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Abstract

With the increasing population and people travelling with a higher demand for
sustainable travelling transport alternatives, the railway network is needed to be
developed. In this thesis an earlier performed failure test embankment in Pernio,
Finland is analysed and simulated numerically in Plaxis, using the creep-SCLAY1S
model. It is discussed however the old railway embankments can handle higher axial
load than they were initially buildt for or if reinforcements are needed. The result
and discussion in this thesis compare the measured results from the performed failure
test with the modelled results performed in this thesis. The compared results were
similar except from the displacements and the results show that the old railway
has the capacity to carry higher loads than initially predicted.In conclusion, it is
discussed however numerical methods are suitable for analysing failure or not. Thus
Numerical models are precise and take many parameters and aspects into account
when calculating failure the Plaxis tool are calculating until the soil fails and are
not able to simulate a load coming from a train.

Keywords: Creep-SCLAY1S, Embankment, Failure test, Numerical model, Soft soil,
Pernio, Plaxis
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1

Introduction

Over time the need for more e ective transport systems has been an important fac-
tor in the infrastructure system of most parts of the world. This is no exception for
the Scandinavian countries (Eckhardt and Rantala, 2012). With an increasing pop-
ulation, the transport systems need to be up to date and be able to handle higher
loads and more dense tra c (Eckhardt and Rantala, 2012). The rst railway in
Finland was built in 1869 and many of the railways in Finland are built before the
19th century (Vozniak et al., 2018). With an increasing demand in freight transport
with higher axle loads than intended when the railway was built, the capacity of old
embankments needs to be investigated. If an old railway is to be rebuilt, would the
embankment be able to handle higher axial loads than it was built for or is there a
need of reinforcement?

To investigate the stability of an old railway embankment, a failure test of a railway
embankment was performed in Pernid, Finland in 2009. The test was set up by
the Finnish transport administration to investigate the stability of an embankment
on a relatively sensitive clay in situ, to assess the stability of embankments with
similar conditions. The test location was in an area with an old railway embank-
ment outside Pernid in South-Western Finland. The test was executed by digging
out parts of the old Il from the existing railway and excavating a ditch about 14
meters south of the embankment to direct the failure in the direction of the planned
instrumentation. Two weeks after building the ditch, a 0.6-meter high embankment
was built on the same location as the old embankment. On top of the embankment,
a railway track was built, with a stack of containers placed on beams over the track
to simulate four train wagons. These containers were loaded with sand in steps until
the embankment reached failure. The embankment was monitored with instruments
placed in the test area.

Test data was gathered from the instruments, however, as yet no proper numer-
ical analysis has been made to understand the response. The simulations in Plaxis
previously performed by D'lgnazio et al. (2017) have been using the basic hardening
model, and the most advanced analyses by Lethonen (2011) with an advanced creep
model (Yin et al., 2010), did not rigorously account for the e ects of anisotropy and
the anthropogenic history on the initial state. Furthermore, a limited amount of soil
testing was available. Thus, the starting point for the analyses was not ideal.

By starting from the additional soil tests done on samples nearby, taken after the
failure test, in this thesis representative set of model parameters have been derived.

1



1. Introduction

Consequently, all the stages of geological and anthropogenic processes that resulted
in the initial state of the soil before loading the embankment to failure have been
done step by step. Thus, new insight into to problem has been made by doing a
numerical analysis in Plaxis using the Creep S-CLAY1S model (Sivasithamparam
et al., 2015), resulting in a more representative simulation of the failure of the test
embankment.

1.1 Aim and Objectives

The aim of this thesis is to do a quantitative numerical analysis of the Pernid failure
test embankment with an advanced rate-depended model. The analyses aim to
complement and improve the previous studies, utilising the unique eld data from
the failure test of the embankment in Perind, using the Finite Element Method
(FEM) and make re ections of the actual outcome of the failure, to generalise the
results.

The following Objectives are set:

" Create a Creep-SCLAY1S model for the Pernio failure test embankment.
Estimate representative model parameters for the soil pro le for the numerical
analyses using the available experimental and eld data.

Analyse what model parameters are most relevant or sensitive for the case of
the embankment in Finland.

Analyse the problem with Plaxis and thus assess how analyses with an ad-
vanced model can be used as a tool for further analyses of the safety of railway
embankments.

Assess what discrepancies are still remaining when modelling embankment
failure on sensitive clays.

A

1.2 Limitations

The performance of the analysis of the Perni6 embankment failure test has some
limitations in this report as stated below:
The simulation will be performed with a 2D model, even though the
problem is three-dimensional.
No additional site investigation will be made, thus only a literature study
and analyses of gathered data will be used to create the simulation.
Results may di er between the simulation and the actual failure test
since there are always some uncertainties when modelling materials of a
geological origin.
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1.3 Methodology

A literature study was performed to get a better understanding of the subject and
the case. The literature study mainly consisted of online scienti ¢ databases but also
printed books and material from previous course ACE150, "Soil modelling and nu-
merical analyses" at Chalmers University of Technology. Due to many recent studies
performed in the study area, some earlier performed theses were also reviewed to
get a better picture and understanding of the case study and the performed failure
test. A more detailed description of the failure test can be found in Chapter 2.

From earlier studies performed at the site, laboratory test, and measurement data
was retrieved. This data was analysed, and some parameters were recalculated and
back- analysed by simulating the experimental response with the Soil Test Tool in
Plaxis. The calculation process and the simulated soil tests are described in detalil
in Sections 4.1 and 4.2, respectively.

After a satisfactory set of model parameters, a Plaxis model for the Pernié embank-
ment failure test was set up, assuming 2D plane strain conditions. The main soil
model used was in modelling the layers where the failure occurs is Creep-SCLAY1S,
which is an advanced rate-dependent model, described in Section 3.2.4.

