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Abstract

Calculating long-term settlement in soft clays

- with special focus on the Gothenburg region

MATS OLSSON

Department of Civil and Environmental Engineering
Division of GeoEngineering

Chalmers University of Technology

ABSTRACT

Long-term settlement in clay constitutes an engineering challenge in road design
and construction in areas with deep deposits of soft clay. Soil improvement and
construction of building foundations or embankments can be quite complicated
and expensive in such areas. Construction costs need to be balanced against high
maintenance costs. In order to do this optimally, there is a need to predict long-
term settlement with a high degree of accuracy.

Two different test sites were chosen for back-calculation, a test embankment at
Nodinge and a groundwater lowering at Kaserntorget. There was also one
hypothetical test site.

In this thesis a short description is presented of the fundamental behaviour of soft
clays with regard to compressibility as well as a short explanation of the theory
for the three different models that has been used within this thesis — Embankco,
GS Settlement and the Soft Soil Creep model.

Soil parameter determination for long-term settlement analysis is discussed
together with some of the inherent complications. For the IL. oedometer test the
study shows that if the time for the load stage of interest is not sufficiently long
the evaluated creep parameter could be misleading. Back-calculation of CRS
oedometer test, using the Soft Soil Creep model, is performed for this model and
a procedure is suggested.

The outcome of the analysis shows that all three models produce similar results
for the hypothetical case. For the two test sites in question, both GS Settlement
and the Soft Soil Creep model were capable of predicting the measured
settlement with acceptable accuracy. The Embankco program was only used for
the hypothetical case.

Keywords: Soft clay, creep, test sites, long-term settlement.
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Introduction

1. INTRODUCTION

This chapter provides the background to this thesis and defines the main
research objectives and presents the scope of work. The limitations that
are imposed are also described.

1.1 Background

Long-term settlements in clay constitute an engineering challenge in road
design and construction in areas with deep deposits of soft clay. Soil
improvement or the construction of building foundations or embankments
can be quite complicated and expensive in such areas. Construction costs
need to be balanced against high maintenance costs. In order to do this
optimally, there is a need to predict long-term settlement with a high
degree of accuracy.

However, predicting long-term settlement is not an easy task. Today there
are numerous different numerical tools to help the engineer to predict the
long-term settlement. Even though the numerical tools have become more
refined and involve more detailed soil behaviour the engineer needs to
balance this, when using them, against the quality of the soil properties
that have been determined.

It is of interest to investigate whether, with programs normally used, it is
possible to predict the long-term settlement in deep deposits of soft clays.
This is of particular interest in cases where the calculated final stress is
close to the evaluated preconsolidation stress.

1.2 Research objectives

The overall objective of this thesis was to predict long-term settlement
from real and realistic conditions and, if possible, put forward some
recommendations.

This thesis therefore focuses on how to calculate long-term settlement in
soft clays and discusses ways of interpreting or evaluating some of the
most important parameters to be used.

The specific objectives of the thesis are as follows:
e Using a conceptual model that could capture the settlement behaviour

so that prediction of long-term settlement is possible under real and
realistic conditions.
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¢ Discuss and highlight some difficulties concerning determination of
soil parameters from laboratory tests.

e Discuss benefits and limitations of the models used.

¢ Give some recommendations when using numerical tools for predicting
long-term settlement.

1.3 Scope of Work

At the beginning of the thesis there is a brief summary of earlier research
studies on the behaviour of soft clays with focus on compressibility.

The research project is based on field investigations and was conducted
before this project started. An inventory was therefore made to find
appropriate test sites. Two different test sites were chosen for back-
calculation, the Nodinge test embankment and the groundwater lowering at
Kaserntorget. There was also one hypothetical test site, which was
constructed to show how the programs used in the thesis correspond to
each other with realistic input. The test sites are described in Chapter 5.

The specific objectives of the thesis are thus fulfilled if the following tasks
are performed

¢ Using numerical tools, available for the industry, to calculate long-term
settlement under real and realistic conditions.

e (Compare measured and calculated values.

¢ Give some recommendations when using numerical tools for predicting
long-term settlement.

Some laboratory tests were also conducted to further investigate different
compressibility parameters for soft clays.

1.4 Limitations

Prediction of long-term settlement in soft clays is a very complex research
field. It is impossible to account for all aspects of the problem. The
following are some of the most important limitations on this thesis

® The focus is on vertical settlement
® Programs handling one- and two-dimensional situations are used.



Introduction

The thesis focuses mainly on soft clays that have an OCR of less than
L.5.

The focus is also on clays in the region around Gothenburg. However,
the methodology could be used for other places with soft clays.
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Behaviour of soft clays

2. FUNDAMENTAL BEHAVIOUR OF SOFT CLAYS WITH
REGARD TO COMPRESSIBILITY

This chapter introduces the basic behaviour of soft clays with a special
focus on compressibility with regard to consolidation and creep settlement
when subjected to a surcharge load and/or lowering of the groundwater.
The focus is also on normally to slightly overconsolidated (OCR < 1.5)
clays, typical of the Gothenburg region.

2.1  Introduction

The compressibility behaviour of soft soils has been studied for the past
hundred years. The literature contains a substantial number of research
papers on both compressibility and the consolidation process and how to
model it with or without creep effects.

The pioneering work on stress-strain behaviour during one-dimensional
consolidation was done by Terzaghi (1923). He published a theory for one-
dimensional consolidation and today it is regarded as the classic
consolidation theory, described further in Chapter 2.4.1.

Since then numerous researchers from various parts of the world have
examined the problem of the behaviour of soft clays or soft soils, including
Bjerrum (1967), Séllfors (1975), Mesri & Godlewski (1977), Leroueil et
al. (1985), Larsson (1986), Boudali et al. (1994) and Claesson (2003) to
name but a few.

2.2 Natural state of soft clays

The soft clays discussed here are recent glacial and post-glacial
Scandinavian deposits, formed within the last 10,000 years under water.
The resulting ground surface today is typically flat and featureless, except
when dissected by rivers or other erosional channels. In most cases, no
material has been eroded from the surface except from areas with such
channels. Consequently, in a geological sense the bulk of the material can
be regarded as normally consolidated although in its natural state, this soil
will in fact usually exhibit the characteristics of slightly overconsolidated
clay.

A number of factors may give rise to some degree of overconsolidation in
the soil, the most important ones being:

¢ Changes in the static groundwater level
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e Secondary or delayed consolidation (creep)

Strong overconsolidation effects may be introduced in the thin surface
crust by weathering or desiccation due to evaporation or extraction of
moisture by plant roots, although these influences are mostly limited to just
a few metres or so in thickness. Salts in the pore fluid may also cause a
form of apparent overconsolidation through the creation of bonds between
particles.

2.2.1 Influence of ground water changes

A simple cycle of events producing overconsolidation in a clay deposit has
been described by Parry (1970) and is shown in Figure 2.1. During
deposition under water, the soil at point P in Figure 2.1a will follow curve
1 in Figure 2.1b. After some time the water will be drawn down to the top
surface of the soil, although this drawdown does not produce any change
in effective stress at point P. However, the physiographic or climatic
factors producing this drawdown may result in the water table being drawn
down below the surface of the soil to a depth of z,,,. Providing static
groundwater conditions are reached with the level at z,,, the soil at point P
will follow curve 2 in Figure 2.1b, and the vertical effective stress will
attain a maximum value of 67, If the groundwater level rises to z,, the
soil will follow curve 3, and the vertical effective stress at point P becomes
6 yo. The overconsolidation ratio (OCR) is then:

- T_LL W.L. after deposition
Present W.L.
Zm

z
Ji —L——‘Deepest past W.L. I

-] p e

(a) (b) o,

Figure 2.1 Overconsolidation caused by groundwater movements by Parry (1970).

Real soil will have a much more complex history than this, although the
important points are the maximum past water table depth z;, and the
existing water table depth z,,.

2.1)
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2.3 Yielding of soft clays

Yield stresses are the combination of principal effective stresses at which
the deformations of a soil change from being elastic to elastic-plastic,
Wood (1990). One of the most important parameters for estimating the
deformation characteristics of a clay deposit is the preconsolidation
pressure. This is defined as the apparent maximum effective stress to
which the soil has been subjected. This pressure is normally evaluated
from where the clay yields in an oedometer test. Unfortunately, the stress
path in the oedometer could be quite different from the stress path in the
field. Figure 2.2 contains a simplified description of how the stress path is
thought to occur in the field when the soil is being loaded and Figure 2.3
shows a more likely stress path for the soil in the oedometer case.

V4

S

»
»

new yield
i locus

S :
D/\Initial yied H s’

locus

v

Figure 2.2 Consolidation curves, stress paths and yield locus.
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When a soft soil is loaded the initial compressibility (A to B in Figure 2.2)
1s fairly small until the soil reaches a yield condition at B, corresponding to
the preconsolidation pressure. After the yield point B, greater
compressibility is experienced and to a large extent the strain is
irreversible. In this phase (B to C in Figure 2.2) the soil undergoes plastic
strain-hardening during which a new yield condition is created. During the
process of normal consolidation from B to C, the ratio of the principal
effective stresses, Ky, is constant, so that the corresponding path is a
straight line in the s’- t plot in Figure 2.2.

If at point C the soil is unloaded one-dimensionally, it follows curve CD in
Figure 2.2 and the state of the soil moves inside the new yield locus
represented by HCI. On reloading from point D, C becomes the new yield
point.

A

\
\¢ [nitial yield
1 locus

\ ;
Starting stress S ’
in laboratory

Figure 2.3 Stress path for the oedometer case (A is equal to the in-situ stress).

The stress paths for the field and oedometer cases will most probably be
different, as shown in Figure 2.3. In the oedometer case, point A is
probably changed from the field case due to the unloading that occurs
before the oedometer test is conducted. Furthermore, a factor that
influences point A, and most likely the initial yield locus (preconsolidation
stress), 1s the sample disturbance. The stress path for the oedometer case is
more likely to follow the stress path described in Figure 2.3 due to effects
such as unloading, sample disturbance and strain rate effects.

2.3.1 Strain rate effects

It is a quite common opinion among geotechnical engineers that soft soils,
such as clays, are very strain rate dependent. This effect has been
recognised by several authors, Suklje (1957), Crawford (1964), Sillfors
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(1975), Leroueil et al. (1985), Claesson (2003) to name but a few. A
general observation is that the higher the strain rate the higher the effective
stress for a certain strain. This is shown in Figure 2.4, where two CRS —
oedometer tests have been conducted on a sample of soft clay taken at a
depth of 16 m from Nodinge, just north of Gothenburg. The CRS
oedometer tests are performed with two different strain rates, 0.7 %/hr and
0.07 %/hr.

In Sweden, the normal strain rate for CRS oedometer tests is 0.0024
mm/min with a sample height of 20 mm. This rate corresponds to about 0.7
%/hr, and the strain rate was suggested by Séllfors (1975). Sillfors also
showed a methodology on how to evaluate the preconsolidation stress from
the CRS oedometer test, see Figure 2.5. The stress-strain axis is set at a
fixed ratio in a linear plot, normally a 10/1 ratio for the stress (kPa)/strain
(%). This was concluded after a series of field tests where pore pressure
and settlement were measured. This implies that using the Séllfors method
of evaluating the preconsolidation stress gives a more appropriate value for
the preconsolidation stress compared to the preconsolidation stress
evaluated in the field tests.

EFFECTIHE WERTICAL STRESS (kFPa)
] . 40 . 80 . 120 160 200

0.7 %/ hr

0.07 %ihr

16

20

Figure 2.4 CRS oedometer tests, sample height 20 mm, with different strain rates,
Nodinge depth 16 m.

If the strain rates in the laboratory tests are compared with the strain rates
in the field they are much higher in the laboratory. Compression curves
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from the laboratory test normally correspond, to a strain rate of about 10
s'l, see Figure 2.6, or higher.

v

Figure 2.5 Principle for evaluating the preconsolidation stress according to Sdllfors

(1975).
o . -l
£,(s)
10" 16" 0’ 10 167 10 0 o
|
T
} CG
CRS
: 2y
; Field MSL;)
—
| MSL 54
sun “""'.Berﬂlierviﬂe
|
LES R TS St-Aibai}
venenr Gloucester |
LI 1
ST Vasby |
Jlrmmmmme] K anisai Int. Airport
TonmmRms Olga-C, without drains
|
Olga-C, with drains
]

Figure 2.6 Ranges of strain rates encountered in laboratory tests and in situ, Leroueil
(2006).
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2.3.2 Temperature effects

Strain rate effects are clearly not the only factor influencing the
preconsolidation stress. The effects of temperature has been studied by
several researchers, including Campanella & Mitchell (1968), Tidfors
(1987), Tidfors & Sillfors (1989), Eriksson (1989), Boudali et al. (1994),
Marques et al. (2004). Tidfors (1987) made a laboratory study of the
temperature effects on deformation properties of soft clay. The study
concluded, as did many researchers before and after, that the evaluated
preconsolidation stress is decreasing with increasing temperature and vice
versa, see Figure 2.7.

It was also stated by Tidfors (1987) that the evaluated preconsolidation
stress from the laboratory tests decreased by about 6-10% when conducted
at room temperature (~20°C) compared to a normal temperature of +8°C
for high-plastic clays. This is a difference of about 10-15°C compared to
the temperature in the field.

In most cases this is only of interest when conducting laboratory tests and
done at a temperature that is different from the in-situ case. However, most
of the time the temperature in the clay deposits is very constant and
normally temperature effects in Scandinavian soft clays can be ignored in
the field cases.

Effective stress (kPa)
0 50 100 150

\\ — 2%

- 35°C

D

'\\

Strain (%)

. \ A\

\ \\\

Figure 2.7 Stress-strain curves from CRS oedometer tests at different temperatures for
samples taken at a depth of 7 m at Bdickebol, Tidfors (1987).
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2.4  Consolidation of soft clays

From the response of soils under one-dimensional conditions it is apparent
that when the effective stress increases, the soil compresses. When a load
1s applied to a saturated soil specimen this compression does not occur
immediately. This behaviour is a consequence of the soil constituents, the
skeletal material and the pore water being almost incompressible compared
to the soil structure. Consequently, deformation can only take place by
water being squeezed out of the voids. This can only occur at a finite rate
and initially, when the soil is loaded, it ideally undergoes no volume
change.

Under one-dimensional conditions this implies that initially at load
application there can ideally be no vertical strain and thus no change in
vertical effective stress. For one-dimensional conditions we have

Ae
¢ " lte (
where £, = vertical strain

£, = volumetric strain

e = void ratio

Hence, if the volumetric strain is zero then the change in the void ratio is
zero.

When the load is first applied the total stress increases but, as shown above
for one-dimensional conditions, there can be no instantaneous change in
vertical effective stress, implying that the pore-pressure must increase by
exactly the same amount as the increase in total stress.

