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Summary

This thesis focuses on the investigation of the effect of load duration on preconsolidation
stress and swelling pressure in oedometer testing on Søvind Marl. This type of clay has a
high plasticity, highly overconsolidated and highly calcareous. In addition, it has a �ssured
structure that in�uenced the stiffness of the clay. These �ssures were caused by the failure
of the clay due to the load and unload of glaciers. The geological description of Søvind
Marl is presented in Chapter 2. As settlements and swelling are expected to cause damage
to structure on these types of clays, it is of utmost important to determine the correct soil
deformation characteristics on these clays by performing oedometer tests.

In practice, most oedometer tests are performed as incremental loading test with 24hr
measurements in order to save time. However, the more correct evaluation of oedometer
test should consider the time for swelling to occur after the sample has been saturated
and allows all settlements to be completed. Otherwise measurements of swelling and
settlements on soil can be underestimated. Therefore, the main goal of this project is to
investigate the effect of load duration by letting the sample to fully consolidate and obtain
the exact pressure that can resist swelling during oedometer testing and compare it to the
traditional 24 measurements.

Two samples (Test01 and Test02) were tested in 24hr load step test and two samples (Test03
and Test04) were tested in 14day load step test. All the samples are in the same height
of 35 mm and diameter of 35 mm. Before the oedometer started, a classi�cation test was
made on these samples in order to determine the initial condition of the soil. Here the
water content, liquid limit, plasticity index, bulk density and void ratio were obtained and
are presented in Chapter 3. Furthermore, in this chapter the method of oedometer test is
discussed. Figure 1 illustrates the stages of the investigation study.

In stage 1, all the tests are performed by constant volume test to measure the swelling pres-
sure. The swelling pressure in short duration tests (Test01 and Test02) was measured after
24 hours while Test03 and Test04 were tested for approximately 4 months until the exact
swelling pressure was reached. The interpretation of the results are discussed in Chap-
ter 5. It is found that the exact swelling pressure (pressure at which swelling stopped) was
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Summary

obtained at approximately 3 months of testing. Hence, 24hr measurement underestimated
the said parameter.

Figure 1: Stages of the investigation study in this project.

Once the swelling pressure was obtained, the oedometer test was carried out. The results
are presented in Chapter 3. Here the stress-strain curves of 24hr load step tests is greater
than the stress-strain curves of 14day load step tests, which was not expected. It is argued
in Chapter 5 that this was due to �ssured structures present in the samples from 63m
depth (used in 24hr load step tests). Previous research found that the spacing between
�ssures widens with depth. These �ssures were forced to be closed at lower stress level
causing large strains during the �rst and second load step in 24hr load step tests samples.

After the oedometer tests were completed, the total strains (each step) were separated us-
ing ANACONDA and Brinch Hansen's method (stage 3). In Chapter 5, the results were
interpreted and compared. It was found that the two methods gives more accurate and
certain results if the oedometer tests are performed with longer load duration. Both meth-
ods determined that the consolidation was completed at approximately 2 days. However,
in 24hr measurements, there was a variation of the results. Both methods determined that
the complete consolidation was reached earlier after 2-8 hours.

Next, the isolated consolidation strains results in each load step were used in an analysis
to determine the preconsolidation stress using different methods (Janbu, Akai, Jacobsen
and Pacheco Silva) in stage 4. The data analysis using these methods is presented in
Chapter 4 and the results are compared in Chapter 5 (stage 5). In this thesis, the lower
bound of the preconsolidation stress was found approximately 500 kPa while the upper
bound preconsolidation stress was found in a range of approximately 4700 kPa to 9200
kPa. However, there was a variation of preconsolidation stresses obtained by Jacobsen's
method. The 24hr measurement tests underestimated the preconsolidation stress by 30-
36% based on this method.

Overall, the investigation in this project found that 24hr measurements in oedometer test-
ing is not suf�cient for these types of clays as it can lead to underestimation of soil defor-
mations.

6



Chapter 1

Introduction

Søvind Marl is a highly calcareous, highly �ssured, extremely plastic and highly overcon-
solidated clay. It is one of the types of plastic clays that can be found in some regions of
Denmark which has challenged geotechnical engineers for decades. Figure 1.1 illustrates
the city of Aarhus Denmark (inside the black circle) where Eocene deposits such as Søvind
Marl can be found.