The results from the Plaxis simulations were analysed and the important results
based on the set aims and objectives were retrieved, these are described in section 5.
The results were mainly graphical with meshes showing displacements, pore pres-
sures, and the mechanics of the soil movements. All of the results were based on
the Plaxis calculations. After analysing the results a discussion was made based on
the results and from these conclusions could be made answering the questions set in
the aims and objectives.
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Site description

This Chapter aims to give a description the loading history and performed failure
test of the study area, including the numerical models used for modelling the failure
test of Perni6 embankment by other authors.

2.1 Pernido embankment

The study area are located in Perni6, in the municipality of Salo, in South-Western
Finland. The site is a part of the old railway connecting Helsinki and Turku. In
this thesis, the study area, with cross section seen in Figure 2.1 will be referred to
as Pernido embankment failure test site.

Figure 2.1: Cross section of the test site (Mansikkamaki, 2015)



2. Site description

In this thesis the soil layers, presented in Figure 2.1 will be named as follow:
New embankment = New |l
" 0ld lIh=0ld I
Dry crust = Dry crust
Soft clay = Clay layer 1
silty clay = Clay layer 2
sand and dense moraine = moraine

2.1.1 History and geology of the study area

The soil conditions on the test site are mainly consisting of highly sensitive and
lightly overconsolidated clay due to ageing e ects. The studied embankment that
was driven to failure was buildt on top of an old railway build from the 1960s
(Lehtonen et al., 2015). Figure 2.1 shows a cross-section of the studied embankment
where the old railway rested on soil consisting of old I, dry crust, soft clay, varved
clay, and a layer of sand/moraine, respectively. To perform the failure load test on
the embankment a new railway embankment was built on top of the old railway and
then brought to failure using sand- lled containers.

2.1.2 Full scale failure test

In Pernio, a full-scale railway failure embankment test was performed in 2009, to
collect full-scale monitoring data and assess the reliability of calculation methods
for the stability of old railways embankments. The test was performed by Tampere
university together with the Finish Transport Agency (FTA). Before the loading of
the embankment to failure, a site investigation program was performed in the study
area. Figure 2.2 shows the investigation program, which consisted of 24 weight
soundings, 13 vane shear tests, and 19 CPTU tests to characterise the soil under-
neath the test embankment. Also conventional laboratory triaxial and oedometer
tests were performed.
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Figure 2.2: Measurement instrumentation location. (Lethonen, 2011)



2. Site description

2.1.3 Loading of the failure embankment

To perform the failure test, a new 0.6 m high and 60m long embankment was buildt
on top of the old embankment. The old embankment was considered to be too weak
to be representing an operational railway embankment. Additionally, a ditch was
excavated on the side of the embankment to control the collapse. The side slope of
the embankment was around 1:2 and the ditch had a slope of 1:15.

Figure 2.3: Perni6 failure embankment (Lethonen, 2011)

On top of the new embankment four containers were placed, as illustrated in Figure
2.3, and thereafter loaded stepwise by lling the containers with sand. The loading
began on 20 October 2009 at 15:30, de ned as t=0(hours):00(min). Each loading
step was an incremental loading of 15t to each container, corresponding to an incre-
mental trainload of 4.7kPa.

To ensure that the failure would occur at the centre of the embankment, the two
middle containers in Figure 2.3 was loaded with 24kPa and the outer containers with
21kPa during the rst time step. Thereafter, a load of approximately 5.5kPa/h was
added to each container until the middle containers were loaded with 87 kPa, and
the outer with 85 kPa. This load was higher than expected based on initial analyses
and was the maximum load that could be applied. Loading was halted at t=28:04
and failure occurred at t=29:57.
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2.1.4 In situ measurements

When the failure test took place in 2009, there were nearly 300 measurement tar-
gets installed on and around the embankment. These points were chosen to get an
accurate idea of the ground movements at surface on the soils during the test from
the start of loading to the failure. Figure 2.2 shows a top view of the site with all
the measurement instruments included.

The instrumentation installed on site consisted of:

" 37 Pore pressure transducers installed to measure excess pore pressure in the
expected failure zone. Each transducer was placed in clay layer 2 with a 0.25
meter vertical space to minimise the soil disturbance.

3 horizontal uid- lled exible plastic settlement tubes containing pressure
transducers. The tubes were placed in the failure zone to calculate the settle-
ment in given points. The longest tube was 110 meters long with 28 trans-
ducers placed under the embankment at the failure side. The second-longest
tube was 70 meters long and included 6 transducers. The third tube was 65
meters long with 19 transducers.

Two total stations for monitoring surface displacements automatically during
the experiment.

9 inclinometers were installed in three transverse lines between the ditch and
the embankment to measure the horizontal displacements in the soil.

Earth pressure transducers were installed under the embankment in the Il at
a level of +7.5 meter to measure the vertical stress under the embankment.
76 slip indicators, installed between the embankment and the ditch to estimate
the slip surface depth.

32 strain gauges for weighting the containers.
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3

Background

In this chapter, the theoretical and technical ndings from the studied literature
will be presented. The chapter starts with explaining the behaviour of soft soils
and responses from loading and unloading, focusing on embankments on soft soails.
Further, the chapter presents some di erent numerical models and explain their
di erences.

3.1 Soft soils

Soft soils are common in many places in Scandinavia. The stress-strain behaviour
of soft soils bears some similarities with the stress-strain behaviour of metals but
with one important di erence, soil is not a continuum but a multi-phase material
with solids and voids. The large amount of voids lled up with (usually) water and
air which makes the deformations of soils larger than those of metals that must be
taken in to account when describing soils (Wood, 1990).

Soil consists of small particles connected by molecular forces which also a ects the
ratio of deformations and is even higher for soft clay with a high void ratio. The
deformations of soil depending on the soil structure and the parameters connected
to its composition as density, organic content, water content, grain size, and mineral
composition (Larsson, 2008).

