Long-term settlement

behaviour In soft soil
areas for stress levels
below the yield stress

J. Dick

e
TUDelft






LQ

b@haw@ur N SOft

SOl
b@

Ng-term
flemer

areas for

Stress |evels
ow the vie

SIress

by

J. Dick

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on the 14" of September 2022.

Student number:
Project duration:

Thesis committee:

4354443

November 15, 2021 — July 15, 2022

Dr. ir. Cor Zwanenburg, TU Delft
Prof. dr. ir. Ramon F. Hanssen, TU Delft
Dr. Stefano Muraro, TU Delft
Ir. Flip J. M. Hoefsloot, Fugro

An electronic version of this thesis is available at http://repository.tudelft.nl/.

o]
TUDelft


http://repository.tudelft.nl/




Abstract

Long-term settlement is unavoidable but by good prediction accompanied risks can be reduced. Nowa-
days linear isotach models belong to the state of the art but result in very small strain rates when small
load increments or unloading is applied. For that reason this study has focused on the validation of
those predictions using INSAR. Different causes of settlement have been studied and it was found that
fluctuations in groundwater do not affect the final settlement. Another influencing factor is the presence
of organic matter and its degradation. This reduction of organic matter is caused by many factors and is
yet to complicated to quantify and include in predicting models. In spite of the idea that predicted strain
rates by linear isotach models are too small, INSAR results show that the measured displacement rates
were actually smaller than predicted some years after construction for road segments of the A2 and
that a new proposed model could be used to match these displacement rates better. The C+S model
by Vergote et al. (2021) is an isotach model which uses non-linear isotachs which would reduce the
strain rates faster than linear isotach models and viscoplastic swell is included which also reduces the
total strain rate. Results on incremental loading tests show that this model captures the behaviour in
unloading stages better than the linear isotach models but for conventional incremental loading tests
the two models do not differ much. For field scale embankment scenarios the results show that the
C+S model with non-linear isotachs and viscoplastic swell included will predict a longer swell period
with more swell, lower total strain rates after the swell period with a faster decay and in the and less
residual settlement.
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Summary

In many soft soil areas, settlement is an unavoidable problem. When building on soils like clay and peat
the layer compresses due to applied load, when this is not well predicted it can lead to severe damage
to structures. The current way of predicting settlement is by the use of isotach models, these models
use a unique relation between stress, strain and strain rate. However, for small load increments, when
the total applied load is smaller than the yield stress, predicted settlement and strain rates are small.
This is also the case when temporary loads are applied, the predicted residual settlement over 30 years
is small and the strain rate after removal is small as well. To see if this prediction is correct, and if not
what can be changed, the following main question arose:

Are long-term settlements predicted well by current prediction models and if not, what adjustments
should and can be made?

To answer this question there are four parts to look at in this study:
+ Settlement behaviour observation through INSAR
+ Influence of organic matter
« Influence of the groundwater table
« Settlement prediction models

The settlement behaviour after pre loading will be considered for the A2 with the use of Interferometric
Synthetic Aperture Radar (InNSAR) images. For another highway, the N3, InSAR will be used to detect
the settlement behaviour prior to construction and based on the in situ strain rate, the yield stress will
be determined.

The results of the N3 project show that it is possible to determine a yield stress and OCR based on
measured displacement rates as long as soil layering, soil compression parameters and topography
is known. The calculated yield stress and OCR are the aged yield stress and OCR and seems high.
Disadvantage is that the yield stress is determined for a merged soil layer (clay and peat merged to one
soft soil layer) instead of a yield stress for both layers separately. For validation of this yield stress lab-
oratory tests should be performed on the soil under the road embankment. If those results are smaller,
the non-linear isotach model provides a possible explanation for this deviation.

Next, INSAR is used for the validation of long-term settlement behaviour at the A2 for two cross sec-
tions. During construction settlement measurements are made by settlement plates and used to fit
the soil parameters, this is the starting point for the comparison with the displacement rate measured
by INSAR. Both cross sections have a higher displacement rate predicted by the D-Settlement model
than was actually measured by INSAR. The measured displacement rates were 2.25 +0.39 mm/year
and 2.46 +0.6 mm/year, while the predicted displacement rates were 5.95 and 10.06 mm/year. With
the use of the new proposed C+S model non-linear isotachs and viscoplastic swell was included and
a similar settlement development during loading was preserved while after unloading slower displace-
ment rates were found which are in accordance with the INSAR measurements, 2.50 mm/year and 3.41
mm/year.

Vi



viii 0. Summary

Since soft soil areas are considered another factor can play a role, organic matter. When peat is consid-
ered (as is the case for the A2) the settlement behaviour can be influenced by more than compression.
Therefore, the degradation of organic matter has been studied. Degradation in organic matter can be
caused by many factors but the most important once for embankment situations are listed below.

» Humidity (groundwater table)
 Nutrients (available carbon and nitrogen)
» Temperature

When a degradation of the organic can be predicted this can be used to describe a change in void ratio,
and with it a change in volume, but these three, among other factors, are very hard to predict over time
and there precise quantitative effect is unknown. Next to the degradation of the organic matter, it was
found that for an organic soil a new consolidation equation can be applied. In this equation the change
of volume over time is not only given by the change in volume of water (as presented by Terzaghi) but
gas and organic matter must be considered as well. For this extended consolidation equation the soil
is considered as a three phase medium: gas, liquid and solids. The latter one is subdivided in organic
matter and minerals, something which is not done in the old consolidation equation. With the use of
Boyle’s gas law and assigning a compressibility to the organic matter a time dependent equation is
obtained which follows laboratory results better than the old equation. The remark to make on this new
equation is that is uses much more input parameters and even though it describes the behavior more
closely the final deformations and strains are comparable. When looking at the embankment problem,
this new found equation would only affect the consolidation behavior and not necessarily the long-term
settlement predictions.

As mentioned above, the groundwater table affects the degradation of organic matter but next to that,
it also affects the effective stress of the soil. When there are fluctuations in the ground water table
strain rates can change with irreversible strain as a consequence. For that reason simulations were
run to see if this is the case for a constant average groundwater table but also for an increasing and
decreasing groundwater table. Next to that, the amount of fluctuation has also be changed in the sim-
ulations. What was found for the linear isotach model is that the fluctuations (constant and increasing)
do not affect the resulting final settlement (on average) but it does show another path. Different from
these periodic fluctuations, the increase and decrease of the average groundwater table does influence
the final settlement. By an increase of the groundwater table, the effective stress decreases and less
settlement will be predicted and for a decrease in groundwater table, the effective stress increases with
extra settlement predicted.

Finally a new isotach model is introduced, the C+S model. Different from the linear isotach models like
the a,b,c-isotachenmodel and the NEN-Bjerrum models this new model is able to include viscoplastic
swell behaviour besides the elastic swell and distortion of isotachs can be modelled. The first of these
two features, the viscoplastic swell, enables one to use a lower reload parameter (RR / C,) while the
model would still show a steeper curve upon unloading. This is accomplished by adding the viscoplas-
tic swell strain rate to the total strain rate. In the linear isotach models this is not the case and the strain
rate consist only of the elastic and viscoplastic creep strain rate of which only the elastic strain rate can
predict uplift. This viscoplastic swell strain rate is auto decaying and causes a higher viscoplastic creep
strain rate but a lower total strain rate after unloading. For incremental loading tests the final predicted
strain does not differ significantly as was shown in both the analysis of the Mexico Clay as in the simu-
lations for the incremental loading tests. However the behaviour of the soil is better captured with the
C+S model as was especially shown by comparing the unloading steps of the Mexico Clay analysis.
The linear isotach model shows a straight line after the consolidation period while the measurements
and the C+S prediction still show swell deformation. The second feature of the C+S model, the non-
linearity, is for the incremental loading test simulations less important since the time to develop creep
strain is limited. However, when longer tests are run the non-linearity plays a more significant role.
Non-linearity causes a decay in distance between isotachs, meaning that the strain rate decays faster
with smaller strain predictions as a consequence. When field situations are considered the simulations
show that non-linearity in combination with viscoplastic swell lead to less predicted settlement over a
lifetime of 30 years but when viscoplastic swell is included and non-linearity is not, the final predicted



settlement is comparable to the final settlement of the linear isotach model without viscoplastic swell.
The difference between both predictions is that viscoplastic swell result in more deformation since there
is more uplift and after the swell period has come to an end, higher strain rates are predicted. These
converge over time to the same strain rates as found by the linear isotach model.

As a conclusion to the main question proposed earlier it can be stated that the current settlement pre-
dictive models do not include all possible causes of long-term settlement and that strain rates do not
match with the measurements based on INSAR. A first adjustment which should be further investigated
is the inclusion of viscoplastic swell and non-linear isotachs. Secondly, more detailed research should
focus in the degradation of organic matter and quantify the significance. A start could be to measure
organic matter contents of soil under an embankment over time to attribute not predicted settlement
which did occur in the field and once it would be possible to predict the degradation, it should also be
integrated in the settlement prediction models.
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List of Symbols and Abbreviations

Symbol or abbrevi- | Meaning

ation*

B Non-linearity parameter

B3 Distortion parameter

b1 Parameter to describe secondary compression index for swell ratio to C,

b2 Parameter to describe initial viscoplastic swell strain rate for an OCR of 2

C + S Model Creep and Swell Model

Ca secondarry compression parameter (both in terms of void ratio and strain)

¢, P OCR dependent sceondary compression index (in terms of void ratio)

C. Compression index (based on void ratio)

CH, Methane

co, Carbon-dioxide

CR Compression Ratio (based on strain)

C, Reload and unload index (based on void ratio)

CRS Constant Rate of Strain

Cy coefficient of consolidation

doré Change, considered small

A Change, considered larger than d/delta

e W12 strain

¢ (112l strain rate

e 111[2] void ratio

e 1112] strain rate (in terms of void ratio)

GH GitHub

IL Incremental Loading

InSAR Interferometric Synthetic Aperture Radar

ml Parameter to describe the OCR dependancy of the secondary compression
index for swell

m2 Parameter to describe the OCR dependancy of the viscoplastic swell strain
rate

n porosity

OCR Over Consolidation Ratio

OCRyef reference Over Consolidation ratio (aged OCR)

POP Pre-Overburden Pressure

RR Reload and unload ratio (based on strain)

o stress

op yield stress

g rate of change in stress

t 1l time

7 1l intrinsic time

Uy pore water pressure

%4 Volume

[1]. can have subscript to the state e.g. 0 is intitial, ref is reference, n or t is for a specific loading step
or time

[2]. can have super- or subscript refering to separate contributors e.g. el = elastic, vp = viscoplastic
eftc.

* Only the most frequent abbreviations and symbols are listed here, others are mentioned in the thesis.
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Introduction

1.1. Problem statement

Not rarely newspapers write about problems that occur due to settlement. In December 2021, an ar-
ticle was published by the NRC on trains in the Netherlands that can’t operate on their design speed
as a consequence of soft soils and their settlement due to loads and vibrations (Marée, 2021). A little
longer ago in September 2020, de Volkskrant published an article about a new settlement map of the
Netherlands (Bodemdalingskaart). It was stated that especially in the peat areas of the Netherlands
the rate of settlement increases, having severe consequences for underground infrastructure, build-
ings, roads and other infrastructures. A cost estimation from 2016 of 2-6 billion euros for maintenance
might not even be relevant anymore (Tieleman, 2020). In Deurne (Noord-Brabant) it was shown that
settlement is not only a problem related to the applied load on the soil but also a problem related to
environmental causes. After renovation of a local road, the summer had been very dry. As a result
the ground water table was extremely low, which resulted in an accelerated oxidation process of the
peat layer. This process is irreversible and was not accounted for in the cost estimation of the con-
tractor. Now the municipally of Deurne needs to account for extra maintenance costs (Broers, 2021).
These three examples of the last 2 years show
that the problem of settlement, even though stud-
ied for almost a century, is still an engineer- GRONDSOORTENKAART 2006
ing issue. However, settlement is unavoidable - - )
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Nowadays the state of the art involves modelling
the settlement based on parameters derived in lab-
oratory tests that give an indication of how the soil
behaves. Models that are currently used in prac-
tise are the linear isotach models (NEN-Bjerrum or
a,b,c-isotachnmodel). For large stress increments,
this type of models predict the settlement quite accu-
rately. However, for small load increments and after
removal of temporary loads, as is the case for em-
bankments and road maintenance projects, the long- Figure 1.1: Soil map of the Netherlands (Wageningen
term settlement differs from predicted. This problem  University and Research, 2006)
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An extensive monitoring and laboratory research done by Deltares has shown that there is a differ-
ence in unload and reload behaviour for small load increments below a certain yield stress and after
the yield (Visschedijk & Temmerman, 2009). Next to that the bias between predictions based on lab-
oratory results and field measurements add up to 40 cm in some cases and there still remain biases
after new parameter fits on settlement beacons, especially for small load increments. They conclude
that the knowledge about long-term creep behaviour and the actual residual settlements for small load
increments and after pre-loading is insufficient (Visschedijk & Temmerman, 2009). Therefore, it is the
goal of this study to give a better insight in how soil will settle under small load increments and what
causes the bias between prediction and field measurements.

1.2. Research outline

1.2.1. Objectives

To study whether the settlement predictions based on linear isotach models is accurate as well, one of
the sub-questions focuses on the validation of this. Next to that, the objective of this study will be to
look for other explanations that could influence settlement behaviour and to use different models than
the linear isotach model. The main focus hereby will be on a different description of isotachs and the
comparison with lab and field situations. Side objectives focus on including the volume decrease due
to organic content in the soil (e.g. degradation of organic matter in peat), to see if transient changes in
the pore water pressure give divergent results (for example induced by heavy rainfall and rise in water
table or drought and lower water tables) and if the use of INSAR data could be beneficial for parameter
selection for settlement prediction models. InSAR will also be used for the validation of settlement
behaviour.

1.2.2. Research Questions
Main Question
Following from the objective a main question is proposed:

+ Are long-term settlements predicted well by current prediction models and if not, what adjustments
should and can be made?

Sub-questions
To get an answer to the main question several sub-questions are formed to look at different aspects
which could be improved.

1. How can InSAR be used for settlement predictions done by isotach models?

If the initial strain rate can be determined based on InSAR data, the yield stress can be
derived from it and sample disturbances, like in conventional lab-tests, are not relevant any-
more.

2. How do transient changes in pore pressures relate to extra settlement?

When, due to longer periods of drought, the water table lowers and with it the pore water
pressure, effective stresses will increase which could lead to extra settlement. Ifthis happens
every year it could contribute to the bias in predicting long-term settlements.

3. How does degradation of organic matter cause extra settlement and is it quantifiable?

The goal is to determine how organic matter affect volume reduction and if this amount is
quantifiable. If it is possible to quantify, could it be possible predict the volume loss due to
organic matter and include this in settlement models.

4. How do adapted isotachs represent strain rate behaviour of soils compared to equally spaced
isotachs?

Current models use linear isotachs by which very small strains are calculated in the over
consolidated stress state. New models as presented by Yuan and Whittle and by Vergote
suggest non-linear and distorted isotachs with different results which could lead to higher
initial strain rates and faster decrease in the normally consolidated stress state (Y. Yuan and
Whittle, 2018, Veergote, 2020).
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1.2.3. Approach

To answer the main research question whether it's possible to improve the prediction of long-term
settlement based on a novel implementation of the isotach model, it's necessary to answer the sub-
questions. An overview of how to approach these sub-questions can be found below.

Sub-Question 1:

How can InSAR be used for settlement predictions done by isotach models?

First there will be a part of literature review on the method of INSAR to get a basic understanding of
the process for collecting data. Then data will be collected on the projects that will be considered. This
settlement data prior to construction will be used to derive creep settlement parameters like initial strain
rate and C,, avoiding the use of yield stress determined by conventional lab-tests. These parameters
will be used in the isotach model as well as parameters derived from lab-tests. Both results will be
compared with settlement data from the field after construction.

Actions:
+ Data collection and deriving parameters

+ Comparing results from the isotach model with field data

Sub-Question 2:

How do transient changes in pore pressures relate to extra settlement?

This sub-question will be answered by programming scenarios in which over time there will be a fluc-
tuation in the ground water table. This will be implemented in the isotach model to see if it affects the
settlement prediction.

Actions:
» Write python script to simulate ground water fluctuations

» Compare results with and without fluctuations

Sub-Question 3:

How does degradation of organic matter cause extra settlement and is it quantifiable?

This sub-question will initially be answered by a literature review. The objective is to find methods that
can describe the amount of organic matter that will be converted into C0O, or CH,. If such a method is
available the next goal will be to relate it to the project areas and see if it can explain the difference be-
tween prediction and observation. If this is (partly) the case, the last goal is to implement such a model
in an isotach model such that in future predictions the degradation of organic matter will be considered
quantitatively.

Actions:

« Literature review

Sub-Question 4:

How do adapted isotachs represent strain rate behaviour of soils compared to equally spaced
isotachs

To determine if an adapted model predicts the settlement more accurately than equally spaced isotach
models it is necessary to make a python script that will predict the settlements in the current way (with
the equally spaced isotachs) and to make a model that changes the isotachs. For this, a literature study
will be done on the development of settlement models over the years and the current state of the art will
be used as reference to compare novel models with. The model presented by Vergote (2020) will be
used as the novel implementation of the isotach model and it will be compared with the model simplified
linear isotach model as proposed by Hoefsloot (2022). Incremental loading tests will be used for model
validation and simulations of laboratory tests and field situations will be used for the comparison of both
models.

Actions:



4 1. Introduction

Implement isotach models
» Compare models with laboratory tests
» Compare laboratory simulations for both models

» Compare field simulations for both methods

1.3. Reading guide

As mentioned in the previous section, this report has 4 subjects to study (Settlement models, use of
INSAR, Organic Matter and Groundwater Fluctuations). In Chapter 2 the settlement models will be
explained and a theoretical background of 3 types models will be given (linear isotachs, non-linear iso-
tachs and non-linear isotachs in combination with viscoplastic swell). In the same chapter the findings
of a literature study on the organic matter can be found and a brief description of INSAR background.

Chapter 3 presents the work done on settlement models. The chapter is split up in 4 sections, a first
part describes the implementation and verification of the models. The second part links the models
to experimental data on Mexico Clay and compares simulations done by linear isotache model (NEN-
Bjerrum) and the C+S model. The last two section make comparisons between the two models based
on simulations performed on two parameter sets for a series of incremental loading tests and finally for
embankment situations.

Chapter 4 shows the influence of the groundwater table on settlement predictions, based on the linear
isotach model (NEN-Bjerrum). In this chapter there is a focus on seasonal fluctuation and on more
permanent change of the average ground water table.

In Chapter 5 the use of INSAR for settlement predictions is presented. The first section looks at the
determination of the yield stress for two locations at the N3 highway in Dordrecht. The second section
in this chapter will focus on monitoring the settlement behaviour after construction for the A2 highway.

Based on the results and discussion of these chapters the conclusions for all sub-questions can be
found in Chapter 6, as is the conclusion to the main question. Finally in Chapter 7 recommendations
for further research and how the results of this study could be used in the field of engineering.