Figure 1.1: Eocene deposits (marked with dark band) found in Denmark and in north-western part of Zealand.
Søvind Marl is a Eocene deposits found in Aarhus Denmark (indicated by the black circle). (Grønbech (2015)).

7



Chapter 1. Introduction

These plastic and expansive clays can cause large settlements or uplift of structures both
during the construction phase and over the lifespan of the �nished construction. Some
examples of this is what happened at Skive Museum back in the 1940's, where the museum
rose 10cm in a few years after construction. Recently, the Old Little Belt Bridge has sunk
75 cm where Banedanmark (which maintains most of the Danish railway network) spent
200 million Danish kroner (27 million euros) to save the bridge (Simonsen (2017)).

As Søvind Marl is considered as one of the challenging soils to build on, it is very impor-
tant to determine the geotechnical properties of this clay before any construction, in order
to design an effective building foundation. One way to do it is to conduct oedometer tests
of undisturbed clay soils recovered during the site investigation and this method is used
in this thesis.

Oedometer tests also referred to as consolidation tests are used for measurement of soil
deformations vs. one dimensional load. These tests are used to determine the expected
swelling and settlement of the soil for a given load. The perfect oedometer test needs to
have a duration which allows all settlements to be �nished. However, as this is time con-
suming, a compromise is often 24hr measurements and has been traditionally performed.
The 24 hour duration may not be suf�cient for high plasticity clays such as Søvind Marl
(depending on the height of the sample, the load increment ratio ( LIR) applied and the
type of drainage being used in the test) because Søvind Marl is a highly overconsolidated
clay. Overconsolidation means that the clay has experienced a high load prior to the load
during the test, and there has a high preconsolidation stress. This means that during
oedometer testing, the clay will consolidate and compress at a relatively slow rate. In ad-
dition, the plasticity of the clay makes it more dif�cult to dissipate the pore water pressure
during the test. Therefore oedometer tests on this type of clay should consider including
a duration of time for swelling to occur after sample saturation and let full consolidation
be reached. Otherwise measurement of soil deformation can be underestimated.

In this thesis, the effect of load step duration during oedometer testing will be investigated
on Søvind Marl, by considering geotechnical parameters such as preconsolidation stress
and swelling pressure. This will be done by conducting a series of oedometer tests in 24hr
and 14day load steps. Based on that, a comparison will be performed. The purpose of
this study is to give insight into the behaviour of overconsolidated high plasticity clays by
investigating the effect of letting these clays to fully consolidate during testing compared
to the traditional and economically preferable 24hr measurements.

1.1 Theory

This section brie�y summarises the theory of consolidation that is used in the analysis
to determine the preconsolidation stress and the concept of swelling. In addition, a brief
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1.1. Theory

description of the procedure for performing an oedometer test is also presented.

1.1.1 Consolidation

Consolidation is the dominant component of the total settlement calculation, particularly
in Normally Consolidated �ned grained soil, as it produces the largest settlement of struc-
tures. The total settlement consists of three components: initial settlement (elastic defor-
mation and fully recoverable), consolidation (plastic deformation and only partially recov-
erable) and creep (plastic deformation and unrecoverable). The initial settlement occurs
over a short period of time (normally ends during the construction phase).

The consolidation process is brie�y described using a simpli�ed system analog to the clay
layer, which is shown in Figure 1.2 and Figure 1.3. In this analog, a valve acts as the
permeability of the clay, water acts as the water in the clay while the spring acts as the clay
skeleton. At stage (a) the initial condition of the container is shown. Here the container
is completely �lled with water, and the valve is closed. Hence the clay is fully saturated.
During stage (b) a vertical stress is applied, but the valve is still closed. Since the valve is
closed the water cannot dissipate through the valve, and an excess pore pressure develops
equal to the load increased. The excess pore pressure instantly increases and this will
cause the total stress to increase as well, whereas the effective stress is unchanged. When
the valve is open at stage (c), the stress (load) is carried partly by the water and partly by
the spring. The water slowly dissipates from the valve causing the excess pore pressure
to gradually decrease and with time the pore pressure dissipates. The stress (load) is then
carried by the spring causing the effective stress to increase. When the excess pore pressure
Du is fully dissipated ( Du=0) at stage (d), the stress is entirely carried by the spring. At
this stage the consolidation process ends. However, the small settlement continues due to
the rearrangement of the grains under constant effective stress. This settlement is called
creep.