Soil deformations consist of both changes in shape (shear strains) and volume (vol-
umetric strains), and the magnitude of the deformations varies. Further, the pore
pressure aects the magnitude of the deformations. The pressure a ects the re-
lations between the shear stress and normal e ective stress, and large excess pore
pressure may result in large shear deformations (Larsson, 2008).

The hydraulic conductivity, k, which geotechnical engineers refer to as permeability
describes how fast water can ow through the material. For ne-grained soils, such
as clays, which consist of very small particles compared to sand, the permeability
is slightly low. Sand have a permeability with the magnitude ofl0 *m/day while
clay have a permeability with the magnitude ofL0 ® m/day.

Soil deformations can be divided into immediate deformations and time-dependent
deformations. Time-dependent deformations consist of consolidation and creep.
Consolidation is deformations due to volume reduction caused by the ow of wa-

11



3. Background

ter and is thus associated with a change in e ective stress. The classic theory
of consolidation was developed by Terzaghi (1923), Figure 3.1 shows the primary
and secondary consolidation curve, also called the consolidation curve which will
be described in more detail in section 3.1.1. For settlement calculations, it is of
importance to take into account the stress history and deformation history in situ of
the soil to optimize safety conditions (Meijer and Aberg, 2007). This applies both
for consolidation and creep.

Figure 3.1: Primary and secondary consolidation curve (Mats Olsson, 2010).

Immediate deformations for undrained soils consist of shear strain only, and if
drainage is enabled, both volume change and shape changes (Larsson, 2008), re-
sulting in both volumetric and shear strains.

3.1.1 Creep

The time-dependent deformations of soils consist of both consolidation and creep.
Consolidation is described in the previous section and creep will be described in
more detail in this section.

Creep, also called secondary consolidation, can be described as deformations with
time, under constant e ective stress, and no change in excess pore pressure (Wood,
1990). The deformations from time-dependent creep are controlled by viscosity and
is characterized by a coe cient for secondary consolidatiolfC . This coe cient
describes the linear relation between creep deformations and the logarithm of time
and is commonly used in most other countries than Sweden. Hence in Sweden its
most common to describe creep with ¢ which can be derived as the slope of the
consolidation/compression curve de ned in equation 3.1 and equation 3.2. Figure
3.1 visualize the consolidation/compression compression curve which is the result
from Incremental Oedometer tests.

12
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s Iogc(rt) (3.2)

s describes the creep deformation development during time, and the results from
oedometer tests in laboratory suggest that creep is strongly dependent on the ef-
fective stress. The apparent creep rate increases between §.8nd 1.0 0, thus
accelerating as we approach the apparent preconsolidation pressure. Creep can be
assumed to be insigni cant until a certain deformation of 0.8, is reached, and
thereafter increases until its maximal deformation, . (Meijer and Aberg, 2007).
Janbu, 1969 presented a theory, where the creep deformations were described with
a time resistance number, de ned in equation 3.3.

dR
rs - a (3-3)
where R is the time resistance de ned as:
dt
R= - (3.4)

Laboratory tests shows a relation with time and that the time resistance R is increas-

ing after a certain reference time,, corresponding to the time where the excess pore

pressure have equalised and primary consolidation end (Meijer and Aberg, 2007).
This is visualised in Figure 3.2.

Figure 3.2: Time resistance R with time svang, 1991

Were after the time resistance can be described as:
R=rs (t t) (3.5)

13



3. Background

wherer refer to the time resistance numer and, is the reference time.
The creep strain due to time can be expressed as a integration over time frogto,
t according to equation 3.6, where, is the time where R is increasing linearly with
time (Meijer and Aberg, 2007).

12t dt 1 (t t)

1] - = - In
o rs to (t tr) rs tO tr

(3.6)

3.1.2 Embankments on soft soils

Building embankments on top of soft soil is still a challenge (Karstunen et al., 2006).
As cities are growing, there is a need for building in areas that were earlier considered
to be unsuitable for construction. For geotechnical engineers, there are challenges
such as the stability of the slopes, low bearing capacity, and di erential settlements.
For constructing embankment on soft soil there are many approaches, summarised
in Figure 3.3, where some of the methods improve either settlements or stability,
but most of them a ecting both settlement and stability (Almeida and Marques,
2013).

Which technique to use in a certain project depends on di erent factors as, cost,
geotechnical deposits, area use and construction timeline. Some of the methods are
not suitable for urban areas, such as removal of soft soil, given the lack of disposal
areas.

Figure 3.3: Methods for construct embankments on soft soil (Almeida and Marques,
2013).

Another challenge when constructing on soft soils is the placement of the equipment.
In very soft soils where the support capacity is very low a construction platform needs
to be built (Almeida and Marques, 2013). A working platform is a constructed area
next to the building area, where to place the heavy equipment. In cases with very
soft soils, the working platforms are often built using geotextiles reinforcement.

14
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Regardless of the chosen construction method, there is a need of monitoring the
performance of the constructed embankment to avoid failure during and after con-
struction and to ensure the embankment's function. Vertical and horizontal dis-
placements are often monitored to avoid detrimental e ects on the surroundings.
This can be monitored with inclinometers and settlement plates. Pore pressures
are something that also needs to be monitored, this is made easy with piezometers
(Almeida and Marques, 2013).

3.2 Numerical models

To numerically simulate the embankment failure test, Plaxis 2D was used. Plaxis is

a program, using the Finite element method, to analyse deformations and stability
of soils.

There are several ways of expressing the stress-strain relationship for soils. This
expression is also called the constitutive model and there are several classes or types
of constitutive models (Amavasai and Karstunen, 2017). Four of the most commonly
used types of constitutive models, visualized in Figure 3.4 are: the rigid-perfectly
plastic, the Elasto-plastic perfectly plastic, the Elasto-plastic hardening and the
elastoplastic softening models which can be used for numerical modelling.