Subsequently, there will be flow from regions of higher excess pore
pressure to regions of lower excess pore-pressure, the excess pore
pressures will dissipate, the effective stress will change and the soil will
deform (consolidate) with time.

When a clay sample is suddenly loaded in the oedometer test, its decrease
in void ratio/compression with time is typically as shown in Figure 2.8.
The consolidation process is traditionally divided into a primary and a
secondary consolidation/compression phase. During the primary
consolidation phase, settlement is controlled by the dissipation of excess
pore pressures and Darcy’s law. During secondary consolidation, the rate

12
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of settlement is controlled by soil viscosity, Leroueil (2006). However,
settlement requires a hydraulic gradient, i.e. excess pore pressure exists at
that stage. Secondary consolidation or creep is characterised by the slope
of the consolidation/compression curve. The secondary compression index
is normally presented as

Ag or C Ae

C -
“ Alog(t) “ Alog(t)

and in Sweden its commonly expressed as

Ag
o =
* Alog(r)

See Table 3.3 for conversion between the creep parameters above.

logt

7

1

\IQ\S’C% or Cye

Primary Secondary

gore

Figure 2.8 Consolidation curve.

The consolidation/compression phases described above are normally the
result of the incremental oedometer test. If the results from a creep test
performed in a triaxial apparatus were to be plotted in a strain-log(time)
diagram with arithmetic axes, as shown in Figure 2.9, the process could be
divided into three parts: (1) primary, (2) secondary and (3) tertiary creep.
The first two, primary and secondary, are explained above. Tertiary creep,
however, is characterised by an increasing strain rate with time and this
type of failure is usually denoted as creep failure or creep rupture. For a

more detailed description of the creep stages see e.g Augustesen et al.
(2004).

During a creep process the strain rate normally decreases with the
logarithm of time. According to Larsson (1977) the strain rate decreases

13
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until the effective stress path reaches the effective failure line. The strain
rate then becomes constant or increases and the sample fails.

Log (time)

»

v

»

Primary Secondary Tertiary

< |‘ rl »

Strain

Figure 2.9 Definition of primary, secondary and tertiary compression in a strain versus

log (time) plot.

2.4.1 Theory of consolidation

The classic theory of consolidation was developed by Terzaghi (1923).
This is still today the foundation of one-dimensional consolidation theory.
The theory is based on a number of assumptions.

The soil is fully saturated and homogeneous.
The water and soil particles are incompressible.
Darcy’s law applies.

The hydraulic conductivity is constant during the consolidation process.

The compression and pore pressure process are one-dimensional.

The change in pore water pressure is equal to the change in effective
stress.

The strain is only dependent on the change in effective stress, i.e. creep
or secondary consolidation is not considered.

The differential equation for solving the one-dimensional consolidation
process can be derived from these assumptions.

AT
at  y, dz\' Jdz

14

(2.3)



Behaviour of soft clays

where u = pore pressure
M = oedometer modulus
t =time
k = hydraulic conductivity
z =depth

Y,, = unit weight of water

If the hydraulic conductivity is assumed to be constant with depth, the
equation above could be rewritten as

du 9%u

ogu_. |24 2.4

EP (af} @4
where Cy = M-k coefficient of consolidation

I

For the analytical solution to equation (2.4) see e.g. Terzaghi (1943) or
Jumikis (1967).

2.4.2 Delayed consolidation

The quasi-preconsolidation effect introduced by secondary or delayed
consolidation has been discussed by a number of researchers, e.g. Suklje
(1957), Leonards & Altschaeffl (1964), Bjerrum (1967) and Larsson
(1986). Bjerrum (1967) showed a system of consolidation curves
representing different times after load application, see Figure 2.10. In a
thin laboratory specimen the primary consolidation phase is comparatively
fast, completed in less than a day or so and corresponding closely to the
‘instant’ curve in Figure 2.11. If the applied stress is held constant for a
long period of time, further consolidation takes place at constant vertical
stress, 6y, and the state of the sample moves vertically down from point A
to B in Figure 2.10, crossing the delayed consolidation curves.

The same behaviour occurs after sedimentation in the field and the soil will
reach a state as at point B, in Figure 2.10, after a period of around 3,000
years. In the laboratory this soil will show very little increase in strain until
the applied stress reaches 67, at point C, where the curve breaks to join the
‘instant’ consolidation line. This breaking point indicates yield in the soil.
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Figure 2.10 Effects of secondary compression on void ratio and preconsolidation stress,
Bjerrum (1967).
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Figure 2.11 Definition of “instant” and “delayed” compression compared with
“primary” and "secondary” compression, Bjerrum (1967).
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2.5 Models for consolidation
2.5.1 General

The time-dependency of the effective stress-strain relationship has been
given many names, such as creep, secondary consolidation, time-
resistance, viscosity and many more, all of which attempt to describe the
same process. Laboratory tests and field observations reported by Buisman
(1936) and Taylor (1942) clearly indicate the effect of time on the
compressibility of clays. Buisman found that settlements increased linearly
with logarithmic of time under constant effective stress for observation of
clay in the field and in the laboratory.

2.5.2 Taylors model

One of the first theories where secondary consolidation was at least partly
involved in the primary consolidation was presented by Taylor &
Merchant (1940) and a first model that looked at the change in the void
ratio with a change in effective stress and time was outlined by Taylor
(1942), see Figure 2.12.

Ten-Yeor Line

Veid Ralio, @

log P
Figure 2.12 Void ratio — effective stress relationships for different times, Taylor (1942).
2.5.3 The Isotache model

Suklje (1957) presented a more generalised theory, where the rate of strain
depends on the mean values of void ratio and the effective stress. This
relationship was presented using a set of isotaches, see Figure 2.13.
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Figure 2.13 Isotaches set for a lacustrine chalk sample from Suklje (1957).

This was the first model to suggest that the behaviour of clay is governed
by a unique relationship between effective stress, void ratio and rate of
strain. In this model it is assumed that creep occurs during both the
primary and secondary consolidation phases i.e. primary consolidation and
creep effects are not two separate processes. Suklje’s model also accounted
for that the time-dependent strains are influenced by the layer thickness,
hydraulic conductivity and drainage conditions.

2.5.4 The Bjerrum model

Bjerrum (1967) presented a unique relationship between void ratio,
overburden pressure and time, see Figure 2.10. This model is similar to
Suklje’s model, i.e. not dividing primary consolidation and creep effects
into two separate processes. This means that for any given value of the
overburden pressure and void ratio these corresponds to an equivalent time
of constant loading and a certain rate of delayed consolidation. This is
independent of the way the clay has reached these values.

The Bjerrum model is intended to explain the apparent preconsolidation
stress and over consolidation ratio of virgin clays resulting from ageing.
Bjerrum also stated that the volume change that occurred could be divided
into two components, see Figure 2.11, instant and delayed compression.
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"Instant”" compression, occurs simultaneously with the increase in effective
stress and causes a reduction in the void ratio until an equilibrium value is
reached at which the structure effectively supports the overburden
pressure.

"Delayed" compression represents the reduction in volume at unchanged
effective stresses.

Figure 2.11 shows how the compression of a clay element develops with
time if its suddenly loaded with a uniformly distributed load. The dotted
line shows the reaction if the soil were to behave as drained, i.e. the pore
water in the voids is unable to delay the compression. Due to the viscosity
of water the effective stresses will increase gradually when the excess pore
pressure dissipates and consequently compression will occur along the
solid line.

2.5.5 The time resistance concept

Janbu (1969) presented the time resistance concept and stated that it was a
powerful and instructive tool for clarifying the stress- and time-dependent
behaviour of soils under compression, swelling or recompression.

Figure 2.14 shows the results from a single load step in an oedometer test.
The sample is drained at the top and pore pressure is measured at the
impermeable bottom. If time were to be considered as an action and strain
as a response to this action, Janbu defines time resistance as:

_ar

R=2
de
g g
TIME
2 2 PORE PRESSURE
X
w P STRAIN
[+
S
o
o
)
= i
= , =~ T
il i
o d c\jrv : 3
w compute Idealiged curve
2 t, to TIME

Figure 2.14 Time resistance for a load step in a oedometer Svano et al. (1991).
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From Figure 2.14 it can be seen that after a certain time t, the time
resistance seems to increase linearly with time. We could thus write:

R=r(t—1) (2.6)

where 1, 1s the time resistance number
and t, 1s the reference time

A linear time resistance means a logarithmic creep strain with time since
integration from ¢, to t gives

t
e.=[é di=]L="] =~ In

2.7)
N ) R 5 Iy (t=1,) 1 (

Ldar 11 dt 1, | t-t,
to—t,

2.6 Overconsolidated conditions

In areas where soft clay exists and no loading has occurred, more than by
the soil weight it self, it is common to find overconsolidated behaviour for
the clay. In Sweden the typical overconsolidation ratio (OCR), for
normally consolidated clays is in the range 1.1-1.3, evaluated from an
oedometer test accordingly to the Swedish standard.

Claesson (2003) extracted samples in soft clay to a depth of about 70 m in
Gothenburg. The total depth of the clay layer here is about 100 m.
Extensive testing was conducted and according to his findings the OCR 1is
relative constant in relation to the depth, see Figure 2.15.

A similar study was conducted by Alte et al. (1989), Kv Guldet, and

remarkable similarities with regard to the preconsolidation pressure are
seen, as shown in Figure 2.15.
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Figure 2.15 Evaluated effective stress and evaluated preconsolidation stress from CRS
and triaxial tests with depth for the Lundby Strand test site and Kv Guldet
Lilla Bommen, Gothenburg. Data from Claesson (2003).

The OCR effect in this profile can probably not be explained by any
preloading and another effect, such as delayed compression (creep) is

probably the cause.
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3. PROGRAMS FOR CALCULATING TIME-DEPENDENT
BEHAVIOUR

In this chapter some of the most commonly used programs for calculating
settlement in soft soils in Sweden that incorporate creep are explained and
discussed. Today there are, more or less, only three different programs
available - Embankco, GS Settlement and the Soft Soil Creep model
implemented in Plaxis - that incorporate creep settlement. These three
programs will only be discussed in this chapter. The focus is on creep
behaviour.

In the end of this chapter there will be a description of how different soil
parameters correspond approximately to each other and a proposal for
conversion between them.

3.1 Embankco

The Embankco program was developed at the beginning of 1990 as a result
of co-operation between SGI and the Swedish Road Administration. The
one-dimensional model that is implemented in the program is based on the
theories and empirical experiences described in Larsson et al. (1997). The
purpose of the program was, at that time, to develop a user-friendly
computer program for the prediction of settlement, including creep, for
embankments on soft soil (clay).

The Embankco computer program originates from a program called
CONMULT, developed in France, Magnan et al. (1979), and further
developed at Laval University of Quebec in Canada and at SGI. The
program was rewritten to correspond to Swedish compression parameters,
evaluated from CRS- and IL tests, and a revised creep model was
implemented.

3.1.1 Soil model

The constitutive model for the effective stress vs. strain for the soil used in
the calculations corresponds to the observed behaviour of the soil in tests
in the field and in the laboratory, Larsson (1986). The soil parameters used
for compressibility are expressed as My, My, 6°., 6L and M~ as described
in e.g. Larsson (1986) or Sillfors & Andréasson (1986).

The excess pore pressure response due to a total stress changes is
calculated as
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Ao, + Ao , 3
Au=—""""l when ¢",< 0",

(3.1)

Au=Ao, wheno' =0,

The creep model implemented in the program assumes no creep if the

. o' . . . .
stress ratio —*-<0.8 and a linear increase in the creep rate from this stress
vc

ratio until it reaches the maximum creep rate at the preconsolidation stress,
o', . The program also uses a reference strain rate for whether or not creep

effects are included. If the calculated strain rate is higher than this
reference rate, creep effects are ignored. The reference strain rate is

defined as e, -5-107° 1/s. Since creep is a time-dependent process the result

of the creep effect is an increase in pore pressure corresponding to an
increase in creep strain and current modulus, see Figure 3.1.

VERTICAL EFFECTIVE PRESSURE

g
z Au,,
o
W U]

dt

& Agcr = ay_
o t
0_ t
% Au. =A
O Agc ucr - gcr -M
Ll
= t
<
m
o ‘ t1

Figure 3.1 Creep effects during consolidation, Larsson (1986).

The creep effects are thus dependent on the rate at which the hydraulic
conductivity and drainage conditions allow them to develop and are not
only related to the time after load application, Larsson (1986).

3.1.2 Calculation method

The program uses Terzaghi’s equation for one dimensional consolidation,
see eq. (2.3). When creep effects are included in the equation it creates
additional pore pressure, du,.. The consolidation equation then changes to
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du o k ou) Ou,
o3[t 2], o

This equation is then solved using finite difference, explicitly, with
sufficiently small time steps defined as

k-M At

. <0.40 3.3
Ty (3.3)
Where k = hydraulic conductivity

M = oedometer modulus

Yw = unit weight of water

Az = soil thickness of one element
At = time step

For each time step, the rate of strain is calculated for each layer and is
compared to the reference strain rate. The pore pressure is then changed
due to the creep contribution. This pore pressure increase due to creep can
never be greater then the consolidated pore pressure, according to the first
part of eq. (3.2), for the time step in question.

3.2  GS Settlement

The GS Settlement program is one of several programs in the Geosuite
toolbox. It is intended for the calculation of time-dependent settlement
under loads and boundary conditions that can vary as a function of time.
The program is based on the general finite element program GEOnac
(GEOtechnical nonlinear analysis code). GEOnac was developed at
SINTEF 1990. The aim of the GEOnac program is to calculate stresses and
deformations in geomaterials, Jostad (1993).

3.2.1 Soil model

The one-dimensional model used in GS Settlement was first developed by
Svand (1986). This model couples primary and secondary consolidation
and uses the stress modulus and time resistance concept by Janbu (1970).

Figure 3.2 describes a typical response for one load step in an oedometer.
At a certain time, t., strain is developed at a constant effective stress and
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this process is defined as pure creep. The process could be described using
the time resistance, R, as

R=dt/de=1/¢

After a time, t., the time resistance is assumed to increase linearly with
time. This implies that after t. the strain could be expressed as

gzgc+l-ln(t_t’ j (3.4)

r t.—t

C r

Where r 1s the time resistance number and €. is the reference strain for the
current effective stress.

if R=r(t-t;) and R.=r(t.-t;) then eq. (3.4) could be written as

1 R
=€ +—In| — 3.5)
r R.
Time
E i
s Z
Z i
M“ i
s
£ :
3 :
2 ; r
qu Rc E 1
= i
H - ]
) Time
tr tC

Figure 3.2 One-dimensional strain as a function of time and effective stress for one load
step in an oedometer.

As can be seen in Figure 3.2, ¢, defines the strain where eq. (3.5) starts to
be valid and R, is the time resistance at €. for this load step. Eq. (3.5) could
be inverted, see Figure 3.3
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R=R -e¢%) fore> £, (3.6)

C

From the equation above, a 6°-¢ diagram can be established for different R
values, see Figure 3.4, where r, R, and ¢, are a function of effective stress.
According to Figure 3.4, Svano (1986) has established a general viscous
stress-strain-time relationship. This is in line with the model proposed by
Suklje (1978), but is extended to incorporate slight over consolidation.