Figure 1.2: Consolidation process a spring analog. (a) Initial condition (no stress applied). (b) Development
of excess pore pressure (c) Dissipation of excess pore pressure. d.) Excess pore pressure is fully dissipated
(end of consolidation). Wikipedia (2013) edited.
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Chapter 1. Introduction

Figure 1.3: Consolidation process in Figure 1.2. When the valve is closed, the excess pore pressureDu
increases causing the total stressDs to increase, whereas the effective stressDs0 is unchanged. When the
valve is opened, the excess pore pressureDu gradually decreases (pore water slowly dissipates) and effective
stress Ds0 gradually increases (clay skeleton carries the stress (load)). With time, the excess pore pressure
Du=0 (consolidation ends) and effective stress Ds0= total stress Ds.

Figure 1.4: Schematic diagram of an oedometer test apparatus.

The investigation of consolidation behavior can be done by conducting an oedometer test.
Figure 1.4 shows a schematic diagram of oedometer test apparatus. Here the sample is
con�ned in oedometer ring and immersed in de-ionised water. The test can be performed
as either an incrementally loaded or a continuously loaded test. Conventionally, an oe-
dometer test procedure with incremental loading is performed. The sample is subjected to
a series of increasing load increments from the frame and through the loading ram with a
duration of 24 hours for each stage. This duration was suggested by Terzaghi (1925) and
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1.1. Theory

was traditionally applied since then. During the test, each increment causes an increase in
pore pressure which dissipates in the porous �lter above and below the soil sample. The
�nal (total) settlement and settlement rate are measured by the transducers and recorded
during each loading increment.

When interpreting an oedometer test, only the consolidation strains will be used in the
analysis of the results. Since consolidation and creep run simultaneously, it is necessary
to separate the total strains and isolate the consolidaton strains. This can be done by
using different strain separation methods. Several of these methods are included in the
thesis, which are the ANACONDA and Brinch Hansen's method. These are described in
Chapter 4. In order to not wrongfully separate the total strains, it is important that the full
consolidation of the soil takes place in each load step, prior to starting a new step.

Moreover, one of the signi�cant consolidation properties that is determined in oedometer
testing is the preconsolidation stress s0

pc. It is the maximum vertical effective stress that
the soil has sustained in the past. Usually larger stress in the past is due to the weight of
glaciers and the weight of younger layers that have subsequently been removed by erosion.
If the preconsolidation stress s0

pc is known, the overconsolidation ratio OCR is determined.
OCR is the ratio of s0

pc over the in-situ stress s0
v0 of the soil. If the overconsolidation ratio

is equal to 1, the soil is normally consolidated NC (s0
v0=s0

pc) and if the overconsolidation
ratio is greater than 1, the soil is overconsolidated OC (s0

v0<s0
pc). Normally consolidated

soils deform more than overconsolidated soils when the vertical stress in the soil increases.
This is the reason why preconsolidation stress is an essential parameter to be determined
in order to know which soil can be loaded without producing large settlements.

1.1.2 Swelling clay

Swelling clays or expansive clays are ones that swell in volume when water is introduced
as shown in Figure 1.5. Clays containing smectite mineral are characterized as expansive
clays.

Figure 1.5: a. Before swelling. b. After swelling. The water molecules are absorbed by the clay minerals
causing an increase in volume that causes the clay mineral plates to move further apart. Kaufmann (2010)
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Chapter 1. Introduction

One of the main instances when swelling occurs is when the pressure in the clay decreases
e.g. excavation work. The decrease of pressure can be seen in Figure 1.6. The initial
condition before excavation can be shown in Figure 1.6(a). Right after the excavation
(b), the total stress decreased as the pore water pressure decreases, whereas the effective
stresses are unchanged. After some time (c), the pore water from the surrounding soil
is absorbed by the clay minerals and therefore the soil starts to swell. As differences
in pressure seek to balance and since the total stress is unchanged, the effective stress
decreases to match the increase of pore water pressure.