Figure 3.4: Four constitutive models (Amavasai and Karstunen, 2017).

Independently, whichever model is used there are four essential components included
in elasto-plastic models. These form of components vary between the models, but
the concept are the same. The necessary components in all elasto-plastic constitutive
models are:

The elastic laws , which is de ned in its simplest form from Hooke's Law of
Isotropic elasticity as:

1
"x = E( x y z) (3.7)
Y=oty ) 38)
1
"2 = E( X yt 2) (3.9)
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Equation 3.7-3.9 describes the calculation of the strain wheEeis Young's modulus
and is the Poisson's ratio. Shear strains are produced and a shear modulus, G is
inserted into the model. The shear modulus, G describes the relation between the
shear strain and the angle change . What parameters to insert depends on the
material model and the soil properties, but commonly used elastic parameters are:

Young's modulus, E
Shear modulus, G
Poisson's ratio,

Bulk modulus, K

The yield surface is used to delimit the elastic domain. The elastic domain is
inside the yield surface and the plastic is on the surface, if the stress state is outside
the yield surface, it is an impossible state.

The yield surface looks di erent between the models and thus di erent input param-
eters are used. In the Perfectly plastic case, the yield surface is xed. The hardening
plasticity has an expanding yield surface and the softening plasticity has a contrac-
tive yield surface. This contraction or expansion is controlled by the hardening
parameterh; and the yield surface can be expressed as:

fq ) (3.10)

1)

for a xed Yield surface and

19 05h) (3.11)

for a contractive and expanding yield surface. also expressed as:

fAp% a; ) (3.12)

wherep} is the hardening parameter.
The yield surface is a generalization of the 1D case and is visualized in gure 3.5
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Figure 3.5: Yield surface description.

The hardening laws , which are connected to the size and the change in orientation
of the yield surface (Amavasai and Karstunen, 2017). In the expression of the yield
surface in equation 3.11 and 3.12, the hardening parameter h apfl control the
expansion or contraction of the yield surface during plastic deformations.

The hardening rule and the hardening parameter is expressed as:

P = Po("h: "5 (3.13)

P’ q
Compared to the standard numerical models in Plaxis, the hardening rules of Creep-
SCLAY1S also takes into account the rotation of the yield surface which will be
described more detailed in section 3.2.4.
The fourth component isthe ow rule . This is the direction of the plastic ow.
The ow rule can be non-associated or associated. In associated ow, the plastic ow
Is normal to the yield surface. In non-associated ow, a separate plastic potential
surfaceg is introduced.
expressed as:

n @g

p —

d"p = ob (3.14)
. @g
P = —

d"? ot (3.15)

Whereg is the plastic potential, and the rstterm in equation 3.14 and 3.15 describes
the magnitude of the plastic deformations while the second term in the equations
control the plastic deformation direction.

3.2.1 Mohr-Coulomb model

One commonly used model is the Mohr-Coulomb model which is an elastoplastic-
perfectly plastic model. The model behaves purely linearly elastically until failure is
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reached and after failure deformations behave perfectly plastic. The Mohr-Coulomb
model is not suitable for normally consolidated (NC) or overconsolidated (OC) soft
clays, which exhibit bi-linear response, therefore it is used for sti soil layers without

signi cant volume change during shearing (Amavasai and Karstunen, 2017). The
parameters of importance for the Mohr Columb model are shown in table 3.1.

Table 3.1: Input parameters for Mohr Columb model.

E kN=m? Young's modulus
% Poissons ratio
¢ kN=m? Cohesion
° Friction angle
° Dilatancy angle
« kN=m? Tension cut-o and tensile strength

3.2.2 Hardening soil model

More suitable for normally consolidated and overconsolidated clays are the constitu-
tive models with elasto-plastic hardening. The Hardening Soil Model contains two
main types of hardening, both shear hardening, and compression hardening, which
are used for model irreversible plastic strains ( PLAXIS Material Models CON-
NECT Edition V20, 2015).

The Hardening Soil model takes into account for stress dependency of soil sti ness.
Compared to an elastic perfectly plastic model as Mohr-Coulomb, the Hardening
Soil model has a yield surface which is not xed but can expand due to plastic
straining ( PLAXIS Material Models CONNECT Edition V20, 2015).

The expanding yield surface is divided into three parts which are, the cap yield

surface, the shear hardening yield surface and the Mohr Coulomb vyield surface, all
visualised in Figure 3.6 (Amavasai and Karstunen, 2017).

Figure 3.6: Yield surface of the hardening soil model (Amavasai and Karstunen,
2017).
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The cap surface is assumed to have an associated ow rule and its size is controlled
by the over consolidation ratio (OCR), or alternatively the pre overburden pressure
(POP). The size of the shear hardening is de ned with the coe cient of lateral earth
pressure at restK )’ which can be determined with Jaky's formula:

KC = sin( 9 (3.16)

The sti ness parameters for the Hardening soil model are determined from labora-
tory triaxial and oedometer tests, as the secant of the unloading-reloading curves,
or the tangent of the loading curve, respectively, as visualised in Figure 3.7. From
oedometer tests the drained stress-dependent sti ness parameter can be calculated

as: 0

Eoea = Egeg(=2) (3.17)
pref

Figure 3.7: Secant modulus and tangent modulus from triaxial and oedometer load-
ing curves (Amavasai and Karstunen, 2017).

whereps IS a reference pressure (often assumed to be equal to 100 kPa in Plaxis),
assumed to be equal to} in triaxial test and for oedometer loading the reference
pressure are assumed to be equal t§. Input parameters for Hardening Soil Model
are presented in table 3.2

Table 3.2: Input parameters for Hardening soil model.

m - power for stress-level decency of sti ness

Exl  kN/m?2 Secant sti ness in standard drained triaxial test

ES,  kN/m2 Tangent sti ness for primary oedometer loading

Erf  kN/m2  Unloading/reloading sti ness from drained triaxial test
ur % Poissons's ratio for unloading-reloading