A
R
r &:l: !
1 R Rc+rit-tc5
R —
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tr tc t
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RC — — I
l
EC e

Figure 3.3 Time resistance as a function of time and time resistance as a function of
strain for one load step in an oedometer (o', = constant), Svano (1986).
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Figure 3.4 Curves with equal time resistance.

3.2.2 Calculation method

The model describes the development of strain as a creep process, Emdal
& Svano (1988). Under constant effective stress and over a time increment
At the creep strain, Ag, , will develop as

7o

Agcr :llnM
r R,

It is assumed in eq. (3.7) that the time resistance, R, is a linear function of
time, i.e. R=R,+rAt.

As can be seen in Figure 3.4, if an instant stress increase is made, it will
move us to a lower time resistance, thus giving us a higher strain rate.

Svano (1986) formulated that the stress increase from o}, to o] =0, + AC
during a time period ¢, to t, =, + At could be idealised as

a) Creep strain for o from time ¢, to ¢, + At /2
b) Creep strain for o] from time #,+Ar/2 to t,

This means that in the middle of the time step the stress goes from &, to
o, , see Figure 3.5. For state ‘a’ the creep strain is defined as
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llnR0+r0(At/2)

A =— (3.8)
sa rO RO
For state ‘b’ the strain, €, and time resistance, R, are updated to €; and R;.
R, € and r; are a function of stress and are therefore given by
0, =0, + Ao . Creep strain in state ‘b’ becomes
1. R+r(At/2
Ag, =—In Rl ) 3.9)
R R,
The total creep strain, and thus the total strain since all strain is defined as
creep, will be
Ae,=Ae  +Ac, (3.10)

Effective stress
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Figure 3.5 One-dimensional strain as a function of effective stress and time, Svano
(1986).

The strain that has been caused by the stress change, Ao, can be defined
as Ag, =Ae, — A&, and the oedometer modulus can be defined as
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_ Ao

M, =—-
Ag,

(3.11)

Ao 1s unknown and iteration is made to calculate Ao .

However, there have been some numerical adjustments since this model
was presented by Svano (1986) and in the present implemented model the
following adjustments have been made

¢ The time resistance, R, according to eq. (3.6) is adjusted to a high
value if the effective stress goes below the initial effective stress.

e For each stress increment five sub increment, i.e. At/5, is used
instead of two as shown in Figure 3.5.

¢ An elastic strain is introduced for each sub increment. This elastic
strain is calculated using the oedometer modulus, Mg=M,, for
stresses less then the preconsolidation stress and for stresses greater
then the preconsolidation stress the oedometer modulus used is

calculated as M, =M ,- 0" | o,.

3.3 Soft Soil Creep model

The Soft Soil Creep (SSC) model is a material model implemented in the
Plaxis BV finite element program. This model originates from the one-
dimensional creep theories presented by e.g. Buisman (1936), Suklje
(1957), Bjerrum (1967) and Garlanger (1972), and has been converted to
differential form to make possible an extension to a 3D-model.

Some basic characteristics of the SSC model are:

Stress-dependent stiffness (logarithmic compression behaviour)
Distinction between primary loading and unloading-reloading
Secondary compression

Memory of preconsolidation pressure

Failure behaviour according to the Mohr-Coulomb criteria
Modified Cam-Clay used as a reference surface (cap)

3.3.1 Soil model

The one-dimensional version of the model in SSC is based on work carried
out by Stolle et al. (1997) and Vermeer et al. (1998). The total strain, see
Vermeer & Neher (1999) or Brinkgreve et al. (2006) is formulated as
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e=e€+ejc+g;'C=A-ln(

Where "=t —t, is the effective creep time and ¢ is the total logarithmic

strain due to an increase in effective stress from ¢’ to ¢’. The total strain is
divided into elastic and a visco-plastic creep part, denoted by superscript e
and c respectively. The visco-plastic part can be separated into two parts,
one during consolidation and one after consolidation. This is denoted by
the subscript dc and ac in Figure 3.7. The values 6y, G, and o, represent

4

o

/7

0,

o
j+B~ln —=
o

p0

+C-ln(

T

I+—

t’j
C

the preconsolidation stress corresponding to before loading, end of
consolidation state and after a time of pure creep respectively. The

parameters are illustrated in Figure 3.6 and Figure 3.7. €,
represent the strain at the end of consolidation for one load step.

te

Int

cons
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Figure 3.6 Consolidation and creep behaviour in a standard oedometer test, Brinkgreve

et al. (2006).
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Figure 3.7 An idealised stress-strain curve from an oedometer test with a division of
strain increments into an elastic and a creep component, modified from
Brinkgreve et al. (2006).

In the SSC-model it is assumed that the total strain is divided into elastic
and inelastic strains. In this formulation the inelastic part is assumed to be
purely creep, £°. The SSC model also adopts the Bjerrum’s idea that the
preconsolidation stress depends only on the amount of creep strain that has
accumulated over time. In addition to eq. (3.12) Vermeer & Neher (1999)
introduce the following expression.

/

e e o o, &
g=g'+&=A-h—+B-h— —> 0,=0,exp|l — (3.13)
o, 0, B

As can be seen from eq. (3.13) the longer it is left to creep the larger o,
grows. In a conventional IL test the load is maintained for a constant
period of t.-+t"=T, where T is exactly one day. For this type of IL test a so-
called normal consolidation line with 6,= ¢” is obtained. By combining eq.
(3.12) and eq. (3.13) and assuming that (T.-t.) << T the time dependency of
the preconsolidation stress can be simplified as

s e
T :r-(&] (3.14)
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Where 7 is equal to one day, see Vermeer & Neher (1999). The differential
equation can then be derived as

B
s e e ' o ¢ £
E=E°+€ :A—+—(—] where GPZGPOGXPLEJ (3.15)

The one-dimensional model was extended to a general three-dimensional
constitutive model based on Modified Cam-Clay type ellipses, see
Vermeer et al. (1998). The well-known stress invariants for pressure p’ and
deviatoric stress q are adopted, Brinkgreve et al. (2006). These stress
invariants are used to define the size of the ellipse, see Figure 3.8, as

2

““=p'+ 3.16
PEP AL e (3.16)
In Figure 3.8 the soil parameter Mg and My are shown and represent the
so-called ‘critical state line’ and the Mohr-Coulomb failure line and are
defined as
6 /
M, = Sin (¢, - for compression (3.17)
3—sin(¢)

Where the ¢~ 1s the effective friction angle.

tension cut off

e P
c’coto’

Figure 3.8 Diagram of p*? ellipse in a p-q plane, Satibi (2009).
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Figure 3.8 suggests that tensile stresses are possible but this could be
prevented by using a tension cut-off option

In the SSC-model an important feature is adopted to simulate a relative
step NC surface. This is done by applying relatively large values for Mcs,
see Figure 3.8, which could be different from the slope My;c. The Mcs
could be equal to My, but quite large values for Mg need to be used if a
prediction of more realistic Ky values is to be obtained. Using Mcg values
greater than My,c will lead to a relatively steep normal consolidation
surface in a p-q plane.

In the SSC-model the parameters A, B and C above are changed to the
material parameters k , A and p. Conversion is made accordingly,
Vermeer & Neher (1999)

K=—%>A A =B+kx, u=C (3.18)
(1+Vur)

Using the new stress invariants and parameters and omitting the elastic
strain in eq. (3.15) the volumetric creep strain, £, could be written as

A—x"

o [ pa | . . AgS
& :i {ieq] ’ p,,q=pp‘f)-exP[/1*_K*j G
P

If eq. (3.19) is integrated for a constant stress state the change in the size of
the yield surface due to creep over a period of At is

s
eq 7
A& =4 In 144 . (3.20)
T ppO

where 1t = one day in the SSC model. This expression defines the time-
dependent creep behaviour and implies that the OCR has a considerable
influence on the creep rate.
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3.4 Relationships between model parameters

As can be seen above, most of the theories use different names of soil
parameters to describe the same behaviour. Here there will be an attempt to
describe approximately the relationship between various model parameters
used. The focus is on the parameters described in previous chapters.

In Table 3.1 and Table 3.2 some assumptions need to be made in order to
describe the approximated relationship between the oedometer modulus,
according to the Swedish praxis, and the modified index used in Plaxis.
The assumptions are Poisson’s ratio v,, = 0.2, the ratio of "/ K =5-10,

and the relationship according to eq. (3.18). The relationship between the
Plaxis SSC creep index and the swelling- and compression index are
according to Brinkgreve et al. (2006).

For the creep parameters, a straightforward relationship exists and no
assumptions are necessary.

It should be mentioned that the values could be calculated from Table 3.1
and Table 3.2, although this computation is very sensitive since the choice
of the average stress, o, or 0., greatly affects the calculated values.

The values calculated from Table 3.1 and Table 3.2 should only be used to
acquire an estimate of the range of the other parameters, as long as no
exact correlation between them exists.

It is therefore strongly recommended that the model parameters are
evaluated according to the parameters definition in the different models.

Table 3.1 Relationships between various stress-strain parameters for confined
compression in the overconsolidated region.

Oedometer . SSC swelling
Swelling index :
modulus index
23-(1+¢,) 0 o
Oedometer M- Ao M o= (I+e,)-0 M = 2.0,
modulus A€ C K
Swelling 2.3'(1+eo)'0'v 3 Ae K -23-(1+e,)
. = - ’ C =
index M Alog(o,) g o)
i .o 2-C : Ae
SSC swelling C 20 = —r K =——
index M 2.3-(1+¢,) Aln(p)

Note. ¢”, denotes a average stress in the range before the preconsolidation stress.
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Table 3.2 Relationships between various stress-strain parameters for confined
compression in the normal consolidated region.

. SSC compression
Oedometer modulus | Compression index omp
index
Ac 23-(1+¢,)) 0 1.1-0
Oedometer T M, = (1+e¢)-0 M, ~ O
modulus Ag C. A
Compression 23-(1+e¢,) 0, Ae .
P C = (+e) C.=———" C =123 (l+¢,)
index M, Alog(o,) ‘
SSC . . Ll.o, . C. . A
compression | 2 =+ P | TG
index L ' % mp
Note. 67 denotes the average between the preconsolidation stress and the defined stress 6.
Table 3.3 Relationships between various creep parameters.
Cree : :
P Creep number Creep index SSC creep index
parameter
Cree Ae Co
P a = a = a = o =23-u
parameter Alog(1) ’ (I+e¢)) '
2.3 23-(1+e 1
Creep po 2 po R AL ,o23:(4e) ym—
number a, dt Ag ae H
23-(1+ Ae ",
e, - (1ve) | ¢, =220 o o E | s )
index ! o Alog(t) o 0.435
SSC 2 K C, LY
creep o= U =— = =
index 23 2.3-(1+¢,) Aln(t)
Note. In(10) = 2.3 = 1/0.435 and r = Aln(t)/Ae.
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4. DETERMINATION OF SOIL PARAMETERS

This chapter discusses how to evaluate parameters for settlement
calculations from laboratory tests. The focus is on the parameters used in
the computer programs described in the previous chapter.

Determination or characterisation of soil parameters is broad and
contains many aspects that the engineer needs to be aware of when using
them. The author makes no attempt to cover all these aspects and will
therefore only address some of the parameters used in Swedish practice.

The evaluation of the “classic” parameters, from the CRS oedometer test
such as My, M;, M, o°., 01 and r; or a, will not be addressed other than in

some discussions. The reader is referred to i.e. Sdllfors & Andréasson
(1986) or Larsson et al. (1997).

4.1 Introduction

Measuring soil properties in the laboratory is a necessary complement to
numerical analysis. There is no point making a refined analysis when the
material properties are not clearly identified. On the contrary, extensive
laboratory testing is unnecessary if the problem is not open to analysis.
The cost of laboratory testing must be recovered through greater
confidence at the design stage. Together, the testing costs and increased
design confidence should result in savings during construction and/or
improved performance, Graham (2006).

For the Embankco program the reader is referred to Larsson (1986) and
Larsson et al. (1997) for an evaluation of the different parameters used in
that settlement program.

4.2  Determination of soil parameters for settlement analysis

Determination of parameters for settlement analysis is almost, always
based on results from tests on thin laboratory specimens that have been
extruded from the ground using a piston sampler and using a certain
method. This is usually referred to as an “undisturbed” soil specimen.
During extrusion and handling there is inevitable some disturbance to the
soil specimen and the magnitude of disturbance resulting from sampling is
difficult to measure. An indication of the disturbances to the soil could be
evaluated from the test by measuring the volume change at reconsolidation
and compare that with empirical values for different degree of disturbance,
see Lunne et al. (1997) and Larsson et al. (2007).
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A number of researchers have studied the sampling effects and how
interpretation of a laboratory test should be conducted such as Ladd &
Foott (1974), Sillfors (1975), La Rochelle et al. (1981), Tavenas &
Leroueil (1987), Berre (1995), Hight (2001) and DeGroot (2001) to name
but a few.

When determining soil parameters for settlement calculations in Sweden
the CRS oedometer test is commonly used. Sillfors (1975) puts forward a
method for evaluating the preconsolidation stress, which is reduced
compared to the test results, due to strain rates effects, so that it
corresponds to the measured field value. This implies that when using a
material model that is strain-rate dependent, viscous model, the evaluated
preconsolidation stress, according to Séllfors method, would probably be
lower then the back-calculated preconsolidation stress from the same CRS
oedometer test.

4.2.1 Evaluation of the creep parameter from laboratory tests

When evaluating the creep parameter for soft clays, the 24 hour IL
oedometer test is traditionally used and with a doubling of the load for
each time step. In Figure 4.1 one load step is shown from a traditionally
conducted IL oedometer test for a 20 mm thick clay sample.

o

pressure
Time (hr)

Time (hr) oah 20000
0.01 0.1 1 10 |, 100 1000 il mte
0 e 60 o Measured
s 15000 f - S
150 & = 1
~ K=
2 N
. 5- 403 a 1 o
S @ g 10000 -~
£ 130 8 S
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&» 5 | T s000 ]
10 - +20 8 T
T 0
LY n
[
Q
x
i
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I Strain(%) 31V\E 110 i
i 0 e
45 — — Excess pore- _ ™. % i 0 20 40 60
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Figure 4.1 One load step in an IL oedometer test, 80-160 kPa. In (a) the log (time) —
strain diagram and in (b) the time resistance, R — time diagram. Loading
sequence 20, 40, 80 and 160 kPa. Evaluated preconsolidation stress was
about 100 kPa. Soil sample from Surte depth 12 m.
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If a comparison between the inclination after 24 hours and 100 hours in
Figure 4.1 is made, it is clear that if a traditionally 24 hour procedure
would be used the creep would be overestimated. This is since
consolidation phase is not yet, or just, complete and the consolidation
phase would contribute to a higher creep rate.