Theory

2.1. Settlement models

2.1.1. Linear isotach model
One of the first to introduce isotach behaviour was Laurits Bjerrum (Bjerrum, 1967). He described the
settlement of a soil as two components.

a Instant compression, the reduction of void ratio caused by an increase in stress which will occur
until there is no change in effective stress (Bjerrum, 1967).

b Delayed compression, the reduction of void ratio during a constant stress state.

These two compression parts are visualized in Figure 2.1.
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Figure 2.1: Figure 15 from Bjerrum (1967) to visualize the delayed and instant compression of a soil

Another way of visualizing this instant and delayed compression is shown in Figure 2.2. In Figure 2.2
a void ratio against the logarithm of stress is presented and a clear distinction is visible between the
change in void ratio due to stress increase and the change in void ratio at a constant stress level. In
the same Figure time lines can be seen, so called isochrones. These represent the time that has been
passed after stress has become constant. It can be seen that the distance between two parallel lines
is spaced equally with a time difference of a factor 10. Meaning that the change in void ratio between
3 and 30 years will be equal to the change in void ratio between 30 and 300 years. Furthermore, it
can be seen that the change in void ratio is different depending on the load history, e.g. when a soll
has aged and the stress state is less than the yield stress the soil compresses less than a soil with a
stress state equal to the yield stress. What will be shown later on is that time can be rewritten as strain

5
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rate (equation 2.6). When strain rates are shown on the parallel lines the lines are called isotachs.
Which means that on one isotach the strain rate of the soil is the same and the difference between two
isotachs is still a factor of 10 when creep is calculated as a logarithmic function.
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Fig. 18. Principle of settlement computation

Figure 2.2: Figure 18 from Bjerrum (1967) to visualize the delayed and instant compression of a soil

A mathematical description of the drained compression behaviour is given by equation 2.1 (Deltares,
2021). This equation also holds for the undrained compression when for oy, the instantaneous effective
stress is taken for every time step and instead of t — t,, + t,, the instantaneous intrinsic time for every
time step is used.
£(t) = RR 10g(Z2) + CR log(Z2) + ¢, log(-—n Tty (2.1)
0o Op tref

Where:

RR = Reloading/Unloading Ratio

CR = Compression Ratio

C, = Secondary creep parameter

n = load step number

o, = effective yield stress

g, = effective initial stress, prior to loading
gy, = effective stress of load step n

t =time

t, = time of start load step n

T, = intrinsic time at load step n

In equation 2.1 the first of three parts, RR log (o, /0,) describes the development of strain in the stress
area between the initial stress state and the yield stress by the reloading ratio (RR). The second part,
CR log(oy/0y), describes the strain development between the yield stress and the stress state after
loading (untill some point n) by the stress state, yield stress and the compression ratio (CR). The final
part of this equation, C, log((t — t,, + T,)/tref), describes the time dependent strain development of
the soil using the time difference between loading and the real time (¢t — t,;) and the intrinsic time of
the soil representing the aging of a soil (t,,) and lastly the secondary compression ratio (C,). In this
last part the reference time (¢,..5) is usually set on one day since that time corresponds to the one-day
compression line and by using time in days the term crosses out. In the part that is left there are 3 time
variables, the first two represent the time step (¢t — t,,) and the last parameter is the intrinsic time (7).
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The intrinsic time is also measurement of time but it relates to both the time and the stress history and
can be used to express stress and strain rate in each other. This time factor (t —t, + t,,), is the updated
intrinsic time for a time step. The change of this intrinsic time can be caused by either time as can be
seen in equation 2.2 or change in stress (equation 2.3).

Tp=t—t, +Th1 (2.2)

In equation 2.2 the subscript of n is the moment at which a load is applied. At that time t and t, are
equal to each other and 7,,_; is equal to the intrinsic time of the previous loading step. If the load
exceeds the yield stress, the intrinsic time will be smaller than 1 day and strain rates will be high but if
that load is kept constant it will end on the virgin compression line (1-day isotach) after 1 day. When a
load remains constant the development of the intrinsic time will be only dependent on time t. However,
when a stress increment is applied as is shown in the path A-B in Figure 2.3, the intrinsic time changes
as well. This can both be by an applying a load or removing one. In equation 2.3 the change of intrinsic
time is shown for a change in stress.
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Figure 2.3: Updating the intrinsic time for a change in time (B-C) or change in stress (A-B) (Visschedijk, 2010).

CR-RR

) Ca (2.3)

!
On-1

Tn = Tn—l( 0_711
When aging occurs due to both a change in time and a change in stress, e.g. the path in Figure 2.3 from
A-C, both equations 2.2 and 2.3 must be used. This results in an update of the intrinsic time according
to 2.4. Updating this variable (z,, — t,.1) depends on the time steps. This can be done by taking the
previous value and adding the change of the previous step, as long as the time steps are small the
changes are small and this approximation is valid. This is an example of a finite difference method to
update a parameter. In equation 2.4 a central difference method is presented, an advantage of this
method is that the time steps used can be larger than for backward and forward differences. However,
for small time steps the results are equal. A full derivation is presented by Hoefsloot (2022).

_ At Oy_1 CRC—RR At
= (5 + Tn—1)(0—1,1) « + (2.4)
ol CR-RR
T = Trep(o7-) G (2.5)
v0
Where:
At = time step
n = time step number (different from equations 2.1-2.3 where n is load step number)
o, = load attime step
o,—1 = load of previous time step
7o = initial intrinsic time
o, = Yyield stress
g, = initial stress

For determining the initial intrinsic time, corresponding to an initial stress state of a soil, the relation
presented in equation 2.3 can be used. By comparing the initial stress state with the yield stress state
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(0o and o,,) with a corresponding intrinsic time of the yield stress state of one day the initial intrinsic
time can be calculated (see equation 2.5). Another way to derive the intrinsic time is by taking the time
derivative of equation 2.1. When the applied load is constant, the only part that remains after derivation
is equation 2.6.

de Cq

dt — 1-In(10)

By measuring the strain rate and knowing the soil parameter C,, the intrinsic time can be obtained
without using the yield and in situ stress state. The value of 7,/ is especially useful for predicting
strain or settlement when stress states will be changed and an initial value for 7, must be used which
should match with the in situ stress state. When the model is rewritten in incremental form, the elastic
and viscoplastic parts become better distinguishable. The elastic part is the reversible deformation
and is given in equation 2.7 and the viscoplastic strain, both stress and time dependent, is given in
equation 2.8. By rewriting equation 2.1 in this way the change of strain can be determined for every
time step. With equations 2.7 and 2.8 it is possible to describe undrained behaviour since not the load
at the end of load step is used like in equations 2.1 but the effective stress at a time step. The total
strain is obtained by summing the increments up.

(2.6)

ds°! = RR log(“ta;ff) 2.7)

o} T
de’? = (CR — RR) log(ta;,“) +C, log( ff*“) (2.8)
t t
In these relations there are 5 soil and state parameters to determine, RR, CR, C,, and 7 in which T is
dependent on gy, and o,,. These parameters will be discussed later.

2.1.2. Non-linear isotach models

Next to the linear isotach models in which the distance between two isotachs remains constant, there
are non-linear isotach models. The base for these models lies in the finding of incremental loading
tests in which a value for C, is determined. Among others Y. Yuan (2016) found a decrease in in the
secondary compression parameters (C,) and developed a new model which takes this into account,
this is the MIT-SR model. Just as linear isotach models Yuan divides strain rates in an elastic (equation
2.9) and viscoplastic part (equation 2.10) and determines the change in strain by multiplying the strain
rate with the time step (equations 2.11).

. Gy
gel = prna—z (2.9)
. Ty
&P =R, (=) (2.10)
Op
de
de = (E) ~dt = (é°' + €P) - dt (2.11)
Where:
pr = unload / reload parameter
n = porosity
g, = rate of change in effective stress
o, = effective stress
R, = internal strain rate
o, = yield stress

What can be seen is that the elastic strain rate in this equation is a function of the stress, change in
stress and p,, multiplied by the porosity while the viscoplastic strain rate is a function of the inverse of
the over consolidation ratio (OCR) and a new parameter (R,), this parameter describes the internal
strain rate and develops according to equation 2.13, which makes it an auto-decaying parameter. Next
to the auto-decaying process the change in internal strain rate is determined by an activation function
(f(&)) and a transient coefficient which describes the delayed process (m;). Where in the linear isotach
model the increase in yield stress is taken into account by updating the intrinsic time, the yield stress
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for the MIT-SR model increases according to equation 2.12 when there is no increase in stress, there
will be an increase in yield stress which will decrease the viscoplastic strain rate.

€

Op = pcnap (2.12)
Ra =[f(&) —Rq]-my (2.13)
Where:
d, = rate of change in yield stress
pc. = Normally consolidated compression parameter

& = strainrate
f(€) = activation function
m; = transient coefficient
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Figure 2.4: Figure 1 from Y. Yuan and Whittle (2018) showing a log(e)/log(a,) graph with the unloading/reloading and compression
parameters and the limiting compression curve (1-day compression curve)

As mentioned above, R, is dependent on some activation function (equation 2.14). Since equation
2.13 is auto-decaying, it will go to a steady state that is equal to the activation function. This function
can be considered as the change of strain due to external effects, e.g. applying a load or displacement
to the soil. When the strain rate is equal to the reference strain rate (&,.f), this function represents the
virgin compression curve (LCC) as can be seen in Figure 2.4.

~ _ Pc ™ Pr. £
f(&= (—Pc EX_éref) b (2.14)
PN 215
mt—(a— )prn'i' 6] (2.15)

When the strain rate goes towards a constant value, or decreases slowly, the activation function will
become constant and the change in internal strain rate will be controlled by the transient coefficient.
This coefficient controls the rate of change towards a steady state solution. In the formulation of the
transient coefficient there is a extra term 0(¢) so m; would increase even though the viscoplastic strain
rate is zero. The influence of m;, and the change of R, towards f (&) compared to the strain rate can
be seen in Figure 2.5. It can be seen that despite the change in imposed strain rate, the internal strain
rate shows a delayed change.



10 2. Theory
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Fig. 2. Influence of my on the evolution of R, during CRS
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Figure 2.5: Figure 2 from Y. Yuan and Whittle (2018) presenting the influence of m, for a constant strain rate and a relaxation
phase.

Based on the given equations above (2.11-2.15) the change in strain for every time step dt can be
determined. By adding those up the total change in strain can be calculated and long-term strain
and with that settlement can be predicted. For this model the following parameters are necessary,
Prs Per Par ErefsBr0p0, Opo & Rao. These first 3 parameters indicated by p have a similar function
as the compression ratios CR, RR, C,, only these represent compression in the logarithmic void ratio
against the logarithm of stress space. With the initial void ratio these parameters can be rewritten to
the compression ratios. The parameter g has not been mentioned yet but is the rate dependency of the
state steady behaviour. The value of § is assumed to be between a minimum of zero and a maximum of
Pa/pc- This parameter allows for non-linearity in the isotach model. Once g is larger than zero and the
strain rate is smaller than the reference strain rate, the activation function (equation 2.14) will decrease
faster and so will the internal strain rate R, and as a result the viscoplastic strain rate. This means
that the isotachs will lie closer together further away from the LCC. The parameter &, is the reference
strain rate which is the same as the one-day compression strain rate for virgin loading. The parameter
R,.o is the initial internal strain rate. Since the change of internal strain rate is based on the internal
strain rate itself, this parameter becomes more important when the strain rate is higher (e.g. when soll
is less over consolidated). The non-linearity of the model is also described in Y. Yuan (2016), in which
the conventional creep parameter (C,) is a function of the over consolidation ratio (OCR). This is also
the starting point of the next (C+S) model.

2.1.3. Non-linear distorted isotach model

Next to the non-linearity of the isotachs it has been found that there is distortion in the isotachs upon
reloading, which means that instead of straight parallel lines the isotachs have some curvature. This
was already found by den Haan (1996) and is illustrated in Figure 2.6.
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Figure 2.6: Distorted reloading curves in CRS tests (den Haan, 1996)

This would imply that upon reloading the isotachs are wider spaced horizontally and that there is a
smaller change in strain rate than suggested by the non distorted isotach models. An explanation for
this distortion is the influence of swell. During unloading soil does not only experiences elastic swell
(along the unloading / reloading line) but there is also viscoplastic swell (Vergote, 2020). This term
causes extra swell and in an isotach framework the strain will become smaller, for which a higher
isotach is reached with a higher strain rate as a consequence. In figure 2.7 it can be seen in Figure
A how a change in strain rate develops according to non distorted isotachs and in Figure B how the
higher strain rates that are measured would give a distortion in the isotachs.
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FIGURE 1 Principle of isotache system for compressive viscoplastic strains with distortion of isotaches

Figure 2.7: The distortion of isotachs according to (Vergote et al., 2021)

The C+S model is based on the previous mentioned MIT+SR model with respect to the non-linearity
of the isotachs. However, the models differ in the swell term and distortion. For the description of the
total strain rate Vergote expands the strain rate equation with a swell term (equation 2.16).

€= b+ Eypc — € (2.16)
With:
C, -6’

el = m (217)

Where:



12 2. Theory

= elastic void ratio rate
= reload and unload index
¢’ = rate of change for effective stress

I

o' = effective stress

P
I

The relation given in equation 2.17 for elastic strain rate is similar to the relation purposed in the MIT-SR
model by equation 2.9. For the viscoplastic strain rate there is a distinction between the strain rate in
the virgin loading area and the strain rate after unloading because of the distortion. Equation 2.18 and
equation 2.19 are necessary to describe the strain rate. Equation 2.18 is used for the development
of strain rate as a function of the reference OCR and the factor §, is used to model the non-linearity
of C, in the same way as was proposed by Y. X. Yuan et al. (2015), equation 2.20. For the distortion
equation 2.19 is used. The new initial strain rate is calculated as a function of the reference OCR and the
reference viscoplastic strain rate and a new term 5. In the C+S model, two different definitions of OCR
are used. The OCR is defined as the maximum stress level over the stress state, e.g. max(o;,)/0y,
while the reference OCR represent the yield stress over the stress state, e.g. g, /0;,. When a stress
increment exceeds the yield stress the two are equal to each other but the most important difference is
that the OCR does only change due to a change in stress level while the reference OCR also changes

due to aging.
1 _ OCRBZ CC_CT/Ca;NC
L / ref
€vp;c = Cupiciref 1/0CRref ’ exp(T) (218)
€init;c = Cupiciref OCRr_eﬁf3 (2.19)
o 2
2 = 2 (2.20)
Canc  OCRYZ +1
Where:
€vp;c = viscoplastic creep strain rate

éup;cirer = reference creep strain rate

OCR,.; = reference over consolidation ratio (different from OCR)
B = non-linearity parameter

B = distortion parameter

C. = compression index for virgin compression

C,nc = secondary compression index for normally consolidation
C, = OCR dependent secondary compression index

What can be seen in equations 2.18 and 2.19 is that when the reference OCR goes to a value of 1
the strain rates will be equal to the reference values despite non-linearity and distortion. Furthermore
equation 2.19 is comparable to the update of the intrinsic time for linear models (equation 2.3). When a
constant C, is assumed the ratio of strain rates is equal to the ratio of intrinsic times é,/é,cf = Tref /7o
as long as B equals (C. — C,)/C,. Equations 2.21 - 2.25 give a step wise overview of the strain rate
for linear isotachs as a function of the intrinsic time and therefor of the OCR, it can be seen in equation
2.25 that the two are equal to each other.

50 = Ca 2.21
0 = Iy In(10) (2.21)
o = Ca 2.22
erel = Trer - In(10) (2.22)
o _ Tres (2.23)
éref To -
Trer _ 1\
— (5eR) (2.24)
€ _Cc=Cr
=O0CR ¢ =O0CR™F (2.25)
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Finally the swell term is introduced which is considered as a non-isotach process and it develops se-
quentially to the creep strain rate. Swelling is described as a transient process dependent on the swell
rate itself and a swell parameter lfa;s. These two parameters determine the decrease in swell rate. Just
as for the creep parameter CAa;C there is a relation with the normally consolidated reference secondary
compression parameter C,, which is dependent on the OCR and next to that there is a relation between
the initial swell rate and the OCR. These two relation given by equations 2.27 and 2.28 make it possible
to determine the development of the swell rate by equation 2.26. Upon unloading the OCR increases
and so will the initial swell ratio which makes that the swell component will be larger than the creep
rate. After some time the swell rate is decreased and the creep rate becomes dominant in equation
2.16 and an increase in (creep) strain reappears (see Figure 2.8). It can be seen from these equations
that viscoplastic swell is an auto decaying process since the change in strain rate (&) is a function of
the viscoplastic swell strain rate itself (é) and the initial viscoplastic swell strain rate only dependents
on the change in stress (OCR) and on viscoplastic swell parameters.

62 - In(10)

és = 2.26
s g (2.26)
éais _ b m
—%5 = 10P1(0OCR — )™ (2.27)
Ca;NC
és.inic = 10P2(OCR — 1)™2 (2.28)
Where:
és = viscoplastic swell strain acceleration
és = viscoplastic swell strain rate
fa;s = viscoplastic swell creep parameter
Es.init = initial viscoplastic swell rate for OCR (only dependent on stress)

by, b,, my, m, = viscoplastic swell parameters
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Figure 6.1: Principle of C+5 model: decomposition of strain rates in an elastic,
swelling and creep strain rate with sequential dominance of the three components as
illustrated on a test at OC R = 1.49, Tar et al. (2014)

Figure 2.8: Different dominant stages of strain rate upon unloading (Vergote, 2020)

An example of how the two different types of isotachs will look like are presented in Figure 2.9. Isotachs
for the same strain rates are used and it can be seen that the intersection of the reloading and virgin
compression lines are equal, so the yield stress is equal and the strain rate of the one-day isotach is
equal. It can be seen that the spacing for non-linear isotach becomes smaller further away from the
one-day isotach and that the isotachs are curved in the area before the yield stress.
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Figure 2.9: Example of linear and non-linear distorted isotachs for a yield stress of 70 kPa

2.1.4. Parameters
As mentioned in the previous two sections there are several soil and state parameters to be determined
for the long-term settlement predictions.

Stress and Consolidation
Two important model parameters for both the linear and distorted non-linear models are the in situ
initial stress and the yield stress. The initial stress state, also displayed as o,,,, represents the stress
state of the soil prior to loading. This usually is the self weight of the soil. The in situ (total) stress
can be determined by multiplying the volumetric weight of the soil by the thickness of the soil on top,
when different soil layers are present, different volumetric weights must be used. For soil under the
water table, the effective stress is obtained by subtracting the water pressure from the total stress, see
equation 2.29. For incremental loading tests, the soil specimens are usually only 2 centimetres thick
and the initial stress state can be free of choice in a small range (1-10 kPa) to fit the results (Hoefsloot,
2022).