Figure 1.6: a. The initial conditions before excavation. b. Right after excavation. There is a decrease in total
stresses which is seen as a decrease in pore pressure. Here the effective stresses are unchanged. The soil has
not reached equilibrium or adapted to the change in GWL and GL. c. After some time, the clay will start to
swell. It will absorb water from the surrounding soil and reach hydrostatic pressure again. Since the total
stresses should remain the same, the effective stresses decrease so equilibrium can be reached once again. LG
is ground level and GWL is ground water level.(Kaufmann (2010)).

In Denmark, swelling clays (expansive clays) are abundant. This is due to the large content
of smectite mineral present on these clays. This type of clay can cause severe damage on
structures by settling (as it gets dry) and lifting (as the clay minerals absorb the water).
It was estimated in the United States of America that the cost of damage to structures
on these expansive clays exceed the combined cost of all damage caused by any natural
disasters such as earthquakes, tornadoes, hurricanes and �oods (Holtz (1983)).

The swelling potential of clay can be determined by the use of oedometer tests which is
commonly used due to its simplicity, and most geotechnical engineers are familiar with
this testing method. One of the common types of tests performed to measure the swelling
pressure is the constant volume test (which is used in this thesis). In this test the soil sam-
ple is prevented from swelling during the saturation and because swelling is prevented,
the pressure will generate instead. This pressure is the measured swelling pressure. In
order to obtain the correct measurement of swelling pressure, it is therefore important to
consider the time for swelling to occur after the soil is saturated in order to determine the
exact swelling pressure.

12



1.2. Problem statement

1.2 Problem statement

What is the effect of load duration on swelling pressure and preconsolidation stress
in oedometer testing on Søvind Marl?

Figure 1.7 shows an example of a variation of swelling pressure measured with time from
a constant volume test. Figure 1.7(a) shows the initial condition before the specimen (in
brown) is saturated. When the water is poured on to the cell (b in the left), the specimen
starts to absorb the water and attempt to swell. The vertical stress is adjusted to prevent
the development of the strains (strains=0). Figure 1.7(b in the right) shows the measured
swelling pressure after 24 hours. With time (c), when the curve converges in t � s (c in
the right), the stress that is required to prevent swelling is the correct and precise swelling
pressure.

Figure 1.7: a) The initial condition before the water is poured in the cell. b) The water (in blue) is added. The
specimen (in brown) starts to absorb the water and attempt to swell. The vertical stress is adjusted to prevent
the development of the strains. In the left shows the swelling pressure measured after 24 hrs. c) With time,
when the curve converges in t � s (c in the right), the correct and precise swelling pressure is obtained.

13



Chapter 1. Introduction

Moreover, �gure 1.8 shows the construction of continuous stress vs. consolidation strain
curves obtained in oedometer testing. The stress vs. consolidation strain curve is needed
in order to see the soil deformation due to the increase of the load applied. However,
during testing the total strains are measured. Therefore a series of load steps are needed,
where each load step is fully consolidated. Figure 1.8(a) shows the loading diagram in
oedometer testing in each load step with a constant load. In each load step, the total
strains are measured shown in log(t) � #plot (b). As only the consolidation strain will be
used in the deformation analysis, the consolidation strains are isolated in (b) and plotted
in stress vs. consolidation strain curve (c). Assuming that #100 is where consolidation is
completed while #24 is the strain measured after 24 hours. It can be seen that the 24hr
measurement (c) shows less deformation as the consolidation was not completed.

Figure 1.8: a) Shows the loading diagram in oedometer testing in each load step with a constant load. b)
Shows the outcome of each load step with a constant load plotted in log (t) � # graph. Assuming that #100 is
the complete consolidation while #24 is the strain measured after 24 hours. c) #100 and #24 from (b) are isolated
and plotted in stress vs. consolidation strain.

To verify if the 24hr measurements underestimated the soil deformation parameters de-
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1.3. Methodology

scribed above, part of the thesis focuses on the investigation of the effect of load step
duration on preconsolidation stress in oedometer testing by conducting four oedometer
tests with two different load step durations. Two samples were tested in 24hr load step
test and two samples were tested in 14day load step test.