In Figure 4.1a it seems that a reasonable time period, in this case, for this
load step would be between 100 to 200 hours to evaluate a proper creep
parameter. But in Figure 4.1b it seems that about 48 hours would be
sufficient. This is due to the plotted time scale for the two, where Figure
4.1a uses a logarithmic and Figure 4.1b a linear time scale.

The excess pore pressure in Figure 4.1a takes roughly 24 hours to
dissipate, with measured excess pore-pressure less then 2 kPa. This is
considerable longer time than if only the classic consolidation theory
would be considered, which in that case would be a matter of minutes or
perhaps hours depending on the hydraulic conductivity of the clay. This
implies that the creep process is greatly influencing the consolidation
phase and not only acting when consolidation is complete.

4.2.2 Creep parameters at the preconsolidation stress — empirical

Creep parameters are, more or less always, evaluated from an IL
oedometer tests, see Figure 2.8. In Sweden today these tests are seldom
conducted, even in cases where creep is of great importance. Normally the
creep parameter is estimated empirically from the natural water content,
wy, either from Larsson et al. (1997) or according to eq. (4.1), Christensen
(1995).

h=—rs (4.1)

This correlation between the natural water content and the creep parameter
for clays is taken from a large number of IL. oedometer tests, mainly on
Swedish and Norwegian clays.

Mesri & Godlewski (1977) showed a relationship between C,/C,. and
concluded that this ratio is a constant for a given soil. Mesri & Castro
(1987) stated that for the majority of inorganic soft clays the C,/C, ratio is
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%=0.0410.01 4.2)

c

If a conversion of eq. (4.2) to Swedish parameters is made according to
Table 3.2 and Table 3.3 the following expression is reached

P T— (43)
(0.04£0.01)- 0,

4.2.3 The Chalmers model

Claesson (2003) presented a model where the creep number and oedometer
curve is modified according to Figure 4.2. This model, named here as the
Chalmers model, is implemented in the GS Settlement program. Five
additional parameters a,, a;, by, b; and r( also need be defined in addition
to the classic Swedish parameters. The additional parameters are shown
and defined in Figure 4.2.

; M
T Modulus curve, Swedish practice
M,
! Improved modulus curve
4 M'=AM/Ac'
i My |omm memm - - 1
O I — —t— -,-G' Io-lc : + ] ; > g

0.0 1.0 ' )

b, b, a, G a, Gy o'lo’,
(a) (b)

Figure 4.2 Definition of (a) the creep number model, including the factors by and b,
and (b) the oedometer modulus curve, including the factors ap and a; as a
function of the normalised effective stress, Claesson (2003).

The parameters a, and a; are according to Claesson (2003) normally set at
0.8 and 1.0 respectively. However, no actual evaluation method was put
forward and in Figure 4.3 a way of evaluating these parameters is
proposed. This evaluation method is based on the CRS oedometer test
performed according to Swedish practice.

40



Determination of soil parameters

The evaluation method is as follows

e Evaluate 6°., My and M, from the stress-strain curve. (Observe that M,
is only evaluated here for the use of finding the a, value)

e Draw a line parallel to the stress-strain curve so that it intersects the
evaluated o”.. The distance ‘“‘c” can then be determined.

e Plot the M, and M, as horizontal lines in the modulus curve.

e Draw a line that follows the evaluated modulus between M, and M in
the modulus curve.

® Move the bottom part of the line from step 4 the distance “c”
horizontally towards 6.

e Evaluate ay and a, as the effective stress at these point divided by the
G’

EFFECTIVE VERTICAL STRESS (kPa)

U 80 120 160 200 240 280

~—. c .

4 N

6000

5000

AT

3= 4000 —,
\\ ©

3
i o MO :D g
s oW
] 3000 2
z =
g
16 2000
20 1000
M, |
24 1]

Figure 4.3 Proposed evaluation of the parameters ap and a; from a CRS oedometer test
accordingly to Swedish practice.

It should be pointed out that the parameters a is evaluated from the plotted
modulus-stress curve which according from experiences produces an M,
value that is too low, compared to the field conditions. A general practice
is to multiply the evaluated M, from a CRS test with a factor of 3-5 to
more represent the field value. This should not have any important effects
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on the evaluation of the parameter ay, more than that the curve between M
and M will become steeper.

The assumption is that the a; is not strain rate dependent. In Figure 4.4 a
series of evaluated oedometer curves from CRS oedometer tests with
different rate of deformation, conducted by Sillfors (1975), is shown.

Legend
| _ Test Depth Rate of def.
m mmSmin
¢7-1 7 0,0006
. L7=2 ! 0,0012
N C7=3A 7 0,0024
o | ' c7-4 7 00,0040
= c7-5 7 0,0090
8 C7-6 7 0,0200
=

[o- 25 ) 8] (=1 1260 125
EFFECTIVE WERTICAL PRESSURE ., in ®Fa

Figure 4.4 Variation in oedometer modulus due to strain rate, Sdillfors (1975).

As can be seen in Figure 4.4 the assumption that a; is independent of strain
rate is supported as the point when the M, falls towards M| seems to be
relatively constant for different strain rates.

The parameters 1y and r; are defined in Figure 4.2 with the corresponding
by and b; values. Together these values give the creep number at the
present effective stress. The parameter by is for the sake of simplicity set in
such a way that it corresponds to the in-situ effective stress (G",o/G yc).

Evaluation of the parameter r is not straight forward. However, a method
for determining this parameter was put forward by Olsson & Alén (2009).
The i1dea behind this method is that the creep number, r, which is stress
dependent, should increase towards infinity at a certain reference stress.
The reference stress corresponds to the OCR the clay has reached after a
very long time. Hence the creep number is given by a proposed hyperbolic
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function, see eq.(4.4). The linear description of the creep number in the

Chalmers model is then given such that it corresponds with the assumed r-

value for the final stress level, O'(') + Ao, see Figure 4.5. The reference
stress 1s suggested at Gr = 6°¢/1.35 in Olsson & Alén (2009).

/ /
o, b-o

’
o — O-ref

r(0)=Y- (o). b -0,)

/

+h, 0,<0<0,b

vc

/

ref

where o, = 10-3“;5 and the factor ¥ is the slope of r between ry and r; for

stress > b, - o/, . This factor, ¥, is based on evaluated IL oedometer tests

presented by Claesson (2003) and found to normally be in the range of
2000 — 3000. The factor b; is normally set in the range of 1.0 — 1.1
according to Claesson (2003).

The maximum creep number r, then becomes

(O-\:c 'bl _O-ref)'(bl _bo)
o,+Ac-o0,

/ /
Ty=y- +7, o,tAc<0, b

ef

In Figure 4.5 creep number, r, is shown as a function of the normalised
effective stress according to eq. (4.4) and eq. (4.5).

4.4)

(4.5)
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Figure 4.5 In (a) the creep number, r, and in (b) both r and ry as a function of
normalised effective stress with r;=150, bp=0.75, b;=1.1 and y=2500.
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In Figure 4.5a the change of the creep number due to stress change is
shown and an example of how to evaluate the ry-value at a certain final
effective stress. Thus using this function for ry according to eq. (4.5) gives
a starting creep number, 1y, that is not only dependent on the present
effective stress but also on the estimated final effective stress, i.e. after full
consolidation for the applied load (Ac), see Figure 4.5b.

If the evaluated creep number, r, becomes extremely high (e.g >10 000) for
the final effective stress there is perhaps no need to use a creep model
since the creep effects will probably be of no practical magnitude. The
reason for presenting this evaluation method of the creep number, 1y, is
because the model described in Figure 4.2a probably underestimates the
creep number for small applied loads, Ac”. The engineer must make a
critical examination of its validity.

4.2.4 Modelling laboratory tests

When using numerical programs an attempt should be made to back-
calculate some of the laboratory tests that have been conducted. This is
done to validate that the material model is behaving as anticipated with the
selected input parameters and a calibration of the input parameters there
after.

Since in Sweden the CRS oedometer test is frequently used when
establishing the parameters necessary for a settlement calculation, this test
will be focused on for back-calculation. Of the programs that are discussed
in this thesis only the Soft Soil Creep model implemented in Plaxis
software could model the CRS oedometer test.

For back-calculating a CRS oedometer test in Plaxis an axisymmetrical
model as shown in Figure 4.6 is used. The boundary conditions are that the
horizontal displacement is prevented at the sides of the sample and at the
bottom of the sample both the vertical and the horizontal displacement are
constrained.
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Figure 4.6 Principal sketch of an axisymmetrical model used in FE analysis to simulate

a CRS oedometer test.

The procedure used in this thesis to back-calculate a CRS test is as follows

Create the initial stress, in-situ, in the sample by applying a thin elastic
soil layer on top of the 2 cm test sample, which corresponds to the
overburden effective stress.

Set the closed consolidation boundary condition according to Figure
4.6.

Set the OCR and a proper K, value and calculate the stresses.

At the first calculation phase unload the sample to a small starting
vertical stresses. This is normally performed with drained condition and
relatively fast.

The sample settlement is reset back at zero and is then followed by the
CRS simulation. The strain rate should correspond to the strain rate in
the laboratory.

An example of a back-calculated CRS test is shown in Figure 4.7 and the
input parameters used are presented in Table 4.1.

Table 4.1 Input parameters for back-calculation of CRS oedometer test.

0 ¢’ K* % TR v, | Ko™ |OCR| K,
(deg) | (kPa)

30° 0.1 0.018 | 0.27 | 0.0065 | 0.15 | 0.5 ] 1.2 | 0.56

The Ky value is set according to Jaky (1944), see eq. (4.6), and the K|,
value is calculated according eq. (4.7) from Schmidt (1966).

K¢ =1—sin(¢)
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K,=K} - OCR"**"% (4.7)
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Figure 4.7 Back-calculated CRS oedometer test with two different xK* values. In (a) the
stress-strain curve is compared with the measured values and in (b) the
oedometer modulus is compared. The CRS oedometer test was performed
with a strain rate of 0.7%/hr.

In this back-calculation two simulations are shown. One with a direct
evaluation of the oedometer modulus and one with a slightly higher
oedometer modulus in the overconsolidated stress region, as seen in Figure
4.7b. This 1s to illustrate the effect of the k¥* value. As mentioned before,
the evaluated oedometer modulus from a CRS oedometer test in the
overconsolidated region is often too low compared to field conditions and
a lower k* value would be more correct for the field condition than the one
that fits the plotted CRS curve.

Kullingsj6 (2007) showed the difference in a one-dimensional
compression test for stress paths for a fully unloaded sample compared to
an assumed stress path consolidated to in situ conditions before being
compressed, see Figure 4.8.
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KX =~0.5

Sketched stress path

In situ stress

o, +o,

Figure 4.8 Differences between a one-dimensional compression test starting from fully
unloaded conditions or consolidated to in situ stress (sketched), Kullingsjo
(2007).

It becomes quite clear when the stress path for a CRS oedometer test is
studied that the stress path is very different from the in situ stress path
when loaded. This will affect the development of the strain during
compression, and could be a contributing reason together with sample
disturbance why the evaluated oedometer modulus, My, is too low
compared to the one in the field tests.

The evaluated oedometer modulus curve in Sweden has three different
stages, where the M, and M| are constant for a specified stress region, and
M~ where the oedometer modulus increases with effective stress, see
Figure 4.2b. This formulation differs from the formulation used in the SSC
model. The oedometer modulus used in the SSC model is stress-dependent
for the overconsolidated (OC) and normal consolidated (NC) region, as
shown in Figure 4.9.
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Figure 4.9 Oedometer modulus according to the SSC-model due to effective stress.

As seen in Figure 4.9 the oedometer modulus in SSC model intersects
where the stress is zero, which is normally not the case for the Swedish
clays, see e.g. Figure 4.3. This implies that when using this model the user
must be aware of the final effective stress of interest. In most cases the
final effective stress is close to the preconsolidation stress and
consequently the A* value should often correspond to the M; according to
the Swedish evaluation method.

4.3 Discussion

As mentioned earlier, the CRS oedometer test is the most commonly used
laboratory test conducted in Sweden to establish compressibility
parameters for settlement analysis. It was also mentioned that the IL test
are seldom conducted today, even when creep is of great importance, and
that instead an empirical relation to the natural water content was used.
However, in the authors opinion the IL test should be conducted if creep is
of interest, at least to verify that the assumptions, i.e. that the relation to
the natural water content is satisfactory.

As could be seen in Figure 4.1 the difficulties of determining the creep
parameter from a traditionally IL oedometer test after 24 hours are shown
for one load step. This implies that considerations have to taken for how
long the time period should be for each step in IL oedometer test, to proper
evaluate the creep parameter. However, evaluation with the time resistance
concept seems less sensitive for underestimating the creep parameter.
Considerations should also be taken regarding how the test procedure
should be conducted.
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When using the Chalmers model in the GS program the determination of
the creep parameter, ry, is sometimes of great interest. This parameter is
difficult to determine and a proposed method is suggested. This method is
based on the findings of both Larsson et al. (1997) and Claesson (2003)
regarding creep, i.e. how it behaves around the preconsolidation stress.
Using values greater than 3,000 — 5,000 for the creep parameter, r,, should
be used with care and the user should always study and critically examine
the effects of using high values of ry. If an IL. oedometer tests have been
conducted a back-calculation could be done and a calibration of the creep
parameters is possible.

When conducting a laboratory test on a clay sample for investigating the
soil properties in the overconsolidated region or at small strains care
should be taken. Researcher such as Jardine et al. (1985) and Burland
(1989) found that the stiffness was considerably greater in the field then in
the laboratory for small strains and that conventional laboratory tests can
lead to an underestimation of the soil stiffness. This is probably an effect
of disturbance and how the sample is reconsolidated in the laboratory.

This implies that the oedometer modulus, My, in overconsolidated region is
very difficult, if not impossible, to determine with conventional laboratory
test, such as CRS oedometer tests. A better evaluation of the oedometer
modulus, My, could probably be reached if unload and reload cycles are
conducted.

Modelling laboratory test is one way of calibrating the material model and
checking that it is behaving as intended. A procedure was proposed to
back-calculate a CRS oedometer test and some results were plotted
together with measurements from a CRS oedometer test. This procedure is
only possible with the SCC model in the Plaxis software of the three
programs. If an IL test has been conducted the same type of back-
calculation could be done, although, instead of applying a defined strain
rate the stress increments from the laboratory and with the following
consolidation time in each stress increment should be applied. Such a
procedure could be simulated both in the Plaxis and the GS Settlement
software.

49



Chapter 4

50



Test Sites

3. TEST SITES

This chapter will describe three different test sites where one will be a
hypothetical test site and the other two actual field cases.