0y = Oy — Uy, (2.29)

Where:

o, = effective vertical stress
o, = total vertical stress
u,, = water pressure

Due to a load increment the total stress will change, at first this load will be carried by the water which
causes excess pore water pressure. Over time excess pore water pressure will dissipate and effective
stress will increase. The dissipation of the excess pore water pressure is determined by the degree
consolidation. The differential equation to determine the strain caused by this change in excess pore
water pressure is shown in equation 2.35. When soil is considered as an elastic material (which is in
reality not the case) the relation between a change in stress and a change in strain is given by equation
2.30, since the change in effective stress for a constant load is equal to the change in excess pore
water pressure equation 2.30 becomes 2.31

Ae = —Ad’ - my, (2.30)

Age = Auy, - my, (2.31)
Where:

m, = Soil compressibility



2.1. Settlement models 15

Under the assumption that soil only deforms in a one dimensional way (z-direction for a x,y,z system),
the volumetric strain is equal to the strain presented in equation 2.31. The volumetric strain is the
change of volume over the total volume. The change in volume is caused by outflow of water and
to a lesser extend by the compression of water, this will cause a rearrangement of soil grains. The
outflow of water for a one dimensional problem is given in equation 2.32 and the water compressibility
in equation 2.33. When these two are summed up divided by the total volume, the volumetric strain is
obtained. For small time steps, the equations becomes equation 2.35 (Verruijt & Broere, 2011).

84y 8%p
AV = At = — A 2.32
|4 8th chSzZVt (2.32)
AV = —fnVAu, (2.33)
ne= C upap+ KO 2.34
e= = nbp+ (2.34)
8ey01 Sp  k&%p
=-—-nf— 2.35
5t - " Ty (2:39)
Where:
&y01 = Volumetric strain
q, = flow of water in z direction
p = excess pore water pressure
n = porosity
B = compressibility of water

k = permeability
yw = volumetric weight of water
z = vertical position

When assuming one directional compression, this volumetric strain can be equated with the strain
depending on the change in stress over time, which results in equation 2.36. It is often assumed that
[ in equation 2.36 is equal to zero since water is assumed incompressible.

Sp 8%p
E = Cvﬁ (236)
Where:
Cy = — % __ = Coefficient of consolidation
yw(my+np)
C
T,=—5——-"t (2.37)
hdrainage
sf T3
Uit) = | ——= 2.38
® 0.5+ T3 (2.38)
Where:
T, = time factor for consolidation
Cy = consolidation coefficient
harainage = Maximum drainage path
t = time
U = degree of consolidation

In Verruijt and Broere (2011) an analytical and numerical solution is given which solves the pore pres-
sure over time and place (z,t). CROW (2022) shows that the degree of consolidation can be approached
with equations 2.37 and 2.38. With these equations there is no need for solving the partial differential
equation 2.36 at every time step. With the degree of consolidation the excess pore pressures can be
calculated by multiplying the degree of consolidation with the stress increment to calculate the effective
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stress at every moment in time (see equation 2.39). In equation 2.37 the c, is the coefficient of con-
solidation and is based on the stiffness of the soil, the permeability and the compressibility of the fluid
or gas medium. This factor can be determined by the Cassagrande method or the Lagrange method
(Verruijt & Broere, 2011). The t in this equation is the time counting from the moment the load is ap-
plied and the hg,qinage i maximum drainage path (depending on single or double drainage path, the
thickness or half thickness must be used).

ay(t) = g0 + U(L) - Agy, (2.39)

The second stress state parameter is the yield stress. This stress state represents the largest stress a
soil particle has experienced by loading and aging. An approximation is suggested by the Casagrande
method (Figure 2.10. the yield stress is the intersection of the extended slope and the bisector slope
with the smallest radius and a horizontal line in this point (e.g. point T in Figure 2.10).
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Figure 2.10: Example of how to determine the yield stress according to the Casagrande method (Celik & Tan, 2005)

For the Casagrande method laboratory tests are required and samples are often disturbed in some
way which makes such a precise determination less precise. Next to that, smooth curves as presented
in Figure 2.10 will not appear for incremental loading tests. Therefore, in engineering practise the
intersection of the reloading curve and the compression curve (RR and CR lines in Figure 2.11 with p,
as yield stress) is taken as the yield stress which is also used in the linear isotach model. Y. Yuan and
Whittle (2018) assume the yield stress to be the stress state at which the extended limiting compression
curve intersects with the initial void ratio (Figure 2.4).

Unload and reload parameter

In both the linear isotachs and the non-linear models there is a parameter that describes the behaviour
of the compression when stress is decreased or increased up to the yield stress. In the linear isotachs
model this is the RR and for the MIT-SR model this parameter is the p,. The formal definition of the
parameter RR and the approximation can be found in Table 2.1. In Figure 2.11 the approximation can
be seen on data from an incremental loading test on Hazerswoude clay (den Haan et al., 2004). The RR
value can be approximated by taking the slope of the stress strain curve in the region where the stress
is smaller than the yield stress. One must be careful when the curve starts to bend, this happens in the
transition zone close to the yield stress where the curve changes from reloading to virgin compression
behaviour. A more common way to determine the RR value nowadays is to determine the slope of the
unloading and reloading step, since such a step is not present in Figure 2.11 the loading step prior to
the yield stress is used. The determination of the reload/unload parameter for MIT-SR is comparable.
The difference is that not a change in strain but a change in void ratio is considered and instead of a
linear scale, a logarithmic scale must be used on the vertical axis. The approximation of the parameter
is also given in Table 2.1. Both parameters are inter changeable by there relation to the conventional
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Figure 2.11: Example of a compression test on organic clay from Hazerswoude (den Haan et al., 2004).
parameter C, given by Y. Yuan (2016) & Zwanenburg (2021), see equations 2.40 - 2.42,
Cr (2.40)
Pr = e In(10) '
Cr
RR = (2.41)
1+eg
(1+ep)
=RR - ——2% 2.42
Pr e - n(10) (2.42)
Where:
C, = unload / reload index

RR = unload / reload ratio

e = void ratio

eo = initial void ratio

pr = unload / reload parameter

Virgin compression parameter

Beyond the yield stress the compressibility changes and the soil behaves less stiff in normally consoli-
dated conditions. This can be described by the virgin compression parameters CR and p.. In the linear
isotachs model this parameter can be obtained by taking the slope of the strains after one day when the
stress level exceeds the yield stress. This part of the curve is characterized by its steepness compared
to the reloading and unloading curve. Just as for the unloading and reloading parameter one should
take care of using strain levels with a stress state close to the yield stress, the curve tends to bend
here. The same holds when a unloading and reloading step is used. This can be avoided by using the
strain level before unloading and the strain level at the end of the test (for this an extra loading step
is required after reloading). The approximation of the p. parameter can again be obtained from the
logarithm of the void ratio against the logarithm of stress curve and the linearised slope of the steepest
part of the curve for strains at one day. This is visualised in Figure 2.4. Just as for the unload and
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reload parameters, the virgin compression parameters can be rewritten to one another (see equations
2.43-2.45).

__ G 2.43
Pe = (10 (2.43)
Ce
CR= 17 o (2.44)
_ (1+ep)
pe=CR —— a0 (2.45)

Where:

C. = compression index

CR = compression ratio

e = void ratio

eo = initial void ratio

pc = compression parameter

Creep parameter

The next soil parameter is the creep parameter, the C, and p,. When looking to Figure 2.11 the strain
per loading step is plotted against time on a logarithmic scale. The parameter can be approached by
taking the slope of this curve when the stress is constant again for the parameter of the MIT-SR model
this linearised slope is taken in the logarithmic space of the void ratio against time. As a starting point
in time, Hoefsloot (2022) suggests to start halfway the consolidation period. The consolidation period
(time required for pore pressure to dissipate) can be approached by the use of equations 2.37 - 2.38.
When the degree of consolidation U(t) is set to 0.5, the time at which half the pore water pressure is
dissipated can be calculated. From this point towards the end of a loading step the slope of the strain
versus the logarithm of time curve can be determined, C,. For the p, the same point in time will be
used only the change in void ratio should be considered. Both time and void ratio should be considered
on a logarithmic scale for p,. How these two parameters relate to each other can be seen in equations
2.46 - 2.48.

_ Coe
Pa = I (10) (2.46)
_ Coe
Cae = Th o (2.47)
_ (1 + 60)
p(l - C(ZE e- ln(lO) (2‘48)

Cq. = secondary compression index

Cq.e = secondary compression ratio

e =void ratio

ey = initial void ratio

pa = secondary compression parameter

Other parameters

Above all comparable parameters for the three models are listed and what is left are additional soil
and model parameters. First &,..¢, it is the strain rate belonging to the one-day compression curve,
or for the MIT-SR model the LCC. On this curve the ratio between stress state and the yield stress is
1. This value can also be obtained by equation 2.6 (¢ = C,/t - In(10)). Since the intrinsic time on
this line will be equal to 1 day the strain rate will be equal to C,/In(10). The second parameter that
is only used in the MIT-SR model is R,,, which is the initial internal strain rate. This value should be
known since the change in internal strain rate is a function of the strain rate itself (see equation 2.13).
Y. Yuan and Whittle (2018) state that the value of R, is more important in normally consolidated soils
since it controls viscoplastic strain rate , which for over consolidated clay would be negligible small,
resulting in an initial value equal to 0. When normally consolidated, the initial value for R,., is equal
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Table 2.1: Sum up of the soil compression parameters and their definition

Parameter Definition

RR [isacr; lob<at
CR [Sisecar oot
Cois [ﬁ;(t)]bo.s-reop
C, [ﬁim]a;q;,
C. [ineers lag>a
Coie [ﬁ;m]»o.s-uw
Pr [%]a{xa{,
) ECI
Pa [iiiiig ]t>0.5-Teop

to the initial viscoplastic strain rate. A relation is given by Y. Yuan and Whittle (2018) to determine the
initial viscoplastic strain rate based on the consolidation time as can be seen in equation 2.49, this
value can be used as a starting point for Rg..

gp = Palt (2.49)

tgg

In this equation the tgg refers to the time for which the degree of consolidation is equal to 99%. This can
be calculated according to equations 2.37 and 2.38. A second suggestion for determining the initial
internal strain rate by Y. Yuan et al. (2021) is to take an initial internal strain rate that would produce
a straight line for a CRS simulation with a slope of p.. In Figure 2.12 Y. Yuan et al. (2021) simulates
different CRS tests with the MIT-SR model to illustrate that behaviour, the suggested initial strain rate
would be the one corresponding to line 5, the lines represent simulations with different strain rates.
This line is similar to an initial isotach with an intrinsic time of t,. Therefore, the initial strain rate can be
picked as a first estimate of R,.,. The disadvantage of this approach is, according to Y. Yuan and Whittle
(2018), that the initial strain rate determined based on equation 2.5 and 2.6) is dependent on the yield
stress. This explicitly is something Yuan and Whittle try to avoid but looking at Figure 2.12 it can be seen
that only small overshoots occur when modelled with a yield stress dependent strain rate (difference
between lines with a number and a number and apostrophe (e.g. 5 and 5’)). A last suggested for R,.q
is to monitor ground level movements before loading, this could provide an estimation of é,7. Since
the internal strain rate updates itself, the order of magnitude is more important than an exact value.
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Figure 2.12: Simulated CRS tests for different strain rates (Y. Yuan et al., 2021)

The last model parameter for the MIT-SR model to discuss is 8. The g parameter controls the rate
dependency of the internal strain rate. The value can be determined by taking the slope of a stress
against strain rate graph (on a logarithmic scale). A larger value of 8 ensures that the internal strain
rate (and with it the viscoplastic strain rate) decays faster. The upper and lower limits for this parameter
are givenby 0 < 8 < pa/pe-

Non-linearity and distortion parameters C+S Model

In the C+S model the spacing of the isotachs is not constant, which means that the isotachs lie closer
together when the OCR is increasing. The spacing of isotachs is determined by C,. In the C+S model
¢, is used for this and is a function of the €, for normally consolidated situations (similar to linear
isotach model), the OCR and f,. This relation is given by equation 2.20. The parameter 3, controls
the OCR dependency and can be obtained by considering slopes of the strain rate against change in
void ratio for different OCR’s (Figure 2.13). These slopes all have a different value of €, (0CR) and can
be plotted against OCR (Figure 2.14). Fitting equation 2.20 trough these point will give a value for £,.

Core 2
Canc  OCREZ, +1

e

(2.20 revisited)

A similar approach can be used for the determination of 5;. This parameter controls the creep strain
rate due to (un)loading. In the linear isotach models this value is equal to (C. — C,)/C, but in the C+S
model this parameter is determined based on unloading tests. By taking the intersections of the strain
rate against change in void ratio for a change of zero (from the moment creep is dominant) a specific
strain rate is found for an OCR. By plotting these initial strain rates against the OCR will result in the
right graph of Figure 2.14, by fitting equation 2.19 through it, a value for 55 can be found.

Cinitic = Cupeires - OCRIL? (2.19 revisited)
Next are the viscoplastic swell parameters, in which the most important one is the initial viscoplastic
strain rate (equation 2.28). For an OCR of 2, this initial viscoplastic swell strain rate is only dependent
on b,. By unloading to an OCR of 2 and taking the swell strain rate after consolidation this b, can be
found. Using multiple unloading steps for different OCR’s makes it possible to plot the initial viscoplastic
strain rates against the OCR and also determine the OCR dependency parameter m,.

€s.inic = 10P2(OCR — 1)™2 (2.28 revisited)

As mentioned earlier the viscoplastic swell strain rate is a transient, auto decaying process. The rate
in which the viscoplastic swell strain rate decays is based on equation 2.26 and it can be seen that it
dependent on the strain rate itself and the parameter C,.;. This Cy . is the slope of the strain rate against
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change in void ratio, as is the case for C,Ipha, but in this case for the swell period after consolidation.
For different unloading steps these values van be plotted against the OCR (like in Figure 2.14 but for
unloading) and the parameter b, is the value for an OCR of 2 and m, is the OCR dependency (Vergote,
2022).
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Figure 3.4: Reinterpreted results for Berthierville clay of Feng (1901)
Figure 2.13: Left: change in void ratio against the time for series of unloading steps. At some point in time creep becomes

dominant from that point on the strain rate will be determined. Right: the creep strain rates against the change in void ratio to
determine the (new) initial creep strain rate and the ¢, values for a range of OCR (Vergote, 2020)
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Figure 3.13: Derived semi-isotache parameters from Feng (1001)

Figure 2.14: Normalized creep parameters against the R; = (OCR — 1) for the determination of 8, and 5 parameters (Vergote,
2020)

An example is made to compare linear isotach model with the C+S model in Figure 2.15. For OCR’s
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close to 1, creep will start earlier for the linear isotach model and higher strain rates are found when
creep becomes dominant. Figures 2.15a and 2.15b show the results of simulations similar to the ones
in Figure 2.13 for OCR’s equal to 1.1, 1.2, 1.4 and 1.6 (for steps 3, 5, 7, 9). It can be seen that the C+S
model shows similar behaviour in the change of void ratio versus time graph compared to Figure 2.13.
Next to that it can be seen that the slope in the void ratio versus strain rate (Figure 2.15b) is slightly
steeper for the linear isotach model where the slopes of the C+S simulations become a bit flatter.

Unloading comparisons
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Figure 2.15: Simulation for C+S and linear isotach model for comparison with Figure 2.13

OCR

In the models above there are different definitions of the over consolidation ratio (OCR). The most
common definition of the OCR is the yield stress divided by the current stress state. In this relation
the yield stress is determined as the maximum stress that the soil has experienced. In addition to this
relation aging of the soil should be considered as was shown by Polinder (2019), this means that it is
not only the stress but also time that influences the yield stress and this is accounted for by the use of
intrinsic time in the linear isotach model. From a point in the stress strain space the reload line should
be followed toward the one-day isotach. The corresponding stress state of the intersection between
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the one-day isotach and the reload line is the yield stress.

%
OCR = — (2.50)
Oy
For the C+S model the yield stress and the OCR are defined similar. From a certain stress state a
line is drawn with a slope equal to the reload index. The intersection between the reference isotach
and this line is the reference yield stress. Rather than yield stress (maximum experienced stress) the
C+S model uses the name reference yield stress and reference OCR. The reference stress state is
equal to the one-day isotach but is defined as a straight line starting at stress state equal to 1 kPa
with a corresponding reference void ratio and having a slope equal to the virgin compression index C,.
The reference void ratio is an input parameter for the numerical model and can be found by following
the reload line from an initial void ratio e, till the reference yield stress is reached, from there on an
extrapolation along the reference isotach can be constructed towards the stress level of 1 kPa. Next
to the reference OCR the C+S model also uses OCR. But defines this as the maximum stress over the
stress, in this way aging does not influence the OCR.

Linear and natural strain

The calculated strain in the linear isotach model are linear, or Cauchy, strains. This means that the
strain is defined as the settlement compared to the initial thickness of a layer or sample. Settlement is
caused by a change in volume, since minerals are considered incompressible the change in volume
must come from a change in voids, the spaces in between soil particles. They can be filled with gas
or water. The ratio between the volume of the voids and the volume of soil particles is called the void
ratio (Verruijt & Broere, 2011). When soil is compressed gas and water is able to escape the voids and
the volume of the voids decrease which causes a change in void ratio (equation 2.51).

Vvoid
e=— (2.51)
Vsoil
When a soil sample is completely saturated, the volume of the voids is assumed to be fully filled by
water. The initial value for void ratio can be determined by weighting the sample followed by drying
the sample at 105 °C. The sample should be weighted again so the saturated and dry masses are
known. By subtracting the dry mass from the saturated mass the mass of water is known. By using the
volumetric weights of water and soil the volumes can be determined. Void ratio can also be expressed
in terms of porosity. Which is the ratio of void volume over total volume (instead of soil particles for the
void ratio).
e = (msat - mdry)/pwater
0 mdry/psail
_ e
n= 1+e

When one dimensional compression is considered, the area of a sample will be constant and the change
in volume is proportional to the change in thickness. Therefor, the void ratio and strain can be written in
term of each other (see eqation 2.54). When this equation is applied in small steps the change in strain
can be determined. By choosing between the initial void ratio (ey) in the denominator linear strains are
calculated. When instead of the initial void ratio the void ratio prior to the considered step is chosen
(e), natural strains will be calculated.

(2.52)

(2.53)

Ae
1+e

As mentioned the difference between linear and natural strain depends on the value in the deniminator
when determining the strain. For natural (or Henky) strain changes in thickness are divided by the
thickness at that moment and summed up together while for linear strain the total change in thickness
is divided by the initial thickness (see equations 2.55 & 2.56 and Figure 2.16). Natural strains are used
in both linear (a,b,c-isotach model) and non-linear (MIT-SR) isotach models.

Ae = (2.54)

_Ah

=& (2.55)

&c



24 2. Theory

—Ah
)=—-In(1—¢) (2.56)
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Figure 2.16: The orange graph shows the Henky strain (natural) and on the left side the incremental changes are given by dh.
In blue the Cauchy strain (linear) is shown and on the left the incremental change is given by Ah (Zwanenburg, 2021).

