shear modulus values over the domain for 6, =6, =2 m
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Figure L.1: Demonstrative case study - random field for G [kPa], 6, = 6, =2 m

Distribution of shear modulus values over the domain for 6, =2 m, 6, =10 m
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Figure L.2: Demonstrative case study - random field for G [kPa], 6, =2 m, 6, =10 m
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Figure L.3: Demonstrative case study - random field for G [kPa], 6, = 6;, — o
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COMPUTATION TIMES OVERVIEW

In this appendix, information on average computation times for the analyses carried
out in this thesis is presented. This includes the number of random parameters
considered, the number of construction stages, the number of integration points
and of course the average duration per realization. These are highlighted in table
M.1 below. The same information is illustrated in figure M.1.

Table M.1: Average computation times for all the cases studied in the thesis

Case Parameters | Stages | Stress points | Time/realization [s]
Verification 1 2 3 1992 23
Verification 2 2 3 2500 26

Starnmeer validation 2 3 11,000 94
Demonstrative case study 3 3 12,500 190

This provides a more comprehensive perspective regarding the influence of relevant
factors on operational performance discussed in sub-chapter 7.2.

Between the second verification and the validation case study it can be seen how
for the same number of random parameters and construction stages, the number of
stress points significantly affects computation times.

Then, comparing the Starnmeer validation case study with the demonstrative case
study, it can be seen how influential the addition of an extra parameter can be
in slowing calculation time. Of course, it should also be taken into account that
the final case study required a slightly larger number of stress points and that the

output panel is opened at every realization, which is not the case for the validation.

Computation times for all cases studied in this thesis

Average computation time per realization - all case studies
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Figure M.1: Illustration of average calculation times in case studies treated in this thesis
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