The hypothetical test site is presented here to show the differences between
the calculated results from the programs and how the results correspond
to each other

The other two test sites are:

A case with a test embankment that was constructed on floating lime
cement columns (LCCs) and monitored for about seven years.

A groundwater lowering in the bottom aquifer in the central part of
Gothenburg, which has been monitored for about 40 years.

5.1 Hypothetical test site

The hypothetical case is created to illustrate in simple terms how the

different programs work.

The hypothetical case illustrates a road embankment with a height of 1.5 m
and a total width of 26 m, see Figure 5.1.

m 20 m m
1.5m Embankment
15m Dry Crust
Clay

40 m

Figure 5.1 Geometry of the embankment and soil profile.
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5.1.1 Ground conditions

This hypothetical case comprises a 40 m thick soil layer with soft clay and
with an horizontal overlaying dry crust of 1.5 m. Underneath the clay layer

there is a non-cohesive material that has a considerably higher hydraulic
conductivity than the clay layer.

The unit weight is set to vary between 15 and 17 kN/m’, see Figure 5.2a.
The undrained shear strength is about 10 kPa at the top of the clay layer
and increases by about 1.6 kPa/m, see Figure 5.2b. The undrained shear
strength is calculated from the liquid limit and the preconsolidation stress
1s according to Swedish empirical relation, see Larsson et al. (2007).

The water content and liquid limit are presented in Figure 5.3a. As can be
seen, the water content is about 85 % in the top of the clay layer,
decreasing to about 50 % at a depth of 40 m. The liquid limit is slightly

less. The OCR is assumed to be equal 1.3 in the clay layer as shown in
Figure 5.3b.

The ground water table is in the top of the clay layer and the pore pressure
is hydrostatic. The hydraulic conductivity is in the range 1-10-10"" m/s,
the lower values in relation to depth.
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Figure 5.2 (a) Density towards depth and (b) shear strength in relation to depth
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Figure 5.4 Oedometer modulus in relation to depth (a) in the overconsolidated stress
region and (b) in the normal consolidated stress region.
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The oedometer modulus, My, as shown in Figure 5.4a is calculated in three
different ways as: 50-6°, 250-c, and as a function of c,, Ip and F =2,
described in Larsson et al. (2007).

The oedometer modulus, My, in the normally consolidated stress region is
assumed to be M| = 5-6°. as shown in Figure 5.4b. This is within the range
typical of the soft clays in the Gothenburg region.

5.2 The Nodinge test embankment

The Nodinge test embankment is located about 25 km north of
Gothenburg. The test embankment was constructed to study the effects of
floating lime cement columns (LCCs) not reaching firm bottom and, the
effects of settlement reduction and stability conditions. This was
performed due to a major infrastructure project between Gothenburg and
Trollhéttan in western Sweden. The infrastructure project consists of 80
km of new motorway and high-speed railway. A large part of the new
motorway and railway will be constructed on soft, high-plastic clay along
the Gota River valley.

The Nodinge test embankment was one of three full-scale test
embankments constructed during the project’s feasibility studies.
Information about the test embankments can be found in Alén et al. (2005),
Baker et al. (2005) and Olsson et al. (2008).

The test embankments were considered necessary due to a lack of reliable
methods for estimating consolidation settlement of embankments founded
on floating lime-cement columns. The embankments were constructed in
2001 and were heavily instrumented in order to study the settlement of the
embankments.

5.2.1 Ground conditions

The ground consists of mainly of deep deposits of soft, high-plastic clays
deposited in marine conditions some 5,000 — 10,000 years ago. The clay
layers are usually slightly overconsolidated. Below the clay layers there are
generally a few metres of non-cohesive material. The clay is glacial and
post-glacial clay.

The unit weight varies between 14.5 and 16.5 kN/m’, see Figure 5.5a. The

undrained shear strength is about 10 kPa down to a depth of about 5 m and
then with an increase of about 1 kPa/m, see Figure 5.5b.
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The water content is about 100% at the top, decreasing to around 60% at a
depth of about 30 m and then increasing to about 80%. The liquid limit is

of the same order but slightly less in the upper 5 to 10 m as can be seen in
Figure 5.6a. The OCR in the area is about 1.1-1.3 as can be seen in Figure
5.6b, with a slightly higher OCR in the top 5 m.
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Figure 5.5 (a) Density in relation to depth and (b) shear strength in relation to depth at
the Nodinge test embankment evaluated from field vane tests, CPT and fall
cone tests.

The ground water table is about 0.5 m below the ground surface and the
pore pressure profile is more or less hydrostatic. The hydraulic
conductivity is in the range 5-10-10™° m/s.

The evaluated oedometer modulus, M, from the CRS tests for the
overconsolidated stress region starts at around 1.5 MPa at the ground
surface and increases to about 10 MPa at a depth of 30 m, see Figure 5.7a.
From experience the oedometer modulus, My, evaluated from CRS tests in
this stress region is far too low.

For the normally consolidated stress range the oedometer modulus, My,

starts at about 150 kPa at the ground surface and increases to about 750
kPa at a depth of 30 m, see Figure 5.7b.
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Figure 5.6 (a) water content ( A ) and liquid limit (0) in relation to depth and (b)
evaluated preconsolidation stress from CRS oedometer test performed
according to the Swedish practice.
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Figure 5.7 Oedometer modulus in relation to depth (a) in the overconsolidated stress
region and (b) in the normal consolidated stress region.
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5.2.2 Test embankment

The test embankment had a length at the crest of 25 m and a width of 13 m.
At Nodinge the LCCs were installed in May 2001, about seven months
before the first load increment was applied. A total of 153 columns were
installed in a quadratic pattern with every other column being 12 m long
and the rest 20 m long. The LCCs were constructed using the dry mix
method and the binder consisted of 50% lime and 50% cement with a
binder content of 90 kg/m’ of soil. The columns had a diameter of 0.6 m,
see Figure 5.8.

There were two load increments for the embankment, each approximately
25 kPa. The first load increment was chosen so that no critical stresses
would be exceeded in the columns. This load increment was allowed to act
for a year and a half. It was approximately 25 kPa and was about 1.5 m
high.

For the second load increment the opposite was the case; it was planned
that the critical stresses in the columns would be exceeded, at least in the
upper part of the columns. The total height of the embankment was about
2.8 m. However, the load increment was restricted so as not to risk the
overall stability of the embankment, Alén et al. (2006).

Observations of the behaviour of the test embankment were performed
over a period of about six years. The test embankment was removed in
November 2007 due to a conflict with ongoing construction for the
railway.
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Figure 5.8 Installation pattern for lime-cement columns and the positioning of gauges,
Alén et al. (2006).

5.2.3 Measurements
As can be seen in Figure 5.8 there were four different measurement
devices installed in the soil underneath and just outside the test

embankment. For further information about the measurement devices see
Alén et al. (2006).

The results presented in Figure 5.9 to Figure 5.13 are only a selection of
the measurements from the Nodinge test embankment.
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Figure 5.9 Measurements from the bellow hose (a) in the centre of the embankment,
both in the clay between the LCC and in the 20 m long LCC and (b) at the
western part of the embankment in the clay between the LCC.
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Figure 5.10 Measurements from the settlement hose along the embankment at the

ground surface.
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Figure 5.11 Settlement over time for different depths from the bellow hose in the clay in
the centre of the embankment.
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Figure 5.12 Settlement over time for different depths from the bellow hose in the clay in
the area just outside the embankment.
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Figure 5.13 Excess pore pressure over time at a depth of 14 m in the centre of the
embankment.
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5.3 Kaserntorget - Groundwater lowering

Kaserntorget is an area in central Gothenburg, see Figure 5.14. This area
has a long history of construction in varying forms, starting from the early
17th century. It started with the fortification (Carolus Dux) of Gothenburg
in the 17th century and in the middle and late 19th century it was
transformed in to a more modern city environment, see SBK (2000).
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Figure 5.14 View of the area studied in central Gothenburg, picture from www.
eniro.se.
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The buildings that were constructed during the transformation in the
middle of the 19th century are mainly still there and are more or less
unchanged, except for certain new construction in recent years. When the
old fortification was demolished it is most likely that the area was filled
with the demolition material. From about 1970 a groundwater lowering
was temporarily occurring in this area, as can be seen in Figure 5.20.

5.3.1 Ground conditions

The ground conditions for the area studied consist of a few metres of fill
with underlying soft clay to a depth of 30-45 m. Underneath the clay there
1s a non-cohesive material a few metres in thickness on rock. The ground
surface slopes slightly southwards from about level +17 to +14.

The ground water table is about 1.5-2.0 m below the ground surface. The
hydraulic conductivity is in the range 5-10-10"° m/s.
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The unit weight for the clay varies between 15 and about 18 kN/m’, see
Figure 5.15a. The shear strength is about 15-25 kPa down to a depth of
about 10 m and then with an increase of about 1 kPa/m, see Figure 5.15b.
The scatter shown in Figure 5.15b is probably due to the differences in the
thickness of the filling for the area.

The water content is about 80% in the top part of the clay, decreasing to
around 50% at a depth of about 35 m. The liquid limit is of the same order,
as can be seen in Figure 5.16a. The OCR in the area is about 1.2-1.3 as can
be seen in Figure 5.16b, with a higher OCR in the top 5 - 10 m of the clay
layer. The evaluated oedometer modulus, M, from the CRS tests for the
overconsolidated stress region starts at around 3 MPa at the top of the clay
layer, increasing to about 10 MPa at a depth of 35 m, see Figure 5.17a.
From experience the oedometer modulus, My, evaluated from CRS tests in
this stress region, is far too low. For the normally consolidated stress range
the oedometer modulus, M;, varies between 500 and 1500 kPa for the soil
profile, see Figure 5.17b.
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Figure 5.15 (a) Density in relation to depth and (b) shear strength in relation to depth
at Kaserntorget evaluated from field vane tests and fall cone tests.
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Figure 5.16 (a) water content ( A ) and liquid limit (0) in relation to depth and (b)

evaluated preconsolidation stress from CRS oedometer tests performed

according to the Swedish practice.
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Figure 5.17 Oedometer modulus in relation to depth (a) in the overconsolidated stress

region and (b) in the normal consolidated stress region.
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5.3.2 Measurements

In the area studied the groundwater level and pore water pressure have
been studied from about 1968 up the present day. Figure 5.18 shows an
overview of some of the groundwater and pore pressure gauges. In Figure
5.19 the estimated clay thickness is shown as well as the location of
settlement gauge CS 4.

Figure 5.20 shows some of the measured groundwater levels in the bottom
of the non-cohesive material underneath the clay layer. Figure 5.21 shows
the measurement of the settlement for the CS 4 gauge.
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Figure 5.18 Location of peizometers and groundwater gauges at Kaserntorget.
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Figure 5.19 Estimated clay thickness for the area studied and the location of settlement

gauge CS 4.
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Figure 5.20 Measured ground water level (above sea level) for the area studied.
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Figure 5.21 Measured settlement at the ground surface for point CS 4, starting from
July 1, 1971.
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6. CALCULATIONS AND COMPARISONS

In this chapter the calculated results from the three test sites will be
presented and for two of them compared to the measured values. The test
sites are described in detail in chapter 5. Only for the hypothetical test site
all three programs will be used. This is due to usability of the programs.

In the end of each test site there is a discussion to conclude the
comparisons and highlight some of the important aspects when modelling.

6.1 Hypothetical test site

The hypothetical case is an embankment on soft soil with the soil
condition described in chapter 5.1. The calculations are performed for a
time of 50 years after construction and a selection of results are presented
below and are compared.

6.1.1 Input parameters

The input parameters used for the hypothetical test site for the different
programs are presented below. For the sake of simplicity the creep number,
r, 1s used here for the description of the creep properties. For the
correlation between the creep parameters see Table 3.3.

The embankment is assumed to be constructed within 60 days.

For the programs Embankco and GS settlement the assumed input
parameters are presented below and in Table 6.1.

For the dry crust, the upper 1.5 m, no creep has been assumed to occur.

Table 6.1 Input parameters for Embankco and GS Settlement.

Depth Unit M, M, [M'| o, oL Io ig) Kinit
(m) | weight | (MPa) | (kPa) | (-) | (kPa) | (kPa)| () | () | (mws)
(kN/m?)

0 17 5 500 | 15| 60 70 - - 1.0E-8
1.5 17 5 500 | 15| 60 70 - - 1.0E-8
1.5 15 3 200 | 11| 40 50 | 1100 | 95 | 1.0E-9

5 15.2 3.75 280 | 11 57 67 | 1100 | 105 | 9.0E-10
11 15.5 6.2 490 | 12| 105 115 | 1100 | 110 | 7.7E-10
40 17 18 1670 | 14 | 346 | 356 | 4000 [ 230 | 1.0E-10

Note. 1 is only used in the GS Settlement program.
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For the GS Settlement program the oedometer modulus factors ay and a,
were set at 0.8 and 1.0 respectively. The factors by and b; that control the
transition between r, to r; were set at 1/OCR and 1 respectively. The
reference time, t;, were set to one day.

The factor, [, that control the rate of change of the hydraulic conductivity
with strain were set at 3 for the whole soil profile for both of the programs.

For the SSC model the assumed input parameters are presented below and
in Table 6.2, Table 6.3 and in Figure 6.1.

The embankment is modelled as a linear elastic material with a Youngs
modulus of E = 100 MPa and the Poisson’s ratio v = 0.3.

Table 6.2 Input parameters for the dry crust (Mohr-Coulomb model)

Depth E Eoed (0} c’ v Ky

(m) (MPa) |(MPa)| (deg) | (Pa) | (9 ()

0-1.5 4 5 30° 5 0.3 0.8
Table 6.3 Input parameters for the clay layer (SSC model).

Depth K A 0 ¢ | OCR | POP | v, | K™
(m) ) (-) | (deg) | (kPa) | () | (kPa) | (- (-
1.5-5 | 0.015 | 0.22 30° 1 - 16 0.15 | 0.50
5-40 | 0.015 | 0.22 30° 1 1.3 - 0.15 | 0.50

In the calculation it is assumed that the horizontal hydraulic conductivity is
the same as the vertical. Due to the input possibilities in the Plaxis
software some of the parameters are simplified by stepwise changes as
seen in Figure 6.1.

In Figure 6.2a the in-situ effective stress is plotted together with the

preconsolidation stress and the calculated final effective stress. In Figure
6.2b the vertical stress increase from the embankment is plotted.
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Unit weight (kN/m®) Creep number, r kvert (M/S)
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Figure 6.1 Input parameters for Plaxis (unbroken line with squares) compared to
Embankco and GS Settlement (broken line) for the unit weight, creep number
and the vertical hydraulic conductivity.
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Figure 6.2 (a) In-situ effective stress (c",9), preconsolidation stress (¢° ") and the
calculated effective stress due to the load increase (o ,0+461,4q4) according to
elastic solution. (b) The load increase towards depth calculated according to
elastic solution.
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As could be seen in Figure 6.2 the calculated final effective stress,

o' +AG, is greater then the preconsolidation stress above 12 m depth. This
implies that most of the displacements will be within the depth 1.5 m to
about 12 m.