2.1.5. Advantages and disadvantages of the models

The three different types of models discussed above are the linear isotach model, non-linear isotach
model and distorted non-linear isotach model. They are listed in Tables 2.2 - 2.4.

Table 2.2: The advantages and disadvantages of the linear isotach model

Linear isotach model

Advantages Disadvantages

Few parameters Strong dependency on yield
stress

Good fit for NC Bad fit for OC due to unloading

Parameters can be determined | No viscoplastic swell included
by conventional CRS and IL
tests
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Table 2.3: The advantages and disadvantages of the non-linear isotach model

Non-linear isotach model

Advantages

Disadvantages

Updates parameters for over
consolidation

Good fit for NC

Most parameters have physical
meaning

Parameters can be determined
by conventional CRS and IL
tests

Use of internal strain rate (not
measurable)

More parameters than linear iso-
tach model

No viscoplastic swell included

Table 2.4: The advantages and disadvantages of the non-linear distorted isotach model

non-linear distorted isotach model

Advantages

Disadvantages

Includes swell

Includes decay non-linearity of
creep

2.2. Organic Matter

Many model parameters to de-
termine

Unloading tests required for pa-
rameter determination

Not used in practice yet

Not much suitable laboratory
tests available

As mentioned in Chapter 1, next to mechanical settlement that occurs in soils some organic soils as peat
also consist of degradable particles which can cause volume reduction. These degradable particles
consist of carbon and nitrogen from plant remains and when exposed to air they can oxidize. During
oxidation of the carbon, gas will be formed. During aerobic circumstances this will be C0, and in an
anaerobe environment it will mainly be CH,. This results in two problems to look into, the first problem
is the volume loss due to the degradation of the organic matter and secondly the gas that has been

produced could affect the compressibility of the soil.
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2.2.1. Volume loss by degradation of organic matter

During oxidation the percentage of organic matter will decay. The organic matter in a soil can be de-
termined in several ways, one of them is the loss on ignition method. In this method the dry weight of a
soil is compared with the weight of a soil after combustion (this can be at 500°C for the carbon content
and at 1000 °C for all the organic matter) or by dissolving the organic matter with a chemical compound
like hydrogen peroxide (CROW, 2010).

Den Haan has found a relation between the organic matter, effective stress and the void ratio of a soil
given by equation 2.57 (Koster et al., 2018), based on empirical relations given by den Haan (1992).

e =(2.27 + 2755 N) - g,,~(012+0.34N) (2.57)
Where:

e = void ratio
N = organic matter (percentage mass loss between 100-500 °C)
o,, = effective vertical stress

Koster uses this empirical relation to model the organic matter over depth of peat samples. Figure
2.17 shows that the relation gives a more or less good fit for the organic matter over depth (Koster
et al., 2018). Although the study was set up for mapping the peat distribution and its organic matter,
the validity of equation 2.57 can be used to predict a change in void ratio by a change in organic matter.
However, to predict the change in void ratio over time the change in organic matter should be predicted.

classA 45 classA 27 classB ™95
rms: 14 rms: 12 rms: 13
Dry mass
organic matter (%)
0 100 0 0 100
0.00 4 0.00 0.00- -
U4
1 o Organic matter
measured
0.25 4 0.25 1 0.259 L3
%_ — Organic matter
S 0.50 0.50 0.50- modelled
2
$ i
e
0.75 0.75 0.75-
o
1.00 ~ 1.00 - 1.00- 3
classF n:30 classF n:14 class C n:21 class C n:17
rms: 12 rms: 17 rms: 9 rms: 9
0 100 0 100 0 100 0
0.00 4 0.00 0.00 + 0.00
0.25 0.25 4 0.25 4 0.25 -
0.50 4 0.50 0.50 0.50
0.754 0.75 0.75 0.75
1.00 1.00- 1.00~ 1.00- .

Figure 2.17: Modelled relation of organic matter versus depth by equation 2.57 with measured organic matter from laboratory
results (Koster et al., 2018). In this Figure classes represent the different origins of the samples, n is the amount of samples
used and rms is the root mean square.
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Several publications show that the prediction of degradation of organic matter is difficult because it
is influenced by many factors. Some of these factors that drive the production of greenhouse gases,
which is caused by soil organic matter degradation, are listed below and explained by Oertel et al.
(2016).

* Humidity

* Temperature

« Exposure and air pressure
* Vegetation fires

+ Soil pH-values

* Nutrients

* Vegetation

» Land-use change

The first factor mentioned here is the humidity, which is dependent on ground water level and degree
of saturation. Among others van den Akker (2017) shows the importance of the water table for ox-
idation and subsidence of peat and research on peatland subsidence in Venice shows that the rate
of degradation is both dependent on ground water level and temperature (Zanello et al., 2011). Both
these factors (humidity and temperature) also affect the microbial activities in the soil. Those microbial
activities in a carbon cycle can be methanotropic (aerobic) and methanoprophs (aerobic and anaer-
obe). The activity of those two is strongly dependent on water levels and temperature and therefore,
the gas production is as well (Stepniewska & Goraj, 2014). According to Oertel et al. (2016), exposure
is mainly important because it influences the temperature and the humidity which makes it an indirect
parameter and the same hold for the air pressure because the air pressure influences the ground water
pressure (Reicosky et al., 2008), (Izaurralde et al., 2004). For the microorganisms to convert organic
matter to gases they’re in need of nutrients. An indication of this is the C/N ratio, the amount of carbon
over nitrogen that is available. The production of nitrogen gases is negatively correlated to the C/N
ratio while the carbon gases are positively correlated. Next to that it was found that if carbon content
is not limiting, increasing content of nitrogen increase the gas production and when carbon is a limiting
factor nitrogen does not play a significant role in the rate of gas production (Oertel et al., 2016). The
soil pH-value on its turn also influence the microbial activity and it was found that methane production is
best in a medium alkaline environment while carbon dioxide is produced best in a neutral environment
(Dalal & Allen, 2008), (Cuhel et al., 2010). The other three factors mentioned by Oertel do influence the
production of greenhouse gases but are not relevant for embankment projects since vegetation fires
are very rare, vegetation itself is not likely to be present and the change in land-use is mainly important
when forests and peatland become agricultural land.

What can be seen from above is that there are many factors that influence the degradation of organic
matter and the production of greenhouse gases in soils. All these factors could cause a change in vol-
ume and therefore, extra settlement. Also, most of the mentioned parameters are not constant nor is
their change. This makes it hard or even not possible yet to make accurate predictions of degradation
of the organic matter.

2.2.2. Volume loss by compression

Since peat consist of soil particles, organic matter, gas and water, the compressibility of this soil type
differs from other soft soils like clay which consist of mainly of soil particles and water (see Figure 2.18).
A suggested approach for including those two extra properties is to expand equation 2.35. Since this
equation states that the change in volume (d¢,,,;) is a function of the water flow only it does not yet
include the compressibility of gas as organic matter. A first solution would be to change the parameter
B so the water/gas mixture has a compressibility. A more inclusive approach is suggested by Yang and
Liu (2016) and Liu et al. (2016), by equating the change in volume to the change in volume of water,
gas and organic material instead of equating the change in volume to the change in volume of water
(equation 2.58) and for a short period of time (equation 2.59).
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Figure 2.18: Seperation of 3 phases in a soil with associated voids (Yang & Liu, 2016)

AV, + AV, + AV, = AV, (2.58)
dVy, AV, dV,, dV,
&t T ac @ T a (2.59)

Where:

V. = volume of organic matter
V; = volume of gas

;, = volume of water

V. = compressed volume

Regardless of what terms are included the total change in volume can still be seen as the change in
void ratio. This is divided in void ratios as presented in Figure 2.18. The three components of the void
ratio (organic matter, gas and water) are given a new parameter n. By substituting this in equation 2.60
and taking the time derivative of n and assuming all deformation is in vertical direction (dz), the volume
change during compression over a short time is given by equation 2.63.

i, 1 de

E = 1te dedde (260)
AA 1 dn

) én 8o, 6 ) )
m_ on a”__n.(ﬂ_ﬂ) (2.62)

— (=2 - Ddz (2.63)

Where:

e = total void ratio

n =e€gtentey

o, = total stress

o, = effective stress

u,, = pore water pressure

It can be seen in equation 2.59 that if organic matter and gas is neglected it is the same relation as
earlier presented for the consolidation theory. However, different studies have shown that the organic
solid particles in a soil are compressible compared to the incompressible inorganic solids and can not
be neglected in peat (Lade & De Boer, 1997), (Moein, 2016), (Berry & Vickers, 1975). This has been
taken into account in this equation and the change in organic matter is approached by a stress-strain-
time formulation. With the calculated strain the change in volume, compared to an initial (total) volume
can be obtained as well for a small increment in time as is shown in equations 2.64-2.66.
o, t

fm =g (E)A (2.64)
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Vp=aVy - (1 —¢&,) (2.65)
dav; a 6o
d—;” = —5(6—:& + Aot V)dz (2.66)
Where:
&n = strain for organic matter
o, = total vertical stress
E,, = Stiffness of organic matter
t =time
t; = initial time
A = time factor
Vi, = volume organic matter
V, = initial total volume
dz = vertical unit length
a = initial organic matter volume (Vvio")

The final part is the gas compression. In the determination of the gas compression the simplification is
made that dissolution and exsolution of the gas is neglected and the gas can be considered as an ideal
gas which deforms by Boyle’s gas law. This law states that the initial volume multiplied by the pressure
should be equal to a changed pressure multiplied by a new volume. Since the gas is entrapped in water
the pressure is both dependent on atmospheric, gas and water pressure. The difference between the
latter two can be determined based on the surface tension between water and gas and the radius of
gas bubbles that are trapped (Schuurman, 1966), (Wheeler, 1988). This results in equations 2.67.
With respect to small changes in gas volume over a small change of time this equation will become like
equation 2.68 (which is the time derivative of equation 2.67).

2q 2q

(P, + r—)l/_;w =P+ —+tu)l (2.67)
0 r

2
dv, (P + TZ)Vgo d(ZTq +u,,)
— = - 23 . (2.68)
dt (Pa + = + uW)Z dt

By substituting equations 2.66, 2.68, 2.35 (and assuming incompressibility of water so § = 0) in equa-
tion 2.59 a more general model is obtained. This resulting equation can be seen in equation 2.69 (Liu
et al., 2016), (Yang & Liu, 2016).

1 6én do, Obuy

2q 2.69
k 6%u,, (Fa + ;)VQO d(qu + uy) _ a oy (2.69)

- =
Yw 6z* (P, + 27‘1 +u,)? dt Ey, " 6t

t* + Ao, t™h)

With this new model samples of peat of two locations (north east China and Wisconsin US) have been
used to compare the Terzaghi settlement prediction with equation 2.35 and new settlement predictions
with equation 2.69. The results from Yang and Liu (2016) in Figure 2.19 show that this new model does
give a better prediction of the settlement behaviour of peat, see Figure 2.19.
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Figure 2.19: Results of the comparison between equation 2.35 and equation 2.69 based on incremental loading

tests on peat

Despite the better shape of the curves it can be seen that the final deformation and strain in Figure
2.19 are close to each other but the consolidation behaviour is different.

2.3. InSAR Background

INSAR, or Interferometric Synthetic Aperture Radar, is a technique to measure differences between two
(or more) images that are generated using radar technique, called SAR (Synthetic Aperture Radar). To
create images from SAR, electromagnetic waves are transmitted from a radar (attached to an aircraft
or satellite) and based on physical and electrical properties of the surface a portion of these signals are
back scattered and received by the radar system (Moreira et al., 2013). To use SAR, the radar used
must be coherent with the time span between sending and receiving, also the transmitted phase must
be stored in order to compare the received signal with (Hanssen, 2001). When a signal is transmitted
from the radar, the satellite (or aircraft) changes position (indicated by point 1 and 2 in Figure 2.20a).
Based on the beamwidth in azimuth and range directions (8, & 8,) and the radar pulse length 7, a radar
footprint can be made (I, in Figure 2.20a) (Hanssen, 2001). Since it takes time for the signal to travel
back after transmitting, the radar produces several other chirps in the mean time, this can be seen in

Figure 2.20b.
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Figure 2.20: The use of SAR (Hanssen, 2001)

Once a chirp has been received the raw data must be processed to obtain useful images. The mathe-
matical transformation from raw data to images is outside the scoop of this study but a short overview
of the steps is given in Figure 2.21. This data is not just used to project an image but based on the
received signal the distance between satellite and the reflecting object can be derived.

Raw Data

Range Compressed Data

Azimuth = Azimuth =»
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Figure 2.21: The steps taken to process raw data to a useful image of SAR (Moreira et al., 2013).

As discussed earlier, for a geotechnical project such as an embankment, settlement is an import design
criteria. For the assessment of parameters in prediction models INSAR can provide an alternative
approach compared to other (in situ) tests. A time series of the same spatial points could tell something
about the relative deformation and the deformation rates (Reinders et al., 2022). Reinders et al. (2022)
mention the benefits of the use of INSAR for geotechnical purposes per project phase and shows that
even in early phases it could lead for example to detect ground movement. This could be used in
infrastructure project as roads and railways. A schematic representation of the INSAR use for a rail is
shown in Figure 2.22. When this is done along a trajectory settlement behaviour can be mapped, this
can be done on roads when there are object that reflect the emitted electromagnetic waves, e.g. when
there is pavement or asphalt but it does not reflect when a dirt road or grasslands are considered.
For that reason the use of INSAR prior to construction a completely new road is limited but before
maintenance and for validation of settlement behaviour INSAR could be used.
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Figure 2.22: Measurements by InSAR for a rail and the detected settlement (Bianchini Ciampoli et al., 2020)



Implementation and application of
settlement models

3.1. Implementation and Verification

3.1.1. Implementation

Linear isotach model (NEN-Bjerrum)

As described in Chapter 2 the proposed linear isotach model can calculate strain increments based
on a few input parameters and a described stress path. In Algorithm 1 pseudo code is given for the
implementation of the linear isotach model. The verification of this implementation is done by comparing
the outcomes with the excel implementation as proposed by Hoefsloot (2022).

Algorithm 1: Pseudo-code for NEN-Bjerrum model
input : RR, CR, Cq, 0p, Oy, At, teng, Cy, Ho, loading scheme
output: strain, effective stress, time

begin

calculate: &..¢, 7o, &

make: time array « tgnq, At

for At in time do

make: total stress (0y.co¢q1) < 00, time, loading scheme

Calculate: effective stress (0y,erf) < Opitotar, Consolidation (¢, time, Hy, 0y;totar) (€Q:
2.29,2.38, 2.37)

Calculate: intrinsic time T « Intrinsic time (RR, CR, Ca, 14, At, time) (eq: 2.4)

Calculate: Elastic strain increment Ag§ « Elastic (RR, Operfiar) (€Q: 2.7)

Calculate: Viscoplastic strain increment Ag,? « Visco-plastic (RR, CR, Ca, Ta,
Oveffae) (€Q: 2.8)

Aepr « Aefy + Aepy

Add to total strain € « € + Agy,

end

Plot strain vs time (¢ — time)

Plot strain vs stress (¢ — oyef5)

end

Non-linear distorted isotach model (C+S model)

For the C+S model the implementation as was provided by Vergote has been used. His model has
been made available as open source through github (Vergote, 2021). Similar to the implementation of
the linear isotach model, the change in void ratio is determined by a forward difference method for small
time steps. A flowchart for every time step is given in Figure 3.1. Although in the implementation of the
C+S model it is possible to include the hydro-mechanical coupling by solving the differential equation

33
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for ground water flow, this is discouraged since it takes more computational time and the results do not
differ significantly (Vergote et al., 2021, Vergote, 2022).
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End of time-step

Figure 3.1: Flowchart for the C+S model (Vergote et al., 2021).

In Figure 3.1 a step wise overview of the C+S model per time step is shown. At each time step there are
5 state parameters (e, oy, 0p, OCR, é;) from which the isotachs, viscoplastic strain rate, viscoplastic
swell acceleration and strain rate are calculated. Then for an incremental loading test the change in
effective stress is used to calculate the total strain rate and the total strain, for a constant rate of strain
test the given strain rate is used to calculate the effective stress. These are used to calculate void
ratios, stresses and OCR which are the starting point for the next time step. In Table 3.1 an overview
of the used equations per time step is presented. A screenshot of the used python code for iterations
is attached in Appendix A.1.
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Table 3.1: Strain rates to calculate in every time step in the C+S model

Parameter

Equations

Viscoplastic creep strain rate due to
(un)loading (distortion)

Viscoplastic creep strain rate due to ag-
ing

Viscoplastic swell strain rate due to un-
loading

Elastic strain rate due to loading

Total strain rate

3.1.2. Methodology

Linear isotach model (NEN-Bjerrum)

évp;c = éref(OCR;elf)ﬁ?’

. . - 1
éypic = érer(|OCR;rexp(

e'Z
Copis = Cppys — o BS—
vPis T VDS T 1n(10)Cas

(‘T’
e, =C v
el T In(10)0},

€ = €ep + Eypic T Eypis

-B2  c.-C
—OCR,f  Ctr
___ref «

)

2B

For the verification an incremental loading test is simulated with the soil properties as listed in Table 3.2
and a loading path as presented in Table 3.3. The resulting stress path over time is shown in Figure
3.2 and the calculated strains for both the implementations in a stress strain and a time strain space

are shown in Figures 3.3a - 3.4b.

Table 3.2: Soil parameters used in both the excel and python implementation for verification of the model

Input parameter Value

H, 0.019 [m]
RR 0.015138 []
CR 0.3296 [-]
Cy 0.0227 [-]
Cy 1e-7 [m? / s]
Drainage path 0.5 []

oy 75 [kPa]

oy 2 [kPa]

At 0.001 [day]
tena 10 [days]

€ 3
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Table 3.3: Soil parameters used in both the excel and python implementation for verification of the model

Time [days] Load increment [kPa]
15

15

30

60

-60

60

120

N O o AW N =~ O

Non-linear isotach model (C+S Model)
For the verification of the C+S model the same parameter set as described in Tables 3.2 and 3.3 has
been used. The parameters have been converted according to equations 2.41, 2.44, 2.47 and 2.54.
This simulation is used to check if the results of the model under linear conditions produce the same
results as the implementation of the linear isotach model. To do so, the non-linearity and the viscoplastic
swell must be prevented. It can be seen in equation 2.19 that taking B; equal to (Cr — Cc)/C, gives
the same relation as in the linear isotach model and by choosing g, equal to 0, C, will not be OCR
dependent (see equation 2.20).

Cinitic = eupeires - OCRL? (2.19 revisited)

A

Co 2
Canc  OCREZ +1

(2.20 revisited)

e

The viscoplastic swell is controlled by 4 parameters, b,, b,, m;, m,. The most important part is the
initial viscoplastic swell strain rate (equation 2.28) by taking b, large negative, like -100, this value is
already negligible small, m, controls the OCR dependency and is therefor set to 0. Equation 2.27 is
used for the decaying equation of the viscoplastic swell strain rate and since it is an auto decaying
process a small initial strain rate makes that there is not much to decay. However, a large negative
value for b; and a value of 0 for m; will reduce the strain rate almost immediately.