POP kN=m? Pre overburden pressure

OCR KkN=m? Over consolidation ratio
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3.2.3 Soft Soil model

The Soft Soil model is a simple model to use for soft, normally consolidated, or
overconsolidated soils, even though it is not suited for modeling clays with high
sensitivity. The Soft Soil model is an elastoplastic hardening model. The yield
surface is elliptical and the size of the yield surface for the soft soil model is de ned
by the OCR (or the POP) which are de ned based on the relation between the
preconsolidation pressure, 2 and the in situ vertical e ective stress, 2 alternative
for

pop= 0 0 (3.18)

c

The cap yield surface in the Soft Soil model assumes associated ow, and the mod-
I ed swelling index, , and compression index, are used as the sti ness param-
eters. These indexes are de ned as the slope of the curve representing the relation
between the volumetric strains and the natural logarithm of the changes in mean
e ective stress, visualized in Figure 3.8.

Figure 3.8: Swelling index and compression index determination (Amavasai and
Karstunen, 2017).

The Soft Soil model also takes the memory of pre-consolidation stress into account.
To account for the horizontal e ective stresses at yield, the coe cient of lateral
earth pressure at rest at normally consolidated conditions is calculated from Jaky's
formula, K)'¢ =1 sin 2with friction angle at the critical state. Input parameters
for the Soft soil model are presented in table 3.3.
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Table 3.3: Input parameters for Soft soil model.

- Modi ed compression index
Modi ed swelling index

c kN/m? E ective cohesion
° Friction angle
% Dilatancy angle
t kN/m?2 Tensile strength
ur % Poisson's ratio for unloading / reloading
KYC - coe cient of lateral stress in normal consolidation
M - K € -parameter

3.2.4 Creep-SCLAY1S

Creep-SCLAY1S is a rate-dependent constitutive Plaxis model that can be used
in Plaxis for 2D or 3D. The model used in this thesis was developed and imple-
mented at Chalmers in collaboration with NGI (Norwegian Geotechnical Institute)
and Plaxis bv. The model is now available as a user-de ned model for Plaxis VIP
customers. The model accounts for anisotropy via a rotational hardening law and
takes both creep and the apparent bonding of sensitive clays into account, which
makes it applicable for soft sensitive clays (Amavasai and Karstunen, 2017).

For the ow rules, associated ow is assumed to simplify the elasto-viscoplastic
model and this also helps in making it numerically stable. The total strain rate
consists of two parts, rst an elastic part and then a viscoplastic part. The later is
described in eq 3.19. The elastic part are based on Hooke's law and the visco-plastic
part represent time-dependent and irreversible strains (Karstunen et al., 2006).

pe pe
-fzig+1g:/\_ﬁ+/\_f (3.19)

where"g and " is the volumetric and deviatoric creep strain ratel ,the visco-plastic

multipeler, de ned as:
| |
) 0 ° 2 27 .
n= L p—gq % where = - (3.20)
pm Mc KO i

Where g, is the equivalent current stress, ; is the instrinct creep index andp, is
the mean e ective stress of NCS.

Figure 3.9 visualising the Normal Compression surface of the Creep-SCLAY1S model,
which is the boundary between small irrecoverable creep strains and large irrecov-
erable creep strains. Since the model does not have a purely elastic region. The
NCS is assumed to be initially anisotropic, and is simply expressed in triaxial space
simply as:

fucs =(a p)> (M()*  ?lpn pIp°=0 (3.21)
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where
p° = mean e ective stress
g = deviatoric stress
= scalar, describing the orientation of the NCS and CSS.
M () = Stress ratio at critical state as a function of Lode angle

Figure 3.9: Creep- SCLAY1S model

Additionally, to the NCS there are two more reference surfaces for the Creep-
SCLAY1S model, the current state surface (CSS) and the instinct compression
surface (ICS), both illustrated in Figure 3.9. Once the current stress state coin-
cides with NCS, the soil becomes normally consolidated, exhibiting large permanent
strains.

Since the Creep-SCLAY1S model is an advanced model and takes many aspects, as
creep, bonding, etc into account there are many input parameters which are listed
in Table 3.4. A more detailed description of parameter determination can be seen
in section 4.2. Input Parameters for Creep-SCLAY1S can be sen in table 3.4.
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Table 3.4: Input parameters for Creep-SCLAY1S model.

POP
OCR

Poisson's ratio

Modi ed instrinct compression index

Modi ed swelling index

Stress ratio at critical state in triaxial compression
Stress ratio at critical state in triaxial extension
Initial anisotropy

Absolute e ectiveness of rotational hardening
Relative e ectiveness of rotational hardening
Initial bonding

Absolute rate of destruction

Relative rate of destruction

Modi ed intrinsic creep index

Reference time

Pre overburden pressure

over consolidation ratio
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4

Model setup

In this chapter, the setup of the model that was used for the simulations in Plaxis is
presented. This includes the determination of the geometry for the Pernido embank-
ment, the mesh for the calculations, the determination of the soil parameters, how
they were calculated, and the calculation steps with measurement placement.

25



4. Model setup

4.1 Geometry

The geometry of the embankment was determined based on reports describing the
site (Lehtonen et al., 2015, Lethonen, 2011, Mansikkamaki, 2015). When imple-
menting the geometry in Plaxis, the initial geometry was based on the soil layering
before the construction of the embankment failure test. However, for the rst step
in the calculation, the geometry of the top layer was the dry crust and was hori-
zontal. This to replicate the initial conditions on the site before anything was built
and to generate the correct pore pressures for each soil layer. The groundwater level
was assumed to be directly above the dry crust (+6,5m). After consolidation in the
rst calculation step, the actual initial geometry was implemented with the old |I

on top of the dry crust. After this, a geometry representing the construction of a
ditch east of the embankment was created. This followed by the geometry repre-
senting the construction of the embankment. This was the nal geometry used for
the remaining calculations.