For the Embankco program there is an option of reduction of the surface
load due to submersion below the groundwater level. This has been set to
no reduction during this calculation, due to that GS Settlement program
does not have this option and a better correlation between these two
programs is of interest.

6.1.2 Results and comparison between programs

A selection of results is presented below. In Figure 6.3 the time —
settlement curve is shown and in Figure 6.4 the vertical displacement
against depth for two times, 10 years and 50 years.

In Figure 6.5 the excess pore pressure is shown for three times, 60 days, 10
years and 50 years.
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Figure 6.3 Calculated vertical displacement in relation to time for all three programs.
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Figure 6.4 Calculated vertical displacement in relation to depth after (a) 10 years and
(b) 50 years for all three programs.
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Figure 6.5 Calculated excess pore pressure after (a) 60 days (b) 10 years and (c) 50
vears for all three programs.

6.1.3 Discussion

As could be seen in Figure 6.3 the time—settlement curves for all three
programs correspond very well and the settlement after 50 years is about
0.7 m. It can be seen in Figure 6.3 that the settlement rate from Plaxis
starts to decrease a little more than Embankco and GS Settlement. This is
probably due to the reduction of the load as the dry crust is being pushed
down under the ground water table.
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Figure 6.4 gives a clear view of where the displacements occur in the soil
profile. All three programs produce very similar results, but for Plaxis the
displacement is greater to a depth of about 12 m. This corresponds to the
results in Figure 6.5 where one could see that the dissipation of excess
pore pressure is faster for Plaxis then the other two, apart from the initial
phase for Embankco.

As can be seen in Figure 6.5 the excess pore pressure after 60 days are
quite different for all three models. This is due to the way they calculate
the stress increase from a load that has been applied. The way Embankco
handles with the increase of excess pore pressure is described in chapter
3.1. For the GS Settlement program the calculated load is assumed to
produce the same excess pore pressure and for Plaxis the excess pore
pressure depends, among other things, the total stress change in all
directions and on the defined soil stiffness, both for the embankment and
the soil layers.

6.2 Nodinge test embankment

The Nodinge test embankment is described in chapter 5.2. Here a selection
of calculation results will be presented and compared to measured values.
There will also be a prediction of the settlement after 40 years. As
mentioned earlier, only the GS Settlement and Plaxis programs will be
used for this test site.

6.2.1 Input parameters

The input parameters used to describe the soil profile are presented below.

The oedometer modulus, My, 1s set to 75-6°,. for the undisturbed soil since
no unload/reload test has been conducted. The limit stress, 67, 1S set at

0" +20 kPa for the undisturbed soil beneath the LCCs. This implies that
since the effective stress doesn’t exceed the defined limit stress the M~
value has no influence on the results of the calculation for the undisturbed
soil in the GS Settlement calculations. The evaluated preconsolidation
stress and oedometer modulus, M;, used for the GS Settlement calculation
are shown in Figure 6.6.
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Figure 6.6 (a) Evaluated in-situ effective stress, preconsolidation stress and results
from CRS oedometer test evaluated according to Sdllfors method.
(b) Oedometer modulus in the normal consolidated region, M.

The preconsolidation stress corresponds to an OCR of 1.2, except for the
top and bottom where the OCR increases towards the boundaries. The
creep number is evaluated from the water content according to eq. (4.1).
The input parameters that have been used for the unstabilised soil for the
GS Settlement program are presented in Table 6.4 and Figure 6.7.

Table 6.4 Parameters for the unstabilised soil for the GS Settlement program.

Depth M() ML M- (6} /C Iy I ki
(m) | MPa) | (kPa) | (-) | (kPa) | (-) ) (m/s)

0-1 | 0.75-1.8 | 100 10 | 10-24 | 1000 | 200-90 | 1E-9

5 2.6 150 10 34 1000 90 1E-9
12 5.6 320 12 75 1000 95 8E-10
20 9.5 450 12 126 1000 133 | 7E-10
25 12 600 13 161 1000 143 | 6E-10

30 14.7 830 14 196 | 2250 154 | 5E-10

35 18.9 980 14 252 3000 200 | SE-10
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Figure 6.7 Input parameters for Plaxis (full line with squares) compared to GS
Settlement (dotted line) for the unit weight, creep number and the vertical
hydraulic conductivity.

For the GS Settlement program the LCCs and the soil need to be modelled
as a composite material. This is conducted according to a suggested
method by Alén et al. (2006). Alén et al. (2006) proposed a method to
determine the stress distribution with depth for a floating block of LCC.
This method has been used and calibrated so the input of the stress
increase due to the external load in GS Settlement program corresponds to
the stress increase given by FE analysis from Plaxis.

The parameter that has been calibrated in the above mention method is the
factor for the load distribution, 77, .. This factor is defined as

n —(d)ﬁ with f= ! (6.1)
Lc —| 4 = P P .
h (Mblock /Msoil) _(M /Mblock)

soil

Where d is the depth of the reinforcement (LCC) and h the total depth of
the compressible soil.

After calibration against the FE analysis the exponent, a, is set to 0.25 and
the relation between Myo./Msoi 18 set to 5. This combination produced an
acceptable agreement of the stress distribution for the unstabilised soil
underneath the block of LCCs, see Figure 6.8.

75



Chapter 6
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Figure 6.8 Compared stress distribution underneath the stabilised soil in the centre of
the embankment between FE analysis and method suggested by Alén et al.
(2006) after calibration for the two loads.

Focus 1s on the stress distribution beneath the stabilized soil for the GS
Settlement program since this program is one-dimensional and the
stabilised zone 1s modelled as a block.

For a detailed explanation of the method the reader is referred to Alén et
al. (20006).

The oedometer modulus factors ay and a; were set to 1.0 for the composite
material and 0.8 and 1.0 respectively for the soil beneath the LCC block.
The factor by is set equal to 1/OCR and b, are set to 1.1. The reference
time, t., were set to one day.

The composite material have be calculated without creep effects except for
the top 5 m as seen in Table 6.5. The top 5 m is modelled with creep due to
an assumption of a transition zone and that the stiffness of the LCCs in the
top part is low as discussed by Alén et al. (2005).

As described in chapter 5.2.2 the columns where 12 m and 20 m long and
placed in a quadratic pattern. This results to different coverage areas, a,, in
relation to depth for the columns. The columns coverage area for the top
part (0-12m) is ay; = 0.126 and for the lower part (12-20) is a,, = 0.063.
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The LCCs are assumed to behave elastically. It is known that the quality of
the LCCs in the top part is low. Hence the elastic stiffness is assumed to be
6 MPa the top metre, increasing to 10 MPa at depth of 3 m. Between the
depths 3 m and 5 m the Youngs modulus for the LCCs, E,,,, increase from
10 MPa to 100 MPa and are then assumed constant. For the composite
material a weighted modulus is used since the GS Settlement program is
one-dimensional. The modulus used in the block are calculated as

Mbl()ck (Z) = as ’ EC()I(Z) + (1 - as) : M(Z) (62)

The same procedure is done for the hydraulic conductivity where the
hydraulic conductivity for the LCCs are set to 1-10™® m/s. The hydraulic
conductivity used in the block are calculated as

kblock(z) :as 'kcol(z)—i_ (1_as) k(Z) (63)

The input parameter for the composite material that represents the soil and
the LCCs is presented in Table 6.5.

Table 6.5 Input parameters for the composite material that represent the soil and LCCs.

Depth Unit M, M, G, Io=T) Kinit

(m) | weight | (MPa) (MPa) (kPa) (-) (m/s)
(kN/m’)

0-1 15 1.4 0.85 10—-19 | 1500 | 3E-9

1-3 147 [14-2.1]1085-16] 19-27 | 1500 | 2E-9

3-5 14.7 21-14 | 1.6-12 | 27-34 | 1500 | 2E-9

5-12 14.9 14-16 | 12-12.9 | 34-75 - 2E-9

12-20| 153 |174-96]35-3.75]|75-126 - 1.5E-9

The input parameters for the SSC model are determined from back-
calculations of some of the CRS oedometer tests conducted on samples of
soft clay in the area of the test embankment. In Figure 6.9 and Figure 6.10
show four back-calculated results from the FE analysis compared with
measured values from CRS oedometer tests. The calibrated soft clay
parameters for the SSC model are presented in Table 6.6 and Figure 6.7.
The parameter used for the back-calculations in Figure 6.9 and Figure 6.10
are the same as given for the correspondingly layer in Table 6.6 and Figure
6.7.
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The horizontal hydraulic conductivity is set equal to the vertical hydraulic
conductivity for the Plaxis program.

The back-calculation is performed using the same procedure that was
described in chapter 4.2.4.
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Figure 6.9 Back-calculated CRS curves for calibration compared with measured values
for the depths 4 m and 7 m. In (a) and (c) the stress-strain curves and in (b)
and (d) the oedometer modulus curve.
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Figure 6.10 Back-calculated CRS curves for calibration compared with measured
values for depths 15 m and 25 m. In (a) and (c) the stress-strain curves and

in (b) and (d) the oedometer modulus curve.

As can be seen in Figure 6.9 and Figure 6.10 there are two curves from the
FE analysis. The modelled curve with the higher k"-value is chosen so that
a best fit of the CRS curve is achieved by simply changing the x"-value.
The other modelled curve represents a more likely behaviour in the
overconsolidated region. As discussed earlier, the evaluated oedometer
modulus in the overconsolidated region is normally too low. Consequently,
the k"-value that produces the slightly higher oedometer modulus is used

in the calculations.
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The material properties used in SSC model are listed in Table 6.6 and in
Figure 6.7.

As can be seen in Table 6.6, the top layer down to a depth of 1 m has a

higher effective cohesion. This is assumed due to vegetation and
fluctuation of the groundwater table that would probably give a dry crust.

Table 6.6 Clay parameters used for the SSC-model.

*

*

Depth K A 1) 0’ c’ OCR | POP Vur
(m) ) ) ) (deg) | (kPa) | (-) | (kPa) | (-)
0-1 |0.028 | 0.28 | 0.008 30° 6 - 10 0.15
1-5 10025 ] 025 | 0.012 30° 1 - 10 0.15

5-12 1 0.017 | 0.26 | 0.011 30° 1 1.25 - 0.15

12-20 ] 0.017 | 0.26 | 0.0095 | 30° 1 1.25 - 0.15

20-251 0.012 | 0.26 | 0.0075 | 30° 1 1.25 - 0.15

25-30| 0.012 | 0.26 | 0.0070 | 30° 1 1.3 - 0.15

30-351] 0.012 | 0.26 | 0.0065 | 30° 1 1.35 - 0.15

The embankment is modelled with a linear elastic model with Youngs

modulus of 50 MPa and a unit weight of 17 kN/m’.

Because the Plaxis 2D is used the LCCs are simplified into solid elements
with a corresponding thickness. The thickness of the solid elements is set
to 0.2 m, which represents about the same volume for the LCC as for the
field case. The stiffness of the LCCs is described above. See Figure 6.11
for a FE mesh used to model the Nodinge test embankment.

35m

Figure 6.11 FE-mesh used in Plaxis for the Nodinge test embankment.

I
A

N . — N —. —1 - —

65 m
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The initial conditions are generated by using the K, procedure and the K
value is set according to eq. (4.6) and eq. (4.7). The hydrostatic water
pressure is also generated from a groundwater level 0.5 m below the
ground surface.

The boundary conditions of the model are as follows

¢ Horizontal displacement is prevented at the sides of the model.

¢ Both horizontal and vertical displacement is prevented at the bottom of
the model.

¢ (losed consolidation boundaries are set at the sides of the mesh and
open at the top and bottom boundaries of the model.

The calculation stages follow the actual construction stages of the
embankment. In the calculation the LCCs is “wished in placed”, which
means that they give no disturbance to the surrounding soil. This is a rough
simplification since it is known that the installation of LCCs in soft clays
creates excess pore pressures and displacements in the surrounding soil.

6.2.2 Results and comparison with measurements

A selection of results is presented below. A comparison between measured
and calculated settlement is presented for both programs in the centre of
the embankment. In Figure 6.12 the settlement in relation to depth is
presented and in Figure 6.13 time-settlement curve for the test
embankment’s lifetime. In Figure 6.14 a time-settlement curve is presented
with a prediction of the settlement to 40 years.

The calculated excess pore pressure in relation to depth for two different
times is shown in Figure 6.15 and in Figure 6.16 excess pore pressure with
time at a depth of 14 m is shown.

It should be mentioned that the measurement of the excess pore pressure

during the project was difficult and care should be taken when comparing
with calculated values.
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Figure 6.12 In (a) calculated and measured settlement in relation to depth and in (b)
prediction of the settlement in relation to depth after 40 years in the centre

of the embankment in the clay.
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Figure 6.13 Time-settlement curve for different depths with measured and calculated

values for both programs in the centre of the embankment.
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Figure 6.14 Time-settlement curve for different depths with measured and calculated
values and a calculated prediction to 40 years for both programs in the
centre of the embankment. (a) time in linear scale and (b) time in log scale.
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Figure 6.15 Calculated excess pore pressure for both programs at two different times in

the centre of the embankment in the clay.
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Excess Pore Pressure at depth 14 m
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Figure 6.16 Calculated and measured excess pore pressure with time at a depth of 14 m
in the centre of the embankment in the clay between the LCCs.

6.2.3 Discussion

As can be seen in Figure 6.12 both programs capture the overall behaviour
very well. However, both programs have tendency to overpredict the
settlement at the transition zone at a depth of 20 m compared to the
measured values. It can also be seen in Figure 6.12 that the GS Settlement
program shows a very distinct break at the transition zone at a depth of 20
m, i.e. because the soil and LCCs are modelled as a composite material and
behave as a block, whereas Plaxis produces a slightly smoother transition
zone. Neither of these programs is expected to produce a perfect match
since the problem is complex and very much a three-dimensional problem.

Figure 6.12b shows a prediction of the settlement at 40 years and the total
calculated settlement is about 0.6 m at the ground surface. The programs
produces very similar settlement in relation to depth after 40 years in
Figure 6.12b and the difference is in the area of the transition zone
between 18 m 21 m. Just underneath the LCCs the settlement are
calculated to become about 0.31 m for the GS Settlement and 0.34 m for
the Plaxis program.

In Figure 6.13 the calculated settlement from Plaxis correspond very well
with the time-settlement curve for the measured period, while the
calculation from the GS Settlement program underpredicts the settlements
for the studied depths. As can be seen in Figure 6.12a the GS Settlement

84



Calculations and comparison

calculation underpredicts the settlement above 18 m and overpredicts the
settlement below 18 m depth compared with the measurements at 2,142
days.

In Figure 6.14 it can be seen that the settlement rate, after about 12 years,
for GS settlement declines faster then the calculated settlement from
Plaxis. This is probably due to that the LCC block in the GS Settlement
program has a higher hydraulic conductivity then the corresponding soil
volume in Plaxis and therefor consolidate faster in these layers.