62 - In(10)

g = (2.26 revisited)
Ca;s
Co.
Cﬂ =101 (0CR - 1)™ (2.27 revisited)
a;NC
és.inic = 10P2(OCR — 1)™2 (2.28 revisited)

In this way non-linearity and viscoplastic swell can be avoided in the C+S model and the model re-
sponses like a linear isotach model.
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3.1.3. Results

Verification linear model (NEN-Bjerrum)

Figures 3.2, 3.3, 3.4 show the results of a simulated incremental loading test as described in Section

3.1.2
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Figure 3.3: Strain against stress for both implementations
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Figure 3.4: Strain against time for both implementations

Verification non-linear model (C+S Model)

Figures 3.5 and 3.6 show the differences in stress and strain over time for the stress calculations of the
C+S model compared with the linear isotach model due to the normalisation of the degree of consol-

idation. Figure 3.7 and 3.8 show the results of the adjusted implementation without the normalisation
of the degree of consolidation.



40 3. Implementation and application of settlement models

Cv is 1.0e-08,
beta2: 0.0, beta3= 14.0
stress time
250 A -
= lin iso
- C4S r"—-—
200 A
150 A
g
=3
A
g
@ 100
50 A
0 -
1 10
time [days]
(a) Stress over time for a cv of 1e-08
Cv is 1.0e-11,
beta2: 0.0, beta3= 14.0
stress time
250 A -
— lin iso
© C+S
200 A
150 A
s
<
%]
wn
o
@ 100
50 A
g
1 10
time [days]

(b) Stress over time for a cv of 1e-11

Figure 3.5: Stress over time for two different values of the consolidation coefficient
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Figure 3.6: Strain over time for two different values of the consolidation coefficient
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Figure 3.7: Stress over time for two different values of the consolidation coefficient
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Figure 3.8: Strain over time for two different values of the consolidation coefficient

3.1.4. Discussion

For the verification of the implementation the incremental loading tests have been simulated for the
linear elastic model and the C+S model. With on the chosen parameter sets for the C+S model it
has been shown that this model is identical to the linear isotach model behaviour after the adjustment
of the consolidation as was shown in Figures 3.7-3.8. The results in figures 3.5 and 3.6 show that
the outcome is the same for higher values of the consolidation coefficient. However with a smaller
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coefficient of consolidation a bias occurs in the calculation of the effective stress for the C+S model.
This problem is exacerbated when consolidation plays a more important role, e.g. when not all the
excess pore water pressure dissipates during a loading step and the degree of consolidation will be
less than 99%. According to equations 2.37 and 2.38 this is the case when the drainage path (layer
thickness) increases, the duration of a loading step decreases or when the consolidation coefficient
decreases. This error occurs due to a normalisation factor of the degree of consolidation, resulting in a
degree of consolidation which always goes up to a 100%. In consultation with Vergote a change in the
code is made and this normalisation factor has been removed. Since Vergote did not test his decoupled
code for other applications than laboratory scale tests this error did not occur in his calibrations. After
this modification the model output shows comparable results for the C+S model and the linear isotach
model when a high and low coefficient of consolidation is used. This can be seen in figures 3.7 and
3.8.

3.2. Mexico Clay analysis

For comparison the C+S model will be used twice, one time with both distortion and swell and secondly
with linear isotachs but also swell included. In this way both the influence of swell and distortion on
settlement predictions can be analysed. An analysis on distortion without swell is not done, this would
be comparable to the work of Yuan and Whittle (2018). But first a comparison will be made between
the two models and an incremental loading test with several unloading steps performed on a clay from
Mexico. In this section the term linear isotach model refers to the NEN-Bjerrum model and non-linear
isotach model to the C+S Model.

3.2.1. Methodology

The sample used for this incremental loading test is conducted for Royal Haskoning DHV during ground
investigation for the New International Airport of Mexico. Although the project was cancelled the very
compressible clay can still be used for research purposes as the TKI project: Improvement of settle-
ment predictions. In the test 5 loading steps are followed by 3 unloading steps. The loading and soil
parameters can be found in Tables 3.4 and 3.5 (van der Linden, 2021).

Table 3.4: Parameters of Mexico clay (van der Linden, 2021).

Input parameter Value

RR 0.0277 [-]
CR 0.718 [1]
Cose 0.0272 []
€o 7.04

oy 30.34
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Table 3.5: Loading stages of Mexico clay (van der Linden, 2021).

End time of load step [days] Load [kPa]
3.69 245

5.51 4.94

7.55 9.66

9.02 19.1

11.52 37.97
14.80 75.72
17.60 37.97
20.62 19.1

25.58 245

For these soil parameters, the C+S model will be fitted in a way that the unloading behaviour of the
soil will be captured. To do so, a smaller value for C, will be chosen, in that way the unloading and
reloading line will be flatter but with swell included the unloading line will be steeper than the reloading
line. The results are presented in section 3.2.2 for the measured data, simulation by the linear isotach
model and the simulation of the C+S model with swell but linear isotachs. The choice to not include
non-linearity is because this test has three unloading steps in which creep will not be present and only
one loading step clearly exceed the yield stress and therefore deriving 8, and S5 is not possible. For
the unloading parameters a first estimation for b; and b, is done by taking the slope of the change in
void ratio over the strain rate (éa;S(OCR = 2)) in that way b; can be estimated, the same is done with
the initial viscoplastic swell strain rate (és.;,;: (OCR = 2). From this starting point all 4 viscoplastic swell
parameters, b;, m,, b,, m,, will be changed until the measurements and simulation curves are fit.

3.2.2. Results

In Figure 3.9 the measured change in void ratio against the strain rate is shown for the 3 unloading steps
with OCR’s of 2, 4 and 30. These are used for a first estimation of the viscoplastic swell parameters. It
can be seen that the blue line in intersects with Ae = 0 close to 2.5 - 10~%. For that reason b, is chosen
as -4. The slope of this line C‘a;s divided by C,.n¢ gives a first assumption for b, and is chosen as -0.9.
In the same Figure, the strain rates against change in void ratio for the linear isotach model is also
shown. It can be seen here that for the strain rate of a linear isotach model without viscoplastic swell
included the strain rate decreases faster and less change in void ratio, so less strain is predicted.
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Figure 3.9: Change in void ratio of a unloading step versus the strain rate

In Figure 3.10 the resulting strain over time is presented. In Figure 3.11 the strain over stress is pre-
sented with the isotachs from the C+S model, which are slightly different than the isotachs from the
linear isotach model since the value of C, is different.
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Figure 3.10: Strain over time for Mexico clay



3.2. Mexico Clay analysis 47

C+S model
—T —4
7.0
—T -8
6.5 1 —t —12
r—16
_6.04
E r—20 >
e E
)
kel
2 5.5 r-24 2
g 5.5
—T —28
5.0 1
—T —32
4.5 - —@— end of day lin iso —t —36
' -@— end of day C+S
—@— mex clay
— —40

10° 10!
stress [kPal

Figure 3.11: Strain over stress for Mexico clay

In Figure 3.12 the development of the stresses and strains are shown for the C+S model during un-
loading and in Figure 3.13 the strain development per loading step both for loading and unloading are
presented for the measured data and the simulated test with the C+S model.
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Figure 3.12: Strain development per loading step for the C+S model for both loading and unloading
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Finally in Figure 3.14 the change in void ratio over time is shown for the unloading steps, to purely see
the influence of the unloading behaviour the void ratio before unloading is taken as reference.
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Figure 3.14: Void ratio over time only for the unloading stages on Mexico clay

To follow the unloading curve better, a smaller coefficient of consolidation is selected for the unloading
steps. The coefficient of consolidation during unloading is 5 times smaller than during loading in Figure
3.15. A similar figure as Figure 3.13 but for a c¢,, value which is the same for loading and unloading can

be found in Appendix A.2.1.
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Figure 3.15: Void ratio over time only for the unloading stages on Mexico clay

3.2.3. Discussion

For the analysis of the Mexico clay, a simulation has run with the derived parameters and used as
starting point to manually fit parameters for the C+S model, which are used to check if the unloading
stages could be better described by the C+S model compared to linear isotachs. The RR value was
derived from the unloading steps which are on average steeper than the first two reloading steps this
results in a overestimation of the strain for small load increments. Furthermore, in Figures 3.10 and
3.11 it can be seen that the unloading behaviour is not linear but shows a more curved graph. As a
solution for this, in the C+S model a smaller reloading parameter (C,.) is selected and viscoplastic swell
is included. In this way the simulation is closer to the measurements for small load increment and it
follows a more non-linear swell path which is also in accordance with the measurement data. However
it must be noted that this smaller RR also ensures that the simulation of the C+S model underestimate
the strain close to the yield stress.

Regarding the choice of the viscoplastic swell parameters, b;, m,, b, m,, it can be seen in Figure
3.14 that the first two steps are close to the measurements but for a higher OCR the model underesti-
mates the change in void ratio. What can also be seen in this figure is that the curve of the simulation
is steeper than the measurements, Figure 3.15 shows that this is due to the fact a constant coefficient
of consolidation is used throughout the whole first simulation and that a more curved envelope of the
graph is obtained with a smaller coefficient of consolidation. Next to that it must be noted by looking at
the viscoplastic swell equations 2.27 and 2.28 that the b; & b, determine the magnitudes of the initial
strain rate and the swell parameter fa;s when the OCR is equal to 2 and the parameters m; & m, are
used to regulate the influence of the OCR on the magnitude. The swell parameter set that has been
used is given in Table 3.6.
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Table 3.6: Viscoplastic swell parameters for Mexico clay.

Parameter Value fit [-] Initial assumption [-]
by -2 -0.85

b, -5 -4

my 0.5 -

m, 6 -

What can be seen from Table 3.6 is that the initial strain rate is smaller than first determined. A reason
for this is that in Figure 3.9 consolidation can not be excluded and that a part of the strain rate present
is due to elastic strain and should not be accounted for in the viscoplastic swell strain rate. Next to that
it can be seen that the initial strain rate is strongly affected by the OCR since m, is 6. Regarding b,
and m; it can be seen that the initial value is smaller than assumed and that in contrast to the initial
viscoplastic swell strain rate the dependency on OCR is smaller but still present with a value of 0.5. It
should be noted that the assumptions can be used as a starting point but due to the few data points
and the influence of consolidation, it is not possible to determine the parameters from only these 3
unloading steps but it gives a starting point for fitting them.

3.3. Model comparison: Incremental Loading tests simulations

For the comparison of the models it is necessary that the input parameters which will be used in both
models are the same and that the additional model parameters for the C+S model are also in accor-
dance to the data from which the parameters are derived. Since this is not possible for conventional
incremental loading test data with only one or two unloading steps, data published in Vergote, 2020,
Vergote et al., 2021 and Vergote, 2021 is used as starting point. In Tables 3.7 and 3.8 the two sets of
parameters are given. In the last column is indicated whether the parameter is given or assumed for
the simulation. To the set in Table 3.7 will be referred to as set GitHub and the parameter set in 3.8 as
set Paper. These parameter sets will both be used for IL simulations and embankment simulations.

Parameter set

Table 3.7: Model parameters as given in the GitHub example of Vergote (Vergote, 2021).

Input parameter Value Given or assumed
C. 0.3 [] G
C, 0.06 [-] G
Cq 0.018 [] G
B2 3 G
Bs 23 G
by -0.8 [] G
b, -5[-] G
my 0.7 [] G
m, 2.5([-] G
cy 2.2e-7 [m? / 8] G
Drainage path 0.5 [] G
€o 1.9 G
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Table 3.8: Model parameters as given in (Vergote, 2021).

Input parameter Value Given or assumed
C, 1.07 [] G
Cy 0.25[-] G
Co 0.043 [] G
B 4 G
B3 21.5 G
by -0.84 [] G
b, -3.3[] G
my 0.95 [] G
m, 2.5[-] G
cy 1e-08 [m? / s] A
Drainage path 0.5[-] A
€0 3.68 G

For the analysis of the C+S model with linear isotachs and swell includes the above parameters are
c—Cr

used only the 8, = 0 and the 5; = CC

3.3.1. Methodology

Below the model input parameters for the incremental loading tests are given. Instead of a POP a yield
stress is used. All other soil parameters are equal to the sets given in Tables 3.7 and 3.8. There are two
different load increment tests simulated, the first one is a more standard test in which load will exceed
the yield stress followed by one unloading and reloading step and one more load step to exceed the
yield stress again. All steps take one day and the last step will last for 3 days. The load increments
are presented in Table 3.10. The second incremental loading test that will be simulated pays more
attention to swell and creep. That is why multiple unloading steps are added which also differ in OCR.
The test finishes with a small unloading step which also has a duration of multiple days so creep strain
rate can become dominant over viscoplastic swell strain rate. The load steps of this test are presented
in Table 3.11.

Table 3.9: Incremental loading test properties

Input parameter Value
Tpo 1 [kPa]
Opref 40

H, 0.02 [m]
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Table 3.10: The load path for the Incremental loading test simulation.

Time [days]

Total load [kPa]

o O~ W N =~ O

Tyo
20
40
80
40
80
160

Table 3.11: The load path for the Incremental loading test simulation.

Time [days]

Total load [kPa]

o W =~ O

15
18
21
24

3.3.2. Results

Tyo
20
40
80
60
40
15
80
100
95

Incremental loading test simulations for C+S model with swell and non-linear isotachs

IL GitHub parameters

In Figures 3.16 and 3.17 the results are shown for the standard incremental loading test simulation on
the parameter set GitHub. In Figures 3.18 and 3.19 the results are shown for the simulated incremental
loading test with multiple unloading steps on the parameter set GitHub. In this section only the strain
and stress against time and the strain against stress plots are shown. Plots of the strain rate against
time, stress and strain development over time per load increment can be found in Appendix A.3.1.
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Figure 3.19: Isotachs for parameter set GH in IL test with multiple unloading steps

IL Paper parameters

In Figures 3.20 and 3.21 the results are shown for the standard incremental loading test simulation on
the parameter set GitHub. In Figures 3.22 and 3.23 the results are shown for the simulated incremental
loading test with multiple unloading steps on the parameter set GitHub. In this section only the strain
and stress against time and the strain against stress plots are shown. Plots of the strain rate against
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time, stress and strain development over time per load increment can be found in Appendix A.3.1.
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Figure 3.23: Isotachs for parameter set Paper in IL test with multiple unloading steps

Incremental loading test simulations for C+S model with swell and linear isotachs
In this section the same graphs as presented as in section 3.3.2 only here the C+S model uses linear

isotachs instead. Additional graphs of strain rate against time and strain and stress development per
load increment can be found in Appendix A.3.2.
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Figure 3.25: Isotachs for parameter set GH in standard IL test
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Figure 3.27: Isotachs for parameter set GH in IL test with multiple unloading steps
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Figure 3.30: Stress and strain over time for parameter set Paper in IL test with multiple unloading steps
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Figure 3.31: Isotachs for parameter set Paper in IL test with multiple unloading steps

3.3.3. Discussion

For the model comparison in an incremental loading test environment four different test scenarios are
made. When looking at Figures 3.16 and 3.20 it can be seen that the difference between the two models
is only visible in the unloading stage even though non-linearity is applied. Nevertheless the influence
of the viscoplastic swell is visible in the stress strain graphs which also show that after reloading the
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strains reached are smaller for the C+S model than for the linear isotach model. When a new loading
step (which exceeds the yield stress) is applied this difference disappears and the strains are equal
(See Figures 3.17 and 3.21). This makes that the strain development in the C+S model with and with-
out non-linearity for a standard incremental loading test give almost identical results.

However, this does not hold for incremental loading test with multiple unloading steps and a longer
creep period. These tests have been simulated and by comparing figures 3.18 and 3.22 with 3.26 and
3.30 one can see that upon unloading in both tests the C+S model predicts more swell than the linear
isotach model. Different from the standard test, due to multiple unloading steps the strain after reload-
ing (when the yield stress is exceeded) remains smaller for the C+S model than it is for the linear isotach
model. This can be best seen in the GitHub parameter set but it also occurs in the paper parameter set
and it happens both when the C+S model acts linear and non-linear. Another difference which can be
seen by comparing the C+S model with and without linearity is the amount of creep. In the non-linear
C+S simulations a clear flatting is visible in the strain against time graphs (Figures 3.18 and 3.22) due
to the faster decaying strain rate by the closer spaced isotachs. This flatting is not present in the C+S
model with linearity as was expected since the distance between isotachs remain constant and similar
to the linear isotach model (Figures 3.26 and 3.30). Another point to mention in the comparison of the
models is the development of the strain rates. In Appendix A.3.1 and A.3.2 the strain rates are plotted
over time and despite the distorted isotachs it can be seen that during small load increments the strain
rates are in the same order of magnitude for the C+S model with distorted isotachs as for the linear
isotach model. This can be seen in all 4 tests (parameter set GitHub and Paper for both standard as
unloading scenarios), this is in accordance with the drawn isotachs in Figures 3.17, 3.19, 3.21 and
3.23.

3.4. Model comparison: Embankment simulations

3.4.1. Methodology

With the two parameter sets given, different load increment simulations are set up to compare the two
models. Since the goal of this study is to stress levels lower than the yield stress a scenario is simulated
in which this is the case. An embankment is chosen with a pre-loading period after which the load is
partly removed. In this way there is a stress level lower than the yield stress and also the influence of
unloading can be studied.

(a) Day 0, no load

(d) Day 30-180, 3 metres of fill (e) Day 180 - 30 years, 2.5 metres of fill

Figure 3.32: Loading stages for the embankment simulation

For simplification only one soft layer has been chosen and the clay layer is enclosed by two permeable
sand layers, in that way the drainage path is half the layer thickness. Next to that, the consolidation
degree is chosen such that the time to reach 99% of consolidation is 180 days. In practice this could
be achieved for example by the use of vertical drainage. The next assumption made is that the ground
water table is at the surface so all the soil is fully saturated. During settlement buoyancy of the em-
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bankment will be neglected. For the calculations the initial stress state for the centre of the clay layer is
used, which is equal to the self weight of the soil above minus the static water pressure. For the yield
stress a POP (pre overburden pressure) is added to the initial stress. Details of this simulation can be
found in Table 3.12. The simulation will be done for both parameter sets given in previous section and
for two different POPs for the both linear isotach model and the C+S model.

Table 3.12: Embankment properties

Input parameter Value
Ysand 20 [kPa/m]
Yelay 16 [kPa/m]
Ywater 10 [kPa/m]
Hetay 4 [m]
Hsana 1[m]

POP 1 20 [kPa]
POP 2 40 [kPa]

The embankment will be constructed with sand and has the same properties as the sand layer, given in
Table 3.12. The values of the soil weights are based upon Table 2b of NEN 9997-1+C2 (NEN, 2017).
The load increment scheme is presented in Table 3.13 and in Figure 3.32, the loads are applied at the
first day mentioned in the caption of a figure.

Table 3.13: The load path for the embankment simulation. With an unloading phase as illustrated in Figure 3.32.