Figure 4.1: Geometry in Plaxis

Figure 4.1 shows the geometry built up in Plaxis. The upper left gure shows the
initial conditions before construction of the original railway embankment and the
upper right gure shows the cross section of the railway embankment with the old |.
The lower gures shows cross sections of the railway embankment after construction
of a ditch, and lastly with the new Il on top of the old Il

4.1.1 Mesh for calculation of Perni® embankment

The mesh used in the Plaxis simulation was set to very ne for the model. For
the ve top layers: New Il, old IlI, dry crust, Clay 1, and Clay 2 the mesh was
re ned two times. The embankment was also re ned two times. This to have more
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accurate results with smaller elements. In the model, 15 noded elements were used.
The mesh set up can be seen in Figure 4.2. The colors in Figure 4.2 represents the
size of the elements individually.

Figure 4.2: The mesh set up for simulations of the Pernio embankment
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4.2 Parameter determination

When determining the soil parameters, Clay 1 was the layer most focused on. The
remaining values for model parameters were retrieved from earlier studies performed
by Matai¢ (2016) and Lehtonen et al. (2015), given these soil layers were not of as
big interest for the result as the soft clay layer 1. For Clay 1, the Creep-SCLAY1S
model was used and in Section 4.4 the parameter determination for this model is
described.

4.2.1 Initial stress parameters

The rst parameter taken into consideration was the preconsolidation pressures,

for the dry crust, clay layer 1 and clay layer 2. To evaluate the is important since
it indicates the largest load a soil has been exposed to, was determined using the
Casagrande method. The Casagrande method is explained in Figure 4.3 below.

Figure 4.3: The Casagrande method

The Casagrande method is based on oedometer tests from soil samples. From the
oedometer curve the . can be determined by drawing the following order:

" Line 1: A horizontal line is drawn from the point on the curve with the highest
curvature

Line 2: The tangent line for the point with the highest curvature

Line 3: The bisector between line 1 and 2

Line 4: The virgin compression line

Line 5: The line representing the intersection between line 3 and 4 indicating

C
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¢ is crucial to determine the OCR and POP. These are parameters used in the
Creep-SCLAY1S model. The e ective vertical pressure,3 is another crucial pa-
rameter. 3 is determined by multiplying the density of the soil and the depth to
get the vertical pressure at a speci ¢ depth and then subtracting the water pressure,
u at the same depth to get the e ective vertical pressure. The POP was deter-
mined to be larger directly under the embankment since this part has been subject
to larger loads from the old embankment Il and train loads. therefore the POP is
decreased in the model for Clay 1 further away from the embankment in the model.
The equations for the OCR and the POP can be seen in eq 4.1 and eq 4.2 below
respectively.

OCR= P (4.1)
A\

pop= 02 0 (4.2)

Cc \%

The OCR value was used to determine the lateral earth pressure coe cient at over-
consolidated (OC) state,K,. To calculate Ko and the lateral earth pressure coe -
cient at the normally consolidated state K {° the friction angle was determined by
eld investigation data by Matai¢ (2016). K, and K¢ indicates the lateral earth
pressures (horizontal e ective stress) in relation to the vertical earth pressures (ver-
tical e ective stress). Eqg 4.3 was used to calculat&, and eq 4.4 was used to
determine K g°.

. [
Ko=( sin 9 OCR (4.3)
Ki¢=1 sin ©° (4.4)

4.2.2 Conventional parameters

Conventional parameters used in the Creep-SCLAY1S include Poisson's ratio,
the stress ratio at critical state in triaxial compression and extensionyl. and M,
respectively, the modi ed intrinsic compression index, ; and the modi ed swelling
index,

° was determined from the eld data by Matai¢ (2016). ° is the relation between
the vertical and horizontal strain, ".

Initial values for M, and M were calculated using eq 4.5 and eq 4.6. In the equations
the friction angle ° was retrieved from the eld data by Matai¢ (2016).M. and M
values were later on re ned by triaxial simulations performed in Plaxis.

6sin ©
M. = — 4.5
€3 sino (4.5)
6sin ©
©~ 3+ sin © (4.6)
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The intrinsic slope of the normal compression line,; was calculated by analysing the
soil data retrieved from earlier performed soil tests by Matai¢ (2016) from di erent
depths of the soft clay. The retrieved values of; distributed over the depth were

analysed and from this data a mean value of; was determined. After this the

initial void ratio e, was determined in order to calculate ; with eq 4.7 below.

— i
T Tr e 4.7)
was calculated by determining a mean value of of similar as for determining .
After this  was calculated by using the initial void ratioe, in eq 4.7. The relation
between and can be seen in Figure 3.8.

= 1+ eo: (4.8)

4.2.3 Anisotropic parameters

Anisotropy is important when modelling soft soils. The anisotropy is results from
the shape of the clay particles and their preferred orientation due to the sedimen-
tation and self-weight consolidation (Karstunen and Koskinen, 2008). The initial
anisotropy is described with the parameter ,. o was calculated with eq 4.9 and
eq 4.10 (Leoni et al., 2008a).