The soil sample that was used in the investigation is an extremely high plasticity, highly
calcareous and highly �ssured clay - Søvind Marl. The clay is overconsolidated due to
weight of glaciers and younger soil layers that are now eroded, thus this clay has a high
component of creep up to 1% (Grønbech et al. (2013)). This type of soil can be found in
Aarhus Denmark which takes more than 24 hours to fully consolidate the soil. However,
as 24hr measurement in oedometer testing is a time and cost- effective process, this load
step duration is preferred by many engineers and had been traditionally used.

In addition, the effect of load duration on swelling pressure s0
s measurement is also inves-

tigated on this swelling clay. Søvind Marl is considered as extremely high plasticity clay
due to the large content of smectite mineral. In this thesis the swelling pressure was mea-
sured using constant volume test as it is important to measure the swell pressure at the
same void ratio (volume) as is the case in-situ ( Okkels and Hansen (2016)). Two samples
were used to measure the swelling pressure after 24 hours while two samples have been
tested in a suf�ciently long period that the equilibrium swelling was reached.

1.3 Methodology

The order of approach in this thesis is illustrated in Figure 1.9. This is utilised to achieve
the �nal goal of the investigation of the effect of load duration on swelling pressure and
preconsolidation stress in oedometer testing on Søvind Marl.

Two samples (Test01 and Test02) were tested in 24 hr load step test and two samples (Test03
and Test04) were tested in 14day load step test. The swelling pressure was measured
before applying the �rst load step in consolidation test in four samples. In short duration
test, the swelling pressure was measured after 24 hours while in the long duration test,
it took approximately four months for the swelling pressure to be determined. Several
methods were used in this thesis to assess the prediction of the consolidation and creep
strains. These are the ANACONDA and Brinch Hansen's method. The total consolidation
strain results in each load step were separated and the consolidation strain was isolated
for further calculation. Furthermore, s0

pc was determined using different methods; Akai
(1960), Janbu (1969), Pacheco Silva (1970) and Jacobsen (1992).

Finally, the results are compared and the effect of different load duration on sweling pres-
sure and preconsolidation stress on Søvind Marl was investigated.
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Figure 1.9: Flow chart of the order of calculation �ow in this thesis. The soil samples' test names, duration of
the load step, size of the specimens used and the depth it was taken used in short-term tests (left) and long-
term tests (right) are split into two. In stage 1 from the left, all the soil samples are performed by constant
volume test to measure the swelling pressure. The swelling pressure in short-term tests (Test01 and Test02)
were measured in 24 hrs while Test03 and Test04 were saturated fro approximately 4 months until the exact
swelling pressure was reached. In stage 2, the oedometer logging starts where all the soil specimens were
incrementally loaded by 15 load steps. In stage 3 the total strain in every load step was separated using
ANACONDA and Brinch Hansen's method. The isolated consolidation strains results in each load step were
used in the analysis to determine the preconsolidation stress using different methods (Janbu, Akia, Jacobsen
and Pacheco Silva) in stage 4. Finally in stage 5, the results were compared.

1.4 Overview of the thesis

The overview of the chapters of this thesis are shortly describe below.

� Chapter 2 In this chapter the geological description of studied Søvind Marl is pre-
sented. Here the historical background of Søvind Marl is shortly described. It also
presents the soil classi�cation of the four samples.

� Chapter 3 This chapter covers the soil data and test method of oedometer test. It also
describes the initial condition of the soil before the test is performed. Furthermore,
the outcome of the oedometer tests is illustrated.

� Chapter 4 Contains the data analysis. The analysis consists of two stages: the strain
separation analysis and preconsolidation stress ananlysis. The results of the four
samples after the data was analysed are presented in this chapter.

� Chapter 5 This chapter contains the interpretation of the results and discussion of
effects of the load duration used in oedometer testing on Søvind Marl in this thesis,
regarding the results determined in Chapter 4.

� Chapter 6 In this chapter, the conclusion of the investigation is presented as well the
as the recommendations for future investigation.

� Appendix A Presents the description of consolidation parameters.
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� Appendix B Illustrates the outcome of log (t) � #in every load step for all the samples.
The curves are plotted in one graph (each step) in order to see the effect of the curve
when an oedometer test is performed in 24hr and 14day load step duration.