The excess pore pressure in relation to depth in Figure 6.15 shows that the
differences in the results between the programs are relatively small. The
calculated excess pore pressure from GS Settlement tends to consolidate
faster in the clay beneath the block, probably due to that drainage through
the block is greater then when modelling the LCCs as solid elements as in
Plaxis. The comparison between the measured and the calculated excess
pore pressure for a depth of 14 m, as shown in Figure 6.16, reveals that the
GS Settlement program start with a higher excess pore pressure then
Plaxis. This is due to the fact that the entire calculated external load in GS
Settlement program becomes excess pore pressure. The measured excess
pore pressure is affected considerably from the installation of the LCCs.
As seen in the beginning of the measurements in Figure 6.16 the excess
pore pressure is about 33 kPa in the start of the measurements and about
22 kPa just before the first load was applied.

The comparison between the calculated and measured values for the excess
pore pressure is difficult since the calculations do not consider any
installation effects, and consequently zero excess pore pressure starts at the
start of the first load stage. For the second load stage the increase in excess
pore pressure is roughly twice as much for GS Settlement than for the
Plaxis program that also has about the same increase as the measured one.

It can be said that the overall behaviour seems to be satisfactory for both
programs but a question mark remains regarding the effects from the
installation of the LCC.

As mentioned previously, the calculation programs used in this project are
one- and two- dimensional respectively. This implies that neither of the
programs is capable of modelling these types of problems without making
simplifications regarding geometry, stiffness parameters etc.
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6.3 Kaserntorget

The soil profile and pore pressure history of the test site Kaserntorget are
described in chapter 5.3. At the Kaserntorget test site settlement
calculation were made for one section that corresponds to where the
settlement gauge CS 4 is placed, see Figure 5.19.

Since this test site has a very complex loading and groundwater history
two different approaches are adopted to calculate the settlement. The first
one starts from when the groundwater lowering starts, in 1968, and the
second one starts from when the filling were applied, set at 1830 in the
calculations. The calculations are referred to as the short and the long
model and starts in 1968 and 1830 respectively.

Below input parameters and a selection of results are presented and
compared with the measured settlement.

6.3.1 Input parameters

The input parameters used to describe the soil profile are presented below.

If nothing else is stated the same parameters were used for both the short
and the long model for both of the programs.

For GS Settlement program the oedometer modulus factors ay and a; were
set at 0.8 and 1.0 for the clay. The factor by is set equal at 1/OCR and b,
are set at 1.1. The reference time, t;, were set at one day. The creep
parameter r is set equal to 1,000 for the entire clay layer for both models.
This is done on the basis of that the groundwater recovery would not take
place and therefore this would give a low starting creep number, ry,
according to Olsson & Alén (2009).

Since no unload/reload test has been conducted the oedometer modulus for
the overconsolidated region is set to 75-6°.. The limit stress, G, is set as

0°+20 kPa for the clay layers. The modulus number is set according to
Larsson (1981) as M= 4.5+6/wy.

The top four metres of fill are modelled as a material with no creep effects
and an oedometer modulus of 20 MPa.

The evaluated in-situ effective stress and preconsolidation stress for both
the short and the long model are shown in Figure 6.17. For the long model
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the groundwater table is assumed to be one metre below the ground level
and a hydrostatic pore pressure profile is assumed.
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Figure 6.17 Evaluated in-situ effective stress and preconsolidation stress ( A ) for (a) the
short model (start 1968) and (b) the long model (start 1830). The used

preconsolidation stress in the GS Settlement program is represented by the
broken line.

The evaluated preconsolidation stress presented in Figure 6.17 is from
CRS oedometer tests conducted in the studied area and all the tests were
conducted after 1990. The preconsolidation stress used for the short model
is evaluated from these tests and for the long model it is assumed that the
preconsolidation stress corresponds to an OCR of about 1.25, except for

the top part of the soil profile where the preconsolidation stress increases
to 60 kPa as shown in Figure 6.17b.
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Figure 6.18 Used oedometer modulus in the long and short model. (a) the
overconsolidated oedometer modulus, My, and (b) the oedometer modulus in
the normal consolidated region, M.
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Figure 6.19 Input parameters for Plaxis (unbroken line with squares) compared to GS
Settlement (broken line) for the unit weight, creep number and the vertical
hydraulic conductivity.

The horizontal hydraulic conductivity is set equal to the vertical hydraulic
conductivity for the Plaxis program.
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The input parameters for the SSC model are determined from back-
calculations of some of the CRS oedometer tests that have been conducted
on samples of soft clay in the area. The CRS oedometer test results that
have been used here are from a borehole approximately 100 m from the
settlement gauge CS 4. The in-situ effective stress has been corrected for
that specific location although the difference is small. The OCR is assumed
to be the same for these two locations.

In Figure 6.20 and Figure 6.21 show two back-calculated results from FE
analysis compared to values measured in CRS oedometer tests. The
calibrated soft clay parameters for the SSC model are presented in Table

6.7.

The back-calculation is preformed using the same procedure as described
in chapter 4.2.4.

Strain (%)
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Figure 6.20 Back-calculated CRS curve for calibration compared with measured values
for the depth 10 m. (a) the stress-strain curve and (b) the oedometer modulus

curve.
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Figure 6.21 Back-calculated CRS curve for calibration compared with measured values
for the depth 25 m. (a) the stress-strain curve and (b) the oedometer modulus
curve.

As can be seen in Figure 6.20 and Figure 6.21 there are two curves from
the FE analysis. The curve modelled with the higher K -value is chosen so
that a best fit of the CRS curve is achieved by simply changing the k-
value. The other modelled curve represent a more likely behaviour in the
overconsolidated region, as discussed earlier, the evaluated oedometer
modulus in the overconsolidated region is normally too low. Consequently,

the k"-value that produces the slightly higher oedometer modulus is used
in the calculations.

Table 6.7 Clay parameters used for the SSC model for the short model.

Depth | « A n O’ ¢ | OCR | POP | K™
(m) ) ) () | (deg) | (kPa) | () | (kPa) | ()
4-6 | 0.017 | 025 | 0.01 30° 1 - 45 | 05
6-11 | 0.017 | 0.25 | 0.009 | 30° 1 - 40 | 0.5
11-16 | 0.017 | 0.25 | 0.008 | 30° 1 | 135 - 0.5
16-21] 0.017 | 0.25 | 0.0075 | 30° 1 1.30 - 0.5
21-26| 0.015 | 0.22 | 0.0070 | 30° 1 | 130 - 0.5
26-31| 0.015 | 0.22 | 0.0065 | 30° 1 1.30 - 0.5
31-36| 0.015 | 0.22 | 0.0060 | 30° 1 | 135 - 0.5
36-39 | 0.012 | 0.22 | 0.0050 | 30° 1 1.35 - 0.5

90




Calculations and comparison

The geometry used in Plaxis is simplified to horizontal layers for the entire
soil profile and Figure 6.22 shows the FE mesh used to model the
Kaserntorget test site.

4m

s>
>

35m

L 50 m X

[ "

Figure 6.22 FE mesh used in Plaxis for the Kaserntorget test site (short model).

The 1nitial conditions are generated by using the K, procedure and the K
value is set according to eq. (4.6) and eq. (4.7). The groundwater pressure
1s also generated.

The boundary conditions for the model are as follows

¢ Horizontal displacement is prevented at the sides of the model.

¢ Both horizontal and vertical displacement is prevented at the bottom of
the model.

¢ C(Closed consolidation boundaries are set at the sides of the mesh and
open at the top and bottom boundaries.

The calculation stages for the short model starts at 1968 and follow the
evaluated pore pressure changes according to Figure 6.23. This is
simulated by changing the pore pressure at the bottom of the clay layers
accordingly.

The differences for the long model are that it starts at 1830 with
application of the fill and is then let to consolidate until 1968. The clay
layer is also said to be about 2-3 m thicker than it is today due to the

settlement that 1s calculated for this time.

The calculation stages are the same for both of the programs.
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6.3.2 Groundwater level over time

The lowering of the groundwater level in the layer underneath the clay that
has occurred in the studied area can be seen in Figure 6.23 together with
the evaluated groundwater level used in the calculation.

25 1

20 1

Ground Water Level (m)

|
- » - Evaluated
v == N
—e— High

1968 1973 1978 1983 1988 1993 1998 2003 2008
Year

Figure 6.23 Measurements and evaluated groundwater level change over time
underneath the clay layer.

As can be seen in Figure 6.23 a high and low line for the groundwater
level is plotted and they are used in a sensitivity calculation to show the
influence of the input values of the groundwater level.

6.3.3 Results and comparison with measurements

A selection of results is presented below. Comparison between measured
and calculated settlement are presented for both programs. In Figure 6.24
to Figure 6.26 shows the time—settlement curve for the short and the long
model for the evaluated groundwater level shown in Figure 6.23. In Figure
6.27 to Figure 6.30 the excess pore pressure is shown, both over time for a
certain depth and in relation to depth for two different times. In Figure
6.31 and Figure 6.32 the time—settlement curve for the short and the long
model respectively are shown for the evaluated and the two extreme
groundwater levels, high and low, as shown in Figure 6.23. Observe that
the settlement reference is 1971-07-01. That is the time for the start of the
measurements of the settlement.
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Figure 6.24 Time- settlement curve with measured and calculated values for the short
model for both programs with the evaluated groundwater level. The starting
date for the settlement curves is 1971-07-01.
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Figure 6.25 Time—settlement curve with measured and calculated values for the long
model for the GS Settlement program with the evaluated groundwater level.
The starting date for the calculated and measured settlement curve is 1830-
01-01 and 1971-07-01 respectively.
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Figure 6.26 Time—settlement curve with measured and calculated values for the long
model for both programs with the evaluated groundwater level. The starting
date for the settlement curves is 1971-07-01.
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Figure 6.27 Excess pore pressure over time at about 3 m above bottom for the short
model.
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Figure 6.28 Excess pore pressure with depth for both programs at two different times
for the short model.
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Figure 6.29 Excess pore pressure over time at about 3 m above bottom for the long
model.
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Excess pore-pressure (kPa) - Long model
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Figure 6.30 Excess pore pressure with depth for both programs at two different times

for the long model.
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Figure 6.31 Time-settlement curve with measured and calculated values for the short
model for both programs. With the evaluated levels, the low and the high
groundwater level. The starting date for the settlement curves is 1971-07-01.
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Figure 6.32 Time-settlement curve with measured and calculated values for the long
model for both programs. With the evaluated values, the low and the high
groundwater level. The starting date for the settlement curves is 1971-07-01.

6.3.4 Discussion

The calculation for this test site has been conducted in two ways. One that
starts when the first groundwater measurements were conducted, called
short model, and one that starts at an estimated time for when the fill was
applied, called long model. These two models were conducted to highlight
some possibilities as well as difficulties of the two programs used.

In Figure 6.24 it can be seen that the initial calculated settlement during
the first two years corresponds very well to the measured settlement for
both of the programs. After the initial settlement the GS Settlement
program underpredicts the measured settlement and after about 20 years
(7,300 days) the settlement more or less stops. This is probably because the
evaluated groundwater level is back to the same level as it was when the
calculation started in 1968 and all excess pore pressure has dissipated, as
can be seen in Figure 6.27 and Figure 6.28.

For the SSC model the settlement curve, Figure 6.24, has a very good
match with the measurements for the entire time period with the chosen
groundwater level. It can also be seen in Figure 6.27 and Figure 6.28 that a
small excess pore pressure exists after the groundwater level has returned
to its starting level. This excess pore pressure is created by creep and is an
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effect of the input parameters and OCR that has been chosen for this soil
profile.

The probable reason for the difference between the calculated settlements
in the programs is that the GS Settlement program does not capture what is
likely to be ongoing settlement in the area when the groundwater level is
back at the starting level for this case. This means that the GS Settlement
program calculates the effect of the groundwater lowering but not the
likely ongoing settlement. It also implies that since most of the soil profile,
when the groundwater level rises back to the starting level, is back at the
starting effective stress the creep effects are more or less negligible. This is
not due to the theoretical model itself but probably its implementation.

When modelling the long model, i.e. starting time in 1830, the calculated
settlement from 1830-01-01 is shown in Figure 6.25 together with the
measurements. The magnitude of the settlement until 1968, i.e. when the
groundwater lowering began, is of minor importance and only the result
from the GS Settlement program is presented. However, the settlement
from SSC model is in the same range. The calculated and measured values
correspond very well for both programs during the entire time period to the
evaluated groundwater level, see Figure 6.26. The results using the SSC
model are more or less the same for both cases. For the GS Settlement
program, however, there is a significant difference. In this case the GS
Settlement program captures the likely ongoing settlement in the area and
therefore much better agreement of the measured settlement is achieved.
The excess pore pressure for the long model in 1968 is about 2 kPa about 3
metres above the bottom, as can be seen in Figure 6.29. The maximum
excess pore pressure in the soil profile is less then 5 kPa for both programs
in 1968. This corresponds to about the same excess pore pressure in 2010
as can be seen in Figure 6.29 and Figure 6.30.

The behaviour of the excess pore pressure is very similar for both
programs for the long model and this is expected since the simplified
geometry for this case is very much one-dimensional.

The results of the sensitivity analysis are presented in Figure 6.31 and
Figure 6.32. The sensitivity analysis only considers the effect of an
increase to a stationary level of the groundwater in the bottom aquifer.
That is from the time period just after 1973 when the apparent increase in
the groundwater level occurs, see Figure 6.23. The purpose is simply to
show what the settlement would be according to the programs with these
two ‘extreme’ groundwater levels.
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For both the short and the long model it can be seen that the outcome of
the size of the settlement depends to a large extent on the final
groundwater level that has been chosen.

For the short model it can be seen that for the high groundwater level the
ground heaves a few millimetres. After the small heave the settlement
stops in effect for the GS Settlement program whilst the SSC model
continues to creep at more or less the same rate as the evaluated
groundwater level. The settlement difference compared to the measured is
about 70% (0.140 m) for the GS Settlement program and 35% (0.065 m)
for the Plaxis program after 40 years.

For the low groundwater level both programs produces similar results and
overpredict the measured settlement by about 40% (0.050 m) after 40 years
for the short model.

The sensitivity analysis for the long model produces similar results for
both programs, see Figure 6.32. This is in agreement with what has been
discussed above. For the low and high groundwater levels the programs
under- and over- predict the settlement by about 45% (0.050 m) and about
75% (0.150 m) respectively after 40 years.

Both programs are capable of capturing the measured settlement curve
even though the GS Settlement program did not do so for the short model.
However, it most likely captures the effect of the lowering of the
groundwater level. Since the groundwater level rises back to the starting
level the effect should diminish and return to the settlement rate, if any,
before the groundwater change.
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7.  DISCUSSION

This chapter provides a discussion of the contents of this thesis. It also
summarises the main conclusions of the thesis.