2 2
kot3 ko M¢

0~ 3 (4.9)

where
1 Kg°

1+2Kje

The initial anisotropy changes when the soil is exposed for plastic straining that is
di erent from the K, loading that has been assumed to create the initial anisotropy.
The change is represented by the rotation parameters (Leoni et al., 2008b, Amavasai
and Karstunen, 2017)! (rate of rotation) and ! 4 (rate of rotation due to deviatoric
stress). ! was calculated with eq 4.11 and 4 was calculated with eq 4.12 below.
These parameters were later calibrated with simulated oedometer tests.

ko = (4.10)

1 10M2 2, !4

I == In 4.11
M2 2,4 Iy (4.11)
3 4aM2 4.2 3.,
lyg= = c 0 4.12
17 g 2 MZ+2 o (4.12)

4.2.4 Bonding and destruction parameters

Further important e ects to consider are the bonding and degradation of bonding
between clay particles. The initial bonding, o depends on the composition of the
minerals and the salinity and temperature of the water where the soil was deposited,
and subsequent geo-chemical changes (Karstunen et al., 2005). Bonding leads to ad-
ditional strength in the soil while degradation of bonding leads to less strength. The
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process of degradation of bonding is that the particles rearrange and slip, the pro-
cess is called destructuration (Karstunen et al., 2005). Parameters used to calculate
degradation of bonding are and 4, where represents the absolute rate of de-
structuration and 4 represents destructuration linked to the deviatoric viscoplastic
strain (Sivasithamparam et al., 2015). Eq 4.13 was used to calculatg. and 4
were retrieved from soil data by Matai¢ (2016).

0=S 1 (4.13)

4.2.5 Creep parameters

With the modi ed intrinsic creep index, ; and the reference time rate-dependency
can be modelled in the Creep-SCLAY1S model, is retrieved from an IL oedometer
test where the sample is reconstituted or under enough pressure to eliminate all
bonding, since ; is related to pure creep (Amavasai and Karstunen, 2017).is the
time for each loading step during the IL oedometer test. The determination of,
can be seen in Figure 4.4.

Figure 4.4: Determination of ; (Amavasai and Karstunen, 2017).

4.3 Simulated soil tests

To get a representative model for the clay in Plaxis, the parameters for Clay 1
were analysed by performing simulations of triaxial and oedometer tests in Plaxis.
Loading steps and time steps for the simulated tests came from real laboratory tests,
performed and analyzed by Matai¢ (2016).

4.3.1 Oedometer test

From the Pernié embankment failure test site, high-quality undisturbed soil samples
were gathered. A series of oedometer tests were performed on these soil samples by
Matai¢, 2016. In Plaxis a simulation tool was used to recreate these oedometer tests
with the earlier calculated parameters for the soft clay, to determine the reliability

of the parameters and if necessary, do changes of the parameters. The simulations
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were performed with four oedometer tests as reference. The graphs used as a refer-
ence showed the relation between vertical stress and strain. From the results of the
simulations compared to the real-life oedometer tests, parameters were changed to
match the real-life tests.

One of the four simulated oedometer tests can be seen in g 4.5. The dotted line
represents the IL oedometer test at 5.47-5.49m depth and the solid line represents
the simulated oedometer test at the same depth. To replicate the IL oedometer
test results the modi ed swelling index, and the modi ed instrinct compression
index, ; was evaluated to match the inclination of the compression and swelling
sections of the curves. The compression sections of the curve are located in the
parts with smaller inclination at the beginning of the curve and at the end of the
curve and correspond to . The swelling section of the curve is the section with a
larger inclination and corresponds to ;. By changing and ; the inclination of

the separate sections could be matched to the IL oedometer test results.

The curvature of the line was determined by evaluating the absolute e ectiveness
of rotational hardening, ! and the relative e ectiveness of rotational hardening,

I 4. ! corresponds to the compression section of the curve ahdcorresponds to the
swelling section of the curve. The simulated test was tted as good as possible to the
IL oedometer test results and when retrieving a good t the evaluated parameters
were changed in the nal input parameters of the Plaxis model.

Figure 4.5: Oedometer simulation Plaxis

4.3.2 Triaxial test

The triaxial test simulations were performed similar to the oedometer test simula-
tions. From laboratory data the p'-gq curves were analysed and by changing, M,
4, the simulated curves corresponded better to the real laboratory test values.
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4.4 Input Parameters

The nal parameters for each model and soil layer used in the Plaxis model are
presented in Table 4.1- 4.4. The Flow parameters for each soil layer are presented

in Table 4.5.

Table 4.1: Final Plaxis input parameters using the Mohr Coulomb model

Dry crust Moraine

General
Type Drained Drained
Density unsaturated [KN/m 3] 17 14
Density saturated [KN/m 3] 17 15
Parameters
EJKN/m 2] 1*10% 2*10%
vO 0.35 0.35
c® [kN/m 2] 3 0.345

o 34.6 36

[’] 2

Tension cut-o0 yes yes
Initial
K o determination 0.62 Automatic
OCR [kN/m ?] 2.09

Table 4.2: Final Plaxis input parameters using the Hardening soil model

Embankment old i

General
Type Drained Drained
Density unsaturated [KN/m 3] 21 19
Density saturated [kN/m 3] 21 19
Parameters
Vo 0.2 0.2
EX’ [kN/m 2] 1*10° 2*10%
Efel [kN/m 2] 1*10° 2*10°
Eret [kN/m 2] 2.5%10° 6*10*
m 0.5 0.5
c' [KN/m 2] 1 0.2

o] 38 35

[’] 8 5

Pret 100 100
K 0.38 0.43
Tension cut-o yes yes
Initial
KO determination Automatic Automatic
OCR [kN/m 2] 1 1
POP [kN/m ?] 20 20
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Table 4.3: Final Plaxis input parameters using the Soft soil model

Clay 2
General
Type Undrained A
Density unsaturated [KN/m 2] 16
Density saturated [kN/m 3] 16
Parameters
V' 0.15
c' [kN/m ?] 1
o 34.6
K 0.73
M 1.027
Tension cut-0 yes
2*10 3
i 0.1
Initial
KO determination 0.5
OCR [kN/m 2] 1.33