Time [days] Total load [kPa]

0 Tpo

1 gy + 20

15 gy +40

30 gy + 60

180 gy + 50
3.4.2. Results

Embankment simulations for C+S model with swell and non-linear isotachs

Comparison yield stresses

First, the stress and strain over times curves are shown for the embankment with a POP of 20 and
40 for the GitHub parameter set in Figure 3.33 and for the paper parameter set in Figure 3.34. Both
simulations have swell and non-linearity. What can be seen in both figures is that the graph of the strain
over time only changes in magnitude but not in shape, therefore further figures will only be shown for
a POP of 20, figures for both POPs are also attached in Appendix A.4.
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Figure 3.34: Stress and strain over time for parameter set Paper

Embankment GitHub parameters

In Figures 3.35-3.37 show the settlement over time, the strain over stress with isotachs and the stress
and strain over time per load increment for the GitHub set with a POP of 20.
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Figure 3.35: Settlement graph for GH POP 20 kPa
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Stress and strain per time step

|
\

lin iso stap 1
E 60 == C+Sstap2
X lin iso stap 2
> == C+Sstap 3
a 40 -_—_.‘_________.—-’/ lin iso stap 3
o ______,_____.--——-'-"‘/ 77| |CHSstapa
o -h
2 20 4 lin iso stap 4

== C+Sstap5

0
0.00 liniso stap 1 7
== C+Sstap2
0.01 1 lin iso stap 2
—_ == C+Sstap3
. 0.02 A lin iso stap 3
w == C+Sstap4
'% 0.03 4 lin iso stap 4
= == C+Sstap5
n
0.04 APy S Y LR R R b I LI e s N
R OO ", LR
0.05 A
1 10 100 lyr 10yr 30yr

time [days]

Figure 3.37: Strain and stress development per load increment for GH POP 20 kPa

In these figures it can be seen that upon loading the both models predict comparable results but when
stress becomes constant the C+S model predicts less strain, this is due to the non-linearity. Next to
that it can be seen that the C+S model predicts more swell. In Figure 3.38, the distorted isotachs upon
unloading are presented. They should be compared with the isotachs in 3.36. In Appendix A.4.1 the
development of the strain rates is shown.
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Figure 3.38: Isotachs after unloading for GH POP 20 kPa
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Embankment Paper parameters

In Figures 3.39-3.41 the settlement over time graph, the strain over stress with isotachs is shown, the
stress over time and the strain over time and the stress and strain over time per loading step are shown
for the paper set for a POP of 20 kPa.
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Figure 3.39: Settlement graph for paper POP 20 kPa
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Figure 3.41: Strain and stress development per load increment for paper POP 20 kPa

In these figures it can be seen that upon loading the both models predict comparable results but when
stress becomes constant the C+S model predicts less strain, this is due to the non-linearity. Next to
that it can be seen that the C+S model predicts more swell. In Figure 3.42, the distortion of the isotachs
upon unloading is presented. They should be compared with the isotachs in 3.40. In Appendix A.4.1
the development of the strain rates is shown.
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Embankment simulations for C+S model with swell and linear isotachs

Embankment GitHub parameters

In Figures 3.43-3.45 the settlement over time graph, the strain over stress with isotachs is shown, the
stress over time and the strain over time and the stress and strain over time per loading step are shown
for the GitHub set for a POP of 20 kPa.
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Figure 3.43: Settlement graph for GH POP 20 kPa
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Figure 3.45: Strain and stress development per load increment for GH POP 20 kPa

In these figures it can be seen that upon loading the both models predict comparable results but when
stress becomes constant the C+S model predicts less strain, this is due to the non-linearity. Next to
that it can be seen that the C+S model predicts more swell. In Figure 3.46, the isotachs upon unloading
are presented. They should be compared with the isotachs in 3.44, it can be seen that their spacing is

constant. In Appendix A.4.2 the development of the strain rates is shown.

isotaches after unloading

1.900 < : — —6.4
\ N "
1.875 - . R
\ —+ —8.0
AN
1.850 - N |
\\
*
- -9.6
1.825 - \‘ N
—_ S
° | 3
3 1.800 \ > F-11.2 5
(o)
kel
2 \ s}
> 1.775 1 .
~ Y
— S - -12.8
Ny
1.750 - I
. \ -
N
1.725 A N — —-14.4
1.700 -
T —L _16.0
3x10?! 4x10?! 6 x 101! 102

stress [kPa]

Figure 3.46: Isotachs after unloading for GH POP 20 kPa
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Embankment Paper parameters
In Figures 3.47-3.49 the settlement over time graph, the strain over stress with isotachs is shown, the
stress over time and the strain over time and the stress and strain over time per loading step are shown
for the paper set for a POP of 20.

Settlement vs time

0.0 1 —— Linear isotachs
------ C+S model
0.14
E
S 0.2 4
£
Q
@
wn
0.3
0.4 4
1 10 100 lyr 10yr 30yr

time [days]

Figure 3.47: Settlement graph for paper POP 20 kPa
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Figure 3.48: Isotachs for paper POP 20 kPa



72 3. Implementation and application of settlement models

Stress and strain per time step
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Figure 3.49: Strain and stress development per load increment for paper POP 20 kPa

In these figures it can be seen that upon loading the both models predict comparable results but when
stress becomes constant the C+S model predicts less strain, this is due to the non-linearity. Next to
that it can be seen that the C+S model predicts more swell. In Figure 3.42, the isotachs upon unloading
are presented. They should be compared with the isotachs in 3.48, it can be seen that their spacing is
constant. In Appendix A.4.2 the development of the strain rates is shown.
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Figure 3.50: Isotachs after unloading for paper POP 20 kPa



3.4. Model comparison: Embankment simulations 73

3.4.3. Discussion

First of all, the influence of the yield stress (in terms of a POP) has been considered. As mentioned
in Section 3.4.2 the yield stress does change the magnitude but not so much the shape of settlement
behaviour over time. This was shown by Figures 3.33 and 3.34.

Secondly, the comparison is made between the linear isotach model and the C+S model with non-
linear, distorted isotachs and viscoplastic swell included. For both parameter sets it can be observed
that the settlement predicted by the C+S model is less than the linear isotach model over a period of
30 years. Next to that, the behaviour is different as well. This can be best seen in the Figure 3.37
and 3.41 where the stress and strain development are visualised per load increment. For the last load
increment, removal of the pre-load, the predictions start to diverge. The swell period for the C+S model
is longer and more uplift is found and the strain rate decreases faster as well. This longer swell period
is in accordance with the findings on Mexico clay were after unloading a longer period of swell was
found as well.

In the last comparison, where the C+S model was used with linear isotachs and viscoplastic swell,
the settlement predictions over 30 years for both models converge. An explanation for this is that a
higher creep strain rate is found for the C+S model after swell which makes it settle faster and therefor
it compensates for the uplift (Figures 3.44 and 3.48).






Groundwater table fluctuations

4.1. Methodology

The groundwater table of a soil is important for the effective stress. To answer the second sub-question
several scenarios will be run in which there is one base scenario in which the groundwater table will
remain constant. By adding one component to equation 2.29, the groundwater fluctuation, it is possible
to vary it over the time. The scenarios are presented in Table 4.1 and will all have the same soil
parameters and loading scheme as the embankment with the parameter set of Mexico clay, which are
given in Tables 3.4, 3.13. The POP is chosen as 40 kPa. The predictions are only made in the linear

isotach model.
GWT =z(t) + f(t)

z(t) = H — dH(t)

f)=4- sin(%)
Where:

GWT = groundwater table

z(t) = hydraulic head over time

H = surface -0.5[m]

f(t) = seasonal fluctuations

dH(t) = the decrease of increase of hydraulic head over life time

A = magnitude of season fluctuation
t = time
T = period of seasonal fluctuations = 180 days

Table 4.1: Groundwater table fluctuations

Scenario change(t) [m] A [m]

Base 0 0

Constant flux 0 0.2

Constant flux + decrease -0.5 0.2

Constant flux + increase +0.5 0.2
Increasing flux 0 0.2 + 0.3/time
Increasing flux + decrease -0.5 0.2 + 0.3/time
Increasing flux + increase +0.5 0.2 + 0.3/time
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(4.1)
4.2)

(4.3)
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From these scenarios it must become clear what influence temporal fluctuations have on settlement
behaviour of an embankment. Next to the fluctuations a more permanent change in groundwater table
can be observed in these scenarios. Lowering of the groundwater table would result in higher effec-
tive stresses while a higher groundwater table would result in lower effective stresses. To see if the
magnitude of the fluctuations affect the settlement behaviour a constant fluctuation and an increasing
fluctuation is simulated.

4.2. Results

In Figure 4.1 the settlement behaviour is shown for the scenario without any change in

groundwater table. This is used as a reference to compare the other scenarios with.
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Figure 4.1: Stress and strain over time for base scenario

Constant fluctuation in groundwater table

In Figure 4.2 it can be seen that the total strain is not affected by the constant fluctuation of the ground-
water table. However it can be seen that prior to the unloading step the stress level of the constant
flux scenario is higher and more strain is obtained. This can be explained by a temporal dry period
which results in higher effective stress. When a constant fluctuation is combined with an increase or
decrease in hydraulic head it can be seen that this affects the stress resulting in either more or less
strains than predicted by the base model (Figures 4.3 and 4.4).
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Figure 4.2: Stress and strain over time for Constant flux scenario

Constant Flux + decrease

90

10yr 30yr

= Scenario
80 4 — Base

stress [kPa]

w B w [*)] ~
o o o o o
! L L L !

0.00

0.05 A

strain [-]
o
=
o

4

-

5
L

—— Scenario
—— Base

:

=
=
o

100 lyr
time [days]

Figure 4.3: Stress and strain over time for Constant flux + decrease scenario

10yr 30yr



78 4. Groundwater table fluctuations

Constant Flux + increase
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Figure 4.4: Stress and strain over time for Constant flux + increase scenario

Increasing fluctuation in groundwater table

Comparable to the constant fluctuation the final settlement does not change when an increasing fluc-
tuation is simulated as can be seen in Figure 4.5. Furthermore it can be seen that the final strains
predicted for an increase and decrease in groundwater table are comparable for the predictions with a
constant fluctuation and an increasing fluctuation. In Appendix B, the strain versus stress and settle-
ment over time graphs are also attached. There it can be seen that for the strain against stress graph
a same oscillation around the average effective stress level is present.



4.2. Results

Increasing Flux

©
o

= Scenario
—— Base

stress [kPa]

w B w [e)] ~ <]
o o o o o o
L ! L L ! L

0.00

—— Scenario
—— Base

0.05 A

0.10 A

strain [-]

0.15 A

fun)
=
o

100 1yr 10yr 30yr
time [days]

Figure 4.5: Stress and strain over time for Increasing flux scenario
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Figure 4.6: Stress and strain over time for Increasing flux + decrease scenario
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Figure 4.7: Stress and strain over time for Increasing flux +increase scenario

4.3. Discussion

The first observation based on Figures 4.1, 4.2 and 4.5 is that temporal fluctuations around a constant
hydraulic do not affect the final settlement. However, it can be observed that temporal fluctuations do
change the settlement behaviour and that small periods of compression and swell succeed one an-
other. Furthermore it can be observed in Figures 4.4 and 4.7 that an increase in the groundwater table
does result in a decrease of effective stress which is in accordance with equation 2.29. In terms of
strain this results in lower final strains. Also in accordance to equation 2.29 a decrease in groundwater
table increases the effective stress with an increase strain as result.

Even though the stress level oscillate with an amplitude up to 5 kPa (Figure 4.5), the oscillation in
strain is limited. An explanations for this is that the elastic strains cancel each other out over time
and the viscoplastic strain does not change much. The same hold when the decrease and increase
in groundwater table is considered. But here it should be noted that an increase in groundwater table
causes a shift in the isotach graph (See Appendix B) which results in lower strain rates and therefore
a flatter curve in Figure 4.4 and 4.7 compared to the base scenario. Vice versa, a decrease in ground-
water table causes in increase in stress and with it a shift in the isotach graph towards a higher isotach
with a higher strain rate and therefore a steeper curve compared to the base scenario in Figures 4.3
and 4.6.



INSAR

With the use of INSAR two locations will be considered. The first location is the N3, a road between
two highways (A15 and A16) through Dordrecht. Secondly the A2 highway between Amsterdam and
Utrecht will be considered. Both locations are shown in Figure 5.1.

(a) Project locations in NL

Figure 5.1: Overview of project locations for INSAR
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(b) Zoom in on N3
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5.1. N3: yield stress determination

5.1.1. Methodology

In the period of 2018-2021 maintenance of the foundation and asphalt took place which caused a small
change in stress state which could cause a different settlement behaviour than before maintenance.
As presented in Chapter 2 one of the parameters to make predictions is the yield stress (o). Since the
yield stress is determined by the intersection between the reloading and compression lines (RR & CR),
due to, for example, sample disturbance and unloading when taking a sample, there is uncertainty in
this parameter. With the use of INSAR the yield stress can be derived based on the in situ situation.
With the measured displacement rate (dz / dt) and a known layer thickness the strain rate can be
calculated (equations 5.1). With this strain rate and soil parameter C, the intrincisc time of the soil can
be calculated (equation 5.2). By rewriting equations 5.2 and 5.3 for the intrinsic time, equation 5.4 is
obtained which can be used for the calculation of the yield stress.

dz
= H (5.1)
Co

= n(10)e (5:2)
0-p CRC—RR 53
T= 0_1;) « (5.3)
o = o (— & ya (5.4)

P = 9 In(10)

INSAR does not measure strain rates but a (relative) change in surface level, from a certain starting
point settlement over time is taken as the displacement rate, which can be converted to strain rate. This
is, since the surface displacement is considered, a strain rate for all the compressible layers together.
By dividing the settlements with the initial layer thickness a time series of strain is obtained. From such
atime series the strain rate can be determined and used in equations 5.4. As can be seen in Figure 5.1b
the road covers multiple kilometres, for that reason there can be local difference in settlement behaviour
and stress history, e.g. yield stress. The first step to take, is to determine regions of uniform motion
(RUM) on the displacement map. Secondly these locations must be studied in more detail, elevations
(based on Actuele Hoogtebestand Nederland (AHN, 2019)) and soil layering (based on bore hole logs
and CPT’s from Dinoloket (TNO, 2022)) must be considered. Finally the soil parameters are derived
based on laboratory tests performed by Wiertsma & Partners (2018) and Table 2.b from NEN (2017).
A first general elevation map is presented already in Figure 5.2 and a displacement rate map in Figure
5.3; more detailed maps based on the chosen locations will be presented in the results as will the
displacements over time. The soil parameters for the different soil types are listed in Table 5.1. When a
more detailed study is performed at the locations of interest, these parameters will be used to calculate
the initial effective stress based on the layer thickness of the sand and the soft soil. Finally, with the
parameters, the displacement rate and equation 5.4 the yield stress will be calculated.
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(a) Elevation profile project area N3

(b) N3 area AHN

Figure 5.2: Elevation map N3

Table 5.1: Soil parameters (Wiertsma & Partners, 2018), (NEN, 2017), (TNO, 2022)

Parameter Value
Sand

Vsandssat 19 [kPa]

GWT NAP - 1 [m]

Ywater 10 [kPa]
Clay

RR 0.027 [-]

CR 0.24 []

Cy 0.0126 [-]

Vetay;sat 14.3 [kPa]
Peat

RR 0.056 [-]

CR 0.29 []

C, 0.018 [-]

Vpeat;sat 11 [kPa]
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Figure 5.3: Displacement rates measured between 2015 - 2020 by InSAR of the N3 Highway
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5.1.2. Results

RUM locations

The first step was to determine so called RUMs (regions of uniform motion). For this purpose the scale
on the settlement map was set on -5 to +5 mm / year. This made that only small displacement rates
show up in green, these regions are all cross overs and bridges. In Figure 5.4a a first location of interest
is shown and a more detailed scale (-10 to +10 mm / year) is used in Figure 5.4b. The location is close
to a cross over where there is a clear distinction in settlement behaviour. The red dots indicate faster
displacement rate while the green dots indicate a very small displacement rate. This location is chosen
since the elevation is relatively constant as is the thickness and depth of the soft soil layer which makes
that the initial stress state of this location is representative for the whole area. The location with the
red dots in Figure 5.4a also shows a RUM but the road elevation is increasing which makes it harder
to perform an analysis for the yield stress.

SkyGeo  Bodemdalingskaart 2021 expert SkyGeo  Bodemdalingskaart 2021 expert . ¥

10

(a) RUM location 1 (b) RUM location 1 more detailed scale

Figure 5.4: First location of interest

The second location that will be considered has a higher displacement rate and is located north of the
previous location. The location is white encircled in Figure 5.5. Just as for location 1, in Figure 5.5b a
more detailed scale is used.

SkyGEO Bodemdalingskaart 2021 expert

(a) RUM location 2 (b) RUM location 2 more detailed scale
Figure 5.5: Second location of interest
Soil profile and elevation

For the determination of the yield stress in this location, the subsurface profile must be considered and
the height of the surface level to determine which part of the soil is dry and which part is below the
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groundwater table. Figures 5.7 and 5.8 show these profiles for the two locations of interest. In Figure
5.6 the soil layers derived from multiple CPTs from DINOloket are shown, the used CPTs can be found

in Appendix C.3.

T
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(a) Layering of the 15! location of interest (b) Layering of the 2" location of interest

Figure 5.6: Layering of subsurface at N3

Based on these soil profiles, the soil parameters of Table 5.1 to make one soft soil layer with soil
parameters that are the weighted averages. This starting point for further analysis and is called the
mixed soil layer scenario. An overview of these parameters is given in Table 5.2. Calculations of the
weighted averages can be found in Appendix C.1.