7.1 Introduction

In this thesis the main purpose has been to calculate long-term settlement
under real and realistic conditions and using available numerical tools.
There is also a discussion about determination of soil parameters for
settlement calculations and the inherent difficulties.

Burland (1987) clearly illustrated the link between different areas in
geotechnical engineering in his Nash lecture entitled “The teaching of soil
mechanics - A personal view”. In his lecture he presented the view that
geotechnical engineering practice comprises four parts.

1. The ground profile
2. Soil behaviour

3. Modelling

4. Empiricism

Burland formulated that the three first parts could form the apexes of a
triangle with empiricism occupying the centre including all three together,
as shown in Figure 7.1.

Empiricism

el S

Soil

behaviour Modelling

Figure 7.1 Modified Burland triangle from Burland (1987).

This triangle has come to be known as the Burland triangle. This triangle
clearly illustrates the interaction between all parts of what the engineer
needs to take into consideration when building on soil. It shows in
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particular that empiricism should be used for all the major elements,
represented in each of the circles.

There are numerous numerical programs for calculating deformation, such
as settlement. When using a numerical program for calculating settlement
the engineer must be aware of the strength, weaknesses and limitations of
the different programs and the constitutive models otherwise the results
could be misleading.

Normally, when using numerical tools for calculating settlement in
Sweden input parameters are evaluated from a CRS oedometer tests
without any unloading and reloading cycles. Although these types of tests
are relatively quick and easy to run, they do not give us the important
parameters, such as the oedometer modulus in the overconsolidated stress
region or the creep parameter. These parameters are normally obtained by
the engineer from empiricism.

Determining parameters to be used for settlement analysis is not a
straightforward task. Different models sometimes give us different sets of
parameters, even if they correspond more or less to the same thing. The
models used in this thesis all incorporate creep and do so in different ways,
e.g. the Chalmers model in the GS Settlement program defines the creep
number by a straight line dependent on the effective stress, see Figure 4.2,
and for the SSC model the OCR and the K*, A* and u* values as seen in
eq. (3.20) determine the creep rate. However, the underlying theory is very
similar, as can be seen in Chapter 3.

7.2 Soil parameters

When a geotechnical engineer makes a prediction of, for example,
deformation of a structure or settlement of an embankment, it is in most
cases based on results from thin laboratory samples. These samples have
been extruded from the ground and delivered to a laboratory for testing.

When a sample is extruded from the ground it will experience an
unloading and this unloading creates a negative pore pressure and keeps
the sample intact. Whether or not this negative pore pressure remains, or
how much of it, when the testing starts is difficult to know. However, this
1s normally assumed for an oedometer test as shown in Figure 2.3. If no
negative pore pressure remains, the starting point for the laboratory test in
Figure 2.3 would be in the origin (s” =t = 0 kPa). This would most likely
lead to greater strains and lower stiffness in the overconsolidated region. A
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detailed study regarding sampling effects in soft clays can be found in, for
example, Hight (2001).

As mentioned in Chapter 4 the CRS oedometer test is the commonly used
test in Sweden and the test results are naturally very much dependent on
the quality and handling of the soil sample. For this test there is a method
proposed by Lunne et al. (1997) and Larsson et al. (2007) to indicate the
disturbance of the tested soil sample.

When using the CRS oedometer test for evaluating the soil parameters
when calculating settlement it is important that the strain rate for the test is
clearly defined. Since the evaluated preconsolidation stress is strain rate
dependent it is only defined if the strain rate is stated together with the
evaluated preconsolidation stress.

An obvious question that arises is how the parameters are affected by the
sample disturbance and the testing procedure. Many researchers have
studied this effect, such as Tavenas & Leroueil (1987) and Hight (2001) to
name but a few. For the sake of simplicity, it could be concluded that the
bounding surface, the preconsolidation stress, shrinks and that the small
strain stiffness, e.g. the oedometer modulus in the overconsolidated region,
decreases as the disturbances increase.

As mentioned earlier in this thesis, the oedometer modulus in the
overconsolidated region from a CRS oedometer test should not be
evaluated directly from the test result if no unload/reload procedure has
been conducted. However, empiricism could be used for an estimation of
the in situ oedometer modulus.

Claesson (2003) put forward a model, described in Chapter 4.2.3, to
describe the oedometer modulus curve better. In this thesis a method for
evaluating the transition zone is suggested, based on the CRS oedometer
test performed and evaluated accordingly to Swedish practice. Using this
method of evaluating the transition zone or using the suggested values
would in most cases produce very small differences in the settlement
result. However, the suggested evaluation method seems to correspond
better to the evaluation of the transition zone of the creep number, i.e. for
parameters a; and ry, as suggested by Claesson (2003). It would seem
logical that for the stresses where the creep contributes most would also be
where the oedometer modulus has its lowest value, i.e. in the normally
consolidated region.
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When calculating long-term settlement of soft clays, the creep contribution
could be substantial. Evaluation of the creep parameter is normally done
from a thin clay sample in an IL oedometer test with an increase in load
every 24 hour. As discussed in Chapter 4.2.1 this could sometimes be
misleading for soft clays from the studied region since the excess pore
pressure takes a long time to dissipate and 'pure’ creep is not evaluated.
This could be solved by allowing load step of interest in an IL oedometer
test to act long enough.

Often the creep parameter is only determined from empirical relationships
and in Sweden the correlation with the water content is used most often.
This empirical relationship is most cases evaluated from a 24-hour IL
oedometer test and, as mentioned above, the creep parameter is sometimes
misinterpreted for this short time period. This makes it more important to
validate that the creep parameter used is appropriate for the case being
studied, especially when creep effects are of great importance.

In the Chalmers model, presented by Claesson (2003), the creep parameter
is defined as shown in Figure 4.2. However, the creep number, 1y, in the
overconsolidated stress region is very difficult to determine. In the method
proposed by Olsson & Alén (2009) the creep number, for the Chalmers
model, is evaluated from the final effective stress as described in Chapter
4.2.3. Since this method will produce a starting creep number, 1, that is
dependent on the final effective stress the difference compared to the
suggested values by Claesson (2003) will be minor for final effective stress
around the preconsolidation stress. However, for small final effective
stress changes, i.e. a small increase in vertical load, the creep number, ry,
will be higher and for extremely small effective stress changes the creep
number, 1y, will approach infinity. Very high values for the creep number
(e.g. > 5,000) should be used with caution and the meaning of using a
model that includes creep in this way could perhaps be questioned.

7.3  Modelling

As can be seen in Figure 7.1 modelling is just one of the four elements and
all are needed in order to make a reliable prediction. Modelling could be
conceptual, analytical or physical. However, modelling today is often
referred to as numerical modelling. This is too narrow a definition, and it
could divert us from a deeper understanding of modelling as an essential
engineering problem-solving methodology.

Modelling is not just using a numerical tool and using input parameters to
obtain a result and from this result trying to decide its meaning. If a
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numerical tool is used with consideration of its possibilities and limitations
it is a very powerful tool that could help the engineer to understand and
predict the behaviour of the construction.

In Sweden, the evaluation of the preconsolidation stress is normally done
using the Sillfors method for soft clays, see Figure 2.5. Using this method
implies that a reduction in the preconsolidation stress is made due to strain
rate effects from a laboratory test. This reduction i1s done in such a way that
the evaluated preconsolidation stress would correspond better to the field
case, where the strain rate is lower than in the laboratory test. This
procedure was constructed in a time when manual calculation was the
normal way of estimating the settlement and creep effects were either
added on later in some way, e.g. primary and secondary consolidation as
two separate processes, or included by setting the OCR equal to one. This
refers to soft clays with a normally consolidated condition corresponding
to an OCR of about 1.3.

Using this method in more recent and more advanced models, where strain
rate effects (viscous behaviour) are included, would imply that the Sillfors
method of evaluating the preconsolidation stress would be conservative
since the strain rate effects should be taken care of within the constitutive
model and not in the evaluation method of a laboratory test. When using
such a model, with viscous behaviour, it would probably be more
appropriate to back-calculate the laboratory test to achieve more
appropriate soil parameters for use in the constitutive model. At the same
time, there is the opportunity to study the behaviour of the constitutive
model to see if it behaves as anticipated.

This does not imply that the empiricism should not be used for the soil
studied. On the contrary, the choice of soil parameter used for the
constitutive model should be compared to and evaluated with empiricism
as suggested in Figure 7.1.

For the programs that are used in this thesis, only one is capable of back-
calculating the type of laboratory test that was available for the respective
test site, namely the Plaxis program. For the test sites, the Nodinge test
embankment and Kaserntorget, back-calculation was conducted to
establish proper soil parameters. There was a special focus on the
preconsolidation stress and the oedometer modulus in the overconsolidated
region since the normal parameters i.e. M, M” and r, could be evaluated
either from the CRS oedometer test or by empirical relationship. No IL
oedometer test was conducted for either of the test sites.
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To back-calculate a CRS oedometer test a procedure for establishing more
appropriate input parameters is suggested. In this procedure certain
assumptions are made to calculate the earth pressure coefficient in the
normally consolidated stress region using Jaky's formula, see eq. (4.6). For
the overconsolidated stress region eq. (4.7) by Schmidt (1966) is used and
this corresponds to the suggested equation by Larsson et al. (2007). These
equations are used in this thesis because they are relatively accurate and
fairly simple. However, they do not consider all aspects of the soil
behaviour, e.g. anisotropy. In Sivakumar et al. (2009) a more detailed
assessment of the earth pressure coefficient is presented.

7.4  Conclusions

The overall conclusion from this thesis is that all three programs,
Embankco, GS Settlement and SSC model, could predict the settlement for
the cases studied with relatively good agreement compared to the
measured values. As mentioned previously, the Embankco program was
only used for the hypothetical case.

The hypothetical test site was constructed to demonstrate from an
empirical point of view how the programs correspond regarding the
vertical settlement prediction. As can be seen in Chapter 6.1 all three
programs correspond quite well for this case and time period.

The main conclusions from the two test sites based on the results are as
follows:

e The two programs, GS Settlement and SSC model, were able to
predict the overall behaviour of vertical settlement very well.

e Both programs have problems capturing the measured transition
zone in the clay directly underneath the lime cement columns for the
Nodinge test embankment.

e The SSC model in Plaxis is able to capture the behaviour from a
CRS oedometer test results very well for effective stresses not too
far above the preconsolidation stress.

e The A value in the SSC model should correspond to the M; value if

the final effective stress is not too far above the preconsolidation
stress.
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e The x value in the SSC model should be chosen low enough so that
it represents a more realistic M value and does not fit the CRS
curve exactly, which is probably not appropriate if no unload/reload
cycle is made.

e The SSC model in Plaxis is able to capture the ongoing settlement in
a soil profile, either by including the entire stress history and basing
the input parameters on empiricism or by back-calculating
laboratory tests from the present time.

e The GS Settlement program is able to capture the ongoing
settlement in a soil profile, if the entire stress history is included.
7.4.1 Recommendations

When using numerical tools, such as those described in this thesis, it is
very important that the user have a sound understanding of the theories
used in the constitutive model.

Some of the main recommendations after conducting this thesis are

e Study the geological history and use empiricism of the site to
establish a first engineering description of the soil.

¢ Conduct sufficient and appropriate field and laboratory
investigations to establish the ground profile.

® When possible, a back-calculation of laboratory test results is
strongly recommended, both for obtaining a better understanding of
the constitutive model and how accurately the constitutive model is
able to reproduce the laboratory test results.

¢ Conduct sufficient and appropriate laboratory tests so that the soil
behaviour can be established.

e Make a prediction of, for example, the settlement with an
appropriate model.

7.4.2 Concluding remarks

The Embankco and GS Settlement programs are one-dimensional and are
therefore only capable of calculating the vertical settlement. This gives a
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number of different limitations, such as horizontal deformation can not be
predicted, the interaction between the soil and reinforcement or other
constructions can not be studied, possible failure zones can not be
1dentified etc.

However, in the GS Settlement program the engineer can make use of
analytical expressions that simplify a three-dimensional problem to a one-
dimensional problem and implement the vertical stress increase. This was
used for the Nodinge test embankment. However, in the GS Settlement
program the increase in excess pore pressure corresponds to the vertical
stress increase and this is most likely not the case in reality.

One-dimensional programs are often sufficient to use when calculating
long-term settlement, as long as no complex problems need to be solved,
as mentioned above. They are normally easy to use and the underlying
theory is relatively easy to understand. This implies that the results should
be relatively easy to interpret and examine.

One of the benefits of using two- and three-dimensional programs when
calculating settlement or deformations is that it gives a much broader view
of the entire problem, e.g. the interaction between soil and structure or
reinforcement or detection of possible failure zones.

However, the result is no better than what the model could reproduce from
the input parameters and one should bear in mind that the model is not
reality but simply a mathematical description of it.

To establish a better prediction of the long-term settlement of, for example,
embankments or buildings, measurements in situ are extremely important.
Normally, measurements are made on the ground surface of the structure
and this gives us the total settlement. However, this does not provide any
information about where the settlement takes place in relation to depth.
Consequently, if long-term settlement is or could be a problem, the
recommendation is to measure the settlement in relation to depth together
with the pore pressure at certain appropriate depths.
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8. FURTHER RESEARCH

This chapter presents some of the identified future research work.

8.1  Laboratory testing

Creep behaviour in soft clays has been studied for many years and most of the
research is based on one-dimensional conditions, the oedometer test. Normally,
the evaluation of the creep parameter is from a conventional IL oedometer test.

The following points have been identified as future research work

¢ Study the time-dependent effects in a CRS oedometer test and trying to
establish an evaluation method for estimating the creep parameter.

® Procedure for an IL oedometer test for typical Gothenburg clay.
e Establish the anisotropy and destructuration of soft clay.
¢ Creep at small effective stress changes.

e Study the K" for soft clays and the effects of how the K value changes
due to creep.

e Determination of the hydraulic conductivity and the validity of Darcy’s
law for small gradients in soft clay.

8.2  Field test and monitoring

A major research area would be to establish a test site to study the creep
behaviour in deep deposits of soft clay, with a special focus on stress increase
around the preconsolidation stress. This could be studied both with and without
reinforcement of the soft clay, e.g. with LCCs or piles.

This would give a better understanding of the effect a surcharge would have on
the soft clay. Both vertical and horizontal displacements should be monitored
together with the excess pore pressure in relation to depth.

8.3  Numerical modelling

In the future the numerical tools will become more available and will be used in
the geotechnical design process. The use of these numerical tools could be a
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future research area to perhaps establish certain guidelines or recommendations
for different types of engineering problems.

8.4  Constitutive modelling

There are a number of constitutive models on the market but very few that
incorporate strain rate behaviour or creep. Development or adaption of a three-
dimensional constitutive model for Swedish soft clays, with Swedish
empiricism, which incorporates strain rate behaviour could be a research area.
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