Table 4.4: Final Plaxis input parameters using the Creep-SCLAY1S model

Clay 1
General
Type Undrained A
Density unsaturated [KN/m 3] 14
Density saturated [KN/m 3] 15
Parameters
V' 0.2
o[ 34.6
1.65*10 3
i 6.375*10 °
M. 1.4
Me 0.95
! 52
I g 0.95
14.5
d 0.3
[hours] 24
i 2.6*10 3
Initial
KO determination 0.52
OCR [kN/m 2] 1.43
POP [kN/m ?] 9-14
0 0.4
0 38
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Table 4.5: Final Flow parameters for each soil layer
Embankment Old I Dry crust Clay 1 Clay 2 Moraine
Flow pa-
rameters
Use defaults  None None From data From data From data None
set set set
e int 0.5 0.5 2.8 2.35 0.5 3
kx [m=h] 4.16 0.83 7.2¥10°© 1.8*10 ° 1.08*10 ° 0.042
ky [m=h] 4.16 0.83 7.2¥10°© 1.8*10 ° 1.08*10 ° 0.042
Ck 0.25 0.25 14 1.175 0.25 15
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4.5 Phases and loading steps

The embankment failure simulation was calculated in 48 steps. The steps are de-
scribed in table 4.6 below. The rst four steps are representing the construction of
the test. Steps 5-48 are the loading and resting phases. The loading and resting
steps were determined by reviewing the execution of the failure test from the report
by Lehtonen et al., 2015. In Figure 4.6 the loading and resting steps are presented.
After three hours of loading the test was paused as shown in Figure 4.6. This since
it was dark during these hours and di cult to analyze the test, therefore it was de-
cided that the tests should be paused and subsequently continued the next morning.
The total time of the test was around 30 hours and the maximum load was 87.3 kPa
when the embankment reached failure.

Table 4.6: Calculation steps

Step Description

1 Consolidation of the initial geometry (11 years)

2 Old Il is applied and consolidated (11 years)

3 Parts of the old Il is dug out and a ditch is built (5.5 years)

4 Construction of the embankment (2 months)

5 Weight representing the containers on top of the embankment is applied (1 hour)
6-42 Load applied and resting phase (tot. 28.6 hours)

43-48 Consolidation phases until failure (tot. 19.8 hours)
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Figure 4.6: Loading steps for the Perni6 embankment failure test.

4.6 Failure de nitions

When analysing failure in Plaxis, certain guidelines needed to be set. The de nition
of failure was set to be at the point where large deformations occurred in a short
time period after the model had been consolidated after a long time period. This
could also be de ned as the point where the deformations start to have a positive
acceleration after a time of negative acceleration. In some cases the model reached
its limit when the simulation could not be calculated further, meaning that the
calculations failed after being consolidated. This was not de ned as the failure of
the model, but the time directly before failure.

4.7 Possible scenarios

In addition to the Pernié embankment failure test, two possible scenarios were simu-
lated. The scenarios were a train standing still on the tracks of the embankment for
a long time period. In the rst simulation, the weight of the train is representative

of the safety factor of 1.3 in relation to the failure load of 87.3kPa. The load of the
train was therefore set to 55kPa. The second load was set to the load between 55kPa
and the failure load 87.3kPa. The second simulation was therefore set to 71kPa.
The load was applied directly after the consolidation of the embankment. After this,
time steps were applied in the simulation. The time periods were:
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4. Model setup

Step Description

Consolidation of the initial geometry (11 years)
Old Il is applied and consolidated (11 years)
Parts of the old Il is dug out and a ditch is built (5.5 years)
Construction of the embankment (2 months)
10 hours consolidation

4 days consolidation

42 days consolidation

1.1 year consolidation

11.4 years consolidation

10 22.8 years consolidation

11 34.2 years consolidation

Tot 70 years consolidation

©CoO~NO UL~ WNEPE
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4. Model setup

4.8 Measurement instrumentation

To compare with the measured displacements and pore pressures, measurement
nodes were placed in the model. Figure 4.7 shows a cross-section of the embankment
where the numbered blue circles represent the pore pressure measurement nodes, and
the vertical grey lines represent the inclinometers. Node 1-5 at height 3.9m, 4.4m,
4.9m, 5.2m, and 5.4m are placed straight under the embankment. The heights are
described as meters above sea level. Node 6-9 at height 2.1m, 2.7m, 3.3m, and
4m at the toe of the embankment. Node 10-12 are placed 6.7 horizontal meters
from the embankment with heights at 3.2m, 3.9m and 4.6m, and nodes 13-15 are
placed under the ditch with heights at 2.6m, 3.14m, 4.2m, and 4.8m. The three
vertical lines represent the inclinometers which measure the lateral displacements.
The inclinometers are placed in the gap between the three cars in the experiment,
and in the model, these are placed between the embankment and the ditch with a
horizontal spacing of 3.6m, 7m, and 10m from the centre of the embankment.

Figure 4.7: Placement of measurement instrument in Plaxis model.
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5

Results and discussion

In the result and discussion chapter, the data retrieved from the simulations in Plaxis
are presented and compared with the measurement data retrieved from the real per-
formed embankment failure test. In geotechnics and also in this thesis, downwards
pressure is described as negative pressure. The results are divided into di erent
parts with a discussion included. The initial conditions are presented, where the
state of the model before any load has been applied is analysed. The displacements
from the simulated failure test from di erent points of view are presented. The
pore pressures during the test, safety analysis to show the sensitivity of the model
is analysed and the two alternative scenarios are presented where the deformations
and pore pressures are analysed.
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5. Results and discussion

5.1 Initial conditions

Before any load was applied on top of the embankment, the initial conditions were
determined. To have reliable results the soil was consolidated in the initial model.
This to decrease the excess pore pressures after adding the new Il. The deformations
from the consolidation were reset, before applying a load on top of the embankment.
This made the soil parameters representative for a long time of consolidation while
the geometry was not a ected.

Figure 5.1 shows the initial geometry before any load was applied on top of the
embankment. In the ditch, the Figure shows that water pressures are building up
in the bottom of the ditch presented as green arrows. This happens because the
groundwater table is higher than the bottom of the ditch.

Figure 5.1: Deformations before loading
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