Table 5.2: Soil parameters for mixed scenario for location 1 and 2

Parameter Location 1 Location 2
CR 0.27 [] 0.26 []
RR 0.044 [-] 0.035 []
Co 0.016 [-] 0.014 []
Ysoft 12.1 [kPa] 13.3 [kPa]
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Elevation Profile
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Figure 5.7: AHN profile location 1 Figure 5.8: AHN profile location 2

Displacement rate, yield stress and OCR

Based on the elevation and the soil layering as presented in figures 5.6 - 5.8, the initial effective stress
can be determined. The next parameter necessary is the strain rate. For location 1, the displacement
over the time is presented in Figure 5.9 and for location 2 the displacement over time can be found in
Figure 5.10 a linear regression through these data points result in the displacement rates in millimetres
per year, this is converted to strain rate with the soft soil layer thickness. Since the soft soil layer does
not exist of 1 soil type, the determination of the yield stress has been done 3 times. First assuming
all the soft soil is peat, in the second calculation the whole layer is assumed to be clay and in the
last calculation a weighted average for the soil parameters is taken based upon the thickness of the
different soils. For the latter one, the starting point for the calculation is presented in Table 5.2 and
5.3. For location 1, Figure 5.11a shows the yield stress with the influence of the different parameters.
What can be seen is that the yield stress is very sensitive to the layer thicknesses and the volumetric
weights but so is the initial stress state. Therefore, Figure 5.12a shows the over consolidation ratio
and its sensitivity to the parameters. For the other two calculations (assuming the whole layer is either
peat or clay) the yield stress for a clay layer is lower than for a mixed situation and for a peat layer
the yield stress is higher and the same holds for the OCR’s. The graphs of those scenarios can be
found in Appendix C.2. For location two, the same calculations are done for the input parameters of the
second location (Table 5.3). Figures 5.11b and 5.12b show the yield stress and OCR for the mixed soil
layer and again for a full peat and clay layer the results can be found in Appendix C.2. As for the first
location, the yield stress and OCR calculated for the second location for a full layer of peat are higher
than for the mixed soil layer and lower for a full clay layer. The results for the strain rate, intrinsic time
and OCR are listed in Table 5.4.
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Figure 5.10: Displacement over time for location 2

Table 5.3: Soil properties

Parameter

Value location 1

Value location 2

Hsoft

Hsand
E
5t

0-1];0

3.5[m]

2.5 [m]

-2.27 [mm/year]
29 [kPa]

10 [m]

5.5 [m]

-5.65 [mm/year]
94 [kPa]
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Figure 5.11: Yield stresses for two locations . The green bar indicate that a parameter is bigger, the amount of variation is shown
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Figure 5.12: OCR’s for two locations. The green bar indicate that a parameter is bigger, the amount of variation is shown right.
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Table 5.4: InSAR results for strain rate, intrinsic time, yield stress and OCR

Parameter Location 1 Location 2

g 2.07 e-6 [1/day] 1.54 e-6 [1/day]
T 9.3 [year] 10.9 [year]

o) 114 [kPa] 327 [kPa]

OCR 3.9[] 311

5.1.3. Discussion

This part of the study focused on the derivation of a yield stress based on INSAR measurements. |t
can be seen that over a period of multiple years, a clear trend was visible in the displacements over
time for two separate locations (Figures 5.9 - 5.10). Together with available soil investigation, elevation
maps and laboratory tests it was possible to derive a yield stress. Laboratory tests were conducted
on bore hole samples located along the road in almost virgin soil. This implies that the compressibility
parameters can be derived quit well except for the yield stress. It can be seen in Figures 5.11a-5.12b
that the settlement parameters affect the yield stress and the OCR more than the displacement rate.
From the displacement rate, the strain rates and intrinsic times were calculated and what can be seen
in Table 5.4 is that even though the calculated yield stress and OCR are high, the intrinsic time is only
9.3 and 10.9 years. Something else that can be seen in Figures 5.13a and 5.13b is that the intrinsic
time is highly dependent on the measured displacement rate and that the standard deviation in the
measurements (1 and 1.1 mm/year) causing a wide range for the intrinsic time.

An explanation for the high yield stress and OCR while the intrinsic time is not that high is that the
intrinsic time is a linear function of the strain rate and C, while the yield stress and OCR are dependent
on the power of (CR — RR)/C,. The yield stress, intrinsic time and OCR are derived according to the
linear isotach model (NEN-Bjerrum), this could be an explanation for the high yield stress. When a
non-linear isotach model is used, the isotach spacing reduces over time and a smaller yield stress can
be found. Figure 5.14 illustrates this principle. In the left figure a stress-strain space is drawn with linear
isotachs, starting from a point with a fixed stress, strain and strain rate the RR line can be followed to
determine the intersection with the CR line which is the yield stress. This distance is dependent on
the spacing of the isotachs which for linear isotachs is constant. However when non-linear isotachs
are considered as is the case in the right drawing, the same starting point is considered with the same
stress, strain and strain rate and again the RR line must be followed until the intersection with the CR
line to find the yield stress. It can be seen that when the spacing between isotachs reduces over time,
e.g. further away from the 1-day isotach (CR-line), the distance between the starting point and the
intersection is smaller. This leads to a lower yield stress than for the linear isotach models.

Linear isotachs Non-linear isotachs
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Figure 5.14: Yield stress for linear and non-linear isotachs
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5.2. A2: post diction

5.2.1. Methodology

For the A2 project, a post diction of Visschedijk and Temmerman (2009) will be used and compared
with displacement rates measured by INSAR. During construction of the embankment "Westbaan” sev-
eral cross sections have been studied with settlement plates and these settlement measurements were
used to fit the soil parameters in D-Settlement (fit for settlement plate). In Visschedijk and Temmerman
(2009) the soil layering and load schemes for every cross section are given and those are implemented
in D-Settlement. The soil profile for the whole project area is given by Figure 5.15 and the soil param-
eters can be found in Table 5.5. After fitting the linear isotach model to the D-Settlement calculations
the strain rates will be compared with the measured displacement rates by INSAR. Figure 5.16 gives
an overview of the displacement rates and it can be clearly seen that the newly constructed lane in the
west settles faster than the already existing lane in the east.
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Figure 5.15: Soil profile A2, the area Westbaan is located in the black square Visschedijk and Temmerman, 2009
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Table 5.5: Soil parameters (Visschedijk & Temmerman, 2009)

Parameter Value
Sand
Ysandssat 19 [kPa]
GWT NAP - 2.2 [m]
Ywater 10 [kPa]
Clay
RR 0.132 [-]
CR 0.237 [-]
Cq 0.026 [-]
Vetayisat 14 [kPa]
Heiay 0.8 [m]
Peat
RR 0.1896 [-]
CR 0.409 [-]
Cy 0.0312 [-]
Vpeat;sat 10.2 [kPa]
Hpeat S [m]
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Figure 5.17: Results of Visschedijk and Temmerman (2009) after settlement plate fit

For the comparison, two cross sections are considered: D10 and D14. The loading schemes and the
settlement predictions after settlement plate fit are shown in Figures 5.17a and 5.17b. These figures
have been reproduced in D-Settlement, the used cross sections can be found in Appendix C.5. Based
on the fitted D-Settlement measurements, the linear isotach model as presented in Chapter 3 is fitted
on those predictions. For the python implementation of the linear isotach model to fit, soil parameters
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must be adapted because of simplifications in the python implementation compared to the D-Settlement
analysis. Simplifications in the python implementation are: no submerging, no vertical drainage and di-
mension limitations (the python implementation considers 1D compression only while the D-Settlement
model uses a 2D cross section). Once the linear isotach model has been fitted to the D-Settlement
results, the C+S model will be used to reach the displacement rate measured by InSAR. In this way the
goal is to keep the settlement predictions before unloading close to the D-Settlement results, which are
in accordance with settlement plates, and also be in accordance with the measured data from InSAR.
The displacement rates according to INSAR measurements for the two cross sections D10 and D14
are shown in Figures 5.18a and 5.18b. The average displacement rate for D10 is 2.25 +0.39 mm/year
and for D14 it is 2.46 £0.60 mm/year.
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Figure 5.18: Displacement rate measurements by INSAR

5.2.2. Results

Cross section: D10

Figure 5.19 shows the results of the D-Settlement predictions for the stress over time and the stress
development according to the python implementation. What can be seen in this figure is that the stress
develops faster in the D-Settlement analysis, this could be due to the vertical drains that reduce the
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consolidation period. Next, it is visible that submerging reduces the stress level over time for the D-
Settlement calculation while in the python implementation stress levels remain constant. Figure 5.20
shows that in the first steps the D-Settlement calculations predict less settlement than the python im-
plementation does. An explanation for this is submerging; lower stress levels reduce the development
of strain and therefor settlement. Since this study is focusing on long-term behaviour this difference
is neglected. For long-term behaviour it was necessary to match the final steps which match quit well
when looking at Figure 5.21.

Stress over time

[

100
time [days]

Figure 5.19: Stress over time for D10 for D-Settlement analysis and python implementation of the linear isotach model (similar
to the C+S model)

Figures 5.20 and 5.21 show the development of settlement over time for the complete loading scheme
(Figure 5.20) and from 1000 days after start of the construction (Figure 5.21), in this graph the settlement
at day 1000 is set to zero so the development of the residual settlement can be seen.

Settlement vs time
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Figure 5.20: Settlement over time for D10 for calculation of D-Settlement, linear isotach model and the C+S model
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Figure 5.21: Settlement after 1000 days for D10 for calculation of D-Settlement, linear isotach model and the C+S model

To match the D-Settlement and python implementation of the linear isotach model, it was necessary to
change the soil parameters. Table 5.6 present the factors that are applied on the weighted averages of
RR, CR and C, from Table 5.5. In Figures 5.20 and 5.21 the blue dotted line presents the implementation
of the C+S model. For the C+S model the same values for RR, CR, C, are used as for the linear isotach
model and viscoplastic swell and non-linearity is added to match the displacement rate found by the
INSAR measurements. It can be seen in Figure 5.20 that the C+S model predicts almost the same
settlement upon loading, in Figure 5.21 it can be seen that after unloading the C+S model shows
different settlement development.

Table 5.6: Soil parameter input for linear isotach implementation with fit factors

Parameter Weighted average fit factor
RR 0.18 [-] 0.8

CR 0.39 [] 1.35

C, 0.03 [-] 1.65
Ysoft 10.7 [kPa] 1

The comparison of the displacement rates based on the linear isotach model, the C+S model and the
measurement by INSAR is presented in Figure 5.22. In the left graph of Figure 5.22 the displacement
rates for the C+S are shown and it can be seen that due to the viscoplastic swell the swell period
is longer and that the total displacement rate (black dotted line) is smaller than for the linear isotach
model, right graph. Next to the viscoplastic swell this is also due to the non-linearity, due to non-linearity
the creep strain rate (red line) is lower for the C+S model than for the linear isotach model. The linear
isotach model predicts a displacement rate 5.95 mm/year after 10 years of unloading while the C+S
model predicts a displacement rate of 2.50 mm/year. The measured displacement rate by INSAR is
2.25 £0.39 mm/year. The used viscoplastic swell and non-linearity parameters are presented in Table
5.7.
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Non-linear isotachs with viscoplastic swell
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Figure 5.22: Displacement rates for D10. Left: C+S model; right: linear isotach model
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Table 5.7: Parameters for viscoplastic swell and non-linearity for the C+S model to fit the INSAR measurements for D10 and D14

Parameter D10 D14
B, 0.2 0.2
Bs 7.5 8.55
by -0.9 -04
my 0.9 0.9
b, -8 -7
m, 4 4

Cross section: D14

For cross section D14, the same method as for D10 was applied with initially the same C+S model
parameters (see column D10 in Table 5.7). Figure 5.23 shows the stress development and similar to the
D10 cross section the development of stress according to D-Settlement shows a shorter consolidation
period and a decrease after some time since submerging is included. In Figures 5.24 and 5.25 the
settlement over time for the linear isotach model and the C+S model diverge in the last step, after

unloading.
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Figure 5.23: Stress over time for D14 for D-Settlement analysis and python implementation of the linear isotach model (similar

to the C+S model)
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Figure 5.24: Settlement over time for D14 for calculation of D-Settlement, linear isotach model and the C+S model
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Settlement vs time
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Figure 5.25: Settlement after 1000 days for D14 for calculation of D-Settlement, linear isotach model and the C+S model
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Figure 5.26: Displacement rates for D14. Left: C+S model; right: linear isotach model

Despite the less predicted settlement with the C+S model, Figure 5.26 shows that the displacement rate
after 10 years is still higher than measured; 5.09 mm/year for the C+S model, 10.06 mm/year for the
linear isotach model and 2.46+0.60 mm/year measured by INSAR. Different from D10, the viscoplastic
swell strain rate (yellow line) in this cross section has a lower initial value and reduces faster. Next to
that, the creep strain rate (red line) is higher after unloading. To get a better fit, the initial viscoplastic
strain rate is increased by increasing b, from -8 to -7 and the reduction of the viscoplastic strain rate
is slowed down by increasing b; from -0.9 to -0.4. This parameter b, controls the magnitude of CAa;s
which on its turn controls the rate of change in viscoplastic strain rate (see equations 2.26- 2.28). Next
to the viscoplastic swell parameters the non-linearity parameter ; was also adapted in a way that the
creep strain rate after unloading is lower. With a 5 value of 8.55 the predicted displacement rate after
10 years is close to the INSAR measurement with a displacement rate of 3.41 mm/year. Figures 5.27
- 5.29 show the results for the C+S model with the adapted parameters for the settlement over time,
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settlement after 1000 days and the displacement rate. A bigger change in the parameter 5; would give
an even better fit to the measured displacement rate but it would also give a worse fit upon loading and
is therefor not used.

62 - In(10)

és = (2.26 revisited)
C(Z,'S
Co,
%5 = 10" (0CR - 1)™ (2.27 revisited)
Ca;NC
ésinic = 10°2(0CR — 1) (2.28 revisited)
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Figure 5.27: Settlement over time for D14 after fit for calculation of D-Settlement, linear isotach model and the C+S model
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Figure 5.28: Settlement after 1000 days for D14 after fit for calculation of D-Settlement, linear isotach model and the C+S model
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Figure 5.29: Displacement rates for D14 after fit. Left: C+S model; right: linear isotach model

Table 5.8: Sum up of displacement rates

Method Displacement rate D10 | Displacement rate D14
[mml/year] [mm/year]

INSAR 2.2510.39 2.46 £0.60

Linear isotach model 5.95 10.06

C+S Model 2.50 3.41

5.2.3. Discussion

By comparing the displacement rates measured by INSAR with the predictions made by Visschedijk
and Temmerman (2009) the first notable point is that the INSAR measurements show lower rates for
both cross sections D10 and D14. Next, for the comparison of the linear isotach model and the C+S
model with INSAR measurements it was necessary to fit the linear isotach model to the D-Settlement
predictions. A difference between the two calculations is caused by the stress development. The
influence of submerging is visible in all load increments and causes a decrease in stress and with that
less settlement, this effect becomes smaller when stress levels become higher. These differences in
the early load increments are neglected because in the last load increment, the unloading step, the
stress is almost identical and the settlement development is as well for D-Settlement and the linear
isotach model (Figures 5.21 and 5.25). This part is considered most important since this study focuses
on long-term settlement behaviour. It can also be seen that the C+S model is able to predict almost the
same settlement during loading as the linear isotach model but after unloading a different behaviour is
found for both D10 and D14. The viscoplastic swell makes that compression starts later and that the
total strain rate, and therefor displacement rate, is reduced compared to the linear isotach model where
it is only dependent on the creep strain rate (after consolidation). Next to the viscoplastic swell, non-
linearity also causes a better fit to the INSAR displacement rate. When g3 is larger than (C. — C,)/C,
there is a stronger reduction in strain rate than in the linear isotach model due to a change in stress.
The value of 8, makes that the €, also reduces when there is a change in OCR. Based on these results
it looks like the linear isotach model and the D-Settlement calculations give a conservative prediction
with a higher displacement rate and therefor higher residual settlement than might be expected when
looking at the INSAR measurements. It was shown that the C+S model is able to give a better fit to
these measurements but this only based on measurements after 10 years.



Conclusion

6.1. Sub-Question 1

How can InSAR be used for settlement predictions done by isotach models?

In Chapter 2 different isotach models were introduced and one of the unknown parameters which could
have been determined based on InSAR is the yield stress. Section 5.1 shows that is possible to de-
termine a yield stress based on the measured displacement rate but soil layering, soil properties and
topography must be known. By using linear isotachs with the measured strain rate and secondary
compression parameter (C, ) the intrinsic time () can be calculated. For the two locations at the N3 the
resulting yield stress and OCR seems to be high but since no laboratory tests are performed on the
soil below the road this can’t be validated. The determined yield stress and OCR are the aged values
so high values for yield stress and OCR are not necessarily wrong. When soil tests are performed on
this soil and smaller values for the yield stress are found than calculated through INSAR, the non-linear
isotach model could provide an explanation for this.

Section 5.2 was used for the validation of long-term settlement behaviour of two cross sections of
a new embankment for a highway (A2). The results show that the predicted displacement rates based
on linear isotach models are larger than the measured displacement rates. With the same soil param-
eters as for the linear isotach model it was possible to get a better fit by using the C+S model. The use
of non-linear isotachs and viscoplastic swell made it possible to get a settlement development during
loading in accordance with the prediction of D-Settlement after settlement plate fit and also be in ac-
cordance with the measured displacement rates by INSAR.

From this study it can be concluded that INSAR can be used to analyse the settlement behaviour after
construction, something which is not possible with for example settlement plates. A disadvantage of
INSAR is that the measured displacements are relative to the first measurement in time. However it
could give a good insight in the behaviour the soil is experiencing.

6.2. Sub-Question 2

How do transient changes in pore pressures relate to extra settlement?

Temporal changes in the pore pressures affect the settlement behaviour. First mentioned in Section
2.2, a change in groundwater table will affect the degradation of organic matter if present in the soil.
Next to that, in the simulations with changing groundwater table it can be seen that fluctuating ground-
water tables barely change the long-term result of settlement predictions. However, the behaviour is
different and an oscillating prediction is found around the average groundwater table. Besides the os-
cillation also the magnitude of the amplitude has been changed in the simulations. It has been found
that an increasing amplitude does not affect the final settlement prediction either.

What does affect the outcome of the settlement prediction is the average groundwater table. By chang-
ing it over time it was shown that the effective stress level changes and so do the strain and settlement
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predictions. In accordance with the calculation of effective stress, an increase in groundwater table
causes more pore pressure and a lower effective stress which reduces the predicted strain. On the
other hand, a decrease in average groundwater table would increase in the effective stress and it would
predict larger settlements than with a constant groundwater table.

Based on the above it can be concluded that temporal fluctuations in pore pressure do not cause
extra settlements calculated by isotach models. However, a more permanent change in water level
will.

6.3. Sub-Question 3

How does degradation of organic matter cause extra settlement and is it quantifiable?

In Chapter 2 a literature review has shown that there are two different types of influence the organic
matter has in soil settlement. The first discussed influence is the degradation of organic matter. Due
to multiple causes a part of the organic remains in the soil can change into gas. This can be aerobic
and anaerobe resulting in CO, and CH,. It has been found that the organic matter can be used for
quantifying a change in void ratio. However this equation uses the organic matter as in input parame-
ter and it can not be predicted easily. Nevertheless this equation could be used to describe a change
in void ratio due to decay of organic matter when organic matter content is determined at multiple time
intervals. With this, extra settlement can be attributed to the decay of organic matter.

The second influence organic matter has on the settlement behaviour of a soil is found by an extension
of the consolidation equation of Terzaghi. In the conventional consolidation equation of Terzaghi the
change in volume is due to the flow of water and in addition the compressibility of water (or mixed
with gas) can be changed. The new found model expands the equation by assigning a change of
volume to flow of water, compression of gas and compression of organic matter. To do so, this new
model considers soil as a three phase medium consisting of gas, water and solids and it splits the solid
phase up into organic and mineral solids and states that organic solids are compressible. The results
show that this new model follows the settlement and strain curves over time from laboratory results
better than the conventional equation. What however should be concluded is that this only changes
the settlement behaviour until the end of primary consolidation and does not change the final result
significantly. This can also be seen in the results, the final settlements and strains are close for both
models. This would mean that it does not necessarily improve the long-term settlement predictions.
Besides it should be compared with a model that also takes secondary compression into account whilst
the Terzaghi equation only calculates direct compression.