� Appendix C Contains the plots of strain separation analysis results in all test samples.
The parameters determined in the methods used are summarised in a table.

� Appendix D The plots of preconconsolidation stress analysis results using various
methods in all test samples are presented in this appendix.
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Chapter 2

Geological description

Søvind Marl is one of Denmark's most complicated soil to build on and it is very important to
understand why. In this chapter, the geological background of this type of clay is presented.

In addition, the location of the studied clay, boring records and the results of the classi�cation of soil
of four samples are covered in this chapter as well. The soil classi�cation made on these samples was
not tested by the author itself. The soil classi�cation results presented in this chapter were provided
from AAU. The liquid limit wL and plasticity index Ip of the soil specimens are determined from
Fall Cone method based on (DS 2004b) as it is the preferred method than the Casagrande cup
method Grønbech (2015). Fall Cone method is widely used and the accepted standard in obtaining
the liquid limit. As the main focus in this study is solely on oedometer testing, the Fall Cone test
method is not covered in this study.

2.1 Geoglogical background

The information in this section is summarized from the original source referred from Grøn-
bech (2015) and Geoviden (2010).

The geological time of tertiary period consists of two different intervals. These are the
Paleogene period (which lasted from 66 million to 23 million years ago) and Neogene
period (which lasted from 23 million years ago and the present). Paleogene period are
divided into four eras: Danien, Paleocene, Eocene and Oligene era. The geological time
scale of these Paleogene deposits are shown in Figure 2.1.

The tertiary deposit, Søvind Marl was deposited during the middle Eocene period (which
lasted from 47.5 million to 38 million years ago) to late Eocene period (which lasted from
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38 million to 33.9 million years ago) as shown in Figure 2.1 (inside the box). Only the
geologic and climatic change in this era will be focus in this section.

Figure 2.1: The geological time scale of these Paleogene deposits (Grønbech (2015)). Paleogene period are
divided into four eras: Danien, Paleocene, Eocene and Oligene era. Søvind Marl (inside the rectangle box)
was deposited in the middle Eocene period (which lasted from 47.5 million to 38 million years ago).

During this period, the global climate was remarkably warmer containing relative high sea
levels. At that time, Denmark was covered by a large ocean with tertiary sediments mainly
consists of limestone (which became a �ne grained clay due to the rise of temperature) and
fat clays which are all marine deposits. These sediments were slowly �lled up over the
course of million years.

Coinciding with this, several volcanic eruptions took place causing the ashes to spread over
most of Northern and Central Europe and ended up in the ocean alongside the tertiary
sediments. These ashes was chemically transformed into clay minerals later on. These clay
minerals are smectite, kaolinite and illite. After the major volcanic eruptions, the Islandic
hotspot cooled during this era which have caused the land to settle due to its weight
which has subsequently been removed by erosion. These events have resulted a tearing
and developed �ssures formation on the clay.

In previous investigation of Søvind Marl, Grønbech (2015) determined the mineral compo-
sition of the said clay that was retrieved from Aarhus Harbour (similar location of studied
Søvind Marl used in this thesis) using X-ray powder diffraction. Søvind Marl based on
this area was recorded more than 60 m. It was found that this clay has clay mineral com-
position up to 95% with 35-45% of the total sediment soil sample at every depth consists
of smectite.

In addition to that, the calcite composition was also found. Figure 2.2 shows the variations
of calcite content of 5 borings (labelled 7, 8, 9, 10 and 11) in the same location (Aarhus
Harbour). The test samples used in this project were rest of the samples used in Grønbech
(2015) experiments from boring 11 at 35 m and 63 m depth. Based on the results, calcite
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level was measured 15 to 30% in the �rst 15 m and beyond 25 m, the calcite percentage
slightly increases to 40%. However, from 50 m, the calcite percentage declined to 5 to 30%
and almost calcite free as it reach to 70 m. Moreover, Grønbech (2014) also found that
there is a high correlation between calcite content and plasticity index on Søvind Marl. It
is evidently shown in Figure 2.3 that CaCO3 and Ip are strongly related to each other. An
increasing calcite content level shows a decreasing level of clay's plasticity.

Figure 2.2: Variation of calcite content of Søvind Marl after Grønbech (2014) experiments. The test samples
used in this project were rest of the samples used in Grønbech (2015) experiments from boring 11 at 35 m and
63 m depth.(Grønbech (2014))

Figure 2.3: Correlation between calcite content and plasticity index on Søvind Marl after Grønbech (2014)
experiments. An increasing calcite levels are associated with decreasing plasticity.(Grønbech (2014))

21



Chapter 2. Geological description

2.2 Studied Søvind Marl

The studied Søvind Marl is based on the boring records used in this thesis. The borings
(LH830 and LH900) were retrieved from Aarhus Harbour, Denmark shown in Figure 2.4
with a red pin inside the red box. The segments of boring records of LH830 and LH900 in
depths of 35 m and 63 m, respectively, are shown in Figure 2.6 and Figure 2.5. As described
in previous section, these soil samples that was used in this thesis are approximately 46
million years old.

Figure 2.4: Location of the studied Søvind Marl. The boreholes were retrieved in Arhus Harbour which is
shown inside the red box. Google map (2019) edited.

Figure 2.5: Boring LH900 used in Test01 and Test02 (24hrs/load step tests) at 63 m. Grønbech (2014)) edited.

22



2.3. Soil classi�cation

Figure 2.6: Boring LH830 used in Test03 and Test04 (14days/load step tests) at 35 m. Grønbech (2014)) edited.

The sample from boring LH830 (from 35 m depth) in Test03 before (left) and after (right)
the oedometer test can be seen in Figure 2.7. During the preparation of the sample, the
�ssures surface of Søvind Marl was visible. The �ssures of Søvind Marl were developed
during the glacial time where the clay was loaded and unloaded. During the glacial melts
and erosion (force was unloaded), this leads the clay swell which results the tearing of the
clay and thus �ssures are formed Grønbech (2015). The effects of these �ssures can also
be shown in Figure 2.7 after the consolidation test where the sample was cutted into half.
Here it can noticeably seen that the �ssures are closed (dark color of lines).

Figure 2.7: Sample from boring LH 830 used in Test03 before (left) and after (right) the consolidation test.
(AAU lab)

2.3 Soil classi�cation

The classi�cation of Søvind Marl can be seen in Table 2.1. The liquid limit wL and plasticity
index Ip of the samples are determined from the Fall Cone method based on (DS 2004b)
as it is the preferred method than the Casagrande cup method Grønbech (2015).
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Test water content w liquid limit wL plastic limit wP plasticity index Ip bulk density g
[%] [%] [%] [%] [kN/m 3]

Test01 42.80 203.26 45.6 157.7 17.28
Test02 44.56 192.86 42.10 150.8 17.69
Test03 41.63 158.32 46.7 111.6 17.98
Test04 40.15 152.69 44.2 108.4 17.98

Table 2.1: Soil classi�cation of the studied Søvind Marl.

In order to determine the soil plasticity, the Casagrande plasticity chart is use where the
liquid limit wL is plotted against and the plasticity index Ip. Based on Table 2.1, the
liquid limit and plastic index are extremely high. This is then expected as the clay was
determined extremely plastic in the previous research of Grønbech et al. (2014) and made
it to extend and updated the Casagrande chart from four into six categories. The plot of
wL against Ip according to the updated plasticity chart can be seen in Figure 2.8 and the
categories are presented in Table 2.2.

Figure 2.8: Plasticity chart (updated). The dashed-line which corresponds wL (0-100) and Ip (0-60) is the
original Casagrande chart. A-line de�ne as lower limit line and U-line de�ne as upper limit line.

Categories liquid limit wL [%] USCS
Low plasticity clay <30 CL

Medium plasticity clay 30-50 CM
High plasticity clay 50-80 CH

Very high plasticity clay 80-100 CV
Super high plasticity clay 100-200 CS

Extremely high plasticity clay 200-350 CE

Table 2.2: Classi�cation of Clay. USCS in the table means Uni�ed Soil Classi�cation System.