6.4. Sub-Question 4

How do adapted isotachs represent strain rate behaviour of soils compared to equally spaced
isotachs

In Chapter 2 first the non-linear isotachs have been introduce to describe a different behaviour in which
the strain rate over time decreases faster than for linear isotachs. Later this is combined with extra
viscoplastic swell in the Creep + Swell model. In Section 3.1 one can see that with the C+S model a
wider range of settlement predictions can be made, e.g. linear and non-linear isotachs can be used
and viscoplastic swell can be added if preferred.

In Section 3.2 the results of the analysis on Mexico Clay show that the C+S model is able to pre-
dict the measured strain with the inclusion of viscoplastic swell even though not all parameters can be
derived from laboratory results. When looking at the strains upon unloading the features of the vis-
coplastic swell become clear, after a period of consolidation the measured development of strain and
the simulated development of strain overlap and are still increasing. This behaviour is not captured in
the linear isotach model, in this linear isotach model the swell is only due to elastic deformation till the
end of consolidation and afterwards creep strain dominate the strain. By the use of a smaller reloading
and unloading ratio and the inclusion of viscoplastic swell, the strain prediction in the first loading steps,
prior to the yield stress, are closer to the measurements than the linear isotach predictions while they
do not deviate upon unloading either.
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Furthermore in Section 3.3 simulations of incremental loading tests have been performed to get a
better understanding of the difference between the two models. A first conclusion is that during the
"standard” incremental loading test simulations the predictions are only affect a very small amount
when load exceeds the yield stress but final settlements are still comparable. However the influence
of the viscoplastic swell is clearly visible in the results of the "standard” incremental loading tests.

In the results of the "unloading” incremental loading tests the two features of the C+S model are visible.
First of all, just as for the "standard” test, viscoplastic swell is found. Similar to the observations in the
Mexico Clay analysis, it has been found that a higher value of OCR leads to an higher initial viscoplas-
tic strain rate and also to more viscoplastic strain due to the larger values of respectively é;.inir & Cq.s.
Secondly the influence of the non-linearity is larger than it was in the "standard” test. This is due to
the fact that the time steps were larger and creep plays a more important role especially after the final
step were a small unloading step is followed by 36 days with a constant load to detect the creep. It
can be concluded from this comparison that non-linearity result leads to smaller strain and settlement
predictions than linear isotachs.

After the comparison of both models in a laboratory situation, simulation of field situations in Sec-
tion 3.4 show comparable results. The C+S model with non-linear isotachs predicts less creep and the
the final settlements are less than predicted by the linear isotach model. When the C+S model is used
and linear isotachs are used it can be seen that the final settlements are similar but that the settlement
behaviour is different. The swell behaviour predicted by the C+S model not only results in a larger swell
but also in higher strain rates after the swell period. After some time the strain rates converges for both
models. Therefore, it can be concluded from these simulations that the C+S model, with the proposed
non-linear parameters, predict less final settlement and when linear isotachs are used final settlements
are the same but a different behaviour is found after unloading.

6.5. Main-Question

Are long-term settlements predicted well by current prediction models and if not, what adjust-
ments should and can be made?

Long-term settlements have been analysed with the use of INSAR, the results show that the measured
strain rates are smaller than predicted by the linear isotach model (NEN-Bjerrum). Adjustments that can
be made are the use of non-linear isotachs and the inclusion of viscoplastic swell, for example by using
the C+S model. This model, as shown by different simulations and comparison with incremental loading
test on Mexico Clay, is able to predict unloading behaviour better than linear isotach models. Since this
is often the case for embankments like at the A2, the C+S model should be further investigated and
validation of settlement behaviour both on short and long-term should be considered. The short term
behaviour is important to validate the viscoplastic swell theory used in the C+S model and to compare
strain rates after the transition to creep where a higher strain rate with a faster decay could be found
if linear isotachs are combined with viscoplastic swell or whether the strain rates are lower as will be
the case with non-linear isotachs. This could result in predictions with less residual settlement. Next
to that, the inclusion of volume loss due to degradation of organic matter can be important as well and
further research should quantify its importance. If it turns out to play a significant role the degradation
of organic matter must be made quantifiable and included in settlement models as well. Finally, if a
long-term groundwater table prediction is present this must be included as well since it would change
the stress state of the soil.






Recommendations

In this study the long-term settlement behaviour for small loading steps are considered and a new
approach for prediction was compared with models that are currently used in engineering practice.
Based on the results and conclusions presented throughout this thesis some recommendations for
further research are listed below.

Organic Matter

* In peat areas it is unavoidable that organic matter decays. The focus for this study is that there
can be a loss of volume due to the decay but for other study fields the accumulation of green-
house gases like CO, and CH,4 can be interesting as well. For that reason more research on
the degradation of organic matter should be done. For settlement related problems it is first of
all interesting to monitor the amount of settlement which is caused by the degradation of organic
matter and quantify its significance.

« For different purposes but especially when above mentioned research shows that the degradation
of organic matter plays a significant role in settlement problems, a study should be performed on
predicting the degradation and see if the degradation can be made quantifiable.

» With respect to the new found consolidation theory in which organic matter compression is taken
into account, further research should focus on the comparison with settlement models. In the
literature the new model has been compared with the Terzaghi equation which only predicts set-
tlement during consolidation and this new model can also compress after the consolidation period.
For that reason it should be compared with an isotach model.

INSAR

« It was shown that with the use of INSAR it was possible to derive the yield stress. However, this
yield stress can not be validates as long as there is no soil investigation on soil below the road.
Further research should focus on the validation of the yield stress based on InSAR.

+ In this study only long-term settlement is observed. Another study could be set up to validate
the whole lifespan, e.g. a more targeted study on a highway location that would measure the
displacement during construction, just after construction and for a longer period after construc-
tion. In this way the measurements could be compared with settlement plates and also with the
predicting models.
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7. Recommendations

Groundwater Table

With respect to the ground water table problem it is recommended to include long-term changes in
the average water table. As was shown, transient changes do affect the predictions significantly
by more permanent changes do so they should be taken into account.

Settlement Models

As was shown in this study, the C+S model comes with some additional parameters. For validation
of the C+S model new parameter sets must be conducted. This means that incremental loading
tests must be designed with multiple unloading steps and with longer creep periods. In this way
multiple sets of parameters can be used for comparison with the linear isotach models.

In combination with engineering projects, parameter sets must be obtained for embankments that
will be realised. With those parameter sets it should be possible to make predictions according
to the current engineering practice (linear isotachs) but also with the new proposed model C+S
model.

In addition to the previous recommendation, more monitoring should be used for the validation of
the C+S model. If, for a new project, a prediction is made with both linear isotachs and the C+S
model monitoring data could be used for long- and short-term to see if the embankment indeed
shows viscoplastic strain and non-linearity. This could for example be done by INSAR.
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A.1. Iteration part C+S model python code

(running)&(t<
next_load_step, running, 1 - mini elling_| J itiate | ( ep,t,running, reset_minimum_swelling rate)
running

gma[t]-
t]*dt

.OCR_real[t]= i e / -sigma[t]
-0CR[t]=np.clip(np.max(np.ap (np.array([
-OCRrate[t] = ( LOCR[t]- LOCR[t-1])/d

[t-1]. -OCR[t], -OCRrate[t],
-CalphaCc* .Cc,
igmarate, - .erate t_minimum_swelling_rate)

=np.round(

t-1]) *dt+( -ee[t]- ee[t-1])
+1] 5 -e[t-1:t#1], .sigpref[t
-sigma[t], -e[t], igp_upe £,

gl 11)/éc/m. ([self- sigma[t-1]1))
gna[t]))

.-beta3 - .Cr, .CalphahC, .sigp_update[t],

-Cc*1e** -b1* (np.clip( .OCR[t]-1,0.885,np.infty))**
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A.2.2. Changed c, for unloading
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A.3. Incremental loading test plots

A.3.1. C+S model with swell and non-linearity

In this Appendix all the generated graphs are presented for the incremental loading tests in which the
C+8 model has both swell and distorted isotachs. The GitHub and Paper parameter set are presented
for both the standard and unloading scenarios.
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Standard IL test GH non-linear isotachs
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A.3.2. C+S model with swell and linearity

In this Appendix all the generated graphs are presented for the incremental loading tests in which the
C+8 model has swell and linear isotachs. The GitHub and Paper parameter set are presented for both
the standard and unloading scenarios.
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A.4. Embankment plots

A.4.1. C+S model with swell and non linearity
Below all graphs are presented for the C+S model for an embankment simulation with both the GitHub
parameter set and the parameter set from the paper.
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Graphs for GitHub with POP 20
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Graphs for GitHub with POP 20

Stress, strain and strain rates against the time
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Graphs for GitHub with POP 20
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Graphs for GitHub with POP 20
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Graphs for GitHub with POP 40

Stress and strain over time
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Graphs for GitHub with POP 40
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Graphs for GitHub with POP 40
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Graphs for GitHub with POP 40
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Graphs for GitHub with POP 40
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Graphs for Paper with POP 20
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Graphs for Paper with POP 20
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Graphs for Paper with POP 20
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Graphs for Paper with POP 40
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Graphs for Paper with POP 40
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Graphs for Paper with POP 40
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Graphs for Paper with POP 40
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A.4.2. C+S model with swell and linearity
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Graphs for GitHub with POP 20
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C.1. Parameter calculation

In general:

CRclay : Hclay + CRpeat : Hpeat

CRyei =
weighted Hclay + Hpeat
RR.. _ RRclay : Hclay + RRpeat ' Hpeat
weighted Hclay + Hpeat
C ) _ Caclay : Hclay + Capeat ' Hpeat
aweighted Hclay + Hpeat
Ve _ yclay : Hclay +y: Hpeat
weighted Hclay + Hpeat
For location 1 at the N3:
0.24-14+0.29-2
CRweighted = 3 =0.27
0.027 -1+ 0.056 - 2
RRweighted = 3 = 0.044
0.0126 -1+ 0.018-2
Caweighted = 3 =0.016
143-1+11-2
Vuweightea = ———3——— = 12.1
For location 2 at the N3:
024-74+0.29-3
CRweighted = 10 =0.26
0.027 -7 4+ 0.056 - 3
RRweighted = 10 = 0.035
0.0126 -7+ 0.018 - 3
Caweightea = 10 =0.014
143 -7+ 11-3
Yweighted = T =133
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C.2. Yield stress and OCR sensitivity

Locationl clay

OCR [-]
2.5 3.0 3.5 4.0 4.5
J |
% ‘ + 1 mm/yr
crA [ I £15%
I I
RR +15%
Cod [ . £15%
[ [
Hsort £025m
Hsand 1 £025m
gwt 1 +0.25m
Vsoft | +15%
Vsand £15%
(a) OCR
Figure C.1: Location 1, all clay
Locationl peat
OCR [-]
3.5 4.0 4.5 5.0 5.5 6.0 6.5
\
‘Z—‘Z q +-1-mm/yr
CR A 15%
RR 15%
Ca 15%
Hsore | 0.25m
Hsana 1 +025m
gwt *025m
Ysoft +15%
Vsand £15%
(a) OCR
Figure C.2: Location 1, all peat
Locationl mixed
OCR [-]
3.0 3.5 4.0 4.5 5.0 5.5
; ;
o =1 mmyr
CR A £15%
RR £15%
Ca £15%
Hsore | £025m
Hsana 1 £025m
gwt 1 +0.25m
Vsort 1 £15%
Vsand | +15%
(a) OCR

Figure C.3: Location 1, mixed layer

Locationl clay
Yield stress oy, (kPa)

70 80 90 100 110 120 130 140
%i i = + 1 mm/yr
R [ | [ ] +15%
I I
. = +15%
. _= +15%
Hoe | H +0.25m
Hons | = +025m
wt 4 = £025m
Vsott | L] +15%
_— [ £15%
(b) o
Locationl peat
Yield stress o}, (kPa)
100 120 140 160 180
g% i +1-mm/yr
RR A £15%
o = +159%
Hoor ] £025m
Hoana | +£0.25m
awt £025m
Yoor ] £15%
Vsand £15%
(b) o
Location1 mixed
Yield stress a;, (kPa)
80 100 120 140 160
g—f i +1-mm/yr
R4 _= +15%
AR £15%
Hoor ] £025m
Heara 1 +025m
awt +0.25m
Yoo ] +15%
Vsand =is%
(b) Op
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Location2 clay

OCR[-]
2.5 3.0 35 4.0 4.5
[ + 1 mmjyr
RR £15%
G — ] 1%
Hsore +025m
Hsana *025m
gwt +025m
Veor £15%
Ysana £15%
(a) OCR
Figure C.4: Location 2, all clay
Location2 peat
OCR [-]
35 4.0 4.5 5.0 5.5 6.0 6.5
% 4 I = 1mm/yr
cRA [ ] [ . o,
RR A = +£15%
SEL e
Heort +025m
Hsand +025m
gwt 1 +0.25m
Yeort | +15%
Ysand *15%
(a) OCR
Figure C.5: Location 2, all peat
Location2 mixed
OCR [-]
2.5 3.0 35 4.0 4.5 5.0
% 4 * 1 mm/yr
. —. slis%
RR *15%
Caf ] +159%
Heort +025m
Hsand +025m
gwt 1 +0.25m
Yeort | +15%
Vsand | +15%
(a) OCR

Figure C.6: Location 2, mixed layer

Location2 clay
Yield stress g, (kPa)
0

250 300 35 400 450
% +=1-mmiyr
] —— —_ =15
RR 1 +15%
B — = =159
Hsort +025m
Hesand +025m
gwt 1 +0.25m
Yot | e =15
Vsand __ = *15%
(b) g
Location2 peat
Yield stress oy, (kPa)
300 350 400 450 500 550
2—{ q +=1-mm/yr
R [ . -,
L [ I
RR 1 +15%
Cad [ [ 1 15 %
L I
Hsore 1 +025m
Hsand | +025m
gwt +025m
Veor 1 = = +15%
(b) g
Location2 mixed
Yield stress 17;, (kPa)
250 300 350 400 450
6z 4
5_{ + 1 mm/yr
crA [ ] +15%
RR 1 *£15%
Cad = [ ] +£15%
Hsort 4 +0.25m
Hsang 1 +025m
gwt +0.25m
Ysoft B *15%
Vsand 1 s +15%
(b) g



250 C.InSAR

C.3.CPTs

Conusweerstand MPa Wrijvingsgetal

ﬁ <‘H
0.000[ 5.00010.00015.00020.00025.00080.000| [7.0006.0005.0004.0003.0002.0001.0000.000
-0.05@.00®.05®.10®.15®.20®.25®.30®.350/ [8.000 16.000 [4.000 [2.000 10.000

0.000 0.680
5.00( -4.320
10000 o= -9.320
- o
4 =
il S
E o
9 : 5
a = <
d_) i <
© D
15.000 -14.32)
S
NS o
= @
ST ah
= o
~—— , =
o [}
- <
Q
D
20.000 -19.320
25.000 -24.320
BRO-ID: CPT000000121989
Verticale verschuiving: 0.680 (NAP)
Lokaal verticaal referentiepunt: maaiveld
Aangeleverde coérdinaten: 105095.975, 421604.360 (urn:ogc:def.crs:EPSG::28992)

Figure C.7: N3 location 1: CPT 1
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Conusweerstand MPa Wrijvingsgetal
ﬁ <%
-10.000] 0.00010.00020.00080.00040.00050.000| [50.000 40.000 |30.000 |20.000 [10.000 |0.000
-0.200 0000| 0.200/ 0.4001 0.6001 0.800! [20.000 [15.000 [10.000 |5'099,,,, 0.000
Plaatselijke wrijving Hellingsresultante
0.000 ___ 0.550
5.00( -4.450
10.000 -9.450
o
6'
©
T
o o
s <
Q0 <
© D
15.000 -14.4%9
8
o
o)
5}
)
=
=
<
W)
o
20.000 -19.450
25.000 -24.450
BRO-ID: CPT000000122005
Verticale verschuiving: 0.550 (NAP)
Lokaal verticaal referentiepunt: maaiveld
Aangeleverde codrdinaten: 105109.105, 421598.870 (urn:ogc:def:crs:EPSG::28§992)

Figure C.8: N3

location 1: CPT 2
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Conusweerstand MPa Wrijvingsgetal

ﬁ <%
-10.000[_0.000] 10.000] 20.000| 30.000| 40.000| [15.000 [10.000 15.000 |0.000
-0.0500.0000.0500.1000.1500.2000.2500.300! [5.000 [4.000 [3.000 [2.000 [1.000 10.000

HeIIingsresuIiante

0.000 2.400
5.00( -2.600
10.0( -7.600

diepte

N
o
o

15.0(

Syejrenualalel [eedfden A07) ajdeip

BN
N
o))

20.0(¢

25.000 -22.600

BRO-ID: CPT000000121967

Verticale verschuiving: 2.400 (NAP)
Lokaal verticaal referentiepunt: maaiveld
Aangeleverde codrdinaten: 105661.020, 422571.761 (urn:ogc:def:crs:EPSG::28§992)

Figure C.9: N3 location 2: CPT 1
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Conusweerstand MPa Wrijvingsgetal
ﬁ <%
-5.000] 0.000] 5.00010.00015.00020.00025.000| 40.000 |30.000 ]20.000 |10.000 |0.000
-0.050 0000| 0.0501 0.1001 0.150] 0.200/ [2.000 [1.500 [1.000 |0'599,,,, 0.000
Plaatselijke wrijving Hellingsresultante
0.000 ‘ 2.800
e L]
"""" — {
5.00( == oo 1 -2.200
10.000 i -7.200
oo i o
6'
©
- T
o) ¥l o
a <
Q0 c <
© - D
15.000 = ! -12.2@9
g i 8
. 1 O
1 3
-y L | o
1 )
At i =1
——— ! [}
B Rt | <
: D
- w x
20.000 e | -17.200
25.000 -22.200
BRO-ID: CPT000000121965
Verticale verschuiving: 2.800 (NAP)
Lokaal verticaal referentiepunt: maaiveld
Aangeleverde codrdinaten: 105493.403, 422294.501 (urn:ogc:def:crs:EPSG::28992)

Figure C.10: N

3 location 2: CPT 2
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C.4. A2 settlement plots
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Figure C.11: Stress development per time step for all isotach model variations for the A2
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Figure C.12: Strain development per time step for linear isotachs for the A2
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lin iso stap 4
== C+Sstap4
lin iso stap 5
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Figure C.13: Strain development per time step for non-linear isotachs for the A2
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Figure C.14: Strain development per time step for non-linear isotachs with viscoplastic swell for the A2
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lin iso stap 4
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Figure C.15: Strain development per time step for linear isotachs with viscoplastic swell for the A2
C.5. D-Settlement A2
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Figure C.16: Cross section D10
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Figure C.17: Cross section D14
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