24



2.3. Soil classi�cation

In Figure 2.8, the correlation of wL and Ip is described by lower limit line (A-line) and the
upper limit line (U-line). These lines are describe by equation 2.1 and 2.2. According to
Casagrande (1932) who de�ned these lines, a result is consider as an error if its located
over U-line while results located inside the limit lines indicates an exceptional plastic clay.
Thus, base on the results of the four samples shown in Figure 2.8, all the samples used
in this thesis are exceptional plastic clay and belongs to classi�cation categories CS (super
high plasticity clay) and CE (extremely high plasticity clay).

A-line:
Ip = 0.73(wL � 20) (2.1)

U-line:
Ip = 0.9(wL � 8) (2.2)

Where:
Ip Plasticity index [%]
wL liquid limit [%]
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Chapter 3

Soil Data

In this chapter, the soil data, test method, test programme , the results of the oedometer test and the
measured swelling pressure are presented.

An oedoemeter test also known as consolidation test is widely use for the prediction of settlement of
structures and swelling of soil. There are two methods of consolidation test, the constant rate strain
CRS and incremental loading IL. Both methods gives a result showing strains vs stress however
the difference is that CRS can often be completed faster than IL test. CRS test characterize the
consolidation behavior of soil where the specimen is consolidated in a constant rate.

In this thesis, the tests was performed in 1-D IL eodometer test with double sided drain both in the
upper and lower interface. This means that the consolidation rate is doubled compare to a single-
sided drain. The consolidation test was conducted at Aalborg University using the GDS Automatic
Oedometer System. The incremental loading oedometer test and constant volume method were
performed based on DS (ISO/TS 17892-5).

3.1 Initial soil condition

Test Depth Water content w Bulk density g Void ratio e In-situ stress s0
v0

[m] [%] [kPa] [-] [kPa]
Test01 63 42.80 17.28 1.208 575
Test02 63 44.56 17.69 1.167 575
Test03 35 41.63 17.98 1.119 340
Test04 35 40.15 17.98 1.098 340

Table 3.1: Initial state parameters.
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Chapter 3. Soil Data

Table 3.1 presents the initial state parameters of the test samples. Four oedometer tests
were conducted on Søvind Marl from Aarhus Harbour, namely, Test01, Test02, Test03 and
Test04. Test01 and Test02 were tested in 24hr load step test. Test03 and Test04 were tested
in 14day load step test. The samples of Test01 and Test02 were from the same tube in
borehole LH900 (35 m depth) while the samples of Test03 and Test04 taken in same in the
same tube from borehole LH830 (63 m depth).

3.2 Test Method

The test method of oedometer test is divided into two parts, the test preparation and test
programme. Each part is decribed in the following procedures:

3.2.1 Test preparation

The oedometer parts used in test preparation are listed below which are shown in Fig-
ure 3.1.

Figure 3.1: Parts of Oedometer.(AAU lab).

1. Oedometer cell

2. Lower porous disk

3. Ring

4. Oedometer ring

5. Clamping ring

6. Lower porous disk

7. Pressure head

8. Screws
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� First, the materials should be clean and dried and its mass and dimensions are mea-
sured. These materials are the upper pressure head mu, upper pressure head in-
cluding the �lter mpu, lower pressure head with the �lter mpl and oedometer ring
mr .

� The internal surface of the oedometer ring (4) is lubricated using a silicone spray.
The dimensions of all oedometer rings used was 35 mm height and 35 mm diameter.
This was used in order to reach the high stress level required in the test.

� The soil sample had been carefully extruded from the sampling tube into the oe-
dometer ring using the extrusion device.

� The oedometer ring with sample inside was �lled and levelled by trimming the
excess soil, see Figure 3.2

Figure 3.2: The excess soil was trimmed and levelled. (AAU lab).

� The mass of the oedometer ring contained with levelled sample is measured. This is
done in order to determine the mass of the sample where the oedometer ring with
sample is subtracted to the mass of oedometer ring that was determined in the �rst
procedure.

mpu + mpl + mr + sample= mtotal (3.1)

sample= mtotal � (mpu + mpl + mr ) (3.2)

� The two porous plates is saturated by submerging in de-ionised water for about 20
minutes (DS (ISO/TS 17892-5) section 5.1.2.6). This is done in order that the porous
plates are readily permeable to water.
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